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Abstract: Forward osmosis (FO) has rarely been investigated as a treatment technology for industrial
wastewaters. Within this study, common FO model equations were applied to simulate forward
osmosis treatment of industrial wastewaters from the automobile industry. Three different models
from literature were used and compared. Permeate and reverse solute flux modelling was implemented
using MS Excel with a Generalized Reduced Gradient (GRG) Nonlinear Solver. For the industrial
effluents, the unknown diffusion coefficients were calibrated and the influences of the membrane
parameters were investigated. Experimental data was used to evaluate the models. It could be proven
that common model equations can describe FO treatment of industrial effluents from the automobile
industry. Even with few known solution properties, it was possible to determine permeate fluxes and
draw conclusions about mass transport. However, the membrane parameters, which are apparently
not solution independent and seem to differ for each industrial effluent, are critical values. Fouling
was not included in the model equations although it is a crucial point in FO treatment of industrial
wastewaters. But precisely for this reason, modelling is a good complement to laboratory experiments
since the difference between the results allows conclusions to be drawn about fouling.
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1. Introduction

In industries, increasing water scarcity combined with a high water demand as well as stricter
laws for environmental protection has led to a growing awareness about efficient water usage [1].
Different technologies are used for wastewater treatment and water recycling, e.g., membrane filtration
processes. Here, forward osmosis (FO) is a technology that has been investigated more and more
within the last years [2–6].

In FO, the osmotic pressure difference between the feed solution (FS) and the draw solution
(DS) is the driving force, that makes water diffuse through a semipermeable membrane from FS into
DS. This permeate flux dilutes the DS; the FS is concentrated (Figure 1). No physical pressure needs
to be applied. In order to obtain pure water, the DS has to be regenerated in a separate treatment
step. In many possible applications, an artificial DS needs to be used, such as salt solutions [7]. Here,
the necessity of the DS regeneration steps is a main impact factor on economic efficiency [8,9].

The advantages of FO are low energy consumption, easy removable fouling layers, and treatable
high salt concentrations [2,10–12]. The reverse solute flux through the membrane as well as
concentration polarization are disadvantages [13,14] and are to be met by high performance FO
membranes. FO membranes usually consist of a dense active layer (AL) and a porous support layer
(SL). In the FO process, membranes can either be used with the AL facing the FS (ALFS orientation
or FO mode) or with the AL facing the DS (ALDS orientation or PRO mode). An ALDS orientation
enables higher permeate fluxes due to reduced concentration polarization within the SL [2]. However,
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due to the fact that the SL is more prone to fouling, the ALFS orientation is used more often [15].
FO membranes are characterised by three parameters: Water permeability A and solute permeability
B, which relate to the active layer, and the structural parameter S, which relates to the support layer.
These intrinsic parameters used to be determined by a combination of pressurized reverse osmosis
tests and non-pressurized FO tests (RO–FO test) [16]. Lately, a methodology was suggested that
utilizes only non-pressurized FO tests (FO-only test) [17]. If spacers are used in the FS and DS channels,
their geometry also influences permeate flux and might be taken into consideration. The impact of
spacers especially in spiral wound membrane modules has been studied for membrane filtration
processes [18–22].
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Figure 1. Forward osmosis (FO) process with membrane active layer facing towards the feed solution
(FS) (active layer feed solution (ALFS) or FO-mode) [6].

So far, FO has been applied for desalination and various water treatment processes [23–27].
However, few full-scale FO plants have been realized so far [8]. The application in industries has
also been studied [6,28–31]. In these studies, mostly lab-scale experiments, which are time- and
cost-consuming, were conducted to investigate FO performance. In order to get a rough estimation of
FO performance for different application scenarios, it would be useful to simulate the FO process with
a suitable model.

Several theoretical transport models have been proposed in the literature [16,32–47]. In 1981,
Lee et al. introduced a model for pressure-retarded osmosis that described transport processes through
an asymmetric membrane taking internal concentration polarisation (ICP) into account [32]. In 2006,
McCutcheon et al. included not only ICP but also external concentration polarisation (ECP) on the
selective membrane layer within their model [16]. In 2010, Philipp et al. reported about their model
that described reverse solute flux (RSF) [37]. Shortly afterwards, Yip et al. and Tiraferri et al. published
articles presenting FO models including RSF, ICP, and ECP on the selective membrane layer [44,46].
Here, Yip et al. considered an ALDS membrane orientation whereas Tiraferri et al. considered an ALFS
membrane orientation. In 2015, Bui et al. then proposed a model that regarded RSF, ICP, and ECP on
the selective layer as well as on the porous support layer [47].

However, so far these models have mostly been evaluated with experiments using NaCl or other
salt solutions and deionized water only.

Within our research, three FO models from literature were partially adapted and integrated in MS
Excel with a Generalized Reduced Gradient (GRG) Nonlinear Solver. FO performance was calculated
for the treatment of different automobile wastewaters. The results from the FO experiments with these
real wastewaters were used to evaluate the models.
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2. Materials and Methods

2.1. Lab-scale Experiments

Lab-scale experiments were conducted with four different wastewaters from an automobile
manufacturing site as well as deionized water and 1 mol/L NaCl. The experimental set-up consisted of
a flat-sheet membrane test cell with an active membrane area of 48 cm2. Flow channel dimensions
in the test-cell were 1200 mm in length, 40 mm in width, and 0.86 mm in height on both sides of
the membrane. During the experiment, FS and DS were circulated leading to a decreasing osmotic
pressure difference overtime due to permeate flux. Thus, the observed permeate flux also decreased
within the course of the experiment. Further decrease in permeate flux might be caused by membrane
fouling. The detailed set-up has been described elsewhere [48].

CSM FO membranes from Toray Chemical Korea Inc. (Seoul, Korea) were used for all experiments.
The manufacturers indicated that the standard permeate flux was 30 ± 5 L/(m2

·h). A new membrane
sample was used for every test series.

The four different automobile wastewaters were cathodic dip painting rinsing water, cathodic
dip painting wastewater, paint shop pre-treatment wastewater, and cooling tower circulation water.
These waters were either used as FS or DS and combined with deionized water as FS, 1 mol/L NaCl
as DS, or another effluent. FS and DS, osmotic pressure difference ∆π, and membrane orientation of
the six experimental test series (A1–A6) and the performance tests (P) are given in Table 1. Further
information can be found elsewhere [48].

Table 1. FS and DS, osmotic pressure difference ∆π, and membrane orientation of the six experimental
test series (A1–A6) and the performance tests (P).

Test Series Feed Solution (FS) Draw Solution (DS) ∆π [bar]
Membrane Orientation

ALFS ALDS

A1 Cathodic dip painting rinsing water 1 mol/L NaCl 44.8 4 -
A2 Deionized Water (DI) Cooling tower circulation water 1.1 4 -
A3 Paint shop pre-treatment wastewater 1 mol/L NaCl 44.5 4 -
A4 Deionized Water (DI) Cathodic dip painting wastewater 2.1 4 -
A5 Deionized Water (DI) Cooling tower circulation water 1.1 - 4

A6 Cathodic dip painting wastewater 1 mol/L NaCl 43.5 4 -

P Deionized Water (DI) 1 mol/L NaCl 44.5 4 -

Six test series with industrial wastewater were conducted using an ALFS membrane orientation,
and one using an ALDS membrane orientation. The experimental procedure and the results of these
test series are described in detail in another publication [48]. Within the experiments with industrial
wastewaters, each test series consisted of three subsequent wastewater tests interrupted by a cleaning
procedure and a membrane performance test. However, for the model evaluation, only the first
wastewater test of each test series was used. One wastewater test lasted five hours.

Besides the wastewater tests, standard performance tests were conducted with deionized water
as FS and 1 mol/L NaCl as DS. These tests lasted two hours and were, among others, performed
before every test series when a new membrane sample was used. Thus, the experimental results of six
performance tests were used for model evaluation.

