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Dear Editor of the Journal of Membrane Science,

After consultation and agreement with Editor-in-Chief Prof. A. Zydney, we would hereby like to submit our
invited review with the title “A review of in situ real-time monitoring techniques for membrane fouling in the
biotechnology, biorefinery and food sectors” to the Journal of Membrane Science.

Our manuscript identifies and critically evaluates promising in situ real-time monitoring techniques for
industrial membrane applications based on prior research done in the field. The technical principles and
practical implementation of these techniques in membrane processes are explained; main strengths and
weaknesses are discussed; and the type of information obtained and potential applications are effectively
summarized. Future online monitoring opportunities and challenges related to membrane fouling control in
the sectors biotechnology, biorefinery and food are considered.

We review the state of the art in in situ real-time monitoring of membrane fouling for the pressure driven
membrane processes microfiltration, ultrafiltration, nanofiltration and reverse osmosis from 2004 until the
present day (2018) with focus on membrane fouling in the food, biotech and biorefinery sectors. In
contrast to previous work focusing on individual foulants or fouling phenomena, our manuscript highlights
monitoring techniques and their potential applications in membrane processes with focus not only on
proteins but also on polysaccharides and aromatic compounds. Moreover, we examine the use of
monitoring techniques with reference to all membrane modules.

We include all relevant established and potential techniques for in situ real-time monitoring of membrane
fouling based on the latest. However, monitoring techniques on biofouling especially for water treatment
are beyond the scope of this manuscript.

Overall, we are strongly convinced that our manuscript is a very comprehensive and critical overview on
existing in situ real-time monitoring techniques for membrane fouling - a topic of greatest importance for
the further development of membrane technology in industrial applications.

On behalf of all of the authors, thank you for your consideration.
Sincerely,
Gregor Rudolph



Reviewer 1
[ provided a review for the original submission and identified as Reviewer #1.
[ feel that Table 2 is still incomplete and my previous comments were not fully addressed.

[From previous comments: “Basic requirement or Pre-requisite” should be a heading e.g.
transparent membrane, flat, rigid etc. “Flow/Static/Pulse” should also be a heading]

The operability, type and choice of detection techniques strongly depends the basic requirement
or pre-requisite information available for the system of interest.

The suitability of the techniques also depend on the operating condition i.e. whether it is suitable
for cross flow / dead-end system.

The above two points provide an indication of the advantages and disadvantages of each
technique. Therefore, these should be included in Table 2, not just in the text.

Response: We would again like to thank reviewer 1 for the valuable comments and the resulting
improvements on our manuscript.

Regarding the basic requirement/ pre-requisite information, we checked each technique again
and, to our knowledge, there is only on technique that would have such a basic requirement as it
was mentioned by the reviewer, i.e. transparent membrane. Requirements such as the membrane
module, i.e. flat-sheet membrane, are already covered by the category Membrane in Table 2.
Other basic requirements such as e.g. fluorescence, low concentration or rigidity of the foulant/
fouling layer are, from our point, better considered as limitations/ weaknesses or disadvantage (as
the reviewer wrote) instead of a pre-requisite and are therefore already presented in Table 3.

Regarding the operating mode, we realized that one can distinguish between static and flow mode
but a specific operating condition such as cross flow or dead-end is not required for any
technique. We therefore improved the manuscript and added this information under the section
“In situ real-time monitoring techniques” on page 5 and added the category Operation in Table 2
which distinguishes between static or flow operation mode.
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Many monitoring techniques are available for use in fundamental and lab scale
Majority of techniques offer monitoring of fouling layer thickness and distribution
Limited amount of composition monitoring techniques are available
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ABSTRACT

Pressure-driven membrane processes are often used for the separation and purification of organic
compounds originating from biomass. However, membrane fouling remains a challenge as these bio-
based streams have a very complex composition and comprise a high fouling tendency. Conventional,
the fouling is monitored based on either a decrease in flux or an increase in pressure over time. Those
conventional techniques provide no information on the location, composition or amount of fouling. As
fouling is often cumulative, it will be detected as a loss of performance. Once fouling becomes irre-
versible, it is often not possible to clean the membrane without chemicals and the filtration/separation
process has to be stopped eventually. In situ real-time monitoring of membrane fouling could provide
dynamic information on the development of fouling allowing optimization of the process. This paper
reviews the state of the art in in situ monitoring techniques that could be applied to membrane pro-
cesses in the biotechnology, biorefinery and food sectors and briefly reflects on the current awareness
of in situ monitoring techniques among experienced industrial users of membrane processes. The
physical principles as well as the strengths and weaknesses are addressed, as well as potentially and
promising techniques are identified.
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1. Introduction

Over recent decades, membrane technology has become
established in several industrial areas. Despite the success
of membrane processes in the separation and purification
of organic compounds originating from biomass, membrane
fouling is still a problem especially due to the complexity and
high fouling tendency of bio-based streams. Membrane foul-
ing is defined as “a process resulting in loss of performance
of a membrane due to the deposition of suspended or dis-
solved substances on its external surfaces, at its pore open-
ings, or within its pores” [1] and may decrease filtration ca-
pacity, change rejection cut-off, reduce membrane lifetime,
and increase operational costs. Since membrane fouling is
hindering the comprehensive implementation of membranes
in the biotechnology, biorefinery and food sectors, the de-
velopment of effective fouling monitoring and prevention
strategies are urgently required. Hence, online monitoring
techniques have the potential to achieve one of the most im-
portant goals in the development of membrane-based tech-
nologies, namely a non-fouling or controlled-fouling process
with stable flux and retention [2].

Conventional fouling monitoring approaches are based
on measuring the decrease in flux or the increase in pres-
sure drop. However, these provide no information on the lo-
cation, composition or amount of foulants. Related effects,
such as concentration polarization, might also have signif-
icant effects on the flux or transmembrane pressure, which
might lead to misinterpretation of data. Thus, membrane
process operations, and strategies for the control and preven-
tion of fouling are more or less based on trial and error [2, 3].
In addition, it is virtually impossible to detect early-stage
fouling using conventional methods. By the time fouling is
detected by a significant loss in performance, an irreversible
fouling layer may have been developed [4, 5]. In contrast to
reversible fouling, performance loss caused by irreversible
fouling cannot be recovered easily. As a result, online mon-
itoring techniques providing dynamic information on mem-
brane fouling could have positive effects on membrane pro-
cesses and hence reduce the overall costs [4].

Effective methods of monitoring and controlling fouling
would not only reduce membrane fouling, but would also
lead to improved membrane cleaning. Back-flushing or chem-
ical cleaning is usually applied to recover the flux, but both
lead to operational downtime. Moreover, the complex na-
ture of organic process streams complicates the choice of
cleaning agents, while the extensive use of chemical clean-
ing agents can reduce the lifetime of the membrane. Real-
time monitoring tools would allow the timing of cleaning
to be optimized and the most suitable sequence of cleaning

agents to be used. Furthermore, lower quantities of cleaning
agents could be used to remove less extensive fouling layers
[5, 6]. Advanced process control could reduce operational
downtime and minimize membrane damage, thus increasing
the lifetime of the membranes and reducing costs.

A survey we conducted with selected relevant and expe-
rienced industrial users of membrane processes [7], revealed
that a majority (>90 %) of the users see real-time monitoring
as important for industrial membrane processes. None of the
interviewees have permanently implemented real-time mon-
itoring in their membrane processes. However, a quarter of
the interviewees knew some of the existing techniques. Of
them, 50 % are considering or have already conducted stud-
ies with tools belonging to light based spectroscopy, acoustic
and controlled current techniques.

In this paper, we review the state of the art in in situ
real-time monitoring of membrane fouling for the pressure-
driven membrane processes microfiltration (MF), ultrafiltra-
tion (UF), nanofiltration (NF) and reverse osmosis (RO) from
2004 until the present day (2018). Three very comprehen-
sive papers on the topic were presented in 2004, in which
methods for the characterization of protein fouling [8] as
well as monitoring of concentration polarization and cake
layer build-up during pressure-driven membrane filtration
[9, 10] were reviewed. The present paper should be seen
as a continuation of these earlier reviews. A great deal of
research has been carried out since 2004 on the characteri-
zation of fouling by proteins, peptides and amino acids [11],
and more recently on methods of monitoring fouling of hollow-
fiber membranes [12]. Furthermore, an extensive review
of methods of probing solid/liquid surfaces at the molec-
ular level has been presented by Zaera [13], and many of
these methods can easily be applied to membrane technol-
ogy. A paper on the use of molecular spectroscopy methods
for studying membrane fouling [14] and a state-of-the-art re-
view of methods for membrane surface characterization [15]
have recently been published, both of which include aspects
interesting for in situ real-time monitoring of organic mem-
brane fouling.

A number of recent reviews have focused on biofouling
in RO and fouling in membrane bioreactors, for example,
[16] and [17, 18], as well as the characterization and in situ
visualization of biofouling in spiral wound membranes [19]
and the monitoring and control of biofouling during water
treatment [20]. Drews [21] and Meng et al. [22] have also
recently reviewed methods for the visualization and char-
acterization of membrane fouling in membrane bioreactors.
Therefore, these areas are not included in the present review.

Our paper includes well-established techniques, as well
as novel techniques that have recently been developed or
are still too sophisticated for broader applications. The pre-
sented techniques are structured according to their physi-
cal working principles. The most simple, visual and micro-
scopic techniques are reviewed first and followed by light-
based spectroscopic techniques and analogous sound wave-
based acoustic techniques. Thereafter follows interferomet-
ric techniques which are also based on interaction between
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waves and matter. It is than continued with techniques based
on nuclear magnetic resonance, an overview of the use of X-
rays and neutrons, as well as vibrational techniques. The last
sections focus on the use of controlled current and controlled
stress techniques.

Promising in situ real-time monitoring techniques for in-
dustrial membrane applications are identified. The techni-
cal principles, practical implementation in membrane pro-
cesses, main strengths and weaknesses, the type of informa-
tion obtained and potential applications are discussed. Fu-
ture online monitoring opportunities and challenges related
to membrane fouling control in the biotechnology, biorefin-
ery and food sectors are considered.

2. Organic membrane fouling

Membrane fouling by organic compounds is a serious
problem in membrane filtration in the biotechnology, biore-
finery and food sectors [23, 24, 25], and can be reversible
or irreversible. Although reversible fouling causes loss of
permeability, affecting the filterability and productivity, it
can be removed by rinsing. In contrast to this, irreversible
membrane fouling is the result of the adsorption of foulants
on or in the membrane, and, if at all, can only be removed
by thorough membrane cleaning. Fouling in the biotech-
nology, biorefinery and food sectors is generally caused by
macromolecules, organic colloids, adhesion of microorgan-
isms (biofouling), and inorganic compounds (e.g scaling).
Membrane fouling by proteins is a considerable problem in
food applications [23], as both proteins and polysaccharides
occur in macromolecular and colloidal forms. In pulp mill
biorefineries, organic carbohydrates such as polysaccharides,
as well as extractives such as phenolic compounds, aromatic
carboxyl acids and fatty acids, and lignin are the main causes
of membrane fouling [24, 25]. The understanding of the in-
teractions between colloidal particles and dissolved organ-
ics on the fouling process in the biotechnology, biorefin-
ery and food sectors is limited due to the complex nature
of the streams involved. Table 1 gives an overview of the
different types of fouling, fouling mechanisms and the main
foulants in these sectors. The examples reported in the lit-
erature underrate the importance of adsorptive fouling. Es-
pecially in bio-based streams, adsorptive fouling is a major
problem that occurs immediately after the process stream
gets in contact with the membrane. A combination of the
different fouling mechanisms affecting together the mem-
brane performance severely. To understand the fouling de-
velopment, the fouling layer composition and concentration
as well as its thickness build-up, consistency, strength and
distribution are the most essential parameters to be known.

A great deal of research has been performed on mem-
brane fouling with model compounds. The most commonly
used model protein foulants are bovine serum albumin (BSA)
and f-lactoglobulin (LG), while common model polysaccha-
ride foulants are sodium alginate (SA) and dextran. Extra-
cellular polymeric substances (EPS) have been identified as
another important contributor to membrane fouling. EPS are
secreted by microorganisms, and contain various functional
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Figure 1: Schematic overview of various monitoring ap-

proaches. In the context of this work, online monitoring in-
cludes in situ monitoring as well as in-line monitoring. Whereas
in situ monitoring comprises either of introducing a probe
into the membrane module (invasive) or monitoring the pro-
cess through the module (non-invasive), and in-line monitoring
means to continuously analyze feed, retentate and/or permeate
streams. Online monitoring is fundamentally different from at-
line monitoring which necessitates sampling with subsequent
sample analysis.

groups. EPS are commonly used to study more complex
membrane fouling as they represent a mixture of proteins
and polysaccharides. However, it has to be kept in mind that
studies performed with model compounds can give only a
limited understanding on the membrane fouling process as
model compound solutions rarely represent the complex na-
ture of bio-based process streams.

3. In situ real-time monitoring

Within the framework of this study, in situ real-time mon-
itoring should be understood as online observation of a rapid
response to a signal change without exposing the sample to
the environment (see Fig. 1). Methods that can be used for
real-time monitoring include optical methods and controlled-
current methods. Spectroscopic methods, such as Raman
spectroscopy, can be used to collect discrete data over a pe-
riod of time, and their response time is so rapid that obser-
vations of dynamic phenomena are possible. Online mon-
itoring eliminates the need to take samples from the pro-
cess line, and data can thus be acquired in real time with-
out interrupting the process. This review focuses on inva-
sive and non-invasive in situ monitoring techniques rather
than in-line or at-line monitoring techniques. Fouling can be
measured at one spot as single-point measurement or over
the whole membrane/module as an average measurement.
Deciding which measurement mode to use highly depends
on the process. However, in general, the knowledge on the
development of the fouling layer on the membrane surface
(in situ invasive) or in the membrane module (in situ non-
invasive) will in contrast to in-line and at-line techniques be
the most valuable techniques to understand the build-up of
fouling, adjusting the process parameters, and tailoring suit-
able membrane cleaning protocols.

A common criticism of online analysis is its poor sen-
sitivity compared to conventional analytical methods. Thus,
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online sensors should be at least as sensitive as, or even more
sensitive than, sensors used for at-line or in-line measure-
ments. Therefore, the specificity and sensitivity of sensors
must be improved [27]. The reliability of single-point mea-
surements can also be questioned. The representativeness
can be improved, for example, by using a flexible multi-
probe system that enables independent concurrent measure-
ments at different control points [28]. In addition, motion be-
tween the probe and the monitored surface may complicate
data analysis. As cleanliness of observation windows and
probe tips is essential for the collection of reliable data, self-
cleaning materials and anti-fouling probe designs are also
desirable.

4. In situ real-time monitoring techniques

Fouling processes in the biotechnology, biorefinery and
food sectors are usually rather complex due to the hetero-
geneity of bio-based streams. Therefore, methods of moni-
toring fouling must be tailored to each individual case [24].
Ideally, fouling monitoring methods should be able to pro-
vide deep insight into fouling mechanisms, i.e., the chemical
composition, structure and interactions of the foulants dur-
ing the membrane filtration processes [14].

