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Abstract

Membrane technology is of significant importance in water treatment applications, and also
gaining momentum in other separations, due to advantages such as environmentally friendly
operation, less complex and lower-cost operating conditions compared to alternative options.
To provide for sustainable and efficient membrane-based applications, the selection of
appropriate membranes is crucial. Such a selection is based on membrane characterization,
which offers critical information on parameters such as porosity, average pore size and pore
size distribution (PSD). The two main classes of characterization methods are direct and
indirect, with the latter having a theoretical basis, being more affordable, and also generally
being able to characterize larger membrane areas compared to the direct techniques. This study
reviews the indirect membrane characterization methods, the key theoretical backgrounds of
which are the Young-Laplace equation, Kelvin equation, Gibbs-Thomson equation, and
spectroscopy-based equations. The mathematical details are first presented, followed by the
measurement details and relevant experimental requirements, and finally the studies on
membrane characterization via indirect methods. The advantages and limitations of each

method are also discussed. For a complete understanding of the membrane, indirect methods
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may need to be complemented with direct ones and also with appropriate retention experiments

of the real feeds of interest.

Keywords: Membrane characterization; pore-size distribution (PSD); porosity; porosimetry;

porometry
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1. Introduction

Porous materials have widespread applications in many industrial and research fields. In
particular, membranes are simple, easy-to-operate, and allow for environmentally friendly
applications with inexpensive operating costs and fewer effluents; hence, they have been
gaining importance as an affordable and feasible alternative to conventional separation means
[1]. Loeb and Sourirajan [2] developed the first asymmetric membrane in the early 1960s,
unveiling the complex procedures to overcome the challenges encountered during membrane
fabrication. Apart from the cellulose acetate membrane that made seawater desalination through
reverse osmosis the most dominant process for water supply, innumerable processes in which
membranes are used for wide-ranging separation have sprouted.

To ensure selectivity and permeability in a wide range of separations, membranes differ
significantly in structure and constitution, and consequently in their functional behaviors.
Therefore, it is necessary to adequately characterize the membranes so that they can be properly
selected and/or adjusted for each existing or potential application. This knowledge is also
important for membrane manufacturers to optimize the fabrication parameters during
membrane production for a given separation. Besides, membrane fouling, which causes
decrements in permeate flux over time, is a significant disadvantage in the practical operations
of membranes. Hence, appropriate membrane characterization is a fundamental step in
membrane production, and one of the key factors to better understand the fouling behavior and
stability of the membrane [3]. Characterization of a membrane should lead to *“the most
complete knowledge of its constitution, structure and functional behavior, obtained through the
combined and critical use of adequate methods and techniques”, and thereby allow for
prediction of performance [4].

In membrane applications, the size of the pores present in a membrane is a key factor in
determining its possible applications and capabilities, since typically the pores act as sieves to
govern which feed constituents pass through and which get retained by the membrane. Pore
size characterization includes the determination of (average) pore diameter and pore size
distribution (PSD). The average pore size of the membrane filter allows for a priori
determination of the approximate size of the molecules that would be retained, but a more
complete knowledge of the PSD is required if more precise knowledge of rejection is needed.
The methods for membrane pore characterization can be classified into two classes, namely,
direct and indirect.



Direct methods include microscopy techniques to observe the membrane morphological details,
such as cross-sectional area, surface porosity, pore size, pore shape and PSD [5]. This group
spans all techniques based on microscopic inspection of surface or cross-section of the
membranes, such as scanning electron microscopy (SEM), field emission scanning electron
microscopy (FESEM), scanning tunneling microscopy (STM), atomic force microscopy
(AFM), and transmission electron microscopy (TEM) [6-9]. Although the direct methods
provide benefits such as real-time observation, they also bring some drawbacks like limited
observation area or necessity for coating with a conductive material (particularly for SEM and
FESEM) [24]. To circumvent the drawbacks, the indirect characterization methods, which rely
on some theoretical basis to convert measurements into PSDs [9], are also popular for
membrane characterization.
The indirect techniques that give such complete information about PSD can be generally be
termed porometries (or porosimetries, which is more tied to membrane porosity). The
techniques advanced in the past decades (mostly during the 20th century) can give reasonably
complete and accurate PSD determination for a given membrane filter, based on the acquisition
and interpretation of specific physical phenomena. Also, indirect approaches include those
based on spectroscopy measurements. Even though spectroscopy are categorized as direct
characterization techniques, the collected spectroscopy images can be used with mathematical
expressions to allow for the characterization of sub-nanometer pores, which are not detectable
by other indirect approaches. The underlying equations and associated techniques are listed as
follows:
e Young-Laplace Equation: Liquid Displacement Porometries (LDP), Mercury Intrusion
Porosimetry (HgP)
e Kelvin Equation: Evapoporometry (EP), Permporometry (PmP), Gas Adsorption-
Desorption (GAD)
e Gibbs-Thomson Equation: Thermoporometry (ThP)
e Spectroscopy-based: Positron  Annihilation Lifetime Spectroscopy (PALYS),
Synchrotron Radiation (SR)

Indirect methods are rooted in a mathematical background, allow for the observation of a larger
membrane sample, and the non-spectroscopy methods are generally less expensive than the
direct ones. Table 1 overviews the indirect membrane pore size characterization techniques

reviewed here.



Table 1. Indirect membrane pore size characterization techniques reviewed in this study.

Theoretical Basis Technique Various Embodiments

Gas-Liquid Displacement
Porosimetry (GLDP)
Bubble Point Test

) Liquid Displacement Porosimetry (LDP)
Young Laplace Equation Liquid-Liquid Displacement

Porosimetry (LLDP)

Mercury Porosimetry (HgP)

Gibbs-Thompson Equation ~ Thermoporometry (ThP)

Permoporometry (PmP)

EP in both dead-end and continuous

Evapoporometry (EP pores
Kelvin Equation Pop y (EP)

EP only for continuous pores (AEP)

Gas Adsorption Desorption (GAD)

Positron Annihilation Lifetime

Spectroscopy-based Spectroscopy (PALS)

Synchrotron Radiation (SR)

The projected techniques in Table 1 each have specific protocols that may vary based on the
membrane type and application. Past review studies have summarized the membrane
characterization techniques in various applications. One of the oldest reviews is the one by Kim
et al.[25]. Six different ultrafiltration membranes made of either polysulfone or cellulose were
characterized by using the thermoporometry, permporometry, and molecular weight cut-off
methods. The descriptions of mathematical backgrounds, operating conditions and
experimental setups were presented. Nakao [5] performed another review of the
characterization techniques classified as microscopic methods, bubble pressure and gas
transport method, mercury porosimetry, permporometry, and thermoporometry. A detailed
literature study was done, and the theoretical backgrounds were presented along with the
experimental procedure and evaluation of the results. At the beginning of 2000, Zhao et al. [26]
updated the literature with a review on hollow-fiber membrane characterization via microscopic
techniques, thermoporometry, water permeability, and molecular gas transport models.
Recently, Rahman et al. [27] summarized the indirect membrane pore size characterization
techniques specifically for ceramic membranes. The experimental procedures and results of the
gas adsorption-desorption, themroporometry, permporometry, bubble point, liquid



displacement method, and mercury porosimetry techniques were explained and compared to
one another. Several other reviews and books on membrane characterization have been
published over the years, from more recent papers [28-30] to books [31], or book chapters [4].
All the foregoing review studies enlightened researchers about the characterization techniques
available to provide both structural and performance-related information of the membranes [29-
33].

Following the outcomes and discussions of the review studies to date, this study was aimed at
presenting an updated, comprehensive, and more detailed review of the indirect membrane pore
size characterization methods. The current study compiled past to present studies on the indirect
methods depicted in Table 1, including both conventional ones and newer ones like
evapoporometry (EP), along with the spectroscopy-based ones that allows for characterization
of sub-nanometer pores. Also, in order to give a better understanding of the relationship
between the experimental procedure and mathematical background, this study gives the
theoretical backgrounds of the indirect methods with their derivations, an analysis of the
assumptions and basis, as well as the different operational modes and the commercial setups
available for each technique. Finally, some results demonstrating the features, potential and
drawbacks of each technique will be commented on. In the following pages, the theories,

techniques, and studies are presented in sequence; then, some perspectives are given.
2. Indirect Method Theories

2.1. Young-Laplace Equation

The Young-Laplace equation, which describes the pressure difference across the interface
between two static fluids, is of fundamental importance in the study of the capillary phenomena.
In its more general form, the Young-Laplace equation expresses the pressure difference (4P) at
the interface between two immiscible fluids for a general geometry as:

AP =2 yH (1)
where y is the interfacial surface tension of the immiscible fluids and H the interface curvature.
Based on geometric considerations, this curvature can be obtained from two main curvature

radii as:

Hzl(l_l_l) @)

2 1 )
where ry and r; are the principal radii of curvatures for the interface. For the case of a cylindrical

tube (i.e., the ideal membrane pore), the Young-Laplace equation must be modified to include



the contact angle (8) between the spherical meniscus formed in the inner pore and the pore wall,

such that the pressure differential 4P for a pore of diameter d is given by:

4p =22 3)

where y is the interfacial surface tension of the immiscible liquids, and & is the contact angle
between the interface and the pore wall. For the case of a membrane, which is made up of a
myriad of pores that can be simplified as straight-through cylinders with a range of diameters,

Eq. (3) can be applied to determine the PSD by measuring the range of AP values [9].

2.2. Kelvin Equation
The Kelvin equation is used in various indirect membrane characterization techniques such as
evapoporometry (EP), permporometry, and gas adsorption-desorption. The derivation of the
Kelvin equation accounts for the effect of surface curvature on the thermodynamic equilibrium
of a pure liquid. As illustrated in Fig. 1, the interface between the liquid and its vapor phase can

either be planar (Fig. 1a) or a positive curvature (Fig. 1b).

a) b)
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Fig. 1: Thermodynamic equilibrium of a pure liquid with its vapor phase: (a) planar interface,

and (b) positive curvature interface.

The chemical potential of a liquid and its vapor phase must be equal to each other at

thermodynamic equilibrium, as defined in Eq. (4):

du, = duy (4)

where u denotes chemical potential, and the subscripts L and V represent the liquid and vapor
phases, respectively. The liquid and vapor phases have the same total pressure at Py, but a
positive curvature (Fig. 1b) means that the liquid phase has a higher pressure (P, ) than the vapor

phase (Py). For a planar interface (Fig. 1a), incorporating the ideal gas law gives:

VydP = V,dP = V,dP = RT (5)



where molar volume is denoted by V. By assuming constant liquid density, integrating Eq. (5)

allows us to relate the pressure for a positive curvature (Fig. 1b) to that for a plane (Fig. 1a):
V,(P, — Py) = RTlni—: (6)
Re-arrangement of Eq. (6) gives:
V,(P, —Py) —V,(Py — P;) = RT ln% @)
Invoking the Young-Laplace equation:
PL—PV=(%1+i)ycosH (8)

where r; and r,, are the principal radii of curvature of the curved interface, @ is the liquid contact
angle in a pore (at the gas-liquid interface), and y is the surface tension. Assumingr; =1, =r

for a hemispherical interface in a pore, Eq. (7) can be re-expressed as

2Vl —V,(Py — P,) = RTIn )
0

Neglecting the second term on the left-hand side, because it is significantly smaller than the

first term, gives the Kelvin equation:

P 2V,y cos @
In£Y — 2Veycosd
Py RTT

(10)

If the liquid phase has negative curvature (as opposed to the positive one in Fig. 1b), the right-

hand side of the Kelvin equation (Eq. (10)) takes on a negative sign:

ln& _ _ 2VLy cos @ (11)

Py RTT

For the EP method for membrane PSD characterization, the Kelvin equation is adapted as

follows:

Py 4Vy cos 6
InZe=—"2ar
A

(12)

where T is the absolute temperature during the EP experiments, V' is the molar volume of liquid,
P? and P, are the normal vapor pressure and vapor pressure of the volatile wetting liquid,
respectively.. According to Eq. (12), the vapor pressure of the liquid is related to the diameter
of the pores, and therefore the pore diameters (d) of the membrane can be calculated if the range
of P, values are known. The ratio of vapor pressures in Eq. (9) is equivalent to the ratio of the

evaporation rates, since the driving force for evaporation from the pores is the differential vapor

10



pressures. Hence, instead of P,, Eq. (12) can be defined by the evaporation rate above a flat

liquid layer without a vapor-pressure depression, W,, as shown in the following:

4Vy cos 6
d=— 13
R A (13)
Wa

The evaporation rate, Wy, can be determined via the mass change in the test cell holding the
membrane. Per the evapoporometry (EP) method, placement of the test cell on a load cell or a
high-resolution microbalance permits this determination. The Kelvin equation underlies the

evapoporometry, permporometry, and gas adsorption-desorption methods.

2.3. Gibbs-Thomson Equation
The Gibbs-Thomson equation, which underlies the thermoporometry technique for
characterizing membrane PSD, describes the thermodynamic equilibrium conditions of the
solid, liquid, and gas phases of a pure substance inside the porous medium. The liquid amount
in the porous material depends on the pore size and inherently affects the interfaces during
phase transformation. Brun et al. [34] presented a detailed derivation by using a combination
of theoretical, numerical and experimental approaches. To develop the Gibbs-Thomson
Equation-based means for pore size characterization, all the phases of a substance are denoted
by the subscripts of i, j and k. The Gibbs-Duhem equations are expressed as follows for the

phases and interphases, respectively:

where S is entropy, T is temperature, u is chemical potential, m is mass, y is interfacial tension,
V is volume, and P is pressure. It should be noted that the second term of Eg. (15) is obtained
via the Laplace equation that defines the pressure difference with respect to the interfacial

tension, area and volume:

dAL'j
Y de

P—P =y (16)

At the thermodynamic equilibrium of a pure substance at the triple point, all the chemical
potentials (phases and interphases) become equal to one another, as expressed in the following

differential equation:

(B2 - 22 ar = d (v S2) - —d (v 52 (17)

Vs—vy VL—Vs Vy—Vs VL—Vs

11



where the solid, liquid, and gas phases are denoted by the subscripts S, L, and V, respectively.

