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Membrane compaction and fouling increases the operational costs of membrane processes and
decreases the lifetime of the membrane. Fouling is a major problem in most membrane processes, and
it must be considered when membranes, membrane modules and processes are designed and developed.
Compaction may also decrease the performance of the membrane process, and wrong operation
conditions may damage the membrane permanently. On the other hand, compaction may be beneficial
to the membrane process if it densifies the membrane structure and thereby increases its retention.
Together, compaction and fouling may have dramatic effects on the viability of the membrane process,
and the effects are hard to predict without experimental data.
Ultrasonic Time-Domain Reflectometry (UTDR) can be used to monitor the membrane casting process,
compaction, fouling and cleaning in real time and non-invasively. UTDR is based on the detection of
the time of flight of the sound waves that are reflected from the membrane surface. However, the
usability and accuracy of this technology are very sensitive to changes in the process conditions, such
as the temperature, pressure and concentration, due to the fact that sonic velocity is affected by them.
In this thesis, environmental compensation for UTDR has been developed to measure sonic velocity
with an additional reference transducer or a double transducer. The double transducer has two sensors
at different distances, which allows determination of sonic velocity. UTDR with the reference
transducer was found to be more accurate in practical use than UTDR with estimated sonic velocity.
Inside the module, integrated transducers seemed to be more sensitive to detecting membrane fouling
than measurements through the top plate of the membrane module, which is the common way to use
the technique. The developed environmental compensation with transducers integrated inside the
module were used to study membrane compaction. Compaction has earlier been studied mostly with
offline methods, which lack reversible compaction and permeability information. Online monitoring
revealed how different temperatures and pressures affected the reversible and irreversible compaction
of different polymeric membranes and their permeability. It was noticed that reversible compaction can
be mistaken for concentration polarization as they both have a similar effect on membrane permeability.
This may lead to the adoption of inappropriate mitigation methods. Also membrane retention was
studied to achieve better understanding of how retention is affected by irreversible compaction of the
membrane, and it was confirmed that it was possible to modify membrane retention by pre-compaction
of the membrane. It was possible to increase the retentions of all tested membranes by compacting them
in higher pressure before use.
Keywords: ultrasonic time-domain reflectometry, membrane filtration, ultrafiltration, environmental
compensation, compaction, double transducer
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SYMBOLS AND ABBREVIATIONS
Symbols
A
C
K
s
t
ρ
Z

amplitude, sonic velocity, m/s
bulk modulus, Pa
distance, m
time, s
density, kg/m3
acoustic impedance, Pa·s/m3

Acronyms
BSA
CA
DOTM
LUT
MF
MWCO
NF
NMR
PES
PVDF-g-PNIPAAm
RC
RO
SANS
UF
UTDR

Bovine Serum Albumin
Cellulose Acetate
Direct Observation Through Membrane
Lappeenranta University of Technology
Microfiltration
Molecular Weight Cut-Off
Nanofiltration
Nuclear Magnetic Resonance
Polyether Sulphone
Poly(vinylidene fluoride)-graft- poly(N-isopropylacrylamide)
Regenerated Cellulose
Reverse Osmosis
Small-Angle Neutron Scattering
Ultrafiltration
Ultrasonic Time-Domain Reflectometry
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1

