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Abstract 11 

This study developed a new symmetric and ultrathin membrane by incorporating Schiff base 12 

network-1 (SNW-1), which are covalent organic framework (COF) nanoparticles, as fillers in 13 

the sulfonated poly ether ketone (SPEK) matrix to improve forward osmosis (FO) performance. 14 

The amine-rich and porous SNW-1 nanoparticles enhanced the surface wettability of the SPEK 15 

membranes and offered additional passages for the water molecules’ transport, which assisted 16 

in the elevation of membrane water flux. The modified membrane loaded with 20 wt% SNW-17 

1 (COF-20) exhibited the best performance with a significantly higher water flux (28.5 L m-2 18 

h-1) and lower specific reverse solute flux (SRSF, 0.05 g L-1) than that of the unmodified SPEK 19 

(COF-0) membrane (water flux of 12 L m-2 h-1 and SRSF of 0.16 g L-1) when experimented 20 
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with deionized water and 1 M Na2SO4 as feed and draw solutions, respectively. The impressive 21 

FO performances of nanocomposite SPEK membranes suggest that SNW-1 nanoparticles 22 

could be used as fillers for improving the SPEK membrane’s performance in the FO application.  23 

Keywords: Sulfonated poly ether ketone, forward osmosis, covalent organic framework, self-24 

standing membrane, SNW-1 25 

Highlights 26 

• Free-standing and ultrathin nanocomposite SPEK FO membrane was synthesized. 27 

• SNW-1 COF nanoparticles were used as fillers in SPEK membrane. 28 

• SNW-1 pores provided more passages for water molecules’ transport. 29 

• Optimal COF-20 membrane revealed a water flux of 28.5 L m-2 h-1. 30 

• COF-20 membrane revealed a SRSF of 0.05 g L-1. 31 

1 Introduction  32 

Water insufficiency is becoming a growing concern globally due to the rapid growth of 33 

population, urbanization and industrialization. Membrane separation is deemed to be the 34 

extremely favorable process among the currently existing water treatment and desalination 35 

technologies due to its high energy efficiency and ease of operation [1]. While process 36 

efficiency has been significantly improved using membrane technologies, efforts to develop 37 

new membranes and processes continue to further enhance energy efficiency and affordability. 38 

The forward osmosis (FO) is an evolving membrane separation process, which is powered by 39 

the difference in osmotic pressure existing between the high-concentrated draw solution (DS) 40 

and low-concentrated feed solution (FS) through a semi-permeable membrane [2, 3]. FO 41 

process can be directed to a wide array of applications, including wastewater treatment [4, 5], 42 

desalination [6, 7] and power generation [8, 9]. FO process has demonstrated remarkable 43 
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characteristics, such as easy operation, low energy utilization, high rejection efficacy and low 44 

fouling tendency for several contaminants [10-12]. Nonetheless, the occurrence of internal 45 

concentration polarization (ICP) in asymmetric membranes significantly diminishes the 46 

available osmotic driving force, which substantially impedes performance and practical 47 

applications of the FO process [13]. Thus, membranes perform an important part in the FO 48 

process performance. 49 

The thin-film composite (TFC) membrane encompassing of a porous substrate and an ultrathin 50 

selective dense polyamide (PA) layer (~200-300 nm) is mostly used in the FO process due to 51 

their excellent separation performance [14, 15]. However, the asymmetric nature of the TFC 52 

membranes influences the actual solute concentration at the active layer interface resulting in 53 

severe ICP [16, 17]. Several studies have reported strategies to mitigate ICP by enhancing the 54 

structural properties (membrane substrate’s thickness, tortuosity, pore-size distribution and 55 

porosity) [18, 19]. These techniques include, but are not confined to, modification of substrate 56 

preparation method [20-22]. Some researchers have also used highly porous and thin 57 

electrospun nanofibers as support layers for TFC membranes to mitigate ICP effects [23-25]. 58 