2.2. Model Setup

In order to predict permeate flux JW and reverse solute flux JS, three different FO models were
used for ALFS and ALDS membrane orientation (Tables 2 and 3). These models were chosen because
they are commonly used in FO modelling.

Parameters A, B, and S are the water permeability in L/(m2
·h·bar), the solute permeability in

L/(m2
·h) and the structural parameter of the membrane in m; π is the osmotic pressure in bar, c the

molar concentration of NaCl in mol/L, and D the diffusion coefficient of the solution in m2/s; k in m/s
describes the mass transfer coefficient from bulk solution to the membrane surface. Indexes FS and DS
mean feed solution and draw solution, respectively.
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Models I, II, and III all include internal concentration polarization but differ in the extent of external
concentration polarization considered. Model I and Model II only consider external concentration
polarization on the active layer side of the membrane. Model III combines internal concentration
polarization and external concentration polarization on the active as well as the support layer of the
membrane. The original Model I did not include the reverse solute flux and B was assumed to be
zero [16]. Therefore, we used these results and added the concentrative ECP-term on the feed side,
by keeping B , 0. Furthermore, no equation for the RSF is offered, therefore the equation for the RSF of
Model II was applied [46].

Table 2. Model equations for permeate and reverse solute flux using an ALFS membrane orientation.

Model Permeate Flux Reverse Solute Flux Ref.

I Jw = DDS
S ln

 B+A πDS

B+A
[
πFS exp

(
Jw

kFS

)]
+ Jw


Js = B

cDS exp
(
−

Jw S
DDS

)
− cFS exp

(
Jw

kFS

)
1+ B

Jw

[
exp

(
Jw
kF

)
−exp

(
−

JwS
DDS

)] [16]
mod.,
[46]

IIALFS Jw = A
πDS exp

(
−

Jw S
DDS

)
− πFS exp

(
Jw

kFS

)
1+ B

Jw

[
exp

(
Jw

kFS

)
−exp

(
−

JwS
DDS

)]

III Jw = A
πDS exp

[
− Jw

(
1

kDS
+ S

DDS

)]
− πFS exp

(
Jw

kFS

)
1+ B

Jw

[
exp

(
Jw

kFS

)
−exp

[
− Jw

(
1

kDS
+ S

DDS

)]] Js = B
cDS exp

[
− Jw

(
1

kDS
+ S

DDS

)]
− cFS exp

(
Jw

kFS

)
1+ B

Jw

[
exp

(
Jw

kFS

)
−exp

[
− Jw

(
1

kDS
+ S

DDS

)]] [47]

water permeability A, solute permeability B, structural parameter S, osmotic pressure π, concentration c, diffusion
coefficient D, mass transfer coefficient k, feed solution indexed FS, draw solution indexed DS.

Table 3. Model equations for permeate and reverse solute flux using an ALDS membrane orientation.

Model Permeate Flux Reverse Solute Flux Ref.

I Jw = DFS
S ln

(
B+A πDS exp[− Jw

k ] −Jw

B+A πFS

)
Js = B

cDS exp
(
−

Jw
kDS

)
− πFS exp

(
JwS
DFS

)
1+ B

Jw

[
exp

(
JwS

DDS

)
−exp

(
−

Jw
kDS

)] [16]
mod.,
[44]

IIALDS Jw = A
πDS exp

(
−

Jw
kDS

)
− πFS exp

(
JwS
DFS

)
1+ B

Jw

[
exp( JwS

D )−exp
(
−

Jw
kDS

)]

III Jw = A
πDS exp

(
−

Jw
kDS

)
− πFS exp

[
Jw

(
1

kFS
+ S

DFS

)]
1+ B

Jw

[
exp

[
Jw

(
1

kFS
+ S

DFS

)]
−exp

(
−

Jw
kDS

)] Js = B
cDS exp

(
−

Jw
kDS

)
− cFS exp

[
Jw

(
1

kFS
+ S

DFS

)]
1+ B

Jw

[
exp

[
Jw

(
1

kFS
+ S

DFS

)]
−exp

(
−

Jw
kDS

)] [47]

water permeability A, solute permeability B, structural parameter S, osmotic pressure π, concentration c, diffusion
coefficient D, mass transfer coefficient k, feed solution indexed FS, draw solution indexed DS.

Membrane parameters A, B, and S were taken from literature as indicated in Table 4. Two different
parameter sets, Par1 and Par2, were used: One that was determined by RO–FO tests and one that was
determined by FO-only tests (see Table 4).

Table 4. Membrane parameters used for modelling.

Membrane
Parameter Set

Water Permeability
A

[L/(m2 h bar)]

Solute Permeability
B

[L/(m2 h)]

Structural Parameter
S

[10-6 m]
Method Lit.

Par1 5.36 0.95 266 FO-only [49]
Par2 8.9 ± 0.14 5.68 ± 0.14 466 RO–FO [50]

For modelling FO, it is necessary to consider the diffusion coefficient D of FS and DS.
If the components and concentrations of FS and DS are known, the diffusion coefficient can
be calculated [35,42]. However, industrial wastewaters like the automobile wastewaters are
multi-component mixtures and analyzing all components would be very complex. Furthermore,
the diffusion coefficient is prone to change during the FO experiment due to the concentration of FS and
the dilution of DS, respectively, because of FS and DS circulation. For these reasons, it was decided to
calibrate the diffusion coefficient ranging from 1.10-11 and 5.10-9 m2/s within the modelling procedure.
This offers two advantages: Firstly, mixing of the solution within the support layer is covered by the
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calibrated diffusion coefficient; secondly, due to the unsure structural parameter S, the uncertainty
and maybe errors can be compensated. Within the modelling procedure, flux calculation for one test
run was repeated with a new diffusion coefficient several times. The diffusion coefficient was varied
linearly by beginning at the lower boundary of the range and stepping upwards to the upper boundary
of the calibration range.

The osmotic pressure π was determined from the osmolality, which was measured with
a freezing-point microosmometer (Hermann Roebling Messtechnik, Germany), by applying
Equation (1) [51]. Here, cosm is the osmolality, T the temperature and R the universal gas constant.

π = cosm·R·T (1)

A virtual NaCl concentration β was determined by empirical Equations (2) and (3) using the
measured electrical conductivity κ [48]. The molar concentration c was then calculated by multiplying
with NaCl molecular weight. When pure NaCl solution or deionized water were the DS and FS,
respectively, the exact concentration was used as input parameter for modelling. When automobile
wastewaters were the DS and FS, only osmolality and electrical conductivity were used as input
parameters in order to minimize analytical expense.

Low electrical conductivity κ < 1.0 mS/cm (β in g/L; κ in µS/cm)

β = 5.703·10−9
· κ2 + 4.9515·10−4

· κ − 6·10−4 (2)

High electrical conductivity κ > 1.0 mS/cm (β in g/L; κ in mS/cm)

β = 1.4363·10−3
· κ2 + 0.5419 · κ + 0.152 (3)

The mass transfer coefficient k was calculated using Equation (4) with diffusion coefficient D,
Sherwood number Sh, and hydraulic diameter dh [16]. The Sherwood number Sh was calculated
according to Equations (5) and (6) with Reynolds number Re, Schmidt number Sc, hydraulic diameter
dh,, and channel length L [16].

k =
Sh·D

dh
(4)

Sh = 1.85
(
Re·Sc·

dh
L

)0.33

laminar flow (5)

h = 0.04·Re0.75
·Sc0.33 turbulent flow (6)

The hydraulic diameter dh for our rectangular flow channel was calculated through the cross-section
area Acs (width multiplied by height) and the wetted perimeter lu (doubled sum of width and height),
as illustrated in Equation (7).

dh =
4·Acs

lu
(7)

The Schmidt number Sc is a dimensionless number, describing the relationship between the
viscous diffusion (described by the dynamic viscosity η) and the mass diffusion, described by the
diffusion coefficient D and the density % [52]. It was calculated by Equation (8).