According to Eq. (16), the term %, which can be defined as the curvature of two of the three
]

interphases, must be known to find the temperature at the triple point. This is challenging for a

porous medium [34], but it can be assessed in the region where the gas-solid interphase is

> v,. Also, the term s; — s, can be

defined as the solidification entropy of the condensate, AS, and thereby Eq. (17) can be re-

written as follows:

dA
ASpdT = V,d (vs, dVSL) =0 (18)

2/R,,, where R,, is the curvature radius of the spherical solid-

liquid interphase. Hereby, we obtain:

Lo L " (19)

Rn  2ys.-To Vi

The solidification entropy of the condensate, ASs, is not a measurable term, but it can be
expressed via thermodynamic state functions. Assuming incompressible flow, AS is defined as

[34]:

5y = 05, + [T 5ar + [(22) —(2) |- +[(2) | -2 (@0

where AS,, is the normal solidification entropy, c the specific heat capacity at constant pressure,
Ps the vapor pressure of the undivided solid at the corresponding temperature, T. Following the
Laplace equation (Eq. (16)), Eq. (19) and Eq. (20), the relationship between R,, and temperature
can be defined as:

pg— P, =2t — [T gy (21)

Rn To vy,

Eq. (18) simply deduces that the relationship between the curvature radius of the solid-liquid
interphase and the temperature can be explained if the solidification entropy of the condensate
can be solved. According to the abovementioned theoretical development, the term AS; can be
calculated for liquids with respect to their thermophysical properties that define the state
functions (see Eq. (17))[34]. As for the solid-liquid interphase, the curvature radius is also
called the radius of the critical nucleus for the applied liquids. To determine R,,, it is required
to find the peripheral layer thickness of the condensate that does not undergo a change of state.

For this purpose, a calorimeter is used and the required values of the terms y5; and R,, can be

12



obtained for the corresponding liquid. In addition to yg, and Ry, the pore radii, R, can also be
determined. By this way, the term R, can be measured via the triple point temperature
depressions at the solidification and fusion cases. It must be noted that these measurements are
unique for the liquids. In the thermoporometry methods, which use the foregoing theoretical
explanation, the temperature depressions are observed by using thermograms at both
solidification and fusion cases. Following the thermogram observations, calorimetry
measurement, and theory, the relationship between R,, and temperature can be expressed in Eq.

(22) and the equation of the distribution curve in Eq. (23):

__4
R,=—-—-+B (22)
AV AT?
Ry = KWy (23)

where A and B are the constants obtained from the numerical solutions (e.g., A = 64.67 and
B = 0.57 for water [34]), k the sensitivity of the calorimeter setup, and W, is the apparent

energy (e.g., solidification energy).
2.4. Spectroscopy-Based Theories

2.4.1. Positron Annihilation Lifetime Spectroscopy (PALYS)
Positron Annihilation Spectroscopy (PAS), which was developed for electronic structures, is a
direct observation method that can be used for membrane pore size characterization through
analytical modeling of the collected images [35, 36]. Compared to the well-known direct
observation methods like TEM and SEM, PAS can better determine sub-nanometer-scale
membrane pores, which makes it attractive for reverse osmosis (RO) and tight NF membranes.
When PAS is used to analyze membranes or other porous materials, the technique is usually
named Positron Annihilation Lifetime Spectroscopy (PALS) [35], which is based on measuring
the lifetime spectrum of positrons [37, 38]. PALS is superior to other established indirect
methods such as GAD and similar differential scanning calorimeter approaches due to the
advantage of detecting sub-nanometer pores [30, 39], thereby allowing the characterization of

the active skin layer of RO and tight NF membranes.

In PALS analysis, positrons are injected into the RO membrane sample, and either annihilated
with the electrons to two y rays, or combined with the electrons to form a positronium (Ps)
atom with a vacuum binding energy of ~ 6.8 eV [40]. Two different Ps states exist, namely,

antiparallel-spun (para-Ps or p-Ps) and parallel-spun (ortho-Ps or o0-Ps) with respect to the

13



spinning positioning of the positrons and electrons. In the p-Ps state, the total spin is 0 and the
intrinsic lifetime (7,,_p) is approximately 0.125 ns with two- y decays, while the total spin is
equal to 1 and the intrinsic lifetime (z,_ps) is up to 142 ns with three or more y decays. In
polymeric membranes, t7,_ps IS 1 to 5 ns since the positron is annihilated with one of the
surrounding electrons in an opposite spin [35, 40]. The free-volume holes in the membrane can
be detected by PAS data because the annihilation photons move in these open spaces. Earlier
studies [41, 42] correlated the measured t,_p,; with the free-volume hole radius, 7, as shown
in Eq. (24):

-1
To_ps = [A (1 - 4 Zsin ﬂ)] (24)

Ty +ATfy 21 T+ ATy

where 4 = 2 ns! is the annihilation rate of spin-averaged Ps and Ary,, = 1.656 A3 is the valid
homogeneous layer for polymers [40]. As with other indirect methods, the holes are assumed
spherical structures so that the radius can be defined as r¢,,_q = 73, + Ary,,. For this assumption,
the volume of the spherical structure can be written as in Eq. (25):

_ 4—TL’7'fv3

Ve =—— (25)

PALS achieves very sensitive results, but it must be noted that the operating conditions should
be maintained well for accurate results, because fluctuations of the operating parameters can
negatively affect measurements and result in uncertainties [43]. The simplified experimental

setup schematic of the PALS method is shown in Fig. 2.

Slow e"
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..................
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Fig. 2: Simplified experimental schematic of the PALS technique (redrawn and modified from Ref.

[35]).

2.4.2. Synchrotron Radiation (SR)
Synchrotron radiation (SR) is the electromagnetic radiation produced by a synchrotron storage
ring that accelerates charged particles nearly to the speed of light when those charged particles,
relativistic electrons, are expedited in a circular path by strong magnetic fields [44, 45]. After
passing through the membrane, the electrons are detected and the intensity image allows for
interpretation of number and size of pores. SR sources provide opportunities for real-time
studies, owing to their spectral properties such as continuous wavelength spectrum generation
and luminosities production with a large range of spectrum [46]. Therefore, it provides chemical
imaging analysis with high resolution [47], which can be used towards membrane pore size

characterization, in the same manner as other membrane microscopic images.

3. Young-Laplace Equation-Based Techniques

3.1. Liquid Displacement Porosimetry (LDP)
Liquid displacement porosimetry (LDP) consists of gas-liquid displacement porosimetry
(GLDP) and liquid-liquid displacement porosimetry (LLDP) techniques. Their very first use
was for the bubble point test, which will be presented first.

3.1.1. Bubble-Point Test

As the first technique based on the Young-Laplace equation (Section 2.1), the Bubble Point
method was used to analyze the size of the pores present in a filter [48]. The method is now
commonly used by membrane manufacturers to assure the integrity of their products. Several
devices have been developed by the main membrane companies which commercialized them
as Integrity Tests (i.e., obtain the maximum pore size and compare with the expected value to
determine the suitability of the membrane for use), for example, Integritest 5 (Millipore), BP
Tester (PMI), Flowstar 1V (Palltronic) or Sartocheck 5 (Sartorius) [49]. They are based on the
primal idea of Bechhold [48].

The chief problem with using this technique as the integrity test is the relatively high surface
tension of the air-liquid interface. In the original work by Bechhold [48], water was used as an
impregnating fluid. Since the water-air interface has a surface tension of 72.8 mN/m, a pressure

of around 15 bar is needed to analyze a membrane with a maximum pore size of 0.2 um. Later

15



on, researchers found better wetting fluids, but even using typical halogenated fluids to wet the
membrane (which assure almost perfect membrane wetting with low contact angles that, for
practical purposes, can be taken as zero), the surface tension with air is around 16 mN/m, which
means that analyzing a membrane having a maximum pore size of 5 nm requires a pressure of
64 bar. Such high pressures could lead to membrane structure distortion, compromising the
feature that the technique is supposed to characterize. Because of the high pressures associated
with small pore sizes, the Bubble-Point Test is commonly used for microfiltration (MF) and
ultrafiltration (UF) membranes.

According to the Young-Laplace equation (Section 2.1), the pressure needed for the first air
bubbles to appear corresponds to the displacement of the liquid in the largest pores by the gas.
Obviously, further increases in gas pressure do not serve to give information about smaller
pores, since new air bubbles cannot be distinguished from initial ones. Therefore, the method
cannot be considered suitable to obtain the PSD of a membrane, except in the idealized case of
a completely homoporous membrane (i.e., all the pores are of exactly equal sizes).

The bubble point technique was firstly applied to characterize larger membrane sample areas
[50, 51]. It successfully tested the cartridges with polypropylene capillaries and flat polyamide
membranes which have filtration areas from 0.5 m? to 6 m? [52]. The method was also used for
the characterization of several track-etched microporous polycarbonate membranes with
nominal pore sizes ranging between 0.1 - 5.0 um [53] as well as ceramic membranes with
different configurations (namely, flat sheet and tubular alumina membranes) [54]. Moreover, it
has been used for the characterization of supported ionic liquid membranes by using different
porous flat sheet supports [55]. Appropriate membrane cells have been designed to analyze all
possible membrane configurations, from flat to tubular or hollow fibers with this technique
[56]. In addition to membrane studies, the method was used to characterize the PSD of various
geotextile samples [57, 58]. There were some efforts made to improve the measurement method
of the technique including a modification of the conventional bubble point method to determine
the narrowest constriction in a tortuous pore (i.e., pore-throat) of membranes [59]. Instead of
relating the first bubble to the largest pore throat as in the conventional bubble-point test, the
modified method is based on the relation between the last bubble and the largest pore-mouth.
Also, a numerical method was developed to analyze the bubble point test by considering the
surface tension effect at the gas-liquid interface and validated with experimental results of

track-etched polycarbonate membranes [60].
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3.1.2. Gas-Liquid Displacement Porosimetry (GLDP)

3.1.2.1. Model

The original idea on bubble-point [48] only served for the evaluation of the maximum pore size
present in a filter, but the technique can be easily extended to obtain information on the whole
PSD through increasing further the pressure after the first appearing bubbles. As the pressure
progressively increases beyond the bubble point, successive pores of decreasing sizes gradually
empty, giving rise to the GLDP technique, which is a combination of the bubble point test and
solvent permeability method to obtain the PSD of the membrane [61]. The method was later
improved to take into account the surface energy at the gas-liquid interface [62, 63]. In effect,
GLDP involves the measurement of the gas flow through the membrane pores to get
information on the PSD. To convert the gas flow increments into the contribution of newly
opened pores, a transport model is needed. A simple choice could be to use the Hagen-Poiseuille
law for convective flow inside capillaries, mostly valid at the typical applied pressures and pore
sizes involved. However, this model predicts a linear relationship between flow and pressure in
all ranges, whereas experimentally some non-linearity of the flow curve as pressure increases
can be observed. This is because the Knudsen diffusion model should be factored in for pores
whereby the mean free path of the gas molecules, 4, is much lower than the capillary diameter.
In fact, calculations usually consider some sort of combination between both models of flow.

Schneider and Uchytil [64] showed the discrepancy between GLDP results and real pores due
to the improper consideration of the gas transport models involved. Hernandez et al. [53]
proposed to resolve such discrepancies between flow models by incorporating a smooth
transition from Knudsen diffusive flow to Poiseuille convective one. With such an approach,
GLDRP calculation resulted in a much more accurate agreement with actual PSD and porosities
of the test membranes. Another approach by Shao et al. [65] proposed that the contribution of
Knudsen diffusion in GLDP can be effectively suppressed by an appropriate selection of the
pore-filling liquid. Departing from the simple idea of Erbe [61] and using different modeling
for PSD calculation, several commercial types of equipment were developed, including

automatic data acquisition coupled with subsequent derivations of PSD.

3.1.2.2.  Commercial Equipment
The first commercial equipment appearing in the market was the Coulter Porometer, but this
successful equipment (especially the improved version, Coulter Porometer 11) shortly ended

fabrication and Beckman, which acquired the porometry division of Coulter, discontinued its
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production. Among other GLDP devices, that of PMI (Advanced Capillary Flow Porometer its
latest version) deserves a commentary, since it is one of the first in the market that claims to
characterize pores down to almost the nanometer range. Other air-liquid porometer
manufacturers are Quantachrome (featuring Porometer 3G) and Porometer (a company
originated at Benelux Scientific which features the Porolux 1000 as the latest version).

From an experimental point of view, all types of GLDP equipment in the market use a quite
similar approach. The first step involves filling the membrane to be analyzed with a liquid that
enters all the pores. Then, the membrane is placed in a dead-end cell and subjected to increasing
pressures by controlled air supply. As pressure increases, it reaches a value corresponding to
the bubble point of the Bechhold method, when the biggest pores in the membrane are opened
and the air starts to flow through. As pressure continues to build up steeply, pores of decreasing
sizes are progressively emptied and the flow of air through the membrane increases. A flow
meter placed downstream allows determining the successive gas flow increments. The pressure
applied and the size of the pores opened at each pressure are related through the Young-Laplace
equation (Eq. (3)), whereby the contact angle at the air-liquid-membrane interface plays a key
role. The contact angle depends on membrane-liquid interaction, and therefore different wetting
liquids with appropriate hydrophilicity/hydrophobicity characteristics should be used for
analyzing different membranes. However, in practice, the choice of liquid is very complicated
and risky, as very often the membrane characteristics are not known. Therefore, generally, a
more or less standardized liquid, which exhibits both hydrophobic and hydrophilic radicals and
thus able to wet reasonably well all kinds of membrane materials, is used. Other desirable
features of wetting liquids include low surface tension, low vapor pressure, and low reactivity.
Perfluoro halogenated compounds are the most successful liquids that meet such requirements
and accordingly most GLDP manufacturers usually supply these liquids (e.g., Porofil®,
Silwick®, Porewick®, Galwick®, with the latest based on different configurations of
Fluorinert®) to their customers [53]. It should be noted that these liquids pose environmental
and health concerns, and therefore they should be properly managed, stored, and disposed.

