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Abstract 11 

Concentration polarization is one of the inherent problems in forward osmosis membrane 12 

process. A quantitative evaluation of concentration polarization is therefore vital to understand 13 

its impact on the performance of the forward osmosis. Limited data in the literature exists for 14 

the diffusion coefficient of mixed electrolyte or multicomponent solutions, which makes the 15 

calculation of mass transfer coefficient and solute resistance to diffusion in forward osmosis 16 

complicated. Therefore, an empirical method based on a limited set of well-defined 17 

experiments for evaluating and predicting the concentration polarisation, water flux, and 18 

reverse solute flux is presented for single and mixed, or multi-ions draw solutions. The 19 

proposed method does not rely on the hydrodynamic conditions and flow regime in the system 20 

and provides an approach to measure and predict concentration polarisation, water flux, and 21 

reverse salt flux when the diffusion coefficient of a feed solution (FS) or draw solution (DS) is 22 

challenging to determine. The developed numerical method is two steps method to measure 23 

internal and external concentration polarisation using different concentrations of the draw and 24 

feed solutions. Experimental work was carried out with a single, and highly soluble sodium 25 

chloride (NaCl) DS and a mixture of NaCl and magnesium sulphate (MgSO4) were used as a 26 

selected multicomponent DS. The results showed a 95% to 99% agreement with the 27 

experimental data.  28 

Keywords: Forward Osmosis; Draw Solution; Concentration Polarisation; Reverse Salt Flux; 29 

Diffusion Coefficient.   30 

1. Introduction  31 

 32 

Forward osmosis (FO) has gained excellent popularity as a sustainable membrane separation 33 

process and a possible alternative to pressure-driven membrane processes [1-6]. While it has 34 

immense potential in wastewater treatment and seawater desalination, a major impediment in 35 
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its successful commercialization is the inherent problem of concentration polarization (CP) [2, 36 

7-13]. Unlike pressure-driven membrane processes, the FO process experiences CP on both 37 

sides of the membrane [3, 11, 12, 14-22]. Although internal CP (ICP) plays a dominant role in 38 

flux decline in the FO process, external CP (ECP) effects cannot be overlooked when treating 39 

high salinity solutions, or when the FO membrane operates at a high water flux [23-25]. It is, 40 

therefore, vital to consider the impacts of both external and internal CP in the design and 41 

operation of the FO process [26-28]. 42 

The CP is measured in terms of its modulus. The two main parameters used in the FO process 43 

for measuring the moduli of external and internal CP are the mass transfer coefficient “k” and 44 

the solute resistance to diffusion “K”. The most uncertain element in the theoretical 45 

determination of CP lies in the determination of the mass transfer coefficient “k” [29], which is 46 

usually estimated from a dimensionless correlation using an appropriate Sherwood relation 47 

for the flow regime. Numerous Sherwood relations have been proposed and extensively 48 

reviewed in the literature [12, 30-32]. Apart from the large number of different relationships 49 

that exist in the literature for mass transfer coefficient and Sherwood relations, most of these 50 

relations were developed for mass transfer either in smooth and non-porous systems or were 51 

derived from heat transfer-mass transfer analogies [33]. Whist FO membranes are 52 

semipermeable and often rough on a microscopic scale. The mass transfer also depends on 53 

fluid properties and rate of flow, and if these vary in the direction of flow, so does the mass 54 

transfer coefficient [34]. Some commercial suppliers of FO membrane modules, such as 55 

Porifera, provides limited information about the module (modules are sealed), which will further 56 

complicate the process of finding the mass transfer from Sherwood relations.  57 

The solute resistivity (K), for example, is a function of the membrane characteristics (such as 58 

membrane porosity, tortuosity, and thickness), which are not readily available and requires an 59 

extensive procedure to determine [11]. Most importantly, the K, as well as the mass transfer 60 

“k” value, also depends on the value of the diffusion coefficient (D), which is easier to measure 61 

for a single salt solutions such as sodium chloride (NaCl), potassium chloride (KCl), and 62 

magnesium chloride (MgCl2) [1, 11, 35]. However, there is limited data available in the 63 

literature for the diffusion coefficient of mixed electrolyte solutions except for NaCl and MgCl2 64 

[36]. The diffusion coefficient of mixed draw solution (DS) such as seawater or blended (two 65 

or more) DSs [37-39] that often used in the FO applications would be a mix of main diffusivities 66 

of individual draw solute and cross diffusivity of both the solution [40]. The co-existence of 67 

different species in a DS can also alter the diffusivity of a particular species [37]. For some 68 

DSs, the process becomes more complicated when dilution/suction parameters need to be 69 

considered [18]. In such instances, finding the value of K would be prone to errors. In addition, 70 

the asymmetry of the support structure also causes different diffusion behaviour depending 71 
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on the direction of flux and ion transport across the FO membrane [1]. Computer models based 72 

on computational fluid dynamics [24] and 2D finite element method (FEM)  for predicting FO 73 

performance are complex and involve expertise in particular software. Several other new 74 

models have been developed recently by researchers including machine learning models [41], 75 

temperature/concentration parameter based solution diffusion models [23, 42], and spatial 76 

variation model [43]. So far, the current water flux models are exacting methodologies that 77 

require a lot of information about the FO membrane and flow characteristics of the filtration 78 

system.  79 

 80 

Mixed or multicomponent DSs demonstrated excellent performance and widely used in the 81 

FO process [36, 38, 44, 45]. Although several models exist in the literature which addresses 82 

the CP for single solutes, the application of these models for quantifying CP in mixed DSs is 83 

questionable as well as non-existent in the literature. The objective of this study is two-fold. 84 

Firstly, to develop an empirical method to measure CP profiles in the FO process in both 85 

membrane orientations for single and mixed DS. Secondly, the proposed method was 86 

validated to predict dilutive and concentrative CP, water flux and reverse salt flux in the FO 87 

process for single and mixed DS. The method used in this study does not require information 88 

about the flow regime in the FO process and special membrane characteristics (such as 89 

structure parameter) to calculate water flux and reverse salt flux, and hence, can also be 90 

extended to ternary and quaternary mixtures in osmotically-driven membrane processes.  91 

 92 

2. Theory and Model 93 

2.1. Modelling dilutive concentration polarization (CP) 94 

 95 

Concentration polarization (CP) in the FO process occurs on both sides of the FO membrane, 96 

i.e., the draw and feed sides. Dilutive concentration polarization due to concentration dilution 97 

occurs on the DS side, while concentrative concentration polarization occurs on the feed 98 

solution side. Dilutive and concentrative CP is taking place simultaneously, making the 99 

process of predicting the moduli of concentrative and dilutive concentration polarization in the 100 

FO process more complicated. The modulus of concentrative CP, however, will be negligible 101 

when the feed solution is de-ionized (DI) water. Hence, the modulus of dilutive CP can be 102 

separately measured, as presented in Fig. A.1a (Appendix A.1) for AL-DS mode (when the 103 

active layer faces the draw solution) and Fig. A.1b (Appendix A.1) for AL-FS mode (when the 104 

active layer faces the feed solution). 105 

 106 
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According to the modified solution-diffusion model based on film theory, water flux across the 107 