INTRODUCTION

Membranes are used in a broad range of applications in chemical and environmental
technology. Membrane separation processes exploit the ability of the membrane to control the
permeation rate of chemical species through it. A setback in membrane filtration is
performance decline over time. Fouling and compaction of the membrane typically reduce the
efficiency of the membrane process.
Fouling can be minimized by pre-treatment, adjusting the filtration conditions, and cleaning.
Pre-treatment is the first step to mitigate fouling by changing the properties of the effluent or
by modification of the membrane. During filtration, the pressure, temperature and flow velocity
can be adjusted to reduce fouling on the membrane surface. For example, increasing the flow
velocity increases turbulence over the membrane, which tends to wash off larger fouling
deposits. Mechanical or chemical cleaning can be done during or after the filtration to restore
the capacity and separation characteristics of the process (Mänttäri 1997). However, cleaning
increases the downtime and costs of the process. Cleaning may cause chemical and mechanical
ageing of the membrane, and it must be replaced with a new one eventually (Touffet et al.
2015). Also, compaction may decrease membrane performance irreversibly by increasing its
resistance due to densification of the membrane structure (Mulder 1991). Both pressure and
temperature increase the compaction of a polymeric membrane. Thus, knowledge of the limits
of filtration conditions of polymeric membranes is beneficial for process optimization.
Different monitoring methods have been developed to study membrane fouling and compaction
phenomena in laboratory scale. The challenge is the gap between laboratory and field
applications. Thus, changes in the state of the membrane are commonly observed from pure
water flux measurement. However, pure water flux measurement is not able to differentiate the
source of the change, for example compaction or fouling, if they occur simultaneously. If both
compaction and fouling can be measured, their effect can be minimized to achieve better
overall process efficiency.
Real-time monitoring can be used to improve the efficiency of the membrane filtration process.
Monitoring fouling and compaction can help to minimize them by adjusting pre-treatment,
filtration conditions, cleaning time and dosage with the help of the information. With real-time
monitoring, it is possible to achieve information of the ongoing process and react to changes
to postpone the need of cleaning. Early detection of membrane fouling can help to take the
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necessary precautions before the removal of fouling will require stopping the separation
process for the cleaning cycle. For example, saturated single calcium carbonate (CaCO3)
crystals are easier to remove from the membrane surface before they form a thick CaCO3 layer.
Monitoring may also reveal the composition of fouling, which helps to decide on the right kind
of cleaning chemicals or methods. The cleaning process can be monitored as well, to detect
when the membrane is clean, in order to decrease the time of the cleaning cycle, as flux cannot
be measured during cleaning (Mairal et al. 2000). The knowledge of the membrane compaction
phenomenon monitored in real time gives information of the limits of the membrane; too high
a pressure or temperature may damage the membrane permanently, limiting its permeability or
the beneficial compaction where the densification of the membrane structure increases its
retention. With real-time monitoring, it is possible to measure the compaction phenomenon
and link the changes in the permeability and retention of the membrane.
Different kinds of membrane modules and filtration solutions have their own limitations for
monitoring methods. For example, optical methods require optical windows and a transparent
fluid to be able to function. There are also non-optical methods which can measure through the
module, for example X-ray computer tomography and Nuclear Magnetic Resonance (NMR),
but they are expensive and complicate methods to use. There are currently available only a few
low-cost and easily deployable methods for industrial use. Ultrasonic Time-Domain
Reflectometry (UTDR) is one of the monitoring methods that can measure membrane fouling
and compaction non-invasively in real time. UTDR is a low-cost acoustic method with
transducer price of 100-400 €, and it can be adapted to different modules by mounting the
transducer outside the module. It has micrometre-level accuracy and it can be used in systems
where optical methods cannot be used, for example with non-transparent fluids.
However, UTDR measurement is sensitive to errors in practical use, where the filtration
conditions are not constant. Non-constant filtration conditions affect the sonic velocity in the
media where the sound travels, and thereby decrease the measurement accuracy of UTDR
remarkably and limit its use in many applications. The problem is solved in this thesis by
determining the sonic velocity in the media with an additional reference transducer or a double
transducer. The reference transducer or the double transducer measure sonic velocity in real
time simultaneously with the UTDR measurement, thus neglecting the effect of process
condition changes. The usability of the UTDR setup with a reference transducer or a double
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transducer, its accuracy and sensitivity to detect fouling is examined in this thesis, along with
membrane compaction studies.
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2

AIM AND SCOPE OF THE STUDY

The aim of this study is to improve the usability of the UTDR monitoring method to better
understand membrane compaction phenomena. The UTDR is improved in two ways: first with
a reference transducer, which allows determination of the sonic velocity in real time. Second,
the UTDR transducers are integrated inside the membrane module, which decreases the
measurement distance to the membrane surface and thus increases the accuracy and sensitivity
of the method to detect fouling, as it is not measured through the module which attenuates the
signal. The UTDR transducers integrated inside the module are used to validate the sensitivity
of amplitude-domain method to detect inorganic fouling and time-domain accuracy in changing
filtration conditions. The improved UTDR system is then exploited in membrane compaction
studies to achieve better understanding of membrane compaction phenomena. This reference
measurement technology is also integrated into a transducer design to achieve a new double
transducer for close-distance measurements in a narrow filtration channel, where there is not
enough space for a separate reference transducer.
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3

