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phosphonic acid derivative of TiO2 (PTiO2) 
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• The PTiO2 showed high dispersion during the synthesis 
of thin film nanocomposite (TFN) membranes. 
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process.

• The TFN membranes showed low boron diffusion at 
neutral and basic pH due to adsorption and electrostatic 
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1. Introduction

Desalination through membrane-based reverse osmosis (RO) is becoming 
vital as a means of securing a strategic and sustainable source of water 
around the world. RO technology is also leading the international market 
for potable and domestic water production in terms of high-water recovery 
compared to thermal desalination technologies. Advanced RO technology 

has several benefits to overcome the challenges faced by thermal desalination 
technologies. Any desalination process must be reliable and robust as well as 
have low operational expenditure for its long-term sustainability [1]. Currently, 
most of the GCC countries have implemented SWRO desalination technologies 
specifically to augment water recovery, facilitate the operation of the 
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Seawater desalination is becoming vital as a means of securing a strategic and sustainable source of water around the world. Membrane-based nanofiltration (NF) is a potential choice 
for seawater pre-treatment in desalination plants to improve water recovery and plant reliability. The aim of this study is the synthesis of ethylenediamine-modified multiwalled 
carbon nanotube (EDA-MWCNT) incorporated thin film nanocomposite membranes using a molecular self-assembly approach over the ultrafiltration membrane support. The newly 
developed membranes were tested for their potential application in Persian Gulf seawater pretreatment using a custom-made pilot scale NF test unit. This study also includes a detailed 
characterization of the synthesized membranes, evaluation of their boron rejection, and antifouling characteristics. The NF corresponding to the optimal loading of EDA-MWCNT at 
0.05wt% (M3) was highly negatively charged, and hydrophilic, and attained denser structures on their surface to attain the flux in the range of 12.0 to 14.0 Lm-2h.-1 The total dissolved 
solids (TDS) of the permeate declined to the lowest value of 9,635 ppm from the initial seawater TDS of 34,560 ppm. Interestingly, the rejection offered by the M3 membrane towards 
the monovalent ions and boron was higher than the control and other commercial NF membranes. Therefore, EDA-MWCNT as a nanofiller demonstrated its high efficiency to reduce 
seawater salinity to apply the membrane for water softening applications with higher efficiency than the commercial NF-90, TS-80 4040, and NF-270 membranes.

http://www.msrjournal.com/article_701057.html
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desalination plants, consume less energy, and achieve the high quality of water 

achieved by the RO technologies [2]. However, the stringent seawater 

chemistry of the Persian Gulf’s seawater limits RO water recovery compared 

to other parts of the world [3]. Furthermore, RO suffers from severe membrane 

fouling due to high pressure, and this has a negative impact on the long-term 

performance of RO membranes [4]. Thus, the primary challenge for the 

desalination industry is to produce fresh water with minimal energy and cost. 

Therefore, such limitations can be addressed by adopting proper and efficient 

seawater pretreatment technology before feeding the seawater into the RO 

units.  

A proper seawater pretreatment approach is highly desired to maintain the 

consistent performance and life span of any desalination process. Proper 

selection of pretreatment methods for feed water will prevent or minimize 

deterioration in freshwater production; fouling and scaling limitations; 

corrosion problems; chemical additives; frequent chemical cleanings; 

ecological problems; and operational costs. Pre-treatment processes for 

seawater RO are either conventional (for example, dissolved air flotation 

(DAF) or clarification followed by media filtration) or make use of membrane 

technologies. Conventional forms of pre-treatment take up much space, and are 

prone to operational upsets, while polymeric membrane-based nanofiltration 

(NF) pretreatment technologies are more prominent.  

NF as a pretreatment may find a solution for current water recovery issues 

in multi-stage flash (MSF) (~10%) and RO (~35%). The removal of sulfate, 

magnesium, and calcium using the NF technology will reduce the scaling and 

fouling issues in MSF and RO processes to increase water recovery. Until now, 

commercially available TFC-NF membranes have been investigated for 

pretreatment application. However, fouling is the major issue with TFC 

membranes, resulting in reduced NF membrane life and a poor-quality feed 

water stream for the RO process.  

