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Abstract

Concentration polarization is one of the inherent problems in forward osmosis membrane
process. A quantitative evaluation of concentration polarization is therefore vital to understand
its impact on the performance of the forward osmosis. Limited data in the literature exists for
the diffusion coefficient of mixed electrolyte or multicomponent solutions, which makes the
calculation of mass transfer coefficient and solute resistance to diffusion in forward osmosis
complicated. Therefore, an empirical method based on a limited set of well-defined
experiments for evaluating and predicting the concentration polarisation, water flux, and
reverse solute flux is presented for single and mixed, or multi-ions draw solutions. The
proposed method does not rely on the hydrodynamic conditions and flow regime in the system
and provides an approach to measure and predict concentration polarisation, water flux, and
reverse salt flux when the diffusion coefficient of a feed solution (FS) or draw solution (DS) is
challenging to determine. The developed numerical method is two steps method to measure
internal and external concentration polarisation using different concentrations of the draw and
feed solutions. Experimental work was carried out with a single, and highly soluble sodium
chloride (NaCl) DS and a mixture of NaCl and magnesium sulphate (MgSO.,) were used as a
selected multicomponent DS. The results showed a 95% to 99% agreement with the

experimental data.

Keywords: Forward Osmosis; Draw Solution; Concentration Polarisation; Reverse Salt Flux;

Diffusion Coefficient.

1. Introduction

Forward osmosis (FO) has gained excellent popularity as a sustainable membrane separation
process and a possible alternative to pressure-driven membrane processes [1-6]. While it has

immense potential in wastewater treatment and seawater desalination, a major impediment in
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its successful commercialization is the inherent problem of concentration polarization (CP) [2,
7-13]. Unlike pressure-driven membrane processes, the FO process experiences CP on both
sides of the membrane [3, 11, 12, 14-22]. Although internal CP (ICP) plays a dominant role in
flux decline in the FO process, external CP (ECP) effects cannot be overlooked when treating
high salinity solutions, or when the FO membrane operates at a high water flux [23-25]. It is,
therefore, vital to consider the impacts of both external and internal CP in the design and
operation of the FO process [26-28].

The CP is measured in terms of its modulus. The two main parameters used in the FO process
for measuring the moduli of external and internal CP are the mass transfer coefficient “k” and
the solute resistance to diffusion “K”. The most uncertain element in the theoretical
determination of CP lies in the determination of the mass transfer coefficient “k” [29], which is
usually estimated from a dimensionless correlation using an appropriate Sherwood relation
for the flow regime. Numerous Sherwood relations have been proposed and extensively
reviewed in the literature [12, 30-32]. Apart from the large number of different relationships
that exist in the literature for mass transfer coefficient and Sherwood relations, most of these
relations were developed for mass transfer either in smooth and non-porous systems or were
derived from heat transfer-mass transfer analogies [33]. Whist FO membranes are
semipermeable and often rough on a microscopic scale. The mass transfer also depends on
fluid properties and rate of flow, and if these vary in the direction of flow, so does the mass
transfer coefficient [34]. Some commercial suppliers of FO membrane modules, such as
Porifera, provides limited information about the module (modules are sealed), which will further
complicate the process of finding the mass transfer from Sherwood relations.

The solute resistivity (K), for example, is a function of the membrane characteristics (such as
membrane porosity, tortuosity, and thickness), which are not readily available and requires an
extensive procedure to determine [11]. Most importantly, the K, as well as the mass transfer
“k” value, also depends on the value of the diffusion coefficient (D), which is easier to measure
for a single salt solutions such as sodium chloride (NaCl), potassium chloride (KCI), and
magnesium chloride (MgCly) [1, 11, 35]. However, there is limited data available in the
literature for the diffusion coefficient of mixed electrolyte solutions except for NaCl and MgCl.
[36]. The diffusion coefficient of mixed draw solution (DS) such as seawater or blended (two
or more) DSs [37-39] that often used in the FO applications would be a mix of main diffusivities
of individual draw solute and cross diffusivity of both the solution [40]. The co-existence of
different species in a DS can also alter the diffusivity of a particular species [37]. For some
DSs, the process becomes more complicated when dilution/suction parameters need to be
considered [18]. In such instances, finding the value of K would be prone to errors. In addition,

the asymmetry of the support structure also causes different diffusion behaviour depending
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on the direction of flux and ion transport across the FO membrane [1]. Computer models based
on computational fluid dynamics [24] and 2D finite element method (FEM) for predicting FO
performance are complex and involve expertise in particular software. Several other new
models have been developed recently by researchers including machine learning models [41],
temperature/concentration parameter based solution diffusion models [23, 42], and spatial
variation model [43]. So far, the current water flux models are exacting methodologies that
require a lot of information about the FO membrane and flow characteristics of the filtration
system.

Mixed or multicomponent DSs demonstrated excellent performance and widely used in the
FO process [36, 38, 44, 45]. Although several models exist in the literature which addresses
the CP for single solutes, the application of these models for quantifying CP in mixed DSs is
guestionable as well as non-existent in the literature. The objective of this study is two-fold.
Firstly, to develop an empirical method to measure CP profiles in the FO process in both
membrane orientations for single and mixed DS. Secondly, the proposed method was
validated to predict dilutive and concentrative CP, water flux and reverse salt flux in the FO
process for single and mixed DS. The method used in this study does not require information
about the flow regime in the FO process and special membrane characteristics (such as
structure parameter) to calculate water flux and reverse salt flux, and hence, can also be

extended to ternary and quaternary mixtures in osmotically-driven membrane processes.

2. Theory and Model

2.1. Modelling dilutive concentration polarization (CP)

Concentration polarization (CP) in the FO process occurs on both sides of the FO membrane,
i.e., the draw and feed sides. Dilutive concentration polarization due to concentration dilution
occurs on the DS side, while concentrative concentration polarization occurs on the feed
solution side. Dilutive and concentrative CP is taking place simultaneously, making the
process of predicting the moduli of concentrative and dilutive concentration polarization in the
FO process more complicated. The modulus of concentrative CP, however, will be negligible
when the feed solution is de-ionized (DI) water. Hence, the modulus of dilutive CP can be
separately measured, as presented in Fig. A.1la (Appendix A.1) for AL-DS mode (when the
active layer faces the draw solution) and Fig. A.1b (Appendix A.1) for AL-FS mode (when the

active layer faces the feed solution).
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According to the modified solution-diffusion model based on film theory, water flux across the
FO membrane is given Eq. [1].

