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The demand for polymeric membranes in industries such as fine chemicals,
petroleum, and pharmaceuticals underscores the need to optimize organic
separation systems. This involves enhancing performance, longevity, and cost-
efficiency while tackling chemical and mechanical instabilities. A model is here
developed which relates membrane performance, indicated by the permeate
solute concentration (Cpi) of species i, to the real-time compressive Young's
modulus (E) during compaction with permeation under a transmembrane
pressure (AP) or compressive stress. Lower Cpi values indicate better
performance. The model integrates solvent densities (pi), solubility parameters
of the membrane (§y), solute (8s.), solvent (8sy), and the extent of membrane
constraint (¢). It also considers membrane swelling (Ls) and compaction (Lc) with
the associated Poisson ratio (y), providing a comprehensive framework for
predicting membrane performance. A key feature is the dimensionless
parameter B, defined as In (Ls/Lc), which describes different operational
regimes (B < 1, p = 1, B > 1). This parameter connects membrane affinity
characteristics with mechanical properties. The model's capabilities were
demonstrated using three organic separation systems (A, B, and C) which
separated isoleucine from DMF, methanol, and hexane solutions, respectively,
using nanofiltration (NF) membranes with low, medium, and high E values. The
transmembrane pressure ranged from 0.069 to 5.52 MPa (10-800 psi) for p < 1.
The performance results indicate that the trend of System B (medium E) > System
A (low E) > System C (high E), correlating to decreasing solvent—solute
interactions (Adsqs,) and compaction levels. Moderate compaction, resulting in
moderate membrane resistance and densification, proved beneficial. Cpi—f plots
revealed three distinct slopes, corresponding to elastic deformation, plastic
deformation, and the densification of membrane polymers, thus guiding
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optimal AP ranges for operation. This model paves the way for advancing polymeric
pressure-driven membrane research and offers new insights into membrane
selection, testing, design, and operation.
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membrane separation

1 Introduction

Polymeric membranes are critical for processes such as delivery,
selective transport, discrimination, and separation (Anim-Mensah,
et al.,, 2010). Of these processes, separation is gaining prominence
across the chemical, petroleum, and pharmaceutical industries due
to its effectiveness, compactness, and cost efficiency (Iulianelli and
Drioli, 2020; Jhaveri and Murthy, 2016). Polymeric materials, valued
for their flexibility and affordability, have found increasing
industrial application, especially in organic solvent environments
(Zahid et al., 2018).

However, membranes in such environments face challenges
such as excessive swelling and, in extreme cases, dissolution,
which compromises performance and longevity (Ebert et al,
2004; Wang et al.,, 2023). Addressing chemical and mechanical
instabilities is crucial to improving operational cost-effectiveness
and extending membrane lifespan (Oxley and Livingston, 2024).

Polymeric membranes, especially in pressure-driven systems
like ultrafiltration (UF), nanofiltration (NF), reverse osmosis
(RO), and gas separation, undergo varying degrees of compaction
and densification due to applied transmembrane pressure AP (Ng
et al.,, 2019).

Membranes swell upon initial contact with permeating fluids
under no pressure, followed by compaction during permeation,
leading to densification, reduced porosity, and altered
performance (Hung et al., 2022; Sdnchez-Arévalo et al, 2023).
The compressive stress applied in these systems deforms the
polymer structure, causing elastic or plastic deformation and
increasing resistance as free volume reduces (Davenport et al., 2020).

Polymeric materials can be categorized based on their stress-
strain behavior as soft, medium, or hard, reflecting their resistance to
deformation (Rahimidehgolan and Altenhof, 2023). Soft materials,
such as polydimethylsiloxane (PDMS) while compressed, exhibit
low Young’s modulus and high flexibility, while medium materials
like polyvinylidene fluoride (PVDF) and hard materials like
polyimide (PI) demonstrate varying degrees of stiffness and
strength (Ariati et al., 2021; Overview on PVDF Material, 2024;
Overview on PI Material, 2024). Notably, these properties are often
measured in the absence of fluids, thus neglecting changes induced
by membrane-fluid interactions during operation (Anim-Mensah
et al., 2005).

In membrane separation, the interaction between membrane
and solvent (Adysy) significantly influences mechanical stability
(Anim-Mensah et al., 2005). Strong membrane-solvent affinity
can cause excessive swelling, reducing stability, while weaker
interactions minimize mechanical impacts (Sdnchez-Arévalo
et al, 2023). Long-term mechanical stability is essential for
reliable

performance, yet many existing models fail to
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incorporate real-time data reflective of actual separation
conditions.

To address these limitations, real-time data-driven approaches
are needed to better characterize separation systems and enhance
membrane performance. Ultrasonic time-domain reflectometry
(UTDR) has been identified as a valuable technology for the
real-time detection and monitoring of swelling, compaction,
and densification, offering flexibility for improving membrane
systems (Aghajani et al, 2017). As the demand for advanced
polymeric membranes grows, leveraging such technologies will
be essential for driving innovation and ensuring sustainable
improvements.

Swelling during preparation is inevitable for polymeric pressure-
driven membranes due to their constraints and exposure to
permeating fluids. During operation, these membranes experience
varying degrees of densification caused by compaction under
applied pressure (AP), which
influences their performance and stability (Bilad et al., 2022; Chu
et al,, 2021; Ng et al., 2019).

