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Abstract 

Nanofiltration performance as a function of feed temperature is relevant to several industrial settings 

including pretreatment for scale control in thermal desalination. Understanding of solute transport as a 

function of temperature is critical for effective membrane and system design. In this study, nanofiltration 

is modeled at 22, 40 and 50oC using the Donnan Steric Pore Model with dielectric exclusion (DSPM-DE). 

This modeling includes the temperature dependence of the three modes of solute transport, namely the 

convective, electromigrative, and diffusive modes, and the three mechanisms of solute exclusion, namely 

Donnan, steric, and dielectric exclusion. The effect of temperature is captured through the variation of 

membrane parameters and solvent and ionic mobilities with temperature. We compare the most abundant 

ionic compound in natural water, sodium-chloride with magnesium-chloride to portray how the salt 

passage and rejection change for a 1:1 salt compared to a 2:1 salt, and we analyze Arabian Gulf seawater 

to understand how rejection of scale-forming ions, such as Mg2+ and Ca2+, is affected by feed temperature. 

In all cases, solute transport increases with temperature, attributed predominantly to the cumulative effect 

of membrane parameters and only to a small extent (up to 5%) to the solvent viscosity and ion diffusivity 

together.  
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Nomenclature 

𝐴𝑘 porosity of membrane  

C  concentration  mol m-3 

XC  membrane volumetric charge density mol m-3 

d  thickness of a single water molecule (0.28 nm) nm 

D  solute diffusivity  m2 s-1 

F  Faraday’s constant C eq-1 

j  solute flux                                                                                         mol m-2s-1 

wJ  solvent permeation flux                                                                            m s-1                   

cK  hindrance factor for convection  

dK  hindrance factor for diffusion  

cN  number of components in the mixture  

porer  pore radius of membrane m 

R  universal gas constant  J mol-1 K-1                

T  temperature  K 

x  distance normal to membrane m 

 𝑥 membrane active layer thickness m 

z  valence of species  

Greek symbols 

𝜀 dielectric constant of medium  

𝜀∗   dielectric constant of oriented water layer inside pores  

𝜆 ratio of solute Stokes radius to pore radius  

𝜈 kinematic viscosity m2 s-1 

𝜌 density  kg m-3 

Φ𝑖 steric partitioning factor  

Φ𝐵 Born solvation factor for partitioning  

𝜓     membrane potential          V 

Subscripts   

D  Donnan potential  

i  solute species  

m  feed-membrane interface  

p  permeate just outside the membrane  

pore  inside pore  

w  solvent  

∞  bulk  

Dimensionless Parameters  

E
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1. Introduction 

1.1. Significance of nanofiltration for elevated feed temperatures  

In a world where water-scarcity is a burgeoning issue, methods of water-treatment and reuse that are 

economic and minimize energy consumption are of vital importance for the safekeeping of the 

environment [1]. Nanofiltration (NF) is a pressure driven membrane-based desalination technique. The 

pore sizes of NF membranes are between that of reverse osmosis (RO) and ultrafiltration (UF) 

membranes [2] [3] [4] [5] [6] . NF has the unique capability to preferentially remove multivalent ions [7] 

[8]. In several applications, water temperature varies from point-to-point in the treatment plant or changes 

over time [9]. For example, NF-MSF (nanofiltration with multistage flash) and NF-MSF-RO 

(nanofiltration with multistage flash and reverse osmosis), are widely studied applications of NF in hybrid 

with thermal desalination systems where feed (seawater or brackish water) temperature changes over the 

year and the performance of the nanofiltration membrane changes noticeably with temperature [10]. 

Nanofiltration also has other high temperature applications: in the textile industry, water used for 

bleaching and dyeing may reach temperatures up to 90oC; in the pulp and paper industry, the water 

temperature is often above 60oC [11]. Water temperature is usually reduced before membrane treatment. 

This practice requires expenditure on heat exchangers and also creates energy costs due to the 

inefficiencies of the heat exchangers [12]. Thus, by designing NF membranes for optimal performance at 

above ambient temperature, capital costs and energy consumption in heat-exchangers, dependence on 

other energy-intensive water-treatment methods such as RO, and the use of chemical additives to remove 

scale-forming ions can be reduced significantly [13]. Detailed modeling of nanofiltration (NF) with 

variation in feed temperature is necessary to achieve this, as the rejection of undesired components can 

vary significantly as a result of changing temperature. 

1.2. The DSPM-DE model of nanofiltration 

This work uses the Donnan Steric Pore Model with Dielectric Exclusion (DSPM-DE) to analyze the 

temperature dependence of nanofiltration. This model has been used widely into recent times to model 



 

and explain nanofiltration performance using a variety of feed solutions with success [14] [15] [16] [17] 

[18] [19]. DSPM-DE is a comprehensive model for nanofiltration. As the name suggests, the model 

provides information regarding the magnitudes of the different modes of solute exclusion occurring at the 

membrane-solution interfaces, namely steric exclusion (size-based exclusion at the pore opening), 

Donnan effect (repulsion or attraction effect due to membrane potential) and dielectric exclusion 

(resistance to the solute entering the membrane pores due to an energy barrier associated with shedding of 

the solute hydration shell in order to enter the pore) [20] [21] [22]. The model uses the Nernst-Planck 

equation to describe solute transport through the membrane and hence provides information on the 

individual modes of transport within the membrane, namely diffusion (movement of solute down a 

concentration gradient), convection (solute transported by bulk fluid motion) and electro-migration (ion 

movement due to the membrane potential gradient). As inputs to this model, the membrane is 

characterized by certain structural parameters (pore radius and effective active layer thickness) and 

electrical parameters (membrane charge and pore dielectric constant) [21] [23]. These nanofiltration 

membrane properties are affected by experimental conditions such as feed composition, pH, concentration 

and temperature [24] [25] [10]. An understanding of how membrane properties affect the modes of solute 

exclusion and solute transport for different solutes is important in order to gain intuition about 

nanofiltration. Such understanding will ultimately allow one to gain intuition of how experimental 

conditions such as temperature affect rejection and solvent flux characteristics of nanofiltration 

membranes.  

1.3. Conventional understanding of the effect of temperature on nanofiltration 

Usually, water flux through nanofiltration membranes increases with increase in temperature, while 

uncharged solute rejection reduces with increase in temperature and the variation of charged solute 

rejection with temperature depends on the ion and the membrane used. Although experimental evidence 

for these observations is abundant in literature, the understanding of how the membrane itself changes and 

related modeling work is missing in literature. For instance, from the study of Manttari et al. [11] on the 



 

nanofiltration of glucose and pulp mill effluent over a temperature range of 25oC to 65oC using several 

different membranes, the authors found that the rejection of uncharged solutes decreased by ~20% from 

20oC to 55oC and the overall rejection of the ionic species remained almost unchanged (at ~90%) over the 

same range of temperature. Schaep et al. [26] experimentally studied the nanofiltration of ground water 

using the UTC-20 NF membrane over a temperature range of 10oC to 30oC and found that water flux at 

30oC is 1.5 times that at 10oC.  In their study, the rejection of monovalent ions (sodium, chloride and 

potassium) decreased significantly over the given range of temperature, while the rejection of divalent 

ions (calcium, magnesium and sulfate) was barely affected by temperature, showing only a slight increase 

with increase in temperature [26]. In another study by Nilsson et al. [27], the Alfa Laval NFT-50 

nanofiltration membrane was used over a temperature range of 20oC-50oC keeping solvent flux constant, 

and the results showed that the rejection ratio of potassium-chloride decreased less noticeably than that of 

glucose. While Schaep et al. [26] interpret the observed changes in ion passage with temperature based on 

the increase in solute diffusivity with temperature, Nilsson et al. [27] justify their observations based on 

membrane charge effects.  

Although there is abundant literature on nanofiltration of charged solutes at different temperatures, to the 

best of the authors’ knowledge, none of them attempt to fit parameters as a function of temperature with 

respect to the DSPM-DE model, taking into consideration change in membrane charge and pore dielectric 

constant. Nilsson et al. [27] mention that there is no significant change in the isoelectric point of the Alfa 

Laval NFT-50 membrane with variation of temperature, hence indicating that the membrane charge 

properties are not greatly affected by temperature. However, it is unclear whether this is a general trend 

for all membranes without the relevant data from other membranes. Furthermore, as seen in the work of 

Schaep et al. [26], the rejection ratio of certain ions shows dramatic change with temperature, and it is 

questionable whether that is simply a result of a change in ion diffusivity as a function of temperature, as 

mentioned by the authors, or of changes in membrane charge and pore dielectric constant also. 



 

 Knowledge of the extent to which each of the quantities (solvent viscosity, solute diffusivity, membrane 

structural and electrical parameters) are affected by temperature and the resulting effect they have on ion 

passage would allow one to explain the experimental results with certainty. The work of Amar et al. [10] 

concludes that it is not sufficient to consider only the change in solvent viscosity and solute diffusivity in 

order to explain the increased water flux and reduced rejection of uncharged solutes with increase in 

temperature and that the change in membrane structural parameters with temperature are essential to 

correctly explain how nanofiltration of uncharged solutes is affected by temperature. However, their work 

is restricted by its applicability to only uncharged solutes. 