]w = Aw [(T[Db - T[Fb) - AP] [1]

where Ay, is the pure water permeability coefficient of the FO membrane, mp, andmg, are
bulk osmotic pressures of the DS and FS (feed solution), respectively, and AP is the
transmembrane hydraulic pressure. Eq. [1] calculates the water flux as a function of driving
force only based on the concentration difference and is valid only in the absence of CP
phenomena. In practice, the flux through an asymmetric FO membrane is far lower than
predicted by Eq. [1].

Most commercial FO membranes have a rejection rate of over 90% to ions. It is assumed in
this study that the FO membrane is completely selective (complete ion rejection and a
reflection coefficient of 1). When the FS is a DI water, the osmotic pressure of the feed side
will be insignificant, and hence the effect of CP on the feed side is negligible. However, the
impact of dilutive CP on the DS side still exists due to the dilution of DS by permeate flow
(dilutive external CP) in the AL-DS mode and inside the support layer (SL) in the AL-FS
(dilutive internal CP). As such, Eq. [1] can be expressed in terms of dilutive CP at the draw

solution side (CPp).
Jw = Ay (CPpmp,) — AP] [2]

where CPp is the dilutive external CP correction factor on the DS side. The osmotic pressure

at the membrane surface mp,, after correction for the dilution factor can be expressed by Eq.

[3].
Tpy = TppCPp [3]

Substituting Eq. [3] in Eq. [2] yields,

Jw = Aw (mpy — AP) [4]
Tou = 7%+ AP [5]

Since the FO process is driven by the osmotic pressure gradients across the membrane, the

hydraulic pressure in Eq. [5] is equal to zero, AP =0. From Eq. [5] the osmotic pressure
difference 1y, across the AL can be calculated using experimental water flux and pure water

permeability coefficient Ay [46]. Rearranging Eq. [3], the modulus of dilutive CP at the DS

membrane interface is given by Eq. [6].



137

138
139

140

141
142
143
144
145
146
147
148
149
150
151
152
153
154
155

156
157
158
159
160

161

CP, = 2™ [6]

Tipp

Experimentally, p, is calculated as the average osmotic pressure of the inlet and outlet DS,
whereas, experimental water flux in the FO process Jwe is given by Eq. [7]:

_ (We=wy)

Jwe = 10004t [7]

where A is the membrane area, t is the filtration time, and W; and W; are weights of permeate
at t time and initial time, respectively. In the FO process, the value of CPp is less than unity
due to dilution of the DS, while CPp value equals unity refers to zero dilutive CP. For a given
FO membrane with a known A, and DI water FS, experimental water flux can be calculated
from Eq. [7] then compensated in EqQ. [5] to calculate rpy. CPp can be obtained from Eq. [6];
this process will be repeated for a range of DS concentrations (single or mixed DS) using a DI
water FS. Fig. 1a shows the relationship between Jw. and CPp for several DS concentrations
(curves are a replication of experimental data). Practically, the CPp of any DS within the range
of concentrations used in Fig. 1a can be predicted by knowing water flux (DI water feed or
saline feed) in the FO process. Fig. 1b presents the relationship between the theoretical
osmotic pressure 1y, and the effective osmotic pressure (rpy,) in the FO process for DI water
FS. From Fig 1a and 1b, theoretical water flux in the FO process with DI water feed can be
predicted by knowing the bulk osmotic pressure of the DS. From Fig 1b, the calculated mp,,
will be used to predict Ty, using regression analysis in the FO process, then theoretical water

flux Jw: for DI water feed and different DS concentrations can be estimated using Eq. [4].

In general, the modulus of dilutive CP, CPp, of any DS within the range of concentrations in
Fig. 1a can be predicted by knowing the experimental water flux in the FO process.
Furthermore, water flux and CPp in the FO process with DI water feed solution can be
theoretically predicted using the relationship between the bulk osmotic pressure mp, and tpy

in Fig. 1b, then compensating in Eq. [4] to calculate J,, or Eq. [6] to calculate CPp.
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Figure.l. Water flux in the FO experiment using DI water FS and NaCl DS. a) Experimental
water flux vs. the modulus of CPp. b) A plot of bulk osmotic pressure mp;, against the osmotic
pressure at the membrane surface on the DS side mp),. The concentration of DS ranges from
0.1Mto 1.5M at 20°C.

2.2. Modelling concentrative concentration polarization (CP)

Concentrative and dilutive CP co-occur on the feed and draw sides of the FO membrane. The
effect of concentrative CP can be ignored when DI water is the FS but becomes significant as
the salinity of FS increases. Two types of FO experiments are required to find out the effects
of concentrative and dilutive CP in the FO process. In the first set of experiments, DI water will
be the FS [Fig.2] to calculate a correlation between Jue and CPp, as illustrated in section 2.1.
In the second set of experiments, the FO process will be performed with different FS and DS
salinities to estimate the value of CPe. Eq. [1] calculates water flux in the FO process, using
DI water FS. However, Eqg. [1] overestimates water flux in the FO process by 50% [47].
Practically, freshwater transport across the FO membrane dilutes the DS (CPp on the draw
side) and concentrating the FS resulting in a concentrative CP on the feed side (CPr on the
feed side). Experimentally, water flux in the FO process using two solutions of different

concentrations is given by the following Eq.:

Jw = Aw(Tpy — gy — AP) [8a]
Am =2 4 AP [8b]

where, mp), is the osmotic pressure of the FS at the membrane surface, and Arx is the net

osmotic pressure driving force. In Eq. [8], AP can be cancelled since the hydraulic pressure
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gradient is equal to zero in the FO process. Eq. [8a] can be expressed in terms of the moduli
of dilutive and concentrative CP for the draw and FS, respectively, as the following:

Jw = Aw(CPpmpp — CPrmipy) [9]

where, CPrrepresents the modulus of concentrative CP. In Eq. [9], mp, and mpy, are the bulk
osmotic pressure of DS and FS, and Jw can be experimentally calculated from Eq. [7]. Once
Jwe IS experimentally determined, the modulus of dilutive CP CPp can be predicted from Fig.
la from a correlation between experimental water flux Jwe and the amount of dilution caused
by permeating water (CPp). Substituting Jwe, CPpb, mpp, and mg, in Eq. [9] to calculate the
modulus of concentrative CP, CPe. Then, the bulk osmotic pressure mzp, Will be plotted against
the osmotic pressure at the membrane surface (myy) in Fig. 2a and Jwe Will be plotted as a
function of mzy, in Fig. 2b. Thus, the theoretical value of water flux in the presence of FS can
be predicted based on values of mz), in Fig.2b. Mathematically, CPe is described as the ratio

of ry to mpp as given by Eq.[10].
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Figure.2. Water flux in the FO experiment using NaCl FS and DS. a) A plot of osmotic pressure
at the membrane surface mg)y and bulk FS osmotic pressure mg;,. b) Experimental water flux
VS 1. The concentration of DS is 1M at 20°C, and the concentration of FS ranges from 0.05
to 0.5M at 20°C.