Recently, there are several laboratory-scale membrane development 

efforts to address the issues faced by NF membranes. Dong et al. synthesized 

hollow fiber NF membrane by layer-by-layer assembly of polymers for 

seawater pretreatment application [5]. The resultant NF membrane showed 

high divalent ionic rejection towards Mg2+, Ca2+, and Sr2+ which was attributed 

to the cationic amine groups on the membrane surface. However, the same 

amine groups showed lower rejection towards SO4
2− and Cl− due to the 

dominating effect of adsorption compared to the size exclusion or Donnan 

effect. Zhang et al. created a new NF membrane by combining 2,2′-

benzidinedisulfonic acid (in the aqueous phase) and trimesoyl chloride reagent 

(in the organic phase) [6]. The resulting membranes were highly negatively 

charged and showed high rejection toward Ca2+ and SO4
2- ions. The resultant 

membrane showed high resistance to the gypsum scaling commonly 

encountered during seawater desalination in the RO process. The gypsum anti-

scaling results shown by the newly synthesized membrane were much higher 

than the commercial NF270 membrane. Alhweij et al. synthesized sulfonated 

polyaniline NF membranes for the removal of natural organic matter (NOM) 

from seawater [7]. The NOM removal efficiency of the synthesized NF 

membranes was higher than the commercial NF membrane and the other 

conventional pretreatment approaches adopted in the seawater pretreatment. 

Also, the new membrane witnessed a slightly higher removal of chemical 

oxygen demand (COD) (74%), compared to the commercial membrane (70%) 

and conventional treatment (70%). The fouling study revealed a higher flux 

recovery value for the sulfonated polyaniline NF membrane tested for the 

sample containing high NOM. Mousavi and Kargari evaluated the efficiency 

of three different commercial TW30, NE70, and NE90 membranes in the 

treatment of RO brine [8]. The membrane flux and rejection increased with the 

increased hydraulic pressure and flow rate of the feed. The TW30 membrane 

witnessed the highest Total Dissolved Solids (TDS) removal of up to 93% with 

a permeability of 2.84Lm-2h-1bar. -1 The same membrane showed the highest 

rejection of 98.7, 96.1, and 90.3% towards Mg2+, Ca2+, and Cl-1 ions, 

respectively. The NE70 membrane showed the highest permeability with the 

least rejection of the ions. Zhang et al. used a modified protocol to synthesize 

the NF membrane comprised of piperazine and trimesoyl chloride [9]. During 

the interfacial reaction, phytic acid dodecasodium salt was used as an additive 

along with the aqueous amine monomer to lower the diffusion of an amine into 

the acid chloride. The resultant polyamide membrane was thin, in the range of 

50 nm, resulting in two times higher flux than the nascent membrane without 

scarifying the salt rejection. Yang et al. adopted a new technique of metal-

organophosphate biphasic interfacial coordination reaction to synthesize the 

NF membrane active layer [10]. The coating reaction was performed by 

reacting iron acetylacetonate in the organic phase and phytic acid in the 

aqueous phase. The resultant coating layer had a thickness of 13.4nm with an 

excellent flux of 190 Lm-2h-1 with >99% rejection towards the tested dye 

solution. The surface hydrophilicity is enhanced by the insertion of phosphate 

groups. Also, the resultant membranes showed long-term reliability, acid 

resistance, and antifouling nature. Zhang et al. developed modified polyamide-

based NF membranes comprised of sulfonate groups [11]. The sulfonate groups 

were introduced by grafting 4-amino benzene sulfonic acid using carbodiimide 

for the crosslinking reaction. The resultant membranes showed high tolerance 

towards the gypsum scaling, which resulted in low scaling of the RO membrane 

in the subsequent process. Yin et al. fabricated a composite polyamide-based 

NF membrane by incorporating zwitterionic titanium dioxide (Z-TiO2) into the 

top active layer via the in-situ sol-gel method [12]. The high compatibility of 

Z-TiO2 with the polyamide over polyether sulfone UF support resulted in the 

highest water flux of 283.5 L/m2hMPa. The optimal membrane showed >92% 

rejection towards Na2SO4 and an improved flux recovery ratio of >92%. 

Though, the polyamide (PA)-based TFC NF membranes are one of the 

most promising and commercially available membranes for such an 

application. However, currently, TFC-NF membranes are not well established; 

for example, the PA membranes are hydrophobic and prone to fouling. Thus, 

this study includes the synthesis of ethylenediamine-modified multiwalled 

carbon nanotubes (EDA-MWCNT) incorporated thin film nanocomposite 

membranes prepared by our earlier reported trimesic acid (TMA) molecular 

self-assembly approach. TMA-based NF membranes are highly negatively 

charged and selective toward ionic separation compared to PA-based 

membranes. The synthesis of TMA-based NF membranes is facile and does not 

include using of the unstable and self-degradable meta-phenylene diamine 

reagent. Most importantly, the TMA-based membranes are hydrophilic due to 

the presence of abundant polar -COOH groups. The synthesized membranes 

were examined for their potential use in the Persian Gulf seawater pretreatment 

application using a custom-made pilot scale NF test unit. The study included 

laboratory investigations to assess and verify the feasibility of the newly 

developed membranes and compare their efficiency with the commercially 

available PA-based TFC-NF membranes. This study is important since there is 

no available data on the application of nano-embedded TMA-based NF 

membranes for the pretreatment of beach well seawater as typical Persian Gulf 

seawater. 

