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Abstract 

The current research intends to conduct an experimental work to study the 

removal efficiency of Magnesium (Mg2+), Potassium (K1+), Sodium (Na1+), 

Bromide (Br1-) and Chloride (Cl1-) ions from different prepared solutions 

using a ceramic Nanofiltration (NF) membrane with a molecular weight cut-

off of 1 kDa. Specifically, the solutions are prepared using double ions and 

triple ions and the filtration is conducted using different operating conditions 

of the trans-membrane pressure (TMP) and ions concentrations. In this 

regard, the TMP ranges between 1 to 5 bar and the ion concentration ranged 

between 0.01 to 1.0 M (equivalent to 1.0 to 1000 mol/m3). The results 

demonstrate that the highest ion rejection can be attained with the maximum 

applied TMP. However, this is not the case for the NaBr and KBr solutions, 

demonstrating the reverse action. Variable ion rejection patterns are 

experimentally identified in the current research, which varies between 90% 

to 99.7%. 

Keyword: Nanofiltration membrane, NF, Rejection, Mg2+, K1+, Cl1-, Na1+, 

Br1-, pore radius. 
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دراسة تجريبية لفصل الأيونات باستخدام غشاء ترشيح نانوي سيراميكي: تأثير الضغط عبر 
 الغشاء وتركيز المحلول على رفض الأيونات

 *رشا الحجرات

hajarat@mutah.edu.jo 
 ملخص

 )2Mg+ (يهدف البحث الحالي إلى إجراء عمل تجريبي لدراسة كفاءة إزالة أيونات المغنيسيوم

من محاليل مُحضرة  (1Cl-) والكلوريد )1Br+ (والبروميد )1Na+ (والصوديوم )1K+ (والبوتاسيوم

كيلو دالتون. على وجه  1مع حد وزن جزيئي يبلغ  ةسيراميكيمختلفة باستخدام غشاء ترشيح نانوي 

التحديد، يتم تحضير المحاليل باستخدام أيونات مزدوجة وأيونات ثلاثية ويتم إجراء الترشيح باستخدام 

هذا الصدد، يتراوح ضغط وتركيزات الأيونات. في  (TMP) ظروف تشغيل مختلفة لضغط الغشاء

مول )أي ما يعادل  1.0إلى  0.01بار ويتراوح تركيز الأيونات بين  5إلى  1بين  (TMP) الغشاء

(. تظُهر النتائج أنه يمكن تحقيق أعلى رفض للأيونات باستخدام أقصى ضغط 3مول/م 1000إلى  1.0

، والتي أظهرت KBrو NaBr مطبق. ومع ذلك، ليس هذا هو الوضع بالنسبة لمحاليل (TMP) غشاء

التأثير العكسي. تم التعرف تجريبيا في البحث الحالي على أنماط رفض الأيونات المتغيرة، والتي 

 .٪99.7٪ إلى 90تتراوح بين 

غشاء نانوي، رفض الغشاء، مغنيسيوم، بوتاسيوم، كلوريد، صوديوم، بروميد، الكلمات المفتاحية: 

 نصف قطر المسام.
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Introduction 

Nanofiltration (NF) membranes occupy a critical position between reverse 

osmosis and ultrafiltration technologies, offering selective separation 

capabilities for divalent ions and organic molecules. Though they exhibit 

fundamentally different characteristics, ceramic and polymeric membranes 

have emerged as prominent solutions across water treatment applications. 

Ceramic NF membranes leverage inorganic materials like alumina (Al₂O₃), 

zirconia (ZrO₂), and titania (TiO2), providing exceptional chemical and 

thermal stability. In contrast, polymeric NF membranes predominantly utilize 

polyamide composites or polysulfone derivatives, offering advantages in 

manufacturing flexibility and initial cost efficiency (Mohanadas et al., 2022). 

Ceramic membranes feature asymmetric multi-layered structures with active 

layers of metal oxides (TiO2, ZrO2) on microporous supports. Ceramic NF 

characteristics (Table-1) include 

a. Mechanical robustness: withstand pressures >20 bar and temperatures 

>100°C. 

b. Chemical resistance: stable across pH 0-14 and resistant to oxidants 

(ozone, chlorine). 

c. Surface charge properties: isoelectric points (IEP) of 6.1–9.5, enabling 

positive charge at low pH. 

d. Pore size uniformity: MWCO range of 200-1,000 Da with narrow pore 

distributions. 

