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ARTICLE INFO ABSTRACT

Keywords: Tomographic X-ray imaging techniques offer novel opportunities for studying membranes and membrane
Membrane characterisation processes in 3D on a spatial resolution not seen before. Traditional 2D imaging techniques used to characterise
Microtomography membranes have limitations that can be overcome by tomographic X-ray imaging. Tomographic X-ray imaging
Holotomography can provide information in 2D/3D or 4D (3D plus time) on membranes, membrane modules, and membrane
Nanotomography processes on a scale ranging from micro- to nanometre. They offer the possibility to uncover many fundamental
Ptychotomography

issues related to membrane science, including the detection and monitoring of macroscopic biofilm forma-
tion, scaling, and cake build-up. High-resolution nanotomographic X-ray imaging enables even microscopic
characterisations such as pore size distribution or pore network analysis. This Perspective paper introduces
the tomographic X-ray imaging techniques with the most potential for membrane science: microtomography,
nanotomography, holotomography, and ptychotomography, and presents their applications in the literature
regarding the field of membrane science. Based on these findings and our experiences opportunities, challenges,
and limitations of tomographic X-ray imaging techniques are discussed. It is concluded that in the near future
tomographic X-ray imaging techniques will become increasingly common analytical techniques for membrane
manufacturers, scientists, and users.

1. Introduction

Membrane processes are highly selective, electrifiable, and low-
energy demanding unit operations and are therefore already employed
in a wide range of industries. In 2021, the global membrane market
exceeded 24.7 billion Euro and is expected to grow by a rate of
12.2% annually until 2030 [1]. A prerequisite for the expected growth
is a continued development in the field of membrane science. Key
fundamental physical properties that ensure high separation efficiency
and flux are determined by the manufacturing process of the membrane
and membrane module, as well as the conditions during operation. The
development of new commercial membranes and their applications are
restricted by four key hurdles: (1) material conversion into a novel
membrane; (2) membrane module assembly; (3) module integration

*

into a membrane process; (4) membrane process incorporation into
a production process [2]. Overcoming these hurdles necessitates con-
sidering and understanding a combination of various factors and a
comprehensive characterisation of the membrane after each of the
hurdle, before, during (in situ/operando), and after (post-mortem) usage.
The characterisation becomes challenging when it is to be performed
in situ/operando and dynamic properties during filtration are to be
investigated too.

Most membranes possess an asymmetric structure, often consisting
of several distinct layers, with some of them being dense while others
being porous. The structural and mechanical characterisation of the
bulk and surface properties of the membranes requires a wide range
of techniques spanning many orders of magnitude in spatial resolution,
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Fig. 1. Schematic overview of macroscopic and microscopic phenomena related to pressure-driven membrane processes. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

starting at the atomic scale and ranging to metres. Macroscopic phe-
nomena require resolutions in the range of millimetre to micrometre,
while microscopic phenomena require resolutions in the nanometre
range. Common details of interest on the example of pressure-driven
membrane processes are illustrated in Fig. 1.

According to Khulbe and Matsuura [3] “an ideal characterisation
method should be non-destructive, accurate, repeatable, and fast”,
while maximising data output. A technique fulfilling these require-
ments and already used in many fields is tomographic X-ray imaging.
One of the crucial advantages of X-rays over visible photons or electrons
is their larger penetration length. Tomographic X-ray imaging is a set of
non-destructive imaging techniques that can be used to produce three-
dimensional images of objects on a wide spatial range. This is very
promising for membrane research as from many scientific questions in
the field, information in two-dimensions (2D) is not sufficient, while
data in three-dimensions (3D) provides the needed information.

Tomographic imaging techniques that can achieve resolutions of
1 pm on samples of mm or even cm scale, such as microtomogra-
phy, be used to improve the housing, the spacer or to characterise a
cake layer or a gel layer (see 1). Fast techniques such as synchroton-
radiation-based techniques can be used for in situ studies. Furthermore,
techniques that enable high resolution imaging such as nanotomograpy,
holotomography, and ptychotomography, can be used to study phe-
nomena on the nanoscale such as scaling, membrane fouling based on
adsorption or pore blocking, or for the characterisation of the inner
structure of the membrane in terms of e.g., pore size distribution,
tortuosity, or chemical robustness.

Until now, tomographic X-ray imaging techniques, such as full-field
X-ray microtomography, X-ray nanotomography, and scanning X-ray
nanotomography techniques (i.e. ptychotomography) have been used
only to a limited extent to study synthetic membranes and membrane
process phenomena. So far, a pioneering and comprehensive book
chapter on the use of tomographic X-ray imaging in membrane science
has been published by Remigy [4] in 2009 and five years later, the
use of synchrotron radiation micro- and nanotomography in membrane
science has been described as part of a review on recent advances in the
field of membrane morphology by Tung et al. [5]. Furthermore, a fo-
cused review on the characterisation of anion-exchange membranes for
water electrolysers and fuel cells has been published by Yang et al. [6]

including a chapter on X-ray computed tomography. In contrast to
the previous work, the present Perspective paper provides an updated
summary of the limitations of conventional analytical techniques for
the structural and mechanical characterisation of membranes; a brief
theoretical background on four relevant tomographic X-ray imaging
techniques: (i) microtomography (xCT), (ii) nanotomography (nCT),
(iii) holotomography, and (iv) ptychotomography (PXCT), including
advantages and disadvantages; a summary of studies related to mem-
brane science that have applied these techniques; and a discussion on
opportunities, challenges, and limitations that these techniques hold
with regards to membrane science.

2. Limitations of conventional methods to characterise membranes

Structural and mechanical properties of membranes have been char-
acterised with various indirect and direct techniques before [7], but
these conventional techniques have limitations that can be overcome
by tomographic X-ray imaging. This section provides a brief overview
on indirect and direct characterisation techniques, excluding tomo-
graphic X-ray imaging, and their limitations for the characterisation of
structural and mechanical properties of membranes.

Indirect invasive methods for the characterisation of mechanical
properties of membranes such as the pore size distribution or poros-
ity include bubble point pressure analysis, gas-liquid displacement
porometry, [8,9], liquid-liquid displacement porometry [10], mercury
porosimetry [11], gas adsorption and desorption by physisorption anal-
ysis [12], or the relatively novel method of membrane impedance
porometry [13]. In contrast to tomographic X-ray imaging, these tech-
niques can only determine the largest pore entrance and not the actual
inner diameter of a pore channel. Isolated pores not connected to any
surface cannot be detected. Moreover, for asymmetric membranes, it
remains a challenge to distinguish the porous support layer from the
dense active layer. This can be of interest for quality tests of new
membranes or when investigating membrane fouling and cleaning.
Furthermore, for some of these methods, high pressures need to be
applied or the sample needs to be dried extensively and cut into smaller
pieces for the analysis, all of which affect the sample structure. For
tomographic X-ray imaging, this is not a general prerequisite.
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Fig. 2. 3D reconstruction of a membrane obtained from serial sectioning using
cryogenic FIB-SEM. The grey structure depicts the polymer region.

Source: Adapted from [15].

© 2021 with permission of Elsevier B.V.

Common visual techniques for direct invasive characterisation are
based on optical microscopy, electron microscopy, and scanning probe
microscopy. These techniques can be applied to observe the surface
morphology of a membrane and to gather information on the surface
porosity. With 2D microscopy techniques, such as the electron micro-
scopic techniques scanning electron microscopy (SEM) or transmission
electron microscopy (TEM), spatial resolutions well beyond the possi-
bilities of tomographic X-ray imaging techniques can be obtained [14].