 

 

2. Materials and Methods 

 
2.1. Materials 

 

The molecular weight cut-off (MWCO) study was performed using the 

different molecular weights of polyethylene glycol purchased from Merck. 

Also, inorganic salts such as Na2SO4, MgSO4, NaCl, and NaHCO3 used for the 

preliminary NF performance tests were procured from Merck. Triethylamine, 

trimesoyl chloride, and n-Hexane used to coat the active layer of the NF 

membrane were procured from Sigma Aldrich Co. The polyethersulfone UF 

substrate membrane with an MWCO of 5000 Da was procured from Sterlitech 

Corporation, USA. Ethylenediamine-modified MWCNT (EDA-MWCNT) 

nanoparticles used as a nanofiller during the NF membrane coating were 

procured from Ad-Nano Technology, India. The detailed technical 

specifications of the EDA-MWCNT obtained from the manufacturer are 

presented in Table 1. 

 

 
Table 1 

The specifications of EDA-MWCNT.  

 

Parameter Value 

Purity ~99% 

Outer diameter 10-20 nm 

Inner diameter 5-10 nm 

Length >10 µm 

NH2 ratio 2-5% 

BET Surface area 110-350 m2/g 

CNT content ~95-99% 

Bulk density 0.14 g/cm3 

Color  Black powder 

Physical form Fluffy powder 

 

 

2.2. Optimized procedure for the preparation of TFC-NF membranes  
  
The TFC-NF membranes were prepared by coating a self-assembled 

trimesic acid layer over the UF membrane support. For this, the UF membranes 

with MWCO 5,000 Da were selected as the substrate layers. TFC membrane 

synthesis followed our reported protocol [13], briefly, the support membrane 

was placed on an A4-sized glass plate and clamped after being submerged in 

deionized water at 50oC for 30 minutes. The 1.0 wt% aqueous solution of 

freshly prepared triethylamine (TEA, 50 mL) was transferred onto the support 

membrane’s top surface at 25 ºC. The extra TEA solution was drained by 

applying compressed air. Subsequently, a solution of 0.1 wt% trimesoyl 

chloride (TMC) in n-hexane was poured on the TEA-coated membrane at 25 

ºC. The TMC solution was allowed to react for 2 min. The TEA and TMC-
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coated membrane was kept in an oven at 90 ºC for 10 min to complete the 

hydrolysis reaction. Fig. 1 shows the reaction scheme. Finally, the membrane 

was washed with water and dried at room temperature. The TFN-NF 

membranes were prepared using the identical protocol as that of TFC 

membranes. However, during coating, the nanoparticles were dispersed in the 

organic phase since as shown in Fig. 2, uniform dispersion of EDA-MWCNT 

was observed in the organic TMC solution (Fig. 2b) compared to the aqueous 

TEA solution (Fig. 2a).  

 

 
Fig. 1. The scheme of the TEA-TMC reaction to form the TMA layer. 

 

 

 
Fig. 2. Images presenting uniform dispersion of EDA-MWCNT in aqueous TEA solution 

(b) compared to organic TMC solution (a). 

 

 

Finally, the solution of uniformly dispersed nanoparticles was coated over 

the PES-UF substrate using a similar protocol as discussed earlier. The different 

compositions of the NF membranes synthesized with their codes are presented 

in Table 2. 

 

 
Table 2 

The composition and codes of the synthesized membranes. 

 

Membrane Code 
EDA-MWCNT 

(Wt%) 

TEA 

(wt%) 

TMC 

(wt%) 

M0 - 1.0 0.1 

M1 0.0125 1.0 0.1 

M2 0.025 1.0 0.1 

M3 0.050 1.0 0.1 

M4 0.10 1.0 0.1 

 

 

2.3. Membrane characterization 
 

The newly synthesized NF membranes' surface and cross-sectional 

morphological images were captured using a Zeiss Gemini SEM 360 scanning 

electron microscope instrument. A high-resolution transmission electron 

microscope (HRTEM) from Thermo Fisher Scientific was used to obtain the 

images of EDA-MWCNT. 3D-atomic force microscopic (AFM) surface 

images of the membranes were taken using the Nanosurf instrument, France. 

Utilizing contact angle measurement equipment from KINO, USA, the surface 

contact angles were calculated. The membrane electrokinetic potential was 

evaluated by measuring the streaming potential on a ZetaCAD device procured 

from France. Aqueous solutions of polyethylene glycol (PEG) with molecular 

weights Mw=100, 200, 400, 500, and 1000 Da were used to measure the 

MWCO of the membranes. In each experiment, the PEG feed solution 

concentration was held constant at 1g/L, and the rejection testing pressure was 

150 psi at 25ºC. Gel permeation chromatography was used to determine the 

PEG concentrations in permeate samples (from GPC; Agilent Technologies). 