Table 2 provides an overview of the in situ real-time
monitoring techniques for membrane fouling that are dis-
cussed in more detail in this review. The table, shows the

type of information the techniques provide, such as the foulants

concentration or fouling layer thickness, distribution or com-
position. The scale of application for each technique is cat-
egorized as fundamental, lab, pilot or industrial scale. Fun-
damental means that it is useful in gaining an understand-
ing of adsorption/ desorption processes, using model solu-
tions and model membrane films. Industrial indicates that
the technique has either already been applied, or has the po-
tential to be applied, on the industrial scale in the very near
future. Furthermore, each technique was assigned to at least
one type of membrane module, namely: flat-sheet, hollow-
fiber, tubular or spiral wound, that has been investigated, or
has the potential to be investigated, with the specific tech-
nique in the future. The operation mode is given but not
differentiated in e.g. cross-flow or dead-end as the literature
research showed that this is not a requirement. However, the
operation mode can be distinguished in static or flow.

5. Visual and microscopic observations
6. Direct observation

Direct observation (DO) includes a variety of techniques
for the visualization of fouling deposition and removal in
real time [29]. DO can be applied to membranes by mon-
itoring the surface of the membrane from above or from the
side (direct visualization on the membrane, DVO) or through
the membrane (direct observation through the membrane,
DOTM) (Fig. 2). If the observation window is on the feed
side of the module, parallel to the membrane, the top of the
fouling layer can be observed [30], while if it is perpendic-
ular to the membrane, the thickness of the cake layer can be
observed. The determination of the cake layer thickness is

View from above
DVO

Side view
A | Dbvo

Membrane surface

View from below
DOTM

Figure 2: Schematic illustration of the DO techniques direct
visualization on the membrane (DVO) and direct observation
through the membrane (DOTM) for in situ real-time monitor-
ing of membrane fouling.

limited by the precision of the viewing angle. In order to de-
termine the uniformity of the cake layer, a larger area of the
membrane must be studied by imaging different parts of it
separately [31]. Images can be acquired using a light micro-
scope and/or a camera, to capture still images or videos at lo-
cations or times of interest. Observations are made through
a glass window, which limits the maximal feed pressure that
can be applied. [32, 33, 34] DO techniques can be used to
visualize fouling on the micrometer scale. Observation of
fouling caused by foulants of smaller sizes, including macro-
molecules such as polysaccharides and proteins, is usually
not possible with DO [30].

Direct observation through the membrane is only possi-
ble with membranes that are transparent when wet, which
rules out industrial membranes. Deposition of foulants on
the surface of the membrane can be observed by placing the
observation window on the permeate side of the membrane
module, provided the contrast between the deposition and
the membrane is sufficiently high. However, the contrast can
be improved by fluorescent labeling. DOTM only allows the
initial stages of deposition to be monitored as the view is im-
mediately blocked by only a monolayer of particles on the
surface of the membrane [31]. Zamani et al. [35] studied
the effect of surface energy of particulate foulants on the ex-
tent of fouling. Polystyrene and glass particles with negative
and positive Gibbs free energy, respectively, and with diam-
eters of ~10 um were used as foulants and DOTM was used
to characterize the critical flux and to assess the initial depo-
sition of particles onto Al,O; membrane disks. The moni-
toring of hollow-fiber membranes is also possible with DO,
and is achieved by mounting a single membrane in a cross-
flow module with an out-in flow configuration [29, 34]. DO
of hollow-fiber membranes has been performed to monitor
fouling deposition and the detachment of bentonite suspen-
sions [29], and to visualize the influence of the particle sur-
face charge of monodisperse polymer model particles on fil-
ter cake growth, thickness, structure, compression, relax-
ation back-wash and cross-flow shear [34]. Le-Clech et al.
applied DO to hollow-fiber membranes to observe the for-
mation of fouling by SA [36, 37]. They found that it was

Rudolph et al.: Preprint submitted to Elsevier

Page 5 of 40



Review of in situ real-time fouling monitoring

ISuans aAIsaype

9¢ WM 01 jodg MO[] je[{ [emsnpul 9o[id ‘qe]  puB SAISAYOD ‘SSAUIIY], Suidnes onueuAp pmjq
€ ow | jodg MO[] 1’ qe1 uonenuAdUo))  Anowonusjodouoiyo pue AIJOWWEI[OA
MO[I0Y
€€ wrl gg> J[NpoIN MOl ‘refnqny “jef qe[ ‘[eyusuwepun,j SSAUOIY T, renudjod Surweans
MO[Io0Y
43 wrl T ‘wrl Q1 S[NpoN MOT] ‘reinqny je{  Ternsnput Jorid ‘e uonisodwod ‘SSAUSOIY], Kdoosonoads aouepaduir (801109
UOTJBIIUIOUOD
62 LW /311 001 jodg MO[] 1.l jord ‘qe ‘uonisodwo)) Kdoosonoads uewey
UONJRIIUIOUOD
]C Lo /3 jodg MOo[q 1Rl qe[ ‘TeIuswepun,y ‘uonisodwo)) Kdoosonoads parerjuy
rexds ‘mogjoy
97 wu | jodg onels ‘repnqny “jef [eIuQwepun,j uonnqLisIq Suriopeos J[3ue-[rews
[exds ‘mofjoy
ST wrl 1> jodg MOT] ‘reinqn) “jerq [eyuswepun,j uonnqLIsI([ SurSewororu Aei-yx
[npouwt [ends ‘morjoy
€T wu - wrl 90dg MO ‘reynqn) ‘ye[q qe[ ‘[eiuauwrepung uonnqrLysIp ‘ssouyoIyJ, Surdewt 20uBUOSAT d1IQUSRIA
1Z wn o] jodg MOo[q LS qe[ ‘[eIuswepun,y uonnqrisiq Aydea3owo) oouaroyoo eondQ
0z fow ‘wr S[npoN MO[] 1e1q qeT  SSAWOIY) ‘UONEBIUIDUOD) Anoworayrayur oryderSojoyq
uonedIssIp s
81 wu (O[> jodg MO[ 1l [eIuswepuUn SSQUOIY ], 90UB[RQOIOIW [BISAID Z31en()
rends ‘moqjoy
Ll wrl 1> J[NpoIN MOl ‘reinqn) e[ [ermsapur 4ofig uonnqLUSIP ‘SSOUNOIY],  AIOWOIOS[AI UTBWIOP-SWI) JTUOSEN]()
9] wn g1> jodg MOTq 1elq qe[ ‘feyuowepun  uonrsodwod ‘ssauyory ], Adoosonoads onsnooeojoyg
¥1 wrl o1 jodg MO o1 jorid ‘qe UOTINQLISIP ‘SSUNOTY, Josuas 1dnizsjurojoyd
Iengqn) UOTIBIIUOUOD
Tl 9510w | jodg MO[] MO0y “Te[d qe1 ‘uonisodwo)) Kdooson0ads 9our1oogal SIA/AN
€1 wu - wrl jodg MO[] 1eld qe] ‘[eluowepung SSQUOIY ], Anawosdig
Tl wu (1> jodg MOTq 1e1 [eruQwepun,j ssauyIy doueuosar uowsed aoeyIng
uonnqrnsip
01 W1 0z jodg onels el qe] ‘[eIusWERpUn] ‘uonisodwo) Kdooasoxorur uojoydnny
uonnqrusip
6 WM oz jodg oneis 1.l qe] ‘[eluowepung ‘uonisodwo)) Kdoosororw Suruueds JSe[ [BO0JU0D)
uonnqrnsip
Q wdd j0dS MO[] el jond ‘qe 1 ‘uoneIUAIU0D) sisA[eue a3ew|
L wrl ¢> jodg MO Je1q qe 1 SSaUOIYT, sanbruyoa) paseq-1ase|
MO[[0Y SSQUNOIY) ‘UOTINQLISIP
9 wrl g1> S[NPOIN Mmo[q ‘re[nqny ‘ye[q qe] ‘uonisodwo)) UONBAISSqO JO2II(J
uonIAS§  NWI| U0NINIJ BAIY uonerdQ QUBIQUIdJA] aedS uoneuwLIojul Jo AdAT, anbruyd9) SurI0)UO

$10}09S POOJ pue AISunaIolq ‘A30[0uyo9101q Y} Ur SUINOJ SUBIqUSW JULIO}UOW JOJ PIsn 9q Ued Jey} sanbruyoe) swmn-1eal mIs Ur Jo MIIAIAQ T 9[qeL

Page 6 of 40

Preprint submitted to Elsevier

Rudolph et al.:



Review of in situ real-time fouling monitoring

difficult to observe the transparent hydrogel layer formed by
SA directly through a microscope. Therefore, they added
bentonite particles to the feed solution to make the SA layer
visible. Small quantities of bacteria were also added to SA
to study the interactions occurring in membrane bioreactors
[36, 37]. DO using light microscopy has been applied to
monitor the development of biofilm fouling on carriers with
different geometries and under different aeration rates [38].

Altogether, direct observation methods provide an easily
accessible, simple and low cost option for membrane fouling
monitoring, but suffer from inherent, low resolution, which
disable detection of foulants of smaller sizes.

7. Laser-based techniques

Laser-based techniques, including laser triangulometry,
laser refractometry and laser sheet at grazing incidence (LSGI)
utilize reflections of an incident laser beam (Fig. 3). Deflec-
tions of the laser beam from the original path and the angle
at which the reflected laser light impinges on a detector can
be used to study the variation in the surface of a cake layer
[31, 39]. Characterization with LSGI can be performed at
several locations along the length of the module channel,
but the location is fixed during the experiment. The reso-
lution is about 3 um and the standard deviation is 2.5 um
[40]. The main requirements are that the cake surface must
reflect laser light and should not be composed of photosensi-
tive material. Possible changes in the refractive index of the
solution being filtered resulting from concentration changes
should also be considered [39]. LSGI has been applied to
study the morphological properties of deposits of clay sus-
pensions [40] and to study the growth kinetics of cake layer
formation by monodispersed melamine particles [41].

Laser-based techniques are able to make precise distance
measurements through transparent media, and due to this
possess multiple applications outside the field of membrane
technology. However, membrane fouling measurements have
been limited so far cause the techniques suffer from accuracy
problems stemming from undesirable refractions occurring
at interfaces.

8. Image analysis

Image analysis and color descriptors can be used to quan-
tify fouling that produces color changes on the surface of a
membrane by taking digital images of the membrane sur-
face and analyzing the red-green-blue (RGB) values of the
color pixels. These techniques are applicable for the evalu-
ation of the changes in a membrane surface by adsorption,
color-developing molecules, bioactive compounds and con-
trast agents (Fig. 4). Palencia et al. [42] implemented a sur-
face color index (/) based on a RGB-color model describ-
ing the changes in the amount of color on the membrane sur-
face during the filtration of aqueous extracts of plant leaves.
The weakness of this method is that adequate fouling de-
scriptor experiments must be designed for each case. Image
processing and analysis can be used to correct for illumina-
tion artifacts and to achieve better contrast, for example, in
biofouling monitoring. Moreover, images can be converted

Laser sheet at

Laser triangulometry grazing incidence

‘Q’ source
7/ \
)
Camera

Membrane surface

Membrane surface

Figure 3: Schematic illustration of the laser setups laser trian-
gulometry and laser sheet at grazing incidence used for in situ
real-time monitoring of membrane fouling.

) . . |
T

50 kDa

T
Blank
(10 kDa)

T
100 kDa 10 kDa 1 kDa

w_ Blank
w 1kDa
160 % 10kDa
80 \

(B) 150 (c) 1o

140 \
\

\
120
80
100
\
a0 \

Relative permeability (%)

\, 50kDa
\\

Surface color intensity (/x)

r 100 kDa
) 20 —e

o L]
Blank 1 10 50 100 [] 30 60 20 120 150 180
Cut-off of the membranes

Surface color intensity (/)

Figure 4: Example of the use of a color index in the analysis
performed by Palencia et al. A) Images of fouled cellulose
membranes with different MWCOs after filtration of aqueous
extracts of plant leaves, B) variation of I, for each membrane
and C) relative permeability as a function of I, [42].
Copyright 2016. Adapted with permission of Elsevier Science
Ltd.

into a binary form, and the resulting gray scale intensity can
be used in automatic calculations for quantification of the
extent of the fouling [38].

Digital image analysis enables easy and simple descrip-
tion of membrane surface changes, but requires that observ-
able color changes occur as the result of the fouling.

9. Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) is an op-
tical microscopic technique that has better axial resolution
than conventional optical microscopy, and provides high-
resolution images at different depths in a three-dimensional
object, avoiding the need for invasive sample preparation.
Although CLSM has been used for twenty-five years to char-
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acterize membranes and membrane fouling, its application
to online visualization has been limited. There is, however,
a growing interest in the use of CLSM for biofilm charac-
terization in water and wastewater treatment. Most of the
recent publications involving CLSM report its use to visu-
alize and/or differentiate the components of biofilms using
multi-staining protocols.

CLSM images allow visualizing of membrane structures,
foulant deposition inside the pores and on the membrane sur-
face, and the identification of individual groups of foulants
and microorganisms. Image analysis is a very powerful tool
that can provide information on pore size, membrane and
cake thickness, roughness, the size of defects, and the poros-
ity of the cake, among other things. However, one of the
drawbacks of CLSM is the short penetration depth. Marro-
quin et al. [43] developed a methodology to overcome this
limitation by sectioning the membrane samples parallel to
the z-axis, to give flat cross-section layers that could be an-
alyzed with CLSM. This method has been used to obtain
information on fouling caused by a protein (casein) and a
polysaccharide (dextran) filtered with a MF polyethersulfone
(PES) membrane [44]. Off-line CLSM membrane character-
ization has also been used by Gao et al. [45] in an attempt to
understand the mechanisms governing the adsorption of or-
ganic matter on aged polyvinylidene fluoride (PVDF) mem-
branes. In a more recent study, CLSM has has been used to
characterize the retention of nanoparticles (1.5 and 10 nm)
by UF PES hollow-fiber membranes [46].

The first reported studies on the use of CLSM for online
characterization of membrane processes were performed by
Kromkamp et al. [47] and Brans et al. [48]. The same ex-
perimental setup was used in both studies, and consisted of a
parallel-plate device with a transparent upper plate and par-
ticle deposition was monitored. Kromkamp et al. [47] fo-
cused their study on the behavior of bidisperse suspensions
(mixtures of dyed polystyrene particles) under shear-induced
diffusive back-transport in MF with PES membranes. Par-
ticle deposition was monitored by obtaining images at dif-
ferent depths, and the particle deposition on the membrane
was expressed as the volume of particles per unit surface
area of the membrane. Brans et al. [48] studied the depo-
sition of particles on the surface of the membrane and in-
side the pores during dead-end and cross-flow filtration with
polymeric membranes and microsieves. CLSM was used to
investigate the interaction of fluorescent polystyrene micro-
spheres and fluorescent sulfate microspheres with the dif-
ferent membranes, by online monitoring of particle trans-
mission. Their results showed a different fouling behavior
depending on the type of membrane. In the case of the poly-
meric membrane, small particles were adsorbed at random
places in its tortuous structure, or became trapped in the
pores, while for the microsieves, in-pore fouling and adhe-
sion of the particles to the membrane pore edges were ob-
served. The images obtained with CLSM allowed the per-
centage of the membrane surface area covered by particles
at different times to be quantified.