For SEM, the membrane typically needs to be dry and sputter-
coated (commonly for polymeric membranes) with a thin metal layer
to reduce the effect of charging. Besides other effects, this sample
preparation technique alters the pore size and pore distribution of
the sample. An exception is the usage of environmental SEM, which
allows microscopy imaging in wet conditions though at a slightly lower
resolution than the common field-emission SEM. Focused-ion beam
(FIB) abrasion in combination with SEM (FIB-SEM), also know as serial
sectioning, makes it possible to extract information on the 3D structure
of a sample [15] (Fig. 2), but the method is very time consuming and
only small volumes of the sample can be probed, making it difficult
to judge if the results are representative. Another disadvantage is that
the membrane structure might be damaged during abrasion, resulting
in artefacts in the 3D model. A way to avoid beam-induced specimen
damage while still conducting serial sectioning is by combining SEM
with a microtome [16] (Fig. 3). The limitation of this method is that it
is even more time-consuming than FIB-SEM. Moreover, microtoming
can cause more mechanical damage and artefacts to the membrane
sample than compared to abrasion with an ion beam. High resolution
tomographic X-ray imaging can also require tedious sample preparation
but lower resolutions can be reached rather easily and even without any
sample preparation.

With TEM, very high spatial resolutions can be reached. In addition,
the technique can provide information in 3D, with so called TEM to-
mography [17], as well as crystallographic (cryo-electron microscopy),
and chemical information, but sample preparation is tedious. The sam-
ple needs to be embedded in a resin and microtomed into very thin
slices. Imaging of larger volumes in 3D (at least several micrometres in
each direction), usually required for membranes to get representative
results, is not possible with TEM tomography but easily achievable for
low resolution tomographic X-ray imaging.

Scanning probe techniques such as atomic force microscopy (AFM)
allows the study of the topology of a sample and also the surface poros-
ity [18], but underlying layers are not accessible with this technique.
All microscopic techniques have in common that it is difficult to analyse
samples that are three dimensional (curved/bent) such as tubular,
hollow fibre, spiral-wound or 3D printed membranes. Furthermore, in
contrast to tomographic X-ray imaging, operando investigations in 4D
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(3D + time), where the sample is investigated over a certain operation
time or in a changing sample environment, are very challenging with
these direct invasive characterisation techniques.

A technique that allows 3D and even 4D analysis and which is
related to tomographic X-ray imaging is optical coherence tomography
(OCT). OCT is an up-coming technique that has already been used sev-
eral times for membrane related research, e.g. [19-21] (Figure [20]). It
provides 3D data of a sample of any shape, but at a much lower spatial
resolution and lower penetration depth than what X-ray-based imaging
techniques can provide (see Fig. 4).

As shown, structural and mechanical properties of membranes can
been characterised with various techniques. Therefore, tomographic X-
ray imaging techniques do not provide entirely unique information.
However, in comparison to the more conventional techniques, tomo-
graphic X-ray imaging techniques provide novel insight in 3D or even
4D on membranes, membrane modules, and membrane processes with
just one technique and on a high spatial and temporal scale not seen
before.

3. Techniques for X-ray computed tomography of membranes in
the micro- and nano-scales

In tomographic X-ray imaging, projection images are acquired over
180 or 360 °, while the sample rotates with respect to the X-ray
beam propagation direction. The projection images are then used to
reconstruct a 3D volume of the sample, where each voxel is represented
by a grey scale value of the linear attenuation coefficient (cm™1) of the
sample itself. A voxel, or a volumetric pixel, represents a cube with an
edge length of the voxel size and is located on the three-dimensional
grid of the sample volume. The best half-pitch resolution achievable by
any technique is equal to the voxel size. However, it should be noted
that not all instruments and not all measurements will achieve voxel-
size resolution. The actual resolution of the measurement has to be
taken into account carefully when segmenting and making conclusions
of the 3D volume.

The X-ray beam can come from a lab-based X-ray source or from a
synchrotron light source. In general, synchrotron X-ray sources offer a
higher throughput and reach higher resolutions much faster than lab-
based sources as the latter are limited in the available photon flux and
brilliance. Moreover, synchrotron light sources offer more flexibility
and can have monochromatic X-rays, while lab-based X-ray sources
have a fixed spectra of energy of the X-rays to be used. The photon
flux of an X-ray beam describes the amount of photons per second.
The brilliance of an X-ray beam is a measure of the intensity and
directionality and is defined as photon flux per unit source emittance.

Closely related and a physically measurable quantity of brilliance
is coherence. This term describes the degree to which the phase of a
wave is correlated between any two spatial points. Thus, for a coherent
X-ray beam, the electromagnetic waves are synchronised in phase and
wavelength. Coherent X-ray beams provide the opportunity to use
coherent lensless imaging techniques that can overcome the difficulties
of fabricating high-resolution X-ray optics and provide a resolution
ultimately limited by the wavelength of the X-rays [22]. Examples of
coherent X-ray imaging techniques are coherent diffractive imaging,
holotomography, and PXCT.

In this perspective paper, we grouped tomographic X-ray imaging
techniques according to their spatial resolution. For uCT, a resolution
between 0.5 and 0.7 pm can usually be reached and either a lab-based
X-ray source or a synchrotron light source can be used. Nanotomo-
graphic X-ray imaging techniques reach a higher spatial resolution
and include techniques reaching resolutions in the lower nanometre
range. Currently, nanotomographic X-ray imaging can be only done
with synchroton light sources. In the context of this paper, the tech-
niques holotomography, full-field nCT, and PXCT are be presented as
nanotomographic X-ray imaging techniques.
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Fig. 3. Schematic of the partitioning of a part of a membrane by serial section using microtoming and SEM and corresponding 3D reconstructions.

Source: Adapted from [16].
© 2011 with permission of Elsevier B.V.
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Fig. 4. Visualisation of 2D and 3D OCT scans of a cake layer formed on a flat-sheet an membrane bioreactor over the time.

Source: Adapted from [20].
© 2019 with permission of Elsevier B.V.

3.1. Microtomography in membrane science

Most of the tomographic X-ray imaging studies related to membrane
science and presented in the literature review part of subsequent sec-
tions of this work have been conducted with yCT. Two-thirds of the
reported uCT experiments were conducted with lab-based instruments,
while around one third was conducted at a synchrotron light source.
Therefore, the research on uCT presented in this section is separated in
the subsections ‘Lab-based X-ray microtomography’ and ‘Synchrotron
radiation X-ray microtomography’.

For uCT a nominally flat X-ray illumination is incident on the
sample and a pixelated detector downstream detects the attenuated X-
rays passing through the sample, from which a transmission projection
image can be calculated following Lambert-Beer’s law. These projec-
tion images are then digitally reconstructed into tomographic slices.
Projection images can be formed by numerous contrast mechanisms
based on the different interaction between the X-rays and the object’s
cross section. The first and most widespread imaging X-ray contrast
is based on absorption. Absorption contrast imaging makes use of the
inhomogeneous passage of X-rays through a sample’s distribution of
electron density, resulting in varied levels of transmission.

Another contrast used for imaging is phase-contrast. If the sample-
to-detector distance is increased, as for xCT, and if the beam has a
certain degree of coherence, then propagation effects will appear on
the images. In particular, phase differences in the sample will create
propagation fringes around edges. These edge effects can be leveraged
and thereby a phase-retrieved image can be obtained [14]. When using
phase contrast imaging, the measured intensity, with the fringes, can be

processed by a single step so-called ‘phase retrieval’ algorithm such as
e.g. Paganin method [23]. With phase retrieval, it is possible to recover
the phase from the absorption, to improve the reconstruction, and to
deconvolve the propagation fringes [24].