This
thermodynamic parameters into a comprehensive framework for

transmembrane significantly

model integrates key chemical, mechanical, and
pressure-driven membrane systems. It highlights the relationships
between these parameters, offering insights for optimizing
membrane design, testing, selection, and operation. The model
explains how factors such as membrane constraint, Poisson ratio,
swelling, and compaction contribute to densification and membrane
resistance, ultimately affecting transport and separation
performance. Additionally, it addresses the real-time mechanical
behavior of membranes during operation, including variations in
Poisson ratio, axial and lateral strains, and Young’s modulus (E),
while also accounting for interactions between membrane, solvent,
and solution, as well as solvent density, to evaluate impacts on
stability and performance.

A key feature of the model is the dimensionless parameter f3,
defined as B = In (Ls/Lc), which relates membrane affinity
characteristics to mechanical properties by comparing swelling
(Ls) and compaction (Lc). This parameter allows the model to
describe different swelling and compaction regimes: p > 1
(swelling dominant), p = 1 (swelling and compaction balanced),
and B < 1 (compaction dominant).

The model also introduces a novel research direction by
rigorously integrating mechanical, chemical, and thermodynamic
parameters to improve separation system designs. It emphasizes the
importance of incorporating real-time data for accurate membrane
characterization and validation, which can help refine existing
theories, challenge current models, and develop innovative
more  reliable

approaches  for  better-performing  and

membrane systems.
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2 Literature review

2.1 Membrane performance: rejection
and flux

Membrane performance is commonly assessed based on
rejection and flux metrics (Lalia et al.,, 2013). However, achieving
high rejection with near-zero flux may not align with the
performance expectations of all users or industries, and vice
versa. For some applications, acceptable performance is defined
by a balance between rejection and flux, which can vary depending
on specific requirements (Scott, 1998).

In practice, different users prioritize performance metrics
based on their operational constraints, leading to tradeoffs.
Although high rejection and high flux are often desirable,
factors such as membrane longevity, stability, and cleaning
frequency may require settling for lower or intermediate
performance levels. By categorizing rejection and flux into three
discrete levels—Low (L), Medium (M), and High (H) —a 3 x
3 performance matrix emerges, presenting nine possible
combinations: L-L, L-M, L-H; M-L, M-M, M-H; H-L, H-M,
H-H. This
evaluating and tailoring membrane performance to meet diverse

framework provides a flexible approach for

user needs and constraints.

Membrane-observed rejection (Ri) for species “i” is defined as
the relationship between the solute concentration in the feed (Cg)
and the solute concentration in the permeate (Cpi) as expressed in
Equation 1; this provides a fundamental measure of the separation
efficiency of membranes by quantifying the fraction of solute
retained by the membrane. It has been widely applied in studies,
including Koros et al. (1996) and Anim-Mensah et al. (2008), to
evaluate and compare membrane performance under various

operating conditions.

Observed Rejection (Ri) = [1 - ((::E‘ :|X 100% (1)

Membrane flux (F) is defined as the volume or mass of permeate
collected per unit membrane surface area (A) over a given time
period (t) (Koros et al., 1996; Anim-Mensah et al., 2008). This metric
is a key performance indicator for evaluating the productivity of
membrane systems.

Liquid flux (Jw) through a membrane is governed by the
relationship between the transmembrane pressure (AP), osmotic
pressure (Am), and the solvent flux mass transfer coefficient (Kw), as
expressed in Equation 2a, which captures the driving forces for
solvent movement and the resistance offered by the membrane
(Zaidi and Saleem, 2021).

Jw = Kw (AP - An) (2a)

w@s»

The solute flux (Ji) of species “i” across a membrane is described
in terms of the solute concentration in the feed (Cfi) and permeate
(Cpi), as well as the solute permeability coefficient (Ki). This
relationship is mathematically represented in Equation 2b,
highlighting the key parameters that govern solute transport
through the membrane (Zaidi and Saleem, 2021).

]i = Ki (Cfl - Cpl) (Zb)
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2.2 Behaviors of constrained or
unconstrained polymers exposed to stresses

The response of a polymeric membrane, whether constrained or
unconstrained, to applied stresses (o), with or without permeation,
can be characterized by its mechanical properties. These include
Young’s modulus (E), which quantifies the membrane’s stiffness
(Equation 3) and Poisson’s ratio (y), which describes the
relationship between lateral and axial strains (Equation 4)
(Anim-Mensah and Govind, 2015).

Stress (0)] 3 [ iorr;e((:))
Strain (8) Extension (e)

Young's Modulus (E) = [ :| (3)
Original Length (L),

(4)

Poisson Ratio (y) = [ M]

" Lateral Strain (Sy)

For most isotropic and elastic materials with unconstrained
surfaces under unidirectional pressure, the Poisson ratio (y)
typically ranges between —1 and % (ie, -1 < y < %) while the
material still remains stable (Ting and Chen, 2005; Greaves et al.,
2011).
densification, or anisotropy can result in Poisson ratios beyond

However, scenarios involving constrained surfaces,
this normal range, such as y > % or y < —1, while still maintaining
material stability. Furthermore, materials with different Poisson
ratios exhibit distinct mechanical behaviors under stress (Ting
and Chen, 2005; Greaves et al., 2011).

Polymeric membranes, whether isotropic or anisotropic, are
typically constrained during permeation due to the applied
transmembrane pressure (AP), leading to densification. This
condition is expected to result in Poisson ratios exceeding %2
(i.e, y > %) or falling below -1 (i.e,, y < —1) (Ting and Chen,
2005; Greaves et al., 2011). For nanofiltration (NF) membranes,
which combine both pore-flow and solution-diffusion mechanisms,
the typical operating pressure ranges from 5 to 20 bars (70-290 psi),
while reverse osmosis (RO) membranes, governed by solution-
diffusion, operate within a range of 7-60 bars (100-870 psi)
(Jang et al,, 2022). Regardless of the specific membrane process,
polymeric pressure-driven membranes are expected to experience
varying degrees of densification, occurring simultaneously with

swelling and compaction during permeation (Ng et al., 2019).