Although electrospun nanofiber substrates have successfully reduced the structural parameters 59 

of the TFC FO membranes, their large pore size causes delamination and defective formation 60 

of PA active layers.  61 

In addition to substrate modification, dispersion of nanomaterial in the polymer matrix as fillers 62 

has also been explored to increase the permeability of the membranes [26]. Addition of 63 

nanomaterial influences membrane performance by altering membrane properties like 64 

morphology, porosity and hydrophilicity. Among the various nanomaterials reported in 65 

literature as fillers to prepare nanocomposite membranes are zeolite [27, 28], silica [7, 29], 66 
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carbon nanotubes [30, 31], graphene oxide [32-35], titanium dioxide [36, 37] and covalent 67 

organic frameworks (COFs) [38-40].  68 

Besides, self-standing FO membranes have also been investigated to reduce the structural 69 

parameter of membranes [41, 42]. Liu et al. [43] synthesized a 100 nm thick self-standing 70 

ultrathin reduced graphene oxide (rGO) membrane, which exhibited roughly five times greater 71 

water flux than the commercial cellulose triacetate FO membrane. Also, the ultrathin 72 

membrane nearly eliminated ICP. Yuan et al. [41], in contrast, fabricated a self-standing FO 73 

membrane from polysulfone through solvent evaporation method followed by doping the 74 

nanofilm with sulfonated polysulfone. The thinnest nanofilm with a 46 nm thickness 75 

demonstrated the highest water flux of 46 L m−2 h−1 and a specific reverse solute flux (SRSF) 76 

of 0.12 g L-1 with 1.25 M Na2SO4 as the DS and DI water as the FS. Li et al. [42] reported the 77 

synthesis of a symmetric and selective self-standing thin film membrane using a COOH-78 

derived polyoxadiazole copolymer. The membrane showed excellent FO performance with an 79 

impressive water flux and a very high selectivity to Na2SO4 DS. Also, the ICP effect in the 80 

membrane was found to be negligible. Recently, our group reported the synthesis of an ultrathin, 81 

self-standing and symmetric FO membrane with a thickness of 600 nm using sulfonated poly 82 

ether ketone (SPEK) [14]. With DI water FS and 1 M NaCl DS, the membrane revealed a FO 83 

water flux and SRSF of 20.5 L.m−2.h−1 and 1.2 g L-1, respectively.  84 

In this study, we incorporated a melamine-based amine-rich covalent organic framework 85 

(COF), called Schiff base network-1 (SNW-1), as nanofillers in the self-standing SPEK 86 

membranes to improve the FO performance. COFs are organic crystalline two or three-87 

dimensional porous structure with extended organic functional group structures made of light 88 

elements (H, C, B, O and N) that are connected by strong covalent bonds [38]. The large surface 89 

area, thermal stability and porosity of COFs make them extremely desirable as membrane 90 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/imines
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fillers compared to most inorganic nanomaterials. Due to the favourable characteristics of 91 

COFs, they have found great interest in the applications like desalination, catalysis, adsorption, 92 

gas separation and photoelectricity [44-46]. Unlike metal-organic frameworks (MOFs), which 93 

are also three-dimensional porous coordination polymers, SNW-1 is highly stable in water, and 94 

thus has a great potential to be used as a nanofiller to fabricate composite membranes for liquid 95 

separations [45]. The SNW-1 COF nanoparticles were chosen as the suitable fillers for SPEK 96 

membrane modification in this study as they possess various desirable properties. For instance, 97 

SNW-1 has a porous structure with a pore size of 5.5 Å, which is larger than the size of a water 98 

molecule (3 Å) but smaller than that of salts like NaCl (5.64 Å) and Na2SO4 (7.6 Å), thus 99 

allowing high ion selectivity in FO process [44, 45]. The presence of amine groups in SNW-1 100 

nanoparticles facilitates good dispersion and stability in the aqueous phase, improves 101 

membrane wettability. In addition, the small spherical size of SNW-1 nanoparticles (20–40 102 

nm) is crucial for reducing membrane defects. The morphology, roughness, hydrophilicity and 103 

FO performance of the developed self-standing membrane were investigated by changing the 104 

loadings of SNW-1 nanoparticles and compared to the commercial TFC membrane. The 105 

novelty of this work is the development of a self-standing COF-incorporated SPEK FO 106 

membrane. 107 

2 Materials and methods 108 

2.1 Polymer, COF and membrane synthesis 109 

Sulfonated poly ether ketone polymer with a sulfonic acid content of 40 mol% (SPEK-40) was 110 

synthesized using 3,3'-disulfonated-4,4'-difluorobenzophenone (DSDFBP), 4,4’-111 

difluorobenzophenone (DFBP), tetramethyl bisphenol F (TMBPF), dimethyl sulfoxide 112 