Online microbial cell visualization has been performed

by Bereschenko et al. [49] and Beaufort et al. [50] using a
different approach. Bereschenko et al. [49] studied mem-
brane fouling of RO membranes during an actual process
filtration of a full-scale water purification plant. Sampling
at different processing times allowed pseudo-online moni-
toring of the filtration process. Analysis of the CLSM data
allowed the build-up of the biofilm to be followed. Beau-
fort et al. [50], on the other hand, used two self-fluorescent
microorganisms (a yeast and a bacterium) to study the or-
ganization of complex structures during MF. They designed
a dead-end filtration module to fit into the confocal micro-
scope, and performed online characterization of the yeast,
the bacterium and mixed microbial deposits as well as some
off-line characterization of bacterial deposits. They were
able to observe the organization of these microbial deposits
down to a depth of 30 um, and image analysis allowed the
filtration performance to be correlated with some properties
of the cake layer, such as void fraction and cake composition.

Vanysacker et al. [51] developed a high-throughput sys-
tem for online visualization of microbial fouling. The system
consisted of six parallel flow cells, each of them equipped
with three glass observation windows, allowing simultane-
ous comparison of different experimental conditions. Foul-
ing of a PVDF MF membrane with labeled P. aeruginosa
was used to test the performance of this set-up and to assess
the possibility of obtaining reliable and comparable infor-
mation. It was necessary to stop filtration, in order to obtain
high-quality CLSM images, but the effect of this was mini-
mized by running the filtration tests for more than 24 h. The
results showed a decrease in permeability during the first 5 h
of filtration, which was related to the adherence of bacteria
on the membrane and cake layer build-up.

Online particle deposition (monodispersed dyed fluores-
cent microspheres) and cake growth were studied by Has-
san et al. [52] on two silicon nitride microsieves (0.8 and 2
pum) using a custom-made filtration chamber with a glass ob-
servation window. Cake growth was monitored during suc-
cessive injections of the spheres, which resulted in layer-by-
layer cake formation. However, it was clear from this study
that the main limitations of CLSM are the inability of the
laser to penetrate the deposit, and limited resolution in all
three directions. Their study combined online observation of
particle deposition and measurement of permeability reduc-
tion, providing a better understanding of the influence of par-
ticle size, pore size and pore pitch of microsieves on the for-
mation and morphology of the cake. In a continuation of this
work, the same authors [53] analyzed cake build-up during
the filtration of a bidisperse suspension, using the layer-by-
layer cake growth approach. They also studied the possible
protective effect of a layer of large particles on the surface of
the membrane during the filtration of small (1 um) particles
using the same online CLSM setup. Moreover, the results
of 3D visualization of cake build-up, particle arrangement
and cake thickness obtained using this online characteriza-
tion setup were used to develop a model to simulate MF [54].

CLSM has also been used for online characterization dur-
ing UF. The deposition of model polystyrene particles on UF
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PES membranes was monitored online with CLSM using a
custom-built microfluidic system [55]. The novelty of this
approach is the possibility of studying particle deposition
in the submicron range on UF membranes with a molecular
weight cut-off of 10 kDa. Membrane pores cannot be visual-
ized with this setup, but the deposition of 0.4 um polystyrene
particles was monitored under different filtration conditions.
They found that individual particles on the membrane sur-
face acted as seeds for the deposition of more particles as
reported previously [52, 53, 54]. The same custom-built mi-
crofluidic system was used for later studies on UF membrane
fouling over a range of pH, ionic strength and feed concen-
tration [56]. It was found that, regardless of the experimen-
tal conditions, membrane-particle interactions had a greater
influence on the initial deposition behavior, while particle-
particle interactions governed long-term deposition.

CLSM images provide both qualitative and quantitative
information. Sample preparation for CLSM is minimal, al-
lowing in situ and online experiments to be performed, how-
ever, its main limitations are related to resolution. The lack
of commercial confocal objectives with appropriate working
distances for measurements in miniaturized filtration mod-
ules is the most important problem preventing the wider use
of CLSM for online characterization. It should also be re-
membered that online monitoring of very fast processes is
limited by the time taken to acquire an image. CLSM is
becoming a complementary method of characterization, to-
gether with common microscopic techniques, to provide in-
formation that can be used to improve membrane manufac-
turing and process performance.

10. Multiphoton microscopy

Multiphoton microscopy (MPM) is an alternative tech-
nique to confocal microscopy. As in the case of CLSM,
the fluorophores are excited by laser light, which allows 3D
imaging of fluorescent species. However, the working prin-
ciples are different since multiphoton microscopy is based on
the phenomenon of two-photon excitation (Fig. 5). Multi-
photon microscopy utilizes infrared (IR) light or near-infrared
pulsed lasers that enable the almost simultaneous absorption
of two photons. Absorption of the first photon leads to exci-
tation to a virtual energy level, while the almost simultane-
ous absorption of the second photon excites the molecule to
an allowed energy level that is the same as that in one-photon
excitation. The wavelength of the photons is thus twice that
in normal one-photon excitation. Photons with longer wave-
lengths scatter less, and can thus penetrate deeper into the
sample. In addition, multiphoton excitation can extend the
imaging region into the UV and special UV optics and ex-
pensive UV lasers are not needed to excite fluorophores that
absorb in the UV region. The third advantage of MPM over

CLSM s the localized nature of multiphoton absorption, which

occurs only at the focal point and not in the optical path [2].
The resolution is typically 0.27 pwm, but can be as low as 0.1
um [2, 57].

Real-time monitoring of membrane processes with MPM
has certain limitations. The distance between the objective
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Figure 5: Schematics of one-photon and two-photon excitation
processes. (After [2])

and the sample should not exceed 1 mm, and the path be-
tween the objective and sample should contain only trans-
parent materials with known refractive indices [2, 58]. In
addition, the filtration process must be stopped during imag-
ing to avoid motion artifacts. The acquisition of an image
takes 1-5 min, and any movement during imaging will re-
sult in blurring [57].

Hughes et al. have studied fouling caused by protein sus-
pensions (unlabeled and fluorescent labeled proteins) [58],
yeasts (fluorescent labeled yest) [59] and yeast-protein mix-
tures (fluorescent labeled yeast) [57, 60]. They found that
MPM imaging could be used to distinguish deposited oval-
bumin and BSA aggregates providing visual confirmation of
a two-stage fouling mechanism. The side-view images ob-
tained at the beginning of the fouling process showed alter-
nating vertical bands of fluorescence and darkness. Thus, it
was evident that the fouling caused by the proteins was ini-
tially internally dominated (pore blocking). After the initial
phase, fouling became externally dominated as the aggre-
gates were deposited on the surface of the membrane (cake
layer formation). The whole membrane appeared fluorescent
as the result of cake layer formation [58]. In the yeast fouling
study, the gradual development of the filter cake was imaged
in situ and it was found that the technique offered good sub-
micron resolution when imaging patchy, thin and thick cakes
up to a thickness of 45 um. The fine structural details of
the yeast cakes were best captured by 3D image reconstruc-
tion, or by the montage of individual slices side by side [59].

Rudolph et al.: Preprint submitted to Elsevier
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When the membrane was fouled with yeast-protein mixtures,
the MPM images provided visual confirmation of the depo-
sition of protein aggregates, and confirmed aggregate cap-
ture by the yeast cake [57]. Imaging of the deposition of
both yeast cells and protein aggregates was achieved simul-
taneously. It was shown that the yeast cake was effective in
screening out BSA aggregates, but was too thin to capture
ovalbumin aggregates, and thus failed to reduce the fouling
caused by ovalbumin [60].

Imaging in the UV-region is problematic for conventional
microscopes and CLSM because specialized optics and high
cost lasers are required. Thus the capability of MPM to im-
age UV-excited fluorophores is its greatest advantage.

11. Light based spectroscopy
12. Surface plasmon resonance

Surface plasmon resonance (SPR) is a surface-sensitive
analytical method based on waves propagating along the in-
terface of two media, usually a metal and a dielectricum such
as an aqueous solution [61]. Monochromatic laser light is fo-
cused onto the underside of the metal interface and adjusted
so that total internal reflection occurs. Sufficiently thin metal
films at a certain incident beam angle (resonance angle) pro-
duce surface plasmons. Matching them with the change in
momentum of the incoming laser beam leads to resonance
excitation. Molecules adsorbing on the metal surface change
the local refractive index, and hereby the resonance condi-
tions of the surface plasmon waves. The resonance angle
thus depends strongly on the thickness and dielectric con-
stant of the layer on the upper surface of the metal (Fig.
6). SPR experiments are commonly carried out in one of
three modes: (1) using light of a fixed wavelength and mea-
suring the angle of minimum reflection (maximum absorp-
tion), which can change by approximately 10 % during thin-
film adsorption; (2) following the changes in absorption with
wavelength; or (3) imaging mode (mapping all of the local
changes over the surface) [13].

SPR can be easily implemented and is sensitive to nanome-
ter scale changes in thickness, density fluctuations, and molec-
ular adsorption. It thus provides information on the very
early stages of adsorption that lead to membrane fouling.
It allows the detection of monolayer and multilayer adsorp-
tion, as well as the spatial distribution of the layer and in-
terfacial roughness. SPR provides no information on the
molecular level, but allows the study of surfaces with spe-
cific chemical properties by modifying the sensor surface.
However, it cannot be used to study membranes, but by cre-
ating a sufficiently thin model surface out of membrane poly-
mer on top of the sensor, adsorption processes can be in-
vestigated. Common methods of producing thin layers are
self-assembled monolayers (SAMs) [62, 63, 64, 65, 66] and
spin-coating [67]. In order to obtain a good signal, the model
surface must be flat and placed within the penetration depth
of the evanescent wave, typically less than 1 pm.

SPR has been applied to investigate the effect of the sur-
face properties on the adsorption behavior of proteins in gen-
eral, and on competitive protein adsorption. When BSA was
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SPR sensor Model membrane surface wave
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Figure 6: Schematic illustration of SPR for in situ real-time
monitoring of membrane fouling on a model layer.

adsorbed onto chemically homogeneous and heterogeneous
SAMs, the presence of chemical heterogeneity changed the
initial rate of adsorption of globular BSA proteins, and changed
the morphology of the adsorbed proteins [66]. Conforma-
tional changes in proteins have also been investigated dur-
ing the adsorption of avidin and BSA onto polysulfone (PS)
and gold surfaces. Compared to BSA, large conformational
changes were observed for avidin, which formed a thicker,
more diffuse and viscoelastic layer on PS [67]. Investiga-
tions on the influence of the chemical heterogeneity of sur-
faces have also shown that the surface chemistry effectively
governs protein adsorption for single-, binary and ternary
protein solutions of human serum albumin, fibrinogen and
fibronectin as well as human plasma [63]. The analysis of

competitive protein adsorption revealed that results from single-

protein adsorption studies cannot be used to predict the com-
position of the protein adsorption layer during multi-protein
adsorption.

The fouling properties of polyacrylamide coatings have
been studied by the adsorption of BSA, fibrinogen, lysozyme
and complex media [65]. In general, the adsorption behav-
ior of the proteins changed depending on the polymeriza-
tion time of the polyacrylamide. However, in comparison
to gold surfaces, polyacrylamide surfaces resisted protein
adsorption from single-protein solutions and were well be-
low the commonly accepted ultra-low fouling surface cri-
teria. Hook et al. [68] analyzed protein-polymer interac-
tions in high-throughput experiments with SPR imaging. In
an attempt to improve the resistance to polysaccharide and
protein adsorption, Minehara et al. [69] qualitatively as-
sessed model membrane surfaces of various polymer blends
of PVDF and poly(methyl methacrylate) with polyethylene
glycol, and compared them to common polymeric membrane
surfaces by monitoring the adsorption of BSA and dextran.

Rudolph et al.: Preprint submitted to Elsevier
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A correlation was found between the fouling resistance and
the hydrophilicity of the polymer for both model foulants.
Filtration with activated sludge revealed a good correlation
between the rate of increase of differential pressure and the
amount of adsorbed BSA, but no correlation for dextran ad-
sorption onto the investigated model membrane surfaces.

Combinations and comparison of SPR with other tools,
such as atomic force microscopy (AFM), surface acoustic
waves, quartz crystal microbalance with dissipation (QCM-
D) or Raman spectroscopy [63, 66, 62, 70] have provided
more insight into adsorption processes and have helped to
verify findings. The combination of SPR with QCM-D al-
lowed the differentiation between dry absorbed protein mass
and wet adsorbed protein mass [71], while the displacement
of one protein in the adsorption layer by another was deter-
mined by the combination of SPR and AFM [63].

Peiris et al. developed a novel fluorescence-based tech-
nique for the characterization of colloidal/ particulate-protein
interactions at a physical level and corroborated the devel-
oped technique with SPR [64]. This technique was com-
pared to various others by monitoring the adsorption of a-
lactalbumin and colloidal/ particulate- and protein-like mat-
ter onto SAMs. The results indicated a possible reduction
in signal in the SPR measurements due to inter-molecular or
inter-particle physical-level interactions between colloidal/
particulate- and protein-like matter and a-lactalbumin.

In conclusion, SPR is reasonably easy to use and is widely
used for real-time monitoring of mainly protein fouling. How-
ever, it is until now only applicable to model membrane sur-
faces. The presented studies highlight the potential of high-
throughput analysis for improving the understanding of the
interaction between polymers and biomolecules, as well as
the complex behavior of biomolecules at surfaces.

13. Ellipsometry

Ellipsometry is an optical technique that can be used to
detect, quantify and derive information about adsorption pro-
cesses on a wide range of surfaces. In ellipsometry, the phase
change and the ratio of the amplitude of the incident and re-
flected, polarized light reflected from the investigated sur-
face are monitored (Fig. 7). Reflections at the interfaces
of the different scatterers are combined to form a reflected
light wave with a changed state of polarization. The most
common application of ellipsometry is in the measurement
of film thickness, from 0.01 nm to several pm [8]. The tech-
nique has been widely used to analyze the structure of multi-
layer components. The results obtained can also provide
insight into other properties of films, including their mor-
phology, chemical composition and electrical conductivity
[72]. The review by Ogieglo et al. [73] provides an extensive
overview of the use of in situ ellipsometry in investigations
of the interactions between thin films and penetrants.

The application of ellipsometry is generally limited to
interfaces with a changing refractive index during adsorp-
tion/fouling over time. Moreover, it provides no specific
chemical information. Hence, ellipsometry can usually not
differentiate between adsorbates and surfaces, or individual
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Figure 7: Schematic illustration of ellipsometry for in situ real-
time monitoring of membrane fouling.

adsorbates that have similar refractive indices. As the data
analysis relies on mathematical models of the studied sur-
faces, the calculations can be complex, and the validity of
the results depends strongly on the theoretical model. If the
light beam travels through a liquid phase during the mea-
surements, the properties of the liquid must be taken into
account due to possible interference or attenuation [13, 8].

As surface structures on different scales and heteroge-
neous materials have different optical properties, the nature
of membrane samples is optically complex since a mem-
brane is a porous material that scatters light in all direc-
tions when irradiated. The different scattering sources can
be differentiated by ellipsometry of angle-resolved scatter-
ing (EARS). EARS measures the polarization state of scat-
tered waves with high angular resolution, which enables the
separation of surface from volume effects. In this way, it is
possible to obtain information on the geometrical properties
of a sample, as long as the angular scattering pattern is as-
sociated with the electromagnetic model.