FO membrane is given Eq. [1]. 108 

𝐽𝑤 = 𝐴𝑤 [(𝜋𝐷𝑏  − 𝜋𝐹𝑏) − ∆𝑃]                                    [1]  109 

where Aw is the pure water permeability coefficient of the FO membrane, 𝝅𝑫𝒃   and 𝝅𝑭𝒃 are 110 

bulk osmotic pressures of the DS and FS (feed solution), respectively, and ∆𝑷 is the 111 

transmembrane hydraulic pressure. Eq. [1] calculates the water flux as a function of driving 112 

force only based on the concentration difference and is valid only in the absence of CP 113 

phenomena. In practice, the flux through an asymmetric FO membrane is far lower than 114 

predicted by Eq. [1]. 115 

 Most commercial FO membranes have a rejection rate of over 90% to ions. It is assumed in 116 

this study that the FO membrane is completely selective (complete ion rejection and a 117 

reflection coefficient of 1). When the FS is a DI water, the osmotic pressure of the feed side 118 

will be insignificant, and hence the effect of CP on the feed side is negligible. However, the 119 

impact of dilutive CP on the DS side still exists due to the dilution of DS by permeate flow 120 

(dilutive external CP) in the AL-DS mode and inside the support layer (SL) in the AL-FS 121 

(dilutive internal CP). As such, Eq. [1] can be expressed in terms of dilutive CP at the draw 122 

solution side (CPD). 123 

𝐽𝑤 = 𝐴𝑤(𝐶𝑃𝐷𝜋𝐷𝑏) − ∆𝑃]                                    [2] 124 

where CPD is the dilutive external CP correction factor on the DS side. The osmotic pressure 125 

at the membrane surface 𝜋𝐷𝑀 after correction for the dilution factor can be expressed by Eq. 126 

[3]. 127 

𝜋𝐷𝑀 = 𝜋𝐷𝑏𝐶𝑃𝐷                                                   [3]   128 

Substituting Eq. [3] in Eq. [2] yields, 129 

 𝐽𝑤 = 𝐴𝑤 (𝜋𝐷𝑀 − ∆𝑃)                                           [4] 130 

𝜋𝐷𝑀 =
𝐽𝑤

𝐴𝑤
+ ∆𝑃                                                   [5] 131 

Since the FO process is driven by the osmotic pressure gradients across the membrane, the 132 

hydraulic pressure in Eq. [5] is equal to zero, ∆𝑷 =0.  From Eq. [5] the osmotic pressure 133 

difference 𝜋𝐷𝑀 across the AL can be calculated using experimental water flux and pure water 134 

permeability coefficient Aw [46]. Rearranging Eq. [3], the modulus of dilutive CP at the DS 135 

membrane interface is given by Eq. [6].  136 



 

5 
 

𝐶𝑃𝐷 =
𝜋𝐷𝑀

𝜋𝐷𝑏
                                                         [6]            137 

Experimentally, 𝜋𝐷𝑏 is calculated as the average osmotic pressure of the inlet and outlet DS, 138 

whereas, experimental water flux in the FO process Jwe is given by Eq. [7]: 139 

𝐽𝑤𝑒 =
(𝑊𝑡−𝑊𝑖)

1000∗𝐴∗𝑡
                                                     [7] 140 

where A is the membrane area, t is the filtration time, and Wt and Wi are weights of permeate 141 

at t time and initial time, respectively. In the FO process, the value of CPD is less than unity 142 

due to dilution of the DS, while CPD value equals unity refers to zero dilutive CP. For a given 143 

FO membrane with a known Aw and DI water FS, experimental water flux can be calculated 144 

from Eq. [7] then compensated in Eq. [5] to calculate 𝜋𝐷𝑀. CPD can be obtained from Eq. [6]; 145 

this process will be repeated for a range of DS concentrations (single or mixed DS) using a DI 146 

water FS. Fig. 1a shows the relationship between Jwe and CPD for several DS concentrations 147 

(curves are a replication of experimental data). Practically, the CPD of any DS within the range 148 

of concentrations used in Fig. 1a can be predicted by knowing water flux (DI water feed or 149 

saline feed) in the FO process. Fig. 1b presents the relationship between the theoretical 150 

osmotic pressure 𝜋𝐷𝑏 and the effective osmotic pressure (𝜋𝐷𝑀) in the FO process for DI water 151 

FS. From Fig 1a and 1b, theoretical water flux in the FO process with DI water feed can be 152 

predicted by knowing the bulk osmotic pressure of the DS. From Fig 1b, the calculated 𝜋𝐷𝑏 153 

will be used to predict 𝜋𝐷𝑀  using regression analysis in the FO process, then theoretical water 154 

flux Jwt for DI water feed and different DS concentrations can be estimated using Eq. [4]. 155 

In general, the modulus of dilutive CP, CPD, of any DS within the range of concentrations in 156 

Fig. 1a can be predicted by knowing the experimental water flux in the FO process. 157 

Furthermore, water flux and CPD in the FO process with DI water feed solution can be 158 

theoretically predicted using the relationship between the bulk osmotic pressure 𝝅𝑫𝒃 and 𝝅𝑫𝑴 159 

in Fig. 1b, then compensating in Eq. [4] to calculate 𝐽𝑤 or Eq. [6] to calculate CPD.  160 

 161 
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162 

Figure.1. Water flux in the FO experiment using DI water FS and NaCl DS. a) Experimental 163 
water flux vs. the modulus of CPD. b) A plot of bulk osmotic pressure 𝜋𝐷𝑏  against the osmotic 164 
pressure at the membrane surface on the DS side 𝜋𝐷𝑀. The concentration of DS ranges from 165 
0.1M to 1.5M at 20oC.  166 

 167 

2.2. Modelling concentrative concentration polarization (CP) 168 

 169 

Concentrative and dilutive CP co-occur on the feed and draw sides of the FO membrane. The 170 

effect of concentrative CP can be ignored when DI water is the FS but becomes significant as 171 

the salinity of FS increases. Two types of FO experiments are required to find out the effects 172 

of concentrative and dilutive CP in the FO process. In the first set of experiments, DI water will 173 

be the FS [Fig.2] to calculate a correlation between Jwe and CPD, as illustrated in section 2.1. 174 

In the second set of experiments, the FO process will be performed with different FS and DS 175 

salinities to estimate the value of CPF. Eq. [1] calculates water flux in the FO process, using 176 

DI water FS. However, Eq. [1] overestimates water flux in the FO process by 50% [47]. 177 

Practically, freshwater transport across the FO membrane dilutes the DS (CPD on the draw 178 

side) and concentrating the FS resulting in a concentrative CP on the feed side (CPF on the 179 

feed side). Experimentally, water flux in the FO process using two solutions of different 180 

concentrations is given by the following Eq.:  181 

 182 

  𝐽𝑤 = 𝐴𝑤(𝜋𝐷𝑀 − 𝜋𝐹𝑀 − ∆𝑃)                    [8a]   183 

  ∆𝜋 =
𝐽𝑤

𝐴𝑤
+ ∆𝑃                                           [8b] 184 

 185 

where, 𝜋𝐹𝑀 is the osmotic pressure of the FS at the membrane surface, and ∆𝜋 is the net 186 

osmotic pressure driving force. In Eq. [8], ∆𝑷 can be cancelled since the hydraulic pressure 187 
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gradient is equal to zero in the FO process. Eq. [8a] can be expressed in terms of the moduli 188 

of dilutive and concentrative CP for the draw and FS, respectively, as the following: 189 

 190 

𝐽𝑤 = 𝐴𝑤(𝐶𝑃𝐷𝜋𝐷𝑏 − 𝐶𝑃𝐹𝜋𝐹𝑏)                              [9] 191 

 192 

where, CPF represents the modulus of concentrative CP. In Eq. [9], 𝜋𝐷𝑏  and 𝜋𝐹𝑏  are the bulk 193 

osmotic pressure of DS and FS, and Jw can be experimentally calculated from Eq. [7]. Once 194 

Jwe is experimentally determined, the modulus of dilutive CP CPD can be predicted from Fig. 195 