3.1.1. Lab-based X-ray microtomography

The first work using uCT in the field of membrane science was
done in the year 2000 by Frank et al. [25] with a clinical X-ray
CT scanner. The resolution was several tens of micrometres but the
exact value was not stated. The aim of the study was to measure salt
concentration fields within a haemodialysis module. It was possible
to reveal the distribution of the dialysate flow around hollow fibre
dialyser membranes made of cellulose diacetate. A sodium chloride
(NaCl) solution was used to create sufficient contrast of the liquid flow
in the sample. While this approach provided insights on the variation
of salt concentrations through the module, a structural assessment of
the membranes was not possible. Module design for improving the
filtration performance is still a relevant topic. In an unpublished study,
we used uCT to make the distribution of a cake layer in a spiral wound
module visible. A commercial UF spiral-wound membrane made from
polysulfone (GR61PP 2517/48, Alfa Laval, Nakskov, Denmark) with
a molecular weight cut-off (MWCO) of 10 kDa was used to concen-
trate a calcium carbonate (CaCOj3) suspension (OmyaCarb15-GU Omya
AB, Malmo, Sweden, average particle diameter of 15 pm) at ambient
temperature in cross-flow mode. The module was subsequently cleaned
with the acidic cleaning agent Ultrasil 78 (Ecolab, Monheim, Germany).
After each treatment, lab-based uCT imaging was conducted with an
EasyTom150 (RX Solutions, Chavanod, France) at the 4D Imaging Lab
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Fig. 5. Tomographic slice of a lab-based X-ray microtomography scan of a commercial spiral wound UF membrane module used for the filtration of CaCO; and the very same

membrane after cleaning with an acidic cleaning agent.

at Lund University. Images were acquired over the entire membrane
with 8 stacked scans taking about 1 h in total for the full volume. The
source setting was 60 keV, the voxel size in the reconstructed 3D images
was 50 pm. Tomographic slices showed that the cake was unevenly
distributed along the spiral structure of the membrane and the length
of the module, Fig. 5. This observation can be used to understand why
a cake layer is building up where it is and why it remains present at
certain spots after cleaning.

Also the module assembly of ion-exchange membrane fuel cells can
be investigated with lab-based uCT. In a study by Liang et al. [26],
the connection between the membrane and the electrode assemblies
was imaged to determine the internal stability of this interface during
durability tests. Different layers connecting the membrane and the elec-
trode assemblies were tested. It was found that only the presented novel
3D-zipped interface prevented the formation of cracks or crevices.

Furthermore, lab-based uCT allows to characterise the porous
macro-structure of membranes. Viguié et al. [27] used the technique
to study hollow fibre membranes spun from polyvinylidenefluoride
with N-Methyl-2-pyrrolidone as a solvent and water as a coagulant.
Before coagulation, the fibres passed through an air gap zone. They
had an outer diameter of 1.2 mm, a outer skin layer thickness of
0.1 mm, and an inner diameter of 0.3 mm. Spinning conditions were
varied. The weight percentage of N-Methyl-2-pyrrolidone ranged from
0%(w/w) to 30%(w/w) and the air gap length ranged from 1 cm
to 50 cm. A nanofocus uCT system (Phoenix Nanotom S, Waygate
Technologies, Hiirth, Germany) was used reaching a voxel size of 1 pm.
The fibre length was 5 mm. It was possible to characterise the shape
and spatial distribution of macro-voids in the outer and inner layers
of the fibres as a function of the varied spinning process conditions. It
was found that solvent addition into the bore led to an increase in the
width of the macro-voids. Furthermore, the authors could determine
a critical residence time in air leading to significantly more macro-
voids. In addition, the size of macro-voids close to the inner layer
of the fibre increased with residence time. Another early work was
done by Vladisavljevi¢ et al. [28] that characterised the structure
of Shirasu porous glass membranes with lab-based yCT. The sample
height was 2.2 mm and a resolution of 3 to 4 pm was reached. It
was possible to characterise the membrane pores (pore size roughly
in the range of 9-24 ym) and to confirm the isotropic property of
the membrane. Recently, Bridge et al. [29] investigated macro-voids
in nonsolvent-induced phase separation membranes. In their study,
segmented cross-sectional images acquired with scanning electron mi-
croscopy (SEM) were compared with imaging by xCT. It was found
that the proposed SEM sampling approach was accurate for quantifying
macro-porosity in asymmetric membranes prepared by non-solvent-
induced phase separation. The macro-porosity determined by SEM was
within +6% of the value determined with yCT. However, the loss of 3D

information on macro-void size, shape, and count with the SEM-based
approach was highlighted by the authors in their conclusions.

In general, effective image processing allows for 3D quantification
and visualisation that clearly demonstrates the possibilities of xCT for
characterising membranes. In Fig. 6(a) (unpublished work by the au-
thors) a 3D rendering of a grey-level threshold polymeric UF membrane
(UFX5-pHt, Alfa Laval, Nakskov, Denmark) is presented. The data was
acquired using an Xradia Versa 520 (Zeiss, Oberkochen, Germany) at
the 4D Imaging Lab at Lund University at 60 keV and a voxel size of
1 pm in the reconstructed 3D images. The images clearly show the
pore structure of the support layer of the membrane and even the
finger structure of the active layer. According to the manufacturer,
the membrane had a MWCO of 5 kDa. A video of the 3D rendered
sample can be found in the online version of this paper. With further
image processing, individual macro-pores in the support layer can be
identified (Fig. 6(b)) and the connection paths highlighted (Fig. 6(c)).
This could later be used to determine the pore size distribution, poros-
ity, and tortuosity of the membrane as done for example by Maier
et al. [30] for polymer electrolyte membrane water electrolyser liquid—
gas diffusion layers. With image processing of lab-based uCT data, they
were able to calculate the porosity and to create pore network models
of several liquid—gas diffusion layers. This pore network was then used
to determine the pore size distribution and tortuosity of the samples.

Overall, the latest advancement of lab-based ;CT makes it possible
to quickly investigate membrane samples at high spatial resolutions.
In Fig. 7 (unpublished work by the authors) a tomographic slice of a
polyvinylidene difluoride hollow fibre membrane acquired using the
Xradia Versa 520 (Zeiss, Oberkochen, Germany) at the 4D Imaging Lab
at Lund University at 80 keV is shown and the high quality of lab-based
uCT instruments is clearly visible making the evaluation of the state of
a membrane very fast and easy.

Tomographic X-ray imaging also makes it possible to study struc-
tural changes of ion-exchange membranes induced by swelling [31].
Svoboda et al. used a heterogeneous cation-exchange membrane made
of polyethylene as a binder and polyester fibres for reinforcement. The
membranes were soaked in various potassium chloride (KCI) solutions
with concentrations from 1 mM to 1 M to cause membrane swelling.
The water in the aqueous KCl solutions caused a high absorption of the
X-rays, therefore, the authors developed a cell that allowed them to
perform uCT scans in saturated water vapour while avoiding any volu-
metric changes of the membrane due to water evaporation. The sample
size was 1 x 1 mm’ and a resolution of 2.1 pm was reached. It was found
that dry pristine membranes contained ion-exchange resin particles
with large size variation randomly distributed in the polyethylene
binder. In addition, a great number of macro-voids were uncovered.
Swelling in the KCI solution caused significant structural changes to
the volume of the membrane and the ion-exchange resin particles. The
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Fig. 6. 3D rendering based on threshold-based segmented images of a fouled UF (a) and image processed tomographic slices of the membrane highlighting the pores separated

by water shedding (b) and the connection path identified by skeletonisation (c).
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Fig. 7. Tomographic cut-slice of a hollow fibre UF membrane.

volume of both decreased with increasing KCl concentration, while
macro-voids increased in volume with an increase in KCI concentration.
Moreover, compared to the pristine membranes, more macro-voids
were detected in the swollen and subsequently dried membranes. In a
later study, the same group combined chronopotentiometry with uCT
to investigate the ion transport and the heterogeneity in heterogeneous
ion-exchange membranes and compared this to single ion-exchange
resin particles [32].

Lab-based uCT has further been used in several studies to in-
vestigate membrane fouling of polymeric membranes. Lower and co-
workers [33-35] have used the technique to evaluate and describe
multiphase processes in a filter cake. They investigated structural pa-
rameters such as porosity, tortuosity, and capillary length to develop a
model describing the dewetting of a filter cake. Luo et al. [36] char-
acterised membrane fouling on forward osmosis membranes used in
an osmotic membrane bioreactor. Lab-based uCT was used to visualise
the fouling layer while synchrotron light-based infrared mapping was
applied to identify its chemical composition. The membrane was a
commercial thin film composite membrane consisting of a polyamide

selective layer with aquaporin protein vesicles embedded and a porous
polysulfone support layer (Aquaporin FO, Aquaporin Asia, Singapore,
Singapore). The membrane was fouled with activated sludge from a
conventional membrane bioreactor. A 0.5 M NaCl solution was used
as draw solution. The membrane samples had a diameter of 22 mm
and were cut in 10 pm thick slices with a microtome. The generated
imaging data were phase retrieved and a voxel size of 1.2 pm was
reached. The infrared mapping revealed a multilayer fouling structure
with polysaccharide-like substances forming an initial layer that was
covered with protein-like substances. Rendering of the data in 3D
revealed characteristic “sand-dune” like features as the fouling layer.
It was possible to relate these feature to both carbohydrates-like and
proteins-like substances.