 
2.4. Pre-treatment tests 
 

2.4.1. Preliminary NF performance test procedure 
 

The preliminary screening of the membranes in terms of flux and salt 

rejection was performed considering divalent salt solutions of Na2SO4, MgSO4, 

and NaCl. These are the major solute constituents present in real seawater. For 

this, a laboratory-scale Sepa cross-flow filtration unit with an active membrane 

area of 20.6 cm2 from Sterlitec Corporation, USA (product code: 1230060) was 

used. The filtration experiments were performed at 25–26°C and an applied 

pressure of 0.6 an MPa. The rejection and flux data were compared with the 

commercial NF-400, TS80 4040, NF-90, and NF-270 have great potential to be 

applied for seawater pretreatment applications.  

The preliminary performance of the newly fabricated membranes was 

determined by maintaining similar experimental parameters. The NF filtration 

experiments were conducted at temperatures of 25–26 °C, at pH 7, with a flow 

rate of 0.8 m/s and a pressure of 0.6 MPa. In order to achieve a stable condition, 

the membranes were pre-filtered with DI water at 0.6 MPa before the 

preliminary performance tests. The NF performance of TFN-NF membranes 

was then tested using 1 g/L aqueous solutions of Na2SO4, MgSO4, and NaCl. 

All membranes were cleaned with DI water once the tests were finished. 

Equation 1 was used to determine the salt rejection (R) and water flux (J). 

 
W

J
A t


=



 (1) 

 

where A: effective membrane area (m2), ΔW: the amount of water permeated 

(kg), J: permeate flux (kg/m2h), and t: sampling period (h). The following 

equation 2 was used to evaluate the rejection coefficient R. 

 

f p

f

C C
R

C

−
=

  (2) 

 

where Cf: concentrations of the feed and Cp: concentration of the permeate 

measured using a conductivity meter. 

 
2.4.2. Seawater pretreatment test protocol for high-performance NF membrane 
 

This section evaluates the real seawater pretreatment of the high-

performance membrane in terms of rejection efficacy and membrane flux 

compared with the commercial TFC-NF membranes. The antifouling 

properties of the high-performance membrane are also studied. The feed water 

for the NF system was supplied at 26–28 °C from the beach well near the Doha 

west desalination plant in Kuwait. The membrane sample was compacted for 

an average of 60 min at 375 psi (25 bar) until the steady state flux was attained. 

The seawater pretreatment study was performed at a sufficiently higher 

pressure of 20 bar due to the higher osmotic pressure associated with the 

seawater. Furthermore, no chemicals were added to the NF feed as scale control 

acid treatment during the NF experiments. The NF test unit procured from the 

Convergence; the Netherlands was used for this study, and the detailed flow 

sheet diagram of the NF test unit is presented in Fig. 3.  

 

 
 

Fig. 3. The flow-sheet diagram of the NF pilot system. 
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2.5. The boron rejection study 
 

The boron rejection tests for the NF membranes were executed by a 

methodology reported in the literature [14], wherein a 5 ppm solution of boric 

acid was prepared using boron standard (1000±5 g/ml) procured from Sigma 

Aldrich Co. Flux and rejection measurements were carried out at 25–26 °C and 

0.6 MPa while the pH of the solution was changed to 6, 8, or 10 using 0.1–1 M 

sodium bicarbonate solutions (purchased from Merck). The concentration of 

boron was analyzed using inductively coupled plasma–optical emission 

spectrometer instrumentation from Agilent Technologies and its rejection was 

calculated using equation 2. 

 
2.6. Antifouling study 

 

The antifouling characteristics of high-performance NF membranes were 

evaluated using a mixture of foulant solutions. The foulant mixture consisted 

of CaCl2 as a representative of the inorganic scaling agent and sodium alginate 

as natural organic matter (NOM). The composition of the foulant mixture 

consisted of 0.1gL-1 sodium alginate and 1.0gL-1 gypsum at 26oC. The initial 

steady state flux of the newly fabricated NF membrane was attained by filtering 

the DI water at 0.6MPa. The foulant solution was then used in place of the feed 

solution, and the filtration experiment was carried out over 90 min at 0.6 M Pa 

to record the average flux as Jw1. After stopping the filtration experiment, the 

feed solution was changed to water that had been adjusted to pH 8.0. The 

membrane sample was then flushed at a high temperature of 40oC for 30 min 

at 0.8MPa. Following washing, the filtration tests were carried out again using 

the foulant mixture at 0.6M Pa, and the average water flux was recorded as Jw2. 

The following equation 3 was used to get the relative water flux recovery ratio 

(FRR). The average FRR values obtained from the three repeated trials by 

maintaining similar experimental conditions were reported. 