Industrial implementations show long service lifetimes (>10 years) but 

face challenges with high manufacturing costs (2-5× polymeric equivalents) 

and limited module configurations. While in case of polymeric membranes 

dominate the market due to: 

a. Lower production costs and modular design flexibility. 

b. Higher initial permeability: typically, 10-30 liters per square meter per 

hour per bar (LMH/bar) vs. 1-10 LMH/bar for ceramics. 

c. To create a tough and selective surface chemistry for specific 

applications: coatings such as zwitterionic or charged polymers can be 

significantly enhance surface selectivity. 

d. pH limitations: polyamide layers degrade at pH < 2 or >11. 

e. Oxidant susceptibility: chlorine/ozone exposure causes hydrolysis of 

amide bonds. 
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Property Ceramic NF Membranes Polymeric NF Membranes 

Material Composition Al₂O₃, TiO₂, ZrO₂ Polyamide, Polysulfone 

pH Stability 0-14 3-11 

Max Temperature >100°C <45°C 

Oxidant Resistance High (O3, Cl2 tolerant) Low (Oxidant-sensitive) 

Mechanical Strength High (Compression-resistant) 
Moderate (Prone to 

compaction) 

Relative Cost High ($500-1000/m2) Low ($50-200/m2) 

Lifespan 10-15 years 3-7 years 

Table 1. Fundamental Properties Comparison between ceramic and polymeric NF. 

Ceramic NF membranes demonstrate superior operational resilience in 

extreme chemical/thermal environments (e.g., oil production, acid mining), 

justifying their higher capital costs through extended service life and reduced 

cleaning requirements. Their positive charge characteristics enable unique 

applications in cation-dominated separations like lithium recovery (Kim et 

al., 2025). However, polymeric NF membranes retain significant 

advantages in applications requiring high anion rejection, pharmaceutical 

removal, or cost-sensitive deployments. Recent advances in fouling 

mitigation and acid-stable polymers continue to expand their operational 

envelope. The selection guidelines include: 

 Choosing ceramic NF are preferable when: processing high-TSS streams, 

operating at pH<3 or >11, recovering high-value metals, or using 

ozone/chlorine cleaning 

 Polymeric NF membranes are preferred for low-TOC waters, anion-

dominated separations, budget-constrained projects, and when 

pharmaceutical removal is critical. 
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Future membrane development should prioritize ceramic membrane cost 

reduction and polymeric membrane durability enhancement to address 

current limitations. The convergence of both technologies through hybrid 

designs offers promising pathways toward next-generation NF systems with 

expanded capabilities. NF membrane has several applications in industries 

such as high-purity water production such as 

 Polymerics dominate integrated membrane systems (MF/UF+RO+NF) 

for potable reuse, achieving 99.99% pathogen removal. 

 Ceramic membranes show promise in ozone-integrated systems for 

direct NF of secondary effluent, but PPCP removal remains inadequate 

(<40%). 

In addition, NF is used in resource recovery applications such as lithium 

extraction (Kirk et al., 2024). Where ceramic NF achieves 60-85% Li1+/Na1+ 

selectivity in brine concentrates, leveraging positive charge at low pH values. 

Also, ceramic membranes maintain stability in acid mine drainage (pH<2) but 

show lower metal rejection than acid-resistant polymer NF membranes. 

In addition, NF membrane is used in industrial wastewater treatment such 

as oilfield wastewater treatment (Cabrera et al., 2022). Ceramic 

nanofiltration units operate for over 12,500 hours without any 

pretreatment, achieving 100% rejection of total suspended solids (TSS) 

and 85% ion rejection at an operating pressure of 16 bar. While 

polymeric NF achieves >99% oil rejection from oily emulsions but it requires 

frequent cleaning (Mohanadas et al., 2022). 

Nanofiltration (NF) membrane is classified as a pressure-driven membrane 

that falls between ultrafiltration and reverse osmosis membranes in terms of 

properties. While the permeate flux of NF membrane is greater than that of a 

reverse osmosis membrane, it offers a lower rejection rate (Kuusik et al., 

2014). The separation process of a NF membrane involves various factors 

such as steric (sieving), electrostatic (Donnan) effects, convection, and 

diffusion (Schaefer et al., 2004). Specifically, this type of membrane shows 

low rejection for mono-valent ions and non-ionised organics weighing less 

than 150 g/mol, but high rejection for multi-valent ions and organics weighing 

more than 300 g/mol (Zhang et al., 2022). Ceramic NF membrane has a pore 

diameter ranging from 0.2 to 2 nm. Typically, these membranes are either 

positively or negatively charged form. One of the key benefits of NF 

membranes is their ability to operate at lower pressure in a comparison with 

reverse osmosis membranes (Alsarayreh et al., 2020), along with offering 
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selective rejection between mono-valent and multi-valent ions, and high 

permeate flux. 

Fouling is a major drawback of NF membranes, resulting from foulants 

being adsorbed on pore walls, leading to pore blockage and surface fouling 

like cake and gel layer build-up (Jiang at al., 2017; Al-Obaidi et al., 2022). 

Specifically, two well-known types of NF membranes in the market include 

the polymeric and ceramic membranes. The current research emphasizes 

ceramic membranes. This membrane offers a reliable and flexible option for 

filtration and separation requirements. It has specific features that make it 

appropriate for various industries and applications  (Arat, 2023). 

The current research aims to evaluate the effectiveness of ceramic NF 

membrane for the removal of Mg2+, K1+, Na1+, Br1- and Cl1- ions from various 

synthesised solutions. The solutions under consideration are MgCl2, MgBr2, 

and NaBr salts. In this aspect, it should be noted that the utilised methodology 

of this research has characterized by investigating the ions removal from both 

single salt solutions (MgCl2, MgBr2, and NaBr salts) or mixed salt solutions 

(MgCl2 and KCl). The concentrations of these salts are varied between 0.1 

and 1.0 mol/l. 