A plot of airflow downstream of the membrane versus applied pressure is usually called a wet
flow curve, as shown in Fig. 3. Most GLDP equipments perform a second run starting from the
initial pressure and repeating again all pressure steps. Once more airflow values are recorded,
the plot of these new values results in the dry flow curve. From the comparison of the PSD’s of
both curves, other important related parameters such as porosity, mean pore size, mean flow
pore, or estimations of membrane permeability are obtained. A combination of convective flow

(Hagen-Poiseuille) and diffusive flow (Knudsen) models are used for converting flow-pressure
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information into the contribution of each pore size to the total permeability [53]. This method
is also known as Capillary Flow Porometry [66], Liquid Extrusion Porosimetry [67], or Flow
Permporometry [68], but all of them refer to the same procedure. Most equipment use some
form of a data-smoothing algorithm for the typically more than 200 pressure steps in a complete

analysis to result in approximately Gaussian PSDs.
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Fig. 3: A representative wet flow curve (modified and redrawn from Ref. [69]).

After the appearance in the market of the automated setups, the GLDP technique has been
extensively applied for membrane characterization. Thanks to its capabilities, not only can
synthetic membranes be studied through GLDP, but it can also be used to obtain porosity
information for many other porous materials, although only information about pores traversing
both sample sides (i.e., only pores that contribute to flow) can be obtained. The upper pore size
limit can be extended to 200 microns, which makes this method possible to use to characterize
all kinds of sieving filters, along with woven and non-woven textiles [4]. Regarding the lower
limit of applicability, it depends strongly on the properties of the wetting liquid (namely, both
contact angle and surface tension), but for most liquids and commercial porosimeters, the
technique can be used down to 50 nm by using applied pressures of 14 - 15 bar. Some companies
offer GLDP porosimeters that are able to measure pore sizes as small as 13 nm, but it is worth
noting that pressures as high as 34 bar would be needed, which increases the risk of membrane
failure and structure distortion. For such smaller pores (roughly under 50 nm), LLDP (which

will be detailed in the next section) offers advantages in terms of lower applied pressure and
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accuracy that should make it more practical compared to GLDP. It has been used to obtain
PSDs for many research or commercial membranes [70], including flat-sheet [71], nanofibrous
[66, 72], and hollow fiber [73] membranes. A number of researchers used GLDP to characterize
ceramic membranes, including the maximum pore size of porous TisSiCz [74], the mean pore
size of the Al>Os tube substrate coated with pencil lead and carbon membrane [75], and pore-
throat size [59]. Also, in the literature, some patents related to different applications of GLDP
can be found [52, 76]. A recent work by Mourhatch et al. used porometry to determine the PSD
of silicon carbides, approximately modeled as a bundle of capillaries [77]. The technique has
been also used to study membrane fouling [78-80], accounting for the decrease of mean pore
size and shifting of PSD due to foulant deposition inside the pores. As a reference technique
for porous membrane characterization, it has been quite often used to evaluate pore size
characteristics of membranes compared to different techniques (e.g. HgP, SEM, porometry,
image analysis) [68]. Recent papers continue to model the gas flow to increase the accuracy of
pore number calculations [81, 82]. As a reliable and robust method for the characterization of
MF membranes, fibers, and non-woven textiles, GLDP has become a recommended standard
[83, 84]. The GLDP has been also used to test the accuracy of newly proposed characterization
methods due to its recognized reliability [85].

The Liquid Extrusion Porosimetry is a variation of the GLDP technique based on the contact
between the sample to be analyzed and a membrane having pores much smaller than the sample,
known as a capillary barrier membrane. The sample and capillary barrier membranes are
completely immersed in the wetting fluid, and the wetting fluid is extruded from the sample
under gas pressure [86].

Jen and Gupta developed the method to be applied for different porous samples for PMI [87].
This setup has been used by Manickam and McCutcheon [67] to study several types of non-
woven MF membranes. The method can be simplified also to determine the Liquid Entry
Pressure (LEP)[88], and the PSD of hydrophobic samples [89]. The method has been used
recently to determine the capillary pressure (imbibition and drainage curves) for polymer
electrolyte membrane fuel cells (PEMFC), which is an important parameter to assess the
performance of a fuel cell [90]. IFTS (Institut de la Filtration et des Techniques Séparatives)
has designed a commercial setup to accomplish such LEP characterization adapted for the fuel

cell.
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3.1.2.3.  Pros and cons

The GLDP offers some advantages over other PSD characterization methods, including (i) non-
destructive [68]; (ii) as a flow-based PSD technique, it determines the smallest diameter in
continuous pores that are open to flow; and (iii) minimal sample preparation, small footprint
and simple procedure [9]. On the other hand, drawbacks include: (i) indirect and thereby
requires assumption of pore geometry; (ii) limited accuracy in measuring pressure and flow
rates; (iii) problematic for low-porosity samples; (iv) PSD compromised by interconnecting
pores and affected by choice of wetting liquid [91]; and (v) inability to characterize biofouling
layer and difficult to correct for adsorbed t-layer.

A quite common criticism against GLDP and related techniques is that the method cannot
distinguish between different inner pore geometries [68], but only determines the narrowest
section across the pore (i.e., throat diameter). Certainly, this criticism is true and therefore the
technique is limited in properly analyzing inter-connected pores. But this drawback is not as
critical for most membranes applications, where pores act as sieves (which is very often the
case), and thus the smallest pore cross-section dictates the feed constituents that pass through
or get retained by the membrane, consequently determining the performance in terms of
separation extent and selectivity. Certainly, for other uses of membranes (not as sieves), as for
example membrane contactors, where the inner structure is more important than active layer
pores, the researcher could use different membrane characterization techniques that give a
better picture of the inner pores. Another important criticism against liquid displacement
porometries, raised against both GLDP and LLDP, concerns the assumption of certain geometry
to interpret and convert measured data into PSD. Effectively, when using any transport model
(Knudsen, Poiseuille, or a combination of both), generally it is assumed that pores are perfect
cylindrical capillaries crossing the membrane normally from one side to another. However, the
cylindrical geometry is only true for very few test membranes, while more complicated
geometries exist for most membranes. This problem has been circumvented sometimes by using
different kinds of structural parameters, with a more or less empirical basis, to account for the
differences between the actual geometry and the cylindrical one. These issues are similar to the
usual criticism attributed to all the Washburn equation-based (which defines the differential
capillary fluid flow rate in a cylindrical tube) techniques. To have a clearer idea about the
pertinence of such an assumption, some comments are warranted. Notably, pores are often so
irregularly shaped that they cannot be considered any sort of tube but are rather tortuous
pathways that remain open between the complex structures formed during the membrane

manufacturing process. These pathways, along with cross-sections clearly differing from
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circular ones, exhibit significant variability of the diameter so it is almost impossible to mimic
any portion of any ideal tube. Since the Laplace equation gives the highest pressure that is
needed to intrude the fluid inside the porous structure, the pressure corresponds to the pressure
required to pass the narrowest section of the pore. Even for non-tube-shaped pores, the cross-
sections of some portion of the pore, particularly around the neck, can be considered more or
less constant (see Fig. 4). The Washburn equation refers to such cross-sections, and so gives
information about the minimum section found inside the pore, which governs the flux and

separation potential of that pore.

N

Fig. 4: A simplified cross-sectional view of a non-cylindrical-shaped pore structure.

Regarding the shape of this cross-section, it is expected to be very different from a circular one,
such that the Washburn equation again loses validity. Nevertheless, if we consider the original
Young-Laplace equation, even an irregularly shaped meniscus should have a curvature that
could be defined from the principal curvature radii (R: and R2). Those radii are related to the
dimensions of the cross-section of the pore, with one of them corresponding to the maximum
dimension and the other to the minimum dimension found in that section. These could be length
and width for a rectangular section or major and minor axes for an ellipsoidal one. When we
substitute the complete Young-Laplace equation for a simplified one, we are considering that
we move from an irregular shape to a circular one, in such a way that both have the same area.
The error made in such approximation can be more or less evaluated. In effect, if Rqis between

both extreme curvature radii, then we have:
R, ~ R, — AR
R, ~ Ry + AR (26)
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So, the corresponding term in the precise Young-Laplace equation is:

1 1 1 1 1 1 1
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where the incremental term, AR/Rq, could be very small. This expression can be extended as a

sum of power factors as follows:
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The second term on the right-hand side can be neglected, supposing that (AR/Rq) << 1. This

assumption can easily hold true for most of the typical pore geometries, except for slit-shaped

pores in which Ry = Rq, and R2 — «. So, the Young-Laplace equation becomes:

Ap = e (30)

Rg

This is the circular geometry that usually assumed, though such pores are not so frequently
found. What we are obtaining when using the simplified Laplace equation is a pore size that
somehow averages the extreme real dimensions of the actual pores. This can be easily assumed
as a convenient standard while leaving to researchers the effort to make more accurate
approximations when needed.

An error also stems from converting the directly measured data for each technique (differential
flows for both gas-liquid and liquid-liquid porometries, or differential intruded volumes for
mercury porosimetry) into PSDs. Usually, the differential distributions experimentally obtained
in the commercial devices using each technique are subsequently converted into distributions

(relative or absolute) of pore numbers, which requires a suitable model for the pore geometry
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in such a way that each flow or volume is converted into the corresponding number of pores
contributing to that differential value. As already mentioned, this step is commonly
accomplished by using a capillary pore model for the pores or even considering the Carman-
Kozeny equation for granular structures or other convenient transport models. There is no need
to explain again the errors that this procedure can give, as far as it would convert the technique
in question into a model-dependent source of information. In that sense, a reasonable idea, at
least for standardization procedures, could be to give these distributions as directly measured
values, leaving to the user the interpretation of the actual shape of the pores which can be then
easily converted in absolute pore numbers. Correspondingly, most PSDs could be compared
directly using both flow and volume differential distributions, giving the range (maximum,
minimum and mean pore size) along with the shape of the distribution (skewed, log-normal or

Gaussian distributions) for ready comparison among membranes.

Another source of error found in the interpretation of GLDP results is tied to the need to know
the actual pore length to calculate the absolute number of pores of each size. This length is
usually identified with the membrane thickness for symmetric membranes and active layer
thickness for asymmetric ones. In either case, an assumption is made that the pores are normal
to the membrane surface with no tortuosity. But the actual thickness is challenging to evaluate
(especially for asymmetric membranes), and furthermore the pore length cannot be accurately
quantified by filter thickness in view of tortuosity. Recent work has improved data
interpretation by determining the tortuosity factor for each pore class in the distribution [92].
Another important point of controversy is associated with the contact angle to be used, which
is a difficult-to-evaluate parameter that is not always known for each membrane material and

structural configuration.

3.1.3. Liquid-Liquid Displacement Porosimetry (LLDP)

After the reasonable success of the GLDP technique, particularly with commercial devices
flourishing in the market, the next natural step should have been to extend the technique to
lower pore sizes. As commented in the previous section, the typical lower size range of GLDP-
based porometers is approximately 50 nm, which restricts the application to MF membranes or
very open UF ones. For analyzing membranes with pores smaller than 50 nm (as usually found
in typical UF or NF membranes), the air-liquid interface requires high pressure that would
impact the membrane structure. To this end, Liquid-Liquid Displacement Porosimetry (LLDP)
circumvents the drawback by making use of a liquid-liquid interface (rather than a gas-liquid
interface) inside the pores.
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3.1.3.1. Model

Since the transport mechanisms of liquids and gases are not the same, the approaches used to
convert GLDP data into PSD are not valid for LLDP and must be adapted to account for the
liquid transport features. In fact, the liquid transport, being convective at the pressure conditions
used, needs only a simple Hagen-Poiseuille model for convective transport inside capillary
tubes in most cases. Two different approaches to making such conversion can be used, both
leading to similar results. The first one is based on a graphical (or numerical) calculation of the
successive permeability increments, after which the Hagen-Poiseuille model is used to
determine the number of pores needed to get such permeability increment as the liquids in the
bigger pores are displaced [93-95]. The second involves a differential method for continuous
calculation that can be also adapted for a group of discrete data points [96]. Both methods lead
to similar results as both make use of convective transport modeling. It is clear that LLDP shows
many similarities with GLDP, with similar advantages and drawbacks. Recall that the only
difference between the two techniques is the use of a gas-liquid-solid versus a liquid-liquid-
solid interface, the latter of which results in a reduction of the surface tension of the
corresponding interface. As a result, the size of the pores that can be detected at reasonable
pressures is much smaller for the LLDP relative to the GLDP.

The LLDP uses two immiscible liquids to perform the porosimetric analysis. Between the two
liquids, the one with a higher affinity with the membrane material is normally employed to wet
the membrane (named as the wetting liquid, whose key role is to get the most complete possible
wetting of the membrane by filling all the pores), while the other liquid (namely, the displacing
liquid) with lower affinity displaces the wetting one. It is possible for the roles of these liquids
to be switched depending on membrane characteristics [97]. The pore size of the membrane is
calculated based on the applied pressure, which is a function of the interfacial tension between
the two liquids. In this method, it is assumed that the pores are cylindrical and distributed non-
uniformly. The pressure, 4P, to be applied to push the displacing liquid inside a pore of a given
size, which is filled by the wetting liquid, can be described by the Young-Laplace equation [9]
(see Egs. (1) to (3)). The mechanism of displacement is determined by the actual pressure, the
liquid surface tension, and the pore size, while the value of contact angle 9 is considered to be
zero based on the assumption that the membranes are completely wetted by the wetting liquid
[97]. Similar to what happens at the gas-liquid interface, the displacement phase will not be
expelled from any pore if the applied pressure is insufficient to override the interface surface
tension for the biggest pore (more specifically, the narrowest section of the widest pore) present

in the membrane. As shown in the case of 4P<A4Pw in Fig. 5a, where 4P is the threshold
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pressure (or the bubble point per GLDP nomenclature, even though in this case there is no
bubble appearing across the membrane, but instead drops of the displacing liquid surrounded
by the wetting one and normally indistinguishable from each other), the displacing liquid is
unable to displace the wetting liquid from the pores. When the pressure is increased to 4P
(Fig. 5b), the displacing phase can overcome the minimum surface tension and start to penetrate
through the membrane (i.e., expel the wetting phase) via the largest pores (dmax). At this
pressure, the flux of the permeating liquid permeating through the pore with radius ri will be
Jin. The pore with radius r<ri will be permeated by the displacing liquid only if 4P>AP, (Fig.

5¢) and any further pressure increase will give a proportional increase of the flux across the

a) AP¢

AP<AR,

membrane.