1a from a correlation between experimental water flux Jwe and the amount of dilution caused 196 

by permeating water (CPD). Substituting Jwe, CPD, 𝜋𝐷𝑏  and 𝜋𝐹𝑏 in Eq. [9] to calculate the 197 

modulus of concentrative CP, CPF. Then, the bulk osmotic pressure 𝜋𝐹𝑏 will be plotted against 198 

the osmotic pressure at the membrane surface (𝜋𝐹𝑀) in Fig. 2a and Jwe will be plotted as a 199 

function of 𝜋𝐹𝑀 in Fig. 2b. Thus, the theoretical value of water flux in the presence of FS can 200 

be predicted based on values of 𝜋𝐹𝑀 in Fig.2b.  Mathematically, CPF is described as the ratio 201 

of 𝜋𝐹𝑀 to 𝜋𝐹𝑏 as given by Eq.[10]. 202 

 203 

𝐶𝑃𝐹 =
𝜋𝐹𝑀

𝜋𝐹𝑏
                                                       [10] 204 

 205 

 206 

Figure.2. Water flux in the FO experiment using NaCl FS and DS. a) A plot of osmotic pressure 207 
at the membrane surface 𝜋𝐹𝑀 and bulk FS osmotic pressure 𝜋𝐹𝑏. b) Experimental water flux 208 
vs 𝜋𝐹𝑀. The concentration of DS is 1M at 20oC, and the concentration of FS ranges from 0.05 209 
to 0.5M at 20oC. 210 
 211 

In the FO process, along with the water flux, there is also a reverse salt flux (RSF) from the 212 

DS to the FS. Ideal FO membrane has a complete rejection of solutes, but in practice, a small 213 
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amount of the draw solute would transport across the membrane. Mathematically, the salt flux 214 

from DS to the FS can be estimated by Eq. [11].  215 

𝐽𝑠𝑡 = 𝐵(𝐶𝐷𝑀 − 𝐶𝐹𝑀)                              [11] 216 

In Eq. [11] Jst is the theoretical RSF, CDM is the concentration of DS at the membrane surface 217 

on the DS side, and CFM is the concentration of FS at the membrane surface on the feed 218 

side. When DI water is the FS, and all salt in feed is from RSF, Eq. [11] can be modified as: 219 

𝐽𝑠𝑡 = 𝐵 (
𝜋𝐷𝑀

𝑛𝑅𝑇
)                                        [12] 220 

Once the osmotic pressure at the membrane surface is determined using Eq. [5], the 221 

theoretical RSF can be calculated using Eq. [12] with DI water FS and Eq. [11] for NaCl FS. 222 

For model verification, the experimental RSF was calculated using Eq. [13]. 223 

𝐽𝑠𝑒 =
𝑉𝑓 𝐶𝑓−𝑉𝑖𝐶𝑖

𝐴∗𝑡
                                        [13]  224 

where Vf and Cf is the final volume and concentration of the FS, respectively, and Vi and Ci is 225 

the initial volume and concentration of the FS at the start of the FO experiment. A represents 226 

the total membrane area, and t is the filtration time of the FO run. 227 

In practice, for a given FO membrane, the water permeability coefficient will be experimentally 228 

obtained. Then, two steps experimental work will be carried out to calculate CPD and CPF in 229 

the FO membrane. The first set of experiments uses DI water FS and saline DS of different 230 

concentrations to calculate CPD in the FO process using the procedure explained in section 231 

2.1. The impact of concentrative CP and dilutive CP will be obtained in the second set of 232 

experiments, which uses a range of feed and draw concentrations to calculate CPF in the FO 233 

process, as illustrated in section 2.2. To predict water flux in the FO process for a known feed 234 

and draw concentrations (within the studied concentrations), 𝜋𝐹𝑀 will be estimated from Fig. 235 

2a using the corresponding values of 𝜋𝐹𝑏 to obtain CPF. Finally, water flux will be estimated 236 

from Fig. 2b. The reverse salt flux can be obtained using Eq. [12] with DI water feed and Eq. 237 

[11] for a saline FS.  A schematic diagram of water flux and CP measurements in the FO 238 

process is illustrated in Fig. 3. It should be noted that water flux and reverse salt flux in this 239 

method will be directly affected by the testing conditions of the FO process such as feeds flow 240 

rate, the temperature of feed and draw solution, the concentration of feed and draw solution. 241 

 242 
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 243 

Figure. 3. Schematic diagram of calculation and prediction of the CP in the FO process. 244 

 245 

 246 

 247 

3. Materials and Methods 248 

3.1. Forward osmosis cross-flow system and membrane 249 

 250 

A schematic diagram of the laboratory-scale unit is shown in Fig. 4.  The FO cell (CF042D) 251 

used in this study was obtained from Sterlitech Corporation (USA) and featured an active 252 

membrane area of 42 cm2 (0.0042 m2). Two Cole-Parmer Micro-pumps with Console Drive, 253 

PEEK (Sterlitech-USA) were used for FS and DS pumping. A panel mount flow meter F-550 254 

(Sterlitech –USA) was used to measure the volumetric flow rate of the FS and the DS. The 255 

flow rate was fixed at 2 litres per minute (cross-flow velocity of 36 cm/s) for both the feed and 256 

the draw side, and the cell was operated in co-current cross-flow. A digital balance (EK-15KL) 257 

connected to a computer was used on the draw side to record the increase in the weight of 258 

the DS.  Water flux was calculated from the weight change of the DS. The experiment was 259 
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operated at an ambient lab temperature of 21 ±1.5 0C. Immersion circulators (Sterlitech-USA) 260 

were used to maintain the temperature of feed and DS when required. A conductivity meter 261 

(Hach HQ14d) on both draw and feed side was used to record the change in conductivity of 262 

the draw and FS. 263 

 264 

 265 

Figure.4. Diagram of the lab-scale forward osmosis system. Co-current cross-flow of the 266 
feed and DS was used in all the experiments. 267 

This study used a flat sheet cellulose triacetate (CTA) FO membrane “FTSH2O” provided by 268 

Sterlitech Corporation and manufactured by Fluid Technology Solutions. The membrane was 269 

soaked overnight in DI water to ensure complete wettability. At the beginning of each run, it 270 

was flushed with DI water to remove any additives.   271 

3.2 Feed and draw solutions 272 

 273 

All chemicals used in experiments were analytical grade obtained from Sigma Aldrich, 274 

Australia. NaCl DS was prepared by dissolving an analytical grade NaCl in DI water. Mixed 275 

DS was prepared by mixing NaCl solution with MgSO4 (magnesium sulphate, molecular weight 276 

120.37 g/mol). NaCl was used as a major solute and MgSO4 as a minor solute (0.1M) in the 277 

solution. The FS used in this study, depending on the objective of experiments, was either DI 278 

water or NaCl solution with concentration ranging 0.05M to 0.5M. The osmotic pressure of all 279 

solutions was calculated by the Van’t Hoff Eq.: 280 

𝜋 = 𝑖𝐶𝑅𝑇                                      [14]    281 
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where i= number of ions produced during dissociation of solute, R is the universal gas constant 282 

(0.0820 L atm mol-1K-1), C is the molar concentration of the solute (mole/L), and T is the 283 

absolute temperature (kelvin).   284 

 285 

3.3. Experimental protocol 286 

 287 

Two types of experiments were carried out to measure the effects of CP in the FO process in 288 

both the AL-DS and the AL-FS orientation. The first set of experiments used DI water FS, and 289 

single salt NaCl DS with concentrations between 0.1M and 1.5M to measure the dilutive CP 290 

(CPD) on the DS side. In the second set of experiments, DI water FS was replaced with NaCl 291 

FS to measure the effects of concentrative CP (CPF). The concentration of FS was from 0.05M 292 

to 0.5M NaCl. After each run, the membrane was rinsed with DI water at a 2.8 LPM flow rate 293 

