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A B S T R A C T

In forward osmosis, defects on the selective active layer and changes in the porous structure of the support
layer can be detrimental factors affecting the membrane performance. This study focuses on the impacts of
(i) the possible presence of defects and (ii) the changes in pore structures on the water flux and membrane
selectivity via computational fluid dynamics analyses. Results suggest that diffusion of the draw solute through
the support layer, i.e. internal concentration polarization, can be strongly enhanced or reduced by widening
or narrowing the shape of the pore, respectively, while no significant effect on water permeation can be
associated with the change in draw solution cross-flow velocity or in the loss of draw solute during filtration.
Interestingly, defects within the active layer may affect the water flux exponentially as function of the defect
size, suggesting the presence of a threshold below which the convective passage of contaminated water flux
through the defect is not affecting the membrane productivity. Moreover, the presence of defects may not
be a detrimental factor for membrane operating with high nominal rejection (> 90%) and low percentage of
defected area (< 1%).
1. Introduction

Membrane separation is an environment friendly, simple, and eas-
ily operated application process in water and wastewater treatment
operations [1]. Considering the fact that the demand for clean and
irrigation water are gradually increasing while around 2 billion people
currently have limited access to clean and fresh water sources [2],
the membrane separation process gains extra importance thanks to its
advantages in operation and affordability. To deal with the current
problems and near-future challenges, forward osmosis (FO) is one of
the promising membrane separation processes as it uses the osmosis,
which is a natural phenomenon, as its main driving force; therefore, it
has the advantages of energy-efficient and sustainable operation [3].
In osmotically driven membrane processes, water in the solution of
lower concentration (feed solution, FS) passes across the membrane
into the solution of higher concentration (draw solution, DS). At the
same time, solution in the DS passes into the FS in an opposite di-
rection to the water permeation. Solute diffusion in this mode is often
referred to as reverse salt flux, which is inevitable for the osmotically
driven membrane processes [4]. The degrees of water permeation and
reverse salt flux are affected by concentration polarization (CP). CP
is a phenomenon that occurs by the build-up of the solutes near the
membrane surface [5]. In FO processes, since it involves two solutions
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on both sides of the membrane, CP takes place both at the inter-
faces between feed solution and membrane, and draw solution and
membrane, which is known as external CP (ECP). Moreover, due to
the asymmetric structure of FO membranes that consist of a dense
layer and a porous support layer, internal concentration polarization
(ICP) occurs within the porous support layer of the membrane [5–7].
ECP and ICP can be concentrative and dilutive in osmotically driven
membrane processes depending on membrane orientation [8,9]. Both
ICP and ECP are major challenges in FO applications which reduce
the effective driving force (osmotic pressure difference) and therefore
decrease the water flux [4,7]. ECP can be minimized by enlarging the
cross-flow velocity near the membrane surface which then balances the
concentration gradient, and increase of the flow rates reduces the ECP
appearance [8,10,11]. ICP plays a part even when the feed solution is
ultrapure water and it is affected by the structural parameters such as
thickness, porosity, and tortuosity of the membrane support layer [5,
12]. Therefore, modifying structural parameters of the support layer,
such as chemical modifications, tortuosity, wall thickness and porosity
can help with mitigating ICP [8].

The recent developments in membrane manufacturing process ex-
tended the FO applications as a result of stabilizing FO membranes in
the feed solution [3] with an asymmetric structure that has a selective
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Abbreviations

AL Active layer
CFD Computational fluid dynamics
DM Defect model
DS Draw solution
ECP External concentration polarization
FO Forward osmosis
ICP Internal concentration polarization
PM Porous model
PSS Porous support structure
TFC Thin film composite

thin layer and a thick support layer [13]. However, changes in both
selective thin layer and the support layer can negatively affect the FO
performance. Defects are the most known and possible changes on the
selective thin layer, which result in performance decrement during the
FO membrane operation. Up to now, there are noteworthy efforts on
the understanding of defects in the selective thin layer and the impact
of support structure on the FO performance. Ali et al. [14] worked on
FT-30-type RO membrane and proposed an ‘‘in-situ’’ plugging approach
for minimizing defects in the membrane. In the proposed approach, the
mesoporous defects, which occurred during the short reaction time at
the interface (between the organic and aqueous phases), were plugged
by newly polymers. The increase in (i) reaction temperature, (ii) reac-
tion time, and (iii) degree of membrane crosslinking were main ways
to achieve in-situ plugging approach. Hereby, a crucial performance
improvement was observed in the gas separation properties, which
can also reflect the performance improvement potential of separation
process in a liquid environment. In the following study of Ali et al. [15],
the developed defect-free membrane achieved the maximum rejection
of 99.6% for the separation process of sodium chloride while the
maximum rejection was obtained with 99.0% for separating boron.