Sc =
η

D·%
(8)

Equation (9) was used to calculate the Reynolds number with dynamic viscosity η, the density %,
the fluid velocity v, and the cross-section area Acs [53]. Fluid velocity v was determined by dividing
the known flowrate by cross-section area Acs. The density % in kg/m3 and the dynamic viscosity η in
Pa.s were calculated by Equations (10) and (11), respectively, using the measured temperature ϑ in ◦C.
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These equations are empirically determined based on data published in literature and are valid for
temperatures ranging from 0 to 30 ◦C [54,55].

Re =
%·v·dh

η·Acs
(9)

% = 0.0000482484·ϑ3
− 0.00819257·ϑ2 + 0.0624602·ϑ+ 999.846 (10)

η = 0.0001·
(
17.9098− 0.6003·ϑ+ 0.01299·ϑ2

− 0.000134·ϑ3
)

(11)

Permeate and reverse solute flux modelling was implemented using MS Excel from Microsoft
Corporation (Redmond, WA, USA). The MS Excel workbook consisted of four worksheets:
an introduction sheet as user-manual, an input data-sheet, a calibration-sheet, and a calculation sheet.
All equations used are self-depending making it possible to solve the iteration with a Generalized
Reduced Gradient (GRG) Nonlinear Solver from Frontline Systems Inc. (Incline Village, NV, USA)
included in MS Excel. Precision for solving the iteration was set to 0.001. The temporal discretization
for the model was chosen to be 1 min.

Furthermore, the following assumptions were made for the model:

• FS and DS behave like ideal solutions.
• The temperature is constant during the experiments.
• The permeate flux is directed from FS to DS.
• The reverse solute flux is directed from DS to FS.
• Membrane parameters A, B, and S are the same for all membrane samples.
• Membrane parameters A, B, and S are constant during the experiment.
• The diffusion coefficient D is constant during the experiment.
• Fouling does not occur.
• Chemical reactions do not occur.
• Spacers are not considered although they were used in the experiments.
• The fluxes axial across the membrane are constant; no local dependencies are assumed.
• The system is a steady-state system.

2.3. Model Evaluation

The introduced models were evaluated by comparing the simulated results with those from the
experiments with real automobile wastewaters. Two evaluation parameters were used: The mean
square error (MSE) and the Nash–Sutcliffe efficiency (NSE).

The MSE is a common way to describe model performance and is calculated according to Equation
(12) with Jmod and Jexp being the modeled and the experimental flux at a certain time t. MSE values are
strictly positive and the smaller they are, the better are the modeled results [56].

MSE =
N∑

n=1

( Jt
mod − Jt

exp

)2
(12)

The Nash–Sutcliffe efficiency is used for evaluating the prediction of a hydraulic discharge and
is commonly used for hydrological models [57]. The NSE is the normalized version of the MSE and
calculated according to Equation (13). The NSE can range from -∞ to 1, whereby an efficiency of 1.0
indicates a perfect fit of modeled and experimental data. If the NSE is close to 0, the calculated model
is as accurate as the mean value of the experimental data; whereby NSE values less than zero suggest
that the experimental data is better than the calculated one. Good performing models should have an
NSE between 0 and 1 [57].
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NSE = 1−

∑N
n=1

(
Jt
mod − Jt

exp

)2

∑N
n=1

(
Jt
exp − Jexp

)2 = 1−
MSE∑N

n=1

(
Jt
exp − Jexp

)2 (13)

3. Results and Discussion

3.1. Modelling the Permeate Flux for Standard Performance Tests with Deionized Water and 1 mol/L NaCl

As described in the previous chapter, standard membrane performance tests were performed
with deionized water as FS and 1 mol/L NaCl as DS for 2 hours using ALFS mode. In the beginning
of each test series, before the experiments with industrial effluents began, a performance test was
conducted with a new membrane sample. Using the three models and two membrane parameter
sets, the performance tests were modelled using diffusion coefficients ranging from 1.2 × 10−9 to
1.5 × 10−9 m2/s, which is typical for 1 mol/L NaCl and temperatures between 17 and 25 ◦C [58]. The first
performance tests of six test series were used to validate the modelled results. The detailed evaluation
of the experiments was published in a previous paper [48].

Figure 2 shows the experimental and modelled permeate fluxes for the three models (I, II, III) and
two membrane parameter sets (Par1, Par2). Experimental results are illustrated by boxplots showing
the 25% and the 75% quantile as well as the median of six tests. Modelled results are illustrated as
broad strips, the width of which is caused by the variation of the diffusion coefficient. The mean
value is shown as a dashed line. The more the modelled results overlap with the experimental results,
the better suitable is the applied model and the used membrane parameter set.
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It can be seen that Model I and Model II successfully simulated the experiments when Par1 was
used since modelled and experimental results overlap almost completely. Model III did not match the
experimental permeate fluxes with either membrane parameter set.

In general, the overlap of experimental and modelled data was higher for Model I and Model
II, showing that the performance of Model I and Model II was better than Model III. For the same
reason, membrane parameter set Par1, which was determined by FO-only method, is more suitable
than Par2, which was determined by RO-FO method. The decrease in permeate flux due to FS and DS
recirculation is also well simulated. Membrane fouling is not considered in the modelling but might
happen in the experiments. Apparently, no membrane fouling occurred in the performance tests since
the decrease of experimental and modelled permeate fluxes are the same.

Applied model equations assume that the membrane has a porous active layer. The used FO
membrane, however, is equipped with a dense active layer. Still, the model equations deliver mostly
matching results, proving that the chosen model equations can be applied successfully.

Furthermore, by modelling the membrane performance tests, it was shown that the calibration for
assuming the diffusion coefficient is applicable.

3.2. Modelling of Permeate Flux in ALFS Mode for Wastewater Experiments

FO laboratory experiments were conducted with four different automobile wastewaters, deionized
water, and 1 mol/L NaCl. In five test series, an ALFS membrane orientation was used. One test
lasted 300 min. Previously, the detailed evaluation of the experiments was published elsewhere [48].
In Figure 3, modelled and experimental permeate fluxes are illustrated for the ALFS experiments with
automobile wastewater. Permeate fluxes are given exemplarily for 10, 150, and 300 min test time.
Experimental values are illustrated with columns. Modelled results for Model I, II, and III are shown
as dashed line with crosses when membrane parameter set Par1 was used, and with circles when Par2
was used. Modelling runs were performed with different diffusion coefficients. In Figure 3, only the
best fitting modelling run is illustrated and the corresponding diffusion coefficient is indicated next to
the dashed line.

Permeate fluxes differed strongly depending on the utilized FS and DS. For this reason, the axis for
the permeate flux was adjusted accordingly. In test series A2 and A4, the experimental permeate fluxes
in the experiments were between 0.1 and 1.1 L/(m2

·h). These low fluxes are due to the low osmotic
pressure difference between FS and DS. In test series A1, A3, and A6, the experimental permeate fluxes
were between 8.0 and 25.0 L/(m2

·h). The higher permeate fluxes can be explained by the higher osmotic
pressure differences between FS and DS (see Table 1). A detailed evaluation of the experimental results
is included in another publication [48].

Due to FS and DS recirculation and permeate flux through the membrane, FS and DS are
concentrated and diluted, respectively, during the experiment. For this reason, the osmotic pressure
difference between FS and DS also decreases leading to a decreasing permeate flux. This fact is included
in the model equations. However, permeate flux in the experiments might additionally decrease
because of membrane fouling or temperature changes affecting viscosity as well as diffusion coefficients
and mass transfer coefficients. These effects are not considered in the model equations. The slope of
the permeate fluxes in Figure 3 illustrates the decreasing permeate flux in the course of FO treatment.

With every model, five test series were modelled with two different parameter sets. Thus, 30 data
points are illustrated for each model. The modelled results are described as “good” if the deviation
from the experimentally determined value is a maximum of 15% and as “very good” if the deviation is
a maximum of 5%.

