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a b s t r a c t
Generally, forward osmosis (FO) membrane performance is defined based on its intrinsic parameters, 
namely the water permeability (A), solute permeability (B), and structural parameter (S). This study 
was conducted to examine the performance of the commercial membrane NF2 in an FO system and to 
validate and compare the intrinsic value of A, B, and S obtained by single stage-stage and two-stage 
methods. The NF2 membrane was unable to demonstrate a good configuration for an FO membrane 
due to its membrane structure. Comparing the two different orientations in the single-stage method, 
it appears that both orientations display distinct sets of intrinsic values for the same membrane type. 
A comparison on the two-stage methods between the pressure-retarded osmosis -FO and reverse 
osmosis (RO)-FO methods reveals a new standard for the two-stage methods where higher fluxes 
must be produced from the first stage in order to attain an accurate value of S at the second stage. 
Additionally, the RO-FO methods were found to be not relevant for testing the ability of a membrane 
for FO application due to the hydraulic pressure involved during the compaction procedure. The 
two-stage method with proposed new standards can be the ideal testing procedure for the membrane 
in FO applications. This is because all the intrinsic values can be separately determined considering 
all the possible concentration polarization that might occur with both orientations compared with the 
attempts of fitting all possible values in the generated equations, as in single-stage methods.

Keywords:  Intrinsic parameters; Forward osmosis; Single-stage method; Two-stage method; Concen-
tration polarization

1. Introduction

Forward osmosis (FO) is an osmotic membrane separa-
tion process that has applications in diverse fields such as 
desalination of seawater, wastewater treatment, and power 
generation [1]. FO has recently received great attention due 
to its advantages, particularly the low energy consumption as 
the driving force for FO membrane processes is the osmotic 
pressure difference between the feed solution (FS) and draw 
solution (DS) [1]. Many have reported on the methods of 

FO membrane fabrication including phase inversion, inter-
facial polymerization, and the layer-by-layer method [2–6]. 
The development of the FO membrane based on these meth-
ods leads to numerous improved FO membranes which 
have resulted in the membranes with high-water fluxes and 
low-solute fluxes.

The membrane that allows low-solute flux, resistance to 
fouling, and has appropriate thickness is ideal for FO sys-
tems [7]. Quantitatively, the FO membrane performance is 
defined based on its water flux (JW), solute flux (JS), and mass 
transfer coefficient (k). Because these parameters depend on 
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the experimental operating conditions, which vary, the com-
parison of the performance is of low relevance. Therefore, 
several approaches have been proposed and applied previ-
ously which consider the intrinsic parameters of a membrane 
[8,9]. The intrinsic parameters are the water permeability (A), 
solute permeability (B), and structural parameter (S) and 
because they are constant, they can be considered as the indi-
cators for the characteristic of an FO membrane. Commonly, 
the standard protocol that is used to characterize the pressur-
ized membrane is the reverse osmosis (RO) test. The bench-
scale test equipment is comprised mainly of the membrane 
test cell and high-pressure pump in which pressure is applied 
to the membrane to allow the water to permeate through. The 
method is also applied together with FO test method in the 
characterization of the FO membrane, known as RO-FO test 
method. In RO-FO method, the value of A and B are first to 
be determined through RO method followed by the determi-
nation of S value through the FO method [10,11].

Most pressurized membranes, particularly NF/RO mem-
brane, consist of a thin sheet of active layer, thicker porous 
layer, and a fabric support whereas the FO membrane is usu-
ally thinner so that the water can easily permeate, even at 
very low or no hydraulic pressure, and does not require a 
fabric back layer as a mechanical support. Therefore, it indeed 
sounds irrelevant for an FO membrane to be tested using the 
RO-FO-based test method. Although lower hydraulic pres-
sure is applied after considering the structure of FO mem-
brane, the tests results are likely to be inapplicable to the FO 
process. This is because the permeate fluxes in the FO process 
could deviate much compared with when hydraulic pressure 
is applied [12]. Besides, the applied pressure for the FO mem-
brane needs to be reduced when testing on high permeabil-
ity FO membranes, in which a limit of permeability is fixed 
when using RO-FO method on FO membrane [13].

