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ABSTRACT
Water puriﬁcation from brackish water sources has been acknowledged as one of the most promising ways to produce drinkable water in
water-scarce areas. In this study, an ultra-low pressure reverse osmosis (ULPRO) membrane was numerically and experimentally investigated
to produce drinking water by the removal of sodium chloride salt which provides further validation of the model from a practical perspective.
An enhanced predictive model based on the Donnan–Steric Pore Model with dielectric exclusion (DSPM-DE) incorporating the osmotic effects
was formulated in process simulation. The feed pressure and concentration were optimized as input variables and interaction between them
was observed, while salt rejection and water recovery rate were taken as response attributes. The results obtained on the ULPRO membrane
showed that the performance depends on the charge, steric, and dielectric effects. Furthermore, the enhanced model was validated with the
experimental data attained from a laboratory-scale ﬁltration system with good accuracy in the salt rejection and water recovery results. Comparing the enhanced DSPM-DE with the existing solution diffusion model reveals that the enhanced model predicts the membrane
performance better and thereby qualiﬁes itself as a reliable model for desalination of brackish water using ULPRO membrane.
Key words: brackish water, experimental validation, modelling, simulation, ultra-low-pressure membrane
HIGHLIGHTS

•
•
•
•
•

An enhanced DSPM with a dielectric exclusion model for ULPRO membrane is developed.
Predicted ULPRO membrane performance for low operating pressure of 1 to 4 bar.
Predicted ULPRO membrane performance for brackish water at salinity up to 2,000 ppm.
Model validated through experimental data for salt rejection and water recovery with good accuracy.
Enhanced model predicts salt rejection better than using solution diffusion model.

NOMENCLATURE
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Active membrane area, m2
Mean membrane porosity, %
Feed ion concentration, mol/m3
Permeate ion concentration, mol/m3
Membrane wall ion concentration, mol/m3
Ion concentration inside the membrane, mol/m3
Ion concentration on the feed-membrane surface, mol/m3
Solute diffusivity, m2/s
Feed channel hydraulic diameter, m
Hindered diffusion, m2/s
Diffusion coefﬁcient of the solute at inﬁnite diffusion, m2/s
Thickness of a layer of oriented water molecules, m
Diameter of the element, m
Magnitude of electron charge, C
Absolute permittivity of vacuum, F/m

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).

Downloaded from http://iwaponline.com/wst/article-pdf/84/10-11/3372/967945/wst084103372.pdf
by guest

Water Science & Technology Vol 84 No 10-11, 3373

1f
1p
1
F
hf
ji
Jw
k
kB
Ki,c
Ki,d
Ki,1
l
L
Pf
Qf
Qp
Rg
Ri
Rec
rp
ri
T
u
v
Vi
x
Xd
zi
m
li
h
ho
c
fi
fB
DGi
DP
DP
Dx
Sc
Pei
Re

Relative permittivity of solvent in bulk feed
Relative permittivity of solvent within the pore
Dielectric constant
Faraday’s constant, C/mol
Feed channel height, m
Ion molar ﬂux, mol/m2.s
Solvent permeation ﬂux, m3/m2.s
Feed mass transfer coefﬁcient, m/s
Boltzmann constant, 1.381023 J/K
Convection hindrance factor
Diffusion hindrance factor
Bulk hindrance factor
Length along the feed channel in the feed ﬂow direction, m
Membrane length, m
Feed pressure, bar
Feed ﬂowrate, m3/h
Permeate ﬂow rate, m3/h
Ideal gas constant, J/mol.K
Rejection of ion i, %
Recovery rate, %
Effective pore radius, m
Stokes ion radius, m
Temperature, K
Solvent velocity, m/s
Kinematic viscosity, m2/s
Partial molar volume of ion i, m3/mol
Distance normal to the membrane, m
Effective volumetric membrane charge density, mol/m3
Charge of individual ion
Kinematic viscosity, Pa.s
Ion radius to membrane pore radius ratio
Solvent dynamic viscosity within the pore, Pa.s
Solvent dynamic viscosity, Pa.s
Electric potential in the membrane, V
Steric partitioning factor
Born solvation partitioning factor
Gibbs free energy of solvation
Osmotic pressure, bar
Applied pressure drop, bar
Effective membrane layer thickness, m
Schmidt number
Peclet number
Reynolds number