With Model I, 10 data points were modelled very well, 7 well, and 13 poorly. Model I showed
“good” and “very good” results simulating complete test series A1 and test series A2 with Par 2.
Furthermore, “very good” results were obtained for the 10-min-flux in test series A2 with Par1, the
150-min-flux in A3 with both Par1 and Par2, the 10- and 150-min-flux in A6 with Par1, and the
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150-min-flux in A6 with Par2. “Good” matches were obtained for the 150-min-flux in A2 with Par1
and for the 10-min-flux in A6 with Par2.Membranes 2019, 9, 106 9 of 20 
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Figure 3. ALFS permeate fluxes of test series A1, A2, A3, A4, and A6 for 10, 150, and 300 min test time
from experiments (columns) and Model I, Model II, and Model III with membrane parameter set Par1
(dashed line with crosses) and Par2 (dashed line with circles). Modelled results are shown for best
best-fitting diffusion coefficient which is indicated next to the corresponding line.
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With Modell II, 11 data points were modelled very well, 8 were modelled well, and 11 were
modelled poorly. Model II delivered “good” and “very good” results for the complete test series A1
and A2. Further “very good” matches were the 10- and 150-min-flux in A6; further “good” matches
were the 150-flux in A3 and the 150-min-flux in A4 with Par1.

With Model III, 13 data points were modelled very well, 5 well, and 12 poorly. Modell III
simulated test series A1 and A2 well and very well. Further, “very good” matches were obtained for
the 150-min-flux in A3 with Par2 as well as the 10- and 150-min-flux in A6. Another “good” match was
found for the 150-min-flux in A3.

Considering the 30 data points, which were analyzed, Model III delivered the most results labeled
as “very good”. However, it delivered one poor result more than Model II. Therefore, Model II and
Model III both seem more suitable for modelling the permeate flux because they achieved 19 and 18
good and very good results, respectively.

Test series A1 had permeate fluxes decreasing from 16.5 to 12.5 L/(m2
·h) and was simulated well by

all models. The decreasing permeate flux was well reflected by the models. Since the slope of modelled
and experimental values is the same, apparently no fouling occurred during the 300-min-test. Test series
A3 had permeate fluxes starting at 21.3 and decreasing to 8.0 L/(m2

·h). Here, the 150-min-value was
well predicted by all models. However, the 10-min-value was underestimated by the models;
the 300-min-value overestimated. The slope of the experimental values was steeper than the modelled
values. So it is probable that membrane fouling occurred during the experiments. The reason for the
high experimental permeate flux in the beginning of the test compared to the modelled results is not
clearly identifiable. One reason might be that membrane samples from one manufacturer still differ to
some extent and might have different membrane parameters leading to different initial permeate fluxes.

Test series A2 and A4 had low permeate fluxes below 1.1 L/(m2
·h). A decreasing permeate flux

was modelled for A2 but not measured in the experiment. The constant or even increasing permeate
flux that was measured in the experiment might be due to the regular measurement inaccuracy
in the experimental set-up, especially, when only low mass changes occurred. Mathematically a
higher permeate flux only occurs due to two reasons: A higher osmotic pressure difference or an
increasing diffusion coefficient. Reasons for these effects may be rising temperatures or a dilutive
ICP in the support layer of the membrane. In regard to A4, a constant permeate flux was modelled
but not measured. Again, the 10-min-value was underestimated by the models; the 300-min-value
overestimated. Apparently, membrane fouling occurred in A4 and could not be simulated by the
models. Due to the very low permeate fluxes, test series A2 and A4 are not ideal for model validation.

Within the experimental test series, A6 is special because a negative reverse solute flux occurred
during the experiments. This means that substances from the FS diffused to the DS. Usually, reverse
solute flux occurs from draw to feed side in the opposite direction than the permeate flux. None of
the applied models was able to consider this effect. Therefore, in order to simulate a permeate flux,
the measured reverse solute flux was used as input data instead of calculated reverse solute flux.
With this adaption, it was possible to get very good fits between experimental and modelled results for
10 and 150 min test time. The high deviation for the 300-min-value can be explained by the extremely
negative experimental reverse solute flux used as input data. Here, problems within the experimental
procedure, especially difficulties to measure only small differences in conductivity and changing FS
and DS composition, might be the reason for incorrectly measured reverse solute fluxes. Because of the
mentioned problems, model validation with test series A6, especially the 300-min-value, should be
treated with caution.

In general, it is interesting to see that in most cases the 150-min-value for the permeate flux was
well predicted. Regarding the membrane parameters, no parameter set delivered better results than
the other. With Par1, 17 “very good” and 11 “good” matches were obtained; with Par2, 17 “very good”
and 10 “good” matches were found.

Figure 4 shows the NSE-values that were obtained with Model I, Model II, and Model III. For
Model I, the NSE ranges from –0.31 up to 0.24. NSE-values close to zero and between zero and 1.0
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are considered good results. NSE-values between 0 and 1.0 were achieved for test series A1 and A3.
NSE-values close to zero were further calculated for A2. Thus, 6 out of 10 NSE-values are good.
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Figure 4. NSE for permeate fluxes of test series A1, A2, A3, A4, and A6 simulated with Model I, Model
II, and Model III using membrane parameter set Par1 and Par2.

For Model II, the NSE ranges from –0.16 up to 0.30. Good NSE-values between 0 and 1.0 were
achieved for test series A1 and A3. NSE-values close to zero were further calculated for A2 as well as
A4 with Par2 and A6 with Par1. Altogether, 8 out of 10 NSE-values are good.

For Model III, good NSE-values between 0 and 1.0 were achieved for test series A1 and A3.
NSE-values close to zero were further calculated for A2 as well as A4. So 8 out of 10 NSE-values
are good.

Since Model II and Model III each delivered 8 good NSE-values, they appear more suitable than
Model I, which only delivered 6 good NSE-values.

3.3. Modelling of Reverse Solute Flux in ALFS Mode for Wastewater Experiments

In Figure 5, the experimental and modelled reverse solute fluxes (RSF) are illustrated for the test
series with automobile wastewaters for 10, 150, and 300 min when the membrane was used in ALFS
mode. Modelled results are shown for test series A1, A2, A3, and A4. Here, reverse solute fluxes were
between 8.2 and 11.3, between 0.28 and 0.34, between 2.4 and 9.0, and between 37.8 and 9.5 g/(m2

·h),
respectively. No reverse solute flux could be modelled for test series A6 because a negative reverse
solute flux occurred here. This means, that substances passed from the FS into the DS, not the other
way around as usually expected. All three models were unable to include this phenomenon.

The driving force for RSF is the concentration gradient which exists between FS and DS. Ideally,
a solute flux through the membrane should be prevented by the membrane itself. However, solute flux
still occurs with present FO membranes. Due to permeate flux, the concentration gradient decreases in
the course of FO treatment and RSF should therefore also decrease.

In Figure 5, 24 modelled data points are illustrated for each model. As in the previous chapter,
when modelled and experimental data points are compared, they are labelled as “very good fit” when
the modelled result is within 5% of the experimental result and as “good fit” when both values are in a
range of 15%.

Model I only showed two “very good” results in regard to the reverse solute flux. In test series
A3, the 10-min-value matched very well when Par1 was used. Furthermore, the 150-min-value in the
same test series with Par2 was a “very good” fit. All other 22 data points fitted poorly.

Model II was able to reach two “very good” fits and two “good” fits. The 10-min-value of A1 with
Par2 and the 300-min-value in A3 with Par2 fitted “very good”. The 150- and 300-min-value in A1
with Par2 fitted well. 20 data points fitted poorly.

Model III resulted in two “very good” fits and one “good” fit. The 10-min-value in A1 with Par2
as well as the 300-min-value in A3 with Par2 were the “very good” fits. The 150-min-value in A1 with
Par2 was the “good” fit. 23 data points were modelled with poor results.
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Figure 5. ALFS reverse solute fluxes of test series A1, A2, A3, and A4 for 10, 150, and 300 min test 
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Figure 5. ALFS reverse solute fluxes of test series A1, A2, A3, and A4 for 10, 150, and 300 min test
time from experiments (columns) and Model I, Model II, and Model III with membrane parameter set
Par1 (dashed line with crosses) and Par2 (dashed line with circles). Modelled results are shown for
best-fitting diffusion coefficient which is indicated next to the corresponding line.

