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Abstract: The aim of this study was to analyze, both theoretically and experimentally, the material
transport mechanisms governing the separation of ionic species in aqueous solutions using nanofil-
tration membranes. To interpret the experimental results, the Donnan Steric Partitioning Model
(DSPM) and the Dielectric Exclusion Model (DSPM-DE) were applied and computationally simulated
in Matlab. Experimental tests were conducted using a pilot-scale system with commercial NF90
check for membranes. The results indicate that the DSPM better describes the rejection of monovalent ions
updates (sodium and chloride), while the DSPM-DE is more suitable for divalent ions (sulfate and magnesium).
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Additionally, both models were sensitized to explore the impact of hindrance factors on the rejection

of different ionic species. For neutral molecules present in the solution, it was observed that the
Comparative Analysis of Donnan

DSPM and DSPM-DE do not adequately interpret selectivity, suggesting that under such conditions,
Steric Partitioning Pore Model and . . . L . . . .
) ) : ) the electrostatic exclusion mechanism loses significance, with the steric mechanism prevailing.
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1. Introduction
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Nanofiltration (NF) is a membrane separation process driven by a total pressure differ-

ence [1-3], predominantly used for separating solutes, both ionic and non-ionic, in aqueous

and Rouzbeh Ramezani

Received: 19 December 2023 solutions. This technology has seen significant development in the last 30 years. Figure 1
Revised: 8 February 2024 illustrates that NF is selective for a range of molecular weights of compounds between
Accepted: 4 March 2024 200 and 1000 Daltons, positioning itself between reverse osmosis (RO) and ultrafiltration
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ions based on their electrical charge and molecular weight, as well as organic solutes with
relatively low molecular weights [7]. This is because NF provides various advantages over
= other separation processes, such as RO. These include lower operating pressures, higher
permeate fluxes, the effective retention of multivalent anion salts and organic compounds
with a molecular size greater than 1 nm, reduced investment, and operating costs, as well
as lower maintenance expenses [8-12]. The partial permeation of low molecular weight
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Attribution (CC BY) license (https:// £ an RO membrane, implying lower pressure gradients and, therefore, a lower energy
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Figure 1. Scheme of pressure-driven membrane processes and their respective rejection ranges.

Table 1 highlights NF applications in the food industry, especially for processing
thermosensitive fluids. NF membranes effectively treat textile industry wastewater, re-
moving dyes and multivalent salts. The NF process reduces electrical conductivity, the
chemical oxygen demand, and color in industrial effluents, meeting water quality standards
for textile finishing and wastewater discharge regulations [16]. In the past two decades,
membrane technologies have been increasingly applied to purify industrial process waters,
achieving standards comparable to those of drinking water. NF removes specific con-
taminants like dissolved As3* in continental water bodies [17,18] and pharmaceuticals in
wastewater treatment plants [19,20]. In brackish and saline water desalination, NF reduces
solute content for industrial, mining, and agricultural uses. NF is also used as pretreatment
for seawater reverse osmosis, removing divalent ions, separating organics, and reducing
dissolved and colloidal solids for safe operation in subsequent membrane processes [21,22].

Table 1. Most common industrial applications of NE.

Industrial Sector Application References
Food Whey concentration [23-25]
Whey demineralization [15,26,27]
Sugar reduction in nectars [15,26,27]
Desalination of soy sauce [15,26,27]
Juice concentration [15,26,27]
Peptide fractionation [15,26,27]
Textile The removal of dyes and salts from wastewater [16,28,29]
The separation, concentration, and production of
L [30-32]
hormones and antibiotics
Pharmaceuticals and The capture of fibrinogen and coagulation compounds [33-35]
biotechnology The production of organic acids [36-38]
Catalyst recovery [39-41]
Protein separation [42-44]
Water treatment Arsenic removal from groundwater [17,45,46]
The removal of pesticides from groundwater [47-49]
Wastewater treatment [19,20,50]
Desalination NF double pass [51-53]

Combination of NF and RO [54-56]
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A nanofiltration membrane is defined as a microporous medium with characteristics
that fall between those of UF and RO. Structurally, NF membranes are asymmetric, featuring
an ultra-thin selective layer [57-59]. This layer is responsible for selectivity and is installed
on a porous support that provides the necessary mechanical strength to the membrane to
withstand operating conditions.

NF membranes can be manufactured using polymers or inorganic materials.

The most used polymers are cellulose acetate, polyamide, and polyimide [60-63].
The inorganic materials employed are of ceramic-type, metal oxides (e.g., Al, Si, Ti, or
Zr) [64,65].

Inorganic NF membranes exhibit remarkable chemical and structural stability. But
these membranes are mechanically more fragile and more expensive than polymeric mem-
branes [66,67].