In the FO process, along with the water flux, there is also a reverse salt flux (RSF) from the

DS to the FS. Ideal FO membrane has a complete rejection of solutes, but in practice, a small
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amount of the draw solute would transport across the membrane. Mathematically, the salt flux
from DS to the FS can be estimated by Eq. [11].

Jst = B(Cpm — Crm) [11]

In Eq. [11] Jst is the theoretical RSF, Cpwmis the concentration of DS at the membrane surface
on the DS side, and Cew is the concentration of FS at the membrane surface on the feed
side. When DI water is the FS, and all salt in feed is from RSF, Eq. [11] can be modified as:

Joe = B (222) [12]

nRT

Once the osmotic pressure at the membrane surface is determined using Eq. [5], the
theoretical RSF can be calculated using Eq. [12] with DI water FS and Eq. [11] for NaCl FS.
For model verification, the experimental RSF was calculated using Eq. [13].

_ Vi Cr=ViCy
Axt

Jse [13]

where Viand C;x is the final volume and concentration of the FS, respectively, and Vi and C; is
the initial volume and concentration of the FS at the start of the FO experiment. A represents
the total membrane area, and t is the filtration time of the FO run.

In practice, for a given FO membrane, the water permeability coefficient will be experimentally
obtained. Then, two steps experimental work will be carried out to calculate CPp and CPk in
the FO membrane. The first set of experiments uses DI water FS and saline DS of different
concentrations to calculate CPpin the FO process using the procedure explained in section
2.1. The impact of concentrative CP and dilutive CP will be obtained in the second set of
experiments, which uses a range of feed and draw concentrations to calculate CPg in the FO
process, as illustrated in section 2.2. To predict water flux in the FO process for a known feed
and draw concentrations (within the studied concentrations), gy will be estimated from Fig.
2a using the corresponding values of , to obtain CPg. Finally, water flux will be estimated
from Fig. 2b. The reverse salt flux can be obtained using Eq. [12] with DI water feed and Eq.
[11] for a saline FS. A schematic diagram of water flux and CP measurements in the FO
process is illustrated in Fig. 3. It should be noted that water flux and reverse salt flux in this
method will be directly affected by the testing conditions of the FO process such as feeds flow

rate, the temperature of feed and draw solution, the concentration of feed and draw solution.
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Figure. 3. Schematic diagram of calculation and prediction of the CP in the FO process.

3. Materials and Methods

3.1. Forward osmosis cross-flow system and membrane

A schematic diagram of the laboratory-scale unit is shown in Fig. 4. The FO cell (CF042D)
used in this study was obtained from Sterlitech Corporation (USA) and featured an active
membrane area of 42 cm? (0.0042 m?). Two Cole-Parmer Micro-pumps with Console Drive,
PEEK (Sterlitech-USA) were used for FS and DS pumping. A panel mount flow meter F-550
(Sterlitech —USA) was used to measure the volumetric flow rate of the FS and the DS. The
flow rate was fixed at 2 litres per minute (cross-flow velocity of 36 cm/s) for both the feed and
the draw side, and the cell was operated in co-current cross-flow. A digital balance (EK-15KL)
connected to a computer was used on the draw side to record the increase in the weight of

the DS. Water flux was calculated from the weight change of the DS. The experiment was

9
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operated at an ambient lab temperature of 21 +1.5 °C. Immersion circulators (Sterlitech-USA)
were used to maintain the temperature of feed and DS when required. A conductivity meter
(Hach HQ14d) on both draw and feed side was used to record the change in conductivity of
the draw and FS.

FO Membrane
Gear pump

> (), 3
(amy
Flow meter <

o

Gear pump

Flow meter <3‘>

Conductivity Data logging
meter system v
Feed
solution
Digital D’aYV
oo : solution

Figure.4. Diagram of the lab-scale forward osmosis system. Co-current cross-flow of the
feed and DS was used in all the experiments.

This study used a flat sheet cellulose triacetate (CTA) FO membrane “FTSH20” provided by
Sterlitech Corporation and manufactured by Fluid Technology Solutions. The membrane was
soaked overnight in DI water to ensure complete wettability. At the beginning of each run, it

was flushed with DI water to remove any additives.

3.2 Feed and draw solutions

All chemicals used in experiments were analytical grade obtained from Sigma Aldrich,
Australia. NaCl DS was prepared by dissolving an analytical grade NaCl in DI water. Mixed
DS was prepared by mixing NaCl solution with MgSO .4 (magnesium sulphate, molecular weight
120.37 g/mol). NaCl was used as a major solute and MgSO4 as a minor solute (0.1M) in the
solution. The FS used in this study, depending on the objective of experiments, was either DI
water or NaCl solution with concentration ranging 0.05M to 0.5M. The osmotic pressure of all

solutions was calculated by the Van't Hoff Eq.:

7 = iCRT [14]

10
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where i= number of ions produced during dissociation of solute, R is the universal gas constant
(0.0820 L atm mol*K?), C is the molar concentration of the solute (mole/L), and T is the

absolute temperature (kelvin).

3.3. Experimental protocol

Two types of experiments were carried out to measure the effects of CP in the FO process in
both the AL-DS and the AL-FS orientation. The first set of experiments used DI water FS, and
single salt NaCl DS with concentrations between 0.1M and 1.5M to measure the dilutive CP
(CPp) on the DS side. In the second set of experiments, DI water FS was replaced with NaCl
FS to measure the effects of concentrative CP (CPg). The concentration of FS was from 0.05M
to 0.5M NaCl. After each run, the membrane was rinsed with DI water at a 2.8 LPM flow rate
(cross-flow velocity of 51 cm/s) for at least 30 minutes to remove any salts accumulated from
a previous test. A similar protocol was used for mixed salt experiments, except that a constant
0.1M MgSO4 was added to the corresponding NaCl DS. Each experiment was conducted at

least 2 times, and the average results were reported in this study.

4. Results and Discussions

4.1. Membrane intrinsic properties

The pure water permeability Ay and salt permeability B was determined through a cross-flow
RO (reverse osmosis) setup. The detailed procedure is listed in Appendix A.1. Primarily, we
need the value of A, and B for modelling in this study. The Ay value used in the calculation in
this study was 0.58 Lmhbar?. The membrane B value used in the prediction of RSF was
0.32+0.05 Lm?ht. These values are comparable to previously reported for this membrane
[35].