In general, the used modelling approaches were unable to simulate reverse solute flux with
satisfying results. However, Model II and Model III delivered slightly better results than Model I.

The NSE- and MSE-values for Model, I, Model II, and Model III are given in Figure 6. NSE-values
for Model I are all below zero ranging from –0.01 down to –4.68. That indicates that modelled and
experimental reverse solute fluxes did not fit well at all. Only for test series A1, the NSE-values are
close to zero with –0.03 and –0.01, which shows that here the modelling was not too bad.
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Figure 6. NSE for reverse solute fluxes of test series A1, A2, A3, and A4 simulated with Model I, Model
II, and Model III using membrane parameter sets Par1 and Par2.

For Model II the NSE-values are also below zero ranging from –0.01 down to –1,4328. Again, only
test series A1 was modelled fairly well according to an NSE-value of –0.01 and –0.02. The NSE-value
for test series A3 and Par2 was –1,4328 and thus extremely low. The negative NSE-values show that
modelled and experimental reverse solute fluxes did not fit well for Model II.

The NSE-values for Model III are between –4.1 and 0.08. NSE-values between 0 and 1.0 were
achieved for A1-Par1 andA4-Par2: They were 0.0 and 0.08, respectively. Furthermore, NSE-values
just below zero were found for A1-Par2 and A4-Par1: They were –0.01 both times. Out of the three
modelling approaches, Model III delivered the best reverse solute fluxes when the NSE-values are
taken as evaluation criterion.

RSF was not successfully modelled. For modelling, the electrical conductivity was taken as sole
input parameter to minimize analysis effort. It was assumed that the electrical conductivity was caused
by NaCl only. In reality, however, RSF strongly depends on the composition of FS and DS because
each substance behaves differently in regard to membrane diffusion. This so-called selective diffusion
was not considered in the models and might be the reason for discrepancy between modelled and
experimental RSF.

3.4. Modelling of Permeate Flux and Reverse Solute Flux in ALDS Mode for Wastewater Experiments

In addition to the five test series that used the ALFS membrane orientation, one test series was
performed in ALDS mode. This test series was also modelled using the three modelling approaches
described in Section 2.2 and two membrane parameter sets. Permeate fluxes and reverse solute fluxes
were determined.

Figure 7 shows the modelled and experimental permeate fluxes for 10, 150, and 300 min test
duration. The experimental permeate fluxes were 2.5, 2.3, and 2.4 L/(m2

·h), respectively. Altogether 6
data points were obtained for each model. Modelled results are labelled as “very good” if the deviation
is 5% or less and as “good” if it is 15% or less.

Model I delivered three “very good”, two “good” and only one “poor” result. The “very good”
matches were the 10-minute-values as well as the 150-min-value with Par1. The “good” matches were
the 150-min-value with Par2 and the 300-min-value with Par1.

Model II resulted in three “very good” and two “good” fits. No “poor” matches occurred with
this model. The 10-min-value with Par 2 as well as the 150-min-values were the “very good” fits.
The 10-min-value with Par1 and the 300-min-values were the “good” fits.

With Model III four “very good”, two “good”, and one “poor” result was obtained. Here, the 10-
and 150-min-values were modelled very well and the 300-min-value with Par1 was modelled well.

If the number of poor matches between experimental and modelled data points are taken as
evaluation criterion, all three models showed good permeate flux results with Model II being the best
modelling approach.
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Figure 7. ALDS permeate flux of test series A5 for 10. 150, and 300 min test time from experiments
(columns) and Model I, Model II, and Model III with membrane parameter set Par1 (dashed line with
crosses) and Par2 (dashed line with circles). Modelled results are shown for best-fitting diffusion
coefficient which is indicated next to the corresponding line.

NSE-values for the permeate fluxes are illustrated in Figure 8. NSE-values were all below zero
ranging from –0.72 up to –0.09. No optimal NSE-values between 0 and 1.0 were achieved. However,
NSE-values close to zero were achieved with Model II and Par1 as well as with Model III and Par1:
They were –0.08 and –0.09. Taking the NSE-value as evaluation criterion, Model II and Model III
combined with Par1 are the most suitable modelling approaches.
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Figure 8. NSE for permeate fluxes of test series A5 (ALDS mode) simulated with Models I, II, and III
using membrane parameter sets Par1 and Par2.

In Figure 9, experimental and modelled reverse solute fluxes are illustrated for 10, 150, and 300 min.
The experimental reverse solute fluxes were between 0.4 and 0.6 g/(m2

·h). Six data points were obtained
for each model. Modelled results are labelled as “very good” if the deviation is 5% or less and as
“good” if it is 15% or less.

With Model I only one good result was obtained: The 300-min-value with Pa1. All other 5 data
points resulted in poor matches, whereby the results with Par1 were closer to the experimental results
than with Par2.

One “very good” and one “good” match was found with Model II. Here, again the values with
Par1 were better than with Par2. The 10-min-value was the “very good” fit and the 300-min-value was
the “good” fit.

Model III showed similar results as Model II. Again the 10-min-value and the 300-min-value with
Par1 were “very good” and “good” matches. All other modelled results matched poorly. The modelled
results with Par1 were again closer than with Par2.

With a maximum of two “very good” and “good” matches out of six, reverse solute flux was
modelled rather poorly in ALDS-mode. Altogether, reverse solute flux was modelled better with Par1
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than with Par2. With Par1 at least 1, 2, and 2 “very good” and “good” matches were achieved for
Model I, Model II, and Model III, respectively.
Membranes 2019, 9, 106 15 of 20 

 

 Model I Model II Model III 

A5 

   

 
 

Figure 9. ALDS reverse solute flux of test series A5 for 10. 150, and 300 min test time from experiments 

(columns) and Model I, Model II, and Model III with membrane parameter set Par1 (dashed line with 

crosses) and Par2 (dashed line with circles). Modelled results are shown for best-fitting diffusion 

coefficient which is indicated next to the corresponding line. 

With Model I only one good result was obtained: The 300-min-value with Pa1. All other 5 data 

points resulted in poor matches, whereby the results with Par1 were closer to the experimental results 

than with Par2. 

One “very good” and one “good” match was found with Model II. Here, again the values with 

Par1 were better than with Par2. The 10-min-value was the “very good” fit and the 300-min-value 

was the “good” fit.  

Model III showed similar results as Model II. Again the 10-min-value and the 300-min-value 

with Par1 were “very good” and “good” matches. All other modelled results matched poorly. The 

modelled results with Par1 were again closer than with Par2. 

With a maximum of two “very good” and “good” matches out of six, reverse solute flux was 

modelled rather poorly in ALDS-mode. Altogether, reverse solute flux was modelled better with Par1 

than with Par2. With Par1 at least 1, 2, and 2 “very good” and “good” matches were achieved for 

Model I, Model II, and Model III, respectively. 

The NSE-values for the modelled reverse solute flux with an ALDS membrane orientation are 

shown in Figure 10. NSE-values were between –245 and –0.01. No optimal NSE-value between 0 and 

1.0 occurred. However, NSE-values just below zero resulted from Model I with Par1 and Model III 

with Par1: They were –0.05 and –0.01, respectively. NSE-values were between –245 and –24 when 

Par2 was used. Thus, Par2 appears to be unsuitable for reverse solute flux modelling. Par1 appears 

more suitable because NSE-values were between –0.31 and –0.0.1. 

 

Figure 10. NSE for reverse solute fluxes of test series A5 simulated with Models I, II, and III using 

membrane parameter sets Par1 and Par2. 