Polymeric NF membranes are manufactured with asymmetric structures, resulting
in thin film composite (TFC) membranes [68], which consist of a selective or active layer
of polyamide polymerized on a microporous polysulfone support (see Figure 2). This
combination provides selectivity (improved rejection) and productivity [69].

? Negative charge
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Figure 2. TFC membrane and its constituent polymers.

1.1. Separation Mechanisms in NF Membranes

NF is a complex process influenced by microhydrodynamics, interfacial electrical phe-
nomena, and the nanopore network size distribution. The membrane’s selectivity involves
steric exclusion (size selectivity), Donnan exclusion, dielectric exclusion, and various trans-
port mechanisms [70]. Steric exclusion is illustrated in Figure 3, where solutes larger than
membrane pores are rejected, and smaller solutes have a higher probability of permeating
if their projection falls within the pore region; otherwise, they are rejected [70,71]. The Don-
nan exclusion theory [72] explains equilibriums and interactions between ions in a solution
with an electrically charged membrane. NF membranes acquire a surface charge due to
functional group dissociation in their materials. Some NF polymers, containing ionizable
groups like carboxylic and sulfonic acids, exhibit a negative charge [73,74]. Surface charge
density depends on both membrane materials and the feed solution, linked to the pH of the
solution [61]. Generally, negatively charged under neutral or alkaline conditions and posi-
tively charged under highly acidic conditions [71], the membrane attracts counter-ions and
repels co-ions, creating an electric potential [75]. The Donnan exclusion mechanism retains
counter-ions, ensuring stoichiometric passage through the membrane. In concentrated or
multi-ionic solutions, interactions between different ions may alter ion permeability [76,77].

Dielectric exclusion in NF membranes with ionic solutions is explained through
two mechanisms. The first mechanism attributes the phenomenon to electrostatic interac-
tions between solution ions and polarization charges induced on the membrane surface due
to the difference in dielectric constants. This creates a repulsive force, preventing ion entry
into the pore and causing additional retention, irrespective of charge [78,79]. The second
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mechanism suggests a solvation energy barrier at the membrane interface, formed when
an ion transitions between solvents with different dielectric constants. NF pores” atomic
scale confines the solvent, leading to solvent reorientation at the solvent—solid interface,
affecting the viscosity and dielectric constant [59,80,81]. This work sought to explain the
exclusion of each ion present in a solution to be processed via nanofiltration.
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Figure 3. Diagram of the different exclusion mechanisms in an NF membrane.

1.2. Modeling of Mass Transport in NF

Various authors have investigated the transport of neutral and colloidal solutes, along
with their respective rejection in membrane processes [71,82,83]. From a comparative anal-
ysis of various models developed to describe NF, it was concluded that the Nernst—Planck
equation was the most suitable for predicting the mechanisms of transport and ionic
selectivity in NF [84-87]. Subsequently, the Donnan Steric Partitioning Model (DSPM)
was applied, based on the extended Nernst-Planck equation, modified by incorporat-
ing hindered transport factors for both diffusion and convection [71,88,89]. The DSPM
proved suitable for relatively simple solutes such as organic molecules and monovalent
electrolytes but not for aqueous solutions of multivalent cations, such as Mg?* [90]. Bowen
and Welfoot [59] developed a modified DSPM, incorporating the phenomenon of dielectric
exclusion (DSPM-DE), allowing for theoretical results closer to experimental ones. Today,
the DSPM and DSPM-DE have not undergone significant changes; only the relationships of
the dielectric effects and membrane charge density have been refined.

The DSPM describes the fractionation of solutes at the solution-membrane interfaces
and the transport of solutes through the membrane pores, using the extended Nernst-
Planck equation (see Equation (1)). The fractionation mechanisms include steric effects
and Donnan electrostatic exclusion, where the considered parameters are membrane pore
radius (r}), effective membrane thickness (Ax/Ay), and the volumetric charge density of
the membrane (X;) [71]. Equation (1) and Figure 4 describe the three transport mechanisms
involved simultaneously in the NF process for ionic solutes: diffusion, electro-migration,

and convection. p D p
_ _p, e EGiPip dy
Ji==Dip dx RT Fdx

Diffusion Electro-migration Convection

+ Ki,cCiIv (1)
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where J; is the flux per unit area of ion i, D; , is the diffusivity of species i within the
membrane pore (see Equation (2)), ¢; is the concentration of species i in the pore, x is the
thickness of the membrane, z; is the valence of species i, R is the universal gas constant,
T is the absolute temperature, F is Faraday’s constant, ¢ is the Donnan potential of the
membrane, K; . is the hindrance factor for the convective term, and |, e is the permeate
flow rate.