Active
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Fig.5: The gas-liquid interface for different membrane pore sizes at different pressures (AP):
() AP<A4Pw (b) AP=APw, and (c) AP>AP [97]. AP is the threshold pressure, or the bubble
point per GLDP nomenclature, even though in this case there is no bubble appearing across
the membrane, but instead drops of the displacing liquid surrounded by the wetting one and

normally indistinguishable from each other.

For each increasing pressure step, the corresponding flux (Jw) is measured to obtain the curve
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of flux versus pressure (Fig. 6), and thereby pore radius rin values represented by the
permeability of the membrane (i.e., flow:pressure ratio) are obtained [9]. Therefore, by
measuring the equilibrium pressure drop corresponding to each increment of flux, a PSD of the
membrane can be evaluated in terms of the contribution of each pore size with liquid displaced
to the whole membrane permeability (often termed as asymptotic permeability, which
corresponds the point at which all the pores are emptied of the wetting liquid). We can calculate
the contribution of each pressure-flow step in the permeability distribution, and eventually the
pore number distribution from the threshold step until asymptotic permeability (th = 1, ..., k)
(Fig. 6) ). It is common to assume that the geometry assumption is not so restrictive, since many
pore geometries can be simplified to a bunch of more or less cylindrical pores [98] having a

radius equal to the narrowest section of the actual pores found in the membrane matrix.
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Fig. 6: A representative pressure vs flux curve[9].

With micro-sized pores, the laminar flow should prevail and hence the water flow rate Qn

drained from dmax can be described by Darcy’s law:

_ ktnAenAPep
Jih=—""

o (3)
where ki is the intrinsic permeability coefficient of the displacing liquid at dmax, A is the total

area of the largest pores, 7 is the dynamic viscosity of the displacing fluid and | the pore length

(which corresponds to the active layer thickness) [99]. For convective transport of liquids (see
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Fig. 5), the Hagen—Poiseuille model for the flow-through capillary pores can be used to derive
the PSD:

_ Ngm T‘,?Pk

onl (32)

Jk

where 7, is the pore diameter of the pores with liquids displaced in the k™ step. For each
increasing pressure step, APy, a corresponding volumetric flow, Jx, was measured.

The algorithm developed by Grabar and Nikitine [96] is essentially a differential algorithm,
which requires the continuous curve of permeability variation for derivation. In this case, to

directly use the obtained experimental data, the following equation is employed:

l
N (d) = %ALk (33)

where Nk represents the number of pores of radius ry, i.e., in the k' class per unit membrane
surface; ALk is the ratio of successive flow and pressure increments between two experimental
consecutive points (i.e., 4L= (I — J1)/(dpi —dpi -1)); and L corresponds to the k™
experimental permeability (i.e., Lk=Jw/4p«k). 4Lk and Lk represent the porosimetric curve slope
at the specific point, and the straight-line slope passing from this point to the origin,
respectively. Egs. (3) and (30) are the fundamental basis of LLDP, from which further analysis

can be performed to better understand the internal structure of the membrane [100].

3.1.3.2.  Commercial Equipment

The fluid displacement techniques have been considered, for years, as very promising solutions,
because of advantages including non-destructive, very quick and reveal only pores that allow
through flux (i.e., the only ones contributing to membrane permeation). It represented for many
years the most reliable method to characterize PSD in the UF range. Nevertheless, LLDP has
not found wider utility due to the lack of effective commercial devices available in the market.
The available ones include the LLP 1100A (PMI), Poroliq 1000 series (Porometer) and FFP
PRM-8410 (IFTS). Due to limited availability, most researchers interested in using LLDP have
to develop their own laboratory-based equipment designed and fabricated in-house. Among the
dominant researchers focussed on LLDP, some are co-authors on the present review [6, 101-
107]. Also, the group in Genoa, with which some of the authors developed a long-term
collaboration, were very active on LLDP for many years [108-112].

These porosimeters used in LLDP analysis consist of an automated device developed in the
laboratories of the Group of Surfaces and Porous Materials, SMAP, of the University of
Valladolid and the group of Membrane Processes and Membrane Technology, MP&TM, of the

department Chemistry and Industrial Chemistry of the University of Genoa. Both porometers
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are completely automatized based on the VEE laboratory software [107], which includes
software-controlled operation, data acquisition and data treatment running on the LabVIEW®
platform. A detailed description of the equipment Fig. 7 and experimental procedure can be
found elsewhere [97]. The main feature of the equipment is the use of a precise syringe pump
(ISCO-500D), allowing accurate and very stable fluxes through a dead-end membrane cell

without fluctuations, and thus negating the need for any sort of dampening.
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Fig. 8: Schematic diagram of the IFTS porometer : (1) Air supply; (2) Air pressure tank; (3)
Feed line; (4) Membrane housing cell; (5) Disposal; (6) Analytical balance; (7) Retention line
(pressure sensor); (8) IFTS LLDP software [9].
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Another research setup is that from IFTS, which is based on an early patent by Thierry Courtois
[111] and nowadays also marketed. One of the key features is an automated and commercialized
pressure-constant device developed by IFTS (Fig. 8), allowing liquid permeation through
polymeric membranes at a very accurate and stable pressure, and thereby enabling the detection
of pore sizes as small as 2 nm in the characterization of porous membranes. The fluxes are
measured using an analytical balance (Sartorius, Practum; resolution of 1 mg). This LLDP-
based porometer is able to measure several structural and functional parameters of porous
materials (including hollow fibers, tubular and flat sheet membranes), namely, mean pore

diameter, PSD, solvent permeability, and droplet point.

3.1.3.3.  Pros and cons

The advantages of LLDP are mostly common to GLDP: (i) LLDP only accounts for pores open
to flux and test membranes in wet state, so reflects more closely the practical operation, such
as MF, UF or NF; (ii) GLDP and LLDP cover most of the range of pore sizes usually found in
synthetic membranes, with LLDP further able to analyze smaller pores in the nanometer range
[110]; (i) depending on membrane pore size and swelling propensity, different pairs of
immiscible wetting liquid - displacing liquid pairs (Table 2) can be judiciously selected to give
the best possible results [97]; (iv) LLDP allows for measuring of membranes of different types,
including flat-sheet, tubular, or hollow fibers; (v) LLDP gives the complete PSD information
in very reasonable times (~1 h in most cases); and (vi) the capability to evaluate the active pores
in the nanometer and subnanometer range makes it a convenient method to establish a standard.
On the contrary, some drawbacks should be mentioned: (i) the assumption of cylindrical,
parallel pores in the underlying Young-Laplace and Hagen-Poiseuille transport is not valid for
most practical polymeric membranes; (ii) limited accuracy in measuring low flow rates; (iii)
the selection of the best wetting liquid - displacing liquid pair is not straightforward; (iv)
problematic membrane swelling when using wetting alcoholic mixtures; (v) inability to
characterize biofouling layer and difficult to correct for adsorbed t-layer; (vi) the LLDP
procedure needs careful sample preparation and analysis operation, which could easily lead to
non-reproducible or inconsistent results if not properly carried out.

More specifically, LLDP is clearly sensitive to interactions between the membrane and the
liquid pairs. Several liquid pairs (wetting-displacing fluids) can be selected to perform LLDP
analysis (with the key ones listed in Table 2), with the selection based on expected values of
membrane porosity and pore size range [9]. Liquid pairs, which have very low mutual

interfacial tension and are completely (or at least almost completely) immiscible, are very
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suitable for testing membranes having pore sizes in the nanometer range, since these pores can
be intruded by the displacing liquid at very low pressures that do not alter the membrane
structure. For example, when analyzing a UF membrane having most of the pores below 50
nanometers, the isobutanol/water mixture (with a surface tension value of around 1.7 mN/m) is
a reasonable and quite common selection. According to the Cantor equation (Eq. (3) with
cosd =1, since € = 0° for perfect wetting), the wetting liquid which fills a pore with radius of
0.034 um can be expelled by applying to the displacing liquid a pressure of 1 bar. Such a low
pressure is beneficial, because it assures negligible membrane compaction, which represents an
important source of error in LLDP measurements [73].

The membrane swelling and compaction (affecting especially the skin layer) phenomena during
testing may markedly alter the permeation through the pore, and thus lead to unreliable results.
Membranes are prone to swell when the porous material (very often polymeric) is in contact
with organic solvents, and membrane compaction is an inevitable possibility at high testing
pressures [113]. This effect could significantly affect the proper determination of the actual

PSD of the membrane, which would affect the selection of appropriate membranes for effective

separation.

Table 2: Main characteristics and composition of liquid pairs used in LLDP measurements.

Study Liquid pair Composition Interfacial | Temperature
(V/v) tension (°C)
(mN/m)
Grabar and Nikitine water/isobutanol/methanol 25/15/7 0.35 18.7-24
[96]
Grabar and Nikitine water/isobutanol/methanol 5/4/1 0.80 20 -23
[96]
Peinador et al. [114] water/isobutanol/isopropanol 50/35/15 0.45 20 - 25
Peinador et al. [114] water/isobutanol/isopropanol 5/4/1 0.9 20 - 25
Grabar and Nikitine water/isobutanol 1/1 2.2 18.7-21
[96]
Calvo et al. [105] water/isobutanol 1/1 2.0 25
Calvo et al. [105] water/pentanol 1/1 4.80 25
Calvo et al. [105] water/octanol 1/1 8.50 25
Phillips and DiLeo CorrTest© water/PEG 8000/ |  Not defined 06 20 -25
[115] (NH4)2S04 '
Peinador et al. [114] | water/PEG 1000/ MgSO4 69/19/12 0.40 20 -25
(mass %) '
Peinador et al. [114] FC-43©/1sobutanol 1/5 48 20 - 25
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3.1.3.4.  Choice of liquid pairs

One of the earliest LLDP studies was performed by Erbe [61], in which two possibilities were
explored: (i) using the initial air-water interface proposed by Bechhold [48], and (ii) a mixture
of two immiscible liquids (namely, water and isobutyl alcohol, which was proposed by
Bechhold to have a surface tension of 1,73 dyne/cm). Erbe reduced the pressure needed to
analyze the original Bechhold bubble point for ultrafilters, thereby extending the method to
reveal the whole membrane PSD. Concerning the use of alcoholic mixtures in water (Table 2),
Germic et al. [116] pointed out the possible problems of membrane swelling due to the
adsorption of alcohol inside the membrane matrix.

To circumvent the issue, Phillips and DiLeo [115] proposed a liquid porosimetric CorrTest™
based on prior wetting, as further developed by Millipore. They used two immiscible phases
formed upon mixing polyethylene glycol 8000 (PEG-8000), ammonium sulfate, and water in
specific mass proportions. The resulting PEG-rich phase and ammonium sulfate-rich phase
corresponded to the wetting and intrusion fluids respectively. This biphasic systems formed by
mixing two polymers, or a polymer and a salt, in water is known as aqueous two-phase systems
(ATPS) [117]. Normally, it involves the preparation of the stock solutions of all the phase
components, which are then mixed in appropriate amounts (by weight), and then the emulsion
is allowed to separate into two phases under gravity or in a centrifuge after complete phase
separation is achieved [118]. ATPS can be used not only for the separation of cells, membranes,
viruses, proteins, nucleic acids and other biomolecules but also reduce droplet point pressure
and incur no swelling for LLDP. The interfacial tension between the two aqueous phases plays
a major role in the interfacial tension, which can be 3 — 4 orders of magnitude smaller than
conventional gas-liquid systems, for example, < 0.5 mN/m for ATPS compared to ~72 mN/m
for the air-water interface. The ultra-low surface tension of the ATPS mixture strongly depends
on the phase diagram of ATPS [119-123] and also the molecular weight of the polymer.
Accordingly, we propose two immiscible fluids targeted at reducing polymer swelling, gives
very low interfacial tension, and also good chemical compatibility with the LLDP components
(i.e., avoid corrosion or degradation) and membrane, and have the properties of a Newtonian
liquid with low displacement viscosity and low vapor pressure. To this end, mixtures of
polyethylene glycol 1000 (PEG-1000), magnesium sulfate anhydrous, and water in specific
mass proportions are promising in meeting all these requirements. In order to determine the
interfacial tension, the spinning drop technique [118, 120] was used for different mixtures of
polyethylene glycol (PEG) and magnesium sulfate. Specifically, the spinning drop tensiometer

technique allows for measuring the interfacial tension between two liquid phases by analyzing
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the dimensions of a drop in a rotating capillary by the Vonnegut method [124, 125], and is a
precise and simple measurement to determine extremely low interfacial tensions. Interfacial
tension values for the ATPS samples of PEG1000 / MgSQOa4 / H20 at several mass proportions
have been found to range from 0.1 to 1 mN/m, and the density difference between the two
phases vary between 30 to 60 g/cm? at the temperature of 22 °C. Fig. 9 shows the difference
between the pressure versus flow curves generated by LLDP for the same sample (namely,
Whatman-Anopore 0.02 pum inorganic membrane) but using different liquid pairs. Specifically,
the typical S-shaped curves, which end with a maximum slope (asymptotic permeability), are
obtained when the wetting liquids in the consecutive pores of the membranes between the
maximum pore size dmax (“droplet” point) and minimum pore size dmin are expelled by the flow
of the displacing liquid. Clearly, the ATPS curve is leftwards of the isobutanol-water one,
indicating lower pressures attributed to the lower surface tension. IFTS has successfully used
ATPS in LLDP for both polymeric and inorganic membranes. More efforts need to be dedicated
to the properties of interesting ternary mixtures, which would allow for the analysis of smaller
pores, are less volatile and not so prone to have significant changes in composition during the
test.

Particularly for the PES membrane, which is known to swell in isobutanol/water/methanol
mixtures [113], measurements were conducted using an ATPS mixture that mitigated the
swelling of the active layer [115, 126]. The use of these fluids has several advantages compared
to conventional alcohol-water two/three-phase systems typically employed for the pore-size
characterization of ultrafiltration membranes. Firstly, both phases are aqueous, so the tendency
for membranes to preferentially swell when in contact with one of the fluids is minimized.
Secondly, both the PEG and ammonium sulfate are highly soluble in water, which greatly
facilitates the flush-out of the compounds from the membrane structure after testing. ATPS
mixtures also present some drawbacks: (i) they only work with hydrophilic membranes but not
hydrophobic ones; and (ii) they have viscosities several times higher than water (~ 1 cp), so the
permeability has to be low to characterize the smaller pores reproducibly.
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Fig. 9: Pressure vs flow curves for ATPS (PEG 1000/MgSO4/water) and isobutanol-water

liquid couples for a Whatman-Anopore 0.02 um inorganic membrane [114].