Fouling of UF membranes due to the filtration of lignocellusic hy-
drolysis liquor was investigated by Li et al. [37]. In this work, lab-based
uCT was used to visualise the fouling layer and to qualitatively compare
a pristine membrane with the fouled membrane. In an unpublished
study by the authors, two tubular polyethersulfone UF membranes
(ES404, PCI Membranes, now part of Filtration Group, Fareham, UK)
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Fig. 8. (a) Reconstructed tomographic slices of fouled (left) and cleaned (right) tubular UF membranes. (b) Line profiles of the brightness along the surface of the two imaged

tubular membranes.

with a MWCO of 4 kDa were imaged by lab-based uCT (Xradia Versa
520) (Zeiss, Oberkochen, Germany) at the 4D Imaging Lab at Lund
University at 80 keV and compared. Both tubular membranes were
used for the filtration of bleach plant effluent from softwood pulping.
One of them was additionally cleaned with the alkaline cleaning agent
BanUltra 17 (Banmark Oy, Vanda, Finland). Details on the preparation
can be found in Rudolph et al. [38]. The filtration led to severe
membrane fouling that accumulated on the membrane surface. It was
possible to uncover the fouling layer as a thin white line on top of
the active layer surface, Fig. 8. In the figure, the white line has nearly
completely disappeared in the cleaned membrane showing that alkaline
cleaning successfully removed the fouling layer. From other analysis
it was known that the fouling layer was roughly 2.5 pm thick and
consisted of magnesium (Mg) iteRudolph.2021. As Mg absorbs more
X-rays than the membrane polymer, the fouling layer was brighter and
easier to detect.

Exploiting phase contrast in combination with phase retrieval ad-
ditionally to absorption contrast can be used to extract even more
information from tomographic X-ray imaging. To fully use the potential
of phase-contrast imaging, it is necessary to calculate an image that
is predominated by the real part of the complex refractive index and
without the edge effects also known as phase retrieval. In Fig. 9, two
samples of a UFX5-pHt membrane are shown (unpublished work by the
authors). The data were acquired using the Xradia Versa 520 (Zeiss,
Oberkochen, Germany) at the 4D Imaging Lab at Lund University at
60 keV with a voxel size of 1 pm in the reconstructed 3D images. See
Fig. 6(a) for the 3D rendering of the fouled sample. The top one of the
two membranes is in pristine state and was only conditioned with a
solution of the alkaline cleaning agent Ultrasil 10 (Ecolab, Monheim
Germany), the bottom membrane was used for dead-end filtration
of thermomechanical pulping process water from spruce (Stora Enso
Kvarnsveden, Kvarnsveden, Sweden) at 2 bar and at a temperature
of 70°C. For details on the conditioning and filtration, see Virtanen
et al. [12]. The finger-like structure in the active layer is clearly
visible and easily distinguishable from the non-woven support layer.
In the attenuation based slice reconstruction (left side in Fig. 9) both,
the pristine and the used membrane seem to be similar. However,
after phase-retrieval (right side), spots in the active layer of the used
membrane turned bright. Most likely, these bright spots originate from
compounds adsorbed on and inside the active layer of the membrane. It
can be assumed that these compounds are lignans as they are known to
be a severe foulants in membrane processes in pulp and paper processes

and are very small. Therefore they would be able to pass through the
pores and adsorb in the active layer.

Not only adsorptive fouling and cake formation can be investigated
with lab-based xCT, but also the formation of a biofilm. Davit et al. [39]
studied this formation on porous media with the purpose to develop a
method for imaging the formation process in situ. This study is based
on a similar study performed with synchroton radiation X-ray uCT
(SRuCT) by Iltis et al. [40]. Davit et al. modelled the pore network
in porous media by compressing expanded polyamide beads (1000—
3000 pm in diameter) between two plexiglas plates. A contrast agent
consisting of a medical suspension of barium sulphate (BaSO,) and
potassium iodide (KI) was used to differentiate between the media,
the biofilm, and the aqueous phase, Fig. 10. The topologies of the
pore-scale transport processes were investigated. A resolution of 9 pm
was reached. The authors stated that with this approach, a method for
imaging biofilm growth within porous media has been established.

3.1.2. Synchrotron radiation X-ray radiography

In 2005, Yeo et al. [41] were the first to use synchrotron X-ray
imaging for membrane science. In their study, membrane fouling on
polymeric membranes was investigated. However, instead of tomo-
graphic imaging, they used phase contrast X-ray radiography over time,
at the port 16 beamline at the Singapore Synchrotron Light Source,
(SSLS), Singapore. In contrast to tomography, in radiography, the sam-
ple is not rotated and stands still. Thus, only one projection is extracted.
The approach was used to monitor external and internal cake layer
deposition on a single polyacrylonitrile hollow fibre MF membrane over
time. To improve contrast between the membrane polymer and the
solution, an iron hydroxide suspension was used as lumen feed. Due to
the low X-ray energy used (10 keV), radiographic images of the internal
structure of the membrane were obtained only when the membrane was
dry. By this, it was possible to detect a cake layer build up inside the
lumen and fouling within the membrane structure. Thus, this study is
the first to assess fouling of a metal oxide contamination on membranes
using a synchrotron light source. The resolution reached was 1 pm.

3.1.3. Synchrotron radiation X-ray microtomography

To-date, membrane fouling is still a problem and in a more re-
cent study, a way to decrease the impact of fouling of polymeric UF
membranes was investigated with SRuCT by Abdelrasoul et al. [42].
The authors investigated the influence of cross-flow air injection to
shear of a cake layer during UF. The experiments were done at the
biomedical imaging and therapy (BMIT) beamline at the Canadian
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Fig. 9. Non-phase retrieved (left) and phase retrieved (right) lab-based uCT reconstructed tomographic slices of a pristine (top) and a used (bottom) UF membrane.
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Fig. 10. 3D reconstructions of a polyamide bead (dark) and the biofilm (soft blue—
green) at 0 days and after 10 days. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Source: Adapted from [39].

© 2010 with permission of John Wiley & Sons, Inc.

Light Source (CLS, Saskatoon, Canada). In-plane imaging was done
with the membrane being parallel to the beam path. Two homogeneous
polycarbonate membranes with pore sizes of 0.05 pm and 0.1 pm and
one heterogeneous polysulfone membrane with a MWCO of 60 kDa
were used. Fouling was imitated with a concentration of 1.3 kg m~3
latex particles in an aqueous solution. Air was injected concurrently
and counter-currently on the membrane surface at 0.8 m s~ while
a transmembrane pressure of 1.72 bar (25 psi) was applied. It was
possible to reveal the influence of the air injection on the membrane
fouling in each membrane layer of the polysulfone membrane matrices.
At the top layers, counter current air flow resulted in the removal of
membrane fouling, but in the intermediate and lower layers of the
polysulfone membrane severe fouling was found. A similar effect was
observed for concurrent air injection, but in this case the fouling in the
bottom part of the membrane was less severe. The experimental results
were supported by an analysis with computational fluid dynamics and
additional confocal laser scanning microscopy.