1. INTRODUCTION
One of the most serious issues impacting individuals around the world is water scarcity, with more than 1.2 billion individuals
currently lacking access to clean drinking water (Carolyn et al. 2020). Experts predict that by 2030, global water consumption
will be 40% higher than its availability (Patrick 2012). Malaysia is not exceptional from this issue, especially in coastal regions
and rural areas (Chew et al. 2016). In East Malaysia, water stress is much higher compared to West Malaysia, as this area is
prone to a long dry season due to monsoonal seasonal changes (Yusof et al. 2019). As claimed by the local government, it is a
daunting task to provide safe ﬁltered water in the states of the East Malaysia region, as half of its population lives in hilly,
rugged and remote rural areas. Under the 12th Malaysia Plan, this state of Sarawak intends to invest RM 18 billion in the
next ﬁve years to develop more water supply projects (Wong 2020). This shows that the community in Sarawak needs alternative water sources to produce more potable water for the community. The river water in this state of Sarawak may be an ideal
place for processing and producing low-cost drinking water using low-pressure membranes as suggested by Manson et al.
(2018). Approximately 60% of its coastline is covered by mangrove forests (Long 2014) which grow in coastal saline or brackish water. Almost all of the brackish water belongs to channels found in deeper waters that are possibly inﬂuenced by the
invasion of rivers from Sarawak’s mainland rivers such as the Rajang River and Baram River. The heavy tropical area rainfall
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is another aspect that could have led to the low salinity of the waters. Therefore, since it is surrounded by vast source of brackish water which has a salinity range from 500 at the estuaries to 30,000 ppm at the nearshore area (Pereira et al. 2019),
desalting of brackish water is one of the ways to supply communities that have difﬁculty in accessing freshwater, with potable
clean water.
Desalination of brackish water using reverse osmosis (RO) has been one of the ultimate effective methods for addressing
water scarcity (Pan et al. 2020). Unfortunately, this technology is costly, less acceptable, and unaffordable for many countries
(Kausley et al. 2018). It is an extensive energy process as the range for desalination of brackish water using the RO process is
from 17 to 27 bar (Kondili 2012) which is considerably high and thus can result in high capital costs, as well as a high level of
labor competence to manage such a huge infrastructure (Shenvi et al. 2015). Due to these drawbacks, developing countries
such as Malaysia cannot afford to apply this technology and the development of such water treatment facilities may be hindered. This process can be improved further with the development of membranes that are more energy efﬁcient and easier to
operate compared to current technologies (Ozaki et al. 2000).
The energy extensive and cost-prohibitive nature of RO membranes as pressure-driven systems has led to the advent of the
ultra-low pressure reverse osmosis (ULPRO) membrane, which offers a viable alternative as it is able to remove certain
solutes from water as effectively as the RO, while using far less operating pressure (less than 5 bar) (Ozaki 2004; Xu et al.
2008). The ULPRO membrane has been classiﬁed under the category of nanoﬁltration (NF) due to its porous characteristic
(Ozaki 2004). However, it is upgraded over other commercial low-pressure NF membranes in solute dismissal and ﬂux
advancement (Prayoga et al. 2021). The ULPRO membrane produces twice the ﬂux of the existing composite RO membrane
at a lower working pressure, while maintaining a high removal degree of salt and organic compounds (Ozaki et al. 2000;
Prayoga et al. 2021). It is developed as an energy-saving membrane (Gerard et al. 1998) with selectivity properties of fractionating low-molecular-weight ions of different values and high water permeability (Hilal et al. 2004). In addition, the ULPRO
membrane is also capable of removing both anionic and cationic pollutants together with organic compounds of molecular
weight cut-off (MCWO) 200–400 Da (Nguyen et al. 2013; Imbrogno & Schäfer 2019; Haﬁz et al. 2021). Subsequently,
ULPRO is a good alternative for treating and processing brackish water for a variety of industrial applications including
drinking water production (Van der Bruggen & Vandecasteele 2003).
The capability to estimate the efﬁciency of ULPRO membrane rejection is essential in process design and operation. Both
structural and functional criteria such as the effective pore radius, the active layer thickness to membrane porosity ratio, the
permeability of the membrane towards certain salts, and the electrical properties, in particular membrane charge density, are
often used to describe NF membranes (Micari et al. 2020). In this study, an NF-based model, speciﬁcally Donnan–Steric Pore
Model with dielectric exclusion (DSPM-DE) is employed as the basis to formulate the ULPRO system model. One of the limitations of the previous research using this DSPM-DE model was that the rejections of ions were predicted on a speciﬁed ﬂux
without accounting for the osmotic effects for high salt concentration solution (Mohammad et al. 2007). Since brackish water
and the ULPRO membrane system is used in this study, the osmotic effect induced by salt concentrations at the membrane
wall is expected to inﬂuence the ﬂux inside the membrane system, considering that the ULPRO membrane has a smaller pore
radius compared to other low-pressure NF membranes. As the membrane pore size is relatively smaller, the osmotic pressure
difference will affect the ﬂux inside the membrane. Since NF membrane usually rejects most of the divalent ions (70–90%)
while monovalent ions such as sodium ion, Naþ and chloride ion, Cl are only rejected to a certain percentage (30–80%)
(Van der Bruggen et al. 2004; Mukherjee 2014), these monovalent ions may inﬂuence the observed rejections and thus
affect the overall osmotic pressure in the ULPRO membrane. This shows that comprehensive modelling and simulation
studies that are validated experimentally are essential to understand the transport mechanism of solute inside the ULPRO
membrane. Such analysis would provide a deeper understanding of the inﬂuence of the membrane properties and feed condition on the membrane system performance (Chew et al. 2016).
Therefore, the primary goal of the contribution in this work is to develop an experimentally validated enhanced DSPM-DE
model for the ULPRO membrane system by considering the osmotic effects to simulate the process to further improve its predictive performance outcome, which will aid to further understanding to users in the mechanism of the ULPRO process.
From the enhanced formulated model, the effect of applied pressure and salinity are examined for its salt rejection and
water recovery performances and validated with data obtained from actual laboratory experiments. Comparison with the
existing solution diffusion model to show the superiority of the enhanced model has also been carried out.
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2. ENHANCED MODEL OF ULPRO MEMBRANE SYSTEM
In this work, the enhanced DPSM-DE model formulated is an improved model to the original DSPM which accounts for
Donnan, dielectric, and steric exclusion effects by solving the Extended Nernst–Planck (ENP) equation for each solute
species inside the membrane system using the boundary conditions at the membrane wall (Roy & Sharqawy 2015). This
DSPM-DE model is found to be particularly effective in predicting the rejection ion Ca2þ and Mg2þ according to Bowen
& Welfoot (2002b). Researchers who have recently developed a model for the NF system have also employed this DSPMDE model which showed great reliability in predicting the membrane performance (Agboola et al. 2015; Roy & Sharqawy
2015). For most NF systems, this dielectric exclusion mechanism dominates other mechanisms used to describe the dielectric
exclusion, which involves image charges that build at the bulk solution–membrane interface (Bowen & Mohammad 1998;
Bowen & Welfoot 2002a). The schematic diagram of the coordinate system employed is shown in Figure S.1 in the supplementary materials. In this work, sodium chloride (NaCl) salt is used to represent the salinity since dissolved ions in
brackish water are comprised mainly of Naþ and Cl ions (Gray et al. 2011).
The assumptions below were applied for the development of the model equations (Bowen & Yousef 2003; Agboola et al.
2015):