 

FRR(%) =
Jw2

Jw1
 × 100 ..........................................................................(3)  

 

 

3. Results and discussion 

 
3.1. Characterization of nanoparticles and synthesized NF membranes 
 

3.1.1. FTIR spectral study of EDA-MWCNT 
 

The ethylenediamine-modified MWCNT procured from the manufacturer 

was confirmed for its chemical modification using FTIR analysis. The FTIR 

spectrum of EDA-MWCNT as displayed in Fig. 4 showed a peak at 1665 cm-1 

representing the scissoring vibrations of the primary -NH2 group [15]. The N-

C-C-N stretching peak of the EDTA molecule was shown at 1507 cm-1. The 

bending vibrations of the -C-H group were observed at 1215 cm.-1 The -C-N 

stretching of the primary amine was seen at 1050 cm-1 [15]. The vibrations 

corresponding to the asymmetric and symmetric stretching of the -C-H group 

appeared at a range of 2361 cm.-1  

 

 

 
Fig. 4. FTIR spectrum of EDA-MWCNT. 

 

 

Fig. 5 displays HRTEM images of EDA-MWCNT. The average outer and 

inner diameters of the EDA-MWCNT were 10–20 nm and 5–10 nm 

respectively.  

 

  

 
Fig. 5. High-resolution transmission electron microscope (HRTEM) images of EDA- 

MWCNT. 
 

 
 

3.2. Membrane characterization  
 

The surface images of the M1 and M3 membranes (Fig. 6a and 6b) 

incorporated with the 0.05 wt% of EDA-MWCNT revealed the formation of 

the porous structures with the presence of nanoparticles on the surface. The 

coating has resulted in the partial penetration of the EDA-MWCNT into the 

sublayer, as presented in Fig. 6c. Fig. 6c also reveals the asymmetric structures 

of the PES UF membrane support used for the coating of the self-assembled 

TMA layer. The lengthy finger-like voids were observed below the dense top 

layer, and the UF membrane was fabricated over the fabric support to attain 

good mechanical strength for the membrane. The surface of the control M0 

membrane (Fig. 6e) was dense compared to the surfaces of the M1 and M3 

membranes and did not display porous structures. Fig. 6f shows the cross-

sectional image of the M0 membrane with the average thickness of the TMA 

coating layer of ~3.8µm [13]. 

Fig. 7 shows the AFM 3D images of the EDA-MWCNT incorporated NF 

and control M0 membranes. For the M0 membrane, the average surface 

roughness was less at 350 nm compared to the EDA-MWCNT-impregnated NF 

membranes. As revealed in Fig. 7 and Table 3, the M1, M3, and M4 membranes 

displayed increased average surface roughness of 548, 654, and 860 nm, 

respectively. The AFM images of the M1, M3, and M4 membranes showed an 

increasing trend in surface roughness parameters with the higher dosing of the 

EDA-MWCNT into the TMA layer. The agglomeration effect of nanoparticles 

and the interaction of the –NH2 groups of the EDA-MWCNT with the TMA 

molecules during the self-assembly reaction resulted in rougher and denser 

surfaces for the resultant NF membranes. 

The contact angles of the control and EDA-MWCNT incorporated NF 

membranes are presented in Table 3. EDA-MWCNT as a nanofiller lowered 

the surface contact angle values more than the M0 membrane. The increased 

loading of EDA-MWCNT decreased the surface contact angle values, 

confirming the higher accumulation of EDA-MWCNT on the membrane 

surfaces. From Table 3, the M3 membrane with optimal loading composition 

of EDA-MWCNT at 0.05 wt% showed a contact angle of 54.4°. Therefore, the 

hydrophilic characteristics of the EDA-MWCNT owing to the presence of –

NH2 groups reduced the surface contact angle values, which are essential to 

improving the permeation property of the membranes [16,17].  

The lower values of the MWCO values indicate the increased density of 

structures on the membrane surface [18]. Fig. 8 revealed the MWCO of 170 Da 

for the M0 membrane as the lowest MWCO recorded amongst the NF 

membranes prepared in this study. Notably, the control M0 membrane showed 

a lower MWCO than the commercial NF-90, having an MWCO of ~190 Da, 

and the NF-270 membrane had an MWCO value of ~320 Da [19]. The MWCO 

of the EDA-MWCNT incorporated M1, M2, M3, and M4 membranes, are 

presented in Fig. 9. The MWCO followed the increasing trend with increased 

loading of EDA-MWCNT into the active TMA layer. The increased MWCO 

was majorly contributed by the EDA-MWCNT groups, which moved to the 

membrane top surface during the self-assembled layer formation and provided 

less dense or loose structures on the membrane surface [20]. The MWCO of 

the M3 membrane with the optimal loading composition was 178, also lower 

than the commercial NF90 and NF270 membranes.  



R. K. Alambi et al. / Journal of Membrane Science and Research 9 (2023) 563446 

 

5 

 
 

 

  

  

  
 

Fig. 6. SEM images of the membranes; a) surface of the M1, b, and c) surface and cross-section of the M3 membrane, d) surface of the M4 membrane, and e and f) surface and cross-

sections of the M0 membrane. 