In situ ellipsometry has been applied to study the ad-
sorption of surfactants to modified MF membranes, to mea-
sure the thickness of fouling layers before and after clean-
ing, and to investigate the morphology of ceramic and poly-
meric UF membranes. Adsorption studies of surfactants on
MF membranes modified via surface grafting of polyelec-
trolyte brushes showed swelling of the polyanionic brushes
by 280 % in water, and a reduction of the adsorption of an-
ionic sodium dodecyl sulfate occurred [74]. Riickel et al.
[75] initially applied ellipsometry to develop and analyze a
model fouling layer consisting of SA, BSA and humic acid
in order to find an effective cleaning strategy for the removal
of marine biofouling in desalination membranes. They later
used it to measure the layer thickness before and after clean-
ing [76]. EARS has been applied to investigate the morphol-
ogy of porous ceramic membranes [72] and polymeric UF
membranes [77] with different molecular weight cut-offs.
These investigations showed that it is possible to determine a
membrane bulk volume distribution by EARS without con-
tacting or altering the membrane itself. Furthermore, an in-
crease in the angular variations of the polarimetric phase
shift with an increasing porosity was observed. This kind
of non-destructive technique for the characterization of the
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variation in porosity, and thus the molecular weight cut-off,
might be useful in studying the influence of membrane foul-
ing on the separation performance.

Using IR light instead of visible light, ellipsometry offers
the possibility to acquire noninvasive, structural and chem-
ical information at the liquid/solid interface simultaneously.
For example, in situ IR spectroscopic ellipsometry allowed
the assessment of the ionization of a thin film made of mixed
polyelectrolyte brushes as a function of pH by using the in-
tense absorption of the carboxyl group and the carboxylate
ion [78].

Ellipsometry is limited by the refractive index of the sur-
face, surface scattering and light depolarization. The method
requires good mathematical modeling, which limits its ap-
plicability. However, it generally allows monitoring of the
early stage of membrane fouling, theoretically, even in real
membrane filtration.

14. Other light based methods

UV/Vis reflectance spectroscopy UV/Vis reflectance spec-
troscopy employs light in the ultraviolet-visible spectral re-
gion, and is based on the interaction between electromag-
netic radiation and opaque surfaces. The energy of photons
from the light promotes or excites a molecular electron to
a higher energy orbital. This is in contrast to fluorescence
spectroscopy, which is based on the transition of a molecu-
lar electron from an excited state to the ground state. UV/Vis
reflectance spectroscopy can be applied to characterize the
membrane-solution interface. The light reflected from the
opaque surface can be recorded by a fiberoptic probe po-
sitioned above the membrane (Fig. 8). The measured re-
flectance from the layer being studied can be related to ab-
sorption, as the light that is not absorbed is reflected. The
wavelengths of the absorption peaks give qualitative infor-
mation on the functional groups present in the foulants, and
the method can thus be applied to determine the composition
of the fouling layer. The absorbance is directly proportional
to the concentration and path length of the absorbing com-
ponent in the sample, and is usually determined using the
Beer-Lambert law. An increase in the absorption at a chosen
wavelength, or in a spectral area, can be applied to monitor
changes in the concentration of a compound in the foulant
layer.

Combining UV/Vis spectroscopy with other techniques
allows the qualitative analysis of foulant deposition during
filtration. Gao et al. [79] showed how UV/Vis spectroscopy
synchronized with electrochemical impedance spectroscopy
can be used to study the role of ionic strength on protein
fouling by BSA during UF. The fouling potential of BSA
was found to be greatly affected by the ionic strength of the
feed water. A salting-out effect due to the concentration of
salt ions near the membrane surface was also observed.

UV/Vis reflectance spectroscopy is a simple, fast and af-
fordable technique that has recently been developed for real-
time monitoring, and promises to provide information that
will lead to a better understanding of membrane fouling [79].
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Figure 8: Schematic illustration of UV/Vis reflectance spec-
trophotometry for in situ real-time monitoring of membrane
fouling.

Photointerrupt sensor array A photointerrupt sensor ar-
ray consists of a light emitter and a light receiver element
that are either placed facing each other, or on the same sur-
face in a way, so that the transmitted or reflected light can
be detected. The technique can be used to measure foul-
ing layer thickness and distribution based on the absorption
of the fouling layer. The cake layer thickness can be esti-
mated by measuring the intensity of the output signal and
applying the modified Beer-Lambert law. The resolution is
limited to around 10 um, but the method has the advan-
tages of easy installation and low costs. The sensitivity of
the measurement is affected by the intensity of the light and
the transparency of the surrounding medium. High parti-
cle concentration and color of the medium may reduce the
transparency, and hereby reduces the penetration depth of
the sensor signal. To a certain degree, this problem can be
overcome by reducing the distance between the sensor and
the membrane being studied [80].

Tung et al. [80] applied sub-miniature (diameter 4 mm,
thickness 3 mm) reflector-type IR light emitting diode pho-
tointerrupt sensors to monitor the growth of the fouling layer
during the filtration of a high-turbidity feed stream of TiO,
suspension on a submerged membrane filtration system. Sen-
sors were placed inside a glass test-tube to prevent their cor-
rosion. The sensor module could be moved up and down
over the submerged flat sheet membrane by a variable-speed
stepping motor (Fig. 9). The range of measurement distance
for which the results were valid was determined to be 0.25
to 4.25 mm. Visual observations of polytetrafluoroethylene
and PVDF membranes revealed that the absorbance prop-
erties of the membrane material might affect the sensitiv-
ity of the measurements. Overall, the photointerrupt sen-
sor array is a promising tool for fast scanning of membrane
surfaces, even on pilot-scale submerged membrane filtration
units [80].

Photointerrupt sensors provide a simple, effective and
low costs solution for evaluation of the fouling layer thick-
ness in the range of 10 to 5000 pm, but their use is limited

Rudolph et al.: Preprint submitted to Elsevier

Page 12 of 40



Review of in situ real-time fouling monitoring

Photointerrupt
sensor array

oooooo
oooooo

Motion

Photosensor Il
N

Membrane surface

Figure 9: Schematic illustration of a photointerrupt sensor
array for in situ real-time monitoring of membrane fouling.

to diluted feeds due to scattering problems at higher concen-
trations [2].

15. Acoustic techniques
16. Photoacoustic spectroscopy

Photoacoustic spectroscopy (PAS) is based on the ab-
sorption of electromagnetic radiation inside a sample, and
combines the features of optical spectroscopy and ultrasonic
tomography. Energy from the absorption of radiation is con-

verted into heat by non-radiative relaxation of excited molecules.

Depth-resolved analysis of both optical and acoustical in-
homogeneous media is achieved by measuring the pressure
waves originating from the thermal expansion of the medium
resulting from heat production with microphones or piezo-
electric transducers. PAS allows optical absorption mea-
surements of highly adsorbing samples, even in strongly scat-
tering or optically opaque media [81]. The technique is sim-
ple, and causes only minimal disturbance in the sample.

Schmid et al. [81] used PAS to monitor the growth and
detachment of biofilms under the influence of various bio-
cides. The biofilm thickness was determined and the de-
tachment mechanism during hydrogen peroxide and isoth-
iazolinone treatment elucidated. Segal et al. [82] combined
offline Fourier transform infrared PAS (FTIR-PAS) with par-
tial least-squares analysis to quantitatively investigate pro-
tein fouling on UF membranes in the presence of polysac-
charides. SA was found to have no effect on the adsorption
of BSA on the membrane, and this result was successfully
validated by indirect estimations using a mass balance ap-
proach.

PAS has been used to monitor biofouling, but has not
yet been applied in research in the biotechnology, biorefin-
ery or food sectors. However, the work of Segal et al. [82]
using FTIR-PAS shows that monitoring of membrane foul-
ing caused by proteins or polysaccharide could be possible
in the future.

17. Ultrasonic time-domain reflectometry

Ultrasonic time-domain reflectometry (UTDR) is an acous-

tic technique that utilizes the transmission and reflection of

ultrasonic waves to provide information on the medium through

which the waves travel. When an ultrasonic wave encounters
an interface between two media, reflection, transmission and
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Figure 10: Schematic illustration of UTDR for in situ real-time
monitoring of membrane fouling. (After [85])

Signal from housing .

mode conversion of the incident wave relative to the reflected
wave occur, and the magnitudes of the reflected and trans-
mitted waves can be detected as a function of the acoustic
impedances of the two media [18]. This makes it possible
to obtain information on the fouling layer such as its thick-
ness or density. Data analysis is often combined with Fourier
wavelet transformation of the UTDR signal to enhance the
resolution. It is important to consider that the sonic velocity
of the waves is dependent on temperature, pressure, concen-
tration and the medium. It is therefore difficult to separate
the fouling layer from the membrane, if the density of the
fouling layer is similar to, or lower than the membrane den-
sity (Fig. 10). A way to gain high precision UTDR measure-
ments (0.6 to 2 um) is the compensation of the sonic velocity
by using for example a reference transducer [83] or a double
transducer [84].

UTDR offers an alternative to optical techniques as the
medium can be opaque. Different membrane module types
can be investigated as long as the investigated membrane
area is larger than the sensor surface. UTDR has therefore
already been applied to a broad variety of modules, including
flat-sheet [86, 87, 88, 89,90, 91, 92, 93, 94], tubular [95] hol-
low fiber [96, 97, 98, 99] and even spiral wound [100, 101]
membrane modules. Depending on the frequency, some ul-
trasonic waves are unavoidably attenuated by the module
housing before they arrive at the interface of interest. The
penetration at low frequencies is much greater than that at
higher frequencies, however, the resolution is greater at higher
frequencies, requiring a trade-off between the attenuation
and the resolution of the acoustic waves [91].

UTDR has been widely studied with both model solu-
tions and real process solutions. Protein fouling has been
investigated by studying BSA adsorption on several com-
mercial polymeric MF membranes under cross-flow condi-
tions [89, 90]. BSA adsorption on a tubular UF membrane
has successfully been distinguished from the various curved
surfaces, housing holder, steel support and the module [95].

Membrane fouling caused by lipids has also been widely
investigated. Xuetal. [97] investigated the fouling of hollow-
fiber membranes during the MF of oily wastewater from off-
shore oil platforms. Concentration polarization and fast oil
adsorption near the inlet of the module were identified as
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the cause of an instantaneous flux decline at the start of fil-
tration. A 3D ultrasonic imaging technique based on UTDR
was developed by monitoring lipid adsorption on PES UF
membranes [91]. In this study, the sequential events during
fouling, and the internal structures of the membrane were de-
termined as a function of time. Chen et al. [93] developed an
automated UTDR monitoring system to obtain information
on the spatial and statistical features of fouling while mi-
crofiltrating phospholipids. They later developed the system
further for direct and unambiguous diagnosis under practical
operating conditions [94].

Li et al. [98, 99] investigated fouling of PES hollow-
fiber membranes by yeast solutions. They found that fouling
could not be prevented by using sub-critical conditions, aer-
ation or shorter fiber length, but it was slowed down [98]. In-
terestingly, double-end submerged hollow-fiber membranes
showed a better filtration performance than the one-end mod-
ule [99]. They also used UTDR for sensitive and rapid eval-
uation of the fouling layer thickness and distribution during
the MF of humic acids [88]. The flow conditions were found
to be the main factor influencing the spatial and temporal
distribution of humic acid fouling on the membrane. Tung
et al. [101] combined UTDR with computational fluid dy-
namics (CFD) simulations to characterize membrane fouling
in UF and RO spiral wound modules, and found that grav-
ity and membrane curvature influenced the distribution of
humic acid fouling. Sim et al. [100] developed an early
warning system for quantitative monitoring of fouling un-
der controlled hydrodynamics and flux conditions in a RO
spiral wound module (a so-called canary cell) using UTDR.
They found that it was possible to follow the change in den-
sity of a silica colloid fouling layer and to create qualitative
images of it. UTDR has also been used to investigate foul-
ing during the filtration of paper mill wastewater [86]. By
employing Fourier wavelet transformation, the signal from a
thin fouling layer has also been successfully separated from
that originating from a porous MF membrane and other sur-
faces. Skider et al. [87] also applied a Fourier wavelet trans-
formation together with UTDR to visualize fouling resulting
from MF of natural brown water.

UTDR is thus a novel, versatile and very promising tech-
nique. As a result of many successful applications involving
various solutions and membrane module types, it is likely
that this technique will soon be applied in industrial appli-
cations.

18. Quartz crystal microbalance with dissipation
Quartz crystal microbalance with dissipation (QCM-D)
is a mass sensing technique based on acoustic waves. Infor-
mation on mass adsorption is generated by constantly mea-
suring the shift in resonance frequency of a piezoelectric
quartz crystal sensor (Fig. 11), allowing determination of
the thickness of the adsorption layer, density-viscosity changes
in a solution, viscoelastic changes in a boundary layer and
changes in the surface free energy. QCM-D is a simple and
cost-efficient technique over a broad detection range, extend-
ing from the adsorption of small molecules such as heavy
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Figure 11: Schematic illustration of QCM-D for in situ real-
time monitoring of membrane fouling on a model layer.
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metal ions, to much larger molecules such as complex biopoly-
mers or bio-macromolecules. It can be run without refer-
ence measurements, requires only small sample volumes in
the range of several mL, and can detect subtle changes at
a solution-surface interface. However, surface interface ef-
fects are difficult to separate from volume effects [102, 67].

QCM-D functions well in complex, optically opaque so-
lutions. Although it is not possible to mimic an actual mem-
brane filtration process, adsorption of diverse types of solu-
tions on model membrane surfaces can be examined. How-
ever, changes in the solution density or temperature and elec-
trical effects can cause changes in the oscillation frequency
[103]. External pressure degrades the sensitivity of the sen-
sor. Manipulation of the surface towards specific chemical
properties is possible by modifying the sensor surface. To
create a thin layer, the same methods as for SPR can be ap-
plied such as spin-coating [67, 104, 105, 106, 107, 108, 75];
SAMs [109, 110]; but also other layer deposition techniques
[102, 103, 111].

Many studies have focused solely on protein adsorption
[105, 107, 108, 110, 111, 62]. It has been found that BSA
adsorbed less onto a zwitterionic copolymer with high 4-
vinylpyridine-content coatings [111]. Differences in the rigid-
ity of the fouling layer were found depending on the model
membrane surface and the amount of BSA adsorbed. A rigid
layer was initially formed during the adsorption of BSA onto
a PVDF film, which became softer with an increasing amount
of adsorbed BSA [105], whereas a soft layer was formed di-
rectly upon the adsorption of BSA onto poly(ethylene-co-
vinyl alcohol) and PES films, which remained soft regard-
less of the amount of BSA adsorbed [105]. At low concen-
trations, LG has been found to be irreversibly adsorbed onto
PES films forming a complete, rigid fouling layer; while at
higher concentrations it was reversibly adsorbed as a soft
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fouling layer [107, 108]. Continuous, complete adsorption
over time has been reported for LG on PES films [108], and
for BSA on hydrophilic and hydrophobic alkane-terminated
surfaces, with a preference towards the hydrophilic surface
[110]. In their study, Roach et al. [110] reported a step-
wise adsorption rate for bovine fibrinogen during adsorp-
tion at high concentration onto hydrophilic and hydrophobic
alkane-terminated surfaces, with an initial rapid adsorption
stage followed by a slower stage, and then a second rapid ad-
sorption stage, and slowing over a longer period. Contreras
et al. [109] found good correlation between the adsorption
rate of SA and the water contact angle. However, a mismatch
was found between the adsorption rate of BSA and the wa-
ter contact angle, as well as the zeta potential of the investi-
gated surfaces [109]. Overall, they showed that irreversible
fouling by polysaccharides and proteins is mainly caused by
hydrogen bonding and specific electrostatic interactions be-
tween the foulants and the surface; nonspecific electrostatic
and hydrophobic interactions are less important for the ad-
sorption process.