2.3 Solubility parameter and interactions
between species, affinity, and impacts

The interaction between species “i” and “j” is determined by the
difference in their individual solubility parameters, A(Sij, calculated
as AS;; = §; - §; (Alshehri et al,, 2021; Anim-Mensah et al., 2007). A
closer match in solubility parameters reflects closer cohesive
energies and greater affinity between the species (Nehmeh et al.,
2023; Miranda-Quintana et al., 2024). Generally, §; < 5 MPa'” is
associated with high affinity (Soeul National University, 2007).

A higher affinity between a polymeric membrane and solvent
could result in excessive swelling, and in extreme cases, degradation
of the membrane. Subsequently, excessive swelling could lead to
increased membrane compaction, reducing its structural integrity
and operational efficiency. Similarly, a high affinity between the
membrane and solute can result in persistent fouling or high solute

frontiersin.org


https://www.frontiersin.org/journals/membrane-science-and-technology
https://www.frontiersin.org
https://doi.org/10.3389/frmst.2024.1454589

Anim-Mensah

High Pressure Side (HP)

A _L 10 IS
GI—————[——— —_——— — ==

3
Id-xn-b l <x/z>|
I - — Y
B ©
|l L >
|- Lx >|
Low Pressure Side (LP)
FIGURE 1

Membrane swelling and compaction for various strains (g) and
Poisson ratio (y).

permeation, while a strong affinity between the solvent and solute
poses challenges for effective separation. Achieving efficient
separations requires a thorough understanding of the interactions
among the membrane, solute(s), and solvent(s), which opens up
multiple optimization pathways based on solubility parameters and
system requirements.

2.4 Membrane swelling (Ls) and compaction
(Lc) relationship with Poison Ratio (y) and
compressive Young's modulus (E)

Figure 1 depicts a portion of a membrane housing containing a
membrane with an original thickness Lo and an initial area ABCD,
constrained within the housing for operation in crossflow mode. On
the high-pressure (HP) side, the membrane is in contact with the
fluid to be separated. Under no transmembrane pressure (AP = 0),
the membrane undergoes swelling, increasing its thickness to Ls and
expanding its area to BFEC.

When a transmembrane pressure (AP = HP — LP) or axial stress
(o) is applied to the swollen membrane BFEC to initiate
permeation, the membrane experiences compaction. This reduces
the membrane’s thickness by Lc (denoted as “y”) and results in a new
compacted area, JGHIL. This dynamic adjustment of membrane
dimensions reflects the interplay between swelling, compaction,
and operational pressure in determining the performance
characteristics of the membrane.

The transition from areas BFEC to JGHI corresponds to a
thickness change, also referred to as “axial compression
thickness” or denoted as “y” (Lc). This
compaction is accompanied by total lateral extension “x” (i.e., x/2

« Ly
compaction”,

+ x/2). The axial strain resulting from axial stress (0,) or
(AP) is
compressive Young’s modulus (E) and Poisson ratio (y).

transmembrane pressure consistent for both the

Referring to Figure 1, the axial strain (S,) is mathematically
defined as “y/Ly”, while the lateral strain (Sy) is defined as “x/Lx”.
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For a membrane with surface area (A), the compressive Young’s
Modulus (E) and Poisson ratio (y) are expressed mathematically in
Equations 5 and 6, respectively.

AP (=
Compressive Young’s Modulus E = [#] (5)
iy (Sa)
& (Sa)
Poisson Ratio (y) = [_LXV A ] ©6)
& (Sr)

3 Pressure-driven membrane _
separation system and considerations
for the model

Given a fluid-membrane separation system, a membrane cell
houses a well-constrained RO or NF polymeric membrane in
contact with a liquid organic feed composed of organic solute
(So) and organic solvent (Sv). Under transmembrane pressure
AP, the solvent permeates through the membrane while the
solute is retained.

The extent of affinity between species “i” and “j” is determined
by the solubility parameter difference Aj;, calculated as the difference
between their individual solubility parameters §; and §;. This affinity
depends on transmembrane pressure (AP) and temperature (T).
Specifically, the affinity relationships include the membrane and
solvent (Sysy), the membrane and solute (8yss,), and the solute and
solvent (8gogv)-

Separation performance, particularly the permeate solute
concentration (Cpi), depends on several interconnected factors.
One key factor is the extent of membrane swelling (Ls) when the
fluid for
preconditioning, which is influenced by the affinity parameter

membrane is in contact with the wetting or
Omsy- Another important aspect is the degree of membrane
compaction (Lc) that occurs when membrane is permeated at a
given transmembrane pressure and temperature. The material
properties of the membrane, solute, and solvent, such as their
density (pi), are also significant and depend on both pressure
and temperature. The extent to which the membrane is
constrained (¢) in its housing plays a critical role by limiting
membrane movement in response to the applied transmembrane
pressure and preventing feed bypass during separation.

Additionally, the Poisson ratio (y) reflects the mechanical
response of the membrane when constrained in its housing and
compacted under given transmembrane pressure and temperature
conditions. The partition or distribution coefficient (Ky) of the
solute determines how the solute partitions between the solvent
(Cs) and membrane (C,,) at a given pressure and temperature,
expressed as Ky = Cy/C,. The applied transmembrane pressure (AP)
further influences the separation process, depending on whether the
pressure remains within or exceeds the elastic limit of the membrane
during compaction. Finally, the membrane design, whether
symmetric or asymmetric with varying thicknesses and porosities,
affects the compressive Young’s modulus (E) and overall
performance.