1.4. Aims of this study 

In this work, the effect of temperature on nanofiltration membrane properties and the resulting effect on 

ion and solvent transport through the membrane are studied, using three different feed compositions.  The 

DSPM-DE model is used to model nanofiltration of charged solutes at different temperatures. The 

objective is to not only observe the resulting change in membrane performance but to gain intuition on 

how ions of different valence, size and diffusivity are affected differently by temperature.  

2. Governing Equations 

2.1. Historical development of the DSPM-DE model 

 As mentioned earlier, the model used for this study is the Donnan Steric Pore Model with dielectric 

exclusion (DSPM-DE). Despite its complexity, the model’s thoroughness has made it become widely 

used for modeling nanofiltration, and it has been used successfully in the literature to model experimental 

membrane performance [21] [25] [28]. This model evolved from the hindered transport theory of 

uncharged solutes in pores introduced by Anderson et al. in 1974 [29] [30], which  was later extended for 

ionic species by including the electrochemical potential gradient in the solute transport equation, leading 

to electrokinetic models that use the extended Nernst-Planck equation (e.g. the Space-charge model and 

TMS models) [31] [32]. One such model was the DSPM (Donnan-Steric Pore Model) introduced by 



 

Bowen et al. [23] in the late 1990s and it was the precursor of the DSPM-DE model. The DSPM 

considered only the steric and Donnan exclusion mechanisms. This model quickly became popular and 

was successful in modeling nanofiltration of a wide variety of solutions, even those consisting of 

multivalent co-ions (ions with the same charge as the membrane) [20] [22] [33]. However, its major 

drawback was in its failure to model experiments with multivalent counter-ions. This failure was 

attributed to the deficiency of the exclusion mechanisms considered. The DSPM-DE model includes an 

additional exclusion mechanism, known as dielectric exclusion which allowed researchers to overcome 

the difficulties in modeling multivalent counter-ions [20].  

However, the concept of dielectric exclusion and the mechanism by which it works has been widely 

debated over the years. Some authors suggest that the Donnan exclusion mechanism is sufficient to 

explain rejection of ions, including counter-ions. For example, Higa et al. [34] showed that a solution 

with Ca2+, K+ and Cl- ions passing through a negatively charged membrane can be modeled successfully 

by considering only Donnan exclusion. Other authors have found Donnan exclusion to be insufficient in 

modeling nanofiltration, as mentioned previously while discussing the transition of the DSPM to DSPM-

DE. Evidence from molecular dynamics simulation of membranes with nanopores, however, describes 

dielectric exclusion as an undeniable phenomenon [35] [36]. Yaroshchuk et al. [37] further mention that 

the dielectric exclusion is a ‘universal phenomenon’ and should be considered alongside steric and 

Donnan exclusion. Bandini et al. [22] mention two mechanisms for dielectric exclusion by nanofiltration 

membranes: image forces and the Born effect. However according to Bowen et al. [21], in nanofiltration, 

the Born effect of dielectric exclusion is more dominant than the effect of image charges that develop at 

the interface of the membrane and bulk solution. This is because the small pores in nanofiltration 

membranes cause the intra-pore dielectric constant of the solvent to be almost equal to that of the 

membrane material itself. Furthermore, the image charges are screened by electric double layers in 

electrolyte solutions [21]. The DSPM-DE model in the form introduced by Bowen and Welfoot [21] has 

been used successfully by several authors, including in recent years for a variety of feed compositions 



 

[16] [18] [19].  In reference [21], Bowen and Welfoot successfully implemented the DSPM-DE model for 

the same membrane considered in the current work (Desal5DK) accounting for only the Born mechanism 

of dielectric exclusion for sodium-chloride and magnesium-chloride. In their study, they also showed 

experimental results over the same range of feed concentration considered in the current work, which 

justifies the use of this model for the simulations here.               

In the current work the DSPM-DE model equations are implemented using MATLAB vR2015b following 

the approach by Geraldes et al. [20], in which only the Born effect on dielectric exclusion is incorporated 

[20] (as per the formulation in [21]). This effect is described in detail in section 4.4. The DSPM-DE 

model in this form has been well validated with lab-scale experiments [20] [25]. In this model, the 

membrane is characterized by structural parameters (effective pore radius and active layer thickness) and 

electrical parameters (membrane charge and pore dielectric constant). The inclusion of the dielectric 

exclusion mechanism in addition to Donnan exclusion and steric exclusion for the current study allows 

the work to be broad and include all important effects determining solute transport through a 

nanofiltration membrane with temperature change. 

2.2. Governing equation for solute flux 

The solute flux through the membrane is governed by the Extended Nernst-Planck equation (ENP). For 

each solute 'i', the ENP equation is given by Eq. (1) [14] [20]. 

𝑗𝑖,𝑝𝑜𝑟𝑒 = −𝐷𝑖,𝑝𝑜𝑟𝑒

𝑑𝐶𝑖,𝑝𝑜𝑟𝑒

𝑑𝑥
−
𝑧𝑖𝐶𝑖,𝑝𝑜𝑟𝑒𝐷𝑖,𝑝𝑜𝑟𝑒

𝑅𝑇
𝐹
𝑑𝜓

𝑑𝑥
+ 𝐾𝑖,𝑐𝐶𝑖,𝑝𝑜𝑟𝑒𝐽𝑤

 
(1) 

where 𝑗𝑖,𝑝𝑜𝑟𝑒 is the solute flux of the species ‘i’, consisting of the diffusive, electromigrative and 

convective terms respectively, in the order they appear in the equation. 𝐷𝑖,𝑝𝑜𝑟𝑒 , 𝐶𝑖,𝑝𝑜𝑟𝑒 and 𝑧𝑖 are the 

intra-pore diffusion coefficient, concentration and valence respectively of species 𝑖 ,  𝐽𝑤is the water flux 

through the membrane, 𝜓 is the membrane potential. Due to the extremely small pore sizes in 



 

nanofiltration membranes, the ‘hindered transport theory’ is used and thus the terms of the ENP are 

modified by hindrance factors 𝐾𝑖,𝑐 
(for the convective term) and 𝐾𝑖,𝑑 (that multiplies the bulk diffusivity) 

to give the diffusivity in the pore, as found in the diffusive and electromigrative terms. Thus 𝐷𝑖,𝑝𝑜𝑟𝑒 =

𝐾𝑖,𝑑𝐷𝑖,∞. Both these factors are functions of the ratio of the solute radius to pore radius, 𝜆𝑖 [20], [21], 

[14], [30], [38]. The model treats the pores as perfectly cylindrical and the solutes as perfect hard spheres 

[39] [40] [41]. Figure 1 schematically describes each of the modes of solute transport considered in the 

Extended Nernst-Planck equation. The diffusive term exists due to the concentration gradient of each 

species within the membrane, while the convective term is the transport of the solute as a result of ‘being 

carried’ by the solvent through membrane pores. The electromigrative term is a result of the gradient of 

membrane potential through the membrane. The membrane potential is an electrostatic potential that 

develops to balance ionic fluxes and maintain quasi-electroneutrality within the membrane [20]. 



 

 

Figure 1. Schematic representation of solute transport mechanisms in the current model described by the 

Extended Nernst-Planck (ENP) equation, which is a component of the Donnan Steric Pore model with 

Dielectric Exclusion (DSPM-DE). 

 

2.3. Equilibrium boundary conditions on membrane-solution interfaces due to solute exclusion 

mechanisms 

At the membrane-feed solution interface, the equilibrium boundary condition is established due to the 

combination of the three exclusion mechanisms considered in the DSPM-DE model: the steric exclusion, 

dielectric exclusion (due to the Born effect, which accounts for the solvation energy barrier for the ion to 
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enter the pore, cf. section 4.4.) and Donnan exclusion.  These mechanisms are represented schematically 

in Fig. 2. 

 

Figure 2. Schematic representation of solute exclusion mechanisms in nanofiltration as per the Donnan 

Steric Pore Model with Dielectric Exclusion (DSPM-DE). 