•
•
•
•
•
•
•
•
•
•
•
•
•

The solution is assumed to behave ideally.
The solute is assumed to be spherical in shape.
The transport mechanism inside the pore is governed by diffusion, electromigration, and convection.
The ‘restricted’ transport is deﬁned by incorporating the hindrance factors for diffusion and for convection.
The ﬂow inside the pore is considered to be laminar and Hagen–Poiseuille model is applied to determine the velocity of the
solvent.
Operating pressure affects the chemical potential of the solute.
Solvent inside the pores is composed of a layer of oriented water particles.
Variation of dielectric constant and viscosity of solvent in the pore is factored into equations.
The membrane’s surface concentration polarization is neglected.
Concentration does not inﬂuence the diffusion coefﬁcient and partial molar volume inside the pore.
The pore interface separation is caused by steric, Donnan effect, and dielectric exclusion.
The electroviscous term for the ion’s velocity within the solvent is neglected.
Axial variation of the concentration and potential gradient is applied, while radial variation is neglected.

Based on those assumptions, the main modelling equations are formulated which consists of Equation (1) to (29) can be
referred to Table S.1 in the supplementary materials. The ENP in Equation (1) describes the molar ﬂux of ion i involving the
three main mechanisms of ion transport: diffusion (owing to the concentration gradient), electromigration (owing to the electric potential gradient), and convective forces (owing to the pressure gradient) correspondingly. The hindered diffusivity
coefﬁcient of ion, Di,p in Equation (1) is the diffusivity of salt inside the pore and is obtained through Equation (2). The diffusion coefﬁcient of NaCl at inﬁnite diffusion, Di,1 is 16.1 m2/s (Imbrogno & Schäfer 2019) which is obtained from the Wilke–
Chang equation (Fei & Bart 2001). The hindered nature of ion transportation in the NF membrane due to extremely small
pore size (Anderson & Quinn 1974; Davidson & Deen 1988) is represented as diffusion hindrance factor, Ki,d and convection
hindrance factor, Ki,c in Equations (3) and (4). The diffusion and convection hindrance factors are controlled by the coefﬁcient of steric partitioning, fi which is the relation between the boundary conditions for concentration in the feed-membrane
interface. Ki,d and Ki,c are determined by calculating the ion-to-pore radii ratio as shown in Equation (5). The ionic radii, ri is
obtained from Stokes’ radius from the Stokes–Einstein equation in Equation (6) (Deen 1987) which is 0.13 nm for NaCl
(Imbrogno & Schäfer 2019).
Moreover, since the solute is considered to be spherical in shape, Stokes’ radius is predominantly viewed as the best parameter to represent the solute size (Davidson & Deen 1988). Born solvation energy, fB which is also contributing to the
partitioning as shown in Equation (7) is calculated using Gibbs’ free energy of solvation, DGi in Equation (8) that was derived
from the Born model (Hussain et al. 2006). The change of viscosity inside the pore that is required to determine the pore
diffusion coefﬁcient, Di,p is obtained through Equation (8). The average pore dielectric, 1p is calculated as described in
Equation (10) by guessing that oriented water particles layer with the thickness, d and dielectric constant 1 is coating the
pore wall and the interior section of the pore has the relative permittivity of solvent in bulk feed, 1f taken as 78.4, which
is the value of pure water dielectric constant at room temperature (Ellison 2007).
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The mass transfer coefﬁcient, ki for spiral wound membrane as shown in Equation (11) is determined once the dimensionless Schmidt number (Equation 12) and the Peclet number (Equation 13) are calculated. Moreover, the pressure drop of the
membrane system is obtained through Equation (14) by ﬁrst determining the friction factor and the Reynolds number as
shown in Equation (15). Since the ion concentrations are restricted by the electroneutrality condition in Equations (16) to
(18), it can be written as the concentration gradient of individual ions, ci by Equation (19) while the electric potential gradient
is presented by Equation (20). The partitioning of ions at the membrane interface which is caused by the steric effect (fi ),