Each of these parameters exerts a unique level of influence on the
membrane’s performance. The permeate solute concentration (Cpi)
is mathematically related to the observed rejection (Equation 1).
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These interconnected factors highlight the complexity of membrane
separation systems and the need to consider multiple variables for
optimal performance.

4 Features of the Anim-
Mensah—Govind model

The parameters discussed in Section 3 were incorporated into
the derivation of the model expressed in Equation 7. This model
establishes the relationships between critical parameters in a
membrane separation system and the specific permeate solute
concentration (Cpi). Equation 8 shows the various parameters
constraints in Equation 7. The detailed step-by-step derivation
and application of this model are presented in Anim-Mensah
and Govind (2015). The model serves multiple purposes,
including predicting performance trends, enabling system
comparisons, aiding characterization, and providing valuable
insights into pressure-driven environments where swelling and

compaction significantly influence membrane behavior.

. 1.67x107Ep Ky 1n<LS>

pr= (1 - 2Y)A6505V2 L

L 7)

1
A6SoSv = |650 - (SSvl = |6Sv - 650' ;A(SSOSV :I(: 0 and y ¢ E (8)

The model (Equation 7) excludes the solubility parameter of the
membrane (8y); however, Adg.s, resultant from the individual
solubility parameters of the solvent (8so0), membrane (8y;), and
solute (8so) (Equation 9).

ASSOSV = (680 - SM) - (6Sv - 6M) = A6MSO - ASMSV = 650 - 85V (9)

Adsosv, Adyso, and Adysv are the solubility parameter
differences between the solute and solvent, membrane and solute,
and membrane and solvent, respectively.

In the model expressed by Equation 7, the permeate solute “i”
concentration (Cpi) is determined as a function of several key
parameters. These include the compressive Young’s modulus (E)
measured in N/m?, the solvent density pso in kg/m?, and the solute
partitioning or distribution coefficient (K4), which is dimensionless
and represents the solute distribution between the membrane and
solvent. Additionally, the model incorporates the Poisson ratio (y),
which reflects the membrane’s deformation characteristics under
compaction during permeation under a transmembrane pressure
(AP) in N/m>. The solubility parameter difference (A8s,s,) in MPa'’?
between the solvent (8s,) and solute (§s,) also plays a role.
Furthermore, the model considers the logarithm of the ratio of
membrane swelling (Ls) to membrane compaction (Lc), both
measured in microns, along the membrane thickness for a
constrained membrane (¢ = 1). A constant value of 1.67¢-7 is
included for unit conversion purposes.

Inspection of the model (Equation 7) shows that it has two parts,

dimensional and dimensionless, with the dimensional part being
Epy,

[A5SosVz

in Equation 10.

. _ Ep Kd LS
=1 1077 s0 1
Cpi = 1.67x10 [—SOSVZ ] [1 n(h)]

] and the dimensionless part as [ (llf—gY) In (%)] as shown below

(10)
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Of particular interest is the dimensionless number f, defined as
the logarithmic ratio of the membrane’s affinity characteristics to its
mechanical characteristics. Simply put, p represents the logarithmic
ratio of membrane swelling (Ls) to membrane compaction (Lc),
expressed mathematically as f = In (Ls/Lc). Notably, the axial strain
associated with the compressive Young’s modulus (E) at a given
transmembrane pressure (AP) is equivalent to the axial strain (S,)
associated with the Poisson ratio (y) (Equations 5, 6).

For polymeric pressure-driven membranes constrained in the
lateral direction and simultaneously compacted while permeated
under a transmembrane pressure in the axial direction, the axial
strain (S,) is typically far greater than the lateral strain (Sp). This
disparity results in high Poisson ratios (y), as given by y = —=SA/S; for
conditions where S, >> Sy, (Ting and Chen, 2005).

By analyzing Figure 1 and substituting the expressions from
Equations 5 and 6 into Equation 10, the equation can be rearranged
into Equation 11. This resulting equation is used to predict Cpi
based on experimental data and other relevant parameters.

1.67x1077AP s L,
Cpi = LOXI0TAPp, (G S (L (11)
A(SSOSV Cm SASL - ZSA y

5 Model discussion

From the model (Equation 7), several important relationships
can be identified that influence the permeate solute concentration
(Cpi) under varying conditions. Membranes with high Young’s
modulus (E) are likely to result in higher Cpi values because
such materials resist compaction under transmembrane pressure
(AP), reducing the ability of the membrane to create resistance
to solute flux.

An increase in the density of the organic solvent (py,) is expected
to lead to a higher Cpi—that is, low separation performance,
particularly as solvent interactions with the membrane intensify.
This effect is most evident when moving from non-polar to polar
increase

aprotic which can

solvent-membrane

and polar protic solvents,
attack. The

coefficient (Kg) also plays a crucial role, as higher values indicate

partition or distribution
stronger solute-solvent than solute—-membrane interactions. When
the cohesive energies of the solute and solvent are similar, Adgsy
approaches zero, where the solvent can pull the solute along,
resulting in an increase in Cpi, particularly if the membrane is
not optimally selected for the separation task.

Practically, Cpi can either be positive or zero, depending on the
values of the Poisson ratio (y = -Sa/Sp) and the dimensionless
parameter p = In (Ls/Lc (=y)) (Equation 10). These factors interact
varying
transmembrane pressures (AP) or compressive axial stresses (04).

to create a range of possible outcomes under
Exploring these scenarios subsequently provides valuable insights

into the behavior and performance of different membrane systems.