Previously, several tests have been implemented using 
non-pressurized methods as they are more relevant to 
demonstrate the ability of the membrane for the FO process. 
The non-pressurized tests can be categorized as single-stage 
method (FO or pressure-retarded osmosis [PRO]) and two-
stage method which comprises two different orientations 
of FO experimental setup namely PRO-FO. For instance, an 
inclusive discussion on the single-stage FO test protocols was 
presented by Tiraferri et al. [8]. The authors also provided 
very useful supplementary materials that can be used to 
obtain the characteristic values of a membrane. Besides, as 
they compare the FO test with the RO-FO test, they remarked 
that the advantage of using single-stage FO method over the 
RO-FO is that the fitted values obtained by the applied mod-
els. In fact, overall discussions in their works were focusing 
on how to control and conduct the test cautiously so that 
better-fitted values could be attained. Moreover, it is widely 
elaborated in the study that several assumptions need to be 
accounted when employing this test. Even though it is con-
cluded that the RO-FO methods shows deviated values from 
the FO single-stage method, it is not proven that the tested 
membranes behaving similarly as if when it is tested using 
single-stage PRO method. It is crucial to know the character-
istics of the membrane through a single stage at a different 
orientation. Usually, the performance parameters obtained by 
PRO is higher than the FO [13]; however, it is supposing not 
to affect the value of the intrinsic parameter of the membrane.

It is also important to note that the single-stage method 
is extensively been employed only after the Tiraferri’s cal-
culation model is released. Most studies employing the sin-
gle-stage methods of both FO and PRO solely compare the 
flux performance between the two tests but not the intrinsic 
parameters [12,14,15]. This might be due to the fact that the 
models developed by Tiraferri’s in the excel spreadsheets is 
the first established single-stage method and is specific for FO 
orientation only. Therefore, the unavailability of the ready-to-
use solver for PRO modes limits the comparative studies on 
the characteristics of both modes. Although all these methods 
have been conducted by many researchers (refer Table 1), yet 
no comprehensive study on comparing between the single 
stage of two different orientations and two stages of two dif-
ferent configurations is discussed in a single study.

The first discovered two-stage PRO-FO method was 
proposed by Kim et al. [16], yet was not experimentally 
demonstrated. Their theory seems reliable as both trans-
port parameters and structural parameters were separately 
determined based on its corresponding layer. This is similar 
to the findings presented by Liu et al. [17], where they con-
cluded that the surface modification on the active layer of the 
membrane changes the values of A and B while S remains the 
same as before the modification was implemented. Because 
there is no recognized study that conducted the two-stage 
method earlier, we took the initiative to conduct the test and 
compare it with all available methods.

Table 1
Summary of the previous works on the determination of 
structural parameter, S

Method Membrane S (µm) Reference

FO Hand-cast TFC 374 [8]
HTI-CTA 498
SW30 No PET 1,557
Oasys TFC 513

RO-FO Hand-Cast TFC 370 [8]
HTI-CTA 326
SW30 No PET 1,850
Oasys TFC 434

RO-PRO HTI-CTA 388 [18]
RO-FO HTI-CTA 467 [18]
RO-FO HTI-CTA 481 [19]
RO-FO PVDF-TFC 329 [6]

PES/SPSf-TFC 238
RO-FO Oasys TFC 550 [20]

HTI-CTA 700
RO-PRO Oasys TFC 220

HTI-CTA 450
FO PES-TFC 217 [14]

CN/rGO 0.5-PES 163
CN/rGO 1.0-PES 463

FO TFC-O-II 31.9 [15]