Theory: 

The concept of ions transport via the texture of the NF membrane is 

categorized by several different factors. These include the pressure difference 

across the membrane, concentration gradient, and electrical potential 

gradient. These are illustrated in the context of the extended Nernst-Planck 

equation (Schaefer et al., 2004) 

𝑗𝑖 = 𝐾𝑖,𝑐𝑐𝑖𝐽𝑣 − 𝐷𝑖,𝑝
𝑑𝑐𝑖

𝑑𝑥
−

𝑧𝑖𝑐𝑖𝐷𝑖,𝑝

𝑅𝑇
𝐹

𝑑𝛹

𝑑𝑥
   (1) 

where ci is the concentration in the membrane (mol/m3), Di,p is the hindered 

diffusivity (m2/s), F is Faraday constant (C/mol), Jv is the volume flux based 

on the membrane area (m3/m2/s), ji is the flux of ion (i) based on the 

membrane area (mol/m2.s), Ki,c is the hindrance factor for convection inside 

the membrane, R is the gas constant (J/mol.K), T is the absolute temperature 

(K), zi is the valence of ion (i), and  is the electrical potential (V). The 

Nernst-Planck equation is utilised in the current research to predict the ion 

observed rejection in terms of concentration and potential gradients, 
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R = 1 −
Ci,p

Ci,f
    (2) 

where ci,f is the ion (i) concentration in the feed solution (mol/m3), ci,p is 

the ion (i) concentration in the permeate solution (mol/m3), and R is the ion 

observed rejection. 

The trans-membrane pressure (TMP) is an important parameter that 

identifies the necessary force to drive permeates through the texture of the 

membrane. TMP can be expressed as the difference in pressure across the 

membrane surface. Regarding the water treatment, a low TMP can ensure 

clean water and a clean membrane, compared to a high TMP, which results 

in a fouled membrane (Mdemagh et al., 2018).  The TMP parameter signifies 

the average pressure between the inlet and outlet parts of the membrane 

module as demonstrated as follows 

𝑇𝑀𝑃 = (
𝑃𝑖𝑛+𝑃𝑜𝑢𝑡

2
) − 𝑃𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒   (3) 

where TMP is the Trans membrane pressure (bar), Pin is the pressure at the 

membrane feed side (bar), Pout is the pressure at the membrane retentate side 

(bar), and Ppermeate is the pressure at the membrane permeate side (bar). The 

pressure at the permeate side (Ppermeate) is presumed to be equivalent to the 

atmospheric pressure (1 atm) (Al-Obaidi et al., 2018).  

Increasing turbulence significantly at the feed side, for example by cross-

flow, can reduce concentration polarization. This phenomenon otherwise 

diminishes membrane efficiency and affects observed rejection, as described 

in Eq. 2. However, the real rejection is commonly greater than the observed 

rejection since the real rejection concerns the concentration at the membrane 

wall (cW). The real rejection (RO) is depicted below, 

R𝑜 = 1 −
Ci,p

Ci,w
    (4) 

where ci,w the concentration at the membrane wall (mol/m3). For a porous 

membrane; the flux obtained by assuming that the osmotic pressure is equal 

to the atmospheric pressure as elucidated as follows 

Jv =
∆P

ηRM
  (5) 

where Jv is the volume flux based on the membrane area (m3/m2/s), ΔP is 

the trans-membrane pressure difference (N/m2), RM is the clean membrane 
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resistance (1/m) and η is the dynamic solvent viscosity (N.s/m2). 

Consequently, the osmotic pressure can be obtained for a solution by knowing 

the membrane resistance. To obtain the membrane resistance, distilled water 

is used. The solution volumetric flux is determined by dividing the volumetric 

flow rate by the membrane surface area as depicted in the following equation, 

𝐽𝑣 =
𝑄

𝐴
  (6) 

where A is the membrane surface area (m2), Jv is the volume flux based on 

the membrane area (m3/m2/s), and Q is the volumetric flow rate (m3/s). 

Experimental procedure 

The tubular NF membrane used in the experiments was obtained from 

Sterlitech. Both active and support layers were made of TiO2. The membrane 

consisted of seven channels, each measuring 250 mm in length, with an 

outside diameter (OD) of 10 mm, with a membrane total surface area of 0.013 

m2. One of the key characteristics of this membrane is its molecular weight 

cut-off of 1 kDa. This resource effectively filters out molecules exceeding 1 

kDa in molecular weight, making it suitable for size-based separation 

application. Referring to the provided data from the manufacturer (Table 2), 

the membrane charge has a positive sign. Also, the membrane can handle a 

maximum operating pressure of 10 bars, a pH range of 0-14, and a maximum 

temperature of 250 ℃. The wide pH tolerance range, would permit the 

membrane to endure different acidic and alkaline conditions. This makes it a 

useful option for different applications in the industry, including 

pharmaceuticals, biotechnology, and food processing. Moreover, the 

temperature tolerance of less than 250 ℃, enables the use of membrane in 

several applications of high-temperature conditions. Its capacity to endure 

such temperatures can assure its consistency and durability in difficult 

conditions. Last but not least, the membrane can endure an operating pressure 

of above 10 bars, which indicates its capacity to withstand moderate levels of 

pressure during filtration processes. This characteristic would ensure the 

usefulness of the membrane and its efficacy in a wide sector of industrial 

applications where pressure is a central parameter. 
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Membrane properties 