(DMSO), potassium carbonate and toluene, which were supplied by Mitsui Chemicals, Inc 113 

(MCI). The details of SPEK-40 polymer synthesis methods are described in our previous work 114 



6 

 

[14]. SPEK-40 polymer blend was used in this study as it offered the optimally balanced 115 

polymer structure appropriate for the fabrication of self-standing membranes [14].  116 

Terephthalaldehyde (99%), dimethyl sulfoxide (DMSO, 99.9%) and melamine purchased from 117 

Sigma-Aldrich, tetrahydrofuran (THF, 99%) and dichloromethane (DCM, 99.99%, VWR) and 118 

acetone (99.8%, Merck) were utilized for COF synthesis. A solvothermal method was used to 119 

produce the SNW-1 COF nanoparticles. Detailed COF synthesis and characterization methods 120 

are described and discussed in our previous work [40]. The synthesized SNW-1 nanoparticles 121 

in this study have a particle size of 20–40 nm and pore size of 5.5 Å as shown in our previous 122 

study using SEM images and Horvath-Kawazoe (HK) method, respectively. 123 

The self-standing nanocomposite membranes were prepared from SPEK-40/COF dope 124 

solution using the film coating method. First, COF nanoparticles at various loadings (0 to 30 125 

wt% with respect to the weight of SPEK) were dispersed in polymer solvent, methylene 126 

dichloride (MC), via ultrasonication for 1 hr. Next, 4 wt% SPEK-40 powder was dissolved in 127 

the COF/MC dispersion via continuous stirring overnight to attain the dope solution, which 128 

was then put aside to degas at 32°C for 6 h. Subsequently, the degassed dope solution was cast 129 

on a polyethylene terephthalate (PET) film supplied by MCI using an automatic film applicator 130 

and a casting knife with its gate height set to 80 µm at ambient conditions (humidity: 40 – 60%). 131 

The cast polymer film was then immediately put in an oven at 80ºC for 10 min to remove MC 132 

by evaporation. Finally, the COF-SPEK membrane was peeled off the PET film, placed in the 133 

middle of two nonwoven polyester fabrics and stored for testing and characterization. The 134 

overall procedure of the preparation of the COF-SPEK membranes is illustrated in Figure 1. 135 

Unlike the pristine SPEK membranes, which were transparent, the COF-SPEK membranes 136 

were opaque and white due to the incorporation of COF nanoparticles in the SPEK. 137 
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 138 

 139 

Figure 1. Schematic of COF-SPEK membrane fabrication. 140 

 141 

2.2 Membrane characterization 142 

Fourier transform infrared spectroscopy (FTIR, Shimadzu MIRacle 10) was used to identify 143 

the pristine and nanocomposite SPEK membranes’ chemical compositions. The membrane 144 

cross-section and surface images were acquired at 5 kV with field emission scanning electron 145 

microscopy (FE-SEM, Zeiss Supra 55VP). A sputtering coater was used to coat the membrane 146 

samples with gold-palladium before SEM imaging. The membrane morphology and surface 147 

roughness were examined with atomic force microscopy (AFM, Dimension 3100, Bruker). The 148 

membranes wettability was established by determining the water contact angles with an optical 149 

tensiometer. For each membrane sample, the contact angles were randomly determined on at 150 

least six different locations on the membrane surfaces and the average was reported. The 151 

evaluation of mechanical properties of COF-SPEK membranes was performed using an 152 
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Advanced Materials Testing Machine (LS1, Lloyd instruments Ltd., UK) and the detailed 153 

protocols are demonstrated elsewhere [32]. 154 

2.3 Membrane performance evaluation 155 

The fabricated FO membranes were tested using a laboratory-scale FO system as described in 156 

our earlier work [14]. The membrane sample was placed in an acrylic FO cell with flow 157 

channels measuring 2 cm long, 2 cm wide and 0.3 cm deep (effective membrane area of 4 cm2). 158 

The FS and DS were co-currently circulated in batch mode at a specific crossflow rate of 300 159 

mL·min-1 using two gear pumps (Cole Palmer). The FS and DS temperature was retained at 160 