Donnan exclusion effect (DcD,0 ), and the dielectric exclusion effect (DWi,0 ) is described by Equation (21). The Hagen–Poiseuille equation is used to compute the transmembrane solvent ﬂow in Equation (22) and determine the relationship
between applied pressure and permeate ﬂux.
Since the osmotic effect is considered in this work, the Van ’t Hoff equation is incorporated into the DSPM-DE model to
calculate the osmotic pressure and the permeate ﬂux due to its simplicity, as shown in Equation (23). The salt rejection and
the ion recovery rate for species i are given by Equations (24) and (25). To solve the model equations, boundary conditions for
each ion concentration in the feed and permeate sides are deﬁned as Equations (26) and (27). Lastly, the feed and permeate
Donnan potential can be denoted by using Equations (28) and (29) respectively.

3. METHODOLOGY
The procedures in this analysis are divided into two sections: (1) modelling and simulation steps, and (2) experimental steps.
The main equations used in the enhanced model are summarized in Table S.1 in supplementary materials and the modelling
and simulation details are given in Section 3.1. Next, the experiments are carried out by using the Vontron ULPRO membrane (ULP32-8040) and the steps in performing the experiments are discussed in detail in Section 3.2.
3.1. Modelling and simulation
In this study, the ULPRO membrane (ULP32-8040) manufactured by Vontron Technology Ltd was utilized. Since this Vontron ULP32-8040 membrane is only applicable for salt concentration up to 2,000 ppm (Vontron 2016), the salinity of the
brackish water is simulated from 500 ppm to 2,000 ppm only. The ULPRO membrane module is made of synthetic aromatic
polyamide in the spiral wound conﬁguration with a stable rejection rate at 95%, average permeate ﬂow at 39.7 m3/day, effective membrane area of 37 m2, and operating pressure up to 41.4 bar (Vontron 2016). The general parameters such as active
membrane area and the operating conditions are listed in Table 1. The model equations in Table S.1 were simultaneously
solved to predict the salt rejection and the water recovery rate.
A programming and numeric computing platform called MATLAB 7.7 (R2011b) was utilized to solve the model equations.
A ﬂow chart of the enhanced model integration, which describes the structure and steps to integrate, calculate and solve the
model equations, is shown in Figure S.2 in the supplementary materials. The component ﬂuxes and concentration proﬁles
inside the membrane could not be solved independently in these models. As a result, the problem-solving process has to
be iterative.
First, the model equations for the feed-membrane interface, the membrane active layer and the membrane-permeate interface
were linearized. Based on the linearized equations, a degree-of-freedom analysis was carried out to ensure that the simulation
problem is well posed (Geraldes & Alves 2008). The required operating conditions were set and the necessary parameters such
as hindrance factors, pore diffusion coefﬁcient and mass transfer coefﬁcient were calculated ﬁrst before solving the non-linear
ordinary differential equations (ODE). The solution of the model starts with an initial guess for Ci,p values of each solute. In this
way, the ODEs as shown in Equations (13) and (14) in Table S.1 formed by the concentration gradient can be integrated over the
boundary layer and membrane thickness to get the new Ci,p values,. In addition, since Jw are dependent on Ci,w due to the osmotic pressure difference, an internal loop was needed to solve the equations. This value must be recalculated at each iteration step.
In order to solve the fourth-order non-linear ODEs, the implicit Runge–Kutta algorithm using the Newton–Raphson method
was applied (Xie 2011) to solve the relationship of the membrane-permeate concentration. The simulation ended when the concentrations of membrane wall and the permeate converged and the required TDS level for drinking water which is 300 ppm
according to WHO Guidelines for Drinking-water Quality was achieved (WHO 2011).
3.2. Experiment
Experiments were conducted in a single pass open circuit as shown in Figure 1 with the cross-ﬂow mode of operation using
Vontron’s ULP32-8,040 membrane module. The primary components in the production of drinkable water in this analysis are