Channels 7 channels 

Channel length 250 mm 

Outside diameter 10 mm 

Surface area 0.013 m² 

Pore radius 0.8 nm 

Maximum molecular weight 1 kDa 

pH Range 0 - 14 

Temperature tolerance Less than 250°C 

Table 2. Membrane physical properties. 

To evaluate the separation competencies of the ceramic NF membrane, 

water samples encompassing various types of salt solutions were exposed to 

desalination. Two scenarios were experienced: one with a mixture of MgCl2 

and KCl salts, and the other with a single salt solution consisting of MgCl2, 

KCl, NaBr, and MgBr2 salts. The concentrations of the solutions were 

selected as 0.1 to 1.0 M (10 to 1000 mol/m3). Before testing the salt solutions, 

the membrane's efficiency was examined using distilled water. The intention 

was to explore whether fouling existed and to analyse the membrane's 

capacity to eliminate ions. By contrasting the results of the pure water and 

salt solution tests, the performance of the membrane in ion removal and the 

presence of fouling were appraised. The ion concentration, solution pH and 

conductivity were tested using Bante 900 benchtop multi-parameter meter. 

Bante 900 benchtop is a high-precision multi-parameter meter that comprises 

measurement modes for pH, oxidation-reduction potential (ORP), ion 

concentration, conductivity, TDS, salinity, resistivity and dissolved oxygen. 

The pH was controlled using BI-620 industrial online pH Controller. 

The bench scale membrane setup, illustrated in Figure 1, comprises several 

components. These elements consist of a high-pressure pump, a 5-liter glass 

receptacle, a tubular stainless steel membrane module, a pressure-relief valve, 

sturdy flexible tubing, a pH/ORP controller, a pH/Ion/Conductivity meter, a 

scale, and a timer. At the core of the arrangement lies the tubular ceramic NF 



Experimental investigation on ion separation using a ceramic Nanofiltration membrane: 

influence of trans-membrane pressure and solution concentration on ion rejection    

                                                                                                                       Rasha A. Hajarat 
 

28 

membrane (TiO2) with seven internal channels. Pressure regulation on the 

membrane surface was managed using valves, resulting in transmembrane 

pressure (TMP) values ranging from 1 to 5 bar as a result of valves controlling 

pressure regulation on the membrane surface. 

 

Figure 1. A schematic representation of the bench scale NF membrane set-up. 

Results and discussion: 

Different salts were used (single and double salts solutions) to compute the 

rejection of ions at different physical variables. The salts used in this study 

were KCl, NaBr, MgBr2 and MgCl2; thus, the studied ions would be Mg2+, 

K1+ Na1+, Br1- and Cl1- ions. The used concentrations for both cases, i.e., 

single and mixed salt solution; were 0.1, 0.5 and 1.0 mol/l. A ceramic NF 

membrane with a molecular weight cutoff of 1 kDa separated the ions at TMP 

ranging from 1 to 5 bar. To ensure result consistency and assess separation 

accuracy, experiments for every salt and concentration combination 

were replicated a minimum of three times. 

Post-experiment membrane cleaning prevented fouling and restored 

baseline performance. The procedure involved: initial rinsing with distilled 

water until neutral pH was observed in permeate and retentate streams, 

followed by a one-hour cleaning cycle using 1.0 M NaOH solution, and 

finalized by thorough distilled water rinsing until neutral pH was re-

established. 
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Magnesium chloride salt (MgCl2) solution: 

The used concentrations of magnesium chloride salt were 0.1, 0.5 and 1.0 

M. It was noticed that the rejections of Mg2+ and Cl1- increase as a response 

to increasing the TMP. The highest rejection was at TMP, which was equal 

to 5 bars. At the lowest concentration 0.1 M; the Mg2+ ion rejection at the 

lowest TMP was about 99%, while the Cl1- ion rejection was about 96%. As 

the concentration of MgCl2 increases, the rejection of Mg2+ and Cl1- ions 

decreases (Figure 2). This would be as a response of concentration 

polarisation on the membrane surface triggering the ion to pass through the 

texture of the membrane. Concentration polarisation would cause Mg2+ and 

Cl1- ions to cover the membrane surface and cause the membrane surface 

active charge to be neutralised. In such case; the rejection of Mg2+ and Cl1- 

ions was increased due to increasing the TMP and decreasing the ions 

concentration in the solutions. Thus, the active membrane surface charge is 

neutralised, TMP would force Mg2+ and Cl1- ions to diffuse through the 

membrane; as a result, the rejection of  Mg2+ and Cl1- ions is lowered (Dutta 

et al., 2020). 