TFC, Thin film composite; HTI-CTA, Hydration Technology 
Innovations (Manufacturer’s name)-cellulose triacetate; PET, 
polyester; PVDF, polyvinylidene difluoride; PES, polyether sulfone; 
SPSf, sulfonated polysulfone.
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Therefore, the objectives of this paper are to investigate 
the performance of a commercial asymmetric nanofiltration 
polyethersulfone membrane (NF2) in an FO system and vali-
date the two-stage FO-based method proposed by Kim et al. 
[16] in obtaining the intrinsic value of A, B, and S and com-
pare it with the single-stage FO-based method of both ori-
entations. This study will also shed light on the reliability of 
RO-FO methods by comparing the intrinsic values obtained 
through this method and the non-pressurized method. The 
comparison is made by utilizing the NF2 membrane without 
removing the fabric support for all the test modes in order 
to minimize the effect of pressure, especially during RO 
protocol.

2. Materials and methods

2.1. Materials

All the tests were utilized on an asymmetric commercial 
NF2 membrane purchased from Amfor Inc. (China). The 
additional details of the membrane are provided in Table 2. 
The DS is prepared by using the ultrapure water provided 
by a Milli-Q ultrapure water system and sodium chloride of 
≥99.5% purity supplied by Sigma-Aldrich.

2.2. Methodology

Table 3 presents the operating conditions applied to FO 
system throughout this research and are independent of the 
membrane orientation.

2.2.1. Single-stage method

Although the single-stage FO has been proposed by 
many, there is still an insufficient number of researchers 
that are conducting the intrinsic characterization test using 
this method. This is mainly because the most established 
method is the RO-FO method and the lack of clarification 
on the non-pressurized method. A single-stage test can be 

conducted in two ways: with the active layer facing the FS 
with support layer facing DS, known as active layer facing 
feed solution (ALFS) (FO mode); and active layer facing DS 
with support layer facing the FS known as active layer facing 
draw solution (ALDS) (PRO mode). Initially, the NF2 mem-
brane was pre-wetted overnight. The test took place using 
a CF042P-FO cell, which poses a membrane active area of 
42 cm2 with 2.28 mm and 3.9 cm of depth and width, respec-
tively. The system works in a co-current equipped with the 
peristaltic pump to circulate the DS and FS in the FO cell at a 
velocity of 3.75 cm s–1. The experiment began by circulating 
the ultrapure water on both the DS and FS sides to ensure 
temperature equilibrium throughout the system. Once ther-
mally stable, a certain amount of concentrated NaCl solution 
is combined with the DS to reach to an approximate con-
centration of 0.5 M while FS remained as ultrapure water. 
Alternatively, 1 L NaCl of 0.5 M can be prepared earlier and 
employed to initiate the test as the initial concentration. The 
mass change was automatically recorded every 5 min using 
WinCT© software, whereas the conductivity was measured 
by conductivity meter (Eutech Instruments PC2700). The JW 
is then determined after the system reaches the steady state 
after approximately 60 min. Next, the DS is replaced with 
the second concentration at 0.75 M, and the same parameters 
were observed. The procedures were repeated for third and 
fourth concentrations of 1.0 M and 1.25 M accordingly. These 
protocols were similar for both modes (ALFS and ALDS) 
except for the orientation of the membrane and the modeling 
equations used to obtain the A, B, and S values, as shown in 
Fig. 1. Eqs. (1) and (2) are the derived equations for the JW and 
JS in ALFS system, respectively, while Eqs. (3) and (4) are the 
derived equations for the JW and JS in ALDS system, respec-
tively [13]. Additional details on the following equations can 
be found elsewhere [8,18,20].
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Table 2
The detailed data of the commercial NF2 membrane

Type NF2

Test pressure (psi) 150
Solute concentration (mg/L) 2000
MgSO4 rejection (%) 95
Water flux @ 25°C @ 1.0 MPa (L m–2 h–1) 100