3.1.3.5. Comparison of LLDP results

Table 3 summarizes the LLDP studies on pore size characterization. LLDP has demonstrated
accuracy and reproducibility in the characterization of several commercial track-etched
polycarbonate ultrafiltration (UF) membranes, giving a comprehensive picture of the membrane
structure within hours [6]. Comparison with computerized image analysis of SEM (SEM-CIA)
shows good agreement with respect to the mean pore radius, with LLDP giving 23.6 nm and
SEM-CIA 24.0 nm. On the other hand, not so satisfactory agreements have been obtained for
porosity (averages of 1.4 and 2.1% for LLDP and SEM-CIA, respectively) and total number of
pores (i.e., LLDP gave 19.6 x 10 pores/m? and SEM-CIA gave 11.1 x 102 pores/m?),
primarily due to the uncertainties in the estimation of the active layer thickness in LLDP.

The same LLDP device was used to characterize two series of polymeric flat-sheet membranes
made from PES and regenerated cellulose (NC) [97]. The results indicate agreement among
different runs, and also very good agreement among different liquid mixtures. The LLDP results

were compared with those from Nuclear Magnetic Porosimetry (NMR), which is a much more
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laborious and indirect method that reflects all the pores or voids present within the membranes
including those not open to flux. The fair agreement should mean that similar PSDs are present
within both open and closed pores. While the PES membranes were wetted with the isobutanol-
rich phase without any impact on the membrane structure, the NC membrane samples were
strongly affected by the isobutanol phase that caused the active layer to be totally detached from
the support, and thereby the ternary mixture of isobutanol/methanol/water was used for the NC
samples. The possibility to choose among different liquid mixtures, and also to select the role
that both liquids play in the porosimetric analysis is a great advantage. This allows for a choice
among diverse degrees of hydrophilicity/hydrophobicity and corresponding surface tension to
assure a proper wetting of the membrane pores without damaging the membrane structure, and
thereby facilitates the analysis of many different membranes made of different materials.
Another interesting study was performed related to the characterization of virus retention
membranes, which indicate that the maximum pore size obtained by LLDP distributions can be
correlated with key performance parameters like the bacteriophage log retention value (LRV)
or dextran test cut-off values [107, 126]. The correlation was found to be better when using the
maximum pore size instead of minimum or mean pore sizes. This allows for predictive
capability of the retention capabilities of a given membrane, without the necessity for time-
consuming and expensive retention, which is especially advantageous because it negates the
need to work with active viruses or bacteriophages.

During the development of appropriate membranes, possible candidates have to be selected.
Currently, this is done on the basis of results obtained in a battery of time-consuming and
expensive solvent retention tests. Instead of those, LLDP could be used, at least for a first
approach, to select the most appropriate candidates on which to perform complete
characterizations [105]. This can significantly reduce the number of tests and the cost of
characterization experiments. Also, the good correlation between LLDP maximum pore sizes
and the other pore size tests suggests LLDP as a promising method for the rapid detection of
maximum pore sizes, which eliminates the necessity for expensive and time-consuming solute
retention tests for membrane manufacturers and R&D institutions.

Retention experiments, in spite of being the default procedure for membrane selection, are still
not fully standardized, with different rigs and experimental procedures in different industrial or
research labs giving significantly variable results. The comparison of PSDs obtained from
LLDP techniques suggests that the PSD strongly correlates with retention capabilities and
performance of the membrane, making LLDP a fast and reliable way to estimate the MWCO

of the analyzed membranes. The preferred technique [105] can be standardized to make it an
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accurate and convenient way to asses possible applications for inorganic or polymeric samples
without the necessity to perform complicated and time-consuming retention experiments. This
approach is not intended to substitute retention tests as definitive characterization methods for
manufacturers deciding the application of their membranes. On the contrary, LLDP can help to
choose better candidates for selected applications among those developed in the research labs,
and then the retention test of the real effluents to be separated performed on the shortlisted
membrane candidates to validate LLDP estimations, thereby saving many expensive

experiments.

Table 3: Summary of LLDP results.

Study Membrane  Type | PSD measured /| Wetting/
and Nominal pores | MWCO Displacement liquid
size / MWCO

Calvo et al. [6] PC 0.05um 20-80 nm / not tested | Water-rich phase /

I[sobutanol-rich

phase
Peinador et al. [97] PES,RC5,10and 30 | 10-50 nm / 1-100 | Water-rich ~ phase/
kDa kDa Methanol-
Isobutanol-rich
phase and

Isobutanol-rich
phase / Water-rich
phase

retention)/ No data

Calvo et al. [104] PS 20 kDa 4-20 nm/1-50 kDa | Water-rich phase /
Isobutanol-rich
phase

Peinador et al. [107] | PES (Virus | 5-50 nm / 100kDa Isobutanol-rich

phase / Water-rich
phase

Giglia et al. [126]

PES (Virus
retention)/ No data

5-50
defined

nm / Not

Water-PEG 8000 -
rich phase / Water-
ammonium  sulfate-
rich phase.

Calvo et al. [105]

PES, PS, RC,
Zirconium oxide 5-
300 kDa

10-100 nm /1-500
kDa

Water-rich phase /
[sobutanol-rich
phase

Tanis-Kanbur et al.

[9]

Aluminum oxide 100
nm, PES 300KDa,
PET no data, PTFE
no data, PVDF
100kDa and Nylon
no data

80-150 nm  for
Aluminum oxide, 20-
70 nm for PES, 15-40
nm for PET, 60-90
for PTFE, 40-140 nm
for PVDF and 50-80
nm for Nylon / 350-
1460 kDa

Water-rich  phase/
Isobutanol-rich
phase and vice-versa.
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3.2. Mercury Intrusion Porosimetry (HgP)

3.2.1. Model

Mercury intrusion porosimetry (HgP) isamong the characterization methods that are based on
the Young-Laplace equation. The main difference with the other two Young-Laplace based
techniques (namely, GLDP and LLDP) is that, in this case, it is mercury (i.e., a non-wetting
liquid) that is forced to enter the pores. The pressure necessary to overcome the interfacial
forces can be related to the characteristic radius of each pore by using the previously elucidated
Young-Laplace equation (in the form presented in Eg. (3)) and the corresponding contact angle
[127, 128]. This equation, when used for HgP, is usually named the Washburn equation [129].
Since contact angles greater than 90° (i.e., non-wetting fluids) lead to negative values of cos 6,
the application of Eq. (3) results in negative pressure values. The meaning of this sign simply
reflects the fact that mercury, a non-wetting liquid, needs to be forced into the pores.

Experimentally, the setup consists of a pressurized cell containing an adequate amount of the
sample to be evaluated. By a stepped increase of applied pressure, mercury is forced to enter
all the pores present in the membrane, and the amount of mercury intruded in the system is
calculated through measurements of cell conductivity. The plot of intruded volume (more
specifically, the differential increment of specific volume) versus applied pressure is usually
embedded in a program and contains all information needed to obtain the PSD of the sample.
Normally, HgP runs include a complete intrusion-extrusion cycle. In the extrusion part of the
cycle, the previously intruded mercury is ejected from the sample during the depressurization
step. All programs, irrespective of their highly variable shape that is dependant on the
characteristics of the sample, present two common features, namely, some hysteresis and
certain pore entrapment (e.g., dead-ended pores) [9].Usually, only intrusion curve data are used
to get PSD, but both curves can be converted into number of pores. The differential distribution

of specific intruded volumes is given by:

D,(d,) = %Z—Z (34)

where p is the applied pressure, d, is the corresponding pore diameter according to the Young-
Laplace equation, V corresponds to the specific volume (volume of mercury divided by sample
weight) and dV/dp is the derivative of specific intruded volume versus pressure. From this

distribution the relative population of the pore in each class can be obtained as follows:

Dy(dp)—[dp(N—dp(j-1)]

N {lap(H-dp(-1)]/2}
na(j) = n (Dv(dp)—[dp(n—dp(j—l)]) (35)

=0\ {lapih-dpGi-n)/2)
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For a proper application of Eq. (3), two key parameters, namely, surface tension and contact
angle of mercury with the given porous material, are needed. VValues quoted in the literature for
mercury contact angle range from 112 to 150°, but most HgP devices include a default value of
130°, which seems to be valid for most of the common porous materials, specifically for most
membranes [127]. Regarding air-mercury surface tension, Honold and Skau [130], and some
authors after them, used a value of y = 0.474 N/m. Nowadays, a more precise value (i.e., y =

0.485 N/m) is usually quoted [131], with small variations with temperature.

3.2.2. Commercial Equipment
Many companies market HgP devices since these have broad applications on the
characterization of all kinds of porous materials (i.e., not limited to membranes). Some of these
companies are Carlo Erba (Macropore), Fisons (Porosimeter P2000), Anton Paar (Poremaster
Series), PMI (M/NonM IP), Thermo Fisher (Pascal), Micromeritics (Autopore V) and
Quantachrome Co. (PoreMaster). All devices include sophisticated software for automatic
control of the measurement and calculation of all porosity-related information, along with
appropriate derivation algorithms to get smoothened curves. In most of them, the amount of
intruded mercury is determined by the fall of the level of the interface between mercury and
compressing liquid. Typically, HgP tests require placing the porous sample into a container
(i.e., penetrometer), evacuating the container to remove contaminant vapors, and then forcing
the mercury to fill the container. Operationally, (1) the sample is evacuated and the
penetrometer is then filled in the low-pressure port; (2) low-pressure analysis is performed up
to the maximum pressure specified; then (3) the sample is moved to a high-pressure port where
a high-pressure analysis is performed up to the higher pressure achievable or selected.
Normally, the data acquisition software uses appropriate derivation algorithms to get smoothed
curves. The maximum pressure of about 60,000 psia (414 MPa) is typical for commercial
instruments, which will force mercury into pores down to about 0.003 microns in diameter. The
volume of mercury that intrudes into the sample can be determined from measurements of the
capacitance. The penetrometer is made of glass (i.e., an insulator), filled with mercury (i.e., a
conductor) and plated outside with some conductor metal; this combination results in a co-axial
capacitor whose capacitance changes as it becomes filled [132]. A remarkable feature of this
technique lies in the fact that this single device covers a wide range of pore sizes, usually from
2-3 nm to 1000 microns. Notwithstanding, the smallest pores in this range need intrusion
pressures as high as 4500 bar, which for most of the polymeric membranes results in pore
structure distortion and thus false results. Due to this reason, HgP is scarcely used for the
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characterization of polymeric membranes. Another reason for limited use for polymeric
membranes is because most such membranes, at least those intended for UF or NF, are
asymmetric (i.e., a thin selective layer adhered onto a much more porous support). When
performing a HgP analysis, most of the contribution of mercury intrusion comes from the very
porous support, while the volume intruded in the active layer is much smaller such that these
pores can hardly be distinguished in the resulting distribution.

Ceramic membranes resist higher pressures and also can be easily broken into small pieces to
ensure sufficient number of pores in the measurement cell to have an accurate analysis. HgP
has been quite often used to characterize ceramic materials [133, 134], including ceramic flat-
sheet [135] and hollow fiber membranes used in microreactors, membrane contactors or fuel
cells [136-140]. Mercury porosimetry has primarily been used for porous characterization of
powders and ceramics even before GLDP, and it was later found that the method is useful to
determine the PSD of membranes.

Even though Nakao [5] reviewed several pore size characterization techniques, there was
insufficient information about the HgP method. The method was originally proposed by
Washburn [127, 129] in a brief note, without including experimental results or any prototype to
perform the technique. Using the idea of Washburn, Ritter and Drake in 1945 developed the
method, evaluated the contact angle for mercury and designed the experimental procedure to
determine the porosity values of several porous materials, like diatomaceous earth, Coors
porous plate, Pyrex glass, pelleted gel or activated clay [141]. The first use of mercury intrusion
porosimetry to characterize membranes was in 1954 by Honold and Skau, who applied it to
hydrosol type MF membrane filters [130]. After that, many research and industrial applications
of the method have proved its reliability in determining PSDs, pore shape characteristics,
specific surface areas, and porosities. Many of these applications can be found in the excellent
review by Rootare [142]. As commented, mercury porosimetry has been used the longest for
characterizing porous materials, especially powders, ceramic materials and zeolites, and in
general materials that can be easily broken in small pieces that assure the measurement cell
contains enough number of pores inside to have an accurate analysis. HgP, like GLDP, has
acquired the recognition of being the recommended standard for measurements of pore volume
and PSDs in the macro-mesoporous range (ASTM D4284, D2873, D4404 or DIN 66133) [143].
Most HgP applications that can be found in scientific literature are related with characterization
of powders [144, 145], rocks [146], coal [147], zeolites [148], and similar porous materials
[131, 149-151]. The newest research on HgP is related to the characterization of porous

properties of batteries [152], catalytic materials [153], ceramics for inkjet technology [154] and
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electrolyzers [155]. It has also been used to validate porosity determination procedures [156],
and to characterize several types of membranes [157-159]. Notably, it has been used to validate

tortuosity calculations for polymeric membranes [160].
4. Kelvin Equation-Based Techniques
4.1.Evapoporometry (EP)

4.1.1. Setup

In the EP method, the pore size characterization of the membranes is determined via
evaporation of a volatile, wetting liquid from the membrane pores by a desktop test setup (Fig.
10a). Some of the authors in this review are among those who have advanced the EP
technique[9, 24, 161-164]. The EP setup comprises of an incubator to keep the temperature of
the test cell constant (e.g., at 29 °C), a microbalance to measure the mass loss from the test cell
due to evaporation with time (Fig. 11), a software to record the mass measurements every 10
seconds, and granular activated carbon (GAC) to reduce the vapor concentration of the volatile
wetting liquids outside the test cell. The simplified schematic of the EP test cell, which can be
made of aluminum or polytetrafluoroethylene (PTFE) to prevent wetting by the volatile liquid,
is shown in Fig. 10b. Progressive evaporation of the volatile wetting liquid from the largest
pores to the smallest pores can be ensured via supersaturation, which prevails above all the
pores smaller than those evaporation-drained ones. Several volatile wetting liquids have been
used, such as isopropyl alcohol (IPA), water, 1-butanol, acetone, ethanol, and ethylene glycol
[164], with varying performances. In order to maintain the thermodynamic equilibrium
saturation at the interface between the gas and liquid phases in the pores during evaporation,
EP experiments have also been conducted in a test cell which has a lid with a small hole (Fig.
10b), whose size can be varied to control the evaporation process [161]. The evolution of the
mass and evaporation rate in Fig. 11 displays the data collected during the EP analysis, from
which three distinct regions can be demarcated, namely, transient, free-standing liquid
evaporation and pore liquid evaporation. The free-standing liquid evaporation rate is constant
with time, giving the kinetics of evaporation of the free liquid.
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rate versus time[24].