Dip =Kig Dic ()

where K; ; is the hindrance factor for the diffusive term, and D; « is the diffusivity of species
i in the bulk solvent.

m Ionic transport
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Figure 4. Scheme of the transport mechanisms incorporated in the extended Nernst-Planck equation.

The DSPM considers that the diffusive and convective transports of species i are hin-
dered by the size of the pores of the NF membrane. The hindrance factors K; ; and K; . are
functions of the ratio between the solute radius and the membrane pore radius (see
Equation (3)), because the theoretical expressions are based on the hydrodynamics of
the system, assuming a spherical solute with radius (r;) moving in an infinitely long and
finite radius cylindrical pore (r),) [89]. Equations (4) and (5) allow for the determining of
the hindrance factors for 0 < A < 0.8, assuming a parabolic solute flow velocity profile of the
Hagen-Poiseuille type fully developed within the pore:

_ni
7 3)
K;g = 1.0 — 2.30A + 1.154)A% 4 0.224A° @
Kie = (2— @) (1.0+0.0541 — 0.998)% + 0.4411° ) )

where @ is the steric partition coefficient, representing the likelihood of a solute, smaller
than the pore, successfully entering the pore:

o= (1-A)? if rp <T1p

Q=0 if ri>rp ©)

The solute concentrations in the feed ¢; o) and in the permeate ¢;(5,) must be known
to obtain an expression that allows the transport equation (Equation (1)) to be solved. The
entry and exit of an ion through a pore are an equilibrium process (see Equation (7)):
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where 7 and 7Y are the activity coefficients of the ion in the pore and in the feed stream,
respectively. ¢; and C) are the concentrations of the ion in the pore and in the feed stream,
respectively. Equation (7) serves as the initial step to obtain an expression for calculating
the ion concentration within the pore. This process begins by assuming ideal conditions
and the presence of electroneutrality both in the solution feed stream (Equation (8)) and
within the membrane pore (Equation (9)).

n
ZZ,‘CZQ =0 (8)
i=1
n
Y zici=—Xy )
i=1

Based on the above and equating the Donnan potentials for each ionic species, Equation (7)
for a particular ionic species is

€1(0 %
Cito) = Cine®i ( o jbl) (10)
,W

where ¢; o) is the concentration of ion i at the entrance of the pore, and C; ;, is the concentra-
tion of species 7 in the feed stream, at the membrane surface. Equation (10) is substituted
into Equation (9), resulting in an expression (Equation (11)) that allows the calculation of

the concentration of an ionic species at the entrance of the pore, and similarly at the exit of
the pore.

] Zn

¢1(0 B €1(0 2

Z1610) + zzcz,w@z(cl ((;1) 4o+ 2,Co (C1 ((;1) FX; =0 (11)
,w ,

On the other hand, considering the relationship between ], and J;, Equation (1) can be
rearranged to yield Equation (12). Since the electric potential gradient is uniform for all ions
within the membrane, this gradient is derived from Equation (1), resulting in Equation (13):

dei  Jo ZiCiFdj

dx @(Ki,cci —Cip) — =T ax (12)
dy _ Yit1 ZD%;(Ki,cci —Cip) )
dx T Lits (27¢i)
n o Zifo K .ci—C: )
@ _ ]v o o i=1 Di/p( i,cCi i,p
dx Di,p (Kl’ccl CI'P) ZiCi ?:1 (zizci) (14)

where C; , corresponds to the concentration of the ionic species i in the permeate.
The permeate flux density and the osmotic pressure of the solution are estimated using
the Hagen—Poiseuille and Van’t Hoff equations, respectively.

7,2
Jo = —+-—(AP — Arr) (15)
()
Am = RT 3 (Ci,w - Ci,p) (16)

i=1
Consideration must be given to the fact that the ionic concentration near the membrane
differs from that in the bulk solution. This creates a concentration profile between the
bulk solution and the membrane, known as the concentration polarization phenomenon.
Consequently, the actual ion concentration at the membrane surface can be correlated
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with the feed concentration and associated with the observed rejection, yielding an actual
rejection equal to [90]

1
RReal = = 3 (17)
SR~ g
where R, is
C
Rops =1- - (18)

Incorporation of Dielectric Exclusion: DSPM-DE

As mentioned earlier, the DSPM had to be modified due to (1) it delivering unsatisfac-
tory results when the feed contains divalent cations [73,91,92] and (2) the salt rejection of
ionic solutions at the membrane’s isoelectric point; when its volumetric charge density is
zero, it is not explained solely through the steric exclusion mechanism. Therefore, other
exclusion mechanisms must be considered. In 2002, Bowen and Welfoot [59] included the
dielectric exclusion phenomenon using the Born model equation [93], becoming known as
the “DSPM-DE”. Due to the incorporation of the dielectric exclusion phenomenon [94], the
steric partition coefficient (@) is

—AW:
Q=9 i 19
ppE o
where kg is the Boltzmann constant, and AW; describes the change in the solvation Gibbs
energy associated with the movement of an ion from vacuum into either the bulk external
solution or the fluid within the membrane pore [95], indicating the energy barrier that ions
encounter during solvation into the pores [59,96]:

2,2
AW, = 218 ( ! —1> (20)
87tegri \ €poro  Ew

where e is the electron charge, ¢¢ is the vacuum dielectric constant, €, is the dielectric
constant in the pore, and ¢, is the dielectric constant in the solution bulk [93,97].