OUTLINE OF THE THESIS

This thesis is divided into a literature part, an experimental part and four journal publications.
The literature part begins in Chapter 4, which describes membrane filtration briefly, including
pressure-driven membrane processes and different kinds of membrane modules. Chapter 5
introduces the phenomena to be monitored, including fouling, concentration polarization and
membrane compaction. The requirements for the online monitoring method are discussed in
Chapter 6. The different online monitoring methods which are comparable with UTDR
measurements are presented in Chapter 7. UTDR time- and amplitude-domain methods and
where and how they have been used in membrane research are presented in the end of the
literature part in Chapter 8.
The experimental part begins with Chapter 9, Materials and Methods, which describes the
experimental methods used in this thesis briefly, including the chemicals, membranes,
equipment, analyses, and filtration experiments. A more comprehensive description is
presented in the publications. Results and Discussion, starting with Chapter 10, presents
validation of the developed UTDR setup with the reference transducer and double transducer.
The validation includes accuracy testing in constant and changing filtration conditions, and
sensitivity testing to detect inorganic fouling. In the end of Chapter 10, the results of the
membrane compaction study are summarized, with discussion. The experimental part ends with
Chapter 11, conclusions of this thesis.
The publications are enclosed in the end of this thesis. Two of the publications focus on the
development of the UTDR method, and two on the membrane compaction study. The focus in
publication I is on the development of the UTDR method, to increase its accuracy and
measurement possibilities with a reference transducer in different filtration conditions. The
double transducer method was continued with the reference transducer idea, and it was
validated and presented in publication II. The improved UTDR method with the reference
transducer was used to study membrane compaction, and the results were published in two
publications (III and IV). Membrane compaction has been mostly studied with offline methods,
but they are not able to detect reversible membrane compaction, which was the focus of the
third publication (III). The fourth publication (IV) focused on the possible membrane
modification with temperature and pressure. Compaction was monitored by using the improved
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UTDR method with the reference transducer, and the results were linked to measured flux and
retention results.
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4

MEMBRANE FILTRATION

Membrane separation occurs in membrane modules where a driving force, for example
pressure difference across the membrane is used to force species through a semipermeable
membrane. Pressure-driven processes and the different membrane modules typically used in
them are presented in this chapter.
4.1

Pressure-driven membrane filtration processes

Pressure-driven membrane filtration is used to separate different suspended solids and
dissolved species. Pressure difference across the membrane forces the feed solution through
the semipermeable membrane which separates the species that cannot pass it. Separation may
occur by the size of the species or some other feature, like charge or diffusivity. The solution
passing the membrane is called permeate, and remaining solution concentrate, also known as
retentate.
Different membrane processes can be divided into categories by their separation efficiency.
Separation efficiency can be described with the membrane pore diameter or the molecular
weight of the species which the membrane repels at least by 90 % (Figure 1).

Figure 1.

Different filtration processes and their separation efficiency with approximate
size and separation range of different species.
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The most selective membranes are the reverse osmosis (RO) membranes, which are used for
instance in desalination. They can separate water molecules from monovalent ions, such as Na+
and Cl-. Nanofiltration (NF) can separate divalent ions, such as Ca2+ and Mg2+ from water or
monovalent ions, and it can be used for instance to remove organic contaminants from water.
RO membranes are dense and their separation is affected by diffusivity instead of pore flow.
Ultrafiltration (UF) can separate most viruses and enzymes and species bigger than 2-50 nm.
Microfiltration (MF) restrains bacteria, yeast and particles bigger than 50 nm. UF and MF
membranes are porous, and transport occurs by pressure-driven convective flow through the
pores. NF membranes are dense but they may also experience pore flow. (Nunes et al. 2006,
Judd 2006, Kennedy et al. 2008)
Pressure-driven membrane processes can be used for instance in water purification (Pervov et
al. 1996, Al-Hobaib et al. 2016), waste water treatment (Mersmann 1995, Bazzarelli et al.
2016) and organic solvent separation (Jian et al. 1996, Amirilargani et al. 2016). In food and
dairy industry, they are used in the removal of lactose (Goulas et al. 2002, Nordvang et al.
2014), whey (Gésan et al. 1995, Arunkumar et al. 2015) and juice (Jiraratananon et al. 1996,
Bagci 2014), as well as beverage clarification (Czekaj et al. 2000, Chimini et al 2016). In
pharmaceutical industry, they are used in sterile filtration of pharmaceuticals (Kong et al. 2010,
Cao et al. 2016). In biotechnology, they are used in concentration and removal of products in
fermentation processes (Solichien et al. 1995, Fu et al. 2016), cell harvesting (Okamoto et al.
2001, Bilad et al. 2014) and virus production (Adikane et al. 1997, Weigel et al. 2016). As a
conclusion, membranes are used in many different applications, and it seems that their
popularity will increase in the future, as the number of membrane publications is increasing.
4.2