Both dead-end and continuous pores of the membrane can be characterized by the EP technique.
To characterize only the continuous pores, two modifications are needed: (i) in addition to the
volatile wetting liquid, a non-volatile and non-wetting liquid has to be used; and (ii) the test cell
is adapted such that both volatile and non-volatile liquids are injected into the test cell via a
needle (Fig. 10c) [24].

4.1.2. EP Studies

The method was first proposed to measure the mass-based PSD of the track-etched
polycarbonate and aluminum oxide membrane samples in the nominal pore size range of 10-
200 nm in 2010 [165]. It was proposed for both flat-sheet and hollow-fiber membranes as a
low-cost technique that can also characterize the membrane asymmetry [165, 166]. Table 4

summarizes the EP studies to date.

Three different membrane types with different nominal pore sizes between 10 - 100 nm,
namely, polycarbonate (PC), polyvinylidene fluoride (PVDF) and aluminum oxide membranes,
were analyzed [167]. An aluminum test cell with a 7.7 cm diameter was used as the test cell,
but a lid was not used. It must be noted that the acrylic lid is not a mandatory part, but it

decelerates the evaporation rate and allows more accurate characterization. IPA was preferred
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as the volatile wetting liquid. The mean pore size given by EP was found to agree very well
with the previously applied indirect and direct methods, such as AFM, SEM, FESEM, and LDP,
particularly for membranes with nominal pore sizes of 100 nm. Therefore, EP was demonstrated
to be able to provide accurate pore size characterization without any requirement of
transmembrane pressure measurement, and for a reasonably large membrane area compared to

the direct methods.

A subsequent study reported that both water and IPA as the volatile wetting liquids presented
agreeable results with reasonable variability between runs [161]. Polyacrylonitrile (PAN) and
PVDF hollow-fiber membranes were investigated by using both IPA and water as volatile
wetting liquids. The test cell was made of Teflon® with an inside diameter of 4 cm. GLDP gave
smaller pore diameters than the EP for the more rubbery PVDF membrane, due to membrane
compaction at the high operating pressures. On the other hand, GLDP gave larger pore
diameters than the EP for the PAN membrane, since the GLDP was not able to analyze pores
smaller than 14 nm. In this study, the lid was proposed to decelerate the evaporation rate for
better free-standing layer observation and for more accurate results. Aluminum oxide and
polyethersulfone (PES) membranes with nominal pore sizes of 100 nm were assessed via this
improved test setup design. The lid thickness was 2.7 mm and the hole diameter of the lid varied
between 2 - 10 mm to adjust the evaporation rate, with slower rates proven to give smaller
errors. In addition, the impact of different microbalances with different resolutions of 1 and 10
ug resolutions were investigated, with the latter being giving a larger average pore diameter due

to the ability to reveal the larger pores.

A further study developed EP for characterizing tubular membranes whose active layers are on
the lumen side [163]. Single-bore hollow fiber polyvinylpyrrolidone (PVP)/PES membranes
and multi-bore hollow-fiber PES membranes were tested in the experiments. The test cell was
made of Teflon®, and IPA and 1-butanol were used as the volatile wetting liquids. The EP
results were repeatable and agreed with manufacturer data, proving that EP is capable of

characterizing lumen-side active layers.

In another study, Zamani et al. [164] focused on the investigation of the upper limit of EP-based
pore size measurement range. While the lower limit of the pore size range measurable by EP is
4 nm, which is governed by the Kelvin equation, the upper limit is related to the properties of
the volatile wetting liquid, with larger surface tension and molar volume needed for the
detection of larger pores. Between IPA and 1-butanol, the former was not able to accurately
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characterize the aluminum oxide membrane (Whatman, Anopore) with a nominal pore size of
200 nm due to detection of pores up to only 200 nm, whereas the latter was able to due to
detection of pores up to 360 nm. This is because the larger surface tension and molar volume
of 1-butanol relative to IPA caused a larger vapor-pressure depression, which allowed for the
measurement of the larger pores as well as reduced the error involved with measuring the larger

pores.

Akhondi et al. [162] evaluated using EP the effect of backwashing on the PSD. Although
backwashing is a common membrane fouling mitigation technique, the quantification of the
resulting PSD has not been done due to various limitations of other PSD characterization
techniques, e.g., high pressure required of GLDP removes deposited foulants, sample treatment
required before SEM imaging changes the deposits, liquids of LLDP may interact with foulants.
EP is superior in this regard due to characterization at ambient conditions and the capacity to
use water as the volatile wetting liquid. The EP results indicate that backwashing only removed
the internal fouling of the larger pores and pore enlargement was evident particularly for more

rubbery polymers.

Because the PSD results obtained via EP reflects both pores that are responsible for permeation
(i.e., continuous pores, which are characterized by LDP techniques) and also that are not (i.e.,
dead-ended pores), a recent effort attempted to distinguish between the two pore types [24]. In
this case, an additional non-wetting and non-volatile liquid (e.g., silicon oil) were used together
with the volatile wetting liquid (e.g., ethanol). The volatile wetting liquid was injected via a
needle into the bottom of the test setup to wet the membrane sample, after which the non-
wetting and non-volatile liquid was injected with the same needle. This made sure that, during
the EP test, the volatile wetting liquid is evaporated from continuous pores, which then become
sealed by the other liquid. PES and PVDF membranes with nominal pore diameters of 28 and
35 nm, respectively, were characterized, and the results indicate that the exclusion of the dead-

end pores led to average pore diameters of 9.3 and 14.5% lesser.

The most recent EP study involves a detailed comparative assessment between the EP and
LLDP methods using five polymeric membranes (namely, nylon, PET, PES, PVDF, and PTFE)
and one inorganic membrane (namely, aluminum oxide) [9]. The results indicate broader pore
size ranges for EP and good agreement between the two methods only for three polymeric
membranes. The discrepancy between the two methods for the other three membranes was tied
to the higher pressure required of LLDP distorting the membrane structure.
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Table 4: Summary of the EP studies.

Study Membrane Nominal pore size range Volatile
Type wetting
liquid
Krantz et al. [167] | PC, PVDF, 10 - 100 nm IPA
Aluminum oxide
Akhondi et al. [168] | PAN and PVDF | 35 nm for PVDF, no data for | Water and
PAN IPA
Akhondi et al. [161] | Aluminum oxide | 100 nm IPA
and PES
Zamani et al. [163] | PVP/PES and Pores of PVP/PES smaller than | IPA and 1-
PES 300 nm, 90% of the PES | butanol
membrane pores were smaller
than 20 nm
Zamani et al. [164] | Aluminum oxide | 100 nm and 200 nm IPA and 1-
butanol were
tested,;
acetone,
ethanol,
ethylene
glycol, and
water  were
discussed.
Akhondi et al. [162] | PAN and PVDF | 35 nm for PVDF, no data for | Deionized
PAN water
Tanis-Kanbur et al. | PES and PVDF | 28 nm and 35 nm Ethanol
[24] (volatile
wetting
liquid), silicon
oil (non-
volatile non-
wetting
liquid)
Tanis-Kanbur et al. | Aluminum No data for nylon, PTFE, and | IPA
[9] oxide, PES, PET, | PET. 300 kDa for PES, 100 kDa
PTFE, PVDF, for PVDF, and 100 nm for
and nylon Aluminum oxide

4.2.Permporometry (PmP)

4.2.1. Setup

Permporometry was firstly proposed by Eyraud in 1984 [169] and modified by Mey-Marom
and Katz [170] and Katz [171] in 1986. It has an older history than the EP method in membrane
applications and has been popularized since the early 90s [172, 173]. The experimental setup
for the permporometry technique consists of four main sections, namely, gas flow system,
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diffusion cell, gas chromatograph with data recorder, and temperature control system, as

illustrated in Fig. 12.
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Fig. 12: Schematic of the permporometry setup (modified and redrawn from Ref. [174]).

The gas flow system consists of condensable gas generators, nitrogen gas, oxygen gas, mass
flow controllers, pressure transducers, and gas mixers. For the membrane sample, the
condensable gas and nitrogen are flushed at the active layer side, whereas the mixture of a
condensable gas, nitrogen, and oxygen is flushed at the supporting layer side. The operating
pressure of the diffusion cell can be adjusted to the atmospheric pressure. The condensable gas
should be inert and wettable, as well as gives a reasonable vapor pressure and a high evaporation
rate for accurate characterization. As a carrier gas, nitrogen gas is preferred. The reason behind
using oxygen is to determine the gas diffusion through the membrane by using gas
chromatography. The temperature must be kept constant during the experiments. In the
diffusion cell, both membrane sides are flushed with the mixed gases that are saturated with the
condensable gas. Thanks to capillary effect (condensation), all membranes pores are filled with
the liquid phase of the condensable gas and there is no gas diffusion through the membrane. By
decreasing the vapor pressure, gas diffusion proceeds from the larger to smaller pores. At the
same time, the oxygen flow is measured via gas chromatography (and data recorder), and
thereby the PSD can be plotted. It should be noted that the permporometry technique assumes
the pore shape as cylindrical. More details on the permporometry setup and measurement detail

can found in one of the cornerstone permporometry studies by Cao et al. [174].
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4.2.2. Permporometry (PmP) Studies

There have been multiple efforts to improve the permporometry method. Despite some
drawbacks, the permporometry method has been popularly used for membrane pore size
characterization because of the advantage of determining the continuous (active) pores with a
simple experimental setup. Schneider and Uchytil [64] proposed an improved permporometry
method (i.e., the liquid expulsion permporometry) by accounting for the compressible nature
of the gas and the distribution of the pore sizes. The new method was concluded to incur less
systematic deviations in the resulting PSD than the traditional method. Moreover, Mourhatch
et al. [77] developed a pore network model to take the pore interconnectivity into the account

for the permporometry measurements, leading to more accurate pore size characterizations.

Table 5 provides a summary of the key permporometry-based pore size characterization studies.
Germic et al. [116] found that the drying step during the permporometry test may result in a
morphological change in the membrane structure after comparing the results with different
direct and indirect methods such as FESEM and LDP. Cuperus et al. [172, 175] determined the
active pore size of an anisotropic ultrafiltration membrane, a polyphenylene oxide (PPO)
membrane, as well as ceramic, nuclepore, and polysulfone (PSf) membranes, demonstrating
that permporometry gave reliable pore size estimations for all membrane types. Cao et al. [174]
characterized ceramic membranes with the pore radius range from 2 to 10 nm via the
permporometry and gas adsorption-desorption methods and found that the permporometry
achieved reliable data for active (continuous) pores while gas adsorption-desorption was able
to characterize both dead-ended and active pores. Huang et al. [176] implemented the
permporometry method for ceramic membranes with nominal pore sizes ranging between 2 and
100 nm by using cyclohexane and carbon tetrachloride as condensable gas and observed good
agreement with previous studies and gas adsorption-desorption. The impact of different
condensable gases (namely, water, methanol, ethanol, carbon tetrachloride, hexane and
isopropanol) on the pore size characterization was performed by Tsuru et al. [177]. The
comparative study inferred that water, hexane and carbon tetrachloride displayed similar PSD
trends for membrane average pore sizes of above 1 nm. Another study of Tsuru et al. [178]
focused on the effect of different gas carriers (namely, helium and nitrogen) with the
condensable gas being water in the characterization of ceramic membranes with average pore
sizes between 0.5 and 2 nm. For larger pore sizes of 2 nm, the PSD trends of helium and nitrogen
were in good agreement. However, for smaller pore sizes, the PSDs of helium were shifted
leftwards (i.e., smaller pores) compared to that of nitrogen, because the smaller pores allowed
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only helium permeation. Besides the aforementioned studies, many membrane fabrication

studies used permporometry for pore size characterization.

Table 5: Summary of permporometry (PmP) studies.

Study

Membrane Type

Purpose of Permporometry

Cuperus et al.
[172]

Anisotropic
polyphenylene oxide
(PPO) membrane

PSD, pore size, and top layer thickness were
explained via theory and experiments.

Cuperus et al.
[175]

PPO, Nuclepore,
ceramic, and PSf
membranes

Comparative permporometry study on various
membrane types to better determine the limitations
of the method.

Cao et al. Ceramic membrane | Performance assessment in the pore size range

[174] between 2 and 10 nm.

Huang et al. Ceramic membrane. | Performance assessment in the pore size range

[176] between 2 and 100 nm. Comparative work with the
gas adsorption-desorption method.

Germic etal. | Polyacrylonitrile Comparison of permporometry with different

[116] membrane methods: SEM, LDP, gas adsorption-desorption.

Kim et al. Regenerated Comparative thermoporometry and permporometry

[25] cellulose and studies were conducted in the nominal pore size

polysulfone range of 2.6 and 14.1 nm.
Tsuru et al. Lab-based ceramic Various condensable gases were carried out: water,
[177] membranes (sol-gel | methanol, ethanol, isopropanol, carbon
membranes) tetrachloride, and hexane.

Tsuru et al. Lab-based ceramic PSDs of nitrogen and helium-based permporometry

[178] membranes studies were compared. Water was selected as the
condensable liquid.

Nishiyama et | Lab-based ceramic | Characterization of the lab-fabricated ceramic

al. [179] membrane membrane. Helium and nitrogen were the
condensable and non-condensable gases,
respectively.

Chowdhury et | Lab-based ceramic | Characterization of the lab-fabricated ceramic

al. [180] membrane membrane. Hexane was used as the condensable
gas.