Bowen and Welfoot [59] proposed Equation (21) to calculate the dielectric constant
in the pore, arguing that the dielectric properties of the solvent in the pore are similar
to those of bulk water, and that viscosity follows a similar reasoning as expressed in
Equation (21). In general, this approach to the dielectric properties of the solvent in the
pore is consistent with that used for the viscosity of the solvent in the pore. In both cases,
such an assessment allows for the exploration of, at a quasi-continuous level, the effects of
the variations in solvent properties in the pore for predictive purposes. Further theoretical
improvements could probably be achieved only through non-continuous descriptions,
such as molecular dynamics simulations, with considerable increases in conceptual and
computational requirements.

o[ NEAS
€poro = €w — 2(€w — €7) () + (ew—ce¢ )() (21)
Tp Tp
where ¢* is the dielectric constant of the oriented layer (value depends on the solvent), and
d is the thickness of the oriented layer of the solvent, usually using the size of the ring
formed by a water molecule.

The theoretical challenges are related to establishing mathematical models that de-
scribe the fundamental transport mechanisms of the process NF. Such models should be
capable of predicting the selectivity and productivity parameters of NF under different
operating conditions and for various types of solutes. The importance of having reliable
models for the NF process is a crucial factor for the proper design of these systems, allow-
ing a reduction in the experimental work required to explore a particular liquid-liquid
separation. The aim of this study was to correlate the experimental results obtained from
a nanofiltration pilot plant with the interpretations of transport mechanisms and their
corresponding equations.
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2. Materials and Methods

Figure 5 outlines the two stages of the methodology followed in this research. The first
stage involves the phenomenological simulation of nanofiltration, while the second stage
consists of conducting nanofiltration experiments on the aqueous solutions of ionic solutes,
operating under various concentrations, temperatures, and pressures. The membrane used
for the experimental runs was a Dow-Filmtec NF90 spiral wound module.

’ Phenomenological simulation ‘ ’ Desalination experiments ‘

[ NS J\

Experimental case planning
Algorithm development

L y . v
- ¢ N Case 1: Permeability of pure water
Data collection of membrane and ¢
feed flow N
\_ Y, Case 2: Variations in permeate flux
¢ and ionic rejection as functions of
- N pressure and salt concentration
Compilation of results in the +
literature ( )
L ) Case 3: Behavior of permeate flux
¢ and salt rejection as a function of
~ ~ feed water temperature
\ 7 J
Simulation s N

L Case 4: Variations in permeate flux
> and ionic rejection at different feed
K / pH levels %

Analysis

Figure 5. Scheme of the methodology followed in this research.

2.1. Simulations of the DSPM and DSPM-DE Models

Figure 6 shows the calculation algorithm programmed in Matlab®, which allowed the
resolutions of the DSPM and DSPM-DE and is based on the equations outlined in Section 1.2.
The DSPM considers, among others, the following parameters (Table 2): pore radius (1)),
the ratio of effective membrane thickness over porosity (Ax/Ay), and volumetric charge
density (Xj) [90], while for those of the DSPM-DE model, the dielectric constant in the pore
(€poro) is also incorporated.

Table 2. List of parameters with their method of acquisition for solving the DSPM and DSPM-DE.

Parameter Method of Acquisition
Pore radius (98]
Effective thickness [90]
n S
Xa= b](% ,Zl‘zi|cw,i)
1=
Volumetric charge density where

q=1.256-10"3T% — 6.515-1073T + 1.045
S =-9.008-10%- T+ 0.8617
Ratio between the solute radius and the

membrane pore radius Equation (3)

. Equation (4)
Hindrance factors Equation (5)
Steric partition coefficient Equation (6)
Solute diffusivity in the pore Equation (2)

Dielectric constant in the pore Equation (21)
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Figure 6. Calculation algorithm for solving the DSPM and DSPM-DE models.