Table 3
Typical operating conditions for standards FO test experiments

Variable Draw solution (DS) Feed 
solution (FS)

Temperature (°C) 23 ± 1 23 ± 1
Gauge pressure (bar) 0 0
NaCl concentration (M) 0, 0.5,0.75,1.0, 1.20 0
Initial liquid volume (L) 1 1
Hydraulic flow rate (cm3s–1) 3.3333 3.3333
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where πD,b is the bulk osmotic pressure of the DS at the con-
centration CD,b; πF,b is the bulk osmotic pressure of the FS at 
the concentration CF,b; and P is the hydraulic pressure applied, 
which is considered zero in this case. Both terms (JwS/D) and 
(Jw/k) depict the internal concentration polarization (ICP) and 
external concentration polarization (ECP), respectively; D is 
the diffusion coefficient value and k is the mass transfer coeffi-
cient. The negative and positive of the exponents indicate the 
concentrative and dilutive at that particular time, respectively.

The ECP and ICP are the main issues occurring in FO 
membrane process even though the fouling is less severe in 
FO compared with the pressurized membrane. They both 
affect the osmotic pressure between the two substrates as 
either making the FS and DS more diluted or concentrated 
at the membrane surface compared with the bulk concen-
tration. The details on this concentration polarization (CP) 

are described elsewhere [21–23]. Eventually, there should 
be eight equations with three unknowns for each test. 
Numerically, the value of A, B, and S should be obtained 
easily using a non-linear least square analysis.

2.2.2. Two-stage method

2.2.2.1. First-stage test

PRO mode (ALDS)

The active layer of a membrane is evaluated based on the 
values of water and solute permeability (A and B), while S 
is related to the support layer of the membrane. Therefore, 
the two-stage test comprises both orientations of FO mem-
brane. The membrane is first operated in the ALDS system 
with ultrapure water utilized as FS and DS until steady state 

Fig. 1. Flow chart of the single-stage method for (a) FO mode [8] and (b) PRO mode [13].
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is achieved. Similar protocols of the single stage are repeated, 
except here the value of JW obtained at each concentration is 
applied to the following equation [18]:

J Aw = ∆π  (5)

where Δπ is the difference of osmotic pressure value between 
the FS and DS which, after correction for the effect of ECP, 
becomes as follows [18]:
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where CF,i and CF0,i are the final and initial NaCl concentra-
tions in the FS, respectively; VF0,i is the initial volume of FS; 
Am is the membrane effective area; and t is the length of time 
taken for the process. Corresponding value of JS at different 
concentration was then taken to obtain the value of solute 
permeability, B, which can be yielded by the following [24]:

J B Cs = ∆  (8)

where ΔC is the difference between the concentration of DS 
and FS. Considering the CP in PRO mode, both bulk concen-
tration of DS (CD,b) and the bulk concentration of FS (CF,b) is 
corrected with the ECP modulus and ICP modulus, respec-
tively. For an asymmetric membrane that is composed of 
active and porous support layers, the concentration of DS at 
the surface of the active layer is different compared with the 
bulk solution concentration and is much lower. Similarly, the 
concentration of FS within the porous layer near to the active 
layer is higher than that of FS bulk concentration. Thus rear-
ranging Eq. (8) yields the following [16]:
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The summary of the first-stage procedures method for 
PRO mode and RO mode is presented in Fig. 2.