Mathematically, these effects are described by Eq. 2 ( [14], [20]): 
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where 𝐶𝑖,𝑝𝑜𝑟𝑒 is the solute concentration just within the pore 'entrance'; 𝐶𝑖,𝑚is the feed concentration at 

the membrane-feed solution interface; and 𝛾𝑖,𝑚, 𝛾𝑖,𝑝𝑜𝑟𝑒, are solute i's activity coefficients at the 

membrane-feed solution interface and just within the pore entrance respectively (calculated by the Davies 
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equation [14] [20]). Φ𝑖,Φ𝐵are the steric partitioning factor and Born solvation partitioning factor, 

respectively, which represent the extent of exclusion experienced by the ion due to these effects. These 

two partitioning factors are numbers smaller than unity such that a smaller value indicates higher 

exclusion. The effect of the partitioning factors is evident from the left hand side of Eq. 2, which indicates 

that a smaller value of Φ𝑖 or Φ𝐵 causes a reduction of the ratio between solute concentration within the 

membrane pore (𝐶𝑖,𝑝𝑜𝑟𝑒) to the concentration immediately outside the membrane (𝐶𝑖,𝑚, due to 

concentration polarization). The term 𝜓𝐷,𝑚  is the Donnan potential on the feed side, defined as the 

potential difference between the point just within the pore entrance and the solution (at the feed-

membrane interface) [20]. The expressions for the steric partitioning factor, the Born solvation 

partitioning factor and the two hindrance factors are given in [14] and used in the present model.   

Similarly, the boundary condition on the permeate side (i.e. at the membrane-permeate interface) is given 

by [14] [20]: 

  

𝛾𝑖,𝑝𝑜𝑟𝑒𝐶𝑖,𝑝𝑜𝑟𝑒

𝛾𝑖,𝑝𝐶𝑖,𝑝
= Φ𝑖ΦB 𝑒𝑥𝑝 (−

𝑧𝑖𝐹

𝑅𝑇
𝜓𝐷,𝑝)|

𝑜𝑢𝑡 
(3) 

where 𝐶𝑖,𝑝𝑜𝑟𝑒is now the concentration at the pore exit (just within the membrane) and 𝐶𝑖,𝑝 is the permeate 

concentration, just outside the membrane; 𝜓𝐷,𝑝 is the Donnan potential difference between these two 

points. 

Equations (2) and (3) state that the ratio of concentrations just within the membrane and that at the 

membrane-feed/permeate solution is governed by the steric, dielectric and Donnan exclusion effects.  

Figure 2 schematically explains each of the exclusion mechanisms considered in the DSPM-DE model. 

2.4. Electroneutrality conditions 

Within each domain considered in the model, i.e. the bulk feed solution, the concentration polarization 

boundary layer (membrane-feed interface), the membrane, and the permeate solution, there can be no net 



 

charge (the electroneutrality condition) [20]. Within the membrane, the electroneutrality condition is 

described as: 

∑𝑧𝑖𝐶𝑖,𝑝𝑜𝑟𝑒 = −𝐶𝑋

𝑁𝑐

𝑖=1

 (4) 

where 𝑁𝑐  is the number of species/components in the mixture, iz is the valence of the species i  and 𝐶𝑋is 

the volumetric charge density of the membrane. Similar electroneutrality equations can be written for the 

bulk feed, membrane-feed interface and permeate by using the relevant concentration and setting the 

volumetric charge density to zero, since no net charge is present at any point outside the membrane [20]. 

2.5. Solvent flux 

As described by Bowen et al. [21] and Wang et al. [14], the flow of water through the membrane has been 

successfully modeled by a creeping laminar flow in the form of the Hagen-Poiseuille equation. Therefore, 

the transmembrane solvent flux 𝐽𝑤as a function of membrane structural parameters and net driving 

pressure is given by [14]: 

𝐽𝑤 =  𝑃𝑛𝑒𝑡 (
𝑟𝑝𝑜𝑟𝑒
2

8𝜈𝜌𝑤 (
 𝑥
𝐴𝑘

)
) (5) 

where porer is the membrane pore radius and  𝑥 𝐴𝑘
⁄

 
is the effective active layer thickness, taking into 

account membrane porosity 𝐴𝑘. The fluid properties used in the expression are 𝜈, the kinematic viscosity 

of the solvent and 𝜌𝑤, the density of the solvent.  𝑃𝑛𝑒𝑡 is the net pressure across the membrane, which is 

the hydraulic pressure applied, minus the osmotic pressure difference across the membrane [14]. 

Figure 3 illustrates how the exclusion mechanisms come together to influence the concentration profile 

across the membrane.  A nanofiltration membrane with either positive or negative membrane volumetric 

charge density is shown. The feed side is pressurized so that water flux and solute flux both go from the 



 

feed to the permeate side. Cross-flow velocity over the membrane is assumed to be high enough so that 

no concentration polarization occurs. Concentration jumps from the feed value to that within the 

membrane on the feed side due to the feed side partitioning effect (cf. Eq. 2). A similar effect is seen on 

the permeate side (cf. Eq. 3). The partitioning results from a combination of the steric, dielectric and 

Donnan exclusion effects, as mentioned earlier. The ion with charge opposite to that of the membrane 

(membrane counter-ion) is in greater abundance inside the membrane, as shown by the green 

concentration profile, whereas the membrane co-ion is less abundant and is represented by the blue 

concentration profile. The concentration profiles shown in this diagram represent only the simple case of 

a binary 1:1 salt, i.e. a salt with one cation and one anion of equal and opposite valence. Thus, in order to 

maintain electroneutrality, the concentrations of both ions at any point outside the membrane have to be 

equal to each other whereas within the membrane, the electroneutrality condition is satisfied by including 

the membrane charge density (cf. Eq. 4), thereby resulting in membrane counter-ion concentration to be 

larger than that of the co-ion inside the membrane. In most cases described subsequently, the rejection 

ratio is positive and the permeate concentration is less than that of the feed side. 

 



 

 

Figure 3. Concentration profiles of ions from a binary 1:1 salt through the membrane thickness in a 

nanofiltration membrane 

3. Validation 

In this study, the membrane structural parameter values at different temperatures are taken from 

experimental work by Amar et al. [10] (cf. Appendix A). Those authors fit membrane pore radius and 

effective active layer thickness of the Desal5DK membrane at different temperatures using the hindered 

transport theory, assuming the solute particles are hard spheres travelling through cylindrical pores. They 

obtain the effective pore size for the membrane at each temperature by taking the average fitted value 

from a number of uncharged solutes at those temperatures in the limit of high Péclet number where the 

rejection versus solvent flux plot plateaus. They provide the effective membrane thickness individually 

for each solute. Their work assumes that no concentration polarization occurs in the system. As 

mentioned previously, the model used for the present study is also based on the hindered transport theory, 

and so the fitting parameters obtained by Amar et al. [10] are expected to work well in the present work.  

Membrane counter-ion 

concentration

Membrane

charge

Membrane active layer thickness

- +

Membrane co-ion

concentration
Partitioning

Feed Permeate

feed,m, ii CC 

permeate,iC

Water flux

x

or

Assuming no 

concentration 

polarization

feed,iC

Solute flux



 

Figure 4 shows the experimental data from Amar et al. [10] along with results from the current model for 

arabinose, at the three temperatures to be considered in this study, 22oC, 40oC and 50oC. In the model 

used for this work, equations 1-3 described above are discretized as shown in [20] and solved numerically 

using MATLAB (version R2015b). The difference between the experimental data and the modeling 

results are below 5% in most cases, except for the two data points at the lowest values of solvent flux at 

40oC and 50oC. This is, however, in accordance to the modeling by Amar et al. [10] as can be seen in Fig. 

12 in their paper, which shows the comparison between experimental data and their modeling when 

changes in all four modeling components required for uncharged solutes (two membrane structural 

parameters, solvent viscosity and solute diffusivity) with temperature are taken into account. The better 

agreement between modeling and experiment at higher values of water flux (and correspondingly higher 

Péclet number) both in the work of Amar et al. [10] and in this work is not surprising given that the fitting 

was done in the range of high Péclet number, as mentioned earlier. It is common practice to use 

membrane structural parameters obtained from fitting with respect to uncharged solute data for modeling 

solutions containing charged solutes. Membrane charge and pore dielectric constant are then fitted in 

order to model nanofiltration of charged solutes accurately [24] [25] [28]. 

 

  



 

  

Figure 4. Validation of current DSPM-DE modeling with experimental NF data of Amar et al. [10] 

 

The objective of this paper is to explain the changes in ion transport through the Desal5DK membrane at 

different temperatures by taking into account the temperature dependence of all four membrane 

parameters as well as the change in solvent viscosity and solute diffusivity. Since the exact change of 

membrane charge for the Desal5DK membrane with respect to temperature is not currently known, a 

parametric study will be done with respect to this quantity, hence providing insight into a wide range of 

possible cases. An analytical expression for the pore dielectric constant, described in detail in a later 

section, will be used to estimate this quantity as a function of temperature. 