Cp (assumed) = Cp (calculated)

The contribution of each transport mechanism was quantified based on the extended
Nernst-Planck equation (Equation (1)), which presents three transport mechanisms for each
ionic species: (1) diffusion (Equation (22)), (2) convection (Equation (23)), and (3) electro-
migration (Equation (24)). Therefore, the relative effect in terms of percentage resistance is
quantified using Equations (25)—(27):

D, Ci,p - Ci,w
]1,d1fuszvo = VYip- T
Ak
]i,convectivo = Ki,c ' Ci,P Jo

—2i"Cip-Dip _dy
]i,electromigrutivo = ~ RrRT FE

Jidi
Raif stotal = (l]lf> -100

i

Ii,
Rconv/totul = < IC]O,m} -100
i

Jiel
Relectro/total = < ze]e'ctro -100
i

(22)

(23)

(24)

(25)

(26)

(27)
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The calculation algorithm was tested by simulating the nanofiltration process with
the Dow-Filmtec NF90 module’s characteristics. This membrane has a molecular weight
cut-off (MWCO) of 200 g/mol and a thickness of 1.34 um [90,98,99]. The simulation of
the process was carried out considering a brackish water matrix with physicochemical
characteristics similar to the surface waters of the Camarones River, located in northern
Chile (see Table 3). The operating pressure and temperature were 4.8 bar and 25 °C,
respectively. The simulation results were compared with the information provided by the
membrane manufacturer [100].

Table 3. Ionic composition of brackish water [21].

Ionic Specie Concentration (mg/L)
Sodium 6430
Potassium 203
Magnesium 477
Calcium 1440
Chloride 8550
Sulphate 6525

2.2. Experiments with Monovalent and Divalent Saline Aqueous Solutions

The nanofiltration experiments were conducted in a pilot-scale plant located in the
Department of Chemical and Bioprocess Engineering at the University of Santiago de Chile
(USACH) (see Figure 7). The main components of the pilot plant included a Dow-Filmtec
NF90 2540 spiral wound membrane module (see Table 4), membrane housing (length 40 in;
diameter 2.5 in), high-pressure multistage vertical centrifugal pump Grundfos [101], a
pH-conductivity-TDS meter, rotameters, pressure gauges, and a 5 pm cartridge filter.

e e
(3) (8)
(8)
- C - . < < Concentrated
v v v )

I I (" (6)
Ta ™ - - (5)
WS e L e S 1
(1) (7 (2) n (3) (8) (6) (8) 4] JE—
@) ——

Permeate

Figure 7. Flowchart of the nanofiltration pilot plant: (1) tank, (2) filter (1 um), (3) conductivity meter,
(4) high-pressure pump, (5) membrane module, (6) flowmeter, (7) manometer, and (8) valve.

Table 4. Technical characteristics of the membrane used in the experiments [102].

Characteristics NF Membrane
Brand Dow-Filmtec
Model NF90
Type Tight NF membrane/Polyamide Thin Film Composite (TFC)
Active surface (m?) 2.6
Permeate flow (m3/d) 260
Feed flow (m3/h) <14
Operating pressure (bar) <41
Operating temperature (°C) <45
pH range, continuous (CIP) 2-11
Stabilized salt rejection (%) >97.0 M

@ Test conditions: 2000 ppm MgSQOy, 25 °C, 4.8 bar, and 15% recovery.
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The reagents used in the experiments were NaCl (99.5%, LOBA Chemie, Mumbai,
Indian), MgSO,-7H,O (purity 99%) (99%, Wrinkler), NaOH (0.2 M, Merck, Darmstadt,
Germany), and HySO4 (95%) (95%, Merck).

The experiments allowed for the analysis of four cases:

(1) Case 1: The permeability of pure water

(2) Case 2: Variations in permeate flux and ionic rejection as functions of pressure and
salt concentration.

(38) Case 3: Behaviors of permeate flux and salt rejection as functions of feed water temperature.

(4) Case 4: Variations in permeate flux and ionic rejection at different feed pH levels.

To study Case 1, the experiments were initially conducted in a temperature range
between 20 and 30 °C while varying the operating pressure (4-14 bar). Subsequently, the
experiments were carried out with the pressure fixed at 10.8 bar, while varying the tempera-
ture (20-36 °C). Later, to investigate Case 2, experimental runs were conducted with a feed
flow of NaCl solution (500, 1000, and 2000 ppm) and MgSOy solution (2000 ppm). For these
experiments, the operating pressure ranged from 6.1 to 16.7 bar. Then, to investigate Case
3, a temperature range of 15 to 39 °C was considered. The operating pressure was 10.8 bar,
and the feed flow was a NaCl solution of 2000 ppm. Finally, for Case 4, the operation was
conducted at two different feed pH levels: at pH 8 by adding NaOH and at pH 5 by adding
H,SOy. The experiment was conducted at 3 pressures: 6.1, 10.8, and 13.6 bar. The solution
used was 2000 ppm MgSQOy, and the temperature was maintained at 25 °C.