The Mg2+ ion rejection is greater than the Cl1- ion rejection. This can be 

attributed to the positive charge of the Mg2+ ion. The membrane surface active 

layer charge is known to have a positive charge and in response to the 

repulsion between Mg2+ ions and the membrane charge, Mg2+ ions are 

rejected back to the feed solution where they leave the membrane on the 

retentate side. 

 

Figure 2. Rejection of Mg1+ ion and Cl1- ion against TMP at different solution 

concentrations 

After each run of MgCl2; the membrane was cleaned and a distilled water 

experiment was run to ensure that fouling did not occur. For the distilled water 

experiment; the correlation between the flux and TMP was higher than that 
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for MgCl2. The membrane did not return to its original virgin condition even 

after cleaning the membrane. Measurement of distilled water flux 

before/after cleaning vs. virgin may have different results which are 

1. Increased Rejection + Reduced Flux: indicates a strong indicator of 

pore narrowing. 

2. Decreased Rejection + Increased Flux: indicates damage or foulant 

removal exposing larger pores. 

3. Reduced Flux + Stable Rejection: indicates surface coverage or pore 

blocking without significantly altering the smallest pores. 

Thus, in this case, it was the third case that was supported by the obtained 

results. In Summary of the ceramic NF membrane, the failure to return to 

the virgin state is NOT due to solvent swelling. It is far more likely to be 

caused by 

a) Dissolution and re-deposition forming a pore-narrowing gel layer 

("covering"). 

b) Irreversible adsorption/chemisorption of foulants or cleaning agents 

onto the ceramic surface. 

c) Residues/precipitates from cleaning agents are blocking pores. 

d) Microstructural damage from overly aggressive cleaning (Less 

likely). 

In fact, the membrane resistance (Rm) was measured using distilled water. 

The membrane resistance (Rm) was obtained using Eq. 5. Figure 3 shows the 

distilled water flux (Jv) versus TMP where the obtained slope was 1E-05. 

Applying both the obtained slope and water dynamic viscosity, which equals 

1.002E-3 N.s/m2 in Eq. 5, the membrane resistance (Rm) was found to be 

9.98E+12 (1/m). 
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Figure 3. MgCl2 solution and distilled water Flux against TMP 

Magnesium bromide salt (MgBr2) solution: 

For the magnesium bromide salt case, the used concentrations are 0.01, 0.1 

and 0.5 M. It was observed that the rejections of Mg2+ and Br1- can be 

increased as the TMP increases. In this aspect, the greatest rejection was at 

TMP of 5 bars. For Mg2+ ions, the rejection upsurges with increasing 

concentration. Similarly, the same concept is valid for Br1- ions, as the 

rejection increases, the concentration also increases. At the highest 

concentration of 0.5 M, the rejection of Mg2+ ion at maximum TMP was about 

99.5%. However, the rejection of Br1- was about 99.7%. These behaviours 

can be noticed in Figure 4.  

The minimum rejection of 95.7% for Mg2+ ion was ascertained at a TMP 

of 1 bar and a concentration of 0.01 M. On the other hand, the minimum 

rejection of Br1- was 98.2% at 1 bar TMP. These results are due to an ionic 

radius of 0.072 nm for Mg2+ and 0.195 nm for Br1- (Shannon, 1967). The 

volume of Br1- ions is larger than Mg2+ ions, and therefore the Br1- would be 

rejected by the membrane and Mg2+ would diffuse through the membrane 

pores more easily. 

The membrane surface and the ion charges impact the rejection of Mg2+ and 

Br1- ions. Since the membrane surface charge is positive, Mg2+ ions are 

repelled, resulting in rejection. However, the attraction occurs between the 

Br1- ions and the membrane charge, causing the Br1- ions to deposit on the 

membrane surface and be rejected. Such conditions cause concentration 

polarisation, where Mg2+ and Br1- ions cover the membrane surface and 

cause the membrane surface active charge to be neutralised. The polarisation 
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layer would cause the Mg2+ and Br1- ions to be rejected. As a result, the 

decrease of Mg2+ and Br1- ions rejection is because of ions diffusion through 

the membrane, where the membrane surface charge is neutralised (Zhang et 

al., 2022).  

 

Figure 4. Rejection of Mg2+ and Br1- ions against TMP at different solution 

concentrations (0.01, 0.1 and 0.5 M)  
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R% 
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R% 
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0.75 5.34 95.76 98.27 98.63 99.71 99.68 99.92 

1.75 8.97 95.99 98.50 98.89338189 99.74 99.68 99.92 

2.75 0.141 96.23 98.56 99.15 99.80 99.68 99.92 

3.75 0.218 96.46 98.73 99.41 99.87 99.68 99.92 

4.9 0.256 98.11 99.37 99.58 99.94 99.68 99.92 

Table 3. Rejection of Mg2+ and Br1- ions against TMP at different solution 

concentrations (0.01, 0.1 and 0.5 M) 
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The rejection behavior of MgBr₂ diverges significantly from MgCl₂ due to 

anion-specific effects arising from differences in hydrated size and charge 

interactions. While both salts contain Mg²⁺ cations (experiencing electrostatic 

repulsion from the positively charged membrane), replacing Cl⁻ with larger 

Br⁻ anions alter concentration polarization dynamics and charge 

neutralization rates, directly impacting Mg²⁺ rejection. Br1- has a 

larger hydrated radius (0.196 nm) compared to Cl1- (0.181 nm) (Shannon, 

1976). Larger ion size reduces Br1- diffusivity (Br1-: 2.08 × 10⁻⁹ m²/s; Cl1- : 

2.03 × 10⁻⁹ m²/s), thus slowing its back-diffusion from the membrane surface. 