4.2. Quantification of CP for mixed DS

11
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CP is usually measured in terms of its modulus. The dilutive concentration polarization
modulus is defined as the ratio of the osmotic pressure of the DS at the membrane surface to
the bulk osmotic pressure of DS [Eq. 6]. According to the previous mass transfer models in
the literature [12], dilutive CP modulus is usually less than 1, and concentrative CP modulus
is greater than 1. To measure the effect of CPp and CPg, NaCl was used as a DS, and FS was
DI water in the first set of experiments. In the next set of experiments, FS was replaced with
0.05M to 0.5M NacCl solution to calculate the values of CPk.

4.2.1. AL-DS mode: Quantification of CPp NaCl DS-DI water FS

In the AL-DS mode, experimental water flux, Jwe and experimental RSF Jse curves (calculated
with different DS concentrations from Eq. [7] and Eq. [13]) are presented in Fig. 5a as a
function of the net osmotic driving force. Water flux is presented on the primary y-axis,
whereas RSF is presented on the secondary y-axis. The concentrations of DS were 0.1, 0.3M,
0.5M, 0.7M, 1M, and 1.5M NacCl, while DI water was the FS to minimize the effect of
concentrative CP, i.e., CPr= 0. As the DS concentration increased gradually from 0.1 to 1.5M,
water flux in the FO process increased. The concentration of NaCl in the FS due to reverse
salt flux (RSF) was measured at the end of the FO experiments and found to be very low
(<100 mg/L) to have a significant effect on the osmotic pressure of the FS. The osmotic
pressure at the membrane AL surface mp,, was obtained from Eq. [5], and is presented in Fig.
5b as a function of the osmotic pressure of bulk draw solution. The value of ), represents
the actual osmotic pressure at the membrane surface responsible for the water transport
across the FO membrane. The osmotic pressure mpy was divided by the osmotic pressure of
the bulk draw solution to obtain the CPp modulus using Eg. [6]. The values of CPp were
calculated for each DS concentration and are presented as a function of the experimental

permeate flux in Fig. 5¢ and as a function of NaCl draw solution concentration in Fig. 5d.

12
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Figure 5. Quantifying dilutive concentration polarisation in the FO process for AL-DS mode
with DI water feed solution and NaCl DS (0.1-1.5M) (a) Plot of experimental water flux Jwe and
experimental RSF Jse against the bulk osmotic pressure mp;,, (b) Plot of osmotic pressure at
the membrane surface mp,, against bulk DS osmotic pressure mp, (c) A plot of dilutive CP
modulus CPp as a function of experimental water flux Jwe (d) A plot of dilutive CP modulus
CPp as a function of NaCl DS concentration.

Results in Fig. 5¢ and Fig.5d show that the CPp became severer (farther from unity) with
increasing the concentration of DS and increased water flux. In other words, the value of CPp
is strongly dependent on water flux [1]. Higher DS concentrations result in higher permeation
flux, and hence creating a higher degree of dilution of the DS on the surface of the AL. For
example, the most severe CPp was 0.52 for 1.5M NaCl DS, indicating that the osmotic
pressure of DS at the membrane surface is almost half of that in bulk DS. At higher water flux,
therefore, the effects of dilutive external CP can become a limiting factor in the FO process [2,
48]. At very low water fluxes and DS concentration such as 0.1M, the effects of CPp is almost

negligible (mppy = mpp).

4.2.2. AL-DS mode: Quantification of CPr NaCl DS-NaCl FS

13
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When the feed solution in the FO process is a DI water, the osmotic pressure at the FS side
of the membrane will be negligible, and the relationship between Jwe and CPp is illustrated in
Fig. 5c. For the FO process with a saline FS, additional information should be available to
calculate the CPe in the FO process. NaCl solution of concentration between 0.05 and 0.5M
was the FS in the FO process to measure the concentrative CP, CPg, in the FO membrane at
1M NaCl. The FO process was performed in the AL-DS mode to study the moduli of Cpr and
the Cep. The two CPs are acting simultaneously on the FO membrane leading to a reduction
in the experimental permeate flux Jwe (Fig. 6a). As shown in Fig.6a, water flux increased with
increasing the net osmotic pressure Ar. The modulus of Cpp can be obtained from the
correlation between Jwe and Cpp from Fig. 5¢, which shows water flux at different osmotic
pressure gradients. In effect, the dilutive CP is mainly caused by water flux permeating across
the membrane, diluting the concentration of the DS at the boundary layer. Compensating in
Eq. [9] to obtain the modulus of Cer at different water flux, and results are shown in Fig. 6b.
The moduli of CPp and CPr are presented in Table A.1.3 (Appendix A.1). As the concentration
of FS increases, water flux and the modulus of CPp decreases. In other words, as J,,. = 0

the modulus of CPp is approaching 1 [37].

At low FS concentration, CPp will be more substantial while the role of CPr will be insignificant
[49] and this explains the levelling of the modulus of CPr at lower FS concentration (Fig. 6b).
The modulus of CPr increases at an exponential rate as the water flux increases and vice
versa. Once the value of CPris available, the value of mgy can be found from Eq. [10]. The
correlation between rz, and mp, is presented in Fig. 6¢ and experimental water flux (Jwe)
and myy, is presented in Fig. 6d. The modulus of CPrat any point can also be obtained from
the slope of the line in Fig. 6¢ between mz,, and g, . As the concentration of FS increases,
the osmotic pressure at the membrane surface also increases (Fig. 6¢), leading to a reduction

in the osmotic driving force due to the severe CPe.
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Figure 6. Quantifying concentrative concentration polarisation in the FO process for AL-DS
mode with NaCl feed solution (0.05 to 0.5M) and NaCl DS (1M), (a) Plot of experimental water
flux Jwe and experimental RSF Jse against the bulk osmotic pressure (b) Plot of concentrative
CP modulus CPr against experimental water flux Jwe (C) Plot of osmotic pressure at the
membrane surface on the feed side my, as afunction of my, (d). A plot of experimental water
flux Jwe as a function of osmotic pressure at the membrane surface on the feed side mz, .

The correlations in Fig. 6¢c and Fig.6d can also be employed to predict theoretical water flux
for different feed solution concentrations, once the theoretical value of nx,, is available. These
relations will be used to predict the theoretical water flux in the FO process for different feed

solution concentrations using regression analysis.