3. Results and Discussions
3.1. Simulations of Rejection for Each lonic Species

The rejection results for each ion provided by the DSPM and DSPM-DE algorithms are
shown in Figure 8. These results were compared with the data provided by the membrane
manufacturer, aiming to quantify the discrepancies between the simulation results and the
expectations set by the manufacturer. The divalent ions Ca?*, Mg?*, and SO,2~ have higher
rejections, consistent with the experimental information and with what was predicted by the
simulation. This is because these ions are larger than monovalent ions and have a greater
hydration layer. This affects their solvation energy, making it more difficult for them to enter
the pore and consequently increase ionic rejection. However, it was also observed that steric
and Donnan exclusion effects are not the only phenomena explaining the rejection of these
ions. In this regard, the effect of dielectric exclusion affects Ca?* less than Mg?*, as Ca®* has a
smaller hydration layer than Mg?*. This aligns with the findings of Schaep et al. [91].

Comparing the rejection between Na* and K*, both models predict lower rejections
compared to divalent ions. K* has the worst fitting error, 65% and 80% in the DSPM and
DSPM-DE, respectively. Despite potassium having a higher molecular weight than sodium,
both simulation and experimental evidence indicate that K* has a lower rejection than Na*.
This is because K* has a smaller Stokes radius and higher diffusivity than Na*. Therefore,
the difference between the manufacturer’s data and the model results is due to the existing
ionic interaction and the lower relative concentration of potassium in the considered water
matrix. For K*, the DSPM-DE overestimated the rejection of monovalent ions.

In comparing the rejections predicted by the DSPM and DSPM-DIE, it is observed
that the Ca*?, Mg2+, and SO4 2 ions are the ions that best fit both models. In contrast, the
results obtained for K* ions differ from each other, especially when compared to the data
reported by the manufacturer. It is important to note that the models were formulated for
dilute solutions (ionic concentrations below 0.01 M), where interactions between solutes
are very low or negligible, which is why these interactions can be ignored.
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Figure 8. Graph of the rejection reported by the manufacturer and that calculated according to the
DSPM and DSPM-DE applied to brackish water.

3.2. Model Sensitization: Permeate Rate and Membrane Pore Size

The permeate flows obtained with the DSPM and DSPM-DE had errors of 9% and
2%, respectively. Therefore, both models can be used to predict the permeate flow in an
NF process. Consequently, the adjustments incorporated into the DSPM-DE that modify
productivity are not relevant compared to the DSPM.

The DSPM is not the only one that uses the extended Nernst-Planck equation to predict
ionic transport through an NF membrane. However, the characteristic feature of this model lies
in the incorporation of hindrance factors for diffusion (k; ;) and convection (k; ), parameters
that quantify the permeation phenomenon due to the nanometric size of the pores in an NF
membrane. These hindrance factors are a function of the ratio between the solute radius and
the pore radius (Equation (3)), where 0 <A < 0.8. It is stated that a fully developed parabolic
laminar profile is considered for determining the hindrance factors, which are the characteristic
features of the DSPM. By varying the value of A, the hindrance factor values will be modified,
and since the Stokes radius of each ionic species is constant, only the pore size of the membrane
can be varied. Some interesting aspects about the NF process are as follows:

e  Diffusive, convective, and electro-migrative transports as a function of the membrane
pore size. Figure 9a shows that when the pore size is less than, approximately, 1.0 nm,
the contribution of the diffusive mechanism increases significantly. This is why a
dense polymer with a small pore size will behave like a reverse osmosis membrane.
Under such conditions, the transport of matter will be regulated by the solute-solvent
solution—diffusion mechanism through the active layer of the membrane. In contrast,
as the pore size increases, the behavior becomes closer to that of an ultrafiltration mem-
brane. On the other hand, Figure 9b shows an opposite trend in terms of the percentage
of convective contribution. This is because, as the pore size increases, the amount
of fluid passing through the membrane increases, resulting in a greater contribution
from transport due to the observable fluid velocity. Regarding the electro-migrative
mechanism, it was observed that for most ionic species, its contribution was less than
7% of the total, except for the potassium ion, which reached 12% (see Figure 9¢). This
is because potassium is the ionic species with the highest convective contribution,
resulting in greater rejection to maintain the electroneutrality of the solution.