High adsorption rates have been observed for BSA and
low adsorption rates for SA during adsorption onto silica sur-
faces and cellulose acetate butyrate films [112, 106]. Fur-
thermore, differences have been reported between the ad-
sorption of BSA and SA onto SAMs, with the highest ini-
tial adsorption rate for both compounds onto -COOH sur-
faces and the rapid formation of irreversible fouling caused
by BSA on -CONH, and -NH, surfaces. In contrast, similar
rates have been reported for the adsorption of BSA and SA
on clean sensor surfaces [109].

Another research focus tackled with QCM-D is the in-
vestigation of fouling by EPS. QCM-D has been used by
Riickel et al. [75] to develop a model fouling layer consisting
of a mixture of polysaccharides, proteins and humic acids.
They found that the concentration of SA in an EPS matrix
influenced the adsorption behavior significantly. Ferrando-
Chavez et al. [104] found that high concentrations of the
polysaccharide Psl reduced the adsorption of EPS onto the
negatively charged aromatic polyamide surface, while the
shear modulus and shear viscosity of the fouling layer were
increased. A comparison between the adsorption of efflu-
ent organic matter and EPS on a polyamide surface revealed
inhibited swelling of the polyamide surface and a lower ad-
sorption rate of effluent organic matter, presumably due to
cross-interactions between the various components included
in the process [113]. Wang et al. [114] extracted EPS from
a membrane bioreactor after three different hydraulic reten-
tion times and studied its adsorption onto PVDF coated sen-
sors. A loose and soft fouling layer was found for EPS ex-
tracted after the shortest hydraulic retention time. This EPS
also adsorbed much faster than the two other. A study by Pi-
atkovsky et al. [115] investigated the effect of an anti-fouling
coating consisting of a zwitterionic block-copolymere on the
adsorption behavior of EPS and found a positive effect of the
hydration of the coating regarding the anti-fouling properties
of the coating. However, the presence of calcium during the
EPS adsorption affected the anti-fouling effects negatively.

The combination of QCM-D with other techniques such
as ellipsometry, SPR and AFM can offer further insights.
The combination of QCM-D with SPR revealed differences
in the amounts of BSA and avidin adsorbed onto PS films
[67]. This was attributed to hydrodynamically coupled water
in the protein fouling layer that was detectable with QCM-
D but not with SPR [67]. Zhou et al. [62] applied QCM-D
together with SPR and surface acoustic wave to study the ad-
sorption of human immunoglobulin G onto hydrophobized
surfaces. Also the adsorption of human immunoglobulin
G onto cellulose based membranes for virus removal has
been studied by the combination of QCM-D and SPR [116].
Mierczynska-Vasilev et al. [102] combined QCM-D with
AFM to investigate the adsorption behavior of the constituents
of white, rosé and red wine on functional plasma-polymerized
coatings. QCM-D gave a higher adsorbed mass of the wine
constituents than suggested by the AFM images, due to the
exclusion of attached hydration water in the images. Fur-
thermore, the same combination has been applied to study if
blending of SiO, nanoparticles (NPs) together with PVDF
effects the adsorption of effluent organic matter. It was found
that the effluent organic matter adsorbed lower and attached
non-rigid onto the SiO,-terminated polymer layer [117]. More-
over, two stages of adsorption have been detected: an ini-
tial stage with a rapid adsorption and a second stage, where
the frequency had reach equilibrium but the dissipation was
still changing and the adsorption layer tended to rearrange it-
self. The AFM results revealed a repulsion between a SiO,-
terminated PVDF membrane and a probe coated with efflu-
ent organic matter.

Only few studies have compared results from QCM-D
with results from conventional membrane fouling monitor-
ing methods such as flux or pressure measurements. How-
ever, the studies that have been performed, found good agree-
ment between fouling on the model surfaces and fouling dur-
ing the filtration process [105, 107, 113]. Pore plugging has
been identified by comparing QCM-D measurements and
flux decline measurements [106].

QCM-D thus appears to be a promising technique that
is easy to use and provides useful information with com-
parably small monetary efforts. There is even an open 3D
printing project that offers the possibility to print one’s own
device [118]. However, it only gives information on model
surfaces, and will likely be of the greatest value in the early
development of new membranes and new membrane pro-
cesses.

19. Interferometry
20. Holographic interferometry

Holographic interferometry is a non-invasive optical tech-
nique that measures changes in the refractive index of a so-
lution based on interference rings. The technique has been
used to visualize concentration polarization over UF, NF and
RO membrane surfaces [119, 9]. Concentration polarization
increases the probability of fouling. The formation of a con-
centration gradient causes a change in the refractive index
of the solution, which can be seen as a pattern of interfer-
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ence fringes [120]. The use of holographic interferometry is
restricted to low flow rates due to the inherent physical limi-
tations of the technique [119]. Therefore, it is easier to study
concentration polarization in an unstirred batch process than
in a crossflow processes, as the thickness of the boundary
layer is limited by the flow parallel to the membrane [121].

Holographic interferometry is usually performed through
a transparent window in the filtration module. The use of a
window limits the maximum pressure that can be applied
[121]. Two steps are necessary: First, the reference state
must be recorded without applied pressure to obtain an im-
age of the non-concentration-polarized system. The sam-
ple is then illuminated using a coherent light source, e.g. a
laser. The holographic light field of the area close to the
membrane surface can then be recorded and rendered using
holographic films or digital sensor arrays. During the sec-
ond step, the light beam passes through the filtration module
and the light field is online recorded. As the online light
fields differs from the reference light field, the phases of the
light fields will interfere producing fringes containing infor-
mation on the concentration gradient [9, 120, 121]. Each
interference fringe corresponds to a certain change in con-
centration and the amount of fringes increases as the thick-
ness of the boundary layer increases. Interference fringes
are not observed at greater distances from the surface of the
membrane when the bulk solution maintains its initial con-
centration [122].

Fernandez-Sempere et al. [123] monitored the reversible
adsorption of PEG-10000 on the surface of a cellulose ac-
etate membrane indirectly through the appearance, evolution
and disappearance of the polarization layer. When the solute
mass balance in the polarization layer was calculated, it was
found that the amount of solute provided by the feed solution
was greater than the amount accumulated in the polarization
layer. It was therefore assumed that the amount of solute that
was not present in the polarization layer was adsorbed on the
membrane surface. When the pressure was removed, new
interference fringes appeared as the solute accumulated on
the membrane returned to the polarization layer. Fernandez-
Sempere et al. [120] also studied the influence of variables
that can cause the physical adsorption of PEG-10000. They
found that pressure did not cause the deposition of solute
on an inert control surface. However, the adsorption of the
solute on the membrane surface dependes on the pressure
applied and on the membrane saturation adsorption capac-
ity. Adsorption occurred simultaneously with the accumu-
lation of solute in the polarization layer. The main weak-
ness of monitoring fouling by holographic interferometry is
the need for mathematical modeling of the system. Vari-
ous models can be used to explain and simulate the adsorp-
tion process, some of which are better than others. Light
deflection is a source of experimental error. A refractive
index gradient within a concentration polarization layer de-
flects the light beam towards the membrane, and the inter-
ference fringes may be significantly distorted depending on
the system [119, 124]. It has been shown by Rodrigues et al.
[119] that light deflection can be neglected if the difference
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in the refractive index between the membrane surface and
the aqueous solution is sufficiently small. They developed
a numerical ray tracing model that improved the precision
of the measurements. Holographic interferometry has been
an important method in nondestructive testing of materials
in various fields of industry, and thus simple and efficient,
low cost, real-time commercial tools are already available
[125] and adaptation of the method to the suitable, industrial
membrane-based applications may be seen in the future.

21. Optical coherence tomography

Optical coherence tomography (OCT) enables the detec-
tion of 2D and 3D structures by generating a series of images
from scans at different depths, combined with information
on back-scattering, and the location and intensity of the inter-
ference signal [126, 127, 128]. OCT is similar to acoustic to-
mographic techniques, but instead of acoustic waves IR light
is used. It penetrates the sample and is partially reflected
when an optical property of the sample, e.g. the refractive
index, changes in the axial direction (Fig. 12). The light
signal reflected from different depths interferes with the ref-
erence light signal, which travels a different path, generating
frequency-dependent interferograms [129]. These interfer-
ograms can be transformed into intensity signals as a func-
tion of sample depth, providing the sample structure profile
at any point. OCT provides simultaneous Doppler imaging,
which can be used to additionally visualize the velocity pro-
files of observed particles [129].

OCT offers the possibility to monitor a large area (mm?)
in a short time [126, 3]. The use of relatively long-wavelength
light means that OCT has a greater beam penetration in the
studied surface than, for example, confocal microscopy, but
the spatial resolution is limited to ~10 um [130, 127, 129].
It is sensitive to the optical path, i.e. the combination of the
physical sample thickness, refractive index and total scat-
tering cross-section of the sample. This is why scattering
events play an important role as they lead to a loss of inten-
sity. Scattering limits the scanning depth to ~1 mm [127].
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Additionally, OCT is not able to distinguish between differ-
ent deposits formed on the membrane surface [131].

OCT measurements can be performed directly through
a thin glass window, as in holographic interferometry. Pro-
cesses with low pressures are preferable because of the po-
tential failure of the glass window [129]. It is possible to
scan multiple cross-sections at the same time, providing a
3D view that allows quantification of the foulant accumula-
tion, porosity and spatial distribution [132, 38, 3, 133].

OCT has mainly been applied for biofouling monitoring
[129, 127, 134, 130, 127, 126, 132, 128, 135, 38, 133] and
the determination of the compressibility of biofilms [130,
135]. However, it has also been used to monitor scaling
[136] and cake layer formation [129, 3, 137] and could po-
tentially be applied to investigate concentration polarization
[129]. Lee et al. [136] used OCT to investigate scaling by
CaSO, and mixtures of CaCO5, CaSO, and NaCl. They de-
tected the growth and deposition of large aggregated crys-
tals on the surface of a membrane while smaller crystals,
which had sizes below the resolution limit, could not be de-
tected. Gao et al. [129] applied simultaneously structural
and Doppler imaging to demonstrate the ability of OCT to
correlate localized fluid dynamics with the fouling process.
Bentonite microparticles were used as foulants, also acting
as tracers for Doppler imaging of flow patterns. In this way,
OCT provided valuable information for the improvement of
the spacer design. However, the response of OCT during
turbulent flow has not yet been studied.

OCT monitoring directly related to organic fouling has
only been reported recently. Park et al. [133] investigated
the influence of organic matter composition on biofilm for-
mation. They found that OCT monitoring was unable to
detect a visual change in the membrane surface during the
deposition of organic matter on the membrane. Fortunato
et al. [131] studied fouling development in direct contact
membrane distillation of seawater, and found that it was not
possible to detect early-stage fouling caused by a mixture of
organic compounds and salts as the thickness of the foulant
layer was only about 50 to 70 nm. Trinh et al. [138] ap-
plied OCT to characterize membrane fouling by hexadecane
oil droplets in water emulsion. They also studied relatively
transparent particulate foulants. The fouling layer was found
to consist of individual oil droplets that were seen as bright
spots. Apart from direct visualization of foulant deposition
on the membrane, OCT was also found to be able to detect
the entry of foulants into the pores of the membrane. How-
ever, Trinh et al. also pointed out that the relation between
the signal intensity and the variation in the composition of
the surface may be non-linear when transparent particulate
foulants such as oil droplets accumulate on the surface of
the membrane. Changes in the liquid-foulant and foulant-
polymer boundary layers may increase or decrease the re-
flectance at these interfaces, and thus increase or decrease
the intensity of the OCT signal. More effective image pro-
cessing algorithms are therefore needed to improve the ac-
curacy of quantitative analysis using OCT. In addition, OCT
may suffer from various optical artifacts, leading to a reduc-

0.002 m/s

-0.0007 m/s

0.002 m/s

55 mm

-0.0007 m/s

Figure 13: Example of the data obtained with MRI of in situ
monitoring of membrane fouling [140].
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tion in the spatial resolution and making the interpretation
of the results more difficult [138].

OCT is an established tool in medical diagnostics and
emerging imaging technique in the non-destructive testing
field, but the complexity and costs of current setups still limit
its use [139]. However, its capability to provide information
on foulant accumulation, distribution and porosity makes it
an appealing technique for membrane fouling monitoring.

22. Magnetic resonance imaging
23. NMR/MRI

Nuclear magnetic resonance (NMR), also known as mag-
netic resonance imaging (MRI) in medical applications, uti-
lizes the excitation and relaxation of atomic nuclei under the
influence of an external magnetic field. We will refer to it
as MRI as we would like to highlight the imaging ability of
the technique. Atoms of the molecules are surrounded by
electron clouds, and nuclear shielding affects the magnetic
field felt by the nucleus. A change in the chemical environ-
ment of the atom causes a change in the energy level of the
nucleus. This, in turn, changes the radio frequency required
to excite the nucleus and results in a spin flip, the so-called
excitation step. The excited nucleus returns to its normal
state in the relaxation step, with the release of the energy ab-
sorbed during the excitation step. The relaxation signal can
be recorded and transformed into an image that represents a
variation within the sample matrix. MRI thus provides both
chemical and structural information on a sample. The nuclei
that can be studied with MRI include 'H, !°F, 3!P and 2*Na;
and isotopes such as 2H, 3C and >N also have a magnetic
moment. Images of local environments within a studied area
can be obtained by varying the parameters of the pulse se-
quence and signal processing [17] (Fig. 13).

In MRI the distribution of mobile protons within the sam-
ple is usually scanned. Therefore, high signal intensities are
obtained from regions filled with water [141]. It has been
observed that the sample properties spin-lattice relaxation
time (T;) and spin-spin relaxation time (T,) are especially
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low for trapped water protons compared to the relaxation
times of bulk water. This helps to distinguish, for example,
between a biofilm and the bulk fluid. However, it should
be noted that the values of T and T, are affected by mo-
tion, and the MRI signal can be lost with increasing temper-
ature [142, 13]. Spatially and time-resolved one- to three-
dimensional flow velocity images allow the monitoring of
flow fields of permeating water [143, 9, 144].

MRI can provide quantitative measurements of mem-
brane fouling, the resulting impact on the hydrodynamic prop-
erties of the membrane module, and thus the mass transport
[19]. The filtration module must be inserted inside the MRI
magnetic coils, which usually limits the imaging to only one
section of the module at a time [145]. Furthermore, a delay
of several minutes can occur in the image during measure-
ment, which may be due to limitations in spatial resolution
and/or a transition from non-detectable concentration polar-
ization to detectable particle deposition at a critical concen-
tration in the boundary layer [143]. The mechanism govern-
ing this is still unclear and may be due to increased flow rates
through the fouling layer, or structural changes in the fouling
layer [145].