4.2.3. AL-FS mode: Quantification of CPp NaCl DS-DI water FS

When the FO membrane is operated in the AL-FS orientation, CPpoccurs inside the SL while
CPeis on the AL side. In the case of DI water FS, the CPr values are insignificant due to the
negligible osmotic pressure on the FS side ( x,=0.08 bar for 1:00ppm NacCl). Water permeates
inside the SL and dilutes the DS, leading to a dilutive CP inside the SL. Initial tests were

performed with DS concentrations ranging from 0.1M to 1.5M, and the water flux and RSF
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curves as a function of the osmotic driving force are presented in Fig. 7a. Water flux in the
AL-FS mode is less than that in the AL-DS mode for the same driving force due to the severe
CPp, which exists inside the SL. As the boundary layer exists now inside the SL, it is difficult
to mitigate it using a cross-flow velocity of 36 cm.sec? in our study. The RSF in the AL-FS
mode was also lowered compared to the AL-DS mode. The numerical value of mp, was
calculated according to Eq. [5] and is presented as a function of the DS osmotic pressure (Fig.
7b). CPp was calculated from Eq. [6] and plotted against the experimental water flux in Fig. 7¢

and the concentration of the DS in Fig. 7d.
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Figure 7. Performance of FO membrane in the AL-FS mode with single salt DS, (7a) Water
flux and RSF in the FO mode with single salt NaCl solution as a function of the osmotic driving
force,(7b) Plot of osmotic pressure at the membrane surface mp, as a function of bulk NaCl
DS osmotic pressure Ty, (7¢) Plot of dilutive CP CPp against the experimental water flux, (7d)
Dilutive CP CPp as a function of NaCl DS concentration.

As the concentration of DS is increased, CPp tends to farther away from the value of 1,
depicting its severity. However, from 0.3M to 1M, an increase in DS concentration and water
flux decreases the modulus by a tiny percentage (Fig. 7b and Fig. 7c a flatter curve for the
modulus). This phenomenon also is known as the ICP self-compensation effect [19] means
that an increase in ICP or CPD compromises any increase in DS concentration or driving

force. Above 1M, the increase in the ICP becomes more severe, as marked by a greater
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increase in the modulus of CPpfor 1.5M DS. This severity makes the experimental water flux
highly non-linear at high DS, as depicted in Fig.7a.

4.2.4. AL-FS mode: Quantification of CPr NaCl DS-NaCl FS

In order to measure the concentrative CP modulus, CPg, FS was replaced with 0.05 to 0.5M
NaCl, and the concentration of DS was 1M NaCl. The experimental permeate flux Jwe and
experimental RSF Jse as a function of osmotic driving force are presented in Fig. 8a. Both the
water flux and RSF were lowered in the AL-FS orientation compared to the AL-DS. The CPp
was predicted from Fig. 7c and the CPr was calculated from Eq. [9], the results of CPpand
CPe are listed in Table A.1.4 (Appendix A.1). The CPr as a function of experimental water flux
is presented in Fig. 8b. Compared to the AL-DS mode, severe dilutive CP resulted in a smaller
water flux when the membrane was operating in the AL-FS mode. Once CPe is determined
the value of mz, can be found using Eq.[10]. Fig. 8c presents the correlation between mzy,
and . For any concentration of FS (within the range of 0.05 to 0.5M) and 1M DS, the value
of mpy can be estimated from Fig. 8c. Finally, Fig. 8d can be used for the prediction of
theoretical water flux with any FS concentration from 0.05M NaCl to 0.50M NaCl and 1M DS.
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Figure 8. Performance of FO membrane in AL-FS mode with 1M NaCl DS and 0.05M to 0.5M
NaCl FS, (a) Plot of experimental water flux and RSF against bulk osmotic pressure, (b) Plot
of concentrative CP CPr against experimental water flux (c) Plot of bulk FS osmotic pressure
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mpp against osmotic pressure at the membrane surface mpy. d. Correlation between
experimental water flux and osmotic pressure at the membrane surface mgy,.

4.3. Quantification of CP for mixture DS

The osmotic pressure of a solution is affected by adding a second solute to the solution [45].
The addition of multivalent ions to a solution also affects the structure of the solvent [50]. It
has been demonstrated that water structure is ordered by small or multivalent ions and
disordered by large or monovalent ions [50]. On the one hand, multivalent ions such as Mg?*
and SO42 will tend to order the solvent structure. On the other hand, large monovalent ions
such as Na* will try to disorder the water structure in mixed draw solution experiments. The
ions effect on the water can also be explained by a competition between ion-water interactions
[51]. Small ions of high charge density bind to water molecules strongly, whereas, there is
weak binding between large monovalent ions and water molecules relative to the strength of
water-water interaction in the bulk solution [51]. Thus, different CP behaviour is expected for
mixed solutions. To investigate the CP moduli in mixed DS, a 0.1M MgSO4 was added to the
corresponding NaCl DS of concentrations ranging from 0.1M to 1.5M. The CPs were
investigated in both the AL-DS and the AL-FS mode using DI water and NaCl salt ranging

from 0.05 to 0.5M as a FS. The experimental protocol was exactly the same as section 4.2.

4.3.1. AL-DS mode: Quantification of CPp mixture DS-DI water FS

Fig. 9a shows the experimental water flux Jwe, and RSF Jse as a function of the osmotic driving
force for DI water FS and NaCl solution (0.1 to 1.5M) + 0.1MgSO, DS. The osmotic driving
force increased slightly with the increase of the concentration of mixture DS, yet the average
water flux for the DS was slightly less than that for NaCl DS only. The slight decrease in the
water flux for a mixture DS can be attributed to the swelling of the cellulose acetate polymer
in the presence of divalent magnesium cation [52]. The presence of MgSO,in the DS might
cause swelling of the AL, making it slightly less permeable to water molecules [53]. Compared
to a single NaCl DS, RSF decreased in the FO process with a mixture DS. Similar results with
a mixed DS for reducing the RSF has been reported in previous studies [36]. The decrease in
the RSF can be simply attributed to the larger molecular size of the MgSO. and the smaller