25°C with a computerized temperature control system attached to a water bath. The initial DS 161 

and FS volumes were fixed at 1 L each. Water flux was assessed using a digital balance 162 

connected to a PC that continuously recorded the change in DS weight over time. The reverse 163 

solute diffusion was calculated from the electrical conductivity measurements of the FS. 164 

Sodium sulfate (Na2SO4) was used as the DS, since it shows a low reverse solute flux due to 165 

the presence of divalent ion of SO4
2-, and DI water as the FS during FO tests.  166 

The water (JW, L m−2 h−1) and reverse solute (JS, g m−2 h−1) flux across the membrane was 167 

evaluated from Eq. 1 and Eq. 2, respectively.  168 

𝐽𝑊 =  
∆ 𝑉𝐷𝑆

𝐴𝑚  ×  ∆𝑡
 (1) 

𝐽𝑆 =  
∆𝐶𝐹𝑆  × 𝑉𝐹𝑆

𝐴𝑚 × ∆𝑡
 (2) 
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where ΔVDS (L) is the volume change of the DS, ΔCFS (g L-1) and VFS (L) are the change in 169 

FS concentration and the FS volume when the experiments finish, respectively. Δt (h) and Am 170 

(m2) are the operation time and active membrane area.  171 

Since higher solute concentration difference across the membrane generates both higher water 172 

and reverse solute flux, the ratio of JS to JW, is utilised to obtain the specific reverse solute flux 173 

(SRSF, g L−1), which is a crucial membrane parameter in the FO process for determining the 174 

membrane selectivity (Eq. 3) [18, 35].  175 

𝑆𝑅𝑆𝐹 =  
𝐽𝑆

𝐽𝑊
 (3) 

Reverse osmosis (RO) tests for COF-SPEK membranes were conducted to determine the water 176 

permeability coefficient (A, L m−2 h−1 bar−1), solute permeability coefficient (B, L m−2 h−1) and 177 

Na2SO4 rejection (R, %). All samples were tested using a customized membrane cell with an 178 

active membrane area of 2 cm × 2 cm under the applied pressure of 10 bar at 25°C. For 179 

evaluating rejection performance, 2 g L−1 Na2SO4 was utilized as FS. The A, B and R values 180 

were calculated using equations used in our previous study [32]. 181 

The structural parameters (S, µm) of COF-SPEK membrane were calculated using the 182 

following equation (Eq. 4) as also described elsewhere [47].  183 

𝑆 =  
D

𝐽𝑊
ln

𝐴𝜋𝑑 + 𝐵

𝐴𝜋𝑓 + 𝐵 + 𝐽𝑣
 

(4) 

Where 𝐽𝑊 , A and B values are obtained from RO test, and πf (bar) and πd are the osmotic 184 

pressures of FS and DS, respectively. The D (m2 h−1) value indicates the diffusion coefficient 185 

of Na2SO4. 186 
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3 Results and discussion 187 

3.1 Membrane characterization 188 

Figure 2 presents the FTIR spectra of the four SPEK membranes with several COF loadings. 189 

The peak at 1650 cm-1 occurred from the phenyl ketone group’s carbonyl stretching (–Ar–190 

C(=O)–Ar–) [48]. The bands at 1080 cm−1 and 1030 cm−1 are ascribed to the sulfonic acid 191 

group’s (O=S=O) symmetric and asymmetric stretching in the SPEK membranes. Additionally, 192 

all the COF-incorporated SPEK membranes (COF-10, COF-20 and COF-30) exhibited peaks 193 

at 1535 cm−1 and 1460 cm−1 that are distinctive of the SNW-1 COF’s triazine group [49]. 194 

 195 

Figure 2. FTIR spectra showing the distinctive peaks of SPEK membranes incorporated with 196 

COF nanoparticles at various loadings. 197 

 198 
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The SEM images in Figure 3 demonstrate the top surface morphologies of pristine and COF-199 

incorporated SPEK membranes prepared in this study. The pristine SPEK membrane (COF-0) 200 

is comprised of a flat and smooth top surface, whereas, the COF-incorporated SPEK 201 

membranes (COF-10, COF-20 and COF-30) demonstrated rough surfaces with spherical lumps, 202 

signifying the presence of COF nanomaterials in the SPEK matrix. The membrane surface 203 

became rougher with an increase in COF loading due to their higher proportion relative to the 204 

polymer.  205 

 206 

Figure 3. Top surface morphologies of COF-free (COF-0) and COF-incorporated (COF-10, 207 