The choice of FS and DS used in test series A6 generated a very low permeate flux. Changes in 

permeate flux and reverse solute flux were hard to measure within the experiments. For this reason, 

modelling this one test series in ALDS mode was also error-prone. In order to further validate the 

ALDS model equations, experiments with FS and DS conditions similar to test series A1, A3, and A6 

Figure 9. ALDS reverse solute flux of test series A5 for 10. 150, and 300 min test time from experiments
(columns) and Model I, Model II, and Model III with membrane parameter set Par1 (dashed line with
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coefficient which is indicated next to the corresponding line.

The NSE-values for the modelled reverse solute flux with an ALDS membrane orientation are
shown in Figure 10. NSE-values were between –245 and –0.01. No optimal NSE-value between 0 and
1.0 occurred. However, NSE-values just below zero resulted from Model I with Par1 and Model III
with Par1: They were –0.05 and –0.01, respectively. NSE-values were between –245 and –24 when Par2
was used. Thus, Par2 appears to be unsuitable for reverse solute flux modelling. Par1 appears more
suitable because NSE-values were between –0.31 and –0.0.1.
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The choice of FS and DS used in test series A6 generated a very low permeate flux. Changes in
permeate flux and reverse solute flux were hard to measure within the experiments. For this reason,
modelling this one test series in ALDS mode was also error-prone. In order to further validate the
ALDS model equations, experiments with FS and DS conditions similar to test series A1, A3, and A6
should have been performed. However, since the experiments were performed separately from the
modelling, no further experiment could be conducted. For this reason, a good comparison between
ALFS and ALDS modelling was not possible within this study.

4. Conclusions

Three different models were implemented in MS Excel to simulate FO lab-scale experiments that
were performed with different wastewaters from the automobile industry. The models differed mainly
in the extent in which concentration polarization was considered. Permeate flux and reverse solute
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flux were calculated and compared with the experimental values. Two different membrane parameter
sets (water permeability A, solute permeability B, structural parameter S) were used: One that was
determined by FO-only test method (Par1) and one that was determined by RO–FO test method
(Par2). Five experimental test series used an ALFS membrane orientation, and one used an ALDS
membrane orientation.

Within modelling, the automobile experiments, as presented previously by Haupt and Lerch, [48]
were simulated. Partly, the permeate fluxes could be well represented others were over- or
under-estimated. Here, Model II and Model III showed better results than Model I. There are
two possible reasons for the differences between modelled and experimental permeate fluxes: Firstly,
fouling effects occurred in the experiments that influenced permeate flux negatively. However, fouling
was not considered in the models but could be observed in the experiments. Second, the amount of
model input parameters was low. This enabled easy and fast modelling with few analytical expenses.
Still, the complex structure and composition of the industrial wastewaters might influence the FO
process differently.

The calculation of the reverse solute fluxes showed mostly large deviations compared to the
actual measurements. Thus, modifications need to be made to better predict reverse solute flux.
One possibility might be the use of more input parameters than just the electrical conductivity and the
performance of long-term experiments.

An important parameter of the model equations is the diffusion coefficient. In our study, several
modelling runs were performed with different diffusion coefficients. By comparing the results with
experimental data, the best fitting diffusion coefficient was chosen for further validation. This approach
has produced satisfactory results in our case. However, it is not optimal since the modelling is
time-consuming. Moreover, the diffusion coefficient probably changes during FO due to concentration
polarization as well as dilution and concentration of DS and FS, respectively. A diffusion coefficient
that is concentration-dependant might be implemented for more precise modelling, as studied in depth
by D’Haese et al. [59]. Regarding the two membrane parameter sets, neither proved to be better than
the other.

In FO treatment of industrial waters, membrane fouling is a crucial point to be considered.
The effect of fouling on permeate fluxes was not part of the model equations. However, the gap
between experimental and modelled permeate fluxes allows conclusions to be drawn about the extent
of fouling. Thus, the proposed models are a suitable supplement to experiments to predict fouling.
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Nomenclature

A Water permeability [L/(m2 h bar)]
ACS Cross-section area [m2]
B Solute permeability [L/(m2 h)]
c Concentration [mol/L]
cosm Osmolality [osmol/kg]
dh Hydraulic diameter [m]
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D Diffusion coefficient of solution [m2/s]
J Flux
JS Reverse solute flux [g/(m2

·h)]
JW Permeate flux [L/(m2

·h)]
k Mass transfer coefficient from bulk solution to membrane interface [m/s]
L Flow channel length [m]
lu Wetted perimeter [m]
MSE Mean square error
NSE Nash-Sutcliffe efficiency [-]
R Universal gas constant [J/(K·mol)]
Re Reynolds number [-]
S Structural parameter [m]
Sc Schmidt number [-]
Sh Sherwood number [-]
T Temperature [K]
v Fluid velocity [m/s]
Greeks
β Concentration [g/L]
% Density [kg/m3]
∆ Difference
κ Electrical conductivity [µS/cm or mS/cm]
η Dynamic viscosity [Pa·s]
π Osmotic pressure [bar]
ϑ Temperature [◦C]
Subscripts
DS Draw solution
exp Experimental value
FS Feed solution
mod Modelled value
N Number of values
t Time

References

1. Sachidananda, M.; Webb, D.P.; Rahimifard, S. A Concept of Water Usage Efficiency to Support Water
Reduction in Manufacturing Industry. Sustainavility 2016, 8, 1222. [CrossRef]

2. Cath, T.; Childress, A.; Elimelech, M. Forward osmosis: Principles, applications, and recent developments.
J. Membr. Sci. 2006, 281, 70–87. [CrossRef]

3. Lutchmiah, K.; Verliefde, A.; Roest, K.; Rietveld, L.; Cornelissen, E. Forward osmosis for application in
wastewater treatment: A review. Water Res. 2014, 58, 179–197. [CrossRef]

4. Shaffer, D.L.; Werber, J.R.; Jaramillo, H.; Lin, S.; Elimelech, M. Forward osmosis: Where are we now?
Desalination 2015, 356, 271–284. [CrossRef]

5. McCutcheon, J.R. Forward osmosis: A technology platform here to stay. Desalination 2017, 421, 1–2. [CrossRef]
6. Haupt, A.; Lerch, A. Forward Osmosis Application in Manufacturing Industries: A Short Review. Membranes

2018, 8, 47. [CrossRef]
7. Johnson, D.J.; Suwaileh, W.A.; Mohammed, A.W.; Hilal, N. Osmotic’s potential: An overview of draw solutes

for forward osmosis. Desalination 2018, 434, 100–120. [CrossRef]
8. Awad, A.M.; Jalab, R.; Minier-Matar, J.; Adham, S.; Nasser, M.S.; Judd, S. The status of forward osmosis

technology implementation. Desalination 2019, 461, 10–21. [CrossRef]
9. Jalab, R.; Awad, A.M.; Nasser, M.S.; Minier-Matar, J.; Adham, S.; Judd, S.J. An empirical determination of the

whole-life cost of FO-based open-loop wastewater reclamation technologies. Water Res. 2019, 163, 114879.
[CrossRef]

10. Zhao, S.; Zou, L.; Tang, C.Y.; Mulcahy, D. Recent developments in forward osmosis: Opportunities and
challenges. J. Membr. Sci. 2012, 396, 1–21. [CrossRef]

http://dx.doi.org/10.3390/su8121222
http://dx.doi.org/10.1016/j.memsci.2006.05.048
http://dx.doi.org/10.1016/j.watres.2014.03.045
http://dx.doi.org/10.1016/j.desal.2014.10.031
http://dx.doi.org/10.1016/j.desal.2017.08.017
http://dx.doi.org/10.3390/membranes8030047
http://dx.doi.org/10.1016/j.desal.2017.09.017
http://dx.doi.org/10.1016/j.desal.2019.03.013
http://dx.doi.org/10.1016/j.watres.2019.114879
http://dx.doi.org/10.1016/j.memsci.2011.12.023


Membranes 2019, 9, 106 18 of 20

11. Li, L.; Liu, X.P.; Li, H.Q. A review of forward osmosis membrane fouling: Types, research methods and
future prospects. Environ. Technol. Rev. 2017, 6, 26–46. [CrossRef]