 

 

 

  

 
 

 
 

 

Fig. 7. Surface 3D-AFM images of a) M1, b) M3, c) M4, and d) M0 membranes. 
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Table 3 

The contact angle and the average roughness of the synthesized NF membranes. 
 

Membrane Code Ra (nm) Contact angle (°) 

M0 350 56.9±0.5 

M1 548 55.7±0.4 

M2 595 55.0±0.7 

M3 654 54.4±0.4 

M4 860 53.7±0.5 

 

 

 
Fig. 8. MWCO and zeta potential of M0, M1, M2, M3, and M4 membranes. 

 

 

As shown in Fig. 8, the M3 membrane showed a zeta potential of -47mV 

while the control M0 showed a value of -44.2mV. The zeta potential study 

revealed an increase in the negative zeta potential values at the higher dosing 

of the EDA-MWCNT. Thus, the EDA-MWCNT nanoparticles demonstrated 

their potential to enhance the negative charge on the surface of the TMA-based 

membranes.  

 
3.3. Preliminary performance test results 

 

As shown in Table 4, the rejection shown by the series of M1, M2, M3, 

and M4 membranes incorporated with the EDA-MWCNT nanoparticles 

increased with the increased loading of the nanoparticles. The rejection by 

EDA-MWCNT composite NF membranes was higher than the control M0 

membrane. The rejection by all the synthesized NF membranes followed a 

similar order of Na2SO4>MgSO4>NaCl, indicating the influence of ionic size-

based sieving and charge-based Donnan effects governing the ionic separation 

[21]. As per the Donnan principle, the charged NF membrane surface attracts 

ions with opposite charges, making it easier for them to move through the 

membrane, while repelling ions with similar charges, aiding in keeping them 

in the feed solution. Therefore, the negatively charged M0 and EDA-MWCNT-

based NF membrane has a high propensity to reject divalent anionic sulfate and 

attract divalent cationic magnesium more prominently than the monovalent 

chloride and sodium ions, owing to the significant interaction of the higher 

valency ions with the charged M0 and EDA-MWCNT-based NF membrane. 

Although sodium has a smaller size than magnesium, the higher rejection 

offered to Na2SO4 compared to MgSO4 indicates the effect of steric hindrance 

between the ions and charged groups on the membrane surface. The higher 

rejection of MgSO4 than NaCl can be explained by the sieving effect. The 

bigger-sized Mg2+ and SO4
2- exhibited more rejection than the monovalent Cl- 

and Na+. The M3 corresponding to the optimal loading of the EDA-MWCNT 

showed the highest rejection of 97.2, 97.9, and 62.9% towards the MgSO4, 

Na2SO4, and NaCl salt solutions, respectively. From Table 2, EDA-MWCNT 

as a nanofiller improved the permeation properties of the membranes. The 

optimal M3 membrane showed the highest flux of 33.6, 33.9, and 34.2 L/m2h 

during the rejection of Na2SO4, MgSO4, and NaCl salt solutions. Also, the M3 

membrane exhibited higher flux and rejection than any commercial TS80 4040, 

NF-400, or NF-90 membranes. 

 

3.4. Antifouling study results 
 

Since fouling is primarily a membrane top surface phenomenon, the 

current study is essential to identify the antifouling characteristics of the TMA-

coated NF membrane, a new coating technique adopted in the study.  

 

 

 

 

 

 

 

Table 4 

Performance results of newly fabricated TFC and TFN NF membranes with commercial 

NF membranes. 
 

Membrane 
Water flux 

(L/m2h) 

 
Rejection (%) 

 Na2SO4 MgSO4 NaCl  Na2SO4 MgSO4 NaCl 

M0 29.1±0.4 28.7±0.3 29.5±0.5  98.8±0.4 97.6±0.7 60.0±0.5 

M1 29.4±0.2 28.7±0.2 29.8±0.7  96.8±0.6 95.5±0.9 61.0±0.6 

M2 32.2±0.6 31.9±0.5 32.6±0.6  97.1±0.1 96.3±0.6 62.2±0.1 

M3 34.2±0.6 33.6±0.7 33.9±0.4  97.9±0.4 97.2±0.3 62.9±0.7 

M4 33.1±0.5 32.8±0.3 32.8±0.2  97.3±0.7 96.8±0.5 62.4±0.3 

TS80 4040* 31.8±0.4 33.0±0.8 33.6±0.5  97.4±0.7 97.0±0.8 40.0±0.4 

NF-400* 32.8±0.8 33.6±0.6 34.2±0.3  97.0±0.4 96.8±0.3 35.0±0.8 

NF 90* 18.2±0.7 17.0±0.3 14.0±0.5  98.7±0.2 98.3±0.6 59.0±0.4 

NF 270* 23.0±0.6 22.0±0.5 26.0±0.5  95.1±0.8 94.0±0.5 38.0±0.7 

 

*The commercial NF membranes were procured and tested for their preliminary rejection 

and flux data by maintaining similar test conditions. 