COF-20 and COF-30) SPEK membranes. 208 

 209 

Figure 4 presents the cross-section SEM images of the pristine and COF-incorporated SPEK 210 

membranes. The virgin COF-0 membrane exhibited a dense and non-porous cross-section 211 

morphology with an average thickness of around 600 nm. The presence of COF nanoparticles 212 

in the SPEK matrix is clearly visible in the SEM images of COF-20 and COF-30. On the other 213 
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hand, the cross-section SEM image of the COF-30 membrane showed considerably aggregated 214 

COF particles inside the membrane. The thickness of nanocomposite membranes varied from 215 

580 to 610 nm (Table 1) and the non-uniformity in the membrane thickness could be attributed 216 

to the different COF loadings.  217 

 218 

 219 

Figure 4. Cross-section images of COF-free (COF-0) and COF-incorporated (COF-10, COF-220 

20 and COF-30) SPEK membranes. 221 

 222 

The membrane surface roughness was further characterized by AFM analysis. The AFM 223 

images of the SPEK membranes and their mean surface roughness (Ra) are shown in Figure 5. 224 

The Ra values of both the top surfaces (Figure 5a) and bottom surfaces (Figure 5b) increased 225 

with an increase in COF nanoparticles loading. The pristine SPEK membrane (COF-0) 226 

exhibited the smoothest top and bottom surfaces with Ra values of 1.14 nm and 1.03 nm, 227 

respectively, whereas COF-30 membrane demonstrated the roughest top and bottom surfaces 228 
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with Ra values of 133.67 nm and 4.47 nm, respectively, because of the agglomeration of the 229 

COF nanoparticles. The roughness of the membrane top surfaces was found to be greater than 230 

that of the bottom surfaces due to the COF nanoparticles being primarily located on the top 231 

surfaces of the membranes post-fabrication. The increase in membrane surface roughness 232 

increases the surface area available for water transport, which could enhance the water flux 233 

across the membrane [37, 50]. 234 

 235 
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 236 

Figure 5. a) Top and b) bottom surface morphologies of COF-free (COF-0) and COF-237 

incorporated (COF-10, COF-20 and COF-30) SPEK membranes. 238 

The hydrophilicity of membrane surface is an important property for improving the water flux. 239 

The membrane wettability was assessed from the water contact angles on the membrane 240 

surfaces. The incorporation of SNW-1 COF nanoparticles into the SPEK membrane reduced 241 

the overall contact angles of both top and bottom surfaces because of the presence of 242 

hydrophilic amine functional groups in the SNW-1 COF nanoparticles. In the case of top 243 

surface, the contact angle decreased from 92º to around 80º (Figure 6a) with increase of SNW-244 

1 loading up to 30%. The addition of 10% SNW-1 in the SPEK membrane resulted in a lower 245 

contact angle value than the COF-free membrane (COF-0). However, the addition of COF 246 

loading greater than 10% caused a marginal increase in contact angle values on the membrane 247 

top surface despite an increase in the amount of hydrophilic COF nanoparticles in the SPEK 248 

matrix. This observation could be attributed to the significant increase in the top surface 249 

roughness of the COF-20 and COF-30 membranes (Figure 5a) as observed in other studies [32, 250 

51]. However, the water contact angles on the membranes’ bottom surfaces showed a 251 
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decreasing trend as the COF loading was increased, while the surface roughness remained 252 

similar (Figure 5b). Overall, SNW-1 COF nanoparticles increased the hydrophilicity of the 253 

SPEK nanocomposite membrane, which will enhance the water permeability of the SPEK 254 

membranes. Moreover, the water contact angles on the top layers were lower than those of the 255 

bottom layers of the nanocomposite SPEK membranes as the COF nanoparticles may be mainly 256 

located on the top surfaces of the membranes as evident from the AFM images (Figure 5). 257 

The mechanical properties of the SPEK-COF membranes at different SNW-1 nanoparticles 258 

loading are shown in Figure 6b. The COF-SPEK membranes demonstrated a stable tensile 259 

strength and a gradually decreasing elongation at break between SNW-1 loadings of 0-20 wt%. 260 

These trends suggest that SNW-1 loading up to 20 wt% has no substantial influence on the 261 

mechanical property of the SPEK membranes; thus, indicating a good dispersion of SNW-1 262 

nanoparticles into the SPEK polymer matrix. However, increasing the SNW-1 loading beyond 263 