Downloaded from http://iwaponline.com/wst/article-pdf/84/10-11/3372/967945/wst084103372.pdf
by guest

Water Science & Technology Vol 84 No 10-11, 3377

Table 1 | Modelling parameter and the operating conditions
Parameter

Value

Feed condition
Feed temperature, Tf (°C)

26

Feed pressure, Pf (bar)

1, 2, 3 & 4

Feed ﬂowrate, Qf (m3/h)

0.04

Feed concentration, Cf (ppm)

500, 1,000, 1,500 and 2,000

Feed pH

6

Solvent velocity, uw (m/s)

0.5

Water properties
Density of water, rw (kg/m3)

998

Dynamic viscosity of water, hw (N.s/m2)

0.89  103

Kinematic viscosity of water, vw (m2/s)

0.91  103

2

Diffusivity of water, Dw (m /s)

1.2  109

Sodium Chloride (NaCl) properties
Osmotic coefﬁcient of NaCl

0.93

Molecular weight of NaCl, MW (g/mol)

58.4

Diffusivity of NaCl, D (m2/s)

1.34  109

Average density of NaCl, r (kg/m3)

1,010 at 26 °C

Dynamic viscosity of NaCl, h (N.s/m2)

0.0007

Kinematic viscosity of NaCl, v (m2/s)

9.2  107

Membrane characteristics
Membrane type

ULP32-8040

Length, L (m)

1a

Active membrane area, A (m2)

37a

Diameter of element, de (m)

0.2a

Length along the feed channel in the feed ﬂow direction, l (m)

1.016

Hydraulic diameter of the feed channel, Dh (m)

0.2019

Feed channel height, hf (m)

0.5

Mixing length of the spacer, Lmix (m)

1

a

Reference: Vontron (2016).

Figure 1 | Schematic diagram of brackish water treatment system in a cross-ﬂow conﬁguration.

a feed tank, a pump unit, and the ULPRO membrane system. Different pieces of piping, a ﬂow meter, valves, and connectors
complete the setup. A permeability test was ﬁrst performed to measure the pure water permeability (PWP) by assuming the
osmotic pressure difference to be zero. Pure water ﬂux was determined by using the transmembrane solvent ﬂux as described
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in Equation (16) in Table S.1. Experiments with pure water were carried out with varied transmembrane pressures (TMP) to
determine the pore size for the membrane’s active surface by evaluating the ﬂux inside the membrane system.
By changing the applied feed pressure from 1 bar to 4 bar, the permeate and the retentate ﬂow were calculated at different
feed concentrations (500 to 2,000 ppm). The salt rejection and the water recovery rate of the membrane were computed by
using Equations (18) and (19) in Table S.1.
The conductivity of the feed and permeate solutions were measured at room temperature using a conductivity meter to
obtain the salt concentration. The permeate ﬂow rate was measured with a measuring cylinder, a high-accuracy balance
and a stopwatch. After every run, the system was thoroughly backwashed with clean water for several minutes and completely
drained afterward. Every experiment of ﬁltration was repeated at least twice to achieve acceptable reproducibility.

4. RESULTS AND DISCUSSION
4.1. Simulation results
In the simulation study, the effect of the performance of the membrane system based on salt rejection and water recovery rate
has been carried out. The rejection performance of the ULPRO membrane was analyzed as a function of its structural and
electrical characteristics, which is beneﬁcial to both theoretical and membrane characterization studies.
4.1.1. Effect of applied pressure on salt rejection
Based on the computational model, the relationship of applied pressure with the salt rejection is displayed in Figure 2. The
permeate salt concentration decreased with increasing applied pressure due to the rise of the preferential sorption of the
membrane surface for pure water at higher operating pressure. According to Abidi et al. (2016), Naþ ions are able to partially
get caught and trapped inside the membrane pores with a diameter of around 1 nm by the surface forces of the membrane
which include friction forces and electrostatic forces. This showed that the diffusive solvent transport via membrane in
this study is lower than convective transport at high operating pressure. The convective transport becomes the governing
mechanism that allows the permeate salt concentration to decrease as the applied pressure goes up (Chai et al. 1997). Moreover, the membrane is considered as a negatively charged membrane at operating pH range of 3 to 10 during continuous