Besides the ‘‘in-situ’ plugging or similar approaches, the Loeb-
Sourirajan process can create defect-free membranes for RO process
in cellulose acetate or triacetate (CTA) membranes [16], but it is not
very clear for polyamide (PA) membrane types [17]. Refs. [18–20]
showed that the PA membranes have defects on the selective layer that
decreases the separation performance. Duan et al. [17] investigated
the impacts of membrane properties and hydraulic pressure on the
FO performance and found that the PA-TFC membranes had defects
on the selective layer and hence there were remarkable performance
decrement compared to CTA and PEBAX-coated PA-TFC membranes.
Peters et al. [21] also pointed out the fact that the active layer proper-
ties crucially affect the permeability and compaction; therefore, higher
operating pressure conditions (e.g. FO membranes) have dominant
impacts on the intrinsic properties of the membrane and may result
in defects in porous medium. Binger et al. [22] focused on the rela-
tion between the power density and specific energy consumption and
recovery. It is emphasized that the power density can be enhanced by
improvements in membrane conditions that include the minimization
of defects under high pressure environments; otherwise, the defects
limit the energy recovery potential. Besides the defects in the active
layer of the membrane, the porous structure of the support layer has
also an impact of the separation performance. Tiraferri et al. [23] stated
that the best performance of the FO membrane process was based
on the optimum structural characteristics of the support layer, which
depended on the solvent quality, dope polymer concentration, fabric
layer wetting, and casting. Hereby, the maximum porosity and mini-
mum concentration polarization were achieved. Ren et al. [24] used
commercially available ultrafiltration membranes and investigated the
impact of the support layer pore size on the filtration performance.
Four different molecular weight cut-off values were analysed; 10 kDa,
2

50 kDa, 100 kDa, and 500 kDa. It was found that the roughness of
the active layer was affected by the support layer pore size; thus,
high fluxes could be operated with rougher membranes. Tang and
Ng [25,26] highlighted that the FO membranes made by looser fibre
resulted in less resistance and high water diffusion, which increased
the separating performance in the FO process. Bendoy et al. [27] added
silicene nanosheets into polysulfone (Psf) support layer and observed
the impact of silicene nanosheet loading, varied between 0% wt and
1.0%, on the FO performance. It was inferred that the loading of
0.25 wt% silicene nanosheet (SN0.25) had a finger-like pore structure
and the highest porosity and permeability while the low loadings of
silicene nanosheet had negligible impact on the FO process. With a
similar motivation, Ndiaye et al. [28] prepared two different poly
(vinylidene fluoride)/polyacrylonitrile (PVDF/PAN) membranes with
the mean fibre diameters of 7545 nm and 894 nm, respectively; thus
they had different support layer thickness and porosity values. Even
though both membrane types achieved higher selectivity than the
reference commercial membrane (CTA) in FO process, the membrane
with smaller fibre diameter had a better selectivity performance as it
provided higher degree of crosslinking of the active layer. Another FO
performance improvement study was presented by Dai et al. [29]; a
graphene oxide (GO)-doped membranes were prepared for FO processes
and nano-scale water channels were formed in perpendicular to the GO-
doped membrane surface. The results showed that GO doping enhanced
the surface morphology with the optimum GO doping of 0.15% wt,
while the formed nan-scale water channels decreased the resistance and
increase the water diffusion; thereby, a remarkable flux improvement
was observed.