12. Qin, D.; Liu, Z.; Liu, Z.; Bai, H.; Sun, D.D. Superior Antifouling Capability of Hydrogel Forward Osmosis
Membrane for Treating Wastewaters with High Concentration of Organic Foulants. Environ. Sci. Technol.
2018, 52, 1421–1428. [CrossRef]

13. Zou, S.; Qin, M.; He, Z. Tackle reverse solute flux in forward osmosis towards sustainable water recovery:
Reduction and perspectives. Water Res. 2019, 149, 362–374. [CrossRef]

14. Qin, J.J.; Lay, W.C.L.; Kekre, K.A. Recent developments and future challenges of forward osmosis for
desalination: A review. Desalin. Water Treat. 2012, 39, 123–136. [CrossRef]

15. Ibrar, I.; Naji, O.; Sharif, A.; Malekizadeh, A.; Alhawari, A.; AlAnezi, A.A.; Altaee, A. A Review of Fouling
Mechanisms, Control Strategies and Real-Time Fouling Monitoring Techniques in Forward Osmosis. Water
2019, 11, 695. [CrossRef]

16. McCutcheon, J.R.; Elimelech, M. Influence of concentrative and dilutive internal concentration polarization
on flux behavior in forward osmosis. J. Membr. Sci. 2006, 284, 237–247. [CrossRef]

17. Kim, B.; Gwak, G.; Hong, S. Review on methodology for determining forward osmosis (FO) membrane
characteristics: Water permeability (A), solute permeability (B), and structural parameter (S). Desalination
2017, 422, 5–16. [CrossRef]

18. Tielen, S. Enhancing reverse osmosis with feed spacer technology. Filtr. Sep. 2016, 53, 24–27. [CrossRef]
19. Haidari, A.; Heijman, S.; Van Der Meer, W. Optimal design of spacers in reverse osmosis. Sep. Purif. Technol.

2018, 192, 441–456. [CrossRef]
20. Kavianipour, O.; Ingram, G.D.; Vuthaluru, H.B. Feed spacers in reverse osmosis. Filtr. Sep. 2015, 52, 20–21.
21. Koutsou, C.; Yiantsios, S.; Karabelas, A.; Karabelas, A. A numerical and experimental study of mass transfer

in spacer-filled channels: Effects of spacer geometrical characteristics and Schmidt number. J. Membr. Sci.
2009, 326, 234–251. [CrossRef]

22. Karabelas, A.J.; Koutsou, C.P.; Sioutopoulos, D.C. Comprehensive performance assessment of spacers in
spiral-wound membrane modules accounting for compressibility effects. J. Membr. Sci. 2018, 549, 602–615.
[CrossRef]

23. Islam, M.S.; Sultana, S.; McCutcheon, J.R.; Rahaman, M.S. Treatment of fracking wastewaters via forward
osmosis: Evaluation of suitable organic draw solutions. Desalination 2019, 452, 149–158. [CrossRef]

24. Zhou, Y.; Huang, M.; Deng, Q.; Cai, T. Combination and performance of forward osmosis and membrane
distillation (FO-MD) for treatment of high salinity landfill leachate. Desalination 2017, 420, 99–105. [CrossRef]

25. Qasim, M.; Mohammed, F.; Aidan, A.; Darwish, N.A. Forward osmosis desalination using ferric sulfate draw
solute. Desalination 2017, 423, 12–20. [CrossRef]

26. Wang, X.; Chang, V.W.; Tang, C.Y.; Chang, V.W.C. Osmotic membrane bioreactor (OMBR) technology for
wastewater treatment and reclamation: Advances, challenges, and prospects for the future. J. Membr. Sci.
2016, 504, 113–132. [CrossRef]

27. Chekli, L.; Kim, Y.; Phuntsho, S.; Li, S.; Ghaffour, N.; Leiknes, T.; Shon, H.K. Evaluation of fertilizer-drawn
forward osmosis for sustainable agriculture and water reuse in arid regions. J. Environ. Manag. 2017, 187,
137–145. [CrossRef]

28. Gwak, G.; Kim, D.I.; Hong, S. New industrial application of forward osmosis (FO): Precious metal recovery
from printed circuit board (PCB) plant wastewater. J. Membr. Sci. 2018, 552, 234–242. [CrossRef]

29. Law, J.Y.; Mohammad, A.W.; Tee, Z.K.; Zaman, N.K.; Jahim, J.M.; Santanaraj, J.; Sajab, M.S. Recovery of
succinic acid from fermentation broth by forward osmosis-assisted crystallization process. J. Membr. Sci.
2019, 583, 139–151. [CrossRef]

30. Dou, P.; Zhao, S.; Song, J.; He, H.; She, Q.; Li, X.M.; Zhang, Y.; He, T. Forward osmosis concentration of a
vanadium leaching solution. J. Membr. Sci. 2019, 582, 164–171. [CrossRef]

31. Li, M.; Wang, X.; Porter, C.J.; Cheng, W.; Zhang, X.; Wang, L.; Elimelech, M. Concentration and Recovery
of Dyes from Textile Wastewater Using a Self-Standing, Support-Free Forward Osmosis Membrane.
Environ. Sci. Technol. 2019, 53, 3078–3086. [CrossRef] [PubMed]

32. Lee, K.; Baker, R.; Lonsdale, H. Membranes for power generation by pressure-retarded osmosis. J. Membr. Sci.
1981, 8, 141–171. [CrossRef]

33. Loeb, S. Effect of porous support fabric on osmosis through a Loeb-Sourirajan type asymmetric membrane.
J. Membr. Sci. 1997, 129, 243–249. [CrossRef]

http://dx.doi.org/10.1080/21622515.2016.1278277
http://dx.doi.org/10.1021/acs.est.7b04838
http://dx.doi.org/10.1016/j.watres.2018.11.015
http://dx.doi.org/10.1080/19443994.2012.669167
http://dx.doi.org/10.3390/w11040695
http://dx.doi.org/10.1016/j.memsci.2006.07.049
http://dx.doi.org/10.1016/j.desal.2017.08.006
http://dx.doi.org/10.1016/S0015-1882(16)30039-8
http://dx.doi.org/10.1016/j.seppur.2017.10.042
http://dx.doi.org/10.1016/j.memsci.2008.10.007
http://dx.doi.org/10.1016/j.memsci.2017.12.037
http://dx.doi.org/10.1016/j.desal.2018.11.010
http://dx.doi.org/10.1016/j.desal.2017.06.027
http://dx.doi.org/10.1016/j.desal.2017.08.019
http://dx.doi.org/10.1016/j.memsci.2016.01.010
http://dx.doi.org/10.1016/j.jenvman.2016.11.021
http://dx.doi.org/10.1016/j.memsci.2018.02.022
http://dx.doi.org/10.1016/j.memsci.2019.04.036
http://dx.doi.org/10.1016/j.memsci.2019.04.012
http://dx.doi.org/10.1021/acs.est.9b00446
http://www.ncbi.nlm.nih.gov/pubmed/30801184
http://dx.doi.org/10.1016/S0376-7388(00)82088-8
http://dx.doi.org/10.1016/S0376-7388(96)00354-7


Membranes 2019, 9, 106 19 of 20

34. McCutcheon, J.R.; Elimelech, M. Modeling water flux in forward osmosis: Implications for improved
membrane design. AIChE J. 2007, 53, 1736–1744. [CrossRef]

35. Tan, C.H.; Ng, H.Y. Modified models to predict flux behavior in forward osmosis in consideration of external
and internal concentration polarizations. J. Membr. Sci. 2008, 324, 209–219. [CrossRef]

36. Shakaib, M.; Hasani, S.; Mahmood, M. CFD modeling for flow and mass transfer in spacer-obstructed
membrane feed channels. J. Membr. Sci. 2009, 326, 270–284. [CrossRef]

37. Phillip, W.A.; Yong, J.S.; Elimelech, M. Reverse Draw Solute Permeation in Forward Osmosis: Modeling and
Experiments. Environ. Sci. Technol. 2010, 44, 5170–5176. [CrossRef]