Ceramic membranes have also been investigated with SRuCT. Mol-
lahosseini et al. [43] monitored the filtration of skimmed milk and
combined the findings with molecular dynamics simulations. Variations
in porosity and membrane fouling were investigated through different
layers from the top, middle, and bottom of cylindrical membranes
before, during, and after skimming milk. The membrane had a pore
size of 0.14 pm. In-plane imaging was conducted at the BMIT 05ID-2
beamline of the CLS. A polychromatic beam (white beam) was used
and the beam was aligned in a cross-flow direction, thus parallel to the
membrane support. Defects in the membrane structure were detected
and a homogeneous distribution of the porosity along the thickness of

the membranes was revealed. Fouling was found to be more intense on
the top of the membranes even though the top layer was slightly more
porous than the lower part. Vicente et al. [44] compared new and used
ceramic MF membranes regrading changes of their inner structure in
2D and 3D. The experiment was conducted on the ID19 beam line at
the European Synchrotron Research Facility (ESRF), Grenoble, France.
Consecutive image analysis of the reconstructed tomographic slices
allowed to determine the local thickness variation of the membrane
from the feed to the permeate side. Furthermore, a morphological anal-
ysis of the solid structure and the pore space was conducted. The 2D
characterisation enabled a quantification of the pores before and after
filtration, while the 3D characterisation revealed the granulometric
distribution of different solid parts of the porous matrix across the
thickness of the membrane.

Furthermore, SRuCT was applied to determine the morphology of
membranes. Remigy et al. [45,46] used SRuCT to assess and charac-
terise morphological features and the 3D architecture of polyvinylidene
difluoride hollow fibre MF membranes. Also here the ID19 beamline at
ESRF was used. The membranes investigated were prepared by phase
inversion through different manufacturing processes. The hollow fibres
had a length of 3 to 4 cm. The samples were in wet state and no sample
preparation was conducted. During the experiment, about 750 pm of
the hollow fibres were scanned. A voxel size of 0.7 pm was achieved.
The study showed that the hollow fibres consisted of four regions
distinguishable from each other by the pore wall thickness and pore
size distribution. Additionally, density differences in the polymer walls
were detected.

Even transport phenomena related to membrane processes can be
studied with SRuCT. Park et al. [47] applied the technique with a
white beam to monitor the separation of water-in-oil emulsions on
the microscale. Under-oil-hydrophilic membranes, a conventional non-
woven filter paper with a pore size of around 20 pm, was used. The
sample was placed in a chamber filled with an oil phase. Then a droplet
of an aqueous solution consisting of iodine and KI was dispensed
into the chamber to investigate the early stage of the spreading and
adsorption of water droplets on the filter paper. The experiment was
conducted at the 9D beamline of the Pohang Light Source (PLS-II,
Pohang Accelerator Laboratory, Pohang, South Korea). It was found
that not only membrane characteristics but also fluidic interactions
between the water and the oil phase significantly affected the dynamic
behaviour of the water droplets in the overall separation process. Just
recently, the same authors reported a 4D visualisation of the process
by using operando SRuCT at the 6C Bio Medical Imaging beamline of
PLS-II [48]. In this study, the reached voxel size was around 2.25 pm.
Correcting for edge effects using phase retrieval made it possible to
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study the spatial-temporal volume changes of the oil-water phase and
the variation of pore distribution within the hydrophilic membrane in
3D. The investigations made it possible to calculate the volume flow
rate of oil infiltrating the filter paper and the evaporation rate of water
from the filter paper. Overall, the work showed that oil adsorption
is a result of a competition between capillary action caused by water
evaporation and oil infiltration pressure caused by surface wettability
changes. Another example on the usage of operando SRuCT for transport
phenomena is the observation of water transport in polymer electrolyte
fuel cells done by Normile et al. [49]. With the help of a combination
of SRuCT and full-field X-ray nCT, the formation of liquid water around
the interface of components of the fuel cell and within larger voids in
the catalyst layer was observed. Preliminary runs were performed at
the Beamline 2-BM at the Advanced Photon Source (APS) hosted at
the Argonne National Laboratory (ANL, Argonne, IL, USA), while the
final experiment was run at the Beamline 8.3.2 at the Advanced Light
Source (ALS) hosted at Lawrence Berkeley National Laboratory (LBNL,
Berkeley, Ca, USA). Findings from this study can be used to improve the
design of electrodes and component interfaces of fuel cells with regards
to water management and power density.

3.2. X-ray holotomography in membrane science

Holotomography, i.e., in-line holography combined with tomogra-
phy and also known as projection microscopy, is a lensless coherent
nanotomographic X-ray imaging technique that exploits the coher-
ent flux of high-brilliance X-ray sources. Holotomography and in-line
holography, as developed by Gabor [50], provide phase information
by interfering a reference wave with the one distorted by the sam-
ple. In a magnified geometry using a focused beam, as in projection
microscopy [51], the resolution of in-line holography and holotomog-
raphy is limited by the focal spot size of the focused beam. Given the
advent of diffraction-limited storage rings [52] and high-resolution X-
ray optics, sub—100 nm focusing has become a routine task [53,54] and
even close to few tens of nanometres [55,56]. Thus, holotomography is
an excellent technique to probe the mesoscale, i.e., 100 nm resolution
down to the nanometre scale with phase sensitivity with a field-of-view
around hundreds of micrometres.

For example, in a recent in-line holography experiment at the MAX
IV Laboratory synchrotron light source hosted at Lund University,
(Lund, Sweden) the capabilities of the NanoMAX beamline [57] were
demonstrated on a chalk sample and a spatial resolution of 155 nm was
achieved in a scan time of few minutes [54].

Until now, holotomography has not yet been applied for studies
related to membrane science, but it has already been successfully
used for soft matter such as bio-molecular structures and metal thin
films [58]. This technique is foreseen to be a very promising method for
membrane science as it shows high sensitivity, requires short measuring
times, and allows low-dose imaging, meaning less beam damage [54].
The aforementioned properties are especially useful when imaging
objects made of low-atomic-number (Z) chemical elements such as
hydrogen (H), carbon (C), and oxygen (O) and materials with similar
attenuation contrast typically associated to polymeric membranes and
organic membrane fouling.

3.3. Full-field X-ray nanotomography in membrane science

Synchroton radiation full-field nCT, also known as transmission
X-ray microscopy (TXM) is using phase contrast for imaging similar
to uCT but can additionally employ refractive lenses, Fresnel zones
plates, or Zernike phase contrast [14,59]. The techniuqe has been
used in two studies related to membrane science. It was used to
characterise the spatial distribution and 3D shape of macrovoids in
bicontinuous microemulsion-fabricated polymeric films [60]. The poly-
meric films modelled the nanoporous structure of membranes. Three
films were prepared by thermal polymerisation. The films consisted
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of 2-hydroxyethyl methacrylate used as the aqueous component of
each micro-emulsion, ethylene glycol dimethacrylate used as cross-
linking agent. N,N,N’,N’-tetramethylethylene diamine together with
ammonium persulfate were used for the polymerisation. One film was
prepared by UV cross-linking of a silicon monomer. Each sample had
a size of 50 x 80 pm®> and was put in a capillary for imaging. The
experiment was conducted at the 7C beamline of the PLS-II using a
monochromatic X-ray beam. A resolution of around 40 nm was reached.
It was possible to visualise the 3D morphology, pore channels, and
pore inter-connectivity across the polymeric films. Furthermore, it was
possible to quantify the tortuosity and porosity of the polymeric films.
As mentioned before, Normile et al. [49] conducted a study where
they used a combination of SRuCT and operando full-field nCT to
investigate the formation of liquid water in polymer electrolyte fuel
cells. Samples at different relative humidities (50% and 100%) were
studied and ionomer (polymers consisting of repeat units of electrically
neutral repeating units and a fraction of ionised units) swelling was
observed within macro-pores smaller than 1 pm. The experiments were
conducted at the 32-ID Beamline at APS. A field of view of 75 x 75 pm
was used and the scan time was approximately 20 min. A resolution of
60 nm was achieved.

3.4. Ptychographic X-ray computed tomography for membrane science

PXCT is a coherent lensless imaging technique that bypasses lim-
itations in quality and resolution of conventional imaging lenses by
relying on computational reconstructions [61,62]. The sample of in-
terest is scanned across an X-ray beam, ensuring sufficient overlap
between the illuminated regions, and, for each scanning position, a
far-field diffraction intensity pattern is measured. Due to the phase-
retrieval reconstruction, the resolution in the reconstruction is not
limited by either the scanning step size nor by the diameter of the
illumination.