The above-mentioned studies implied the impacts of the defects
in the active layer and the porous structure in the support layer on
the FO performance. Although the provided outputs improved the FO
performance, further understandings of the impacts of the defects in
the active layer and the porous structure in the support layer are still
needed for a performance improvement. Thus, this study focuses on the
pointed out gap and presents a generic framework analysis of defects
and porous structures in the active and support layers by considering
various types of shapes and areas. The study has two main contribu-
tions; (i) a generic framework is developed by using computational
fluid dynamics (CFD) allowing for quantitative transport analyses of
both layers, (ii) the developed CFD model is applied for various defect
areas in the active layer, and six different pore structures in the support
layer, but the generic CFD framework model can be applied for any type
of areas and pore structures. As a result, it can be used as an accurate
and effective analysis tool of pore structures in FO processes, thereby
constituting an alternative to micro-scale experimental analysis.

2. Methods

Two separate models, namely (i) Porous Model - PM and (ii) Defect
Model - DM were developed and their schematic representations are
illustrated in Fig. 1 while a detailed overview including the CFD
boundary conditions are reported in the Supporting Information.

The PM was deployed to investigate the influence of the PSS geom-
etry as well as the effect of (i) the reverse salt flux and (ii) the draw
cross flow velocity on the internal concentration polarization (ICP) and
the relative water flux through the AL. The model includes the TFC-
FO membrane, designed as the combination of the membrane active
layer (AL) and the porous support structure (PSS). The fluid dynamics
of the draw solution (DS) was included in the PM by incorporating a
section of the DS cross-flow channel while defining a parabolic profile
to describe the relative cross-flow velocity. As described in next section
and reported in Fig. 3a, different porous geometries were investigated
while fixing the operating boundary conditions of the PM. The DS
inlet was modelled as seawater, with an intrinsic NaCl concentration
of 35 g/L, corresponding to a representative bulk osmotic pressure of
28 bar. The diffusion coefficient of NaCl was included in the model
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Fig. 1. Schematic representation of the draw and feed channel with a porous support (grey) and an active layer (black) in a counter cross-flow setup. The draw solute gets diluted
along the draw channel and inside the support pores (ICP). The two rectangles indicate the two models of this study: The Porous Model is used to investigate the influence of the
porous support geometry, as well as the effect of (i) the reverse salt flux and (ii) the draw cross flow velocity on the ICP and the relative water flux through the AL. The Defect
Model quantifies the potential contamination of the draw side ascribed to the convective passage of flow from the feed to the draw channel due to the presence of a defected
Active Layer.
as well as the its relative reverse salt flux B through the AL of the
membrane (equal to 0.94 L m−2h−1). To model the water flux through
the membrane an intrinsic permeability value A of 2.74 L m−2h−1

was taken into account. This allows to model the local DS dilution,
and to quantify that effect for different pore channels. The choice
of A and B was lab-based and obtained by testing an hand-made
thin-film composite polyamide membrane during FO characterization
experiments. Same values were used in previous studies to perform
modelling analysis of forward osmosis systems [30,31].

The DM includes a section of the cross-flow channel of the feed
solution and only the relative AL of the TFC-FO membrane. With
the goal of isolating and investigating the effects associated with the
presence of defects within the AL, the draw side was intentionally not
included in the model while the simulations were performed without
considering the osmotic permeation through the AL, as this has no
effect on the flow through the defects. Indeed, at the pore scale, the
portion of the water flux diffused through the membrane is negligible
compared to the convective water flux generated by the presence of
a defect. Therefore, the AL was modelled as a solid, impermeable
wall, into which holes (defects) allow for local convective transport of
feed flow. The CFD model thus models the flow in the feed channel
in the direct vicinity of the AL, quantifying how much of the feed
cross flow is convected into the defect, in dependence of cross-flow
velocity and the defect size. Furthermore, with the goal of identifying
a model describing the pure convective flow through the defected AL,
simulations were performed considering pure water flowing within the
feed channel, without accounting for potential contaminants dissolved
in solution.

Based on the results obtained, a similarity relation for the con-
vective passage of water from the feed to the draw site due to the
presence of defects in the AL was derived. At a second stage, further
simulations were developed adjusting the PM to include the similarity
relation obtained through the DM with the goal of investigating effects
of a defected AL on FO membrane behaviour, i.e., influence on ICP, the
relative water flux and the potential changes in membrane selectivity
due to contamination of the draw solution. Without loosing generality,
we assume a 0% rejection to contaminant within the defected area
while the nominal rejection was varied from 0 to 100% for AL, thus
representing the possible variation of the selectivity against different
pollutants depending on the characteristics of the membrane involved.