38. Yaroshchuk, A. Influence of osmosis on the diffusion from concentrated solutions through
composite/asymmetric membranes: Theoretical analysis. J. Membr. Sci. 2010, 355, 98–103. [CrossRef]

39. Gruber, M.; Johnson, C.; Tang, C.; Jensen, M.; Yde, L.; Hélix-Nielsen, C. Computational fluid dynamics
simulations of flow and concentration polarization in forward osmosis membrane systems. J. Membr. Sci.
2011, 379, 488–495. [CrossRef]

40. Jung, D.H.; Lee, J.; Kim, D.Y.; Lee, Y.G.; Park, M.; Lee, S.; Yang, D.R.; Kim, J.H. Simulation of forward
osmosis membrane process: Effect of membrane orientation and flow direction of feed and draw solutions.
Desalination 2011, 277, 83–91. [CrossRef]

41. Li, W.; Gao, Y.; Tang, C.Y. Network modeling for studying the effect of support structure on internal
concentration polarization during forward osmosis: Model development and theoretical analysis with FEM.
J. Membr. Sci. 2011, 379, 307–321. [CrossRef]

42. Park, M.; Lee, J.J.; Lee, S.; Kim, J.H. Determination of a constant membrane structure parameter in forward
osmosis processes. J. Membr. Sci. 2011, 375, 241–248. [CrossRef]

43. Tiraferri, A.; Yip, N.Y.; Phillip, W.A.; Schiffman, J.D.; Elimelech, M. Relating performance of thin-film
composite forward osmosis membranes to support layer formation and structure. J. Membr. Sci. 2011, 367,
340–352. [CrossRef]

44. Yip, N.Y.; Tiraferri, A.; Phillip, W.A.; Schiffman, J.D.; Hoover, L.A.; Kim, Y.C.; Elimelech, M. Thin-Film
Composite Pressure Retarded Osmosis Membranes for Sustainable Power Generation from Salinity Gradients.
Environ. Sci. Technol. 2011, 45, 4360–4369. [CrossRef] [PubMed]

45. Tan, C.H.; Ng, H.Y. Revised external and internal concentration polarization models to improve flux
prediction in forward osmosis process. Desalination 2013, 309, 125–140. [CrossRef]

46. Tiraferri, A.; Yip, N.Y.; Straub, A.P.; Castrillón, S.R.V.; Elimelech, M. A method for the simultaneous
determination of transport and structural parameters of forward osmosis membranes. J. Membr. Sci. 2013,
444, 523–538. [CrossRef]

47. Bui, N.N.; Arena, J.T.; McCutcheon, J.R. Proper accounting of mass transfer resistances in forward osmosis:
Improving the accuracy of model predictions of structural parameter. J. Membr. Sci. 2015, 492, 289–302.
[CrossRef]

48. Haupt, A.; Lerch, A. Forward osmosis treatment of effluents from dairy and automobile industry—Results
from short-term experiments to show general applicability. Water Sci. Technol. 2018, 78, 467–475. [CrossRef]

49. Chun, Y.; Qing, L.; Sun, G.; Bilad, M.R.; Fane, A.G.; Chong, T.H. Prototype aquaporin-based forward osmosis
membrane: Filtration properties and fouling resistance. Desalination 2018, 445, 75–84. [CrossRef]

50. Kim, J.; Blandin, G.; Phuntsho, S.; Verliefde, A.; Le-Clech, P.; Shon, H. Practical considerations for operability
of an 8” spiral wound forward osmosis module: Hydrodynamics, fouling behaviour and cleaning strategy.
Desalination 2017, 404, 249–258. [CrossRef]

51. Grattoni, A.; Canavese, G.; Montevecchi, F.M.; Ferrari, M. Fast Membrane Osmometer as Alternative to
Freezing Point and Vapor Pressure Osmometry. Anal. Chem. 2008, 80, 2617–2622. [CrossRef] [PubMed]

52. Kune, J. Dimensionless Physical Quantities in Science and Engineering; Elsevier Insights; Elsevier: Amsterdam,
The Netherlands; Heidelberg, Germany, 2012; ISBN 978-0-12-416013-2.

53. Bollrich, G. Technische Hydromechanik 1; Verlag Für Bauwesen: Berlin, Germany, 1996; ISBN 978-3-345-00608-1.
54. Verein Deutscher Ingenieure. VDI-Wärmeatlas: Berechnungsblätter für den Wärmeübergang. In Gesellschaft

Verfahrenstechnik und Chemieingenieurwesen, 5th ed.; VDI-Verlag: Düsseldorf, Germany, 1988; ISBN
978-3-18-400850-5.

55. Perry, R.H.; Green, D.W.; Maloney, J.O. Perry’s Chemical Engineers’ Handbook, 6th ed.; McGraw-Hill Companies,
Inc.: New York, NY, USA, 1984; ISBN 0-07-049479-7.

http://dx.doi.org/10.1002/aic.11197
http://dx.doi.org/10.1016/j.memsci.2008.07.020
http://dx.doi.org/10.1016/j.memsci.2008.09.052
http://dx.doi.org/10.1021/es100901n
http://dx.doi.org/10.1016/j.memsci.2010.03.013
http://dx.doi.org/10.1016/j.memsci.2011.06.022
http://dx.doi.org/10.1016/j.desal.2011.04.001
http://dx.doi.org/10.1016/j.memsci.2011.05.074
http://dx.doi.org/10.1016/j.memsci.2011.03.052
http://dx.doi.org/10.1016/j.memsci.2010.11.014
http://dx.doi.org/10.1021/es104325z
http://www.ncbi.nlm.nih.gov/pubmed/21491936
http://dx.doi.org/10.1016/j.desal.2012.09.022
http://dx.doi.org/10.1016/j.memsci.2013.05.023
http://dx.doi.org/10.1016/j.memsci.2015.02.001
http://dx.doi.org/10.2166/wst.2018.278
http://dx.doi.org/10.1016/j.desal.2018.07.030
http://dx.doi.org/10.1016/j.desal.2016.11.004
http://dx.doi.org/10.1021/ac7023987
http://www.ncbi.nlm.nih.gov/pubmed/18315010


Membranes 2019, 9, 106 20 of 20

56. Gupta, H.V.; Kling, H. On typical range, sensitivity, and normalization of Mean Squared Error and
Nash-Sutcliffe Efficiency type metrics. Water Resour. Res. 2011, 47, 47. [CrossRef]

57. Moriasi, D.N.; Arnold, J.G.; Van Liew, M.W.; Bingner, R.L.; Harmel, R.D.; Veith, T.L. Model Evaluation
Guidelines for Systematic Quantification of Accuracy in Watershed Simulations. Trans. ASABE 2007, 50,
885–900. [CrossRef]

58. Lobo, V.M.M. Mutual diffusion coefficients in aqueous electrolyte solutions (Technical Report). Pure Appl.
Chem. 1993, 65, 2613–2640. [CrossRef]

59. D’Haese, A.K.; Motsa, M.M.; Van Der Meeren, P.; Verliefde, A.R. A refined draw solute flux model in
forward osmosis: Theoretical considerations and experimental validation. J. Membr. Sci. 2017, 522, 316–331.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1029/2011WR010962
http://dx.doi.org/10.13031/2013.23153
http://dx.doi.org/10.1351/pac199365122613
http://dx.doi.org/10.1016/j.memsci.2016.08.053
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Lab-scale Experiments 
	Model Setup 
	Model Evaluation 

	Results and Discussion 
	Modelling the Permeate Flux for Standard Performance Tests with Deionized Water and 1 mol/L NaCl 
	Modelling of Permeate Flux in ALFS Mode for Wastewater Experiments 
	Modelling of Reverse Solute Flux in ALFS Mode for Wastewater Experiments 
	Modelling of Permeate Flux and Reverse Solute Flux in ALDS Mode for Wastewater Experiments 

	Conclusions 
	References