Wang et al. Lab-based ceramic | The defect size distribution was characterized for

[181] membrane different ceramic membrane types.

Hedlund et al. | Lab-based ceramic Permporometry was used to characterize the

[182] membrane ceramic membrane types with a different film
thickness range from 300 to 1800 nm.

Higginsetal. | Lab-based ceramic Helium and nitrogen were used as the condensable

[183] membrane and non-condensable gases, respectively.

Chowdhury et | Lab-based ceramic | Characterization of the lab-fabricated ceramic

al. [184] membrane (zeolite) membrane.

Yang and Li Lab-based ceramic | Characterization of lab-fabricated ceramic (tubular

[185] membrane TiO2/Al,03) membrane

Kuhn et al. Lab-based ceramic | Characterization of lab-fabricated multichannel

[186] membrane ceramic (zeolite) membrane
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Schilloetal. | Lab-based ceramic | Characterization of the lab-fabricated ceramic

[187] membrane (alumina) membrane during the rapid thermal
processing

Lindmark et Lab-based ceramic Permporometry was used to investigate the PSD

al. [188] membrane towards selectivity enhancement of zeolite
membranes

Hofs et al. Commercial ceramic | Characterization of the ceramic and polymeric

[189] and PES/PVP membranes for permeability and fouling

membranes assessments.

Zeidler etal. | Lab-based ceramic Characterization of the low molecular weight cut-

[190] membrane off ceramic membranes

Karimi et al. Lab-based ceramic Characterization of the zeolite membranes during

[191] membrane the defect blocking process

Blumenschein | Commercial ceramic | Characterization of the ceramic membranes to

etal. [192] membranes better describe the rejection curves during the
organic solvent nanofiltration

Chang et al. Lab-based ceramic | Characterization of the lab- fabricated ceramic

[193] membrane (zeolite) membrane during the rapid thermal
processing

Simon et al. Lab-based ceramic | Characterization of the lab-fabricated ceramic

[194] membrane (zeolite) membrane during the micro-defect sealing
by chemical vapor deposition

4.3.Gas Adsorption-Desorption (GAD)

4.3.1. Setup

Among the techniques of membrane characterization based on the Kelvin equation, the Gas
Adsorption-Desorption (GAD) technique is one of the most commonly used. With appropriate
modeling, GAD is able to supply information about the PSD of microporous and mesoporous
membranes, as well as other types of porous materials. The technique is also known as nitrogen
physisorption [195] and low-pressure nitrogen gas adsorption (LP-N2GA) [196]. Most of the
GAD studies deal with porous materials (e.g., coals, carbons, other rocks) other than
membranes [197-199]. Despite the same theoretical background, the GAD method is less
popular than permporometry. While permporometry characterizes only continuous (active)
pores, GAD characterizes both dead-end and continuous pores.

The GAD analysis is done with the well-established and commercial gas sorption analyzers. A
test cell, which holds the membrane sample, is located in the analyzer, and the pore size
characterization is done by determining the gas volume that is sent to the sample. Before the
experiments, the membranes are dried at high temperatures. The selected gas, which is generally
helium, must be non-condensable at the liquid nitrogen temperature. The gas is flowed to the

sample at a known flux value, and the pressure measurements are done concurrently to
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determine the dead volume of the membrane sample. Then, the sample discharging process is
carried out until the maximum vacuum value, after which the constant-flux nitrogen flow is
sent to the sample and a reference cell, whilst the pressure and time data are collected in parallel.
The comparison between the sample and reference cells allows us to analyze the adsorption
isotherm of the sample. More details on the gas adsorption-desorption setup can be found in
earlier reports [195, 200]. The GAD technique is used to determine the surface area of porous
materials, based on the determination of the BET isotherm. The resulting method gives the so-
called BET surface area. It is common to use nitrogen as the adsorbate, though other gases could
be used depending on the membrane adsorption characteristics [201]. In the following, the GAD
procedure to measure surface area and pore sizes of porous materials is presented, along with

the associated assumptions and calculations.

4.3.2. Determination of Surface Area
The use of the Brunauer-Emmett-Teller (BET) method is generally considered the standard to
obtain the whole surface area of a porous sample. The method, based on the adsorption kinetics
model [202], relies on several assumptions whose validity must be ensured: (1) in all layers
except the first, the molar enthalpy of adsorption corresponds to the enthalpy of condensation,
L; (2) in all layers except the first, condensation-evaporation conditions are equal; (3) at the
saturation pressure (i.e., pr = 1), all gases are condensed on the solid surface tending to an
infinite number of adsorption layers. Based on the validity of such assumptions, Brunauer et al.

[202] obtained a simple linear relationship between the adsorbed volume and pressure:

p___t ¢ 1p
V(po—p) VimC + VimC po (36)

where Vn is the total volume adsorbed in the monolayer per unit mass, V the volume adsorbed
per unit mass, and C a constant related to the isotherm shape. According to Eqg. (6), a plot of
p/V(po-p) versus pr results in a straight line, whose fitting allows us to obtain the two unknown
parameters, namely, C and Vm, from the slope and the intercept, respectively. To ensure the
validity of this model, which works nicely for relatively low pressures, only results
corresponding to relative pressures in the range of 0.05 to 0.3 can be fitted. The final calculation
of the BET surface area is related to a geometrical consideration for the adsorbate molecule.
Usually, this molecule is nitrogen, and thus using a value of 16.2 A2 for molecular cross-

sectional area Am of the nitrogen molecule, the surface area can be calculated by:
A(BET) = (VV—’"> N,A,, (37)
g

where Vjq is the gas molar volume at STP conditions and Na the Avogadro number.

50



4.3.3. Determination of Mean Pore Size and Pore Size Distribution (PSD)
In contrast to the BET surface area determination, whose procedure is well known and used in
many cases in the same manner as a recognized standard for surface area calculation), the use
of GAD to determine the porous characteristics of a certain material lacks a uniform approach
and is highly dependent on the shape of the adsorption isotherm, which is strongly tied to the
presence of mesopores (i.e., between 2 and 50 nm in diameter) and micropores (i.e., lower than
2 nm in diameter). In the case of macropores (i.e., larger than 50 nm in diameter), the use of
GAD leads to operation at pressures very close to the saturation one (pr = 1), which makes

inaccurate any calculation of such pores.

4.3.3.1.Mesopore Analysis

In the case of mesopores, the adsorption of gas onto porous materials is mostly due to capillary
condensation. The adsorbate molecules (except the first adsorbed layer) can be considered as a
liquid in such a way that the interphase between gas and adsorbed molecules is at vapor-liquid
equilibrium. As is well acknowledged, such equilibria are determined by the meniscus

curvature, which can be related to the geometry of the pore via the Kelvin equation:

2yV,

= RTIn(py) (38)

Tk
where ry is the radius of the equivalent hemispherical meniscus (or Kelvin radius), y the surface
tension, and V1 the molar volume of the liquid condensate.

Supposing cylindrical pores, the pore radius is given by r, = rc+ t, where t is the correction
made to ry to account for the thickness of a layer already adsorbed on the pore walls. The
accuracy of the mesopores analysis strongly depends on the calculation of t. Ideally, t should
be determined from a measurement of adsorption onto a completely flat surface from the same
material under study; however, such measurement is not practical (and at times impossible) for
most cases. Therefore, some sort of phenomenological correlation should be used. Among the
correlations developed to address this problem, the Halsey correlation [203, 204], obtained from
abundant measurements on different flat materials, seems to give goods results for most samples

with mesopores. This correlation gives t, in Angstroms, as:

1/3
t = 0.354 [Ll (39)

Po

ln(?)
The same correlation can be used also for parallel slit pores, in which case the slit width, dp, is
given by dp, = r« + 2t. Based on this correlation, a number of computational procedures have
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been proposed to deal with mesopores from adsorption experiments. One of the most known is
that proposed by Dollimore and Heal for cylindrical pores [92, 205].

Finally, it should be noted that both isotherms, during adsorption and desorption, can be used
to determine the PSD of a mesoporous membrane, but they do not match exactly due to certain
hysteresis (e.g., attributed to the presence of pore interconnectivity [206]) in the filling process.
Normally, the adsorption isotherm is considered more precise to determine the PSD of the
sample.

4.3.3.2.Micropore Analysis
Unfortunately, the Kelvin equation loses validity for micropores, because substitution of the
capillary condensation mechanism by multilayer adsorption leads to distortion of the usual
mesopores isotherm shape. Approaches proposed to address this range from simple
reformulations of the Kelvin equation to more complex descriptions of the process. Regarding
the reformulation of the Kelvin equation to account for the adsorbed layer thickness, it has been
shown to give inconsistent results [207]. Methods like Dubinin-Radushkevich [208-210] or
Horvath-Kawazoe [211, 212] have been used to obtain information about micropores. One of
the most interesting ones is the HgP-method, which is based on the t-plot developed by Lippens
and De Boer [213]. These methods depart from a plot of the adsorption isotherms in terms of
the adsorbed layer. Here, t values can be obtained by using an empirical correlation by Harkins
and Jura [214]:
1/2
¢t = l 13.99 p_o)l (40)

0.034+ln( p

4.3.4. Determination of Overall Porosity
Apart from determining the BET surface area and getting the PSD of a porous sample, GAD
can be also used to determine the porosity of the membrane. For such purpose, a quite simple
procedure has been developed by some of the authors of this review [215, 216]. The method is
based on determinations of the pressure of Helium gas introduced into the sample holder as a
function of time. Working at low enough pressures (recommended values range between 7 and
16 kPa), helium can be considered to behave as a perfect gas. So, the following equation can be

used to fit the experimental data:

p=ki+- (41)

where k; and k> are unknown constants to be determined from experimental data-fitting and Vg
the volume occupied by the gas. For practical purposes, the measurement consists of the
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determination at three different situations (namely, empty holder, a non-porous sample of
known volume, and the membrane sample), from which the actual solid volume of the sample
can be determined. From the geometric volume of the sample (accounting for the maximum
dimensions and not the existence of inner pores), the ratio of both volumes gives the sample
porosity.

The reason for using helium as the intruding gas is its small molecular size and the fact it does
not adsorb onto the holder walls and on the pore walls at the operating temperature (i.e., 77 K,
since the holder is placed in a Dewar containing liquid nitrogen). At the same time, nitrogen
gas is introduced in the reference holder. The saturation pressure measured in this holder serves
to normalize the sample pressure, thus avoiding the influence of atmospheric pressure

variations.

4.3.5. Commercial Equipment

The market offers a range of technical solutions and instruments for gas adsorption analysis,
including the 2020 and 2020 Plus Series of Micromeritics, the wide range covered by Autosorb,
NOVAtouch, and Quadrasorb Series developed by Quantachrome, the Belsorp series (from
BEL Japan), 3P Inst. (formerly Quantachrome GmbH developed the 3P micro 300 and 3P meso
400, aimed for micro and mesopores analysis, respectively), and the Omnisorp Series by
Coulter (not continued later by Beckmann-Coulter). Apart from design and robustness, the main
differences between these types of equipment come from the method used to determine the
amount of gas adsorbed onto the sample, which can be categorized as three main groups: (a)
volumetric, which measures the volume and pressure of the gas at equilibrium conditions (both
static and continuously); (b) chromatographic; and (c) gravimetric, which determines the
variation of the solid mass with the aid of an accurate microbalance [4].

4.3.6. Comparison of GAD results

The GAD method is generally used in comparison studies that consist of both indirect and direct
techniques. These studies have been devoted to the characterization of several kinds of
membranes [217-221] and supports [222]. In inorganic membrane applications, Cini et al. [223]
applied the GAD technique for the low surface area and macroporous ceramic membranes to
characterize pore size and understand the fouling phenomena. Bailey et al. [224] performed a
comparative pore size characterization study for the ceramic membranes by using GAD and
atomic force microscopy (AFM), which respectively represent indirect and direct techniques,
and found good agreement between the obtained average pore sizes. Basumatary et al. [225]
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developed a ceramic membrane for the separation of chromic acid from aqueous solutions, and
determined the pore size with GAD, as well as crystallinity and surface morphology
respectively with XRD and FESEM. Maghsodi et al. [226] proposed a hydrothermal ultrasonic
method to remove arsenic from the aqueous solution via a ceramic membrane, which was
characterized by using the GAD method. Apart from the inorganic membranes, the GAD
technique has also been used for the characterization of organic membranes. Pradanos et al.
[200] focused on the analysis of the internal surface area, volume, surface, and the number of
pores of the microporous symmetric membranes by combining the AFM and GAD techniques.
For GAD, it was found that the desorption process achieved a more realistic pore size
estimation, and, in the case of a significant share of dead-end pores in the membrane, the PSD
shifted to smaller pore size values. On the other hand, the AFM did not need any pretreatment
step for characterization and it was found feasible for both wet and dry membrane samples.
However, the AFM technique estimated the PSD to be slightly greater than the GAD method
due to the relationship between the shapes of the pore entrance and the AFM probe tip.
Following that study, two polyethersulphonic microporous composite membranes with two
different nominal molecular weight cut-off values of 4000 and 30000 Da were characterized by
the indirect GAD and direct AFM techniques, indicating good agreement of the results between
both techniques [217]. The same group also compared the surface and bulk porosities of ten
different polycarbonate membranes using GAD and AFM [220]. Both AFM and GAD
techniques agreed for pores in the UF range, but GAD did not reliably estimate pore sizes above
50 nm. For gas separation purposes, Zhang et al. [227] developed a nanoporous carbon
membrane, and the characterization was carried out by both indirect (i.e, GAD) and direct
(namely, FTIR, TEM and SEM) methods. The GAD technique was preferred to determine the
PSD and average pore size, while the direct methods were used in other membrane
morphological observation purposes. Nonetheless, the PSDs obtained by both GAD and TEM
were in a good agreement. A more theoretical approach can be found in the recent work by
Zeng et al. [228], in which the microscopic mechanisms of adsorption and desorption in
uniform-sized pores were studied via numerical simulations, with the aim to elucidate the origin
of hysteresis. In dead-end pores, two possible reasons were put forth for the hysteresis: (i) weak
adsorbents in the case of non-wetting adsorbate molecules; and (ii) adsorbate become solid-
like, since the GAD temperature value is lower than the triple-point temperature. In continuous
pores, the hysteresis was observed when the critical hysteresis temperature is greater than the

GAD temperature.
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5. Gibbs-Thomson Equation-Based Techniques
5.1.Thermoporometry (ThP)

The Gibbs-Thomson-based measurements are thermoporometry measurements that
characterize the pore size and PSD according to the phase-change curves (thermograms) via
calorimeters. Two thermograms, namely, solidification and fusion, are used in the
thermoporometry tests. Before the experiments, the sample is frozen and melted in sequence to
obtain a crystallized phase. This process also prevents thermal flash because the initial
overcooling propagates the penetration of the solid into the pores [229]. Like the GAD
technique, thermoporometry is also one of the oldest pore size characterization techniques for
porous media [34]. The methodology and theory were firstly proposed and validated for porous
powders; then, it was better described for the membrane pore size characterization studies
[229]. Although thermoporometry can be implemented with different kinds of liquids, all
studies were generally conducted using water, mainly because of the easy observation of water-

ice phase change plots via thermograms.