All CFD simulations were performed with OpenFoam v2012. The
simulation details are found in the supplementary information. As
already reported in literature [12,32,33], this CFD tool is able to
resolve the mass and momentum transfer across the geometries defined.
The PM models the flow by solving the incompressible Navier–Stokes
equations, while the solute transport is modelled by the convection–
diffusion equation. The solute density is not a function of the concen-
tration but constant. Therefore, the bulk flow is affected by the local
3

solute concentration. However, the boundary condition at the AL acts
a flow inlet, in dependence of the solute concentration directly at the
AL. The DM only considers flow; a solute concentration is not modelled.
The flow field is not affected by the solute distribution

3. Results

3.1. Understanding the influence of different PSS and DS parameters on the
resulting FO water flux

Influence of different pore shapes. The CFD simulations were
performed on fundamental pore geometries, which are tailored to in-
vestigate the aspects of tortuosity and varying cross sectional areas. The
pore geometries reported in this study represent the main geometrical
variations able to describe the pore support structure. In other word,
the combination of the support geometries used to perform this study
can give a comprehensive overview of the porous support structure as-
sociated with FO membranes. A schematic representation of the curved
pore geometry is reported in Fig. 2a. An overview of all fundamental
pore geometries is found in Fig. 3a. The straight pore channel (□) is
used as reference to investigate the effect of pore shape variations on
the ICP development. The overall results of these CFD simulations are
reported in Fig. 3. As expected, the results suggest that a geometrical
variation of the porous support may strongly affect the resulting water
flux through the active layer by influencing the diffusion of the draw
solutes through the pores. This is visible in Fig. 3b and d, showing
the ICP profile within the porous support and the resulting water flux,
respectively. In Fig. 3b, the 𝑥 axis is reporting the distance from the AL
(x = 0) with an overall thickness of the pore equal to 150 μm.

Interestingly, a slight variation of the ICP profile was observed com-
paring the porous curve shape (▿ in Fig. 3) to the straight channel (□
in Fig. 3). This variation can be ascribed to the difference in tortuosity
between the two shapes. This result suggest that, in the presence of a
fabricated membrane with a porous curve support structure character-
ized by a fixed (i) porous support thickness and (ii) homogeneous pore
diameter, the actual water flux may be compared with the simulated
water flux through an ideal membrane with straight pore channels,
thus deriving the tortuosity and hence the structural parameter of the
fabricated membrane. On the other hand, opening or reducing the
internal pore section induce a less or more pronounced ICP profile (○
and ⬠ in Fig. 3), with a consequent increase or decrease of the resulting
water flux through the AL, respectively (Fig. 3d). However, the larger
influence on FO membrane behaviour was observed by performing the
CFD simulations while narrowing or widening the shape of the pore
channel (▵ and ◊ in Fig. 3). In comparison with the straight pore case,
the diffusion of the draw solute can be strongly enhanced or reduced
by widening or narrowing the shape of the pore, respectively. A wider
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Fig. 2. (a) Porous Model represented by a single pore geometry. Blue and orange arrows represent the water and the reverse salt fluxes through the AL, respectively. The figure
is reporting the curved shape, indicated with ▿ within the text. Alternative shapes were investigated and indicated as follows: straight □, narrowing cone ▵, widening cone ◊,
concave cone ○ and convex cone ⬠. (b) Resolution of the Defect Model in the vicinity of the defect in the AL. The arrows indicate the local cross flow of water within the feed
channel and the convective flow through the defect.
pore can induce a two times higher water flux occurring at the AL,
compared to the equivalent narrower pore structure (Fig. 3d). This is
ascribed to the difference osmotic pressure resulting at the AL-draw
solution interface and it may be explained considering that a large
opening section at the porous-DS channel interface would increase the
solute mass transfer, counterbalanced through an increase of the water
flux through the AL at the steady state.