Membrane modules

Several different kinds of modules have been designed for pressure-driven membrane
processes. With the right kind of design, it is possible to optimize the hydrodynamics and flow
properties of the module and thus minimize the effect of membrane fouling. The packing
density and area of the membrane are important parameters for the cost efficiency of the
membrane separation process when separation or purification facilities are planned. Also,
concentration polarization (CP) must be considered in the planning stage.
In a plate-and-frame module the membrane is located between plates. In the upper plate, there
is an inlet and outlet for the feed and retentate, and in the lower plate there is a permeate port.
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Also an envelope-type configuration is possible, where two membranes are framed with
permeate sides placed together, with a spacer between them. This configuration is easy to use
in laboratory-scale experiments, as the membranes can be separated easily for further analysis.
The plate-and-frame module is not very popular in the industry, as its packing density is not as
great as in spiral-wound or hollow fiber modules. (Böhm et al. 2015, Jhaneri et al. 2016)
Tubular modules are generally limited to MF and UF applications, but there have been also NF
applications. The ”membrane” is a pack of tubes or a single tube made of polymer or ceramic
material. The feed flows through the tubes and the permeate is collected from the other side of
the tube. The advantage of the tubular membrane is that a high content of suspended solids can
be processed and the system can be cleaned mechanically. The high flow rate through the
module increases turbulence, reducing the fouling tendency. However, the packing density is
not as great as in spiral-wound or hollow fiber modules. (Zabkova et al 2007, Kennedy et al.
2008)
In the spiral-wound module structure, two polymeric membrane sheets are placed together,
forming an envelope-like structure, wrapped in a spiral shape. The membrane sheets in the
envelope are aligned so that the permeate sides are placed together. In the center of the spiral
is the permeate collection tube. The feed flows through the spiral tube where there is spacer
material between the membranes. The spacer is used to enhance the hydrodynamics inside the
spiral-wound structure and to keep the membranes separated from each other. The benefits of
this kind of design are good packing density and a large membrane area. (Baker 2004,
Karabelas et al. 2015)
Hollow fiber modules are made of a bundle of hollow fibers. There are two types of modules;
one where the feed is on the shell side and the permeate flows in the fibers, and one where the
feed flows inside the fibers and the permeate is collected from the outside. The benefits of the
hollow fiber module are a very large membrane area and high packing density. Also,
backwashing is possible during the filtration cycle, which decreases the need of a cleaning
cycle. In backwashing, the permeate flow direction is changed so that the permeate pushes the
cake layer away, thus cleaning the membrane surface. (Kennedy et al. 2008, Kong et al. 2016)
As a summary, different membrane modules have been made for different applications.
Tubular modules can be used with high flow velocities, which reduces their tendency of
fouling. Spiral-wound membranes are very common in the industry, as they have good packing
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density and a large membrane area. From the monitoring point of view, a spiral-wound module
is difficult because the membrane is wrapped inside the shell. Optical methods are not able to
monitor through the shell, but non-optical methods have been developed, which can be used
instead, for example UTDR. Hollow fiber modules are also problematic, as thin capillary tubes
can be difficult to monitor. For instance, fouling can be inside the fiber, which is impossible to
view with optical methods and difficult with non-optical methods such as UTDR, where the
reflection of the sound wave comes from multiple different fibers and surfaces. The plate-andframe modules are usable with most monitoring methods, but as their packing density is not as
great as in the spiral-wound or hollow fiber modules and they are relatively expensive units
compared to the other types of modules, they are used mainly in small-scale applications, such
as electrodialysis, pervaporation and some RO and UF applications with highly fouling feed
solutions (Baker 2004). However, as a side-stream module, the plate-and-frame module can be
suitable for predicting fouling in a spiral-wound module if they have similar filtration
conditions (S.T.V. Sim et al. 2015).
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5

PHENOMENA TO BE MONITORED

This thesis focuses on the monitoring of membrane fouling and compaction phenomena, which
are presented here. Membrane fouling is the biggest challenge in membrane technology. It has
been studied for many years to find preventive or mitigative ways to avoid it (Mulder 1991).
Even though fouling can be controlled to some extent with different preventive and mitigative
methods, the fouling phenomenon is not yet fully overcome. Fouling is often discovered late,
when it already affects the flux, and that is why reliable predicative tools are highly interesting
for the industry. With real-time monitoring methods, better understanding of the state of fouling
and compaction phenomena can be achieved, thereby helping process optimization.
5.1

Membrane fouling and concentration polarization

Concentration polarization (CP) is the accumulation of solutes or particles in the liquid layer
near the membrane surface due the convective flux through the membrane. Species that cannot
pass the membrane will concentrate near the membrane surface until balance is achieved with
back flow of the species in the bulk solution. The CP layer will mix back in the bulk solution
when there is no driving force. The CP layer affects the osmotic pressure and resistance to
liquid flow through the membrane, which may lead to a change in the flux. CP can be reduced
with module design. For example, high turbulence decreases CP, which can be achieved by
increasing the crossflow velocity over the membrane and by different kinds of rotating blades
and spacers that enhance the shear rate near the membrane surface. CP can enhance fouling, as
it can cause for instance supersaturated conditions which enable precipitation of salts (scaling)
or sparingly soluble macromolecular species (gel layer) on the membrane surface. (Judd 2003,
2006, Jogdand et al. 2015)
Fouling is deposition and/or adsorption of particles, macromolecules, colloids, and salts on the
membrane surface and/or inside the membrane pores and pore walls. Fouling can be divided
into organic and inorganic fouling. Particulate fouling is caused by accumulation of soluble
organic matter, for instance proteins and polysaccharides on the membrane surface. Biofouling
can be categorized as organic fouling where bacteria grows on the membrane surface.
Precipitation fouling, also called scaling, is crystallization of solid salts, oxides and hydroxides
from water solutions. Fouling may also cause pore narrowing and pore blocking, which reduce
the flow through the membrane pores and may affect the selectivity. In adsorption, some
species are first attached to the membrane, altering its properties, for example charge, which