5.1 Scenario 1: Ls > Lc, Lc = 0, AP = 0,= 0

When a membrane constrained in its housing or cell is exposed
on the high-pressure side to the fluid to be separated, it undergoes

frontiersin.org
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swelling in the absence of any transmembrane pressure (AP) or axial
stress (04). Under these conditions, the swelling thickness (Ls) is
significantly greater than the compaction thickness (Lc), with Lc = 0.
As a result, the dimensionless parameter p = In (Ls/Lc) approaches
infinity (0o), indicating a very high permeate solute concentration
(Cpi), as predicted by Equation 7. In this scenario, Cpi may
due to the
membrane network opening caused by swelling and the absence

approach the feed solute concentration (Cfi)

of a transmembrane pressure to induce compaction.

Fluid permeation from the high-pressure to the low-pressure
side of the membrane occurs through mechanisms such as capillary
action, interactions, wetting, and fluid weight. The resulting Cpi
value depends on the extent of membrane swelling and the density of
the solvent, which directly affects the separation dynamics.

5.2 Scenario2: Ls>Lc,Lc>0,AP=0,>0,a
very small applied AP = op

When a membrane constrained in its housing or cell is exposed
on the high-pressure side to the fluid to be separated, it undergoes
swelling in the absence of significant transmembrane pressure (AP)
or axial stress (0,). When a very small transmembrane pressure or
axial stress is applied, it results in minimal to no lateral strain (S;)
due to the membrane’s lateral constraint. In this scenario, the
swelling thickness (Ls) remains greater than the compaction
thickness (Lc), with Lc > 0. The small applied pressure or stress
does not fully restore the membrane to its original thickness, leaving
the network slightly open due to the swelling effect. Here, the
membrane behaves like a cork, exhibiting a Poisson ratio (y)
close to zero (y = 0).

Since Ls > Lc, the ratio Ls/Lc > 1, and the dimensionless
parameter [ becomes positive. Under these conditions, the
permeate solute concentration (Cpi) is also positive and is
described by Equation 12, reflecting the partial closure of the
membrane network and its impact on separation performance.

| Ep L,
i =1.67x1077 | —=_| | K, In[| =
cp * [A(SstVzH ‘ n<Lc>]

With the membrane network remaining partially open, the Cpi
value is expected to be high due to the incomplete closure of the

(12)

network, allowing more solute to pass through. The extent of Cpi
depends on factors outlined in Equation 12, including membrane
swelling and compaction, solvent density, and solute-membrane
interactions.

5.3Scenario3:Ls=Lc,Lc>0,AP=0,>0, a
small applied AP = ox

A membrane constrained in its housing or cell is exposed on the
high-pressure side to the fluid to be separated and allowed to swell
under no transmembrane pressure (AP) or axial stress (0,). When a
small transmembrane pressure or axial stress (0A) is applied, the
membrane experiences some lateral strain despite being constrained
in the lateral direction. In this scenario, (Ls = Lc) and Lc > 0,
indicating that the small transmembrane pressure or axial stress
restores the membrane to its original thickness while maintaining an
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open network. However, the polymer structure still retains its free
volume. The axial strain exceeds the lateral strain, resulting in a
Poisson ratio greater than % (y > %).

When Ls = Lc and y > %, the negative value of (1-2y) becomes
irrelevant because f = 0 (i.e., In (Ls/Lc = 1)). Consequently, Cpi = 0,
as it is the product of 1/(1-2y) and Pin Equation 7 or Equation 10;
this signifies an expected high to perfect observed rejection,
approaching 100%.

5.4 Scenario 4: Ls << Lc, Lc >> 0, AP = op >>
0, applied AP = o, in the nanofiltration (NF)
range of 5-20 bars (i.e., 70-290 psi)

When a membrane constrained in its housing is exposed on the
high-pressure side to the fluid to be separated and allowed to swell
under no transmembrane pressure (AP) or axial stress (0,), a high
transmembrane pressure or axial stress within the nanofiltration
range is applied. Despite the membrane being constrained laterally,
some lateral strain occurs. In this scenario, Ls << Lc and Lc >> 0,
indicating that the applied pressure or stress compresses the
membrane significantly beyond its swollen state. This high
compaction can lead to reduced free volume (Chu et al.,, 2021),
polymer densification, decreased permeability and selectivity (Hung
et al., 2022; Chu et al., 2021), and, over time, shorter membrane
lifespan if the membrane is not designed for such conditions.

In this case, the axial strain exceeds the lateral strain, resulting in
a Poisson ratio (y) much greater than % (y>> %). For Ls << Lc and
y>> ¥, (1-2y) is negative, (Ls/Lc < 1), and p = In (Ls/Lc) is negative.
Consequently, Cpi, being the product of 1/(1-2y) and 8 = In (Ls/Lc),
is positive according to Equations 7 or 10. As a result, the observed
rejection associated with Cpi is expected to be less than perfect
(i.e., less than 100%). The extent of this imperfection depends on the
additional parameters outlined in Equation 12.

5.5 Scenario 5: Ls <<< Lc, Lc >>> 0, AP =
op>>> 0, applied AP = o, in the reverse
osmosis range of 7—-60 bars

(i.e., 100-870 psi)

A membrane constrained in its housing or cell is exposed on the
high-pressure side to the fluid to be separated and is allowed to swell
under no transmembrane pressure (AP) or axial stress (cA). When a
high transmembrane pressure or axial stress within the reverse
osmosis range is applied, some lateral strain occurs, even though
the membrane is constrained in the lateral direction. In this case,
Ls <<< Lc and Lc >>> 0, indicating that the applied pressure or
stress compacts the membrane significantly beyond its swollen state.
This high level of compaction can result in polymer densification,
reduced free volume, and decreased permeability (Hung et al., 2022;
Chu et al,, 2021). Over time, these effects may lead to a shorter
membrane lifespan if the membrane is not appropriately designed
for such conditions.