Influence of DS parameters: cross-flow velocity and reverse
salt flux. Cross-flow velocity and reverse salt flux may be considered
as the main DS parameters potentially affecting the FO membrane
permeation. While the cross-flow velocity is an operating parameter
of the FO filtration, the reverse salt flux strongly depends upon the
choice of the draw solute. For instance, it is well known that the reverse
salt flux through the same thin-film composite (TFC) membrane can be
strongly reduced by choosing inorganic salts composed of multivalent
ions instead of deploying more diffusive monovalent compounds such
as sodium and chloride [5,34,35]. Fig. 3c and 3d show the effect of the
DS cross-flow velocity and reverse salt flux on water flux through the
membrane, respectively. To observe the effect of the reverse salt flux,
NaCl was simulated as draw solute and used as boundary conditions
in the CFD simulations. Unexpectedly, results suggest that a change
in cross-flow velocity or the loss of NaCl ascribed to the reverse salt
flux affects marginally the resulting water flux at the active layer.
Interestingly, this is true for each of the pore shapes investigated,
suggesting that (i) the reverse salt flux has no significant influence
on ICP at the pore scale and that (ii) the driving force ascribed to
the DS concentration gradient at the AL is mainly exerted through
the diffusive motion of the solute within the porous support. In other
words, no significant effects on water permeation through the AL can
be associated with the convective motion induced by the change in the
DS cross-flow velocity or the loss of NaCl during filtration, regardless
the type of pore shape characterizing the PSS. Overall, the results
suggest that the DS cross flow velocity and the reverse salt flux of the
draw solute does not represent critical parameters when designing new
porous support structures for classical TFC FO membranes. However, it
is worth noting that these parameters may affect the correct operation
of the FO membrane, when placed in modules for real applications.
For instance, depending on the membrane module configuration and
operation (e.g., hollow fibre operated in counter-current) a significant
variation of cross-flow velocity may be observed along the membrane
area (both on the draw and feed side), potentially affecting the water
4

recovery rate achieved [36]. On the other side, the reverse salt flux
may represent a detrimental factor in real FO operation, such as in
the Food and Beverage industry [37], responsible for the increase in
the operational and environmental cost of the filtration system due
potential contamination of the final products.

3.2. A more in-depth analysis of the PSS: influence of widening and nar-
rowing conical pore shapes on the resulting FO water flux

Based on the results presented above, widening/narrowing the con-
ical pore shape of the porous support is representing the geometrical
factor, which most significantly affect the membrane permeability,
i.e. geometries ⋄ and ▵ in Fig. 3. To further investigate this effect,
specific CFD simulations were performed through the PM by narrow-
ing/widening simultaneously the conical pore in relation with the
porous support thickness. The results of the simulations are reported
in Fig. 4. Each point in Fig. 4a is representative of a CFD simulation,
performed by changing (i) the thickness of the porous support (reported
in the legend of the figure), as well as (ii) its narrowing/widening
conical shape as described by Fig. 4b through the angle associated with
the amplitude of the pore. Values for the porous thickness were chosen
accordingly to what is reported in literature [38–40]. As expected, a
lower thickness of the porous support entails an increase in the water
flux through the membrane. This result is in accordance with what
expressed in literature [41,42]. Moreover, the structural parameter S is
linearly proportional to the thickness of the support layer. Therefore,
a lower support thickness would entail a decrease in the structural
parameter, inducing larger water flux through the AL as reported in
4a. Practically, shortening the support thickness would reduce the ICP,
ascribed to the reduction of the length of the pathway that the draw
solute needs to be covered via diffusive motion prior to reach the AL.
For this reason, during the last decades, research has been focused
on new membrane materials and innovative fabrication procedures
able to minimize the structural parameters of FO membranes [43–46].
However, the results presented in Fig. 4a suggest that a modification of
porous support geometry towards a wider conical pore would strongly
reduce the negative effect on FO membrane performances ascribed to a
larger support thickness. The results indicate that similar water fluxes
would be achieved by increasing the widening of the pore (𝜑 positive)
regardless the thickness of the support layer. On the other hand, to
fabricate a more permeable FO membrane, a reduction of the porous
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Fig. 3. Influence of porous support structure and DS operating parameter on ICP and water flux in FO membrane. (a) Sketch of different support geometries, indicating solute
dilution towards draw channel, (b) resulting ICP profile along support towards draw channel, (c) water flux in dependence of the cross flow velocity, (d) influence of the reverse
salt flux on the water flux is presented in as function of the different porous support geometries.