e  Membrane pore size and ionic rejection. The phenomenon of ionic rejection increases
as the pore size decreases (see Figure 9d). This is due to the steric effect, meaning that
size exclusion becomes more significant as the pores become smaller. Additionally, as
evidenced in Figure 9a, the reduction in pore size determines that the contribution of the
diffusive mechanism becomes more predominant, which in turn slows down the transport,
resulting in an increase in rejection for each ionic species. It is also noteworthy that the
sulfate ion experiences much higher rejection, which is attributed to its size.
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e  Variation in permeate flux as a function of the membrane pore radius. The permeate
rate increases as the membrane pore size increases (see Figure 9e). This result is
expected [59,103,104], as it is a behavior observed in various membrane processes
driven by a total pressure difference, such as microfiltration and ultrafiltration, whereas
as the pore size decreases, the permeate rate also decreases, and vice versa. This is
because the permeate rate is directly proportional to the space available for circulation.
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Figure 9. Simulation results (DSPM) for the percentage contributions of mechanisms as a function
of membrane pore size: (a) diffusive mechanism, (b) convective mechanism, (c) electro-migrative
mechanism; (d) ionic rejection as a function of membrane pore size, and (e) permeate rate as a function
of membrane pore size. Operation pressure: 4.8 bar; concentration solutions: see Table 2.
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3.3. Case 1—Experimental: Permeability of Pure Water

Figure 10 shows that the permeate flow in experiments with pure water is directly
proportional to the total pressure difference. Similarly, it was observed that temperature
increases the permeation rate, owing to the decrease in the viscosity of the permeating
liquid, a characteristic behavior for the flow through a porous medium, as described by
Darcy’s Law. Furthermore, the difference between the curves can also be explained by the
effect of temperature on viscosity according to the Arrhenius-Guzman equation [105].
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Figure 10. Permeate flux as a function of the operating pressure of the system.

3.4. Case 2—Experimental: Variations in Permeate Flux and Ionic Rejection as Functions of
Pressure and Salt Concentration

Figure 11a shows that as the operating pressure increases, the ionic rejection increases,
regardless of the feed concentration. This is because increasing the operating pressure
results in a greater increase in permeate flow than in ion flow through the membrane. This
is reflected in the modeling for NF through Equations (1) and (15), which show that ionic
flow depends on the concentration difference, while permeate flow is dependent on the
system pressure. This behavior is like what is observed in reverse osmosis. Therefore,
water transport depends on pressure, but salt transport depends on concentration (Fick’s
Law). Thus, the amount of salt in the permeate is lower, and therefore, the rejection is
higher. On the other hand, with an increase in salt concentration in the feed, ionic rejection
should be lower, keeping pressure and temperature constant. This is because when the feed
concentration is higher, the concentration difference between both sides of the membrane
increases, favoring diffusive transport. Since ionic rejection is described by Equation (18),
selectivity decreases.

Another interesting result to analyze is the high rejection of NaCl by the NFO0 mem-
brane. To explain this behavior, we will consider the results obtained in the computational
simulations, which have shown that the rejection of monovalent ions Na* and C1~ is better
described through the DSPM model, which considers only the steric exclusion mechanism
and Donnan exclusion. From the model sensitization regarding the contributions of each
transport mechanism involving the extended Nernst—Planck equation, the contribution
of the electro-migrative mechanism is less than 4%, indicating that these ionic species
are primarily rejected by steric mechanisms. The NF90 membrane has been classified by
many researchers as a tight nanofiltration membrane due to its small pore size. The high
rejections obtained for NaCl align with the study conducted by Krieg and colleagues [106],
who achieved rejections of 90% for the NF90 membrane. This behavior has enabled some
researchers [52,107] to desalinate seawater using a two-stage process with the NF90 mem-
brane, saving 20-30% of energy compared to a single-stage reverse osmosis process. On
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the other hand, Figure 11b shows that as the salt content of the feed increases, the permeate
flow decreases. This is related to the increase in the osmotic contribution of the solution,
according to Equation (15), which results in a decrease in the net operating pressure dif-
ference, thereby causing the permeate flow to decrease. As observed in Figure 10, a linear
relationship between the permeate flow and pressure was expected, However, the distri-
bution pattern of the points can be attributed to membrane compression, along with the
phenomenon of polarization [108], and undetected temperature changes in the experiment
that are explained through the Arrhenius-Guzman equation [105].
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Figure 11. Effect of pressure and salt concentration on (a) salt rejection and (b) permeate flow. NaCl
solutions of 500 ppm, 1000 ppm, and 2000 ppm.

The rejection of MgSQOy is higher than the rejection of NaCl (see Figure 12), due to the
larger size of the Mg?* and SO, 2 ions compared to Na* and Cl~, as well as electrostatic
and dielectric effects. The experimental rejections for multivalent ions are supported
by the results of the DSPM-DE. Based on the model sensitization, the electro-migrative
contribution is very low (around 4% of the total transport), indicating that the rejection of
divalent ions is predominantly of a steric nature. On the other hand, the permeate fluxes
for the 2000 ppm NaCl and 2000 ppm MgSQOj, solutions show an average difference of over
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4%, with higher rejection for the NaCl solution. This can be explained by the high rejection
of the NFO0 membrane to both types of ions, leading to an increase in osmotic pressures
and resulting in similar permeate fluxes.
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Figure 12. Comparative graphs of the 2000 ppm NaCl and 2000 ppm MgSOy solutions: (a) salt
rejection and (b) permeate flux.