RO mode
The water flux, JW, is measured in a stirred-cell RO 

system (Sterlitech, HP4750, WA, USA) by using pure water 
at different hydraulic pressures within the range of 3–8 bar:

J V
A tw
m

=
×
∆

∆  (10)

where ΔV is the permeate volume and Δt is the time inter-
val of the process. Thus, the water permeability, A, then can 
be obtained by determining the slope of the linear equation 
between JW and hydraulic pressure difference ΔP [24]:

J A Pw = ∆  (11)

By using NaCl with a concentration of 200 mg/L tested 
at 7 bar (at a constant stirring rate of 100 rpm), the rejection 
value, R, can be determined from the concentration differ-
ence between the feed and permeate as follows [25]:

R
C
C
p

f

= −1  (12)

where CP and Cf are the permeate concentration and the feed 
concentration, respectively. Therefore, the solute permeabil-
ity, B, can be easily obtained by the following expression [26]:

B J R
R

J
kw
w=

−







 −











1 exp  (13)

2.2.2.2. Second-stage test in FO mode (ALFS) After the 
value of A and B has been obtained from the first stage, the 
runs for this stage is employed in a way that the DS is facing 
porous support layer of the membrane to attain the value of 
S. Similar protocols were again repeated at this stage except 
for the orientation of the membrane. The JW and JS were cal-
culated in the same manner as described earlier using the 
newly recorded data of ALFS system. Finally, the S value 
can be calculated using either of Eqs. (1) and (2) as described 
in Fig. 3. Specifically, this stage is also similar to the second 
stage in RO-FO method as described previously.

3. Results and discussion

3.1. Single-stage method

The single-stage FO methods were employed in the two 
different orientations known as ALFS (FO mode) and ALDS 
(PRO mode). In our study, for PRO mode, there is no hydrau-
lic pressure was applied to the unit. As described earlier, 
both tests were conducted separately, and all the measured 
parameters were calculated based on four different DS con-
centration. The variation of DS concentration is introduced to 
improve the accuracy of the intrinsic value obtained from each 
mode. The coefficients A, B, and S were used as the regres-
sion parameters in a least-squares nonlinear fitting. The pre-
dicted water fluxes were calculated based on Eq. (1) using the 
fitted data of A, B, and S. The measured and the ideal value of 
water fluxes are plotted and presented in Fig. 4. Comparing 
the two results at different orientations, the measured water 
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fluxes were absolutely tabulated between the ideal water flux 
values.

It is interesting to note that the water flux observed in ALDS 
is lower than ALFS in this study, which is contradict to what 
has been established earlier [27–29]. This inconsistency may 

Fig. 2. Flow chart of the first stage in the two-stage method for (a) PRO-FO [16] mode and (b) RO-FO [13] mode.

Fig. 3. Flow chart of the second stage in the two-stage method for 
both PRO-FO [16] and RO-FO [13] modes.

Fig. 4. Measured and predicted (ideal) water flux, JW in both FO 
and PRO mode.
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be due to the intrinsic values of the membrane or the hydro-
dynamic factor during the test. Accounting the proportional 
relation between osmotic pressure and DS concentration, both 
JW and JS increase with the increase of DS concentration as 
observed in Fig. 5. From these data, it is clear that the solute 
flux, JS, is higher than the water flux, JW, for both orientations. 
Based on Eq. (7), the determination of JS is mainly dependent 
on the concentration of the FS which means that high JS would 
be measured when the final FS concentration is high. In other 
words, this shows that more solutes have been allowed to dif-
fuse across the NF2 membrane from the DS to FS.

Table 4 shows different values of JW and JS at different 
concentrations, and the corresponding values of A, B, and 
S for NF2 membrane. Although similar protocols and mem-
brane were applied to both methods, the intrinsic values 
obtained are significantly different between the two modes. 
For example, the structural parameter of the membrane in 
the orientation of ALFS is 831 µm is higher than that obtained 
through the orientation of ALDS which is at 208 µm. These 
values could be explained by the transport permeability coef-
ficient calculated correspondingly. Generally, the A and B are 
proportional to S, therefore a large value of S would lead to a 
higher permeability coefficient [8,30].