4. Results and Discussion 

In this section, solute transport mechanisms for sodium-chloride, magnesium-chloride and seawater ions 

at different temperatures are analyzed. Results are presented and discussed for 3 temperatures (22oC, 40oC 

and 50oC) for conciseness and simplicity. In the supplementary information section, results for 30oC in 

addition to the 3 temperatures described here are presented to show that the trends with temperature 

described in the current paper hold through the entire temperature range from 22-50oC. 
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4.1. Property variation at higher temperature 

The principal new methodology applied in this work is the use of the DSPM-DE to conditions with 

increasing temperature. At higher temperature, numerous input variables for the model change. A 

summary of these parameters is given in table 1. To the best of the current authors’ knowledge, this work 

is the first to consider the variation of these properties to the DPM-DE model for NF. The membrane 

structural parameters (𝑟𝑝𝑜𝑟𝑒 and  𝑥 𝐴𝑘
⁄ ) vary with temperature due to the restructuring of the polymer 

material. The variation of the pore dielectric constant with temperature is described further in section 

4.4.1. and is due to the combined effect of membrane pore size variation and variation of solvent 

dielectric constant with temperature. 

Table 1. Input variables to the DSPM-DE model that vary by temperature 
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4.2. Sodium-chloride (NaCl) transport as a function of temperature 

In this section, the transport of sodium and chloride ions through the membrane is analyzed at different 

temperatures. Sodium-chloride is the dominant salt by mass in most waters considered for desalination, 

and often a desirable property of NF membranes is sodium-chloride passage with exclusion of other salts 

that have scaling potential. The effect of temperature is captured in the change of the structural 

parameters of the membrane as obtained from Amar et al. [10] as well as the change in ion diffusivity and 



 

solvent viscosity. In addition, the effect of membrane charge on the ion transport and rejection is 

observed. A subsequent section will discuss the effect of dielectric exclusion in detail. In addition to the 

net solute transport, the convective, diffusive and electromigrative fluxes are also observed individually. 

Since correlations for membrane parameter variation (both structural and electrical) with temperature are 

not available in literature, the simulation results are shown here at just the few temperatures for which 

structural parameters are given by Amar et al. [10]. The range of temperature studied by Amar et al. [10] 

(22-50oC) is practically relevant because the lower limit represents the temperature at which several lab-

scale experiments are conducted ( [21], [24]) and at which membrane specifications from the 

manufacturer are provided. The upper limit of 50oC is slightly lower than the upper limit of the 

temperature tolerance of the experimental setup used in reference [10] and represents the typical 

temperature of geothermal brackish water which is often used as NF feed [10]. 

For the results that follow, the feed concentration of sodium-chloride is 0.01 M for all cases. 

Concentration polarization is neglected, assuming a high cross-flow over the membrane with associated 

high mass transfer coefficients. Although concentration polarization may not be negligible in some 

common industrial applications, small lab setups can reach this condition. This approach allows us to 

ignore the flow properties on either side of the membrane in developing the results for membrane 

performance.  

4.2.1.  Net solute transport change with temperature 

The model shows that the solvent transport and net solute transport always increase as temperature is 

increased. As a result, the rejection ratio always decreases with increasing temperature as seen in Fig. 5a. 

Furthermore, it is seen that each of the convective, diffusive and electromigrative contributions to solute 

flux increase in absolute value with temperature as well. These effects occur as a result of the change in 

membrane structural parameters, solvent viscosity and solute diffusivity due to temperature at each value 

of membrane charge.  



 

 

Fig. 5a. NaCl rejection ratio vs. T 

  
Fig. 5b. Na+ flux vs. T                   Fig. 5c. Cl- flux vs. T 

 

 

 

Figure 5. For a negatively charged NF membrane (−50 or −200 mol m-3), modeling results for rejection 

and solute transport of Na+ and Cl- ions in a 0.01M NaCl solution at different temperatures: (a) rejection 

of NaCl;  (b) transport of Na+ ions by the three modes; and  (c) transport of Cl- ions by the three modes. 

4.2.2. Change in solution and membrane properties with temperature 

Some of the temperature-dependent properties mentioned in section 4.1. were more dominant in 

influencing solute flux (and hence rejection) and solvent flux through the membrane with temperature 

variation than others.  As temperature increased, changes in the membrane structural parameters (i.e., 

pore radius and membrane thickness) together had a much more prominent influence on membrane 
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performance than the solvent and solute mobilities combined.  The effects of these two sets of parameters 

can be separated by running the simulation in two steps. At first, all effects are considered to vary with 

temperature together. Subsequently, the effect of increased solute and solvent mobilities are isolated by 

running a simulation in which membrane parameters are kept constant. For example, from the fitting of 

Amar et al. [10] it is seen that going from 22oC to 40oC, the pore radius increased by 1.72% while the 

membrane thickness decreased by 53% with respect to solute transport and ~4% with respect to water 

transport (cf. Fig 17 in reference [10]). Over this temperature range, the diffusivities of the sodium and 

chloride ions increased by ~55% each while the solvent viscosity reduced by ~30%. In the simulation, 

when variation of pore radius and membrane thickness are accounted for in addition to that of the solvent 

and ion mobilities, the decrease in rejection of sodium-chloride going from 22oC to 40oC is ~50% (cf. Fig. 

5). On the other hand, in the simulation, in order to isolate the effect of solvent and ion mobilities, if the 

membrane structural parameters are kept constant at the values corresponding to 22oC, and only solvent 

viscosity and ion diffusivity are varied corresponding to the temperature increase from 22oC to 40oC, the 

ion rejection reduces by only ~5%. Figure 5 shows that the change in membrane volumetric charge value 

from  −200mol/m3 to −50 mol/m3 (decrease by 75%), when all other parameters (pore radius, effective 

thickness, solvent viscosity and ion diffusivity) are kept constant corresponding to values at 22oC, the 

membrane volumetric charge density by itself reduces the rejection ratio by almost four fold. These 

numbers clearly illustrate that the variation of the membrane parameters causes a larger percentage 

change in rejection ratio (and hence ion transport) than the solvent viscosity and the ion diffusivity 

combined. 

4.2.3. Change in the three modes of solute transport: convection, diffusion and electromigration 

with temperature 

When temperature increases, the higher solvent flux carries greater amount of solute with it, causing the 

increased solute convection (cf. Fig. 5). The overall term 𝐾𝑖,𝑐𝐶𝑖,𝑝𝑜𝑟𝑒𝐽𝑤is therefore larger for each solute at 

higher temperatures. Furthermore, at higher temperature, the increase in solute diffusivity causes the 



 

diffusive transport to increase. Regarding diffusive transport, a reduction in rejection ratio due to the 

increase in temperature implies that the concentration gradient across the membrane is also reduced since 

there is a smaller fall of concentration across the membrane, thereby causing the  
𝑑𝐶𝑖,𝑝𝑜𝑟𝑒

𝑑𝑥
 term in the 

Nernst-Planck equation to be reduced in steady state. However, the increase in solute diffusivity due to 

increase in temperature over-compensates for this effect and overall, the diffusive term −𝐷𝑖 𝑝𝑜𝑟𝑒
𝑑𝐶𝑖,𝑝𝑜𝑟𝑒

𝑑𝑥
 is 

greater in magnitude at higher temperature. Similar to the concentration gradient, the potential gradient 

across the membrane is smaller in magnitude at higher temperature. However, the electromigrative flux 

increases at higher temperature predominantly due to the effect of increased solute diffusivity.  

4.2.4.  Effect of membrane charge on chloride ion transport 

From Fig. 5c, showing the magnitudes of the different modes of transport of the chloride ion within the 

membrane at various negative values of membrane charge, we see that the diffusion is the dominant mode 

of transport and it becomes larger at larger magnitudes of membrane charge. This is because the negative 

chloride ion is repelled by the negatively charged membrane and so its concentration within the 

membrane 𝐶𝐶𝑙−,𝑝𝑜𝑟𝑒is small, leading the convective and electromigrative fluxes to be small, and they 

reduce further at a greater magnitude of negative membrane charge. The chloride ion must have equal 

solute transport through the membrane as the sodium ion, however, in order to maintain electroneutrality 

and so the reduced convective and electromigrative fluxes are compensated for by the diffusive flux, 

which therefore becomes the dominant mode of transport for the chloride ion. At greater magnitudes of 

negative membrane charge, the intra-membrane concentration for the chloride ion reduces further and 

hence diffusion becomes increasingly dominant (Fig. 5c). Along a similar line of reasoning, for positive 

values of membrane charge (Fig. 6), the chloride ions are attracted into the membrane, causing its intra-

membrane concentration to be large compared to that within negatively charged membranes. Thus, in 

membranes with a positive charge, chloride transport is predominantly convective and electromigrative 

(Fig. 6c). For a positively charged membrane (Fig. 6), the membrane potential is positive and decreases in 

magnitude across the membrane from feed to permeate side. The electromigration of the negatively 



 

charged chloride ions is in the direction towards the more positive membrane potential (from permeate to 

feed side), opposite to the overall solute transport. The solute transport and rejection of sodium and 

chloride ions when the membrane is positively charged is given in Fig. 6. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Fig. 6a. NaCl rejection ratio vs. T 

 

 

Fig. 6b. Na+ flux vs. T                                              Fig. 6c.  Cl- flux vs. T 