Fig. 4. Influence of porous support (i) geometry and (ii) thickness on water flux through the membrane. Results of the CFD simulations are reported in a) showing the water flux
JW as function of a sensitivity analysis performed to investigate b) widening/narrowing conical pore geometries while varying the thickness of the porous support. □, ○, ▵, ▿
and, ◊ refer to different porous support thicknesses and not to the pore shape as reported in previous figures. Orange and blue bars reported in d) are representative of the water
flux modelled by considering (orange) or not (blue) the reverse salt flux in the CFD simulations.
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Fig. 5. (a) Relation of relative defect flow 𝑈𝑑∕𝑈𝑓 and near-wall cross flow 𝑈𝑓 and its dependence on the defect area and feed channel width. The circles and crosses refer to
the feed channel width 𝑤, while the different colours indicate different values of the defect length 𝑙𝑑 (and hence the defected area). The solid lines follow the scaling law (2). b)
Effect of cross flow velocity and defect area on defect flux, according to Eq. (3). The defect flow is proportional to the bulk cross flow velocity, while it scales with the 1 +

√

2
power of the defect length 𝑙𝑑 . It is seen that the defect flux may assume a one order of magnitude greater flux than osmotic flux, for reasonably small defected areas.
support thickness is strongly suggested in the presence of narrower
conical pores. These findings may have a substantial impact on future
research development: new and high-performance FO membranes can
be obtained by tailoring the shape of the porous support towards wider
conical pores, without compromising on membrane thickness and me-
chanical stability fabricating thinner membranes. This would represent
a great advantage in innovative FO membrane application, such as in
pressure retarded osmosis or pressure assisted forward osmosis, where
the mechanical stability is an essential parameter for correct membrane
operation. [47,48].

3.3. Influence of defects in AL

The previous sections focused on fluid dynamics studies aim at un-
derstanding the influence of PSS and DS parameters on FO membrane
behaviour, while simulating a perfect semi-permeable AL. However, AL
may presents imperfections which can potentially affect the membrane
filtration properties. To characterize the effects of the presence of
defects within the AL in FO membranes operated in cross-flow filtration
mode, the DM was developed. A schematic overview of the simulation
is reported in Fig. 2b, where a defect (i.e., a hole) has been incorporated
in the AL while reporting the local cross flow of water within the feed
channel and the possible convective flow through the defect. The DM
quantifies the defect velocity 𝑈𝑑 as the mean velocity passing through
the defect. To characterize 𝑈𝑑 , we can derive the following assumptions
and mathematical relations.

With reference to Fig. 2b, it is assumed that the feed velocity profile
in the membrane vicinity is approximately parabolic. Specifically, the
parabolic profile is a function of the bulk cross flow velocity 𝐔𝑓 and
the channel width 𝑤. The local cross flow at a specific distance 𝑦 from
the AL of the membrane can be defined as:

𝑈𝑓 (𝑤, 𝑦) = 3
2
𝐔𝐟

𝑤𝑦 − 𝑦2

𝑤2
(1)

Based on this feed flow profile, a series of simulations were per-
formed through the DM by changing the defect lengths 𝑙𝑑 in combina-
tion with the bulk cross flow velocity 𝐔𝑓 . The results are reported in
Fig. 5a. The data obtained from the simulations are represented as disks
and crosses. The percentage of defected area is an indirect parameter
referring to 𝑙 , over a fixed length of the AL. Through the series of
6

𝑑

simulations described above, a similarity relation for the defect flow
can be defined as follow:

𝑈𝑑
𝑈𝑓 (𝑙𝑑 )

= 1.77
(

𝑙𝑑
1μm

)

√

2
(2)

Fig. 5a plots the relative defect flow 𝑈𝑑∕𝑈𝑓 (𝑤, 𝑙𝑑 ) against the absolute
boundary flow 𝑈𝑓 (𝑤, 𝑙𝑑 ), which relates to Eq. (1). For a given value
of 𝑙𝑑 , all data points lie on a horizontal line, i.e. the defect flow 𝑈𝑑 is
proportional to the bulk flow at distance 𝑙𝑑 , 𝑈𝑓 (𝑤, 𝑙𝑑 ). Furthermore, the
results show that the data points are organized in constant plateaus,
which only depend on the defect length 𝑙𝑑 , i.e. the data seems to
follow a scaling law. The entire data follows the scaling law in Eq. (2).
The results show a good agreement between the simulations and the
similarity relation, regardless the size of the boundary limits imposed
in the simulations (i.e., the width of the cross-flow channel 𝑤). This
suggests that a mathematical equation can be used to describe the
imperfections of the AL when expressed as holes

Combining these two equations, and under the assumption of 𝑙𝑑 ≪
𝑤, the defect flow can be expressed as a function of the bulk cross flow
velocity and the defect width.