The solute permeability coefficient, B, for this membrane 
(NF2) is higher than the water permeability coefficient, A, 
in both modes, which express a bad configuration for an 
FO membrane where A supposedly higher than B. This is 
because NF2 is a commercial NF asymmetric membrane that 
is commonly used in pressurized systems and has a greater 
thickness than a common FO membrane. The thicker the 
membrane, the harder for the permeate to pass through. This 
occurrence further supports the findings of a previous study 
where a very low flux was recorded when the TFC NF mem-
brane is applied to the FO system [31].

Considering that the surface of the active layer has low 
hydrophilicity and that the crossflow velocity of the system 
is very low (3.75 cm s–1); therefore, the values of solute and 
water permeation are relatively low. These results match 
those observed in earlier studies where they conclude that 
the low crossflow velocity plays a role in increasing the ECP 
effect and thus reducing the water fluxes [20,32]. For instance, 
Bui et al. [20] stated that an increment of 40% of water flux is 
obtained in both FO and PRO modes when they increase the 
velocity from 10.3 to 20.7 cm s–1. Nevertheless, this is consis-
tent with the discussion provided by Xu et al. [33] where they 
claimed that the effect of the crossflow rate on a membrane 

Fig. 5. Overall water and solute flux behavior over the range of DS concentration for (a) ALFS and (b) ALDS.

Table 4
Summary of the primary findings of two different single-stage method

Mode Concentration phase (M) JW (L m–2 h–1) JS (g m–2 h–1) A (L m–2 h–1 bar–1) B (L m–2 h–1) S (µm)

ALFS (FO mode) 0.5 0.7476 11.49 0.03 0.375 831
0.75 1.0476 17.52
1.0 1.1405 19.25
1.20 1.4738 23.64

ALDS (PRO mode) 0.5 0.2690 15.93 0.01 0.512 208
0.75 0.3071 21.85
1.0 0.4643 26.92
1.20 0.5762 31.61
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became more prominent at the active layer prior to ECP, com-
pared with the porous support layer whereas is prone to ICP. 
Commonly, at an average crossflow velocity (10–20 cm s–1), 
the ECP is negligible due to the significant presence of ICP 
within the porous layer and the velocity is adequate to reduce 
the possibility of additional concentration profile at the sur-
face of the active layer [33]. Because the FS in this study is 
ultrapure water, the ECP effect in the ALFS mode and the ICP 
effect in ALDS mode can be neglected. Prior to the ECP effect 
that is more significant in the case of low crossflow velocity as 
in this case, the ALDS recorded rather lower fluxes compared 
with ALFS mode. While these findings did not confirm that 
it is because of the low performances of the NF2 membrane 
that the intrinsic values are dissimilar for the different orien-
tations, yet it did partially prove that the application of the 
single-stage method for determining the intrinsic values is not 
consistent as it diverges when different orientation is applied.

3.2. Two-stages method

The two-stage methods were observed in two ways, 
namely PRO-FO and RO-FO methods. It is truly crucial to com-
pare between the parameters obtained through this research 
and that obtained by conventional two-stage RO-FO method. 
The findings as presented in Table 5 confirm the discussion on 
the earlier methods (see above) as the solute permeability for 
NF2 membrane is higher than the water permeability thus not 
suitable to be directly applied in FO system.