Here, the axial strain exceeds the lateral strain, leading to a
Poisson ratio (y) much greater than % (y>>> 1). For Ls <<< Lcand
y>>>, ¥ (1-2y) becomes negative, Ls/Lc < 1, and = In (Ls/Lc) is
negative. Consequently, Cpi, which is the product of 1/(1-2y) and B,
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deciding membrane performance.

remains positive as per Equations 7 or 10. This implies that the
observed rejection associated with Cpi is less than perfect (< 100%)
with the extent of imperfection depending on additional parameters
in Equation 12.

This behavior highlights how affinity dominates membrane
separation mechanisms, as reflected in the model, where Ads,sy is
squared, emphasizing its influence. For a three-component system
involving the membrane, solvent, and solute, their interactions
A8sosys Adpsy, Admso can be categorized into three discrete
levels: Low (L), Medium (M), and High (H). These
categorizations result in 27 (i.e., 3°) interaction combinations in a
3D interaction space (Figure 2), providing a simplified framework
for evaluating membrane performance.

In real-life applications, interactions in membrane systems
occur along a continuum, influenced by the complexity of
composite or mixed matrix membranes, which are composed of
multiple materials, and the diversity of feedstocks containing
numerous solutes and solvents. This complexity demands a deep
understanding of the interplay between membrane materials,
solute-solvent interactions, and operating conditions to design,
select, test, and operate membrane systems both maximally and
optimally. The present study offers critical insights into effectively
addressing these challenges.

The general expectation for polymeric membranes in organic
environments is to effectively reject unwanted species in the feed
while allowing desired components to permeate at a steady flux.
Additionally, these membranes must maintain chemical and
mechanical stability to ensure longer operational lifespans,
meeting the demands of industrial application (Wang et al., 2023).

6 Model parameter determinations

Real-time measurements of a constrained membrane, whether
undergoing permeation or not, including swelling (Ls), compaction
(Lc), and lateral movements, can be achieved using the ultrasonic
(UTDR), with the
experimental setup described in Anim-Mensah (2007) and Anim-

time-domain  reflectometry technique
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Mensah and Govind (2015). The compressive Young’s modulus (E)
is calculated from the stress-strain relationship obtained from data
collected while the membrane is permeated after being wetted by the
fluid to be separated. Solvent density (pso) is typically sourced from
published data.

The partition coefficient (Ky) (defined as (K4 = Cs/Cm) can be
experimentally determined. In the absence of direct measurements,
K4 can be estimated using solubility parameters: solute (8s,), solvent
(8syv), and membrane (8y). The solute concentration in the solvent
(Cs) is derived from Adgysy (8so - Osy) and in the membrane (Cm)
from Adpiso (O - Oso)- If Adsosy < Admso, the solute will prefer the
solvent over the membrane, resulting in Cs > Cm, and thus Kd > 1,
and vice versa. Solubility parameters are available in published data
or can be calculated from chemical structural formulas (Soeul
National University, 2007). Where solubility data is available, it
may be used directly in place of Cs and Cm.

7 Model illustrations

Three organic separation systems (A, B, and C) are used to
illustrate the model. These systems involve separating solutions of
isoleucine in different organic solvents: DMF (polar aprotic) A,
methanol (polar protic) B, and hexane (non-polar) C, using low E
(A), medium E (B), and high E (C) nanofiltration (NF) membrane
materials, respectively. The separations were conducted under
transmembrane pressure or compressive stress range of
0.069-5.516 MPa or 10-800 psi. Table 1 provides the relevant
data, including published and computed values, which were
subsequently used to create Table 2 for further illustration of
the systems.

The data in Table 1, combined with reasonable assumptions and
practical experience, were used to create Table 2 for illustration
purposes. In real applications, data on swelling, compaction, and
membrane lateral strains (S;) are collected in real-time. However,
for this illustration and in the absence of direct measurements, it is
assumed that all membrane-solvent interactions (Adys,) greater
than 5 MPa"? do not significantly impact chemical and mechanical
stability. Nonetheless, varying levels of swelling (Ls) and compaction
(Lc) are expected based on the specific Adys, values. Lower Adysy
values close to 5 MPa'’? from the high side are anticipated to resultin
more pronounced swelling and compaction than higher Adys,
values. Generally, the extent of membrane swelling determines
the degree of compaction that is sustained during operation
(Anim-Mensah, 2007).

Based on Ady;s, values in Table 1, the expected trends for both
swelling (Ls) and compaction (Lc) during permeation are as follows:
System B (A5, = 6.4 MPa'’?) > System A (Adys, = 9.0 MPa'’?) >
System C (A8ysy = 11.7MPa'’?), as reflected in Table 2. Steady-state
swelling values applied are 40% (Adys, = 6.4 MPa'?) for System B,
35% for System A (A8, = 9.1MPa'’?), and 30% for System C
(ASpsy = 11.7 MPa'’?). Compaction values applied are 50%-124%
for System B (ASygsy = 6.4 MPa'?), 40%-122% for System A
(Adpsy = 9.0 MPa'?), and 35%-112% for System C (ASysy =
11.7 MPa'?) for the transmembrane pressure range or
compressive stress range of 0.069 MPa-5.516 MPa or 10-800 psi.

Since the membranes in all systems are fully constrained, minor
lateral movements occur under the applied AP compressive stress to
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TABLE 1 Data on membrane separation systems A, B, and C.