Figure 6. For a positively charged NF membrane (50 or 200 mol m-3), modeling results for rejection and 

solute transport of Na+ and Cl- ions in a 0.01 M NaCl solution at different temperatures: (a) rejection of 

NaCl;  (b) transport of Na+ ions by the three modes; and (c) transport of Cl- ions by the three modes. 
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4.2.5.  Sodium ion transport 

For sodium ions, for each value of membrane charge at each temperature, the convective flux is always 

greater in magnitude than the electromigrative i.e. opposite to the behavior of chloride ions flux (Fig. 5 

and Fig. 6). The reason is that the ratio of convective to electromigrative flux 
E

Ci
R

,
is greater for sodium 

than for chloride, where 
E

Ci
R

,
is defined as: 

                                                   𝑅
𝑖, E

C =
𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛𝑖

𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛𝑖
=

𝐾𝑖,𝑐𝐽𝑤Δ𝑥𝑅𝑇

𝑧𝑖𝐷𝑖,𝑝𝑜𝑟𝑒Δ𝜓𝐹
 (6) 

where  𝜓 is the potential drop across the section of the membrane under consideration (or the entire 

thickness of the membrane if the potential profile is linear) and is equal for all ions in the system.  Thus 

the ratio of magnitudes of
E

CCl
R

, to 
E

CNa
R

, is given by: 

|𝑅
𝐶𝑙−, E

C |

|𝑅
𝑁𝑎+, E

C |
=
𝐾𝐶𝑙−,𝑐 𝐷𝑁𝑎+,𝑝𝑜𝑟𝑒

𝐾𝑁𝑎+,𝑐 𝐷𝐶𝑙−,𝑝𝑜𝑟𝑒
 

                                                                 

(7)
 

This ratio is less than unity, and therefore convection is dominant over electromigration for sodium ions 

while it is the opposite for chloride ions. 

4.2.6.  Summary and implications of NaCl transport at higher temperature 

1. Solvent and net solute transport increase with increase in temperature. 

2. All of the individual modes of solute transport, i.e. convection, diffusion and electromigration, 

increase in magnitude with temperature.  

3. The cumulative effect of changes in membrane properties with temperature is more dominant in 

influencing solute transport than the combined effect of the corresponding changes in solvent 

viscosity and ion diffusivity with temperature. 



 

4. The convective mode of solute transport increases in magnitude with temperature predominantly 

due to the increase in solvent transport. The diffusive and electromigrative modes of transport 

increase in magnitude with temperature predominantly due to increase in solute diffusivity with 

temperature. 

5. In negatively charged membranes, anion transport is predominantly diffusive while cation 

transport is predominantly convective. The situation is reversed for positively charged 

membranes. 

4.3. Magnesium-chloride (MgCl2) transport as a function of temperature 

This section considers magnesium-chloride, following a similar path to that for sodium-chloride in the 

previous section. Mg2+
 rejection is desirable for scale control in common thermal desalination processes, 

and in several aspects, Mg2+
 rejection is representative of other divalent ions. However, from the current 

section and from section 4.5., it is clear that rejection of this ion is highly dependent on the feed 

composition. In this study, the concentration of magnesium-chloride salt is taken as 5 mol/m3 (0.005 M) 

so that the feed solution contains 10 mol/m3 (0.01 M) of chloride ions. Thus the concentration of chloride 

ions in the study of sodium-chloride and magnesium-chloride are equal.  

4.3.1. Change in solution and membrane properties with temperature 

As mentioned in section 4.2., simulation results are provided only at temperatures for which Amar et al. 

[10] provide structural parameter values. Again, similar to the case of sodium-chloride, in going from 

22oC to 40oC, the diffusivities of both ions increased by ~55%, and the fitting parameters of Amar et al. 

show an increase of pore radius by 1.72% and decrease in membrane thickness by ~53% with respect to 

solute transport and ~4% with respect to water transport . The simulations show that the combined effect 

of the change of solvent viscosity and ion diffusivity play a relatively small role in explaining the change 

in ion rejection (and hence transport) for the given change in temperature compared to the combined 

effect of the membrane structural parameters. Similar to the approach in section 4.2., the effects of these 



 

two sets of parameters (solute and solvent mobilities versus membrane structural parameters) can be 

separated by running the simulation in two stages. At first, all effects are varied with temperature together 

and subsequently another simulation is done in which membrane parameters are kept constant. To that 

end, in the simulation, if the pore radius and membrane thickness are kept at values corresponding to 

22oC and only the solvent viscosity and ion diffusivity values are changed to those at 40oC, the ion 

rejection increases by 5.3% and 0.1% respectively for a membrane charge of -50 mol/m3 and 50 mol/m3, 

going from 22oC to 40oC. However, when all parameters in the simulation (pore radius, effective 

thickness, solvent viscosity and ion diffusivity) are allowed to change to values corresponding to 40oC, 

the rejection ratio of the ions decreases by ~60% and 3% for these cases. The effect of reducing the 

negative value of membrane charge from −200 mol/m3 to −50 mol/m3 independently at 22oC reduces the 

rejection ratio by 129%. 

4.3.2. Comparison of MgCl2 and NaCl transport in negative and positively charged membranes 

The larger charge on multivalent ions, and in most cases, their larger Stokes radii and lower diffusivities 

compared to monovalent ions cause significant differences in the rejection performance by NF. This 

aspect is of crucial importance for membrane design at higher temperatures, as in many cases, such as 

seawater desalination, it is desirable to reject mainly the divalent ions. Solute transport by the different 

modes and rejection ratio for the Mg2+ and Cl- ions at different temperatures for membranes with negative 

and positive charges are shown in Fig. 7 and Fig. 8 respectively.  

 

 

 



 

 

7a. MgCl2 rejection ratio flux vs. T                 

                                          

                                     

 

 

Fig. 7b. Mg2+ flux vs. T                                                         Fig. 7c. Cl- flux vs. T 

Figure 7. For a negatively charged NF membrane (−50 or −200 mol m-3), modeling results of rejection 

and solute transport of Mg2+ and Cl- ions in a 0.005M MgCl2 solution at different temperatures: (a) 

rejection of MgCl2; (b) transport of Mg2+ ions by the three modes; and (c) transport of Cl-  ions by the three 

modes. 
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Fig. 8b. MgCl2 rejection ratio vs. T                                   

  

 

 

Fig. 8b. Mg2+ flux vs. T                                        Fig. 8c. Cl- flux vs. T 

Figure 8. For a positively charged NF membrane (50 or 200 mol m-3), modeling results of rejection and 

solute transport of Mg2+ and Cl- ions in a 0.005M MgCl2 solution at different temperatures and positive 

membrane charges: (a) rejection of MgCl2; (b) transport of Mg2+ions by the three modes; and (c) transport 

of Cl-  ions by the three modes. 
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The trends observed for the magnesium ion for different values of membrane charge (Fig. 7 and Fig. 8) 

are very similar to those observed for the sodium ion (Fig. 5 and Fig. 6). For both magnesium-chloride 

and sodium-chloride, salt rejection is higher for a positive membrane charge compared to a negative 

membrane with equal magnitude of charge, due to steric exclusion. Since both cations are larger than the 

chloride ion, they experience a high steric exclusion, resulting to reduced movement of itself and its 

counter-ion into a positive membrane. One exception to the similarities between the salts is that for the 

chloride ion, as seen from Fig. 7c, when negatively charged membranes are considered, electromigration 

is dominant over diffusion for the magnesium-chloride solution (while for sodium-chloride solution, 

diffusion was greater in magnitude than electromigration for the chloride ion). This can be explained by 

looking at the ratio 
D

Ei
R

,
: 

𝑅
𝑖, D

E
=
𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛𝑖

𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛𝑖
= (

𝐶𝑖,𝑝𝑜𝑟𝑒 𝜓

 𝐶𝑖,𝑝𝑜𝑟𝑒
)(

𝑧𝑖𝐹

𝑅𝑇
) (8) 

Here  𝐶𝑖,𝑝𝑜𝑟𝑒  is the concentration drop across the section of the membrane under consideration, or the 

entire thickness of the membrane if the concentration profile is linear.  The ratio  |𝑅
𝐶𝑙−, D

E
| is greater 

than one in the magnesium-chloride solution while it is smaller than one for sodium-chloride in a 

negatively charged membrane, which explains why one mode of transport is dominant over the other for 

the two salts considered. This can be further explained by observing the non-constant terms 𝐶𝑖,𝑝𝑜𝑟𝑒,  𝜓 

and  𝐶𝑖,𝑝𝑜𝑟𝑒 in Eq. (8) for the magnesium-chloride and sodium-chloride solutions, as discussed presently. 