MRI has already been used to study the fouling tendency
of hollow-fiber membranes. Adequate image contrast was
achieved due to the significant differences in local particle
concentration in the module. The signal from the bulk phase
is lower than that from the permeate flow. The cake layer
could be distinguished due to differences in the relaxation
time of free water protons and protons bound to deposits
[146, 143]. Culfaz et al. [146] applied MRI to observe
the deposition of two different silica sols and compared the
results with SA adsorption on round and micro-structured
hollow-fiber membranes. As the feed solutions had differ-
ent particle sizes and ionic strengths, the proton relaxation
times differed. Hence, only a quantitative comparison of the
different intensities in MRI signal of the evolving cake lay-
ers was possible. However, spatial deposition analysis re-
vealed that the smaller particle-sized solutions ended up in
the grooves of the fiber surface. The solution with larger
particles created a high resistance polarization layer that re-
sulted in a self-regulating homogeneous spread-out of de-
posited throughout the surface. SA has also been used as
a model foulant for the characterization of deposits in ce-
ramic hollow-fiber membranes by compressed sensing rapid
acquisition relaxation enhancement CS-RARE MRI [147].
A contrast agent was used to enhance the contrast between
the deposit and the feed. It was shown that with CS-RARE
MRI, a quantitative characterization of the fouling deposit is
possible. Buetehorn et al.[143] have investigated the impact
of set point permeate flux and solids concentration on the
cake growth in hollow-fiber membranes. The effect of aer-
ation pressure and duration on the cake-layer removal was
also studied. They found that it is not feasible to use contin-
uous or pulsed aeration during MRI, as the fluid motion had
negative effects on the cake-to-bulk contrast. Arndt et al.
[148, 149] used MRI to measure the influence of Ca2*t ions
on fouling layer formation and the structure of the polysac-

charide SA during dead-end filtration with ceramic hollow-
fiber membranes. The growth of the fouling layer deter-
mined with MRI was correlated to classic filtration data: i.e.
the addition of Ca* to SA led to the formation of a dense gel
layer. In contrast, the absence of Ca?* resulted in a concen-
tration polarization layer, and both strongly influenced the
flow profile in the hollow-fiber lumen.

Extensive studies on biofouling in spiral wound NF and
RO membranes have been conducted [141, 150, 145, 140,
151, 19, 142, 152] but are only mentioned here as the main
focus of this review was not on biofouling.

Although MRI allows the quantification of the spatial
fouling distribution as well as being able to analyze the ve-
locity field and its evolution during fouling, it suffers from
major drawbacks, namely the high cost and limited resolu-
tion between the pm and nm range. An exception to this is
the Earth’s field (EF) NMR [152, 142]. As the name implies,
EF-NMR employs a significantly weaker magnetic field than
conventional high-field NMR systems, which means a lower
total NMR signal and poorer resolution than in high-field
NMR. It is a relatively simple, low-cost and portable alter-
native. In general, MRI is a more time-consuming and more
complex method than other similar non-invasive in situ imag-
ing techniques, such as optical coherence tomography [153].

NMR is one of the most versatile spectroscopic tech-
niques available, and the widespread applications of MRI
in the medical field have led to a significant development
of commercially available MRI setups. MRI is used also in
industrial sectors to monitor the flow of fluids in pipe lines,
but holds still a great potential, especially in monitoring fluid
transport in porous media such as membranes [154].

24. X-ray and neutron imaging
25. X-ray microimaging

X-ray microimaging (XMI) is an imaging technique based
on the penetration of X-rays into material. The amplitude
and phase of X-ray radiation passing through a sample is in-
fluenced by the imaginary and real parts of the refractive in-
dex of that material. Since the refractive index of a material
is related to properties such as density and the velocity of
light in the medium, the measured refractive index must be
related to intrinsic properties of the sample. A distinct dif-
ference between the electron densities of the components of
interest is necessary [12].

XMI allows the creation of 3D images of a sample with
a significantly higher spatial resolution than in visible light
microscopy (Fig. 14). Moreover, it is possible to study bi-
ological samples in water and samples embedded in a solid.
However, X-ray beams with high spatial and temporal reso-
lution are only available at synchrotron facilities. Only there,
a spatial resolutions around 1 pm can be achieved, providing
a higher resolution, than for example, MRL. If only low spa-
tial resolution is required, polychromatic microfocus sources
can be used in some cases.

We could not find any studies in the literature on in situ
monitoring of organic membrane fouling by XMI, but are
going to mention some interesting research that gives an in-
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Figure 14: Example images of a fouled membrane obtained by
X-ray microimaging: a) 3D reconstruction of imaged sample
and b) solid granulometry visualization [155].

Copyright 2013. Adapted with permission by Philippe Moulin.

dication of what can be done with it. Yeo et al. [156] used
phase-contrast XMI with synchrotron radiation to monitor
external and internal cake layer deposition in a single hol-
low fiber using an iron hydroxide suspension as lumen feed.
They reported that it was possible to observe the deposition
of particles as a cake, and also fouling within the membrane
pores on the order of 1 wm spatial resolution. Biofilm growth
in a porous medium has been imaged with X-ray computed
microtomography (micro-CT) by Davit et al. [157], who
used a contrast agent to differentiate between the biofilm, the
porous medium and the aqueous phase. Images of the system
in 3D were obtained at the beginning and end of the study,
providing information on the relationship between the topol-
ogy of the porous medium and scale transport processes.
However, imaging was restricted by long recording times
of up to 1.5 h. Vicente et al. [155] characterized new and
abraded ceramic MF membranes with XMI in two and three
dimensions. In their study, the resolution was limited to 0.30
pm and mm-sized samples. They therefore concluded that
XMI is limited to the characterization of MF membranes.

In conclusion, XMI appears to be a powerful technique
for the characterization of membrane morphology [12], and
in the future may also be applied for membrane fouling mon-
itoring in fundamental scale. However, the technique cur-
rently requires expensive equipment and access to synchrotron
accelerators is limited.

26. Small-angle scattering techniques

Small-angle scattering (SAS) techniques are based on
small deflections, or scattering, of a collimated beam of radi-
ation from its straight trajectory after interaction with objects
that are much larger than the wavelength of the radiation. In
most cases, it is assumed that no photon energy is lost, i.e.
the scattering effects are purely elastic, and can therefore be
treated as a pure wave interference effect. The scattered ra-
diation is collected in an angle-discriminating detector, pro-
viding direct information on the inner structure of the sam-
ple. SAS can be used to obtain structural information on
objects between 1 nm and 100 nm, over a small scattering
volume with a thickness up to 100 wm [158]. This infor-
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Figure 15: Example of the data obtained with SAXS from in
situ real-time monitoring of membrane fouling [159].
Copyright 2014. Adapted with permission of Elsevier Science
Ltd.

mation may be the size, the shape of macromolecules, or
their spatial relationship. The sample does not have to be
crystalline. Sufficiently high neutron and X-ray fluxes allow
real-time measurements, but a synchrotron radiation source
is needed for high-resolution research, making this technique
very expensive and complicated. Unlike microscopic tech-
niques, measurements with SAS become easier the smaller
the investigated structure us. In contrast to MRI, the tech-
nique does not suffer from problems associated with macro-
molecules with a molecular weight >30 kDa. However, the
information content in the scattered signal is low, hence data
analysis is complex. Furthermore, spatial averaging leads to
a loss of information compared, for example, to crystallog-
raphy. SAS is typically used for the analysis of biological
samples such as proteins and soft materials e.g polymers and
colloids.

The two most common SAS techniques are small-angle
X-ray scattering (SAXS) and small-angle neutron scattering
(SANS). In SAXS, the elastic scattering of an X-ray beam
hitting a sample and traveling through the material is ob-
served as a function of the angle of incidence and scattering,
while in SANS the elastic scattering of a neutron beam is ob-
served. However, in contrast to SAXS, SANS is more sensi-
tive to light elements and labeled isotopes can be used. Ad-
ditionally, neutrons penetrate matter much more effectively
than X-rays, and interact very differently with hydrogen and
deuterium which can be used in so-called contrast variation.
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This is especially useful when studying biological samples
where the hydrogen can often be replaced by deuterium re-
sulting in an increased contrast and allowing the identifica-
tion of organic and inorganic compounds [160]. Different
versions of both techniques exist. The common reflection
mode of SAXS is grazing incidence small-angle X-ray scat-
tering (GISAXS), which is especially suitable for measure-
ments of ordered nanostructures and thin films.

SAS has been applied for the investigations of membrane
fouling during milk filtration and water treatment. David et
al. [158] used SAXS to observe the structural arrangement
of a concentration polarization and deposition layer during
UF of micelles of the milk protein casein. Especially at the
early-stage of filtration, an exponential increase in casein mi-
celle concentration at the membrane surface caused a con-
siderable reduction in permeation flux. Structural changes
in casein micelle deposition during membrane filtration have
also been observed with GISAXS, where shape transforma-
tion of the proteins from spherical to ellipsoidal due to the
filtration flow was seen. In contrast to the findings of other
studies, the longitudinal axis of the deformed proteins was
oriented perpendicularly and not parallel to the membrane
surface [161]. The influence of the milk protein LG on the
near-surface structure of casein micelles during MF has been
studied with GISAXS by Steinhauer et al [162]. They found
that LGs led to changes in the electron density and size of the
casein micelles. The LG proteins clustered together on the
surface of the casein micelles, causing a loss of their steric
stabilization and agglomeration in mass-fractal structures.
In comparison to the flux reduction due to casein micelle
fouling alone, the combination of the two proteins led to the
formation of pores between the fractal clusters that reduced
the resistance caused by the deposits and thus increased the
permeate flow. Jin et al. [159] investigated the effect of ul-
trasound on the structural organization of the concentration
polarization layer during cross-flow UF of skim milk (solu-
ble proteins, casein micelle proteins and mineral salts) with
SAXS. No effect of the ultrasound treatment was observed
on the internal structure of the casein micelles, but they were
able to monitor the evolution of the concentration layer dur-
ing filtration. It was found that the ultrasound treatment par-
tially disrupted the concentration polarization layer resulting
in an increase in the flux. However, this effect was reduced
at higher feed concentrations.

Pipich et al. [163] applied SANS to assess the effect
of BSA and lysozyme on calcium mineral formation dur-
ing wastewater desalination. The aggregation of calcium
phosphate and calcium carbonate, due to the presence of the
proteins, was observed within a very short time. The ag-
gregates formed were stable over several hours and did not
increase further in size. Dahdal et al. [164] studied miner-
alization on BSA-coated citrate-capped gold nanoparticles
as an advanced model for biofouled membranes. The BSA
gold nanoparticles led to immediate mineralization of sta-
ble composite particles with sizes of about 0.2 wm when ex-
posed to simulated wastewater. In a later study, Dahdal et al.
[160] further investigated the potential of SA as a biomin-
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Figure 16: An example of the information obtained by in
situ real-time monitoring of membrane fouling with ATR-FTIR
spectroscopy [167].

Copyright 2018. Adapted with permission of Elsevier Science
Ltd.

eralizing agent and scaling initiator with SANS. Grafted SA
also induced the formation of 0.2 pm particles, which again
formed stable composites within a few seconds. The most re-
cent study using SANS explored the design of a RO pressure
cell, where it was demonstrated that in situ SANS monitor-
ing of fouling/scaling is possible in a RO setup. However,
the interpretation of the data is difficult as scattering occurs
in several parts of the setup. Furthermore, a relationship was
found between the decline in permeability and the formation
of large particles with fractal structures at the membrane sur-
face [165].

To summarize, SAS techniques offer unique insight into
membrane fouling. However, accessibility to the equipment
required is very limited due to limited numbers of research
facilities, high complexity of the data and their analysis, and
therefore also high costs. Online analysis has been performed,
but the acquisition time and processable sample size are the
limiting factors.

27. Vibrational spectroscopy and
microspectroscopy
28. Infrared spectroscopy

A comprehensive review of time-resolved attenuated to-
tal reflectance Fourier-transform IR spectroscopy (ATR-FTIR)
was presented by Elabd et al. in 2003 [166]. Since then, little
research has been performed concerning the application of
this technique to membrane processes. Real-time IR spec-
troscopy measurements during RO, NF, UF and MF mem-
brane filtration are limited by interference from the broad
O-H vibration bands of water. The absorption by water can
be so great that it obscures the absorption of the analytes.
It is therefore important to have a very thin layer of water
between the path of the light and the sample.

The interactions between proteins and the resulting change
in geometry have been studied by Kotting et al. [168], which
can be useful when studying membrane fouling by proteins.
Moritaetal. [169] investigated water adsorption into poly(2-
methoxyethyl acrylate) thin films with an ATR-FTIR cell.
They could distinguish three different types of hydrated wa-
ter: nonfreezing water, freezing bound water, and freezing
water. The hydration and dehydration of Nafion™ elec-
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trolyte membranes has also been studied using an ATR-FTIR
cell [170]. Holman et al. [171] combined chemical imag-
ing of biofilms using open-channel microfluidics with syn-
chrotron FTIR spectromicroscopy to monitor bacterial activ-
ity. They were able to follow the biochemistry in the biofilm
at molecular level over a long period of time.

A rugged in-line FTIR spectrometer has recently been
developed [172]. The spectrometer was validated by moni-
toring a fermentation and hydrolysis process, and the results
were compared to those from HPLC analysis. It might be
possible to further develop this in-line FTIR spectrometer in
the future so that it can also be used for membrane fouling
applications.

Overall, with further development, it may be possible to
use ATR-FTIR to monitor not only the feed, retentate and
permeate quality, but also the fouling layer composition in
membrane processes.

29. Raman spectroscopy

Raman spectroscopy is a form of vibrational spectroscopy
that utilizes the energy of monochromatic light scattered from
a probed sample (Fig. 17). It is used to obtain information
on the vibrations of functional groups of molecules down to
single molecules. It is a non-invasive technique. A draw-
back of Raman spectroscopy is that the signals for organic
compounds are usually weak, and are difficult to separate
from fluorescence emitted from the sample itself, limiting
its use in the biotechnology, biorefinery and food sectors.
However, with the appropriate setup, various Raman spec-

troscopy techniques can be used to distinguish different molecule

with a very high detection sensitivity. Therefore, Raman
spectroscopy could be a suitable technique for the charac-
terization of the early stages of fouling processes, especially
at low concentrations of the feed solution [173].

Several kinds of Raman spectroscopy have been applied
to investigate membrane fouling, many of them in real-time
applications. From the point of view of sample preparation,
the most simple kind of Raman spectroscopy is normal Ra-
man spectroscopy, where no enhancement of the scattering
signal is implemented. However, the weak Raman scatter-
ing signal can be enhanced by modifying the surface to be
analyzed with metallic NPs of silver or gold, as in surface-
enhanced Raman spectroscopy (SERS). This is currently the
most widely used technique in the field of membrane fouling.
The scattering efficiency of SERS is improved by many or-
ders of magnitude compared to normal Raman spectroscopy,
especially in aqueous solutions. Moreover, in contrast to
normal Raman spectroscopy, SERS suppresses the interfer-
ing Raman scattering resulting from the layer composition
of most membranes. It thus has considerable potential as a
highly selective and quantitative technique for the analysis
of biological or chemical molecules in real time. However,
the modification of the surface with NPs leads to some con-
siderable drawbacks: (1) The cross-flow velocity over the
membrane makes immobilization of the NPs difficult; (2)
the applied pressure and vibrations in the membrane module
resulting from a pump can disturb the probing system; and
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Figure 17: Schematic illustration of SERS for in situ real-time
monitoring.