𝑈𝑑 (𝐔𝐟 , 𝑙𝑑 ) ≈ 2.66𝐔𝐟
𝑙𝑑
𝑤

(

𝑙𝑑
1μm

)

√

2
(3)

This is what reported in Fig. 5b, where the defected flux (i.e., the
convective water flow through the defect) is reported as function of the
size of the defect incorporated in the AL (expressed as defected area
percentage). The graph is thus reporting a visual overview of what is
expressed through Eq. (2), showing that the defected flux is not only
proportionally increasing with the size of the AL imperfection, but it
is also exponentially affected by the increase of the cross-flow velocity
applied within the feed channel. It is worth noting that the model does
not include voluntarily the possible external concentration polarization
(ECP) which may derive from the presence of dissolved species in the
feed solution. The defected flux indeed would not be affected by ECP,
since the water flow through the defect is driven by convective and not
diffusive motion. However, dissolved or dispersed species in solution
may be transported convectively through the AL imperfection, thus
resulting in contamination of the draw solution.
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Fig. 6. Influence of the presence of defects on the AL on membrane performances. Results present a) the water flux through the membrane as function of the increase of the
efected area in AL. Water flux is distinguished between defected and total flux, thus incorporating both the convective flux through the defected area and the water passage
hrough the AL, via solution–diffusion. The related ICP profile is reported in b), as function of the distance from the active layer. The contour-plot c) shows the real rejection of

TFC-FO membrane while varying its nominal selectivity (e.g., declared by the membrane manufacturer) as function of the possible presents of defects on the AL. A zoom into
he most relevant area is shown in (d).
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.4. Understanding the influence of the defects within the AL in FO mem-
rane performances

The output of the DM was incorporated in PM with the aim to
nvestigate the effect of the presence of defects in the AL on ICP, water
lux and membrane selectivity. The simulations were performed by
odelling the straight pore channel, thus avoiding any coupling effect
ue to a different pore geometry. The results are reported in Fig. 6.
ig. 6a presents the water fluxes trends through the AL as function of
he percentage of defected area, accounting for both the defected and
otal flux through the AL. While the defected flux is associated with
he water leakage from the feed to the draw side due to the presence
f defects, the total flux through the AL is considering both the defected
lux and the water passage through the remaining intact section of the
embrane via solution-diffusion. The defected flux is almost linearly

ncreasing with the increase of the percentage of defected area, as in
greement with what expressed by the DM and the derived defect flux
q. (2). On the contrary, the total water flux shows an exponential trend
ith the increase of the percentage of defected area. Interestingly, no

ignificant effect was observed on total water flux for a defected area
3%. This may be ascribed to the low fraction of feed water passing

hrough the defected area, which is insufficient to affect the overall
ater flux. On the contrary, when the percentage of defected area is
3%, the convective water passage is responsible for a larger dilution
7

i

factor of the draw solute within the pore support, thus affecting the
ICP as described in Fig. 6b with evident effects on the total water flux
(Fig. 6a).

The results presented above (Fig. 3c) imply that the draw solute and
water transport within the porous support of a FO membrane is mainly
governed by diffusion, while no significant effect is associated with the
convective transport of solute through the water from the DS bulk.
The presence of defects in AL would potentially lead to a convective
mass transport of water and contaminants from the feed to the draw
site. Since this would potentially affect the membrane performances
via a reduction of the real membrane selectivity, a sensitivity analysis
was carried out to assess the membrane rejection in the case of the
presence of defects in the AL. The well known equation for calculating
the membrane rejection 𝑅 = 1 − 𝑐𝑝

𝑐𝑓
was taken into account, where

𝑝 is representing the concentration of the contaminant in the product
ater (i.e., in the draw solution in FO case) and 𝑐𝑓 the bulk concentra-

ion of contaminant in the feed solution. Without loosing generality,
e assume a 0% rejection to contaminant within the defected area
hile the nominal rejection was varied from 0 to 100% for AL, thus

epresenting the possible variation of the selectivity against different
ollutants depending on the characteristics of the membrane involved.
ollutants were modelled as inorganic ions dissolved in water and mass
alances of water and solutes were carried out at the AL-solutions

nterface, accounting for the water fluxes trends obtained from the
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CFD simulations (Fig. 6a). The resulting real rejections are shown as
a function of the defect area and the nominal selectivity in the contour
plots 6c and d. The selectivity drops steeply, even for reasonably small
defect areas, as highlighted in the detailed contour Fig. 6d.