For 3D nanoscale imaging, ptychograms of the sample can be ac-
quired at different sample orientations with respect to the direction
of beam propagation [63,64]. PXCT leverages the improved signal of
phase contrast at high X-ray energies, compared to absorption contrast,
and, if the incident photon energy is away from resonant edges of the
sample, while providing quantitative 3D electron density maps [65].
Currently the typical resolution achievable is around 20 nm, although
the technique continues to be actively developed and has substantial
room for higher resolutions.

PXCT has so far been reported once for membrane science to deter-
mine the 3D structure of four commercial state-of-the-art polytetraflu-
oroethylene (PTFE) membranes used in membrane distillation [66].
The membrane samples investigated were FGLP14250, FHLP14250,
FGLP14250 from Merck Millipore, Burlington, MA, USA and Gore
from W. L. Gore and Associates, Newark, DE, USA. Their pore sizes
varied between 0.2 and 0.45 pm. PXCT was conducted at the cSAXS
beamline of the Swiss Light Source (SLS) at the Paul Scherrer In-
stitute (PSI), Villigen, Switzerland. A spatial resolution between 82
and 128 nm was reached. The porosity, tortuosity, and permeability
of the membranes were determined. It was found that the porosity
for the three samples agreed well with the values stated by the two
manufacturers. However, an inhomogeneous distribution of porosity
along the membrane thickness was observed for all three samples.
The determined characteristics were used for a numerical simulation
comparing permeability and Knudsen effects of the membranes with
the dusty gas model. To generate a better understanding of the pore
network and the membrane morphology, it was proposed to conduct
a structural analysis and to determine the pore size distribution and
mean pore size of the membranes.

In a study under preparation, the authors have used PXCT at the
cSAXS beamline of SLS to investigate membrane fouling of MF and
UF membranes. Images were acquired at 6.2 keV. The scan time was
around 6 h for a total of 1050 projections. A resolution of 26.5 nm was
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Fig. 11. Reconstructed tomographic slice (a) and 3D rendering of a UF membrane used for the separation of lysozyme from a fermentation broth seen from the side (b) and the

top ().

reached in the reconstructed 3D images. Amongst the UF membranes a
GR60PP membrane (Alfa Laval, Nakskov, Denmark) made from poly-
sulfone and with a MWCO of 20 kDa was imaged. This membrane
was used for the separation of the protein lysozyme (Lysozyme, from
chicken egg white, Alfa Aesar, Haverhill, MA, USA) from a fermentation
broth to model the downstream processing of a sweet protein produced
by precision fermentation. The broth had a concentration of 1 g L1
lysozyme. UF was run in a stirred dead-end cell with a volume of 350
mL at 30°C, 2.0 bar transmembrane pressure, and 500 rpm stirring rate,
until a volume reduction of 50% was reached. The filtration reduced
the membrane’s pure water permeability to 26% of the initial value
indicating severe membrane fouling.

In the 3D rendering of the sample, a fouling layer is visible on top
of the membrane, Fig. 11. In the upper part of the side view (Panel
(b) in Fig. 11), a roughly 400 nm thick bright layer can be seen. This
presumably originated from locally precipitated minerals and is most
likely located just on top the active layer of the membrane. On the
left side in the same panel, a large object is visible that seems to be
embedded in the fouling layer and enclosed by a gap. From the top
view (Panel (c) in Fig. 11), it can be seen that the fouling layer is not
homogeneous. Pores are visible and the large object clearly stands out.
The previously described gap around the large object is also visible.
Furthermore, several smaller objects are embedded in the top layer.
So far, it can only be speculated what these objects might be. The
large object could be a cell of a contaminant. The gap around it might
be from this microorganism consuming parts of the fouling layer. The
smaller objects could either be dust that ended on the surface during
preparation or precipitated compounds from the fermentation broth.
Investigations with further complementing techniques are needed to
outline and confirm these observations.

4. Opportunities, challenges, and limitations
4.1. Opportunities

Tomographic X-ray imaging techniques offer the possibility to un-
cover many fundamental issues related to membrane science that are
to-date not fully understood. Especially the different foci and achiev-
able resolutions allow to image structures at various length- and time-
scales. This is very useful for hierarchical structures such as mem-
branes. A summary of key properties relevant for imaging by tomo-
graphic X-ray imaging techniques can be found in Table 1. The table
shows the possibilities of these techniques. It needs to be explored
to what extend the presented values can be achieved when imaging
membranes, membrane modules, or membrane processes.

Tomographic X-ray imaging techniques can be used for rapid macro-
scopic quality control during the production of membranes, their in-
tegration in a module and in its housing, and their behaviour during
operation. Especially lab-based uCT is valuable for such rapid analysis,
as it is readily available while still allowing for measurements within a
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sample environment. However, imaging at a synchrotron light source
would be much faster.

Already with lab-based instruments, flow conditions inside a mem-
brane module can be monitored [25]. Observing flow conditions can
be used to improve the module design or to develop new modules,
e.g. dead-spots in the modules could be detected. Also, the optimisation
of spacers or the development of novel spacer designs can be promoted
with operando tomographic imaging of the flow patterns. Monitoring
the flow of liquids can be improved when the contrast is enhanced.
One way of achieving this is the usage of contrast agents, see the work
of Frank et al. [25] as it is already standard in medical imaging. A
disadvantage of this approach might be that the contrast agent interacts
with the membrane. Another approach can be the combination of
tomographic X-ray imaging with tomographic neutron imaging as it
was done by Maier et al. [30]. Neutrons can enhance the contrast
of a sample when water (H,O) is replaced with heavy water (D,0).
Meaning, the membrane has to be filled with D,O first. Then, 2D/3D
imaging by neutrons can be started and the replacement of D,O with
H,O can be monitored. Another example on the usage of neutrons is
the imaging of the fluid flow in rock [74], an approach that could be
easily transferred to similar investigations on ceramic membranes.

Macroscopic biofilm formation, scaling, and cake build-up can be
detected and monitored in situ with tomographic X-ray imaging [39].
The high resolutions reached with nanotomographic X-ray imaging
techniques enable pore characterisations of, e.g., MF or open UF mem-
branes. Thus, they allow investigations of cake formation, pore block-
ing, and adsorptive fouling during/after filtration and/or cleaning.
When doing this, it is possible to conduct a detailed pore size analysis
that also includes isolated pores, which might be disconnected by
membrane fouling or scaling. This is a substantial advantage compared
to other methods for pore analysis such as physisorption or mercury
porosimetry. The combination of tomographic X-ray imaging with other
techniques for further (chemical) analyses of the sample could give
detailed information on compounds adsorbed on and in the membrane.

At synchrotron light sources, the brilliance of the X-ray beams can
be so high that high temporal resolutions are possible and even fast
changes of or in the sample could be monitored. For example, it has
been shown that complex systems such as a pumping heart can be
studied by tomographic X-ray imaging to learn about flow conditions
inside the organ [75]. This ability of synchrotron radiation could be
useful to learn about the complex processes connected to the phase-
transition in membrane distillation or the transition of ions between the
anion and cation exchange layer in bipolar ion-exchange membranes
in electrodialysis. Furthermore, with high temporal resolutions, many
samples can the imaged during one beamtime, which would allow to
run larger studies or to investigate more samples of the same type to
get a better reliability of the analysis.
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Table 1
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Overview of record parameters for the full-field tomographic X-ray imaging techniques micro-, holo-, nanotomography, and
ptychotomography. The presented values are reported records of the techniques. These values were achieved on samples not
related to membrane science and are only to a limited extend transferable to membrane science (yet).