(cross-flow velocity of 51 cm/s) for at least 30 minutes to remove any salts accumulated from 294 

a previous test. A similar protocol was used for mixed salt experiments, except that a constant 295 

0.1M MgSO4 was added to the corresponding NaCl DS. Each experiment was conducted at 296 

least 2 times, and the average results were reported in this study. 297 

 298 

 299 

4. Results and Discussions 300 

4.1. Membrane intrinsic properties 301 

 302 

The pure water permeability Aw and salt permeability B was determined through a cross-flow 303 

RO (reverse osmosis) setup. The detailed procedure is listed in Appendix A.1. Primarily, we 304 

need the value of Aw and B for modelling in this study. The Aw value used in the calculation in 305 

this study was 0.58 Lm-2h-1bar-1. The membrane B value used in the prediction of RSF was 306 

0.32±0.05 Lm-2h-1. These values are comparable to previously reported for this membrane 307 

[35].  308 

 309 

4.2. Quantification of CP for mixed DS  310 

 311 
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CP is usually measured in terms of its modulus. The dilutive concentration polarization 312 

modulus is defined as the ratio of the osmotic pressure of the DS at the membrane surface to 313 

the bulk osmotic pressure of DS [Eq. 6]. According to the previous mass transfer models in 314 

the literature [12], dilutive CP modulus is usually less than 1, and concentrative CP modulus 315 

is greater than 1. To measure the effect of CPD and CPF, NaCl was used as a DS, and FS was 316 

DI water in the first set of experiments. In the next set of experiments, FS was replaced with 317 

0.05M to 0.5M NaCl solution to calculate the values of CPF.  318 

 319 

4.2.1. AL-DS mode: Quantification of CPD NaCl DS-DI water FS 320 

 321 

In the AL-DS mode, experimental water flux, Jwe and experimental RSF Jse curves (calculated 322 

with different DS concentrations from Eq. [7] and Eq. [13]) are presented in Fig. 5a as a 323 

function of the net osmotic driving force. Water flux is presented on the primary y-axis, 324 

whereas RSF is presented on the secondary y-axis. The concentrations of DS were 0.1, 0.3M, 325 

0.5M, 0.7M, 1M, and 1.5M NaCl, while DI water was the FS to minimize the effect of 326 

concentrative CP, i.e., CPF ≈ 0. As the DS concentration increased gradually from 0.1 to 1.5M, 327 

water flux in the FO process increased. The concentration of NaCl in the FS due to reverse 328 

salt flux (RSF) was measured at the end of the FO experiments and found to be very low 329 

(<100 mg/L) to have a significant effect on the osmotic pressure of the FS. The osmotic 330 

pressure at the membrane AL surface 𝜋𝐷𝑀 was obtained from Eq. [5], and is presented in Fig. 331 

5b as a function of the osmotic pressure of bulk draw solution. The value of 𝜋𝐷𝑀 represents 332 

the actual osmotic pressure at the membrane surface responsible for the water transport 333 

across the FO membrane. The osmotic pressure 𝜋𝐷𝑀 was divided by the osmotic pressure of 334 

the bulk draw solution to obtain the CPD modulus using Eq. [6]. The values of CPD were 335 

calculated for each DS concentration and are presented as a function of the experimental 336 

permeate flux in Fig. 5c and as a function of NaCl draw solution concentration in Fig. 5d. 337 
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 338 

Figure 5. Quantifying dilutive concentration polarisation in the FO process for AL-DS mode 339 
with DI water feed solution and NaCl DS (0.1-1.5M) (a) Plot of experimental water flux Jwe and 340 
experimental RSF Jse against the bulk osmotic pressure 𝜋𝐷𝑏, (b) Plot of osmotic pressure at 341 
the membrane surface 𝜋𝐷𝑀 against bulk DS osmotic pressure 𝜋𝐷𝑏 (c) A plot of dilutive CP 342 
modulus CPD as a function of experimental water flux Jwe (d) A plot of dilutive CP modulus 343 
CPD as a function of NaCl DS concentration. 344 

 345 

Results in Fig. 5c and Fig.5d show that the CPD became severer (farther from unity) with 346 

increasing the concentration of DS and increased water flux. In other words, the value of CPD 347 

is strongly dependent on water flux [1]. Higher DS concentrations result in higher permeation 348 

flux, and hence creating a higher degree of dilution of the DS on the surface of the AL. For 349 

example, the most severe CPD  was 0.52 for 1.5M NaCl DS, indicating that the osmotic 350 

pressure of DS at the membrane surface is almost half of that in bulk DS. At higher water flux, 351 

therefore, the effects of dilutive external CP can become a limiting factor in the FO process [2, 352 

48]. At very low water fluxes and DS concentration such as 0.1M, the effects of CPD is almost 353 

negligible (𝜋𝐷𝑀 ≈ 𝜋𝐷𝑏). 354 

 355 

4.2.2. AL-DS mode: Quantification of CPF NaCl DS-NaCl FS 356 

 357 
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When the feed solution in the FO process is a DI water, the osmotic pressure at the FS side 358 

of the membrane will be negligible, and the relationship between Jwe and CPD is illustrated in 359 

Fig. 5c. For the FO process with a saline FS, additional information should be available to 360 

calculate the CPF in the FO process. NaCl solution of concentration between 0.05 and 0.5M 361 

was the FS in the FO process to measure the concentrative CP, CPF, in the FO membrane at 362 

1M NaCl. The FO process was performed in the AL-DS mode to study the moduli of CPF and 363 

the CPD. The two CPs are acting simultaneously on the FO membrane leading to a reduction 364 

in the experimental permeate flux Jwe (Fig. 6a). As shown in Fig.6a, water flux increased with 365 

increasing the net osmotic pressure ∆𝜋. The modulus of CPD can be obtained from the 366 

correlation between Jwe and CPD from Fig. 5c, which shows water flux at different osmotic 367 

pressure gradients. In effect, the dilutive CP is mainly caused by water flux permeating across 368 

the membrane, diluting the concentration of the DS at the boundary layer. Compensating in 369 

Eq. [9] to obtain the modulus of CPF at different water flux, and results are shown in Fig. 6b. 370 

The moduli of CPD and CPF are presented in Table A.1.3 (Appendix A.1).  As the concentration 371 

of FS increases, water flux and the modulus of CPD decreases. In other words, as 𝐽𝑤𝑒 → 0   372 

the modulus of CPD is approaching 1 [37]. 373 

At low FS concentration, CPD will be more substantial while the role of CPF will be insignificant 374 

[49] and this explains the levelling of the modulus of CPF at lower FS concentration (Fig. 6b). 375 

The modulus of CPF increases at an exponential rate as the water flux increases and vice 376 

versa. Once the value of CPF is available, the value of 𝜋𝐹𝑀 can be found from Eq. [10]. The 377 

correlation between 𝜋𝐹𝑀  and 𝜋𝐹𝑏  is presented in Fig. 6c and experimental water flux (Jwe) 378 

and 𝜋𝐹𝑀 is presented in Fig. 6d. The modulus of CPF at any point can also be obtained from 379 

the slope of the line in Fig. 6c between 𝜋𝐹𝑀 and   𝜋𝐹𝑏 . As the concentration of FS increases, 380 

the osmotic pressure at the membrane surface also increases (Fig. 6c), leading to a reduction 381 

in the osmotic driving force due to the severe CPF. 382 
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 383 