During the PRO-FO method, the A and B parameters, 
which were obtained from PRO phase, were used as the per-
meability coefficients in Eq. (1) to measure S using the data 
logged for FO phase. A strong relationship between A, B, and 
S has been reported earlier, where larger structural parame-
ters lead to lower fluxes consequently showing low-transport 
permeability coefficient [16,34]. Surprisingly, see Fig. 6, the 
S in this condition falls within the range of negative values 
which is an illogical amount for S. It seems possible that this 
result is due to the low-transport permeability coefficients 
calculated from the first stage. Yet again the lower transports 
permeability coefficients in ALDS compare with ALFS are 
due to the crossflow velocity that enhances the ECP effect in 
ALDS mode [35]; hence, low fluxes and permeability coeffi-
cients are obtained. For an average crossflow velocity of two 
stages PRO-FO method, the PRO phase usually yields higher 
water fluxes [36,37], thus the S parameter can be easily deter-
mined. However, in RO-FO method, the value of A and B 
attained in the RO mode is higher (mainly due to high fluxes) 
than that obtained through PRO method leading to a very 
high value of S which is 15,127 µm. The higher value of S also 
obtained for RO commercial membranes (BW30, S≈37,500 
µm and SW30-XLE, S≈80,000 µm) by other studies [38,39] 
using the same RO-FO mode method. This indicates that 
for a successful test using two-stage methods, the first stage 
must have attained higher water flux than the second stage 
or otherwise an accurate value of S cannot be achieved. For 
example, taking into consideration the value of A and B from 
the single-stage FO mode, which was 0.03 Lm–2 h–1 bar–1 and 
0.375 Lm–2 h–1 as the permeability coefficient of the first stage 
and applied for the calculation of S for the second stage, the 
value would fall within the logical range of S as marked in 
Fig. 6. Another possible conclusion to this is that the RO-FO 

method is rather unreliable for determining the intrinsic 
value for an FO configuration due to high hydraulic pressure 
applied during the stage of RO. This was previously inves-
tigated by several researchers and is explained elsewhere 
[9,16,40]. In fact, the RO stage is more laborious compared 
with FO method as clearly shown in Fig. 2(b) earlier.

4. Conclusions

In the FO process, the mass transfer boundary layers 
occur on both sides of the selective interface of the membranes 
known as ICP when it occurs within the porous layer and ECP 
when it occurs right on the surface of the active layer. In most 
cases of FO process, the ECP is neglected due to the signifi-
cant presence of ICP. As ICP occurs within the porous layer, 
it becomes complicated to flush away as it is with ECP where 
ECP is usually swept easily by increasing the flow velocity. 
Although ICP could be reduced by increasing the crossflow 
velocity, this is not effective at higher velocity rates because the 
major influence on the ICP is the concentration of the DS [33]. 
Nevertheless, in this study, at a very low crossflow velocity, 
the potential ECP has increased significantly beyond the ICP 
itself as it proved through the water and solute flux obtained 
in all the test modes except RO. It can be easily stated that 
NF2 membrane has a very low-intrinsic value for the FO sys-
tem. Further works including enhancing the hydrophilicity of 
the membrane and/or increasing the crossflow velocity of the 
operation are required to establish this membrane relevantly.

Table 5
Summary of the primary findings of two different two-stage 
methods

Method Mode phase A 
(L m–2 h–1 bar–1)

B 
(L m–2 h–1)

S (µm)

PRO-FO PRO (ALDS) 0.01 0.512 –
FO (ALFS) – – *

RO-FO RO 9 15.37 –
FO (ALFS) – – 15,127

*The value obtained is in the negative range.

Fig. 6. The summary of A and B in the large range of S values.
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The comparison of ALFS and ALDS single-stage method 
in this study is quite uncertain due to low crossflow velocity 
used during the operation. However, regardless of the cross-
flow velocity, both measured parameters for ALDS and ALFS 
are inconsistent, with ALDS showing very low fluxes, low 
transport permeability coefficient, and low structural param-
eter. Although low structural parameter is good for an FO 
membrane, in this case, it is believed that the low value of S 
was associated with the low A and B values.

The most interesting findings in this study were that the 
first stage in the two-stage method must have higher permeate 
fluxes than the second stage in order to obtain the value of S 
using the governing equations mentioned in the first section. 
However, we suggest that if the low fluxes obtained in the first 
stage are to be used to calculate the value of S, then Eqs. (1)–(4) 
should be modified to reflect the conditions. In addition, the 
discoveries through RO-FO methods confirm the hypotheses 
that the irrelevancy of RO stages in RO-FO method is undeni-
ably correct as the values obtained in RO stages are consider-
ably higher than those obtained from the PRO method.
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