In the case of MgBr₂; Br1-’s low diffusivity causes rapid accumulation at the 

membrane surface due to electrostatic attraction. This forms a denser 

concentration polarization layer enriched in both Br⁻ (attracted) and Mg²⁺ 

(repelled but trapped). Moreover, for the case of MgCl₂; Cl1-’s higher mobility 

enables partial dissipation of the concentration polarization layer via back-

diffusion, resulting in weaker polarization. In MgBr₂, the dense Br1- rich 

concentration polarization layer more effectively shields/screens the positive 

membrane charge than Cl1-. This accelerates neutralization of surface charge, 

diminishing electrostatic repulsion of Mg²⁺. 

The impact on Mg²⁺ ion rejection; in the case of MgCl₂ a moderate charge 

screening occurs; Mg²⁺ rejection remains high due to persistent repulsion. 

While in the case of MgBr₂; rapid charge neutralization weakens Mg²⁺ 

repulsion, enabling greater diffusion through the membrane and a significant 

drop in Mg²⁺ rejection. Despite electrostatic attraction with the membrane 

positive surface charge, both Cl1- and Br1- exhibit high rejection due to size 

exclusion; where larger hydrated Br⁻ is sterically hindered. Concentration 

polarization drives rejection accumulated anions which create a concentration 

gradient driving back-diffusion. 

Sodium bromide salt (NaBr) solution: 

The utilised concentrations of sodium bromide (NaBr) salt were 0.01, 0.1 

and 0.5 M. It was revealed that the rejection of Na1+ and Br1- ions decreases 

as the TMP increases. Figure 5 indicates that the rejection of Na1+ and Br1- 

ions increases with increased feed concentrations. In this regard, the 

maximum rejection for Br1- ions of 99.25% was at 0.1 M compared to 99.1% 

for Na1+ ions at 0.5 M (Figure 5). The rejection of Na1+ and Br1- ions would 

result from the applied pressure on the membrane surface and the ions charge. 

A repulsion occurs between the positive membrane surface charge and the 

Na1+ ions. Referring to the charge repulsion, Na1+ ion would not pass through 

the membrane pores and would go back from the membrane surface area to 
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the feed bulk solution causing an increase in Na1+ ion rejection. However, the 

attraction occurred between the positive membrane surface charge and the 

negative charge of Br1- ion. Consequently, the Br1- ions would accumulate on 

the membrane surface. The accumulated Br1- ions on the membrane pore 

surface would pass through the membrane pores to the permeate side causing 

the decrease of Br1- ion as the TMP increases. These results were confirmed 

by Moslemi et al., (2012) where Br1- ions can be separated from water using 

a ceramic NF membrane. 

 

Figure 5. Rejection of Na1+ ion and Br1- ions against TMP at different solution 

concentrations (0.01, 0.1 and 0.5 M) 

Potassium chloride (KCl) and magnesium chloride (MgCl2) solution: 

The salts used to prepare the mixed salts solution are potassium chloride 

(KCl), and magnesium chloride (MgCl2). The solution was prepared by 

mixing KCl and MgCl2 to obtain three different solutions with the 

concentrations of 0.1, 0.5 and 1.0 M. Indeed, the obtained ions are Mg2+, K1+ 

and Cl1-. A decrease in the rejections of Mg1+, K1+, and Cl1- was noticed as a 

response to decreasing the solution concentration and increasing the TMP. 

For instance, the highest rejection for Mg2+ was close to 90% at a TMP equal 

to 1 bar at a solution concentration of 1.0 M. The Mg2+ ion rejection decreased 

with the increase in TMP and the decrease in solution concentration. These 

results can be seen in figures 6 and 7. In the case of K1+ ions rejection, it 

decreased as TMP increased. In fact, its rejection was less than the rejections 

of Mg2+ and Cl1- ions (Figure 6). However, when a solution concentration of 

0.1 and 1.0 M was used, the rejection of K1+ ion was higher than the rejection 

of Mg2+ ions. Figures 8 and 10 can support this argument clearly. 
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Regarding Cl1- ions, a decrease in rejection exists when there is an increase 