Figure 6. Quantifying concentrative concentration polarisation in the FO process for AL-DS 384 
mode with NaCl feed solution (0.05 to 0.5M) and NaCl DS (1M), (a) Plot of experimental water 385 
flux Jwe and experimental RSF Jse against the bulk osmotic pressure (b) Plot of concentrative 386 
CP modulus CPF against experimental water flux Jwe (c) Plot of osmotic pressure at the 387 
membrane surface on the feed side  𝜋𝐹𝑀   as a function of  𝜋𝐹𝑏 (d). A plot of experimental water 388 
flux Jwe as a function of osmotic pressure at the membrane surface on the feed side 𝜋𝐹𝑀 . 389 

 390 

The correlations in Fig. 6c and Fig.6d can also be employed to predict theoretical water flux 391 

for different feed solution concentrations, once the theoretical value of 𝜋𝐹𝑀 is available. These 392 

relations will be used to predict the theoretical water flux in the FO process for different feed 393 

solution concentrations using regression analysis.  394 

 395 

4.2.3. AL-FS mode: Quantification of CPD NaCl DS-DI water FS 396 

 397 

When the FO membrane is operated in the AL-FS orientation, CPD occurs inside the SL while 398 

CPF is on the AL side. In the case of DI water FS, the CPF   values are insignificant due to the 399 

negligible osmotic pressure on the FS side ( 𝜋𝐹𝑏=0.08 bar for 100ppm NaCl). Water permeates 400 

inside the SL and dilutes the DS, leading to a dilutive CP inside the SL. Initial tests were 401 

performed with DS concentrations ranging from 0.1M to 1.5M, and the water flux and RSF 402 
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curves as a function of the osmotic driving force are presented in Fig. 7a.  Water flux in the 403 

AL-FS mode is less than that in the AL-DS mode for the same driving force due to the severe 404 

CPD, which exists inside the SL. As the boundary layer exists now inside the SL, it is difficult 405 

to mitigate it using a cross-flow velocity of 36 cm.sec-1 in our study. The RSF in the AL-FS 406 

mode was also lowered compared to the AL-DS mode. The numerical value of 𝜋𝐷𝑀 was 407 

calculated according to Eq. [5] and is presented as a function of the DS osmotic pressure (Fig. 408 

7b). CPD was calculated from Eq. [6] and plotted against the experimental water flux in Fig. 7c 409 

and the concentration of the DS in Fig. 7d. 410 

 411 

Figure 7. Performance of FO membrane in the AL-FS mode with single salt DS, (7a) Water 412 
flux and RSF in the FO mode with single salt NaCl solution as a function of the osmotic driving 413 
force,(7b) Plot of osmotic pressure at the membrane surface 𝜋𝐷𝑀 as a function of bulk NaCl 414 
DS osmotic pressure 𝜋𝐷𝑏 (7c) Plot of dilutive CP CPD against the experimental water flux, (7d) 415 
Dilutive CP CPD as a function of NaCl DS concentration. 416 

 417 

As the concentration of DS is increased, CPD tends to farther away from the value of 1, 418 

depicting its severity. However, from 0.3M to 1M, an increase in DS concentration and water 419 

flux decreases the modulus by a tiny percentage (Fig. 7b and Fig. 7c a flatter curve for the 420 

modulus). This phenomenon also is known as the ICP self-compensation effect [19] means 421 

that an increase in ICP or CPD compromises any increase in DS concentration or driving 422 

force. Above 1M, the increase in the ICP becomes more severe, as marked by a greater 423 
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increase in the modulus of CPD for 1.5M DS. This severity makes the experimental water flux 424 

highly non-linear at high DS, as depicted in Fig.7a. 425 

 426 

4.2.4. AL-FS mode: Quantification of CPF NaCl DS-NaCl FS 427 

In order to measure the concentrative CP modulus, CPF, FS was replaced with 0.05 to 0.5M 428 

NaCl, and the concentration of DS was 1M NaCl. The experimental permeate flux Jwe and 429 

experimental RSF Jse as a function of osmotic driving force are presented in Fig. 8a. Both the 430 

water flux and RSF were lowered in the AL-FS orientation compared to the AL-DS. The CPD 431 

was predicted from Fig. 7c and the CPF was calculated from Eq. [9], the results of CPD and 432 

CPF are listed in Table A.1.4 (Appendix A.1). The CPF as a function of experimental water flux 433 

is presented in Fig. 8b. Compared to the AL-DS mode, severe dilutive CP resulted in a smaller 434 

water flux when the membrane was operating in the AL-FS mode. Once CPF is determined 435 

the value of 𝜋𝐹𝑀 can be found using Eq.[10]. Fig. 8c presents the correlation between 𝜋𝐹𝑀 436 

and 𝜋𝐹𝑏.  For any concentration of FS (within the range of 0.05 to 0.5M) and 1M DS, the value 437 

of 𝜋𝐹𝑀 can be estimated from Fig. 8c. Finally, Fig. 8d can be used for the prediction of 438 

theoretical water flux with any FS concentration from 0.05M NaCl to 0.50M NaCl and 1M DS.  439 

 440 

Figure 8. Performance of FO membrane in AL-FS mode with 1M NaCl DS and 0.05M to 0.5M 441 
NaCl FS, (a) Plot of experimental water flux and RSF against bulk osmotic pressure, (b) Plot 442 
of concentrative CP CPF against experimental water flux (c) Plot of bulk FS osmotic pressure 443 
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𝜋𝐹𝑏 against osmotic pressure at the membrane surface 𝜋𝐹𝑀. d. Correlation between 444 
experimental water flux and osmotic pressure at the membrane surface 𝜋𝐹𝑀. 445 

 446 

4.3. Quantification of CP for mixture DS  447 

 448 

The osmotic pressure of a solution is affected by adding a second solute to the solution [45]. 449 

The addition of multivalent ions to a solution also affects the structure of the solvent [50]. It 450 

has been demonstrated that water structure is ordered by small or multivalent ions and 451 

disordered by large or monovalent ions [50]. On the one hand, multivalent ions such as Mg2+ 452 

and SO4
-2 will tend to order the solvent structure. On the other hand, large monovalent ions 453 

such as Na+ will try to disorder the water structure in mixed draw solution experiments. The 454 

ions effect on the water can also be explained by a competition between ion-water interactions 455 

[51]. Small ions of high charge density bind to water molecules strongly, whereas, there is 456 

weak binding between large monovalent ions and water molecules relative to the strength of 457 

water-water interaction in the bulk solution [51]. Thus, different CP behaviour is expected for 458 

mixed solutions. To investigate the CP moduli in mixed DS, a 0.1M MgSO4 was added to the 459 

corresponding NaCl DS of concentrations ranging from 0.1M to 1.5M. The CPs were 460 

investigated in both the AL-DS and the AL-FS mode using DI water and NaCl salt ranging 461 

from 0.05 to 0.5M as a FS. The experimental protocol was exactly the same as section 4.2. 462 

 463 

 464 

4.3.1. AL-DS mode: Quantification of CPD mixture DS-DI water FS 465 

 466 

Fig. 9a shows the experimental water flux Jwe, and RSF Jse as a function of the osmotic driving 467 

force for DI water FS and NaCl solution (0.1 to 1.5M) + 0.1MgSO4 DS. The osmotic driving 468 

force increased slightly with the increase of the concentration of mixture DS, yet the average 469 

water flux for the DS was slightly less than that for NaCl DS only. The slight decrease in the 470 

water flux for a mixture DS can be attributed to the swelling of the cellulose acetate polymer 471 

in the presence of divalent magnesium cation [52]. The presence of MgSO4 in the DS might 472 

cause swelling of the AL, making it slightly less permeable to water molecules [53]. Compared 473 

to a single NaCl DS, RSF decreased in the FO process with a mixture DS. Similar results with 474 

a mixed DS for reducing the RSF has been reported in previous studies [36]. The decrease in 475 

the RSF can be simply attributed to the larger molecular size of the MgSO4 and the smaller 476 

diffusivities of the Mg2+ and SO4
-2 ions. The co-existence of mixed solutions also affect the 477 
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diffusivity of the species in the mixed draw solutions mainly because of the main diffusivities 478 