Figure 2 | Effect of applied pressure on the simulation salt rejection of the ULPRO membrane.
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operation (Abidi et al. 2016; Vontron 2016). The surface forces remain constant while the water ﬂux continues to increase
with the feed pressure and thus causing the permeate concentration to decrease and the salt rejection to increase (Abidi
et al. 2016).
When Born’s effective radius was implemented, the degree of rejection for positive charge ion showed a slight increase
compared with the negative ion, as the sodium ion size is smaller than the chloride ion (Hussain et al. 2006). Moreover, it
was observable that the Donnan distribution is predominant compared to the steric effects when using Born’s effective
radii. In addition, the Donnan factor, which is contributed by effective membrane charge density played a signiﬁcant role
in the membrane transport mechanism and thus described this ULPRO membrane as having a tight membrane structure
(Ali et al. 2014). From these observations, the desired membrane separation performance is more favorable for membranes
with high Donnan factors with smaller membrane pore sizes (Sidek et al. 2014).
4.1.2. Effect of applied pressure on water recovery rate
Based on the model that has been solved using MATLAB, the relationship of applied pressure with the water recovery is displayed in Figure 3. The graph shows a linear relationship between the applied pressure and the recovery rate. The recovery
percentage is inversely proportional to permeate ﬂow rate and rejection percentage given other parameters such as TDS feed
water, operating pressure, and temperature of the feed water remains the same.
4.2 Experimental results
4.2.1. ULPRO membrane characteristics
Based on the experiments, PWP was obtained as the slope of the linear relationship between applied pressure and the pure
water permeate ﬂux (Baker 2012) and determined to be 6.47+1.5 L/m2.h.bar. By comparing the water permeability ﬂux of
this ULPRO membrane with other commercialized membranes as shown in Table 2, it can be seen that this ULPRO Vontron
ULP32-8040 membrane used in this has a lower permeability value than the NF-90 and the NF-270. This value describes the
characteristic of the membrane as having a small pore size and low porosity.

Figure 3 | Effect of applied pressure on the simulation water recovery rate of the ULPRO membrane at NaCl concentrations of 1,000 ppm and
2,000 ppm.
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Table 2 | Pore size of the various membrane and its percentage difference with Vontron ULP32-8040 membrane
ULPRO membrane

PWP (L/m2.h.bar)

Mean pore radius (nm)

Pore size difference (%)

ULP32-8040 (Vontron)

6.47 + 1.5

0.33

n.a.

NF-90 (tight) (Dow/Filmtec)

8 + 2a

0.35a

þ6

NF-270 (loose) (Dow/Filmtec)

14 + 2

a

a

0.40

þ 21

n.a. Not applicable.
a

Reference: Imbrogno & Schäfer (2019).

The membrane-speciﬁc parameters such as the membrane effective pore radius, the pore dielectric constant, the membrane
volumetric charge density, and the ratio of the membrane active layer thickness to porosity were determined by comparing
model calculations with existing ULPRO data. The average pore radius of the membrane, rp is determined to be 0.33 nm by
ﬁtting the experimental data to the results of the enhanced DSPM-DE model. It can be seen from data in Table 2 that this
Vontron ULPRO membrane is a tight NF membrane as its mean pore radius is less than NF-90. Subsequently, the active membrane thickness, Dx can be simply calculated by determining the slope in Equation (22) in Table S.1 as a function of the
rp2
Dx
measured effective pore radius, i.e. A
¼ slope
(Dalwani et al. 2011; Baker 2012). The calculated active layer thickness to pork
osity ratio, Dx=Ak was about 1 μm. Next, the ratio of ion radius to membrane pore radius, li was calculated and found to be
1.84 and 1.21 for Naþ and Cl ions, respectively. In addition, by ﬁtting with experiments with NaCl rejection data (Oatley
et al. 2012; Roy & Sharqawy 2015), the ULP32-8040 membrane has a pore dielectric constant, 1p of 38. The membrane volumetric charge density, Xd was determined to be 34 mol/m3 by ﬁtting to the concentration of solute, the pH of the solution and
the nature of solute and solvent explicitly. Therefore, this ULPRO membrane can be considered as having high li and low Xd ,
and is classiﬁed under the NF membrane system that has a high membrane structure with low membrane charge density.
Indeed, it can be seen that the value of the parameters shown in Table 3 which are used in characterizing a membrane can
be considered to be unique for the ULPRO membrane. The ﬁrst three parameters are unaffected by the amount of salt in the
feed, the pH of the solution, or the type of the solute (Bowen & Mohammad 1998). However, if any of these parameters are
ﬁtted to data for other solutes, these values may change slightly (Bowen & Mohammad 1998; Bowen & Welfoot 2002a;
Oatley et al. 2012).
4.2.2. Effect of applied pressure on salt rejection
The performance of the ULPRO membrane is evaluated under different operating pressures. The easiest technique to measure
the salinity is by measuring the conductivity of the feed and the permeate. The experiment data collected were converted from
conductivity to concentration through the relationship of 1 μS/cm equivalent to 0.64 ppm.
Based on the experiments, the effect of operating pressure on the salt rejection rate with its standard deviation at room
temperature (26 °C) is shown in Figure 4. It was discovered that, as the feed pressure increased, the salt rejection and the
permeation ﬂux increased. At the feed pressure of 4 bar, the membrane rejected more salt that ﬂowed through the brine
stream, while less salt passed through the membrane to the permeate stream with a rejection rate of 99 + 1% for 500 and
1,000 ppm salt concentration, 98% + 1 for 1,500 ppm and 97% + 1 for 2,000 ppm. These promising values for water treatment application could be described by the steric hindrance mechanism and the effect of the Donnan factor due to the fact
that this ULPRO has a relatively small pore size. These two effects which play a signiﬁcant role in tight membrane structure
and for membrane of having strong ion repulsion by the membrane charge density, causes the salt rejection performance to