26

may then expose it to fouling, or other foulants may be linked to the adsorbed species, forming
a fouling layer. (Judd 2003, Jhaneri et al. 2016)
Fouling increases the resistance of the membrane, which will require a higher driving force,
pressure, to achieve the same flux in the process. The increased flux enhances CP and the
growth of fouling even further, ending up in a point where it is uneconomic to continue the
filtration. To avoid fouling, preventive and repressive measures can be taken. Pre-filters or
screens can be used to remove larger particles or highly fouling substances from the feed stream
to reduce fouling. High crossflow velocity and turbulence can be achieved with module and
spacer design to flush deposits away from the membrane surface. Membrane polymers can be
modified to reduce their fouling tendency, for example increase their hydrophilicity.
Eventually, the membrane must be cleaned or replaced with a new one. Cleaning is an expense,
and it will increase the consumption of chemicals, cause down-time to the filtration process,
and shorten the operational life time of the membrane. (Porter 1990, She et al. 2016)
5.2

Membrane compaction

Membrane compaction can be problematic for the separation process if it reduces the
permeability of the membrane and thus increases the cost of the process. However, it can also
be beneficial if it increases retention due to the densification of the membrane structure. The
compaction of polymeric membranes has been studied with static piston-like compression and
with hydrodynamic compression (Persson et al. 1995). The effect of the static piston-like
compression was studied with offline methods by using a hydraulic press. In static
compression, the pressure gradient is same through the membrane and it was noticed to affect
the flux more than the hydrodynamic compression. In the hydrodynamic compression, the
pressure gradually increases through the membrane with the flux affecting most to the bottom
of the membrane and less in the skin layer. Compacted membranes become denser, and the
membrane resistance increases with compaction. The increased membrane resistance would
require a higher driving force, pressure, to keep up the constant flux, and thereby compaction
may increase even further. (Lawson et al. 1995, Persson et al. 1995)
The material and structure of the membrane, and how the load is applied on the polymeric
material, all play a role in the extent structural changes occur and how it affects the performance
of the membrane. Membrane compaction exhibits viscoelastic behavior rather than simple
elasticity. Viscoelasticity involves both time-dependent viscous change and time-independent
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elastic change. The latter type of change is recoverable, but the former is not, at least not totally.
Viscoelastic changes due to pressure may be characterized as either fast and local or slow and
long-range rearrangements of the macromolecules. Also, the reorientation of the bonds on the
polymer chain backbone on the atomic scale is temperature- and time-dependent. (Ward 1971,
Wineman et al. 2000, Bohonak et al. 2005, Pendergast et al. 2010)
The porosity and asymmetric structure of the membrane complicates the compaction
phenomena. Higher porosity in the membrane typically decreases its mechanical strength.
Asymmetric membranes may consist of different polymers in different layers of the membrane,
amplifying the complexity of the compaction phenomenon by increasing the parameters
affecting both the elastic and viscous properties of the membrane. Other known structural
factors impacting the mechanical properties of polymers are cross-linking, crystallinity,
molecular weight, copolymerization, plasticization, molecular orientation, fillers, blending,
and phase separation and orientation in blocks, grafts and blends. (Nielsen et al. 1994, Persson
et al. 1995, Wineman et al. 2000, Ebert et al. 2004, Homaeigohar et al. 2012)
The compaction of membranes and different polymers has so far been studied mainly with
offline methods. However, the membrane compaction phenomenon studied with offline
methods lacks information about thickness changes of the membrane during filtration, known
as reversible compaction. When the pressure is released, the membrane recovers partly or fully
from the compaction, and thus reversible compaction cannot be seen with offline methods.
Also, other real-time data, for instance how fast changes occur during the filtration process, is
not accessible with offline methods. There are only a few studies where online methods such
as UTDR or electrical impedance spectroscopy have been used to study membrane compaction
in real time. (Peterson 1996, Peterson et al. 1998, Reinsch et al. 2000, Aerts et al. 2001, Chilcott
et al. 2015)
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6

REQUIREMENTS FOR ONLINE MONITORING

A suitable monitoring method must meet some requirements (Figure 2). The parameters of
interest for monitoring membrane performance are flux and retention. These parameters can be
affected by compaction, CP and fouling, which can be monitored as thickness of the membrane,
CP or the fouling layer, and composition. Permeate colour, conductivity and turbidity can be
monitored to detect if the membrane is leaking or has defects in the structure.