 

 

 
Fig. 9. The FRR values of the NF membranes. 

 
 
 

As shown in Fig. 9, the control M0 membrane prepared by a coating of 

TMA layer showed an FRR of 76%, and the increasing trend of FRR after 

loading the EDA-MWCNT was observed. The actual contribution toward the 

improved antifouling property of the NF membrane was given by the diffusion 

of nanofillers to the TMA interface, leading to increased hydrophilicity and 

increased nano pathways for the transport of water molecules [22]. The higher 

FRR values of >80.0% are beneficial to achieving an easy cleaning of the 

membrane after the desalination experiment [23,24]. The improved FRR for 

the M3 membrane could be explained by different factors. The higher 

antifouling nature could be the effect of the higher hydrophilic surface attained 

by the M3 membrane after coating, resulting in loose binding of the foulant 

molecules on the membrane surface. The -OH functional groups of alginates 

showed a reduced propensity to attach to those NF membrane surfaces that 

already consist of hydrophilic -NH2 functional groups, and the majority of the 

carboxylate groups of alginates were involved in bridging calcium ions [24]. 

Also, a weak bonding interaction was caused by the electrostatic repulsive 

forces between the -NH2, functional groups present on the NF membrane 

surfaces, and foulant molecules [25].  

 
3.5. Seawater pretreatment efficacy of the synthesized membranes 

 

The flux study was performed using seawater at an applied pressure of 300 

psi (20 bar) for the control M0 membrane, the high-performer M3, and the 

commercial NF90, TS80 4040, and NF270 membranes. The variation of water 

permeability of the M3 membrane incorporated with the EDA-MWCNT is 

presented in Fig. 10.  
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Fig. 10. Variation in permeability of M3 membrane during seawater pretreatment 

experiment over 180 min. 

 

 

The water permeability varied in the range of 0.55–0.70 Lm-2h-1bar-1 (or 

flux of 12.0–14.0 L/m2h). As observed during the preliminary rejection 

experiments, the permeability of the M3 membrane was lower than the control 

M0 membrane, which could be the result of the formation of more dense 

structures on the M3 membrane. However, the M3 membrane witnessed a high 

reduction in the permeate TDS compared to the control M0 membrane, as 

shown in Table 5. 

 

 
Table 5 

Physicochemical characteristics of beach well seawater and permeates obtained from 

control M0, M3, and commercial NF membranes. 
 

Parameter 
Beachwell 

Seawater 
M3 Control M0 NF-90 TS80 4040 NF-270 

TDS (ppm) 34560 9635 17,700 16,800 17,400 27790 

Conductivity 

(mS/cm) 
54.44 12.3 19.36 26.25 27.34 44.39 

pH 7.81 7.45 7.77 7.9 7.8 8 

F-(ppm) 4.3 0.55 0.34 3.1 3.3 3.8 

Cl-(ppm) 28631 4416 7566 12378 15890 22284 

SO4
2-(ppm) 3049 558 1087 27.12 25.6 36.4 

Na+(ppm) 14868 2539 3886 7463 9840 12586 

Mg2+(ppm) 1205 79 377 38.5 30 13.9 

Ca2+(ppm) 956 36 51 43.3 42 23.6 

B(ppm) 4.4 1.27 1.76 3.64 3.78 3.8 

Average 

Permeability 

(Lm-2h-1bar-1) 

- 0.5 – 0.6 0.65–0.70 0.85–0.90 0.90–0.95 2.75–2.8 

 

 

For the M3 membrane, the permeate TDS was reduced to 9,635 ppm from 

the initial seawater TDS of 34,560 ppm during the NF experiment. The 

rejection offered by the M3 membrane towards the monovalent ions and boron 

is higher than that of the control M0 and other commercial NF membranes. 

Interestingly, the rejection shown by the M3 membrane towards the 

monovalent ionic constituents present in the seawater was much higher 

compared to the commercial NF-90, TS80 4040, and NF-270 membranes. The 

chloride and sodium concentrations were reduced to 4,416 and 2,539 ppm from 

their initial values of 28,631 and 14,868 ppm, respectively. This observation 

could be the effect of a higher negative surface charge and dense structures on 

the TMA-based M3 membrane, leading to a dominated Donnan principle of 

separation rather than a steric effect. The higher permeability and selectivity of 

the membrane were attributed to the combined effect of strong compatibility 

between EDA-MWCNT and -COOH groups of the TMA on the membrane 

surface [13]. Though the divalent ionic rejection of the M3 membrane was 

lower than the commercial NF membranes, its value was much higher 

compared to the neat M0 membrane. Thus, the incorporation of EDA-MWCNT 

into the top selective layer of the NF membrane was revealed as an efficient 

method to modify the NF membranes for the potential application of 

membranes for seawater pre-treatment applications. The denser structured M3 

membrane showed >50% rejection towards the toxic boron present in the 

seawater at an almost neutral pH. Moreover, as shown in Fig. 11, the M3 

membrane experienced a low increase in permeate conductivity over 180 min 

of the experimental run.  
 