(3) the immobilization of the NPs affects the membrane per-
formance and can significantly affect the permeability, pore
size and morphology of the probed membrane [174]. As a
conclusion it might affect how the surface is fouled. Finally,
the SERS signal is bound to the surroundings of the NPs,
and enhancement can only be achieved when the foulant is
in very close proximity to them.

Normal Raman spectroscopy has been used to study or-
ganic fouling of an UF PES membrane by the model pheno-
lic compound vanillin. With the help of principal component
analysis and external calibration, Virtanen et al. [175, 176]
revealed a time-dependent variation in the amount of vanillin
adsorbed on the membrane surface during the fouling pro-
cess.

Cui et al. [173] applied SERS to study reversible and ir-
reversible adsorption of naturally occurring organic foulants
such as the proteins myoglobin, ovalbumin and BSA on PVDF
membranes. They found that SERS could be applied for the
detection of early-stage fouling as no flux decline was mea-
sured at the beginning of the filtration process, while protein
adsorption was already detected. Lamsal et al. [177] ap-
plied SERS and normal Raman spectroscopy to investigate
fouling caused by naturally occurring organics. Normal Ra-
man spectroscopy was reported to be suitable for the char-
acterization of NF membranes, but was not sensitive enough
to resolve the foulants. They found that SERS had greater
potential in identifying the functional groups of the organic
foulants adsorbed on the membranes. The same difference
in detection sensitivity between normal Raman spectroscopy
and SERS was also found in another study where the chemi-
cal variation in proteins, polysaccharides and lipids in a layer
of EPS during biofilm formation was investigated [178]. Build-
ing on this, the formation and development of dual-species
biofouling on cellulose MF membranes was studied with SERS
[179], as well as the chemical variation in single-species bio-
fouling during formation on polyamide NF membranes us-
ing layer-by-layer SERS [180].

Tip-enhanced Raman spectroscopy (TERS) is derived
from SERS, and the Raman scattering signal is enhanced
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using a sharp metal or metal-coated tip, often gold or silver,
in the optical near-field of the probe. TERS has been ap-
plied for the chemical analysis of nanostructures in biofilms,
mainly regarding the extracellular polysaccharides [81].

Raman spectroscopy has also been combined with other
techniques. Virtanen et al. [70] characterized membrane
foulant interactions between vanillin and a PES membrane
with a combination of Raman spectroscopy, SPR and molec-
ular dynamics. They observed a high pH dependence of the
affinity of the PES surface for vanillin adsorption and found
a stronger adsorption of vanilin at a lower pH.

Compared with other vibrational-based methods, Raman
spectroscopy is able to simultaneously reveal the chemical
structure of foulants and their temporal/spatial distributions
without labeling, and with very high sensitivity. Recent and
ongoing improvements in Raman spectroscopy techniques
in the field of membrane science will lead to a better un-
derstanding of early-stage fouling on and in the membrane
surface. Cheaper portable Raman spectrometers can be used
with the appropriate setup. Kogler et al. [174] used a com-
mon portable Raman spectrometer for the real-time identifi-
cation of biofouling. Moreover, the sensitivity could be sig-
nificantly improved by using other, advanced Raman tech-
niques, such as coherent anti-Stokes Raman spectroscopy or
time-gated Raman spectroscopy, which enables the removal
of interfering fluorescence. With further development, these
advanced techniques will make a noticeable contribution to
our understand of membrane fouling in real time.

30. Other Raman-based microspectroscopic methods

Stimulated Raman scattering (SRS) microscopy is an emerg-

ing vibrational spectroscopic imaging technique that employs
a Stokes laser beam to stimulate Raman scattering, together
with a pump laser beam of constant frequency. The tech-
nique offers a penetration depth of up to 200 um [181], but
it has low sensitivity [182]. Coherent anti-Stokes Raman
scattering (CARS) is another novel vibrational spectroscopy
technique. Compared to Raman spectroscopy, CARS pro-
duces a coherent signal that is orders of magnitude stronger
than spontaneous Raman emission. This is because CARS
employs multiple photons to address the molecular vibra-
tions. As a result, CARS can produce spectra of proteins
and carbohydrates with very short exposure times. In ad-
dition to the two laser beams in SRS, CARS incorporates a
third, the so-called probe laser beam. A coherent optical sig-
nal is generated by the interaction of the three laser beams
with the sample.

Chen et al. [181] recently investigated the evolution of
membrane fouling by studying the adsorption of proteins
such as BSA, polysaccharides such as dextran, and mixtures
of the two onto MF membranes with SRS in a vibrational
spectroscopic imaging approach. This chemical imaging re-

vealed much severer fouling caused by the proteins than caused

by the polysaccharides. Both foulants tended to penetrate
into the membrane to a depth of about 10 um. A combina-
tion of SRS and CARS has been applied to extract informa-
tion on the orientation order of molecular bonds in biologi-

cal samples [183]. Reliable information on the organization
of the molecular bonds was obtained using SRS. However,
CARS was found to be biased by a nonresonant contribution
intrinsic to the CARS signal. If this nonresonant contribu-
tion can be determined, it can be corrected for the analysis.

Emerging Raman-based vibrational spectroscopy tech-
niques promise substantial potential for membrane fouling
characterization, however, their application to membrane foul-
ing is currently limited by practical implementations such as
low sensitivity and high costs [14].

31. Controlled-current techniques
32. Electrical impedance spectroscopy

Electrical impedance spectroscopy (EIS) is a technique
that utilizes the change in the electrical resistance of a system
resulting from a change in potential. The term impedance
refers to the frequency dependent ability of a circuit to resist
the changes in electrical current or voltage. The impedance
can be determined over a defined frequency region by mea-
suring the amplitude of the applied potential, the amplitude
of the resulting alternating current, and the phase shift be-
tween these two sinusoidal signals. In EIS, the charge trans-
fer in a system influenced by an alternating potential is mod-
eled with equivalent circuits consisting of two circuit ele-
ments. The first element, an electrical resistor, allows for
modeling of the frequency-independent charge transfer; while
the other, a capacitor, is used to model the frequency-dependent
charge transfer. When placed in parallel, these circuit ele-
ments provide information on the frequency-dependent and
frequency-independent charge transfer across a layer of ma-
terial. It is then possible to characterize the dielectric sub-
structure of the system and the electrochemical diffusion pro-
cesses. However, the resistance of the system is an area-
specific extensive property. It must be borne in mind that
it is only possible for intrinsically homogeneous material
to use one specific material-dependent parameter describing
the electrical conductivity [184]. As a result, a variation of
this parameter with frequency allows a determination of lay-
ers such as the membrane skin, substrate and the polarization
layer [185].

EIS has been applied to study fouling caused by BSA,
molasses, silicate and a side-stream of a RO plant. Park et
al. [186] characterized the fouling effects of BSA on ion-
exchange membrane systems. A new method was developed
to detect slight changes in the lumped measured impedance
signal caused by fouling. Good agreement was found with
general theoretical predictions. For example, Chilcott [187]
suggested that the steady-state water flow that occurs via os-
mosis, is one of the effects interfering with the change in
electrical impedance due to fouling. Cen et al. [188] in-
vestigated fouling of RO membranes by wastewater from
the fermentation of cane molasses, and found that reversible
fouling contributed to the electrical impedance spectrum in
the low-frequency region and, that irreversible fouling con-
tributed in the high-frequency region. They further investi-
gated membrane fouling by BSA, silica and molasses wastew-
ater in order to compare model and industrial organic foulants.
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Figure 18: Example of data obtained using EIS for in situ real-
time monitoring of membrane fouling [184].

Copyright 2016. Adapted with permission of Elsevier Science
Ltd.

They found that EIS was more sensitive than measurements
of the conductance or flux decline. Moreover, differences
between macromolecular (BSA, molasses wastewater) and
colloidal (silica) fouling were determined from the change
in capacitance. The formation of gel layers due to organic
fouling was observed as a decrease in capacitance while cake
build-up as well as concentration polarization due to silica
was observed as an increase in the low frequency capaci-
tance [189]. Ho et al. [185] integrated a side-stream cell
equipped with EIS monitoring setup into a RO plant to mimic
the fouling conditions and to monitor the fouling behavior.
A membrane autopsy showed colloidal inorganics and par-
ticulate matter as main foulants, while only modest amounts
of organic matter were detected. Fouling by silica and BSA
during RO has also been investigated [190]. Evidence was
found for the build-up of a dense but thin fouling layer pre-
venting the flow of NaCl. These results indicated that both
the type and the concentration of the foulant in the mixture
affected the fouling mechanism. Changes in BSA adsorption
were detected within the first 5 minutes of contact.

Hydraulic EIS has recently been applied to identify pos-
sible correlations between characteristic impedance features,
such as the evolution of the phase shift between flux and
pressure, and the type of membrane fouling occurring, e.g.
the build-up of external fouling layers and the occurrence of
irreversible internal fouling [191]. This variant of EIS ap-
pears to be very suitable for sensitive monitoring of mem-
brane fouling, especially at the beginning of the build-up
process. In general, EIS provides an early indication of foul-
ing, as well as an indication of the type of fouling.
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Figure 19: Schematic illustration of SP measurements for in
situ real-time monitoring of membrane fouling.

33. Streaming potential

The streaming potential (SP) is the electrical potential
difference caused by the electrokinetic flux between two sides
of a porous material. It occurs when an electrolyte flows
through a membrane due to a pressure difference across the
membrane (transverse streaming potential), or when the elec-
trolyte flows along a membrane (tangential streaming poten-
tial) (Fig. 19). The SP is the ratio between the electrical
potential difference and the pressure difference through or
along the membrane. It is related to the streaming current
and zeta potential, i.e. the electrokinetic potential between
an interfacial double layer on an interface and the bulk fluid,
through the Helmholtz-Smoluchowski equation. This tech-
nique is subject to different limitations and advantages de-
pending on the direction of flow (transverse or tangential).
In transverse SP measurements, each membrane layer con-
tributes to the measured zeta potential, although when study-
ing membrane fouling, only the top layer is of the greatest
interest. This kind of measurement is unsuitable for pore di-
ameters smaller than the Debye length (thickness of double
layer) as overlapping of the double layer on both sides of the
pore occurs making the Helmholtz-Smoluchowski equation,
invalid [15]. In tangential SP measurements, on the other
hand, the pore size does not present a problem, and only the
zeta potential of the uppermost layer of the membrane sur-
face is determined [15].

The SP has been used to study the response of the zeta
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potential to cake layer formation, cake compression and pore
blocking. Teychene et al. [192] investigated whether elec-
trokinetic properties could be used as an indicator of the for-
mation of cake layers by developing a method applied at
constant pressure. Three phases were used in monitoring.
The first and third phases are used to stabilize the electro-
static charges inside the membrane, and to obtain the electro-
static properties of the pristine and fouled membrane, while
the second phase is the actual filtration. They found that
for a constant mass of particles deposited on the membrane
(i.e. for a same thickness of the cake layer), the electri-
cal potential is directly related to the transmembrane pres-
sure. Furthermore, an increase in the mass deposited in-
creased the electrical potential difference and varied as foul-
ing rate varied. Lanteri et al. [193] also developed a method
for monitoring cake formation during filtration under con-
stant pressure. The general advantage of performing mea-
surements at constant pressure is that variation in the mea-
sured streaming potential coefficients due to cake compres-
sion, resulting from pressure changes, can be avoided. They
demonstrated that it was possible to monitor cake layer thick-
nesses greater than 15 pm. Based on these methods, Jia et
al. [194] investigated the response of the zeta potential to lo-
cal fouling such as pore blocking, cake formation and cake
compression when filtering a yeast suspension in horizon-
tal dead-end hollow-fiber membrane modules under constant
pressure. They were able to distinguish local fouling from
changes in the zeta potential, and observed a rapid decrease
in zeta potential due to pore blocking, a gradual, linear de-
crease in zeta potential during cake formation, and almost
no change in the zeta potential during cake compression.

Nakamura et al. [195] first developed an equation to es-
timate the degree of pore blocking and to relate the location
of the pressure drop to the local zeta potential. They also
quantitatively validated the equation by MF of humic acid
and demonstrated a clear correlation between increasing fil-
tration resistance and increasing potential difference [196].
Wang et al. [197] investigated the apparent zeta potential
of fouling during the filtration of surface water using sub-
merged hollow-fiber membranes and online coagulation UF.
They observed a relation between the apparent zeta potential
and the transmembrane pressure during filtration at constant
flux.

Liuetal. [198] recently applied SP to determine the elec-
trochemical properties of BSA and sodium humate as well as
SA to identify the fouling potential of these compounds on
PVDF membranes. No clear relationship between the zeta
potential/particle size and the adsorption of the foulants on
the membrane was observed, but the change in the SP was
in accordance with the membrane fouling conditions during
short-term filtration.

SP monitoring during protein filtration was performed
by Chun et al. [199] in 2002 and is mentioned in a review
by Li et al. [12]. From both studies state that SP has high
sensitivity and is easy to use as an indicator for membrane
fouling.

34. Voltammetry and chronopotentiometry

Voltammetry and chronopotentiometry are techniques based

on measuring the relationship between a current and a cor-
responding voltage. A constant current or a current pulse is
applied between a reference electrode and a working elec-
trode and the resulting potential between the two electrodes
is measured. These measurements result in voltammograms
(current versus potential) and chronopotentiograms (poten-
tial versus time) reflecting the electrical properties of the
membrane, and providing information on the electrochemi-
cal phenomena taking place on the surface of the membrane.
[200, 201] The experiments are carried out in electrodialysis
cells equipped with electrodes. Typical electrodes are plat-
inum wire or plate electrodes, Ag/AgCl electrodes or elec-
trodes in a Luggin capillary. The electrodes, or the tips of the
capillaries, are placed above and below the membrane, and
the distance between them can be varied. For example, a dis-
tance of 0.8 mm has been used to ensure that the electrodes
are outside the laminar flow layer [202, 203], and a distance
of 0.5 mm has been used to avoid contact between the elec-
trode and the membrane [204]; however, even a distance as
small as 0.2 mm has been shown to be possible [205].

The potential difference across the membrane is usually
monitored with a multimeter. When the potential drops across
the membrane and the current density is low, the value may
oscillate significantly due to the instability of the equilib-
rium electroconvection. Oscillation of the measured values
may also be seen in the early-stages of fouling, especially
when a pulsed current is used and the stability of the fouling
layer is low [206]. It has also been shown that a change in
the position of the membrane may result in high variations
of the potential drop due to the contribution of gravitational
convection [202].