diffusivities of the Mg?* and SO4? ions. The co-existence of mixed solutions also affect the
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diffusivity of the species in the mixed draw solutions mainly because of the main diffusivities
(flux of a component with its concentration gradient) and cross diffusivities (flux of a
component with the gradients of all other components in the mixed DS) that arise from mixing
the two solutions. The net value of a diffusion coefficient in a multicomponent DS will be the
result of interaction between all species in that solution. For binary mixtures such as
NaCl+MgSOQO., there is limited data available from the literature for the mutual diffusion
coefficient value. Even if such data is available in the literature, they are valid only for the
experimental conditions for that particular experiment or study and invalid outside the
experimental conditions. The dilutive effects of CPp in the AL-DS mode leads to a substantial
decrease in the bulk osmotic pressure. The osmotic pressure at the membrane surface mpy,
was calculated using Eqg. [5] and plotted as a function of bulk DS osmotic pressure in Fig. 9b.
The modulus of CPp was calculated from to Eq. [6] and plotted as a function of experimental
water flux Jwe (Fig. 9¢) and function of the DS concentration (Fig. 9d).
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Figure 9. Quantifying dilutive concentration polarisation in the FO process for AL-DS mode
with DI water feed solution, (a) Plot of experimental water flux Jye and RSF Jse against the bulk
osmotic pressure, (b) Plot of osmotic pressure at the membrane surface mp, against bulk
osmotic pressure mp, , (¢) Plot of dilutive CP modulus as a function of experimental water
flux, (d) CP modulus against NaCl (0.3 to 1.5M) +0.1MgSO, draw solution concentration.
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The results revealed that CPD for a mixed DS was more severe compared to a single DS.
This can be attributed to the fact that the concentration of divalent ions on the membrane AL
(DS side) increased more abruptly (due to their lower diffusivities), leading to a higher
concentration on the membrane surface [54]. Table 1 shows the value of CPp and osmotic
pressure values for NaCl and mixture DS. The osmotic pressure drop due to the dilution of
DS, i.e. mp, — mpy, Of @ mixture DS is approximately 6 bar higher than that for NaCl draw

solution.

Table 1. Osmotic pressure values and CPp for single NaCl (1M) and mixed DS (1M+0.1M).

DS Concentration o Tpu Tpp — Tpy CPp
NacCl M 48.86 bar 29.50 bar 19.36 bar 0.60
NaCl+MgSO4 1M+0.1M 53.75 bar 28.31 bar 25.44 bar 0.53

4.3.2. AL-DS mode: Quantification of CPrmixture DS-NaCl FS

To calculate the modulus of concentrative polarization, CPg, a mixture DS of 1M NaCl + 0.1M
MgSO,, was the DS, and NaCl in a concentration ranging from 0.05 to 0.5M was the FS. The
experimental water flux Jwe and RSF Jse as a function of the osmotic driving force are
presented in Fig. 10a. The CPe is plotted against the experimental water flux in Fig. 10b. The
CPe for a mixture DS ranged from 1.08 to 3.30 (Table 2). Water flux is slightly lowered in
mixture DS tests leading to a relatively smaller concentration of the FS inside the SL. The RSF
of the DS was also smaller in the case of mixture DS tests, which further reduced the impact
of RSF on concentrative ICP. The plot of CPr as a function of the osmoatic driving force shows
an exponential relationship (Fig 10b). The osmotic pressure at the membrane surface on the
feed side myy was calculated from Eq. [10] and plotted against the osmotic pressure of FS
(Fig. 10c). Fig. 10d shows that experimental water flux declined (almost linearly) with

increasing the values of mpy,.

20



521

522
523
524
525
526

527

528
529

530

531
532

533
534

a -B- Jye (AL-DS)
u Jge (AL-DS)
12 4 b
= 9 /l'
)
8 e
- -
S’ 6+ - <
g -
- = ~n .
- a
34 F
= n
0 T T T T T
25 30 35 40 45 50
Awr (bar)
C 359 —m—rp,
30 4
]
25+ —
=
o
2 204
£
E 154
10 4
54
0

Figure 10. Performance of FO membrane in AL-DS mode with mixed DS, (a) Plot of
experimental water flux and RSF against bulk osmotic pressure, (b) Plot of concentrative CP
CPr against experimental water flux, (c) Plot of bulk feed osmotic pressure mz;, against osmotic
pressure at the membrane surface my,, (d). Correlation between experimental water flux and
osmotic pressure at the membrane surface mpy,.

Table 2. CP moduli for various feed solution concentration with 1M NaCl + 0.1M MgSO. DS

(AL-DS mode)
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DS Concentration Feed solution NaCl CPp (from Fig 9c) CPr (EQ.12)
1M NaCl + 0.1MgSOa4 0.05M 0.54 3.30
1M NaCl + 0.1MgSOs4 0.14M 0.57 2.17
1M NaCl + 0.1MgSOs4 0.21M 0.58 1.74
1M NaCl + 0.1MgSOa4 0.41M 0.60 1.22
1M NaCl + 0.1MgSOa4 0.50M 0.61 1.08

4.3.3. AL-FS mode: Quantification of CPp mixture DS-DI water FS

When a mixture DS of NaCl (0.3-1.5M) + 0.1M MgSQ; is placed against the SL, and DI water

FS is against the AL, the experimental water flux Jywe and RSF Js. as a function of osmotic
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driving force are presented in Fig. 11a. The mp, value was calculated using Eq. [5] and is
plotted against the osmotic pressure of DS in Fig. 11b. The mixture DS is diluted inside the
SL, leading to a dilutive internal CP. The modulus of CPp was calculated from Eqg. [6] and is
presented in Fig. 11c as a function of experimental flux Jwe and as a function of DS
concentration in Fig. 11d. As shown in Fig 11a and 11c, as the water flux increases due to the
increase in the concentration of DS, the effect of CPp becomes more substantial. Interestingly,
results showed an insignificant difference in the CPp in the FO tests with NaCl and NaCl +
MgSO4 DS. For instance, for 1.5M NaCl+0.1MgSO0., the value of CPp was 0.37 compared to
0.39 for NaCl DS. Overall, the CPp values for the mixture DS was between 0.37 and 0.58 for

the range of concentrations in Fig. 11d.
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Figure 11. Quantifying dilutive concentration polarisation in the FO process for AL-FS mode
with DI water feed solution, (a) Plot of experimental water flux Jywe and RSF Jse against the bulk
osmotic pressure (b) Plot of osmotic pressure at the membrane surface mp,, against bulk
osmotic pressure mp;, (c) Plot of dilutive CP modulus as a function of experimental water flux.
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4.3.4. AL-FS mode: Quantification CPr mixture DS-DI water FS

When the FS was replaced with NaCl 0.05M to 0.5M in the AL-FS mode, and a mixture DS
was against the SL, the concentrative external CP, CPg, develops on the AL side of the
membrane and dilutive internal CP, CPp, on the DS side. Water flux, Jwe, and RSF, Jse, were
plotted as a function of the osmotic driving force (Fig. 12a). The lowest RSF amongst all the
experiments is achieved in the AL-FS mode with a mixture DS. The moduli of CPp and CPr
are presented in Table 3. The CPrvalues ranged from 1.18 to 3.27 for the FS concentration
of 0.05 to 0.5M. The plot of CPr as a function of experimental water flux Jwe is Presented in
Fig. 12b. CPe can also be predicted at from the slope of the plot between the mzy, and mpp in
Fig. 12c. The value of gy can also be predicted from Fig.12c for any feed solution osmotic
pressure. Furthermore, the value of theoretical water flux in the FO process for any FS within
the range of FS and DS concentrations can be predicted from Fig. 12d for the same range of

draw solutions.
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Figure 12. Performance of FO membrane in AL-FS mode with mixture DS and 0.05 to 0.5M
NaCl FS, (a) Plot of experimental water flux and RSF against bulk osmotic pressure, (b) Plot
of concentrative CP against experimental water flux, (c) Plot of bulk feed osmotic pressure
g, against osmotic pressure at the membrane surface gy, (d). Correlation between
experimental water flux and osmotic pressure at the membrane surface.
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Table 3. Moduli of dilutive and concentrative CP for various feed solution concentration with
1M NaCl + 0.1M MgSO0a4 DS (AL-FS mode)