(flux of a component with its concentration gradient) and cross diffusivities (flux of a 479 

component with the gradients of all other components in the mixed DS)  that arise from mixing 480 

the two solutions. The net value of a diffusion coefficient in a multicomponent DS will be the 481 

result of interaction between all species in that solution. For binary mixtures such as 482 

NaCl+MgSO4, there is limited data available from the literature for the mutual diffusion 483 

coefficient value. Even if such data is available in the literature, they are valid only for the 484 

experimental conditions for that particular experiment or study and invalid outside the 485 

experimental conditions. The dilutive effects of CPD in the AL-DS mode leads to a substantial 486 

decrease in the bulk osmotic pressure. The osmotic pressure at the membrane surface 𝜋𝐷𝑀 487 

was calculated using Eq. [5] and plotted as a function of bulk DS osmotic pressure in Fig. 9b. 488 

The modulus of CPD   was calculated from to Eq. [6] and plotted as a function of experimental 489 

water flux Jwe (Fig. 9c) and function of the DS concentration (Fig. 9d).   490 

 491 

Figure 9. Quantifying dilutive concentration polarisation in the FO process for AL-DS mode 492 
with DI water feed solution, (a) Plot of experimental water flux Jwe and RSF Jse against the bulk 493 
osmotic pressure, (b) Plot of osmotic pressure at the membrane surface 𝜋𝐷𝑀 against bulk 494 
osmotic pressure  𝜋𝐷𝑏 , (c) Plot of dilutive CP modulus as a function of experimental water 495 
flux, (d) CP modulus against NaCl (0.3 to 1.5M) +0.1MgSO4 draw solution concentration.  496 

 497 
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The results revealed that CPD for a mixed DS was more severe compared to a single DS. 498 

This can be attributed to the fact that the concentration of divalent ions on the membrane AL 499 

(DS side) increased more abruptly (due to their lower diffusivities), leading to a higher 500 

concentration on the membrane surface [54]. Table 1 shows the value of CPD and osmotic 501 

pressure values for NaCl and mixture DS. The osmotic pressure drop due to the dilution of 502 

DS, i.e. 𝜋𝐷𝑏 − 𝜋𝐷𝑀, of a mixture DS is approximately 6 bar higher than that for NaCl draw 503 

solution.  504 

Table 1. Osmotic pressure values and CPD for single NaCl (1M) and mixed DS (1M+0.1M). 505 

DS Concentration 𝝅𝑫𝒃 𝝅𝑫𝑴 𝝅𝑫𝒃 − 𝝅𝑫𝑴  CPD 

NaCl 1M 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 

 506 

4.3.2. AL-DS mode: Quantification of CPF mixture DS-NaCl FS 507 

 508 

 To calculate the modulus of concentrative polarization, CPF, a mixture DS of 1M NaCl + 0.1M 509 

MgSO4, was the DS, and NaCl in a concentration ranging from 0.05 to 0.5M was the FS. The 510 

experimental water flux Jwe and RSF Jse as a function of the osmotic driving force are 511 

presented in Fig. 10a. The CPF is plotted against the experimental water flux in Fig. 10b.  The 512 

CPF for a mixture DS ranged from 1.08 to 3.30 (Table 2). Water flux is slightly lowered in 513 

mixture DS tests leading to a relatively smaller concentration of the FS inside the SL. The RSF 514 

of the DS was also smaller in the case of mixture DS tests, which further reduced the impact 515 

of RSF on concentrative ICP. The plot of CPF as a function of the osmotic driving force shows 516 

an exponential relationship (Fig 10b). The osmotic pressure at the membrane surface on the 517 

feed side 𝜋𝐹𝑀 was calculated from Eq. [10] and plotted against the osmotic pressure of FS 518 

(Fig. 10c). Fig. 10d shows that experimental water flux declined (almost linearly) with 519 

increasing the values of 𝜋𝐹𝑀. 520 
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 521 

Figure 10. Performance of FO membrane in AL-DS mode with mixed DS, (a) Plot of 522 
experimental water flux and RSF against bulk osmotic pressure, (b) Plot of concentrative CP 523 
CPF against experimental water flux, (c) Plot of bulk feed osmotic pressure 𝜋𝐹𝑏 against osmotic 524 
pressure at the membrane surface 𝜋𝐹𝑀, (d). Correlation between experimental water flux and 525 
osmotic pressure at the membrane surface 𝜋𝐹𝑀. 526 

 527 

Table 2. CP moduli for various feed solution concentration with 1M NaCl + 0.1M MgSO4 DS 528 
(AL-DS mode) 529 

DS Concentration Feed solution NaCl CPD (from Fig 9c) CPF ( Eq.12) 

1M  NaCl + 0.1MgSO4 0.05M 0.54 3.30 

1M  NaCl + 0.1MgSO4 0.14M 0.57 2.17 

1M  NaCl + 0.1MgSO4 0.21M 0.58 1.74 

1M  NaCl + 0.1MgSO4 0.41M 0.60 1.22 

1M  NaCl + 0.1MgSO4 0.50M 0.61 1.08 

 530 

4.3.3. AL-FS mode: Quantification of CPD mixture DS-DI water FS 531 

  532 

When a mixture DS of NaCl (0.3-1.5M) + 0.1M MgSO4 is placed against the SL, and DI water 533 

FS is against the AL, the experimental water flux Jwe and RSF Jse as a function of osmotic 534 
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driving force are presented in Fig. 11a. The 𝜋𝐷𝑀 value was calculated using Eq. [5] and is 535 

plotted against the osmotic pressure of DS in Fig. 11b. The mixture DS is diluted inside the 536 

SL, leading to a dilutive internal CP. The modulus of CPD was calculated from Eq. [6] and is 537 

presented in Fig. 11c as a function of experimental flux Jwe and as a function of DS 538 

concentration in Fig. 11d. As shown in Fig 11a and 11c, as the water flux increases due to the 539 

increase in the concentration of DS, the effect of CPD becomes more substantial. Interestingly, 540 

results showed an insignificant difference in the CPD in the FO tests with NaCl and NaCl + 541 

MgSO4 DS.  For instance, for 1.5M NaCl+0.1MgSO4, the value of CPD was 0.37 compared to 542 

0.39 for NaCl DS. Overall, the CPD values for the mixture DS was between 0.37 and 0.58 for 543 

the range of concentrations in Fig. 11d. 544 

 545 

 546 

Figure 11. Quantifying dilutive concentration polarisation in the FO process for AL-FS mode 547 
with DI water feed solution, (a) Plot of experimental water flux Jwe and RSF Jse against the bulk 548 
osmotic pressure  (b) Plot of osmotic pressure at the membrane surface 𝜋𝐷𝑀 against bulk 549 
osmotic pressure 𝜋𝐷𝑏 (c) Plot of dilutive CP modulus as a function of experimental water flux. 550 
d). CP modulus against NaCl (0.3 to 1.5M) +0.1MgSO4 draw solution concentration.  551 

 552 

 553 
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4.3.4. AL-FS mode: Quantification CPF mixture DS-DI water FS 554 

 555 

When the FS was replaced with NaCl 0.05M to 0.5M in the AL-FS mode, and a mixture DS 556 

was against the SL, the concentrative external CP, CPF, develops on the AL side of the 557 

membrane and dilutive internal CP, CPD, on the DS side. Water flux, Jwe, and RSF, Jse, were 558 

plotted as a function of the osmotic driving force (Fig. 12a). The lowest RSF amongst all the 559 

experiments is achieved in the AL-FS mode with a mixture DS. The moduli of CPD and CPF 560 

are presented in Table 3. The CPF values ranged from 1.18 to 3.27 for the FS concentration 561 

of 0.05 to 0.5M. The plot of CPF as a function of experimental water flux Jwe is Presented in 562 