For the chloride ion, at any given value of negative membrane charge, the mean concentration within the 

membrane 𝐶𝑖,𝑝𝑜𝑟𝑒 and potential drop across the membrane  𝜓 are higher for the magnesium-chloride 

solution compared to the sodium-chloride solution. On the other hand, the concentration drop across the 

membrane  𝐶𝑖,𝑝𝑜𝑟𝑒 is lower for the magnesium-chloride solution compared to the sodium-chloride 

solution. The reason for the higher intra-membrane concentration of chloride ions in the case of 



 

magnesium-chloride compared to sodium-chloride is due to the higher valence of magnesium compared 

to sodium, thereby drawing more chloride into the membrane to maintain intra-membrane electro-

neutrality. Although the number of equivalents (i.e. number of units of charge provided by the ion) of Na+ 

and Mg2+ inside the membrane are approximately equal (and equal to the membrane volumetric charge 

density), the concentration of the ion of higher valence is marginally higher (and increases as the valence 

of the ion increases, even if the feed concentration of the Cl- is kept same overall all cases to ensure a fair 

comparison). Since the Cl- has a lower concentration in the membrane (it has the same charge as the 

membrane and is electrically repelled by it), even a small difference in the number of equivalents of Na+ 

and Mg2+ in the membrane causes a large difference in the number of equivalents of Cl- present. For 

example, considering the NaCl solution, for a membrane of −200 mol/m3 charge at 50oC, the mean 

intramembrane concentration of Na+ is 200.2 mol/m3 and that of Cl- is thus 0.2 mol/m3. In comparison, for 

the MgCl2 case, the intramembrane concentration of Mg2+ is 100.4 mol/m3 (i.e., 200.8 equivalents of 

Mg2+ per m3), and the Cl- concentration is 0.8 mol/m3 (four times as large as the NaCl case). Thus, a 

difference of only 0.3% in the number of equivalents of Mg2+ compared to Na+ resulted in the Cl- 

concentration to be four times in the MgCl2 case compared to the NaCl case. As mentioned above, the 

concentration drop of Cl- across the membrane  𝐶𝑖,𝑝𝑜𝑟𝑒 is lower for the magnesium-chloride solution 

compared to the sodium-chloride solution. This is explained by the lower rejection ratio in the 

magnesium-chloride case, leading to a smaller drop of concentration from feed to permeate side. The 

potential drop across the membrane is higher in magnesium-chloride since the magnesium ion is larger: in 

negatively charged membranes, electromigration counteracts convective transport thus limiting 

accumulation of positive charges in the permeate solution [20]. Consequently, a larger ion requires a 

higher potential gradient to drive it back through the membrane to the feed side.  Thus, the preceding 

comparison between the respective 𝐶𝑖,𝑝𝑜𝑟𝑒,  𝜓 and  𝐶𝑖,𝑝𝑜𝑟𝑒 terms of Cl- in the magnesium-chloride case 

and the sodium-chloride case explains why the ratio  𝑅
𝐶𝑙−, D

E
is larger than one in the former case and 

smaller than 1 in the latter case. This discussion thus explains the reason for the exception to the 



 

similarities between trends observed for magnesium-chloride and sodium chloride; that for the chloride 

ion, in a negatively charged membrane electromigration is dominant over diffusion in the magnesium-

chloride solution. 

4.3.3 Negative rejection of MgCl2 

For a membrane with −50 mol/m3 charge, the magnesium-chloride solution shows a negative rejection 

ratio (Fig. 7a), meaning that, in steady state, the concentration of the salt is higher on the permeate side 

than the feed side. This also results in the diffusive flux of both ions to be in the negative direction, from 

permeate to feed, opposite to the overall solute flux (diffusion always takes place from the region of 

higher concentration to lower concentration).  The rejection ratio becomes positive as soon as the charge 

is slightly increased or decreased (by about 40 mol/m3). The rejection ratio is negative at −50 mol/m3 

because the membrane offers adequate attractive force to the magnesium ions, while not allowing the 

repulsion towards the chloride ions to dominate. On the other hand, making the membrane more positive 

offers increased repulsion towards the magnesium ions. Even at zero membrane charge, a small positive 

rejection of magnesium-chloride is observed, since the ions still experience steric exclusion and there is 

no help from the membrane charge to draw the ions in. At −50 mol/m3 membrane charge, the rejection 

ratio is negative for all three temperatures, and the rejection ratio of magnesium-chloride increases 

(becomes less negative) with increasing temperature, in contrast to all other cases studied. This increase 

in rejection ratio with increase in temperature occurs because the permeate-side partitioning effect (Eq. 3) 

for the dominant intra-membrane ion, Mg2+, increases with temperature and hence the drop in 

concentration from within the membrane to the permeate solution becomes sharper. Despite the increase 

in rejection ratio with temperature, the net solute transport of magnesium-chloride increases with 

temperature due to the increasing water flux, thereby increasing the convective salt flux. The mean 

intramembrane concentration of both ions also increase with increase in temperature. 



 

4.3.4. Summary and implications of MgCl2 transport at higher temperature 

1. Similar to the case of NaCl in section 4.2., the dominant influence on solute transport with 

increasing temperature was the cumulative temperature-induced changes in membrane properties, 

while only a small impact was made by temperature-induced changes in solvent viscosity and 

solute diffusivity combined. 

2. Similar trends were observed for the Mg2+ and Na+ ions (c.f. section 4.2.) for the impact of 

temperature and membrane charge density on solute transport modes and ion rejection. 

3. For both NaCl and MgCl2, the salt rejection is higher for a positively charged membrane of a 

given magnitude, compared to a negatively charged membrane of equal magnitude.  

4. In a negatively charged membrane, the intramembrane concentration of Cl- is higher for the 

MgCl2 case compared to the NaCl case because the Mg2+ ion (which has a higher valence than the 

Na+) pulls in more chloride ions. In general, a cation of higher valence has a marginally higher 

intramembrane concentration for a given fixed (negative) membrane charge value, but this has a 

magnified effect on the anion concentration, and the anion intramembrane concentration increases 

significantly for cations of larger valence. For a fair comparison in this discussion, as the valence 

of the cation is increased, the chloride ion concentration in solution is kept equal for all salts by 

reducing the net salt concentration. For example, 0.01M NaCl and 0.005M MgCl2 have the same 

molar concentrations of Cl- ions in solution.  

5. It is possible to obtain a negative rejection ratio of MgCl2 for a certain value of negative 

membrane charge density, such that the rejection ratio increases (becomes less negative) with 

increase in temperature.  

 

4.4. Effect of dielectric exclusion on solute transport 

In nanofiltration, dielectric exclusion is an important mode of solute exclusion, along with steric and 

charge-based exclusion. In the previous sections of this work, the effect of dielectric exclusion was not 



 

considered, since our approach is to examine the impact of membrane parameters individually. In the 

model used for this work, dielectric exclusion governed only by the Born effect is considered, which 

accounts for the solvation energy barrier for the ion to enter the pore, resulting in a decreased dielectric 

constant of the solvent within the pore [14] [21] [24]. Thus, the Born effect accounts for the energy 

penalty for an ion to shed its hydration shell when moving from a fully solvated state in bulk solution to 

the constricted passage within the pore, where there isn’t enough ‘space’ for all of the ion’s hydration 

shells. Dielectric exclusion works to reject ions irrespective of their charge, unlike the charge-based 

exclusion (wherein the charged membrane attracts counter-ions while repelling co-ions).  

4.4.1.  Variation of pore dielectric constant with temperature 

According to Bowen et al. [21], the expression for dielectric constant within the membrane pores can be 

given by the expression in Eq. 9 which assumes that the solvent, i.e. water molecules, occur in a thin 

annulus lining the inner pore periphery and the enclosed region has bulk dielectric properties.  
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In Eq. 9, pore is the effective dielectric constant of water within the pore, *  is the dielectric constant of 

the annulus of water covering the inner wall of the pore, porer  is the pore radius and d  is the thickness of 

one water molecule. The above expression gives the temperature-dependent pore dielectric constant as a 

function of the temperature-dependent pore radius and dielectric constant of the annulus of water lining 

the pore inner surface.  According to Bowen et al. [21], the dielectric constant of the ordered layer of 

water forming the annulus, *  was found to be 31 from their experiments at 25oC. Since the extensive 

experimentation to determine the exact variation of this quantity as a function of temperature is beyond 

the scope of the current work, the dielectric constant of the oriented water molecules is assumed to change 



 

similarly to that of bulk water over the given temperature range and thus to decrease by 10.87% from 

22oC to 50oC [43]. Equation 9 is thus used to estimate the pore dielectric constant at 50oC, by using fitted 

values of pore radius from Amar et al. [10], assuming the size of the water molecule does not change with 

temperature. According to this calculation, the intra-pore dielectric constant at 50oC is found to be 45.37. 

Using the same approach, the pore dielectric constant is 44.11 at 22oC. Although Roy et al. [14] use a 

pore dielectric constant of 56.5 for the Desal5DK membrane to match the results for seawater desalination 

in the SWCC Umm Lujj plant at 25oC, Eq. 9 provides a different value. Without further efforts on 

experimental determination of the pore dielectric constant, it is not possible to arrive at a more conclusive 

value of pore dielectric constant; furthermore, the value may also depend on the feed composition [44] 

[45]. Bowen et al. [21] used a sodium-chloride solution to obtain their value for the dielectric constant of 

the ordered water layer ( * ) used in Eq. 9.     