Monitoring
method

• Online, in situ, non-invasive,
qualitative, quantitavive,
composition analysis

Information
acquirement

• Real time, representative,
accurate, reproducible, automatic

Device
requirement

• Reliable, robust, easy to use, low
complexity, low cost

Figure 2.

Requirements for monitoring methods.

The monitoring method should be non-invasive, so that the process or product is not affected
by the monitoring (Figure 2). This is especially important in drinking water purification and
food industry, which are highly regulated industrial fields. Thus, online side stream modules
have been designed for monitoring purposes (Vrouwenvelder et al. 2006, 2007, 2009a, 2009b,
2010, 2011a, 2011b, Bartman et al. 2011, Sim et al. 2015). Side stream modules mimic the
process conditions of the main stream, enabling the use of different types of monitoring
methods without affecting the main process. Different kinds of dyes and tracers for monitoring
that cannot be added into the main process, can be added to the side stream module. Fouling
layer measurement can be quantitative to understand its extent, or qualitative, which tells if
fouling occurs or what type it is. For example, to optimize cleaning, a detailed analysis of the
composition can be done to determine what type of fouling occurs, and to what extent. This is
important when choosing what kind of a cleaning method and cleaning agents should be used.
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The information acquired should be representative, reproducible and accurate, and it should be
collected in real time to cover the need of monitoring. Real-time information can be described
as information that is representative in an approved time window. For example, if the changes
in the process are slow, the information achieved can present a larger time window. The
accuracy depends on the monitored parameter. For example, if the fouling particles are the size
of microns, it is not necessary to monitor them with nanometre accuracy.
The device requirements for the monitoring method are that it should be reliable, robust and
easy to use. Complex equipment requires more knowledge and training, which increases the
costs of the monitoring method. Complexity means here the complexity of the equipment and
its use. Bigger and more sophisticated high technology equipment can have more parts, and
troubleshooting may require a specialist to fix the problems, and the standard user may not be
able to do the maintenance. Also, the use of highly complex equipment may need a specialist
or a high amount of learning. As an example of equipment of low complexity, a light
microscope is simple to use, does not have many exchangeable parts, and maintenance can be
done by the user with a manual. For contrast, non-optical equipment like X-ray computer
tomography requires a specialist for use and maintenance.
The prices of the monitoring equipment can be divided to inexpensive (<10,000 €), mediocre
(10,000-100,000 €) and expensive (>100,000 €). High resolution equipment can be used in
laboratories, but they may be too expensive and complicated for standard use in the industrial
field. The monitoring method can be expensive and require a specialist to use it if it produces
high value to the process. Value can be achieved for example by preventing fouling, postponing
cleaning cycles, shortening cleaning cycles, reducing the amount of cleaning detergent, and
reducing membrane aging. Large industrial facilities may also have multiple different sites,
and the monitoring method may have to be able to cover the monitoring need of all the sites,
which favours cheaper equipment or the possibility to install several monitoring probes. The
modification of membrane modules for monitoring can be expensive, for example X-ray
tomography requires a rotating movement between the sample and the detector (Frank et al.
2000, 2001). Also the process conditions may limit the installation of probes inside the module,
for instance high pressure, temperature, alkalinity, or acidity might harm the probe.
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7

ONLINE MONITORING METHODS

Some of the existing online monitoring methods that have been used in membrane research
and that can be compared with the UTDR are presented in this chapter. More detailed
information about these monitoring methods, where they have been used and with what kind
of applications, can be found in review articles published in 2004 (J.C. Chen et al. 2004, V.
Chen et al. 2004) and a book published in 2009 (Monitoring and visualizing membrane-based
processes. Edited by Güell et al. 2009).
7.1

Optical methods

Optical methods are based on light. Light techniques require a transparent solution and some
kind of a window or hole for the probe and light beam or source. The optical monitoring
methods presented in this chapter are listed in Table I.
Table I

Optical methods used to monitor membrane processes. (H. Li et al. 1998,
Charcosset et al. 2002, V. Chen et al. 2004, Mendret et al. 2009, Tung et al.
2009, 2012)
Method