Table 3 | Membrane characterization parameters
Parameter

Value

rp
Dx
Ak
1p

0.33 nm

Xd

34 mol/m3
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Figure 4 | Effect of applied pressure on the experimental salt rejection of the ULPRO membrane.

increase as shown by Ali et al. (2014) and Bowen & Mohammad (1998) under a hindrance factor mechanism. Likewise, the
salt diffusive transport across the membrane is greater than that of convective transport at low feed pressure. Convective
transport becomes increasingly signiﬁcant as the applied pressure increases, allowing the ion concentration in the permeate
to drop (Chai et al. 1997).
4.2.3. Effect of applied pressure on water recovery rate
Based on the experiments done in this study, the relationship of applied pressure with the water recovery is showed in Figure 5
for the concentration of 1,000 and 2,000 ppm. With the increase of feed concentration, the permeate ﬂow and recovery rate
have shown a reduced pattern. A factor that contributes to this outcome is that as the salt concentration in the feed water
increases, the osmotic pressure becomes increased too and thus causing the effective pore radius of the membrane to
become decreased due to the solute adsorption on the membrane surface, and the inﬂuence of concentration polarization.
This result is in agreement with ﬁndings obtained by Ahn et al. (1999). The change in water recovery rate for this membrane
is not very signiﬁcant as the feed pressure increases and it is relatively low compared to other brackish water desalination
membranes, which commonly achieve a 50% to 75% recovery rate. The low value of the water recovery rate can be due
to having no recycling of the retentate back into the system. It is believed that the recycling system can help to produce
more permeate ﬂow and thus results in a high water recovery rate compared with the normal rate of 50% to 75%.
Figure 5 shows that the water recovery rate increases linearly from 1 bar to 3 bar and starts to show slow increment starting
at 3.5 bar to 4 bar. The graph is compatible with the theory that as the feed pressure increases, more permeate water is produced and thus gives a higher water recovery rate. However, the slow increment at 3.5 bar to 4 bar is likely to have been
caused by the internal concentration polarization (Obotey Ezugbe & Rathilal 2020) which describes the accumulation of
ions in the boundary layer. It elevates the osmotic pressure at the top of the membrane, causing a reduction in the solvent
permeation ﬂux, Jw (Koseoglu et al. 2018), and thus resulting in the permeate ﬂow to decrease as well. However, the
higher applied pressure moderately overcomes this phenomenon which causes the recovery rate to increase slowly.
Fundamentally, the maximum water recovery of the ULPRO membrane is determined by the concentration of salt in the
feedwater and the potential of salts to precipitate on the membrane surface rather than by the osmotic pressure. From
Figure 5, the recovery rate for feedwater with lower salt concentration is higher than feedwater with higher salt content;
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Figure 5 | Effect of applied pressure on the experimental water recovery of the ULPRO membrane at NaCl concentrations of 1,000 ppm and
2,000 ppm.