4.4.2.  Sensitivity of NaCl rejection to pore dielectric constant  

In this section, the impact of the pore dielectric constant on solute transport will be illustrated. For 

instance, the simulation results show that in going from a pore dielectric constant value of 80.4 to 45 

(decrease by ~44%), the solute transport of sodium-chloride at 50oC at membrane charges of 0, −50 

mol/m3 and −200 mol/m3 reduced by about 6%, 56% and 82% respectively. The value of pore dielectric 

constant to compare against, 80.4, was chosen because it is the bulk dielectric constant of water and hence 

when the pore dielectric constant is set equal to this value, the Born solvation energy barrier is zero, 

effectively removing the effect of dielectric exclusion [20]. As stated in section 4.4.1., the pore dielectric 

constant of the Desal5DK membrane at 50oC was estimated to be around 45. The above percentage 

changes in net solute transport due to pore dielectric constant at fixed values of membrane charge give an 

indication that dielectric constant is an important factor to consider in explaining the change in rejection 

ratio of ions with temperature.   



 

4.4.3.  Effect of dielectric exclusion on solute transport modes and rejection 

Due to dielectric exclusion, the convective and electromigrative modes of transport for the chloride ion 

are significantly reduced, since the dielectric exclusion allows less chloride ions to enter the membrane. 

Therefore, the intra-membrane concentration 𝐶𝐶𝑙−,𝑝𝑜𝑟𝑒
 
is reduced. The intra-pore concentration of the 

sodium ion has to remain almost unchanged in order to satisfy electroneutrality and so the 

electromigrative and convective terms for the sodium ion remain practically unaffected by dielectric 

exclusion in a negative membrane. Although the rejection ratio is higher due to dielectric exclusion, the 

concentration gradient across the membrane thickness  
𝑑𝐶𝑖,𝑝𝑜𝑟𝑒

𝑑𝑥
 (and hence diffusive transport) is less 

compared to when dielectric exclusion is not considered for both Na+ and Cl- ions. For a given feed 

concentration, a higher rejection usually implies a higher concentration gradient through the membrane 

because of the smaller permeate-side concentration. Conversely, a higher concentration gradient usually 

signifies a higher rejection ratio. However, due to dielectric exclusion, the net solute transport for both 

ions is drastically reduced due to the Born exclusion effect and the higher rejection is reflected in a large 

partitioning effect on the permeate side (cf. Eq. 3); hence there is a steeper fall in concentration between a 

point just within the membrane (on the permeate side) and the permeate concentration.  

4.4.4.  Summary and implications of dielectric exclusion on NF solute transport 

1. Increased dielectric exclusion (caused by reduced magnitude of pore dielectric constant) causes 

the rejection of all ions to increase. 

2.  Increased dielectric exclusion causes increased partitioning effect at the membrane-solution 

interfaces and reduced solute transport through the membrane.    

4.5. Seawater nanofiltration at different temperatures 

In this section, the solute transport and rejection ratio for each ion in seawater is analyzed at two different 

temperatures. This analysis is pertinent to NF as a pretreatment for thermal desalination systems, in which 

the feed water temperature may vary over the course of the day or over the year. All membrane 



 

parameters (both structural and electrical) were used for the analysis. The minimum and maximum 

temperatures used in the study thus far (22oC and 50oC) were considered, in order to clearly discern the 

effect of temperature. The concentrations of the ions in seawater are taken from Table 2 from Roy et al. 

[14]. The values of the membrane structural parameters and dielectric constant as obtained previously for 

the Desal5DK membrane at 22oC and 50oC (cf. Table 2) are used to simulate the nanofiltration of 

seawater at these temperatures. In order to simplify the analysis and since the membrane charge of the 

Desal5DK membrane at different temperatures for seawater feed composition are not known at present, 

the membrane charge will be kept fixed at −80 mol/m3 (the value fitted by Roy et al. in [14]). Thus, the 

present analysis provides insight into the changes in seawater nanofiltration due to the change in 

membrane structural parameters and pore dielectric constant with temperature. Although the exact fitted 

values of membrane charge for this feed at both of the two temperatures considered would be desirable 

for the analysis, the dielectric exclusion effect evaluated using the pore dielectric constants mentioned in 

section 4.4.1 (44.11 and 45.37 respectively for 22oC and 50oC) is significant and is in fact the dominant 

mode of exclusion (over steric and Donnan exclusion) at both temperatures. For the analysis, one spiral-

wound membrane element will be simulated using the model developed by Roy et al. [14] and the 

variation of water recovery ratio and rejection ratio with temperature will be observed in addition to the 

solute transport of each ion. 

Table 2. The following table summarizes the membrane parameters used at 22oC and 50oC: 
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Figure 9. Rejection ratios of the primary ionic constituents of seawater at 22oC and 50oC as obtained 

from modeling a single element of a spiral-wound module at those temperatures. 

 

Figure 9 shows that the rejection ratios of the divalent ions calcium, magnesium and sulfate are almost 

100% at both temperatures, although the rejection ratio decreases slightly at the higher temperature. The 

monovalent ions are rejected to a much lesser extent and the maximum rejection among them is observed 

for the bicarbonate ion.  

Figure 10 shows the solute transport by each mode for each ion at the two temperatures considered. In 

Fig. 10, the diffusion values for the Na+ and Cl- ions at 50oC (dark grey) are not shown entirely since they 

are too large. In this figure, the value shown is ~7000 µmol/m2-s at 50oC for both ions, but in fact they go 

up to ~15700 µmol/m2-s and ~16700 µmol/m2-s respectively. Results for seawater ions other than Na+ 

and Cl- are shown in the supplementary information to focus on the non-dominant ions. 
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Figure 10. Flux of ions in seawater through a negatively-charged (-80 mol m-3) NF membrane, by the 

three different modes (convection, electromigration, and diffusion) at 22oC and 50oC. Conditions were 

obtained from modeling a single element of a spiral-wound module at those temperatures. The diffusion 

values for the Na+ and Cl- ions at 50oC (dark grey) are not shown entirely since they are too large. In this 

figure, the value shown is ~7000 µmol/m2-s at 50oC for both ions, but in fact they go up to ~15700 

µmol/m2-s and ~16700 µmol/m2-s respectively. Results for seawater ions other than Na+ and Cl- are 

shown in the supplementary information to focus on the non-dominant ions. 

4.5.1.  Effect of feed concentration and membrane exclusion modes on seawater ions 

Considering a seawater feed, the net solute transport for each of the divalent ions and bicarbonate is a few 

orders of magnitude less than that of the chloride and sodium ions (Fig. 10). This is partly due to the fact 

that the feed concentration of the sodium and chloride ions are much higher than that of the other ions in 

seawater; and partly due to the much larger exclusion experienced by the divalent ions, mainly in the form 

of dielectric exclusion. The dielectric exclusion is highest for the magnesium ion, followed by the calcium 

ion, the sulfate ion and then the monovalent ions. The negative charge on the membrane is predominantly 

neutralized by the sodium ions, since it has the highest intra-membrane concentration. Although this is 

slightly surprising, considering the negatively charged membrane attracts the positive divalent ions most 
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strongly into the membrane, it can be explained by the fact that the dielectric exclusion is higher for the 

two divalent cations and this effect dominates that of the charge-based attraction.  Furthermore, the feed 

concentration of calcium and magnesium are much lower than that of the sodium ion, thereby reducing 

the amount of these ions ‘available’ to enter the membrane. The two monovalent anions chloride and 

bicarbonate experience similar magnitudes of steric, dielectric and Donnan exclusion, however the intra-

membrane concentration of the bicarbonate is much lower than that of the chloride due to its smaller feed 

concentration and hence lesser ‘availability’. Unsurprisingly, the divalent anion sulfate experiences the 

largest amount of charge-based exclusion and also has high steric and dielectric exclusion causing high 

rejection. The above arguments explain why the intra-membrane concentration in the descending order is 

sodium, chloride, bicarbonate, sulfate, calcium and magnesium. In seawater, the convective mode is more 

dominant than the electromigrative mode for the sodium and chloride ions, as shown in Fig. 10. This 

dominance of convection occurs because the membrane potential for the seawater case is sufficiently low 

to bring the weight of the electromigrative term down. 