10.3389/frmst.2024.1454589

System System A System B System C
Membrane Low E membrane Medium E membrane High E membrane
Solubility parameter (8;), MPa'? 15.8 233 26.6
Solvent DMF Methanol Hexane
Solubility parameter (8sv), MPa'”? 24.8 29.7 14.9
Density (pi) kg/m’ 944 792 661
Solute Isoleucine Isoleucine Isoleucine
Solubility parameter (8s0), MPa'” 19.5 19.5 19.5
Calculated parameters
A8sosy (MPa'?) = ABS (8s, — 8sy) 5.3 10.2 4.6
Adpiso (MPa'?) = ABS (8 — 8so) 3.7 3.8 71
Adyisy (MPa'?) = ABS (8 — 8sy) 9.0 6.4 117
K4 = Cs/Cm; Cs = Adsesy; and Cm = Adys, 0.70 ( = 3.7/5.3) 0.37 ( = 3.8/10.2) 1.54 (= 7.1/4.6)
Ka = A8s0sy/Adso
A8sosy < Adps, i€, Ky > 1
Absosy > Adys, i€, Kg < 1

Data on densities and solubility parameter in Table 1 (Anim-Mensah and Govind, 2015).

ensure that the membranes seal well in their housing. A high E
polymer material, due to its higher resistance to deformation under
AP, is expected to exhibit greater lateral strain compared to a low
E polymer.

Accordingly, the lateral strains used for the systems in Table 2
are as follows: 0.0010-0.0018 for System A (low E),
0.0016-0.0022 for System B (medium E), and 0.0020-0.0025 for
System C (high E).

Both Figures 3 and 4 are plotted from data in Table 2. Figure 3
shows the isoleucine separation performance (Cpi) versus the
transmembrane pressure APor compressive stress for Systems A,
B, and C, while Figure 4 shows the variation of isoleucine separation
performance (Cpi) with B for Systems A, B, and C.

8 Discussion of model
illustration results

The behavior of polymeric membranes under increasing
transmembrane pressure (AP), particularly when constrained and
permeated with a liquid feed, involves complex phases and
transitions. As pressure increases, these membranes undergo
physical and chemical changes that significantly affect their
permeability, stability, and overall performance (Hung et al,
2022). These changes include initial plasticization, challenges
related to membrane stability, and concentration polarization. At
elevated pressures, the concentration polarization layer leads to
lower solute rejection rates as solutes accumulate on the
membrane surface, potentially causing fouling and clogging. This
challenge is especially significant for organic compound separations
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where selectivity is critical. Collectively, these factors necessitate
careful design and application of polymeric membranes for high-
pressure conditions (Harman et al., 2014).

From Figure 3, increasing transmembrane pressure (AP) or
compressive stress generally increases Cpin reducing separation
performance for Systems A, B, and C. Without detailed analysis,
medium E membrane materials appear preferable, as indicated by
the lower Cpi values (Table 2). The performance trend is System B
(medium E) > System A (low E) > System C (high E). Medium E
materials, which offer compaction levels between that of the low and
high Es, performed best, suggesting that both under- and over-
compaction are detrimental to performance. Moderate compaction
improves outcomes, as confirmed by the calculated Poisson ratio (y)
trends: System A (low E) 400-678 > System B (medium E)
313-564 > System C (high E) 175-448. This demonstrates the
benefit of reasonable compaction, resistance, and densification.

Table 1 further shows that as Adg.s, increases, Cpi decreases,
increasing performance, hence, the trend System B (Adg.sy =
10.2 MPa'?) > System A (A8sesy = 5.3 MPa'?) > System C
(A8gpsy = 4.6 MPa'?). ASg,s, above 5.0 MPa'? indicates reduced
solute-solvent interactions and improved performance. Conversely,
Cpi increased with increasing Adys,, hence, the trend: System B
(A8ygsy = 6.4 MPa'?) > System A (ASys, = 9.0 MPa'’?) > System C
(A8ysy = 11.7 MPa'?). All A8ys, values exceed 5.0 MPa'’?, but the
impact of swelling and compaction on System B is minimal due to its
optimal membrane-solvent interactions.

Additionally, performance decreased as Adys, values increased,
following the trend System A (Adys, = 3.7 MPa'? = System B
(A8pso = 3.8 MPa'?) > System C (Adyss, = 7.1 MPa'’?). Systems A
and B, given Adys, < 5.0 MPa'?, outperform System C (Adys, >
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TABLE 2 Model results for systems A, B, and C using data from Table 1 for illustration.