Voltammograms (Fig. 20) provide information on the
limiting current density and phenomena such as water split-
ting (the formation of H* and OH™ ions), electroconvec-
tion and concentration polarization. They are divided into
three regions, namely, the ohmic, limiting current and over-
limiting current region. In the ohmic region, the current den-
sities are low as ions can diffuse more freely in the boundary
layer of the membrane. Also, the relation between current
and voltage is linear, meaning that the flux of ions through
the membrane increases proportionally as the electric field
is increased. The first change in gradient of a voltammo-
gram corresponds to the limiting current density. In this re-
gion, the potential increases sharply as the concentration of
exchange ions approaches zero. Moreover, the current den-
sity remains stable as the flow of ions through the membrane
is faster than the diffusion of ions from the medium to the
boundary layer. The over-limiting current region is charac-
terized by water splitting and electroconvection [200, 207,
208, 204].

The main drawback of voltammetry is that the interpre-
tation of the results can be difficult [200]. Fouling can cause
changes in the slopes of the ohmic and over-limiting current
regions and alter the limiting current density, as well as the
length of the limiting current region. In general, the length
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Figure 20: Typical voltammograms A) and choronopoten-
tiograms B) of clean and fouled ion-exchange membranes.

of the limiting current region is greater for membranes with
high surface homogeneity and high antifouling properties
[207]. The presence of weak electrolytes and buffering species
can also affect the length of the limiting current region [209].
Changes in concentration and flow rate may also complicate
the interpretation of the results, as the value of the limiting
current increases with increasing concentration [209]. Water
splitting and electroconvection also have complicated effects
on voltammograms. The formation of H* and OH™ ions and
electroconvection disrupts the diffusion layer, resulting in an
increase in the current density. Water splitting leads to acid-
ification or basification of the membrane interface (depend-
ing on the surface charge of the membrane) causing foul-
ing and affecting the selectivity of the membrane. Foul-
ing measurements using voltammograms can therefore be
time consuming. Additionally, it is difficult to differenti-
ate between the contributions of each electrochemical phe-
nomenon [202].

Chronopotentiograms show changes in the potential dif-
ference as a function of time when the current is fixed, and
also consist of three stages (Fig. 20). Initially, the poten-
tial increases slowly due to the ohmic resistance. During
the transition stage, the potential increases sharply until the
stationary stage is reached. A change in the gradient of the
curve indicates the transition time. A decrease in the transi-
tion time indicates that the proportion of ion-permeable area
has decreased as a result of fouling [210]. Chronopoten-
tiograms can be used to monitor the development of foul-
ing as a function of time and conditions as the amount of
fouling can be related to the potential drop under constant
current conditions [206]. This technique can thus be used to
study the kinetics of membrane fouling.

Voltammetry and chronopotentiometry have been applied
to study fouling of various kinds of ion-exchange membranes
during electrodialysis of solutions containing protein-related
compounds [205, 211, 204, 203, 210], surfactants [212, 213,
207,214,201, 215] and inorganic salts [208, 206, 216]. Stud-
ies on amino acid and protein fouling studies have focused on
electrodialysis of alkylaromatic amino acid—sodium chloride
solutions [205], the fouling caused by an aromatic amino
acid solution at different current densities [211], the effect
of pulsed electric fields and polarity reversal on amino acid
and peptide fouling mitigation [203], and on the fouling po-

Sample drawn
in through
the nozzle

Tube

Nozzle

Membrane surface

Figure 21: Schematic illustration of FDG for in situ real-time
monitoring of membrane fouling. (After [218])

tential of an anion-exchange membrane in the presence of
BSA [210]. Analysis of the voltammetric characteristics of
sodium chloride solutions containing phenylalanine, tyro-
sine or a-alanine at current densities higher than the lim-
iting current density, revealed that the adsorption of amino
acids reduced the length of the limiting current region [205].
Bukhovets et al. [211, 204] showed that amino acid foul-
ing occurred at current densities close to the limiting val-
ues. The development of fouling during electrodialysis of
phenylalanine—mineral salt solutions was observed as an in-
crease in membrane voltage. In over-limiting current condi-
tions, no significant increase was seen in membrane voltage
over time, indicating that fouling was removed as the result
of water splitting and electroconvection [204]. Suwal et al.
[203] suggested that the application of a pulsed electric field
and polarity reversal could prevent the formation of a con-
centration polarization layer and water splitting in the over-
limiting current density region. Lee and Moon [210] demon-
strated how irreversible fouling caused by BSA changed the
shapes of voltammograms and chronopotentiograms.

Due to the versatility of voltammetric techniques, there
have already been several applications in different industrial
sectors, and thus the increasing adaptation of the techniques
to membrane fouling studies can be expected.

35. Controlled stress techniques
36. Fluid dynamic gauging

Fluid dynamic gauging (FDG) is a technique employing
fluid mechanics to determine the thickness of a soft, solid
layer immersed in a liquid. Fluid is drawn in through a noz-
zle by the differential pressure applied across a the nozzle,
which is governed by the distance between the nozzle and the
liquid surface (Fig. 21). The differential pressure can be re-
lated to the increase or decrease in the thickness of the layer
between the surface and the nozzle in the range of several
um. The cohesive and adhesive strength of the fouling layer
can additionally be measured when FDG is used in combi-
nation with CFD [217]. In this method the cohesive and ad-
hesive strength of the layer inferres with the maximum shear
stress at which deformation (i.e. a decrease in thickness) is
observed.

FDG is a relatively straightforward, inexpensive tech-
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nique that can be almost fully automated. It is used to study
opaque fluids and fouling layers [219], and requires only
minimal sample preparation. The pressure and flow must
be adjusted such that laminar flow is achieved in the gauge.
The temperature is restricted only by the physical proper-
ties of the liquid and the equipment. The main constraint is
that the fouling layer is assumed to be locally stiff, and thus
does not change shape during the measurement [217]. Itis a
relatively recently developed technique, but has already un-
dergone some development. FDG can be performed in two
modes: the initial mode, where the pressure is set and the
flow measured, and the pressure mode, where the flow is
controlled and the pressure measured [220]. The latter has a
number of advantages over the former. Controlling the gaug-
ing flow allows for more accurate control of the shear stress
applied to the deposit, and allows the rate of fluid withdrawal
from the system to be reduced, while at the same time pre-
serving the bulk flow conditions [220]. This mode also al-
lows FDG to be applied at a greater range of transmembrane
pressures.

FDG has so far mainly been used to study model solu-
tions with glass beads. However, studies have also been per-
formed with yeast, humic acids, sugar molasses and Kraft
lignin. Lewis et al. [220] applied pressure mode FDG to
measure the thickness and cohesive strength of cake layers
formed during cross-flow MF of inactive yeast suspensions.
The resilience of the cake to fluid shear was found to be in-
versely proportional to the cake thickness below a thickness
of 250 pm. Below a thickness of 100 pwm a persistent fouling
layer, capable of withstanding stresses outside of the operat-
ing limits of the gauge, was reached. Above a thickness of
250 pm, the cake layer was easily deformable, even at shear
stresses below 10 Nm~2. Furthermore, the asymptotic rate
of cake growth corresponded well with the decreasing rate
of flux decline.

Biofilm thickness and strength have been investigated
by Suwarno et al. [221] during cross-flow MF under con-
stant permeation. UF of a combination of fine TiO, particles
and humic acids and the properties of the resulting fouling
layer have been investigated by Du et al. [222]. They found
that lower TiO,/humic acid concentrations could lead to ex-
tremely severe membrane fouling, and the pH affectes cake
layer formation, i.e. high pH leading to more compressed
layers. Moreover, membrane fouling was controlled by shear
stress under lower operational flux and low TiO,/humic acid
ratios. Jones et al. [219] applied FDG mainly to study mem-
brane cleaning, but also for studying membrane fouling after
MF of sugar beet molasses. Improved FDG equipment has
been used to study soft cake fouling layers formed during
cross-flow MF of Kraft lignin [223]. Very thin (40-70 pm)
and highly resistance fouling layers were observed within the
first hour of filtration. The cohesive strength of the layers
closest to the membrane increased by up to 10 times com-
pared to the uppermost layers.

Lewis et al. [224] developed FDG into an almost fully
automated technique. They reprocessed their previous ex-
perimental data, performed new measurements and refined

the operating procedures using a mixture of glass beads and
Kraft lignin. In another study [225], they investigated how
the fouling phenomena at the membrane surface and in a
growing cake layer influenced the flux decline during cross-
flow MF. They quantified the effects of membrane pore foul-
ing and proposed a mechanism for the erosion of Kraft lignin
cake layers under shear stress. They also compared their re-
sults to mathematical simulations based on the critical flux
concept. In the most recent publication by Mattsson et al.
[226] FDG was used to investigate the thickness and cohe-
sive strength at different depths in Kraft lignin cake layers
formed at different transmembrane pressures during cross-
flow MF. They found that the thickness of the cake layer
increased with increasing transmembrane pressure. Gravi-
metric analysis indicated that FDG underestimated the cake
thickness, especially in the case of less dense cakes formed
at lower transmembrane pressures.

FDG has also been developed into a surface imaging tech-
nique called scanning FDG (sFDG) [227], and used to image
gelatin, polyvinyl alcohol and baked tomato puree deposits.
This technique is based on fluid mechanics, and provides in-
formation on the submillimeter scale. Although sFDG has
not yet been applied to real-time monitoring of membrane
processes, it shows potential for the future.

FDG employs a very unique insides with a completely
different approach from most of the other techniques pre-
sented in this review, and hereby allows new understanding
into membrane fouling. Moreover, it is a very straight for-
wards and simple method.

37. Conclusions and future perspectives

The techniques discussed in this review offer good op-
portunities for in situ real-time monitoring of fouling in the
biotechnology, biorefinery and food sectors. During the in-
vestigated period (2004-2018), exciting new monitoring tech-
niques have been developed and already existing ones have
been improved. It is now possible to investigate fouling layer
thickness, distribution, composition, concentration and struc-
tural properties in high resolution and sensitivity. Moreover,
various methods have been applied on many different exper-
imental scales and types of membrane module. However,
no single technique can provide all the information neces-
sary to completely monitor all the interesting properties of
the fouling development over time. Furthermore, each tech-
nique has its own advantages and disadvantages. Some of
them can be found in Table 3 that presents an overview of the
techniques discussed together with their major strengths and
weaknesses. Overall, at least a combination of fouling layer
thickness and composition analysis monitoring techniques is
required for a better understanding of the occurring fouling
and has to be tailored to the individual needs. However, no
such combination exists today in a single tool .

In a recent work, a lack of real-time monitoring tech-
niques for the pilot and industrial scale was identified, es-
pecially techniques for real-time composition analysis on an
industrial scale are missing [7]. It was shown that there is
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a lack of communication between the industrial membrane
users and the analytical tools suppliers as well as a lack of
knowledge of the industrial membrane users on the available
monitoring techniques that have to be overcome. As soon as
this is achieved, It is believed that several of the monitoring
tools discussed here will quickly be implemented in both pi-
lot membrane plants and industrial membrane processes on
aregular basis. As a results of this paper, one could identify
UTDR as an especially interesting technique that will be rel-
evant in industrial membrane applications in the near future.
Another promising technique is FDG which offers unique
information not available with any of the other techniques,
and therefore has considerable potential. QCM-D appears to
bear potential for membrane development and fundamental
understanding of fouling layer build-up resulting from ad-
sorption. MRI has potential to be applied especially to track
changes in flow as a result of fouling. However, regarding
the analysis of the composition of the fouling layer, all the
available in situ monitoring techniques have limitations to
overcome.

On the instrumental side, miniaturization and portability
are increasingly important factors. Methods integrated in the
membrane process should preferably be easy to use and cost-
effective [7]. Due to this, simple optical tools such as pho-
tointerrupt sensors and sensors based on UV/Vis reflectance
spectroscopy or fluorescence emission may be emerging in
the near future. The strengths of UV/Vis reflectance spec-
troscopy and fluorescence-based methods is that they can
provide both qualitative and quantitative information. Fiber
optical sensors developed for pipewall fouling monitoring
are also interesting and could potentially work in membrane
fouling monitoring. Fiber optical devices that combine flu-
orescence, scattering, transmission and refraction measure-
ments have been shown to be able to detect biofilm growth
and differentiate it from inorganic scaling [228, 229]. The
pipewall deposit sensors based on the measurement of ther-
mal transfer from a sensor, through a deposit to water phase
[230] or sensors utilizing electrical capacitance tomography
[231] could potentially also be applicable to membrane foul-
ing monitoring.

Besides the techniques presented in this work, there are
numerous monitoring techniques that are in development stage
or have applications in non-destructive testing and medical
fields, as well as in research laboratories. For example, there
are laser-based optical techniques such as sum frequency gen-
eration and second harmonic generation that can be applied
to study solid-liquid interfaces [13, 232], and could poten-
tially be able to detect membrane fouling. In addition to
the development of novel instruments, attention should also
be paid to automation, an essential requirement for a more
widespread use of online monitoring techniques [7]. Ex-
traction of information from data requires mathematical or
statistical treatment and thus development of more effective
data processing algorithms and chemometrical methods is
needed as well.

Overall, in situ real-time monitoring techniques have a
great potential to deepen the understanding of membrane

fouling in the biotechnology, biorefinery and food sectors.
As this paper showed, many monitoring techniques have al-
ready been widely used in research and development. Al-
though, a further improvement of the individual techniques
and their usage can be expected in the near future and many
more applications using in situ real-time monitoring tech-
niques for membrane processes will be seen soon.

List of abbreviations

AFM Atomic force microscopy

ATR Attenuated total reflectance

BSA Bovine serum albumin

CARS Coherent anti-Stokes Raman scattering
CFD Computational fluid dynamics

CLSM  Confocal laser scanning microscopy

CS-RARE Compressed sensing rapid acquisition relaxation enhancemen

DO Direct observation

DOTM  Direct observation through the membrane
DVO Direct visualization on the membrane
EARS Ellipsometry of angle-resolved scattering

EF Earth field

EIS Electrical impedance spectroscopy

EPS Extracellular polymeric substances

FDG Fluid dynamic gauging

FTIR Fourier-transform infrared spectroscopy
GISAXS Grazing incidence small-angle X-ray scattering
IR Infrared

LG p-Lactoglobulin

LSGI Laser sheet at grazing incidence

MBR Membrane bioreactor

MF Microfiltration

micro-CT Microtomography

MPM Multiphoton microscopy

MRI Magnetic resonance imaging

NF Nanofiltration

NMR Nuclear magnetic resonance

NP Nanoparticle

OCT Optical coherence tomography

PAS Photoacoustic spectroscopy

PES Polyethersulfone

PS Polysulfone

PVDF Polyvinylidene fluoride

QCM-D Quartz crystal microbalance with dissipation
RGB Red-green-blue

RO Reverse osmosis

SA Sodium alginate

SAM Self-assembled monolayer

SANS Small-angle neutron scattering

SAS Small-angle scattering

SAXS Small-angle X-ray scattering

SERS Surface-enhanced Raman spectroscopy
sFDG Scanning fluid dynamic gauging

SP Streaming potential

SPR Surface plasmon resonance
SRS Stimulated Raman scattering
TERS Tip-enhanced Raman spectroscopy
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UF Ultrafiltration

UTDR  Ultrasonic time-domain reflectometry
UV/Vis  Ultraviolet-visible light

XMI X-ray microimaging
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