Fig. 12b. CPF can also be predicted at from the slope of the plot between the 𝜋𝐹𝑀 and 𝜋𝐹𝑏 in 563 

Fig. 12c. The value of 𝜋𝐹𝑀 can also be predicted from Fig.12c for any feed solution osmotic 564 

pressure. Furthermore, the value of theoretical water flux in the FO process for any FS within 565 

the range of FS and DS concentrations can be predicted from Fig. 12d for the same range of 566 

draw solutions. 567 

 568 

Figure 12. Performance of FO membrane in AL-FS mode with mixture DS and 0.05 to 0.5M 569 
NaCl FS, (a) Plot of experimental water flux and RSF against bulk osmotic pressure, (b) Plot 570 
of concentrative CP against experimental water flux, (c) Plot of bulk feed osmotic pressure 571 
𝜋𝐹𝑏 against osmotic pressure at the membrane surface 𝜋𝐹𝑀, (d). Correlation between 572 
experimental water flux and osmotic pressure at the membrane surface. 573 

 574 
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 575 

Table 3. Moduli of dilutive and concentrative CP for various feed solution concentration with 576 
1M NaCl + 0.1M MgSO4 DS (AL-FS mode) 577 

DS Concentration Feed solution NaCl CPD (from Fig 11c) CPF ( Eq.12) 

1M  NaCl + 0.1MgSO4 0.05M 
0.47 3.27 

1M  NaCl + 0.1MgSO4 0.14M 
0.51 2.23 

1M  NaCl + 0.1MgSO4 0.21M 
0.53 1.88 

1M  NaCl + 0.1MgSO4 0.41M 
0.59 1.31 

1M  NaCl + 0.1MgSO4 0.50M 
0.61 1.18 

 578 

Table 3 shows that the CPD values in the AL-FS mode are more severe than the CPD 579 

in the AL-DS mode (Table 2). This is mainly because the CPD in the AL-FS occurs 580 

inside the SL and cannot be mitigated by the high cross-flow velocities in this study. 581 

 582 

4.4. Prediction of water flux, CP  and RSF 583 

 584 

It is possible to estimate theoretical water flux  Jwt in the FO process with a DI water FS and 585 

NaCl DS (concentrations 0.1M-1.5M in this study), using the empirical data from the FO 586 

experiments. First, 𝜋𝐷𝑏 can be calculated to predict 𝜋𝐷𝑀 from the correlation between the two 587 

(Fig 5c and 7c for NaCl DS in AL-DS and AL-FS respectively and 9c and 11c for mixed DS in 588 

AL-DS and AL-FS respectively), then Jwt will be obtained from Eq. [4] using the predicted 𝜋𝐷𝑀 589 

value. To do this, several draw solution concentrations between 0.1M and 1.5M (0.4, 0.6, 0.8, 590 

1, 1.2, 1.3, and 1.4M) were considered for water flux prediction in the FO process using a DI 591 

water feed solution. For each DS concentration, 𝜋𝐷𝑏 was calculated to obtain 𝜋𝐷𝑀 and 592 

substituted in Eq. [4] to obtain Jwt. Experimental water flux was also determined for all draw 593 

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 594 

to each for mixed DS) and compared with the  Jwt for both NaCl and mixture DS in the AL-DS 595 

and the AL-FS modes (Fig. 13a and Fig.13b). The results show an excellent agreement 596 

between Jwt and Jwe for all draw solution concentrations and with an error of less than 5%. 597 

The CPD for the investigated draw solutions can be predicted from Eq. [6] (Table A.1.5, 598 

Appendix A.1).  599 
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 600 

Figure 13. Theoretical flux prediction based on the correlations between empirical data, (12a) 601 
0.4M to 1.4M NaCl DS and DI water FS in AL-DS and AL-FS mode, and (12b) Mixed DS with 602 
DI water feed in the AL-DS and AL-FS mode.   603 

 604 

The excellent agreement between theoretical and experimental water flux Jwe and Jwt shows 605 

the reliability of the proposed model to predict water flux in the FO process using empirical 606 

data. Compared to the previous models, water flux in the FO membrane can be determined 607 

with less information about the membrane and flow characteristics in the FO process. 608 

However, feed solution in the FO process is often saline water, which leads to internal 609 

concentration polarization. This issue will be covered in the following section of the study.  610 

For the FO process with a saline feed solution, additional information about the correlation 611 

between 𝜋𝐹𝑀 and 𝐽𝑤𝑒  should be available to predict the Jwt and CPF in the FO process with a 612 

saline FS. Initially 𝜋𝐹𝑏 and 𝜋𝐷𝑏 were calculated as an average of the inlet and the outlet 613 

concentration of the feed and draw solutions. DS used was 1M NaCl DS experiments and 614 

1M+0.1M MgSO4 in mixed DS experiments. For each FS concentration, the osmotic 615 

pressure 𝜋𝐹𝑏 was determined as the average inlet and outlet FS osmotic pressure  and then 616 

the value of 𝜋𝐹𝑀 was obtained from the correlations in Fig.6c, Fig.8c, Fig.10c and Fig.12c. 617 

The value of Jwt was then predicted for NaCl and mixture DS using the correlations between 618 

Jwe and 𝜋𝐹𝑀  as shown in Fig. 14a and Fig. 14b, respectively. The percentage error ranged 619 

from 4% to 5% for the experimental and theoretical values. The values of 𝜋𝐹𝑀 and Jwt was 620 

compensated in Eq. [8a] to obtain the value of 𝜋𝐷𝑀 . Furthermore, CPF can be predicted from 621 

Eq. [10] and CPD from Eq. [6], since all the input values in these equations are in Appendix 622 

A.1 (Table A.1.6). 623 
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 624 

Figure 14. Prediction of theoretical water flux with NaCl feed solution (3g/L to 29.5g/L) in the 625 
AL-FS and the AL-DS mode, (a) Plot of theoretical and experimental water flux as a function 626 
of the osmotic driving force for single NaCl DS 1M and FS of 3g/L, 9g/L, 12g/L, 627 
15g/L,19g/L,25.20g/L and 29.20g/L NaCl solution in the AL-FS and the AL-DS mode (b) Plot 628 
of theoretical and experimental water flux with 1M NaCl+0.1M MgSO4 DS and FS of 4g/L, 629 
8g/L,12g/L,16g/L, 20g/L, 24g/L and 29.20g/L NaCl in the AL-FS and the AL-DS mode. All 630 
prediction was based on empirical data. 631 

 632 

From Fig.14a and 14b, the proposed model can provide a good estimation of theoretical water 633 

flux for any FS within the range of experimental data. For instance, Jwt, CPF, and CPD of any 634 

NaCl FS from 0.05 M-0.5M can be estimated using the methodology in this study. Apart from 635 

predicting the parameters above, the theoretical RSF Jst  in the FO process can also be 636 

predicted, since the value of solute concentrations at the membrane surface CDm and CFm can 637 

be determined easily once the value of  𝜋𝐷𝑀 and 𝜋𝐹𝑀 is available. The theoretical RSF can 638 

then be predicted from Eq.[8]. The experimental RSF was determined from Eq. [10]. The 639 

theoretical and experimental RSF are compared in Fig.15a &15b for NaCl and a mixture DS, 640 

respectively; results showed less than 10% error between the theoretical and experimental 641 

values.  As evident from Fig.15a and Fig. 15b, the model can provide a good estimation of 642 

the RSF based on the solute concentration profiles at the membrane surface. The error was 643 

slightly larger in the RSF prediction for mixed DS compared to the single NaCl DS.  644 