for example, at 4 bar, the recovery rate for 1,000 ppm and 2,000 ppm salinity is 14.4% and 12.4%, respectively. Based on the
manual provided by Vontron (Vontron 2016), this membrane normally achieved a 15% recovery rate during the test with
2,000 ppm of salt concentration at 10 bar. Therefore, these values of the water recovery rate at different feed pressure
obtained in this experiment can be considered to be acceptable at different pressures..
4.3. Comparison between simulation and experimental result
The simulation results of the enhanced model were validated and compared with the experimental data for various concentrations of NaCl at different feed pressure, as shown in Figure 6. The mean squared error for salt rejection between these two
results was calculated and found to be 0.6. The model prediction was demonstrated to be in good agreement with the experiment results.
Comparison between simulation and experimental results for water recovery rate has also been made. In Figure 7, the
impact of feed pressure on recovery rate is shown for 1,000 ppm and 2,000 ppm salt concentrations. The simulation and
the experimental results show a similar pattern at 1 bar to 3 bars. However, the experimental data starting from 3.5 bar
show a slow increment in the recovery rate. This is due to the internal concentration polarization (Obotey Ezugbe & Rathilal
2020) that causes the ﬂux to reduce but the high applied pressure somewhat overcomes it, as mentioned earlier. The mean
squared error for recovery rate between these two results was calculated and found to be 0.5. Although the recovery rate from
experimental results starts to increased slowly starting at 3.5 bar, the mean squared error is still considered to be small and,
thus, the model prediction is still acceptable and can be used to estimate the recovery rate of the ULPRO membrane system.
As a result, it can be said that the experiments conducted employing the optimized input values validated the enhanced
ULPRO model that had been formulated in this work.
4.4. Comparison with other previous model applied for ULPRO membrane
Comparison has been made between the result obtained using the enhanced DSPM-DE model with the solution diffusion
model that has been applied on Vontron ULP32-8040 (Alawy & Salih 2016). The equations for the solution diffusion
model were taken from Alawy & Salih (2016) and operating parameters in Table 1 with salt concentration at 2,000 ppm
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Figure 6 | Comparison of salt rejection between simulation and experiment on the ULPRO membrane.

Figure 7 | Comparison of water recovery rate between simulation and experiment on the ULPRO membrane at NaCl concentrations of
1,000 ppm and 2000 ppm.
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Figure 8 | Comparison of salt rejection between the enhanced DSPM-DE model, experiment and solution diffusion model on the ULPRO
membrane at NaCl concentration of 2,000 ppm.

were applied. Figure 8 shows the salt rejection comparison between the enhanced DSPM-DE developed in this work, the
experimental results and the solution diffusion transport model. The solution diffusion model shows a signiﬁcant difference
from the experimental results compared to the developed model. This is due to the fact that the solution diffusion model is not
directly applicable to the membrane where pore processes such as physical sieving and Donnan exclusion are prevalent in
dismissing solutes (Drewes et al. 2006). The Donnan equilibrium model accounts for both solute and membrane charge,
resulting in a Donnan potential at the membrane surface due to co-ion repulsion and counter-ion attraction and causes
the co-ions to repel. The counter-ions are also rejected since electroneutrality must be maintained ( Judd & Jefferson
2003). However, in comparison with the enhanced formulated model, the solution diffusion model only considers a few parameters in the test to describe the transport mechanism. As a result, the assumption that the separation of solute and solvent
is heavily reliant on the physical and chemical properties of the solution and the membrane reduces the quality of description
of the transport mechanism. It can be said that the solution diffusion model disregards the membrane structure and the diffusive ﬂow by assuming that the ﬂuxes of the solute and solvent are controlled by the gradient of the driving forces.
This indicates that the solution diffusion model’s applicability for NF membranes, speciﬁcally ULPRO type is relatively limited. This is also due to the porous nature of NF membranes, which means that pore ﬂow is considerably more common and
suitable for this ULPRO membrane. Nonetheless, Wijmans & Baker (1995) argued that the transport mechanism for NF
membranes with pore radius between 0.5 to 1 nm could shift from pore-ﬂow to sorption-diffusion. In other words, for certain
solutes, the sorption-diffusion mechanism may be used to explain the transport process, whereas for others, the pore ﬂow
mechanism can be utilized. Therefore, it is crucial to validate the suitability of the membrane transport mechanism for
that particular NF membrane, since there is a growing need to remove various types of pollutants from water and wastewater
using membrane ﬁltration.

5. CONCLUSIONS
An improved mathematical predictive model to theoretically predict the performance of the ULPRO membrane system at
different feed pressure has been developed and validated through comparison between the results in simulation and experiments. Reliable prediction for the ULPRO model is essential in identifying the possible process options and operating
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limits to reduce development risk and time and thus can provide wider use of this cost-effective membrane technology in
water treatment especially in the coastal region of Eastern Malaysia with ample availability of brackish water. In this
study, the membrane characteristics and transport mechanism of the ULPRO membrane are explored using the enhanced
DSPM-DE. Other than the steric effect, the Donnan effect also affects the performance of charged membranes. A negatively
charged membrane attracts the opposite charged ions positive ions to its surface causes a high rejection rate. Moreover, analyses have also been done with the ULPRO membrane system by using MATLAB software tool to ﬁnd the effect of applied
pressure on the membrane performance. The mean squared error between the theoretical model and the experimental result
for salt rejection and the water recovery rate is 0.6 and 0.5, respectively. In addition, based on the comparison made between
the enhanced model with solution diffusion model, the result shows that our enhanced model predicts the membrane performance better. Since this enhanced model is developed considering all of the transport processes, it can be identiﬁed as
an appropriate and accurate prediction model for the characterization of this particular ULPRO membrane separation
system.
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