4. Conclusion & outlook

This study reports a comprehensive modelling analysis of classical
TFC membranes designed for Forward Osmosis applications (i.e., with
the active layer facing the feed solution and the porous support struc-
ture facing the draw solution). Specifically, the study aims at under-
standing the influence of the pore support structure of the TFC mem-
brane and the potential presence of defects within its active layer on
water permeation and contaminants removal. An in-depth CFD analysis
was performed by implementing two separate models in OpenFoam,
namely Porous Model (PM) and Defect Model (DM).

The PM was used to investigate (i) the porous support structure and
(ii) the draw solution operating parameters on membrane productivity.
The CFD simulations were performed on fundamental pore geometries,
tailored to investigate the aspects of tortuosity and varying cross sec-
tional areas. Results suggest that a geometrical variation of the porous
support structure may strongly affect the resulting water flux through
the active layer by influencing the diffusion of the draw solutes through
the pores. In particular:

• Opening or reducing the internal pore section induces a less
or more pronounced ICP profile, with a consequent increase or
decrease of the resulting water flux through the AL, respectively.

• Compared with a classical straight pore channel, the diffusion of
the draw solute can be strongly enhanced or reduced by widening
or narrowing the shape of the pore, respectively.

• A modification of the porous support geometry towards a wider
conical pore would strongly reduce the negative effect on FO
membrane performances ascribed to a larger support thickness,
thus resulting in an increase of the water flux through the AL
even in the presence of thicker membranes. This may potentially
pave the way to future research development, aiming at devel-
oping suitable FO membranes for innovative applications, such
as pressure retarded osmosis or pressure assisted forward osmosis
where the mechanical stability of the membrane (i.e., membrane
thickness) is a crucial parameter for correct operation.

• No significant effect on water permeation through the AL can be
associated with the convective motion induced by the change in
the DS cross-flow velocity or the loss of draw solute during filtra-
tion, regardless the type of pore shape characterizing the PSS. In
other words, the DS cross flow velocity and the reverse salt flux
of the draw solute does not represent critical parameters when
designing pore support structures for new TFC membranes for FO
applications. However, these parameters cannot be disregarded
while instead, they may represent key parameters for scaling up
promising FO membranes to pilot and real scale applications.

The DM was used to investigate the effect of the presence of defects
ithin the AL in TFC membranes when operated in cross-flow mode. A
ew mathematical correlation was derived from the CFD results, where
he defected flux (i.e., the convective water flow through the defected
rea) is reported as function of the size of the defect incorporated in the
L. Under the assumption of having the 𝑙𝑑 ≪ 𝑤 (defect length much

smaller than the channel width), the mathematical correlation is valid
for any type of defects, regardless their geometry. The results suggest
that the defected flux is not only proportionally increasing with the
size of the AL imperfection, but it is also exponentially affected by the
increase of the cross-flow velocity applied within the feed channel.

The model does not include the ECP. However, dissolved or dis-
persed species in solution may be transported convectively through the
AL imperfection, thus resulting in contamination of the draw solution.
To understand the effect of the presence of defects within the AL to
8

the final membrane selectivity, the mathematical correlation developed
was included in the PM for further CFD simulations. The resulting water
flux through the membrane (accounting both the diffusive motion
through the AL and the convective motion through the defected area)
showed an exponential trend with the increase of the percentage of
defected area, suggesting the presence of a threshold (3% of defected
area) below which the convective passage of contaminated water flux
through the defect is not affecting the membrane productivity. Finally,
the sensitivity analysis performed to study the membrane selectivity
resulting from the incorporation of defects within the AL suggests, as
expected, that the convective passage of contaminants from the feed to
the draw side may strongly affect the quality of the water produced.
However, the presence of defects may not be a detrimental factor for
membrane operating with high nominal rejection (> 90%) and low
percentage of defected area (< 1%), thus suggesting that even a non-
perfect membrane can perform a valuable filtration when operated in
cross-flow mode.
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