20 wt% caused a significant decrease in both the tensile strength and elongation at break of the 264 

COF-SPEK membrane. The SNW-1 nanoparticles at 30 wt% loading (COF-30) aggregated in 265 

the SPEK matrix resulting in the formation of defects, which eventually formed a mechanically 266 

weaker membrane [32]. 267 

 
 

(a) (b) 

https://www.sciencedirect.com/topics/materials-science/tensile-strength
https://www.sciencedirect.com/topics/materials-science/tensile-strength
https://www.sciencedirect.com/topics/materials-science/polymer-matrix
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Figure 6. (a) Contact angle of the top and bottom layers and (b) mechanical properties of the 268 

membrane samples. 269 

 270 

3.2 Membrane performance in FO process 271 

The FO performances of the pristine and nanocomposite SPEK membranes were evaluated by 272 

determining their water flux (JW), reverse solute flux (JS) and SRSF (JS/JW) as presented in 273 

Figure 7. The tests were conducted with 1 M Na2SO4 and DI water as DS and FS, respectively. 274 

For comparison, the commercial TFC FO membrane (Toray Industry Korea Inc.) was also 275 

tested. The water flux of the COF-SPEK membranes increased more than two folds from 12.31 276 

to 28.5 L m-2 h-1 on increasing the COF loading from 0 to 20 wt% due to formation of more 277 

water-selective channels by SNW-1 nanoparticles (Figure 7a) [40]. The pore size of SNW-1 278 

particles is around 5.5 Å that is bigger than the water molecule size, thus allowing water 279 

molecules to easily pass through the pores [40]. Moreover, SNW-1 nanoparticles’ amine 280 

functional groups can adsorb water molecules by forming hydrogen bonds with ‒OH groups 281 

of water molecules [38]. The higher membrane water flux of COF-20 could also be ascribed to 282 

its higher surface roughness (Figure 5) and hydrophilicity than that of the COF-10 membrane 283 

(Figure 6) as discussed previously.  284 

However, the water flux of the COF-SPEK membrane dropped on increasing the COF loading 285 

beyond 20 wt% as evident from the COF-30 membrane’s low water flux. It is expected that the 286 

COF nanoparticles considerably aggregated in the SPEK membrane at a loading of 30%, which 287 

could have created some defects that increased SRSF, thus reducing the osmotic pressure 288 

difference between DS and FS. As a consequence, the water flux decreased due to increase in 289 

the ICP [33].  290 
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The SRSF (JS/JW) of the COF-0 membrane was observed to be highest at around 0.17 g L-1. 291 

The SRSF of COF-SPEK membranes substantially declined from 0.17 to 0.05 g L-1 on 292 

increasing the COF loading from 0 to 20 wt% (Figure 7b), which is a desirable feature for FO 293 

operation. It can be seen in Figure 7b that the COF-20 showed the smallest SRSF value of 0.05 294 

g L-1 among the SPEK membranes. However, increasing the COF loading to 30 wt% caused a 295 

drastic increase to the SRSF value (0.14 g L-1). Therefore, it can be confirmed from the FO 296 

performance results in this study that the optimum loading of SNW-1 COF nanoparticles in 297 

SPEK membranes is 20 wt%. Interestingly, the optimum COF-20 membrane revealed better 298 

FO performance than the benchmark commercial TFC FO membrane, which showed a SRSF 299 

of 0.08 g L-1 and water flux of 24.6 L m-2 h-1. This could be attributed to the synergic effects of 300 

size exclusion by the COF nanochannels and strong electrostatic repulsion by the membrane 301 

barrier with negatively charged sulfonate groups (-SO3H) [52]. 302 

Meanwhile, The FO performances of the membrane samples were also tested using 1 M NaCl 303 

as DS and DI water as FS (Figure S1). As can be observed from the results, all the COF-SPEK 304 

membranes (COF loadings 0-30 %) demonstrated a similar trend in FO performance with both 305 

Na2SO4 and NaCl as DS but FO performance with the former was superior. The COF-SPEK 306 

membranes exhibited enhanced ion selectivity with 1 M Na2SO4 (7.6 Å) DS due to its larger 307 

hydrated anion size and a higher size-exclusion rate compared to that of NaCl (5.64 Å). 308 