in TMP and a decrease in solution concentration. The greatest rejection of 

Cl1- ion was at a TMP of 1 bar and a solution concentration of 1.0 M as 

demonstrated in Figure 6. This type of rejection is due to the charges of the 

ions and the membrane surface as the membrane selective layer is positively 

charged. Meanwhile, the membrane surface charge is positive, a repulsion 

between the membrane charge and Mg2+ and K1+ ions occur, reducing their 

rejection. Meanwhile, Mg2+ ions have a double ion charge but the K1+ ions 

have a single ion charge. The Mg2+ rejection was higher due to its larger 

repulsion force as depicted in Figure 6. The distilled water flux (Jv) and MgCl2 

and KCl solution flux (Jv) were measured. Figure 7 shows the relationship 

between flux (Jv) and transmembrane pressure (TMP). It can be assured 

that the distilled water line was above the MgCl2 and KCl solution lines; 

hence fouling did not take place during the MgCl2 and KCl solution 

experiments (but a polarization would have taken place). Thus, the 

concentration polarisation would support rejecting behaviour of Mg1+, K1+, 

and Cl1- ions. At higher concentrations, a polarisation effect would increase 

causing a higher charge on the membrane surface causing an effect on the 

ion’s rejection. This was obvious in the case of Mg2+ where its rejection was 

at its lowest when TMP increases as shown in Figures 6. This is already 

declared in the experimental results (Carvalho et al., 2011). 

 

Figure 6. Rejection of Mg2+, K1+ and Cl1- ions against TMP for solution concentration 

of 0.1, 0.5 and 1.0 M. 

Once the mixture of KCl and MgCl2 was utilized in the separation process, 

membrane resistance (Rm) can be calculated by Eq. 6. From the plot of 

distilled water flux (Jv) versus TMP in Figure 7, a slope of 1E-5 to 6E-6 was 

determined. This slope yields a membrane resistance (Rm) of 1.33E+13 m⁻¹. 
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It is therefore concluded that the membrane resistance affected the ion’s 

separation. 

 

Figure 7. Volumetric flux (Jv) (m3/m2/s) versus TMP (bar) 

The assessment of the flux of distilled water prior to and after the cleaning 

process may yield varied outcomes, which include: 

An increase in rejection combined with a reduction in flux serves as a 

robust indicator of pore constriction. A decrease in rejection alongside an 

increase in flux; this suggests either damage or the removal of foulants, 

thereby revealing larger pores. A reduction in flux coupled with stable 

rejection; this signifies surface coverage or pore obstruction without 

substantially affecting the smallest pores. 

Consequently, in this particular instance, the results substantiated the third 

scenario. In conclusion, the ceramic NF membrane’s inability to revert to its 

virgin state is NOT attributable to solvent swelling. It is significantly more 

probable that this phenomenon is induced by: 

The dissolution and subsequent re-deposition result in a gel layer that 

narrows the pores ("covering"). The irreversible adsorption or chemisorption 
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residues or precipitates from cleaning agents obstructing the pores. 

Microstructural damage resulting from excessively aggressive cleaning 

practices. 
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Sodium bromide (NaBr) and potassium bromide (KBr): 

The utilised solutions were prepared for section by mixing sodium 

bromide (NaBr) and potassium bromide (KBr). The original solutions had 

three different concentrations of 0.1, 0.5 and 1.0 M and therefore the obtained 

ions are Na1+, K1+ and Br1-. Na1+, K1+, and Br1- rejections decrease as the TMP 

increases. Figures 8-10 reveal the highest rejection for K1+ of around 99.8% 

at a TMP of 1 bar at a solution concentration of 1.0 M. Furthermore, the Na1+ 

ion has the highest rejection is 99% at a concentration of 0.1 M and a TMP of 

1 bar. Lastly, the Br1- ions highest rejection equals 99% at a TMP of 1 bar and 

a concentration of 0.1 M.  

 

Figure 8. Rejection of Na1+, K1+ and Br1- ions against TMP at 0.1 M 

 

Figure 9. Rejection of Na1+, K1+ and Br1- ions against TMP at 0.5 M 
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Figure 10. Rejection of Na1+, K1+ and Br1- ions against TMP at 1 M 

Therefore, it can be said that the rejections of Na1+ and Br1- ions are 

increased as the concentration decreases. The rejection of Na1+ ion was the 

lowest compared to the rejection of K1+ and Br1- ions. The rejections of Na1+, 

K1+, and Br1- would be due to the ions charge and membrane surface charge, 

where the membrane selective layer is positive. Since the membrane surface 

charge is positive, a repulsion between the membrane charge and Na1+ and 

K1+ exists thus increasing their rejection. The attraction between the 

membrane surface’s selective charge and the Br1- ions causes the ions not to 

be rejected.  

 

Figure 11. Pore size and ions diameter rejection behavior. 
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On the other hand, as the concentration of Na1+, K1+ and Br1- ions 

increases; then Na1+ and K1+ ions would neutralise the membrane surface 

charge causing the electrical potential to be negligible. Thus, at high ions 

concentration, the high rejection for the three ions Na1+, K1+ and Br1- ions 

would result from TMP as driving force. Here convection and diffusion 

potentials would overcome the electrical potential (Figure 11-13). Diffusion 

is the movement of individual molecules from a region of higher 

concentration to a region of lower concentration. Thus Na1+, K1+ and Br1- 

ions would from membrane’s feed side (high concentration region) to the 

membrane’s permeate side of the membrane (low concentration region). As 

the concentration decreases, the rejection of the Br1- ions increases. 