Accuracy

Complexity

Price

1 µm

Low

Inexpensive

0.4 µm

Mediocre

Laser triangulometry

5 µm

Low

Mediocre

Photo-interrupt sensor

10 µm / 20 µm *

Low

Inexpensive

Direct observation through
the membrane
Confocal laser scanning
microscopy

Mediocre Expensive

* = Closest measurement distance from the membrane
As can be seen in Table I, the accuracy of optical methods varies between 0.4 µm to 10 µm,
which are near the resolution of the UTDR (~1 micron). Micron-scale accuracy can detect cake
growth and microbial growth, but for example adsorption-type fouling occurs in nanometre
scale and is thus out of scope. All optical methods have their limits, and they are discussed in
the next paragraphs.
Direct observation through the membrane (DOTM) is an optical method used to study
membrane fouling in plate-and-frame MF and UF processes in laboratory scale (H. Li et al.
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1998, 2000a, 2000b, 2003, Mores et al. 2001, 2002a, 2002b, Kang et al. 2004, Marselina et al.
2008, 2009). It has a light source on one side of the membrane and an optical microscope with
a video camera attached to it on the other side. The light transmitted through the membrane is
focused and recorded with the video camera. The method can identify particles larger than
1 μm (H. Li et al 1998). As a requirement, the membrane must be transparent, the feed
relatively clear, and the module must have optical windows. The demand of transparent
membranes and a clear solution limits the use of this technology. For non-transparent
membranes, this technique has been modified to be used above the membrane. This is known
as direct visual observation (DVO). It has a video camera (Mores et al. 2001) or a high
resolution digital camera (EXSOD-method by M. Uchymiak et al. 2007, 2009) attached to a
microscope which takes pictures from the membrane surface through an optical window.
However, the solution must still be clear enough to let the light pass. Although these techniques
can be used to particle and fluid tracking, and they give a real-time picture of the formation of
fouling on the membrane surface in micron scale, it is not capable to measure the thickness
growth of the fouling layer, as its depth of detection is limited to a perpendicular video picture.
However, later optical coherence tomography (OCT) have been used to study membrane
fouling (Gao et al. 2014). Benefit of the OCT is that it can be used to take sub-surface images.
Generally, these methods are difficult or impossible to apply on other modules than those of
the plate-and-frame type, as it requires a direct path of light to the membrane surface.
Confocal laser scanning microscopy (CLSM) has been used to study membrane fouling
(Crespo et al. 1999, Reichert et al. 2002, Dunkers et al. 2003, Marselina et al. 2009, Hassan et
al. 2014a,b). It has an epifluorescence microscope and a laser light source. Laser sources have
different wavelengths which can be used to emit the specific fluorescent signal of the species.
CLSM can be used in two modes: in reflected light or in a fluorescence mode. In the
fluorescence mode, fluorescence-labelled or naturally fluorescent fouling species in the feed
solution are detected. With CLSM it is possible to reconstruct three-dimensional fouling layers
on the membrane or inside the membrane if the light penetrates it. Optical coherence
microscopy with interferometric technique can be used with CLSM to monitor highly lightscattering substrates. CLSM has better resolution than a normal microscope, as it can acquire
in-focus images from selected depths, and all the scattered and out-of-focus light generated is
removed from the imaging. As a downside, this method requires an optical window or a hole
for the probe in the module, a light-penetrating solution, and the addition of a fluorescent
marker or a naturally fluorescent species in the filtration. Also, the membrane should not be
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affected by the fluorescent marker. The maximum resolution has been reported to be ~400 nm
(Charcosset et al. 2002). However, CLSM with STimulated Emission Depletion (STED) has
reported to have 50 nm x-y resolution and 130 nm axial resolution under optimal conditions
(CLSM SP8 GSTED 3x Leica 2015, University of Zurich, online-material). The construction
of three-dimensional images from the fouling layers can help understand how the layer grows.
The method has gained attention especially in the characterization of biofilm layer formation
during membrane filtration of biological matter. Huang et al. (2013) monitored the biofouling
of a Southern California seawater RO desalination pilot plant with CLSM. However, the
monitoring was not performed in real time. They had an additional membrane module for
analysis and monitoring purposes in a side stream where they could remove membranes for
CLSM analysis.
Laser triangulometry and laser sheet at grazing incidence (LSGI) technology can be used to
measure the height of the cake layer on top of the membrane surface with 5 μm accuracy
(Mendret et al. 2009). LSGI is a method similar to laser triangulometry, except that it uses a
laser sheet instead of a crude laser spot. It is based on the reflection of laser light from the
membrane surface when the fouling layer grows, and it can be detected with a CCD camera.
When the cake layer grows, the spot where the reflected light hits the CCD camera changes
(Altmann and Ripperger 1997, Ripperger and Altmann 2002). The CCD camera may also be
perpendicular to the membrane surface and the laser pointed from the side (Mendret et al.
2009). The method requires a rectangular filtration channel and a transparent filtration cell.
Also, the concentration of the suspension limits the use of this method, as in other optical
methods which require a transparent fluid. Light diffusion by the high concentration of
suspended particles makes the image indistinct (Mendret et al. 2009).
Photo-interrupt sensors have been used to study concentration polarization, fouling phenomena
and cake thickness in membrane processes. The method to measure concentration polarization
is based on the detection of infrared adsorption in the concentration polarization layer with the
electric diode array microscope (EDAM) technique (McDonogh et al. 1995). Tung et al. (2001)
applied a similar but a less expensive idea of a high-intensity infrared LED and a high-gain
silicon photo-Darlington transistor as a collector. This kind of a design allows a sensor-like
design which can be set only one side of the module. W.-M. Lu et al. (2002) used this technique
to measure cake thickness. The measurement is based on the detection of voltage change on
the detector when the fouling layer grows. The photo-interrupt sensor method can measure
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concentration as close as 20 µm (McDonogh et al. 1995) from the membrane surface and the
cake thickness can be measured with 10 µm accuracy (Tung et al. 2012).
7.2