4.5.2.  Percentage change in rejection of individual ions with temperature 

 In regard to seawater feed, the net solute transport of the divalent ions is a few orders of magnitude less 

than that of the monovalent ions at both temperatures. However, the increase in net solute transport from 

22oC to 50oC is higher for the divalent ions (10-30 fold) than the monovalent ions (3-5 fold). For the 

divalent ions, the mode of transport that increases the most sharply is the diffusive mode, while for the 

monovalent ions, it is the convective mode. The exception to this trend is Na+, for which diffusion 

increases marginally greater than convection. Such a sharp increase in the diffusive mode for the divalent 

ions is attributed to the sharp increase in the intra-membrane concentration on the feed side (just within 

the membrane), for the temperature rise from 22oC to 50oC due to the sharp change in the partitioning 

effects. This increase in concentration within the membrane facing the feed side results in a larger 

concentration gradient within the membrane and thus increased diffusion. The percentage change of the 

rejection ratio of the divalent ions with increase in temperature is lower than that of the monovalent ions, 



 

however, partly because their numerical values are larger. Overall, for the membrane studied and the 

given feed composition, the rejection ratio of the calcium ion shows the greater sensitivity to temperature 

(higher percentage decrease in rejection ratio with increase in temperature) between the two divalent 

cations. The sodium ion rejection has the largest percentage decrease in rejection ratio with increase in 

temperature among monovalents, and the chloride and bicarbonate rejections show almost equal 

percentage change in rejection ratio for the temperature change. Finally, the recovery ratio for the single 

element was seen to increase from 8.3% at 22oC to 23.9% at 50oC. 

4.5.3.  Summary and implications for seawater transport at higher temperature 

1. Rejection ratio of all divalent ions is ~100% at both temperatures studied, although it reduces 

slightly at the higher temperature. The rejection ratios of the monovalent ions are significantly 

less than that of the divalent ions at both temperatures and reduce notably with increase in 

temperature. 

2. Solute transport of each ion through the membrane depends on its feed concentration. Regarding 

each of the divalent ions and the bicarbonate ion, their feed concentrations are significantly lower 

than that of sodium and chloride ions in seawater. This factor contributes to their net solute 

transport being a few orders of magnitude less than that of the sodium and chloride ions.  

3. Each of the divalent ions experience large exclusion by the membrane, predominantly in the form 

of dielectric exclusion, resulting to their lower transport through the membrane relative to sodium 

and chloride ions. In fact, the sodium and chloride ions have the greatest intramembrane 

concentration. Even though the negatively charged membrane attracts the divalent cations more 

strongly, their entry is restricted by exclusion effects. 

4. The percentage increase in net solute transport with temperature is significantly higher for the 

divalent ions compared to the monovalent ions. This trend in solute transport among the ions in 

seawater is due to the reduction in the exclusion mechanisms at the higher temperature, which 

affects the divalent ions more strongly. 



 

5. The percentage decrease in rejection ratio with increase in temperature is lower for the divalent 

ions compared to the monovalent ions.  

6. As a result of the change in membrane parameters and the decrease in solvent viscosity, overall 

membrane water flux increases substantially at higher temperatures. For a spiral-wound element 

operating on Arabian Gulf seawater, the water recovery increases from 8.3% at 22oC to 23.9% at 

50oC as per the modeling analysis. 

4.6. Summary of temperature effects 

A summary of how the important model parameters and results change with temperature is provided 

in the following table. For this analysis, only one parameter is changed at a time and a positive 

rejection ratio regime, as seen in most cases described in the paper, is assumed. 
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5. Conclusions and outlook 

To the authors’ knowledge, the present work is the first to examine the impact of temperature on 

nanofiltration, examining the mechanisms of solute transport and exclusion in different feed solutions at 

different temperatures. The DSPM-DE model is used in which solute transport is described by the Nernst-

Planck equation within the membrane, thereby capturing three different modes of solute transport: the 

convective, diffusive, and electromigrative modes. The DSPM-DE model involves three exclusion 

mechanisms governing entry of solute into the membrane: the steric, dielectric, and Donnan exclusion 

mechanisms. Each of these modes of transport and exclusion for individual ions vary with temperature, 

thereby affecting how a given membrane rejects ions differently at different temperatures. Ions differ 

from one-another in terms of size, valence, and diffusivity and these factors, coupled with changes in the 

membrane itself due to temperature determine which ions show greater change of rejection with 

temperature change. 

Apart from those mentioned in the section summaries/implications, the following conclusions are 

obtained from this study: 

1. Electroneutrality within the membrane is the key driving factor in determining how much of each 

ion enters the membrane at a given value of water flux. When several ions of like charge are 

present, the exclusion mechanisms are the deciding factor for competition among the different 

ions and determine which ions are ‘preferred’ to enter the membrane. 

2.  In the analysis of seawater ions, one major effect causing large rejection of scale-causing 

divalent ions (Mg2+, Ca2+, SO4
2-) is the large dielectric exclusion experienced by these ions. Thus, 

lower pore causing greater dielectric exclusion is beneficial for NF membranes aiming to remove 

these scalants.   

3. In light of the preceding discussions, for higher temperature applications, membranes with lower 

temperature-dependent structural changes are desirable. Specifically, membranes whose pore 



 

radius increases less are preferred not only because they can maintain high steric exclusion, but 

also low intra-pore dielectric constant (cf. Eq. 9) resulting in high dielectric exclusion. Regarding 

membrane charge, the desired value depends on the ions to be rejected. For membranes 

attempting to remove Mg2+ and Ca2+, an increased negative charge with temperature is 

disadvantageous. A higher negative membrane charge will aid rejection of the SO4
2- ions, 

however.  

 Experimental work to accurately fit the membrane charge and pore dielectric constant as a function 

of temperature is desirable in future, although the present analysis provides clear insight into the 

nature of changes in solute transport and rejection that occur as a result of temperature change. 
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Appendix A. 

Membrane structural parameters at different temperatures from the fitting by Amar et al. [10]:  
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40oC 0.59 0.46 2.11 

50oC 0.67 0.56 2.67 

 

 

 

 

 

 

 



 

Supplementary Information, Roy et al., 2017 

The results below show solute transport of sodium-chloride and magnesium-chloride at 30oC together 

with those presented in the original paper (22oC, 40oC and 50oC). The inclusion of results at this 

temperature illustrates that the discussions presented in the paper hold through the entire temperature 

range 22- 50oC. Subsequently, solute transport of various seawater ions other than Na+ and Cl- are shown 

to magnify the results for the non-dominant ions. 

S.1. Plots for NaCl at 22oC, 30oC, 40oC and 50oC. 

S.1.1. Negative membrane charge: 

 

Fig. S.1.1a. NaCl rejection ratio vs. T 

  

Fig. S.1.1b. Na+ flux vs. T                                              Fig. S.1.1c.  Cl- flux vs. T 
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Figure S.1. For a negatively charged NF membrane (−50 or −200 mol m-3), modeling results for rejection 

and solute transport of Na+ and Cl- ions in a 0.01M NaCl solution at 4 different temperatures,22oC, 30oC, 

40oC and 50oC: (a) rejection of NaCl; (b) transport of Na+ ions by the three modes; and (c) transport of Cl- 

ions by the three modes. 

 

S.1.2. Positive membrane charge: 

 

Fig. S.1.2a. NaCl rejection ratio vs. T 

 

 

Fig. S.1.2b. Na+ flux vs. T                                              Fig. S.1.2c.  Cl- flux vs. T 

Figure S.2. For a positively charged NF membrane (+50 or +200 mol m-3), modeling results for rejection 

and solute transport of Na+ and Cl- ions in a 0.01M NaCl solution at 4 different temperatures, at 22oC, 
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30oC, 40oC and 50oC: (a) rejection of NaCl; (b) transport of Na+ ions by the three modes; and (c) transport 

of Cl- ions by the three modes. 

 

S.2. Plots for MgCl2 at 22oC, 30oC, 40oC and 50oC. 

S.2.1. Negative membrane charge: 

 

S.2.1a. MgCl2 rejection ratio flux vs. T                 

  

Fig. S.2.1b. Mg2+ flux vs. T                                            Fig. S.2.1c. Cl- flux vs. T 
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Figure S.2.1. For a negatively charged NF membrane (−50 or −200 mol m-3), modeling results of 

rejection and solute transport of Mg2+ and Cl- ions in a 0.005M MgCl2 solution at 4 different 

temperatures, 22oC, 30oC, 40oC and 50oC: (a) rejection of MgCl2; (b) transport of Mg2+ ions by the three 

modes; and (c) transport of Cl-  ions by the three modes. 

 

S.2.2. Positive membrane charge: 

 

             S.2.2a. MgCl2 rejection ratio flux vs. T                 

 

 

Fig. S.2.2b. Mg2+ flux vs. T                                            Fig. S.2.2c. Cl- flux vs. T 
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Figure S.2.2. For a positively charged NF membrane (+50 or +200 mol m-3), modeling results of rejection 

and solute transport of Mg2+ and Cl- ions in a 0.005M MgCl2 solution at 4 different temperatures, 22oC, 

30oC, 40oC and 50oC: (a) rejection of MgCl2; (b) transport of Mg2+ ions by the three modes; and (c) 

transport of Cl-  ions by the three modes. 

 

S.3. Solute transport modes of various seawater ions other than Na+ and Cl-. 
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