 645 

The proposed empirical model can provide solute concentration profiles of the FO membrane 646 

and quantify CP in the FO process. Most importantly, this model does not rely on 647 

hydrodynamic relations such as Reynold and Sherwood relations and the solute resistance to 648 

diffusion “K” value.  649 

 650 
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 651 

Figure 15. Comparison of theoretical RSF Jst and experimental RSF Jse , (a) For 1M NaCl DS 652 
and 0.05 to 0.5M NaCl FS, (b) For 1M NaCl+0.1M MgSO4 DS and 0.05M to 0.5M NaCl FS. 653 

 654 

5. Conclusion 655 

 656 

The moduli of CPs’ in the FO process require a large amount of information to calculate. The 657 

existing models can predict the experimental flux in the FO process. Still, they become more 658 

demanding when a mixture of draw solutions is used or lack of information about the FO 659 

modules due to propriety issues. Therefore, the solute resistivity “K” and mass transfer 660 

coefficient “k” value are hard to determine for a forward osmosis system. The empirical model 661 

in this study can provide an alternative solution for the prediction of water flux in the FO 662 

process. The model demonstrated an excellent capability to predict CP and water flux in the 663 

FO process with 95-99% agreement with experimental values and without the need to obtain 664 

experimental parameters such as K and k.  The model can be particularly helpful in the FO 665 

processes using a mixture of draw solutions. In a multicomponent draw solution, the diffusion 666 

coefficient is hardly available in the literature and ions to move at a distinct rate within the film 667 

layer; therefore, it is impossible to define an effective diffusivity of the mixture. The model in 668 

this study only relies on a set of experimental data to measure CP and predict performance, 669 

such as Flux, CP, and RSF. It can also be extended to ternary and quaternary mixtures of 670 

DSs as well as commercial spiral wound modules. 671 

 672 
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Appendix A.1 678 

 679 

A.1.1 680 

 681 

Figure.A.1. An illustration of concentration profiles in the AL-DS and the AL-FS mode with DI 682 
water FS, (a) The AL (active layer) of the membrane facing the draw solution and the support 683 
layer faces the feed solution in the AL-DS mode. The bulk osmotic pressure difference is equal 684 
to the difference between membrane surface osmotic pressures, (b) The AL of the membrane 685 
is facing the feed solution, and the support layer is facing the draw solution in the AL-FS mode.  686 
It should be noted that the membrane is assumed to have a 100% rejection of ions. 687 

 688 

A.1.2. Pure water permeability, salt permeability of FO membrane 689 
 690 

A reverse osmosis (RO) test was performed to determine membrane water and salt 691 

permeability coefficients, 𝐴𝑤 and B, respectively. RO test was performed with DI water feed 692 

solution at 20oC and feed pressure increased from 1 to 6 bar with 0.5 bar increment to 693 

determine the value of 𝐴𝑤. The AL of the FO membrane was facing DI water to avoid 694 

membrane deformity. First, the membrane was compacted with maximum hydraulic pressure 695 
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of three bar until the permeate flux reached a steady state.  A concentrate/back pressure 696 

control valve was used to adjust trans-membrane pressure. Following the membrane 697 

compaction, the next reading was collected after 12 hours using the same hydraulic pressure.  698 

The water flux was calculated according to Eq. [13], and the value of 𝐴𝑤 was calculated using 699 

Eq. [1]. 700 

𝐴𝑤 =
𝐽𝑤

∆𝑃
                                        [1] 701 

 702 

The value of 𝐴𝑤 was 0.58 Lm-2h-1bar-1. The membrane rejection rate was carried out using 2 703 

g/L NaCl feed solution at 20oC. The test was carried out at 6 bar, and B value was calculated 704 

from the following expression: 705 

𝐵 =
(1−𝑅𝑗)

𝑅𝑗
𝐽𝑤                                [2] 706 

where Rj is the rejection rate of the membrane. The B value in this study was 0.32±0.07 L/m2h 707 

for NaCl feed solution. The values of 𝐴𝑤 and B are comparable to the values previously 708 

reported for this FO membrane [35].  709 

 710 

A.1.3. CP for 1M NaCl DS and 0.05M to 0.50M FS (AL-DS mode) 711 
 712 

The modulus of CPD was predicted from Fig.6c, and the CPF was then calculated from Eq. 713 
[9] listed in Table A.1. 714 

 715 

Table A.1.3 CP moduli for various feed solution concentration with 1M NaCl DS (AL-DS 716 

mode) 717 

DS  (NaCl) Feed solution  CPD (Predicted from Fig 5c) CPF  (Eq.12) 

1M 0.05M 0.67 3.72 

1M 0.14M 0.75 2.79 

1M 0.21M   0.80 2.45 

1M 0.41M   0.93 1.91 

1M 0.50M  0.98 1.78 

 718 

A.1.4. CP for 1M NaCl DS and 0.05M to 0.50M FS (AL-FS mode) 719 
 720 



 

30 
 

The CPD was predicted from Fig.8c, and the CPF was then calculated from Eq. [9] listed in 721 
Table A.2. 722 

 723 

Table A.1.4. CP moduli for 0.05M to 0.5M NaCl feed solution and1M NaCl DS (AL-FS mode) 724 

DS Concentration Feed solution NaCl CPD (predicted from Fig 7c) CPF ( Eq.12) 

1M  0.05M 0.56 3.06 

1M  0.14M 0.59 2.18 

1M  0.21M 0.62 1.89 

1M  0.41M 0.69 1.36 

1M  0.50M 0.74 1.28 

 725 

A.1.5. CPD for various DS concentration with DI water FS (AL-DS mode and AL-FS 726 
mode) 727 
 728 

Table A.1.5. CP moduli data for single and mixed DS with DI water feed solution. 729 

DS Concentration Feed solution  CPD (predicted) AL-DS CPD (predicted) AL-FS 

0.4 NaCl DI water 0.76 0.64 

0.6 NaCl DI water 0.70 0.59 

0.8 NaCl DI water 0.68 0.57 

1.2 NaCl DI water 0.66 0.55 

1.4 NaCl DI water 0.58 0.46 

0.4NaCl+0.1MgSO4 DI water 0.62 0.52 

0.6 NaCl+0.1MgSO4 DI water 0.59 0.51 

0.8 NaCl+0.1MgSO4 DI water 0.58 0.50 

1.2 NaCl+0.1MgSO4 DI water 0.56 0.49 

1.4 NaCl+0.1MgSO4 DI water 0.47 0.43 

 730 

A.1.6. CPD and CPF for 1M DS and NaCl FS (AL-DS mode and AL-FS mode) 731 

 732 

Table A.1.6. CP moduli data for single and mixed DS with NaCl feed solution (0.05 to 0.5M) 733 

DS Concentration FS NaCl (M) 

  

CPD (predicted) 

AL-DS 

CPF (predicted) 

AL-DS 

CPD (predicted) 

AL-FS 

CPF (predicted) 

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 NaCl 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+0.1MgSO4 0.05 0.55 2.90 0.50 2.94 

1M NaCl+0.1MgSO4 0.15 0.56 2.10 0.55 2.54 

1M NaCl+0.1MgSO4 0.21 0.58 1.77 0.61 2.32 

1M NaCl+0.1MgSO4 0.26 0.59 1.55 0.67 2.14 

1M NaCl+0.1MgSO4 0.33 0.60 1.38 0.72 1.97 

1M NaCl+0.1MgSO4 0.43 0.61 1.24 0.77 1.81 

1M NaCl+0.1MgSO4 0.50 0.62 1.07 0.81 1.62 

 734 

 735 

 736 
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