Pressure AP = Ls Lc  Ls/Lc  A8gos? S/ B=Iln Cp
(PSI) (Pa) (%) (%) MPa'/2 (SLSa — 2543 (Ls/Lc)
System A
10 6.9E+04 0.400 0.0010 400.0 35 40 0.88 28.1 0.70 —0.0031 -0.13 0.0001
50 3.4E+05 0.600 0.0012 500.0 35 60 0.58 28.1 0.70 —-0.0017 -0.54 0.0012
100 6.9E+05 0.680 0.0014 485.7 35 68 0.51 28.1 0.70 -0.0015 -0.66 0.0027
200 1.4E+06 0.780 0.0016 487.5 35 78 0.45 28.1 0.70 —-0.0013 -0.80 0.0057
400 2.8E+06 0.880 0.0017 517.6 35 88 0.40 28.1 0.70 —0.0011 -0.92 0.0109
800 5.5E+06 1.220 0.0018 677.8 35 122 0.29 28.1 0.70 —0.0006 -1.25 0.0163
System B
10 6.9E+04 0.500 0.0016 3125 40 50 0.80 104.0 0.37 —0.0032 —-0.22 0.0000
50 3.4E+05 0.680 0.0018 377.8 40 68 0.59 104.0 0.37 —-0.0019 -0.53 0.0002
100 6.9E+05 0.720 0.0019 378.9 40 72 0.56 104.0 0.37 -0.0018 -0.59 0.0004
200 1.4E+06 0.760 0.0020 380.0 40 76 0.53 104.0 0.37 -0.0017 —-0.64 0.0007
400 2.8E+06 0.860 0.0021 409.5 40 86 0.47 104.0 0.37 -0.0014 -0.77 0.0014
800 5.5E+06 1.250 0.0022 563.6 40 124 0.32 104.0 0.37 —0.0007 -1.13 0.0021
System C
10 6.9E+04 0.350 0.0020 175.0 30 35 0.86 21.2 1.54 —-0.0082 -0.15 0.0007
50 3.4E+05 0.500 0.0021 238.1 30 50 0.60 212 1.54 —0.0042 -0.51 0.0060
100 6.9E+05 0.580 0.0022 263.6 30 58 0.52 21.2 1.54 —0.0033 —-0.66 0.0120
200 1.4E+06 0.640 0.0023 2783 30 64 0.47 212 1.54 —0.0028 -0.76 0.0237
400 2.8E+06 0.750 0.0024 312.5 30 75 0.40 21.2 1.54 -0.0021 -0.92 0.0435
800 5.5E+06 1.120 0.0025 448.0 30 112 0.27 212 1.54 —-0.0010 -1.32 0.0584
Cp vs. AP Cpvs. B
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Variation in the permeate solute concentration, Cp versus p for

Variation in the permeate solute concentration, Cp with
P P systems A, Bm, and C.

transmembrane pressure (AP) or compressive stress for systems A, B,
and C.
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5.0 MPa'”?). Close cohesive energies between the membrane and
solute improve partitioning, with solutes in Systems A and B
favoring the membrane over the solvent, compared to System C.

Comparing the values of Adygs, and Ads.sy explains the
performance difference between Systems A and B. For System A,
ABpiso = 3.7 MPa'’? versus Adg,sy = 5.3 MPa'’? shows a slight solute
preference for the membrane over the solvent while, for System B,
ASpso = 3.8 MPal”? versus Adgys, = 10.2 MPa'? shows a much
stronger solute preference for the membrane, resulting in less solute
transport and better performance.

The behavior of polymeric membranes under pressure also
depends on their structural characteristics, the presence of voids,
and polymer—fluid interactions (Kadirkhan et al., 2022). Figure 4
illustrates Cpi versus {3 for Systems A, B, and C across the applied
pressure range of 0.069 MPa-5.52 MPa (10 psi-800 psi). The plots
reveal three distinct slopes, likely corresponding to system transitions.
As pressure increases, polymeric membranes may transition from a
glassy to a rubbery state, characterized by increased chain mobility
(Shoghl et al, 2021). This transition, crucial for accommodating
permeating liquids, suggests that the first slope corresponds to an
optimal operating pressure approximately 0.69 MPa (100 psi).

Polymers under compaction undergo five phases: elastic
deformation, plastic deformation, densification, formation of a
glassy state, and a compact state (Hoy and Robbins, 2006;
Kadirkhan et al., 2022). The three slopes identified in the Cpi-f
plots likely correspond to elastic deformation, plastic deformation,
and densification phases, the of
0.069 MPa-5.52 MPa.

given pressure range

9 Conclusion

In the absence of experimental data, several conclusions can be
drawn. First, a membrane system’s performance is influenced by
numerous factors, making it essential to identify their individual and
combined impacts to effectively optimize and maximize membrane
operations. The model successfully relates key parameters in a
membrane system, demonstrating their significance in optimally
testing, selecting, designing, and operating membrane systems. The
dimensionless parameter B serves as a critical indicator, amplifying
the distinct phases of polymeric membranes when constrained,
permeated, and compacted, helping to identify efficient operating
conditions. Moderate E materials, characterized by moderate
swelling and compaction, exhibit balanced membrane resistance
and densification, potentially enhancing performance. Furthermore,
swelling and compaction emerge as crucial parameters that must be
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Anim-Mensah

Nomenclature

Cpi (M)

E (N/m?)
pso (kg/m?)
Cm (M)
Cs (M)

Kq
(dimensionless)

Y (dimensionless)

AP (N/m?)

8sy (MPa *)
8o (MPa *)
Sy (MPa *)

Adsosy (MPa ')

Adyisy (MPa )

Adpyso (MPa ')

Lc (microns)

B

¢ (dimensionless)

1.67 x 1077
Ri

Ci (M)

Jw (m*/m?” s)
Am

K.

Ji

w»

permeate solute concentration for species “i
compressive Young’s modulus

solvent density

membrane solute concentration

membrane solvent concentration

solute partitioning or distribution coefficient between the
membrane (Cm) and solvent (Cs)

Poisson ratio is the ratio of membrane strain in the direction of
the transmembrane pressure to the lateral strain

transmembrane pressure

solubility parameter of the solvent
solubility parameter of the solute
solubility parameter of the membrane

solute (Js,)-solvent (Jg,) solubility parameter difference or
interactions

membrane (8y)-solvent (8s,) solubility parameter difference or
interactions

membrane (8y;)-solute solubility parameter difference or
interactions

membrane compaction along the membrane thicknesses

dimensionless number relating membrane swelling (Ls) to
compaction (Lc) as the logarithm of the ratio of membrane
swelling (Ls) to compaction (Lc)

membrane constraint taking value of 0 (unconstrained)-1 (fully
constrained)

unit conversion factor

observed membrane rejection of species “i
feed solute concentration for species “i”
liquid membrane flux

osmotic pressure

solvent flux mass transfer coefficient
solute flux of species “i”

w»

solute “i” permeability coefficient
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