Consequently, the COF-incorporated membrane revealed a SRSF of 0.04 – 0.16 g.L-1 with 309 

Na2SO4 DS and 3.5 – 6 g.L-1 with NaCl DS [53]. Moreover, the presence of negatively charged 310 

sulfonate groups (-SO3H) in the SPEK polymer might further enhance the selectivity of SO4
2- 311 

divalent ion [52]. These results confirm that using Na2SO4 as DS for COF-SPEK membranes 312 

is more suitable than NaCl. 313 



18 

 

 

 

(a) (b) 

Figure 7. FO test results of the prepared SPEK membranes and commercial TFC FO membrane 314 

from Toray determined with 1 M Na2SO4 DS and DI water FS: (a) water flux (JW) and reverse 315 

solute flux (JS), (b) SRSF (JS /JW). 316 

 317 

The relative reverse solute flux, water flux and SRSF profiles of the COF-SPEK membranes 318 

under various Na2SO4 concentrations (0.25 to 1 M) as DS are indicated in Figure 8. As 319 

anticipated, the water flux linearly increased with rising DS concentration for all membranes 320 

because of the increasing osmotic driving force (Figure 8a) [54]. The linear correlation between 321 

the water flux and DS concentration further demonstrates the minimal occurrence of ICP 322 

effects due to the symmetric nature and ultra-thin thickness (~700 nm) of the membrane [55, 323 

56]. The reverse solute flux across all the membranes also showed a linear growth with the 324 

increase in DS concentration (Figure 8b). The reverse solute flux increased at higher DS 325 

concentration because of a higher solute concentration difference across the membrane, which 326 

caused a higher draw solute diffusion towards the FS. The SRSF values of the membrane 327 

samples, on the other hand, were stable with the variation of DS concentration (Figure 8c), 328 

which indicates that the membranes’ ion selectivity remained the same regardless of the 329 

difference in osmotic pressure. The COF-20 membrane was the optimal COF-SPEK membrane 330 

as it revealed the most favourable performance with the lowest SRSF and highest water flux of 331 
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0.05 g L-1 and 28.54 L m-2 h-1, respectively when experimented with 1 M Na2SO4 DS and DI 332 

water FS. 333 

 

 

(a) (b) 

 

(c) 

Figure 8. FO performance profiles of the prepared SPEK membranes determined by varying 334 

the Na2SO4 DS concentration from 0.25 to 1 M and using DI water as FS: (a) water flux (JW), 335 

(b) reverse solute flux (JS) and (c) SRSF (JS /JW). 336 

The stability of self-standing COF-20 membrane was further evaluated from its FO 337 

performance during long-term membrane operation (12 h) under a cross-flow velocity of 8.3 338 

cm s-1 with 1M Na2SO4 DS and DI water FS as shown in Figure 9. The initial water flux was 339 

about 28.0 L m-2 h-1 employing Na2SO4 as DS, which gradually decreased to around 25.0 L m-340 

2 h-1 (~ 11% flux reduction) following 12 h of operation. The reduction in water flux resulted 341 

from the constant dilution of DS, which decreased the osmotic pressure from 46.33 bar (1M 342 

Na2SO4) to 41.21 bar (0.8809 M Na2SO4) as the experiment was operated in batch mode for 343 
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12 h, which diluted the  Na2SO4 DS by about 11%. The decline in FO flux and osmotic pressure 344 

as a function of operation time is shown in Figure S2. As evident, the reduction in water flux 345 

and osmotic pressure with time are well-matched. However, the SRSF remained at below 0.06 346 

g L-1 throughout the FO operation with Na2SO4 DS, confirming the good mechanical stability 347 

of self-standing FO (COF-20) membrane.  348 

 349 

  350 

Figure 9. Long-term FO performance of the optimum SPEK nanocomposite membrane (COF-351 