DS Concentration Feed solution NaCl CPp (from Fig 11c) CPr (EQ.12)

1M NaCl + 0.1MgSOg4 0.05M

0.47 3.27
1M NaCl + 0.1MgSOg4 0.14M

0.51 2.23
1M NaCl + 0.1MgSOg4 0.21M

0.53 1.88
1M NaCl + 0.1MgSOs4 0.41M

0.59 1.31
1M NaCl + 0.1MgSO4 0.50M

0.61 1.18

Table 3 shows that the CPp values in the AL-FS mode are more severe than the CPp
in the AL-DS mode (Table 2). This is mainly because the CPp in the AL-FS occurs

inside the SL and cannot be mitigated by the high cross-flow velocities in this study.

4. 4. Prediction of water flux, CP and RSF

It is possible to estimate theoretical water flux Jw: in the FO process with a DI water FS and
NaCl DS (concentrations 0.1M-1.5M in this study), using the empirical data from the FO
experiments. First, p;, can be calculated to predict mp,, from the correlation between the two
(Fig 5¢c and 7c for NaCl DS in AL-DS and AL-FS respectively and 9¢ and 11c¢ for mixed DS in
AL-DS and AL-FS respectively), then Jw: will be obtained from Eq. [4] using the predicted mp,
value. To do this, several draw solution concentrations between 0.1M and 1.5M (0.4, 0.6, 0.8,
1, 1.2, 1.3, and 1.4M) were considered for water flux prediction in the FO process using a DI
water feed solution. For each DS concentration, mp, was calculated to obtain mp, and
substituted in Eq. [4] to obtain Jw:. Experimental water flux was also determined for all draw
solutions (0.4, 0.5, 0.6, 0.8, 1.2, and 1.4M NaCl DS for single DS and 0.1M MgsO4 was added
to each for mixed DS) and compared with the Jw: for both NaCl and mixture DS in the AL-DS
and the AL-FS modes (Fig. 13a and Fig.13b). The results show an excellent agreement
between Jw: and Jwe for all draw solution concentrations and with an error of less than 5%.
The CPp for the investigated draw solutions can be predicted from Eq. [6] (Table A.1.5,
Appendix A.1).
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Figure 13. Theoretical flux prediction based on the correlations between empirical data, (12a)
0.4M to 1.4M NaCl DS and DI water FS in AL-DS and AL-FS mode, and (12b) Mixed DS with
DI water feed in the AL-DS and AL-FS mode.

The excellent agreement between theoretical and experimental water flux Jwe and Jw: shows
the reliability of the proposed model to predict water flux in the FO process using empirical
data. Compared to the previous models, water flux in the FO membrane can be determined
with less information about the membrane and flow characteristics in the FO process.
However, feed solution in the FO process is often saline water, which leads to internal

concentration polarization. This issue will be covered in the following section of the study.

For the FO process with a saline feed solution, additional information about the correlation
between -, and J,,. should be available to predict the Jw: and CPr in the FO process with a
saline FS. Initially mp, and mp, were calculated as an average of the inlet and the outlet
concentration of the feed and draw solutions. DS used was 1M NaCl DS experiments and
1M+0.1M MgSO. in mixed DS experiments. For each FS concentration, the osmotic
pressure mp, Was determined as the average inlet and outlet FS osmotic pressure and then
the value of mp), was obtained from the correlations in Fig.6¢c, Fig.8c, Fig.10c and Fig.12c.
The value of Ju: was then predicted for NaCl and mixture DS using the correlations between
Jwe and mgy, as shown in Fig. 14a and Fig. 14b, respectively. The percentage error ranged
from 4% to 5% for the experimental and theoretical values. The values of mpy, and Ju: was
compensated in Eq. [8a] to obtain the value of ). Furthermore, CPr can be predicted from
Eq. [10] and CPp from Eq. [6], since all the input values in these equations are in Appendix
A.1 (Table A.1.6).
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Figure 14. Prediction of theoretical water flux with NaCl feed solution (3g/L to 29.5¢g/L) in the
AL-FS and the AL-DS mode, (a) Plot of theoretical and experimental water flux as a function
of the osmotic driving force for single NaCl DS 1M and FS of 3g/L, 9g/L, 12g/L,
15¢/L,199g/L,25.20g/L and 29.20g/L NaCl solution in the AL-FS and the AL-DS mode (b) Plot
of theoretical and experimental water flux with 1M NaCl+0.1M MgSO. DS and FS of 4g/L,
80/L,12g/L,164g/L, 20g/L, 24g/L and 29.20g/L NaCl in the AL-FS and the AL-DS mode. All
prediction was based on empirical data.

From Fig.14a and 14b, the proposed model can provide a good estimation of theoretical water
flux for any FS within the range of experimental data. For instance, Jw:, CPr, and CPp of any
NaCl FS from 0.05 M-0.5M can be estimated using the methodology in this study. Apart from
predicting the parameters above, the theoretical RSF Js: in the FO process can also be
predicted, since the value of solute concentrations at the membrane surface Cpm and Cem can
be determined easily once the value of mp, and mpy, is available. The theoretical RSF can
then be predicted from Eq.[8]. The experimental RSF was determined from Eg. [10]. The
theoretical and experimental RSF are compared in Fig.15a &15b for NaCl and a mixture DS,
respectively; results showed less than 10% error between the theoretical and experimental
values. As evident from Fig.15a and Fig. 15b, the model can provide a good estimation of
the RSF based on the solute concentration profiles at the membrane surface. The error was

slightly larger in the RSF prediction for mixed DS compared to the single NaCl DS.

The proposed empirical model can provide solute concentration profiles of the FO membrane
and quantify CP in the FO process. Most importantly, this model does not rely on
hydrodynamic relations such as Reynold and Sherwood relations and the solute resistance to

diffusion “K” value.
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Figure 15. Comparison of theoretical RSF Js: and experimental RSF Jse , () For 1M NaCl DS
and 0.05 to 0.5M NacCl FS, (b) For 1M NaCl+0.1M MgSO. DS and 0.05M to 0.5M NaCl FS.