Moreover, the rejection of Na1- ions was greater than that of K1+ ions. As a 

result, the ion size would have a more significant effect on the ion rejection 

than the electrical potential force. As TMP increases; the applied pressure 

would force the ions to diffuse through the membrane causing ion rejection 

to decrease. It is acknowledged that the radius of K1+ ion is 0.133 nm, Na1+ 

ion is 0.19 nm, and Br1- ion is 0.196 nm (Shannon, 1976). Thus, the diffusion 

potential due to the pressure difference across the membrane had more effect 

than the concentration gradient and the electrical potential gradient. It is 

important to consider all of the concentration gradient, the electrical potential 

gradient and the related ions concentration. 

At elevated Na1+, K1+, and Br1- ions concentrations, charge screening 

neutralizes the membrane surface charge, rendering the electrical potential 

negligible. Consequently, high rejection of these ions at high ionic strength is 

primarily driven by transmembrane pressure (TMP). Under these 

conditions, convective transport (pressure-driven flow) and diffusion (ion 

movement down concentration gradients) dominate over diminished 

electrostatic forces (Figures 11-13).  

Diffusion specifically describes net ion migration from high-concentration 

regions (feed) to low-concentration regions (permeate). As bulk ion 

concentration decreases, Br1- rejection increases due to restored electrostatic 

repulsion. Notably, Na⁺ rejection exceeds K⁺ rejection despite both being 

monovalent cations—indicating that hydrated ion size (Na1+: 0.19 nm; K1+: 

0.133 nm; Br1-: 0.196 nm) exerts greater influence on rejection than electrical 

potential when charge screening occurs. 
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Increasing TMP enhances convective forcing, promoting ion permeation 

and reducing rejection. Crucially, the pressure-induced convection 

potential outweighs the concentration gradient (diffusion) and residual 

electrical potential. Therefore, accurate modeling of rejection requires 

simultaneous consideration of three coupled gradients: 

1. Concentration gradient (chemical potential), 

2. Electrical potential gradient (charge interactions), 

3. Applied pressure gradient (hydrodynamic forcing). 

 

Figure 12. Driving force and ions rejection behavior 
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Figure 13. NF membrane separation mechanisms. 

Conclusions: 

Using a ceramic NF membrane, this research investigated into the 

separation features of different ions including Mg2+, K1+, Na1+, Br1-, and Cl1- 

ions using a ceramic NF membrane. Solutions containing double and triple 

ions were formulated to analyse the separation behaviour of these ions under 

variable conditions, including trans-membrane pressure and solution 

concentrations. Specifically, the concentration levels are 0.01, 0.1, 0.5, and 

1.0 M and trans-membrane pressure ranges between 1 to 5 bar. The main 

results indicated that an increase in the trans-membrane pressure generally 

led to a higher rejection of most ions, except for NaBr and KBr solutions 

where rejection decreased with increasing trans-membrane pressure. Also, the 

rejection of most ions decreased with an increase in the solution 

concentration, except for MgBr2 and KBr mixtures where rejection increased 

with increasing solution concentration. The research magnificently 

guaranteed the capability of the ceramic NF membrane to separate various 

salt mixtures, with variable rejection patterns for individual ions. Statistically, 

selected ions’ rejection varied between 90% to 99.7%. For sodium bromide 

(NaBr) salt, it was noticed that the rejection of Na1+ and Br1- ions decreased 

as a response to increasing TMP. As the concentration of both Na1+ and Br1- 

ions increased, their rejections increased. However, the maximum rejection 
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of Br1- ion was at 0.1 M rather than 0.5 M; as in the case of Na1+ ion. 

Implications of research outcomes would be: 

A. Advanced water treatment systems; such as bromide removal and 

selective ion recovery. The membrane's exceptional Br1- rejection 

(peaking at 0.1M) enables targeted removal of carcinogenic brominated 

disinfection byproducts (DBPs) in drinking water. High Mg2+ rejection 

(90-99.7%) allows magnesium recovery from seawater or industrial 

wastewater for fertilizer/nutraceutical production. 

B. Industrial process optimization; such as brine concentration and salt 

fractionation. Counterintuitive increased rejection for MgBr₂/KBr at 

high concentrations (1.0M) supports energy-efficient brine concentration 

in zero-liquid-discharge (ZLD) systems. An application for salt 

fractionation is the differential rejection of Na1+ vs. K1+, which enables 

separation of NaCl/KCl mixtures for pharmaceutical/food industries. 

C. Membrane technology development, such as pressure management 

and membrane material science. The inverse TMP-rejection 

relationship covers pressure management for NaBr/KBr necessitates 

pressure optimization protocols (operate at 1-3 bar, not 5 bar). The 

material science would be covered by the ceramic membrane stability at 

extreme concentrations (1.0M) validates their use in harsh chemical 

environments where polymeric membranes fail. 

Further research can explore the separation of additional salt mixtures, 

such as MgBr2-MgCl2 and MgBr2-KBr. Also, examining of more complex 

solutions such as those found in natural water and wastewater would be 

possible.  
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