 
Fig. 11. Variation in permeate conductivity of M3 membrane during seawater pretreatment 

experiment over 180 min. 

 

 

The permeate conductivity varied in the range of 12.2 to 12.4 mS/cm 

during the experimental run. Therefore, EDA-MWCNT as a nanofiller during 

the NF membrane synthesis demonstrated its high efficiency to reduce the 

salinity needed to apply the membrane for water-softening applications.  

 
3.6. Boron rejection efficacy of the synthesized NF membranes 

 

Boron is a toxic element commonly found in natural water resources like 

seawater and brackish groundwater. The isolation of boron is challenging using 

NF membrane-based technologies due to the nonexistence of a charge on boron 

in natural water resources. The charged NF membranes are found efficient for 

boron separation if they possess suitable functionalities on their surfaces to 

expel boron back into the feed under separation [26,27]. Therefore, in the 

current study, seawater boron rejection tests were conducted for all the 

synthesized NF membranes owing to their highly negative surface charge. The 

boron rejection efficacy of the neat M0 membrane in comparison with the 

EDA-MWCNT loaded membranes and commercial NF90 membranes are 

presented in Fig. 12. The M0 membrane showed high boron selectivity by 

displaying a rejection of ~38% at neutral pH. The possible explanation for the 

high boron rejection could be the repulsive interactions between the -COOH 

ions present on the membrane surface and the boric acid B(OH)3) molecules 

[28]. Notably, the M0 membrane had stronger boron rejection results than the 

commercial NF90, which is widely used in seawater pretreatment research due 

to its dense top selective layer leading to high rejection [29-31]. As revealed in 

Fig. 12, the boron rejection offered by the EDA-MWCNT loaded membrane 

was higher than the neat M0 and the commercial NF membranes. The M3 

membrane corresponding to the optimum performance showed a boron 

rejection of 42.6% at neutral pH. The increased boron rejection could be the 

effect of a more densely structured layer on the M3 membrane, as revealed by 

the MWCO study. The other observations, such as an increase in rejection with 

an increase in pH, are similar to the previous case studies. It was observed that 

the increased alkalinity (pH) of the boron solution increased the boron removal 

efficacy of all the membranes. It is quite obvious that the increased pH assists 

boric acid molecules in getting transformed into charged borate ions [32]. Thus, 

there is an increased repulsive interaction between the natively charged NF 

membranes and the borate species, resulting in increased boron rejection. At 

pH 11, the high-performer M3 membrane showed 95.0% rejection towards 

boron.  

 

 

 
Fig. 12. pH-dependent boron rejection of the M0, M1, M2, M3, M4, and commercial NF90 

membranes. 
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4. Conclusions 

 

This study synthesized the aminated MWCNT incorporated TFN NF 

membranes for their real seawater desalination application using the Persian 

Gulf seawater as feed. The new membranes were highly negatively charged 

and denser than commercial membranes. The challenges of high selectivity 

with less compromise in flux loss, long-term reliability, and higher antifouling 

characteristics were addressed by the synthesized TFN NF membrane 

consisting of optimal loading compositions of the nanoparticles. The nano-

based NF membranes, especially with the optimal loading composition of the 

nanoparticles, demonstrated better performance than four of the commercial 

NF membranes compared in this study. The EDA-MWCNT incorporated M3 

membranes attained denser structures on their surface and showed higher 

stability however lower flux than control M0 and other commercial NF 

membranes. The membrane flux varied in the range of 12.0 to 14.0 Lm-2h.-1 

The seawater TDS drastically declined in the permeate sample to 9,635 ppm 

from the initial seawater TDS of 34,560 ppm. The TDS reduction attained by 

the M3 membrane was much higher than the control M0 and other commercial 

NF membranes. The M3 membrane was also highly selective towards the toxic 

boron rejection compared to the commercial NF membranes and reduced the 

seawater boron concentration from 4.4 to 1.27 ppm. Again, the salt rejection 

shown by the M3 membrane towards the monovalent ionic constituents present 

in the seawater was much higher compared to the commercial NF-90, TS80 

4040, and NF-270 membranes. Therefore, the new approach of NF membrane 

coating consisting of EDA-MWCNT as a nanofiller demonstrating its high 

efficiency to reduce seawater salinity will be used to apply the membrane for 

water softening applications. 
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