20) under 12 h of operation (DS:1 M Na2SO4; FS: DI water).  352 

 353 

Figure 10 presents the expected mechanism of water and ion transport across the SPEK-COF 354 

membrane. Based on FO performances of the COF-SPEK membranes using different DSs, it 355 

is evident that the SNW-1 COF nanoparticles with a pore size of 5 Å can effectively separate 356 

large sulfate ions (SO4
2-), which are 7.6 Å in size when incorporated in the SPEK membrane. 357 
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Additionally, the existence of 40% sulfonated functional group in the SPEK matrix could 358 

mitigate the transportation of sulfate ions across the membrane due to the charge repulsion 359 

between SO4
2- and negatively charged sulfonate groups (SO3H). 360 

The thickness and intrinsic transport properties of the pristine and COF-SPEK membranes are 361 

presented in Table 1. The thickness of COF-SPEK membranes was nearly the same in the range 362 

of 580-610 nm as the membrane casting height was fixed at 80 µm for all prepared membranes. 363 

However, the increased surface roughness (Figure 5a) resulting from the aggregation of COF 364 

nanoparticles slightly influenced the uniformity of membrane thickness. The integration of 365 

COF nanoparticles into the SPEK membranes heightened the A values of all the membranes 366 

because of the increased membrane hydrophilicity occurring from the hydrophilic amine 367 

groups in the SNW-1 nanoparticles. Also, the porous SNW-1 nanoparticles might have created 368 

passages for the water molecules’ transport through the membrane. The COF-20 membrane 369 

demonstrated an A value of 0.68 L m−2 h−1 bar−1, and a B value of the 0.38 L m−2 h−1. The 370 

rejection of Na2SO4 (R) by the COF-20 membrane was the highest at 96.3% compared to the 371 

SPEK membranes investigated in this study. Moreover, the COF-20 membrane demonstrated 372 

the smallest S value of 5.3 μm compared to other membranes, thus suggesting the positive 373 

effect of adding 20 wt% SNW-1 that improved the membrane permeability, porosity and 374 

formed the shortest diffusive path length for water molecules’ diffusion through the COF-375 

SPEK membrane with minimal defect formation by the COF aggregations. 376 

Conversely, the COF-30 membrane demonstrated the highest A (0.86 L m−2 h−1 bar−1) 377 

and B (0.64 L m−2 h−1) values with lowest R of 94% than the other membranes because of the 378 

formation of some membrane defects from aggregated SNW-1 nanoparticles as evident from 379 

the cross-sectional SEM image (Figure 4) and considerably high surface roughness (Figure 5a). 380 

Therefore, it can be deduced that COF-20 is the optimum SPEK membrane fabricated in this 381 

study with the most suitable morphology for water transport. 382 
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 383 

Table 1. Thickness and intrinsic transport properties of the COF-SPEK membranes at various 384 

SNW-1 loading. 385 

Membrane 
Thickness 

(nm) 

A-value 

(L m-2 h-1 bar-1) 

B-value 

(L m-2 h-1) 

R  

(%) 

S value 

(µm) 

COF-0 600 0.34 0.44 95.8 56.5 

COF-10 580 0.43 0.41 96.0 7.1 

COF-20 590 0.68 0.38 96.3 5.3 

COF-30 610 0.86 0.64 94.0 53.7 

 386 

  387 

Figure 10. Expected mechanism of the water and ion transport across COF-incorporated SPEK 388 

nanocomposite membrane. 389 

 390 

4 Conclusions 391 

A novel ultrathin COF-based nanocomposite SPEK (COF-SPEK) FO membrane was 392 

successfully developed by integrating various quantities of SNW-1 nanoparticles, varying from 393 

0 to 30 wt%, into the SPEK matrix. Results demonstrated that addition of SNW-1 nanoparticles 394 

augmented the surface roughness and hydrophilicity of the SPEK membranes. The SNW-1 395 

nanoparticles’ amine functional groups increased the SPEK membranes’ hydrophilicity. The 396 
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best SPEK membrane integrated with 20 wt% SNW-1 COF nanoparticles (COF-20) 397 

demonstrated a high water flux of 28.5 L m-2 h-1 and an extremely low SRSF of 0.05 g L-1 using 398 

1 M Na2SO4 DS and DI water FS during the FO test. The performance of nanocomposite SPEK 399 

membrane worsened on increasing the COF loading beyond 20 wt% due to aggregation of COF 400 

nanoparticles in the SPEK matrix resulting in the formation of defects. Consequently, the COF-401 

30 membrane demonstrated the poorest FO performance with a significantly high SRSF of 0.15 402 

g L-1. These outcomes suggest that SNW-1 could be used as nanofillers for bettering the SPEK 403 

membranes’ FO performance.  404 
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