Technique Resolution Field of Temporal Availability
view (hxv) resolution

Microtomography > 0.7 pm >100 x 100 mm? <1 ms [67,68] Lab, SR

Holotomography 100 nm [54,69] <20 x 20 pm? [54] 25 ms [69] Lab, SR

Nanotomography > 10 nm [70] 60 x 60 pm? [14,70] 33 ms [71] Lab, SR

Ptychotomography > 15 nm [64,72] <100 x 100 pm? [73] 100 ms [64] SR

hxv: horizontal x vertical, Lab: Lab-based X-ray source, SR: Synchrotron radiation.

4.2. Challenges

One of the biggest challenge for using tomographic methods for
membrane science is probably the access to X-ray sources for per-
forming tomographic experiments, both laboratory-based and at a syn-
chrotron light source. However, more and more university labs are
acquiring lab-based X-ray sources for tomography. These instruments
are often open for anyone by establishing a collaboration or through a
proposal that is reviewed by an external committee of experts.

For tomographic techniques using synchrotron light sources, a key
question is to identify the right beamline, and to apply for and re-
ceive granted beamtime. All beamlines have different specifications,
advantages, and disadvantages. The effort to identify which technique
would be the most suitable one for a given experiment in mind should
not be underestimated. For getting beamtime, a proposal has to be
prepared and submitted. It is recommend to contact and consult the
beamline scientist before writing a proposal. In the proposal, the goal
and scientific motivation of the experiment has to be clearly stated
and it should be evident that the team of proposers have the necessary
expertise to carry out the experiment, to analyse the results and that the
experiment actually will be able to answer a clearly stated scientific
hypothesis. It is wise to include results from preliminary/previous
tomographic experiments in the proposal, which helps not only to
become acquainted with the method but also to develop a suitable
experimental plan, to demonstrate the proposers’ knowledge on the
technique, and, ideally, to establish a data processing pipeline. Due to
the described efforts needed for tomographic imaging at a synchrotron
light source, is important to rule out that lab-based CT could solve the
questions too.

Luckily, synchrotron light sources are increasingly more accessible.
Table 2 gives an overview of synchrotron light sources worldwide
with beamlines offering tomographic X-ray imaging. Several additional
synchrotrons are currently under construction; examples are the Iranian
Light Source Facility (ILSF), the Turkish Accelerator Radiation Labora-
tory (TARLA), and the Synchrotron-Light for Experimental Science and
Applications in the Middle East (SESAME) in Jordan. Funding for more
synchrotron light sources is considered as those facilities are high in
demand and produce top-notch science; an example is the African Light
Source which would be the first synchroton light source on the African
continent. In general, most synchroton light sources have at least one
tomography beamline since X-ray tomographic imaging is an important
analysis method. At SESAME an imaging beamline called BEAmline for
Tomography at SESAME (BEATS) was just recently inaugurated. It is
most likely that the ILSF and TARLA will have tomography beamlines
too.

When granted, a beamtime slot at a synchrotron light source usually
covers the costs for the experiment including support by a beamline
scientist(s). However, the beamtime is often limited to a few days per
set of experiment. A challenge is that sample preparation for certain
experiments, especially when a high resolution is targeted, is often
time-consuming and cost-intensive. Often, the sample needs to be tiny
for high resolution imaging. A typical method for standardised sample
preparation of such samples is abrasion with an ion beam (FIBing).
Samples can than be attached to, e.g. OMNY pins [76]. OMNY stands
for tOMography Nano crYo and is an instrument at the cSAXS beamline

11

at SLS, PSI whose sample mounting pins have become a standard also
for many other beamlines, as it allows interchange and re-imaging at
several beamlines. Usually, the proposers have to cover the costs for
sample preparation themselves and this should ideally be considered
already in the stage of the project funding proposal. Efforts to alleviate
the costly process of sample preparation are in development. Holler
et al. developed a lathe system for micrometre-sized cylindrical sample
preparation at room and cryogenic temperatures [77]. For now, this
might be useful for samples of ceramic membranes.

Another essential challenge regarding tomographic X-ray imaging
arises after the experiment has been conducted. Then, the projection
images have to be postprocessed and/or reconstructed. Thereafter, re-
constructed tomographic slices of the sample need to be processed (im-
age processing), analysed, (image analysis), quantified, and visualised.
Fig. 12 presented a standard procedure for performing tomographic
X-ray imaging experiments related to membrane science proposed by
us. In the procedure, we showed that most of the tasks are not to
be done alone by the membranologist but most likely with the help
of tomography or sample preparation experts. The procedure starts
with preparing a membrane or a membrane module by producing,
mounting, or using it. This depends on the aim of the study and is
most likely driven by the membranologist. However, already here,
it is wise to consult a tomography expert to adjust the experiment
according to the tomographic instrument. Thereafter, the sample or
the entire module needs to be mounted on a sample holder. Then, the
imaging experiment will take place. Both steps need the expertise of
membranologists, sample preparation and tomography experts. Often
reconstruction of the data set into tomographic slices is done in-house
at the synchrotron light source with the help of the tomography expert.
Thereafter, image processing, image analysis, quantification and visual-
isation is performed. For this, extensive knowledge is crucial. Therefore,
also for these last tasks, it is wise to reach out to experts to be able to
extract as much information as possible from the generated data sets.

Various software tools can help with image processing, image anal-
ysis, and visualisation. Often, there are open-source versions available.
Common software tools used in the literature are: Fiji/ImageJ [78]
(open-source, National Institutes of Health, USA), Paraview [79],
Tomviz (tomviz.org) (both open-source, Kiteware, Clifton Park, NY,
USA), Drishni [80] (open-source, Australian National University Vizlab,
Acton, ACT, Australia), Avizo (commercial, Thermo Fisher Scientific,
Waltham, MA, USA), Dragonfly (commercial but a student license is
available, Object Research Systems, Montréal, Canada), Ilastik [81]
(open-source, Anna Kreshuk’s lab at the European Molecular Biology
Laboratory, Heidelberg, Germany), Matlab or Python and applicable
packages such as SciKit Imaging [82], SciPy [83], PoreSpy [84], pytrax
or the tools from the Center for Quantification of Imaging Data from
MAX IV (qim.dk) (all for python and open-source). However, one has
to be able to identify the right sofware tool for the questions to be
answered.