3.5. Case 3—Experimental: Behavior of Permeate Flux and Salt Rejection as a Function of Feed
Water Temperature

Figure 13 shows experimental permeate flux results for pure water and for an aqueous
NaCl solution. In both cases, permeation increases with temperature due to the viscous
effect of the liquid. Comparing both curves, it was observed that the permeate flux of the
solution was always lower than that of pure water at the same operating temperature. This
is because the osmotic effect reduces the net pressure difference, which is the driving force
for permeation. This behavior is like that of the RO process, especially considering that
the NF membrane has a rejection of NaCl greater than 80%. On the other hand, Figure 13
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shows that the rejection of NaCl increases with the rise in temperature. Similar to the
reverse osmosis process, water permeation through an NF membrane is favored by thermal
elevation without affecting solute flux in the same way. Consequently, there will be a
permeate with a lower salt concentration, resulting in higher rejection.
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Figure 13. (a) Comparison of the permeate flux density as a function of feed temperature for pure
water and a 2000 ppm NaCl solution. Pressure: 10.8 bar. (b) Variation in ionic rejection as a function
of feed temperature for NF. NaCl solution of 2000 ppm and pressure of 10.8 bar.

3.6. Case 4—Experimental: Variations in Permeate Flux and lonic Rejection at Different Feed
pH Levels

Figure 14 shows the effect of pH on the rejection of MgSQOy4, with a noticeable decrease
in rejection at acidic pH levels (4.0) compared to the behavior at basic pH (8.0), estimating a
significant difference in the range of 10 to 30 percentage points. The relationship between
ionic rejection and pressure followed the expected pattern, increasing as the pressure
rose. However, a significantly lower rejection was observed at an acidic pH compared to
the experimentation carried out at a basic pH. To explain this behavior, it is necessary to
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mention that the NF 90 membrane has its isoelectric point at pH 4.5. At this value, the
electric charge density is close to zero, making the rejection due to Donnan’s electrostatic
effects practically negligible. The steeper slope for pH 4.0 could indicate the favoring of
transport mechanisms other than electrostatic effects. On the other hand, it is reported that
the permeate flux did not show significant differences.
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Figure 14. Comparison of ionic rejection at different pH values.

4. Conclusions

The DSPM and DSPM-DE theories have facilitated the description of mechanisms
involving simultaneous diffusive, convective, and dielectric exclusion processes. This
study, from both a theoretical and experimental perspective, delved into the research
of nanofiltration, interpreting results in the context of the constitutive equations of the
DSPM and DSPM-DE theories. Mathematical simulations were conducted, resulting in
calculation algorithms that were fine-tuned for various operating conditions and membrane
NF porosity levels.

Under certain operating conditions, nanofiltration approximates the behavior of re-
verse osmosis, where the diffusive mechanism is the most relevant transport through the
membrane. For other operating conditions and sensitivities, the mechanisms of electro-
static interaction, dielectric exclusion, and Donnan exclusion become relevant, manifesting
themselves both at the membrane surface and inside the pores.

An adequate combination of both theories allows for an approximation to the real
behavior of nanofiltration. Although their theoretical basis is similar—the dielectric exclu-
sion of a charged membrane in contact with ionic solutions—for some ions of different size
and charge, the DSPM theory based on a polarized layer due to electrostatic interactions
between ions in solution is appropriate, while the DSPM-DE theory, which predicts a
solvation energy barrier formed by ions in solution, is the approach closest to experimental
reality. The initial simulations show a good fit to the brackish data from northern Chile.

The simulations showed that monovalent ions are more appropriately fitted to the
DSPM, while divalent ions are fitted to the DSPM-DE, regardless of the type of feedwater
used. In particular, the DSPM adapted to the monovalent cation sodium, while the DSPM-
DE adapted to the divalent cation magnesium. Emphasis is placed on the need to consider
the electroneutrality of each result obtained, calculated by the algorithms of the models. In
particular, the model sensitivity analysis of the DSPM showed that it adequately predicted
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NF for membranes with pore sizes ranging from 0.5 nm to 3.5 nm. For values outside this
range, the model experienced convergence issues.

Experimentally, the NFOO membrane exhibited an average salt rejection of approxi-
mately 85% for NaCl and 98% for MgSQOy,, with results obtained at neutral or slightly basic
pH levels.
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