5. Conclusion

The moduli of CPs’ in the FO process require a large amount of information to calculate. The
existing models can predict the experimental flux in the FO process. Still, they become more
demanding when a mixture of draw solutions is used or lack of information about the FO
modules due to propriety issues. Therefore, the solute resistivity “K” and mass transfer
coefficient “k” value are hard to determine for a forward osmosis system. The empirical model
in this study can provide an alternative solution for the prediction of water flux in the FO
process. The model demonstrated an excellent capability to predict CP and water flux in the
FO process with 95-99% agreement with experimental values and without the need to obtain
experimental parameters such as K and k. The model can be particularly helpful in the FO
processes using a mixture of draw solutions. In a multicomponent draw solution, the diffusion
coefficient is hardly available in the literature and ions to move at a distinct rate within the film
layer; therefore, it is impossible to define an effective diffusivity of the mixture. The model in
this study only relies on a set of experimental data to measure CP and predict performance,
such as Flux, CP, and RSF. It can also be extended to ternary and quaternary mixtures of

DSs as well as commercial spiral wound modules.
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Appendix A.1
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Figure.A.1. An illustration of concentration profiles in the AL-DS and the AL-FS mode with DI
water FS, (a) The AL (active layer) of the membrane facing the draw solution and the support
layer faces the feed solution in the AL-DS mode. The bulk osmotic pressure difference is equal
to the difference between membrane surface osmotic pressures, (b) The AL of the membrane
is facing the feed solution, and the support layer is facing the draw solution in the AL-FS mode.
It should be noted that the membrane is assumed to have a 100% rejection of ions.

A.1.2. Pure water permeability, salt permeability of FO membrane

A reverse osmosis (RO) test was performed to determine membrane water and salt
permeability coefficients, 4,, and B, respectively. RO test was performed with DI water feed
solution at 20°C and feed pressure increased from 1 to 6 bar with 0.5 bar increment to
determine the value of A,,. The AL of the FO membrane was facing DI water to avoid

membrane deformity. First, the membrane was compacted with maximum hydraulic pressure
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of three bar until the permeate flux reached a steady state. A concentrate/back pressure
control valve was used to adjust trans-membrane pressure. Following the membrane
compaction, the next reading was collected after 12 hours using the same hydraulic pressure.
The water flux was calculated according to Eq. [13], and the value of 4,, was calculated using

Eq. [1].

Jw
Ay = AP [1]

The value of 4,, was 0.58 Lmhbar?!. The membrane rejection rate was carried out using 2
g/L NaCl feed solution at 20°C. The test was carried out at 6 bar, and B value was calculated
from the following expression:

_ (1—Rj)

Rj

B Jw [2]

where R; is the rejection rate of the membrane. The B value in this study was 0.32+0.07 L/m?h
for NaCl feed solution. The values of 4, and B are comparable to the values previously

reported for this FO membrane [35].

A.1.3. CP for 1M NaCl DS and 0.05M to 0.50M FS (AL-DS mode)

The modulus of CPpwas predicted from Fig.6c, and the CPr was then calculated from Eq.
[9] listed in Table A.1.

Table A.1.3 CP moduli for various feed solution concentration with 1M NaCl DS (AL-DS

mode)

DS (NacCl) Feed solution CPp (Predicted from Fig 5¢) | CPe (Eq.12)
M 0.05M 0.67 3.72
M 0.14M 0.75 2.79
M 0.21M 0.80 2.45
M 0.41M 0.93 1.91
M 0.50M 0.98 1.78

A.1.4. CP for 1M NaCl DS and 0.05M to 0.50M FS (AL-FS mode)
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The CPpwas predicted from Fig.8c, and the CPr was then calculated from Eq. [9] listed in

Table A.2.

Table A.1.4. CP moduli for 0.05M to 0.5M NaCl feed solution and1M NaCl DS (AL-FS mode)

DS Concentration Feed solution NaCl CPp (predicted from Fig 7c) | CPr ( Eq.12)
M 0.05M 0.56 3.06
M 0.14M 0.59 2.18
M 0.21M 0.62 1.89
M 0.41M 0.69 1.36
M 0.50M 0.74 1.28

A.1.5. CPp for various DS concentration with DI water FS (AL-DS mode and AL-FS

mode)

Table A.1.5. CP moduli data for single and mixed DS with DI water feed solution.

DS Concentration

Feed solution

CPp (predicted) AL-DS

CPp (predicted) AL-FS

0.4 NaCl
0.6 NaCl
0.8 NaCl
1.2 NaCl
1.4 NaCl
0.4NaCl+0.1MgSO4
0.6 NaCl+0.1MgSO4
0.8 NaCl+0.1MgSO4
1.2 NaCl+0.1MgSO4
1.4 NaCl+0.1MgSO4

DI water
DI water
DI water
DI water
DI water
DI water
DI water
DI water
DI water

DI water

0.76
0.70
0.68
0.66
0.58
0.62
0.59
0.58
0.56
0.47

0.64
0.59
0.57
0.55
0.46
0.52
0.51
0.50
0.49
0.43

A.1.6. CPpand CPe for 1M DS and NaCl FS (AL-DS mode and AL-FS mode)

Table A.1.6. CP moduli data for single and mixed DS with NaCl feed solution (0.05 to 0.5M)

DS Concentration FS NaCl (M) CPp (predicted) | CPg (predicted) | CPp (predicted) | CPe (predicted)
AL-DS AL-DS AL-FS AL-FS

1M NaCl 0.05 0.67 3.79 0.56 3.17

1M NaCl 0.15 0.76 2.64 0.60 2.04

1M NaCl 0.21 0.80 2.44 0.62 1.85
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1M NacCl 0.26 0.84 2.29 0.64 1.71

1M NaCl 0.33 0.89 2.12 0.67 1.56
1M NaCl 0.43 0.95 1.90 0.71 1.37
1M NaCl 0.50 0.98 1.77 0.73 1.26
1M NaCl+0.1MgSO, 0.05 0.55 2.90 0.50 2.94
1M NaCl+0.1MgSO, 0.15 0.56 2.10 0.55 2.54
1M NaCl+0.1MgSO, 0.21 0.58 1.77 0.61 2.32
1M NaCl+0.1MgSO, 0.26 0.59 1.55 0.67 2.14
1M NaCl+0.1MgSO, 0.33 0.60 1.38 0.72 1.97
1M NaCl+0.1MgSO, 0.43 0.61 1.24 0.77 1.81
1M NaCl+0.1MgSO, 0.50 0.62 1.07 0.81 1.62
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