4.3. Limitations
Perhaps, the most important limitation of tomographic X-ray imag-

ing techniques is the achievable resolution and trade-off between reso-
lution and field of view. For macroscopic phenomena (see Fig. 1) this
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Table 2
Summary of synchroton light facilities and beamlines for full-field 3D tomographic imaging with hard X-rays, considering microtomography, nanotomography, holotomography and
ptychotomography.
Hosting facility Synchroton Country Imaging beamlines Available techniques
Australian Nuclear Science and Australian Synchrotron Australia IMBL, MCT, ADS-1, ADS-2 Microtomography
Technology Organisation (ANSTO)
Argonne National Laboratory Advanced Photon Source 1L, USA 2-BM-A, 7-BM-B, 32-ID-B, Micro- and nanotomography,
(APS) 32-ID-C ptychotomography
Brazilian Synchrotron Light Sirius Brazil MOGNO, Caterete Micro- and nanotomography,
Laboratory (LNLS) ptychotomography
Brookhaven National Laboratory National Synchrotron Light NY, USA 3-ID HXN, 9-ID CDI, 18-ID Micro- and nanotomography,
Source II FXI ptychography
Canadian Light Source (CLS) CLS Canada BMIT, SM Micro- and nanotomography
Center for the Advancement of CANDLE Synchrotron Armenia 3 Medical imaging Computed tomography
Natural Discoveries using Light Research Institute
Emission (CANDLE Synchrotron
Research Institute)
Consortium for the Exploitation ALBA Spain BL09 - MISTRAL Micro- and nanotomography
of the Synchrotron Light
Laboratory (CELLS)
Cornell University Cornell high Energy NY, USA Structural Materials Microtomography
Synchrotron Source Beamline
Deutsches Elektronen-Synchrotron PETRA 1II Germany P05, P06, p07, P21.2 Micro- and nanotomography,
(DESY) ptychotomography
Diamond Light Source Diamond Light Source UK K11 DIAD, I12 JEEP, I13, Microtomography,
B24 ptychotomography
Elettra Sincrotrone Trieste Elettra Sincrotrone Trieste Italy SYRMEP Microtomography
European Synchrotron Research ESRF France ID19, BM18, ID17, BM05 Microtomography
Facility (ESRF)
Helmholtz Zentrum Berlin (HZB) BESSY-2 Germany BAMLine Microtomography and
holotomography
Institute of High Energy Physics Beijing Synchrotron China 4W1 A Microtomography
Radiation Facility
Institute of Physical and Chemical SPring-8 Japan BL20XU, BL24XU (Hyogo Micro- and nanotomography,
Research (Riken) ID), BL28B2, BL29XU, ptychotomography
BL47X
Jagiellonian University National Synchrotron Poland POLYX® Microtomography
Radiation Centre SOLARIS
Karlsruhe Institute of Technology ANKA Germany TOPO-TOMO Microtomography
Karlsruhe Institute of Technology Karlsruhe Research Germany IMAGE Microtomography
Accelerator (KARA)
Kurchatov Institute Kurchatov specialised Russia RT-MT Microtomography
source of synchrotron
radiation (KISI-Kurchatov)
Kyushu Synchrotron Light SAGA Light Source Japan 07 Microtomography
Research Center
Lawrence Berkley National Advanced Light Source CA, USA 8.3.2 Microtomography
Laboratory (ALS)
Louisiana State University Center for Advanced LA, USA 5A1 Microtomography
Microstructures and
Devices (CAMD)
Lund University MAX IV Laboratory Sweden ForMAX, DanMAX, Micro- and nanotomography,
NanoMAX ptychography, holotomography
National Laboratory for Higher Photon Factory Japan AR-NE7 A, BL-14C Microtomography
Energy Physics
National University of Singapore Singapore Synchrotron Singapore PCIT Microtomography
Light Source (SSLS)
National Synchrotron Radiation Taiwan Light Source (TLS) Taiwan BLO1A1, BLO1B1 Micro- and nanotomography
Research Center (NSRRC)
National Synchrotron Radiation Taiwan Photon Source Taiwan 24 A, 27 A Microtomography, ptychography
Research Center (NSRRC) (TPS)
Paul Scherrer Institute (PSI) Swiss Light Source (SLS) Switzerland cSAXS, TOMCAT Ptychotomography, micro- and

Pohang Accelerator Laboratory
(PAL) and POSTECH

Pohang Light Source-II
(PLS-II)

South Korea

12

6C, 7C

nanotomography

Micro- and Nanotomography

(continued on next page)
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Hosting facility Synchroton Country Imaging beamlines Available techniques
Raja Ramanna Centre for Indus-2 India BL-04 Microtomography
Advanced Technology
Ritsumeikan University Ritsumeikan SR center Japan BL-12 Microtomography
Shanghai Institute of Applied Shanghai Synchrotron China BLO8U1, BL13W1 Micro- and nanotomography
Physics Radiation Facility (SSRF)
SLAC National Accelerator Stanford Synchrotron USA 2-3 Microtomography
Laboratory Radiation Lightsource

(SSRL)
Société civile Synchrotron SOLEIL France ANTOMIX, PSICHE, SWING Microtomography,
(SOLEIL) ptychotomography
Synchrotron Light Research Siam Photon Source (SPS) Thailand BL1.2 W Microtomography

Institute (SLRI)

a Beamline under construction.

Involvment of:

[ | Membranologist

B Sample preparation expert

Tomography expert

Cleaned

Recon-
struction

Image
processing

mounting,

e.g. OMNY

Tomographic
X-ray
imaging

Visualisation/

Image
Quantification

analysis

Fig. 12. A standard procedure for performing tomographic X-ray imaging experiments related to membrane science. Green: Tasks with involvement of membranologist. Purple:
Tasks with involvement of sample preparation expert(s). Orange: Tasks with involvement of tomography expert(s). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

is it not of importance, but e.g., pore analysis is limited to membranes
with pore sizes > 20 nm such as MF and open UF membranes. A pore
analysis of dense UF, NF, and RO membranes is currently not possible
with these techniques. However, this does not exclude the study of
phenomena associated to membrane processes with denser pores, such
as scaling during desalination, concentration polarisation, or fouling —
as demonstrated in the literature review. Another limitation is the rel-
atively small field of view that comes along with the nanotomographic
X-ray imaging techniques nCT, holotomography, and PXCT. Thus, it
could be questioned if a selected sample region of several micrometre
in size is representative for the bulk of the sample. However, a test of
representative volume of interest for each technique could give infor-
mation about this [85]. Moreover, a combination with other methods
such as uCT, SAXS or SEM could be considered to assure that the sample
is representative. As mentioned before, running an experiment at a
synchrotron light source would allow to run many samples of the same
type to increase the reliability and representativeness of the analysis.
Another aspect that should be considered is the influence of radi-
ation on the sample. The X-ray beam penetrating through the sample
could alter or even damage the sample. This might be a problem for
polymeric membranes and delicate fouling layers. However, so far, this
point is more hypothetical as beam damage has neither been reported
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in the literature nor did we observe it in our own experiments (the
unpublished work shown in Figs. 9, 8, and 11.) Overall, the potential
risk of beam damage depends on the sample material and the imaging
technique applied as well as the exposure time and the energy of the
X-rays; lower energies equal longer exposure times which could result
in alteration of the sample.

A third limitation is the contrast difference between the membrane
and the feed solution. A low contrast can be caused if the membrane
contains compounds of similar density as the feed solution, i.e. a
polymeric membrane used for separating organic compounds. Here,
the usage of contrast agents [25], could be considered to improve the
analysis.

Finally, it can be difficult to connect the chemical composition of
a sample with the 3D structure determined with tomographic X-ray
imaging. However, it is possible to ascribe the contrast seen in X-
ray tomographic images to chemical properties but it can be useful to
apply supplementary techniques such as spectroscopy to extract more
chemical information from a sample. Note that techniques providing
elemental information in 3D exists. One is X-ray fluorescence tomog-
raphy [86,871, a spectographic imaging technique, which has not yet
been applied for membrane science but has quite a potential; another
is X-ray infrared mapping, which has for example been used in the
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work of Luo et al. for the characterisation of membrane fouling in
osmotic bioreactors and identified the distribution of carbohydrates and
proteins on the membrane surface [36].

5. Conclusions

This work has provided a perspective on the usage of potentially
the most suitable tomographic X-ray imaging techniques for the field
of membrane science: (i) microtomography, (ii) nanotomography, (iii)
holotomography, and (iv) ptychotomography. A background on these
four tomographic X-ray imaging techniques was given and studies
related to membrane science where these techniques have already been
applied were presented.

Tomographic X-ray imaging techniques offer unique information
for the field of membrane science. They have several advantages over
conventional techniques for structural and mechanical characterisation
of membranes, membrane modules, and membrane processes, and
provide insight in 3D on a spatial scale never seen before. An important
challenge of tomographic X-ray imaging techniques is their accessibil-
ity, while an important limitation is their resolution, which is lower
than for other microscopic techniques such as AFM, SEM, or TEM.
The main advantage is that tomographic X-ray imaging enables non-
destructive 3D imaging with the possibility of in situ/operando studies
and without artefacts from mechanical- or ion-beam-cutting. It needs
to be highlighted that collaborations with knowledgeable partners are
key for a successful tomographic imaging experiment.

Besides their challenges and limitations, tomographic X-ray imaging
techniques hold many opportunities to generate novel knowledge on
phenomena related to membrane science that still need understanding.
The techniques will not replace established analytical techniques for
the characterisation of membranes, but they will serve as important
complimentary techniques. The development of brighter X-ray sources
will allow the advancement of tomographic X-ray imaging techniques
away from synchrotron light sources towards lab-based instruments and
will make their usage even more widely available, e.g. the Excillum
MetalJet anode source, currently the brightest X-ray lab-source in
the world. In the near future, tomographic X-ray imaging techniques
will become increasingly common analytical techniques for membrane
manufacturers, scientists, and users.
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