Table 6 summarizes the thermoporometry studies on membranes. One of the pioneer
thermoporometry studies of membranes was done by Zeman et al. [230], who characterized
polysulfone ultrafiltration membranes. Following that study, Quinson et al. [231, 232]
characterized the swelling phenomena of polycarbonate membranes with average pore
diameters of 15 nm. Broek et al. [233] conducted thermoporometry for hollow fiber cellulose-
based hemodialysis membranes in artificial kidney studies to determine the pore structure.
Cuperus et al. [234] performed thermoporometry tests for both ceramic (alumina) and
polymeric (polyphenylene, polysulfone, and cellulose acetate) membranes to assess the
feasibility of the method on different membrane types with different casting thicknesses. It was
observed that the method was reliable for isotropic membranes, but not so for anisotropic
membranes because the sublayer of anisotropic membranes may prevent accurate
characterization of the active layer of interest. Similar to Maghsodi et al. [226], Terrazas-
Bandala et al. [235] also aimed to remove arsenic from aqueous solutions. Cellulose acetate and
active carbon membranes popularly used for that purpose and their characterization procedures

were completed via thermoporometry.

Table 6: Summary of thermoporometry studies in the literature.

| Study | Membrane type | Liquid medium
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Brun et al. [34] Powders ! Water and Benzene

Zeman et al. [230] Polysulfone Water
Quinson et al. [231] Polycarbonate Water
Quinson et al. [232] Polycarbonate Water
Broek et al. [233] Cellulose Water

Cuperus et al. [234] Ceramic (alumina), and polymer | Water
(polyphenylene,  polysulfone, and
cellulose acetate)

Jallut et al. [229] Polysulfone Water
Terrazas-Bandala et al. | Active carbon and acetate cellulose Water
[235]

1. They are not membrane samples, but the study is listed since it was the first study of the
detailed theory.

6. Spectroscopy-Based Techniques

In addition to the aforementioned indirect methods, spectroscopy-based ones are also available,
which are comparatively newer and able to characterize tighter membrane types such as NF and
RO membranes. Although spectroscopy is considered a direct high-resolution imaging
technique, the collected images can be coupled with mathematical expressions to estimate the
pore sizes of the membrane, and thereby classified under indirect methods here. In the
following, we review two different spectroscopy-based methods, namely, positron annihilation
lifetime spectroscopy (PALS) and synchrotron radiation (SR). Even though limited studies are
available, the key advantage is the characterization of sub-nanometer scale membranes, which

is not possible by other indirect methods.

6.1.Positron Annihilation Lifetime Spectroscopy (PALS)

To date, PALS has been exclusively applied to seawater RO and tight NF membranes. It is
worth mentioning that such membranes are generally regarded as non-porous, as the ‘pores’ are
actually the very small interstices in the matrix. Fujioka et al. [35] summarized the main
characteristics of the RO and NF membranes tested by PALS in a comprehensive study, in
which the beam intensity was in the range of 1.0-2.0 keV that corresponds to the mean positron
implementation depth range of 40 to 200 nm for a material density of 1 g/cm?3 [35]. Kim et al.
[236] applied PALS for a low-pressure polyamide RO membrane and determined the pore
radius as 0.217 nm. Tung and his colleagues found that the pore radii of virgin and fouled
polyamide NF membranes were 0.279 nm [23] and 0.312 nm [20], respectively. Chen et al.
[237] used PALS for a low-pressure RO and two NF membranes, and found the pore radii to
be 0.203 nm for the low-pressure RO membrane, and 0.265 and 0.275 nm for the two NF

membranes. Fujioka et al. [238] related the rejection of uncharged molecules during the RO
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process to the pore diameter determined by PALS. The PALS results indicate that the seawater
RO and low-pressure RO membranes had pore radii of 0.259 nm and 0.289 nm, respectively,
which correlated well with the relatively better rejection exhibited by the seawater RO
membrane. Another PALS study by Fujioka et al. [239] analyzed the impact of heat treatment,
which is known to improve rejection and reduce fouling but reduce water permeability, on the
pore size of RO membranes. PALS results indicate that heat treatment negligibly changed the
pore radii of 0.267 nm. Lee et al. [240] found for a polyamide seawater desalination RO
membrane with pore radius of 0.240 nm that increasing humidity causes pore swelling. The
recent studies on PALS analysis have focused on different membrane types. Fan et al. [241]
characterized the polyvinyl alcohol-graphene oxide nanocomposite membranes with different
weight ratios of graphene oxide and polyvinyl alcohol using PALS, and found the pore radii
varied between a small range of 0.219 - 0.222 nm despite different compositions. Kim et al.
[242] developed cellulose triacetate and polyamide forward osmosis (FO) membranes and
compared the pore size with a seawater RO membrane. The pore diameter was determined with
the PALS method, whereas the PSD was obtained via the fractional rejection method. Between
the FO and seawater RO membranes, PALS indicated the FO membrane had larger pores in the
radii range of ~0.29 - 0.30 nm, compared to that of 0.20-0.24 nm of the seawater RO membrane.
PALS has also been used for inorganic membranes. Ma et al. [243] prepared four zeolite
membrane types with different microstructures on alumina supports, with PALS showing that

the pore radii were between 2.73 and 3.64 A.

6.2.Synchrotron Radiation (SR)

The SR technique has some advantageous characteristics such as wide spectrum range, high
intensity, high polarization, small source and therefore greater intensity; it has been beneficial
for the applications in the fields of materials characterization and analysis, chemistry,
micromechanics, biology, physics, geology, archaeology and medicine [244, 245]. SR-based
X-ray diffraction (XRD) and small-angle X-ray scattering (SAXS) characterization methods
provide performance-related information about morphology and structural differences [246].
Based on these advantages, the SR method has been applied to polymeric and inorganic
membranes since the beginning of the 2000s. Lassinantti Gualtieri et al. [247] used the SR
technique as a part of a high-temperature X-ray powder diffraction (HT-XRPD) study for
testing both zeolite film and alumina support of the MFI zeolite membranes to understand crack
formation during the calcination process. The porous alumina support was found to be expanded

while the MFI zeolite crystals contracted during calcination heating. Jeong et al. [248] studied
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the synchrotron X-ray radiation technique to investigate the microstructure of siliceous ZSM-5
(MFI) zeolite membrane during the calcination process. After the calcination process, MFI
crystals of the membrane were found under compressive stress and their thermal behavior were
different from those in powder, which affirmed that cracks formed under compressive stress
and thereby affected the overall membrane performance. Barranco-Garcia et al. [249]
investigated the gas transport phenomenon of isotactic polypropylene (iPP) based nanoporous
gas separation membrane with different amounts of SBA-15 silica (iPP/SBA-15) via the SAXS
SR technique. The confinement effect was monitored, and the silica particles played a filler role
that enhanced the rigidity and lowered the deformations. Other studies were performed to
investigate the depth-dependent structure during permeation performance, and also the effect
of ethanol swelling of poly(urea-urethane) (PU) membranes via small-angle X-ray scattering
(SAXS) SR technique [250, 251].

Furthermore, Remigy and Meireles [252] used the SR computed microtomography method to
study the pores and 3-D architecture of polysulfone (PSf) and poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) hollow fiber microfiltration membranes. Pore geometry
and morphology of the membranes were observed by analyzing the 2-D images and
reconstruction of 3-D architecture via commercial visualization software. Lee et al. [253]
studied the structure of nanoporous polymeric membranes via synchrotron X-ray tomography
imaging. Membrane porosity, pore channel and interconnectivity, 3D structure and tortuosity
characterizations were determined via 3D image analysis, demonstrating that nanoscale
imaging can be reliably used for membrane morphology-based mass transfer investigations.
While the possibility of applying the SR method for membrane characterization has been
proven, studies on pore size characterization are very limited. Similar to PALS, and in contrast
to other indirect methods that cater to UF and MF membranes, SR can be used to nanometer-

scale and smaller pores.

7. Conclusions and Future Directions

The present study reviewed the existing indirect techniques for the analysis of membrane pore-
related characteristics. Compared to the direct methods, indirect ones allow for the
characterization of larger and thus more representative membranes, and with minimal sample
preparation. The techniques have been systematically reviewed with respect to the theoretical
background, measurement detail, experimental procedure, and application found in the
scientific literature. The methods were classified as Young-Laplace equation-based, Kelvin

equation-based, Gibbs-Thomson equation-based and spectroscopy-based techniques. The
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bubble point test, gas-liquid displacement porosimetry (GLDP), liquid-liquid displacement
porosimetry (LLDP), and mercury intrusion porosimetry (HgP) were reviewed under the
umbrella of Young-Laplace equation-based methods, whereas evapoporometry (EP),
permporometry (PmP), and gas adsorption-desorption (GAD) were reviewed as Kelvin
equation-based methods. In addition, the thermoporometry technique was explained under
Gibbs-Thomson equation-based methods. Finally, positron annihilation spectroscopy and
synchrotron radiation were examined jointly as spectroscopy-based techniques. The

conclusions of the present review are summarized in Table 7.

Table 7: Key features (positive (x) or negative (¥)) of the indirect methods reviewed for

membrane pore characterization.

Underlying | Method Features
Theory
- Liquid % Flow-based mean pore size and PSD
2 Displacement % Fast and precise measurement
S Porosimetry ¥ Limited to MF and UF membranes; requires high
i pressure for smaller pores (nanometer range) detection
§ Mercury Intrusion | * Volume-based mean pore size and PSD
= Porosimetry % Can be used for the characterization of many
- porous materials such as powders, rocks, ceramic
§ membranes, catalytic materials
S ¥ The requirement of higher pressure makes it

uncommonly used for polymeric membranes
Thermoporometry | # Mass-based mean pore size and PSD

|
& g % ¥ Needs pore geometry assumption
8 S = ¥ Limited accuracy of heat measurement
~
Permporometry % Flow-based mean pore size and PSD
% Measures continuous pores
¥ Limited to MF and UF membranes
- ¥ Requires pore geometry assumption, needs partial
2 pressure and flow rate measurement
g Evapoporometry % Mass-based mean pore size and PSD
| % Can be conducted at ambient temperature and
S pressure
E % Can distinguish between continuous versus dead-

ended pores, and pore connectivity in polymeric
membranes

% Can characterize fouled membranes

¥ Limited to UF and tight MF membranes
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Gas Adsorption- % Volume-based mean pore size and PSD
Desorption % Can be used for MF, UF and NF membranes
¥ Needs pore geometry assumption
¥ Expensive equipment, and limited accuracy of
pressure and volume measurements
g Positron % Quantifies mean pore size based on high-resolution
528 Annihilation images
93 Lifetime % Useful for tight NF and RO membranes
N Spectroscopy ¥ Requires vacuum process for the test sample

Any of the reviewed methods can be useful for providing information about the pore size and
porosity of membranes. LLDP and EP are considered the more precise methods giving an
accurate, complete picture of the PSD for any membrane in the MF - UF range, while the
extension to NF relies on the spectroscopy-based methods. While such porosimetric methods
are very useful for preliminary selection of samples for selected applications, such selection

must be complemented by appropriate retention experiments of the real feeds of interest.

One major drawback of all these PSD characterization techniques is related to the actual
microstructure of a porous medium, which in many cases is quite different from a simple bundle
of parallel cylindrical tubes. Porous systems are rather characterized by a system of more or
less interconnected pores. Several studies dealing with the pore network simulation (PNS)
method of fluid displacement [254-258] are inspired by the classical invasion-percolation
algorithm. It combines the tracking of the fluid-fluid interfaces and the invasion of the throats
(corresponding to the constrictions of the pore space) whose threshold capillary pressures, as
given by the Young-Laplace equation, are lower than the existing pressure difference between
the two fluids [257]. In the case of PNS simulation of EP, it is made by combining the
computation of vapor diffusion in the fraction of the pore space invaded by the gas phase present
in the network and the identification of the throat of lower capillary pressure invasion threshold
[257]. As a result, the information on the PSD obtained from LLDP and EP techniques can be
questioned in some cases and must be assessed for improved accuracy by comparison between

experimental results and PNS calculations.

Although the indirect methods are established techniques for different membrane types,
improvements can be made through further research. For the case of MF and UF membranes,
all the Young-Laplace-, Kelvin- and Gibbs-Thomson-based techniques can be improved via the
use of different liquids. It would be useful to assess the impact of the thermophysical properties

(e.q., surface tension, wettability) of the liquid on pore size estimation, since the interaction
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between liquid and membrane material can slightly or dramatically change the PSD profiles.
Furthermore, some subjectivity is involved in these techniques (e.g., determination of the
transition between free-standing liquid evaporation and evaporation from the pore in EP), which
means the average PSD and pore size estimation may vary somewhat between operators. To
make for an objective assessment, machine learning algorithms can be developed for data
management and to plot fittings of the PSDs, which would make membrane characterization
faster and more reliable. For the nanometer and sub-nanometer pores, the PALS and SR
techniques have been gaining importance since they can provide a comprehensive
understanding of the void structures. Since PALS and SR provide reliable pore size
characterization for the sub-nanometer-scale membrane structures, the relationship between
fouling mechanism and change in pore size/structure can be studied in more detail. In parallel,
simulations can be performed to contribute towards the relationship between transport

properties and pore sizes.
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