Non-optical methods

All the techniques that are not based on light measurements can be categorized as non-optical
methods. The non-optical monitoring methods presented in this chapter are listed in Table II.
Table II

Non-optical methods used to monitor membrane processes. (L’Hostis et al.
1996, Yao et al. 2005, Yeo et al. 2005, Marselina et al. 2009, V. Chen et al.
2004, Tung 2009)
Method

Accuracy

Complexity

Price

Electrochemical methods

0.2-1 µm

Low

Inexpensive

Impedance spectroscopy

<1 µm *

High

Mediocre

Nuclear magnetic resonance

10 µm

High

Expensive

Radio isotope labelling

20 µm *

Low

-

0.1 nm

High

Expensive

X-ray computer tomography

500 µm

High

Expensive

X-ray microimaging

1 µm

High

Expensive

Small-angle neutron
scattering

* = Estimated by V. Chen et al. 2004
As can be seen in Table II, some of these methods are expensive and more complex than most
optical methods (Table I). Expensive equipment does not necessarily guarantee better accuracy.
Also, more complex equipment often costs more.
Electrochemical methods can be used for velocity mapping, concentration polarization and
cake thickness measurements on the membrane surface (L’Hostis et al. 1996, Gaucher et al.
2002a-d, 2003, Cobry et al. 2011a). When there is no cake layer, concentration polarization,
velocity and the shear stress profile can be mapped from the electrical response of
microsensors. Microsensors are made of inert materials, usually gold or platinum. In cake layer
measurements, the microsensor system is first calibrated with bulk suspensions, and then it can
be used to measure the diffusion coefficient through the porous cake layer. As a downside, this
method requires an active species (e.g. ferricyanide ions, oxygen) in the feed solution, and the
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microprobes must be on the membrane surface, which alters the flux and the flow profile, and
that is why this is a quasi-non-invasive method. The accuracy of the system depends on the
diffusion coefficient of the active species. With ferricyanide ions, the accuracy has been
reported by L’Hostis et al. (1996) to be 0.2 µm, and with oxygen 1 µm. Even though the
microsensors could be installed inside the membrane module, their lifetime may be reduced
and sensitivity to errors increased by the feed, fouling and the cleaning solution.
Impedance spectroscopy has been used in membrane processes with flat sheet membranes, and
recently with hollow-fiber membranes (Coster et al. 1992, 1996, L.N. Sim et al. 2013,
Bannwarth et al. 2015). The technique is based on applying alternating current across the
membrane while varying the frequency and amplitude of the current. The amplitude and the
phase difference of the electrical potential across the membrane is measured. It is possible to
do both electrical and structural characterization of the membrane by analysing the impedance
plots and using models. Conductance and capacitance give information of the multilayer
structure of membrane, as well as the fouling, porosity and electrochemical properties of the
membrane. Signal analysis is required to model the internal capacitances and resistances of the
membrane. Each layer has its unique electrochemical signature, and the change can be detected
for instance if fouling occurs. The thickness of a dense membrane can be estimated from
capacitance results if the material dielectric constant is known (Coster et al. 1992, Benavente
2009). The method is also suitable for the electrodialysis (ED) process, where it can be used
with membrane potential and streaming potential measurements to determine the transport
parameters of the membrane, such as ionic permeability (Park et al. 2005, 2006). It has also
been used to monitor changes in biological membranes with nanometre spatial resolution (V.
Chen et al. 2004). The method is difficult to use with polymeric membranes because of the
high impedance of the material (Cen et al. 2015).
The nuclear magnetic resonance (NMR) method has been widely used in different applications
in chemical engineering, and is known in medical applications also as magnetic resonance
imaging (MRI). The method is based on the excitation and relaxation of protons in an external,
highly uniform magnetic field when external radio frequency pulse is applied (Gladden et al.
1994). The radio frequency amplitude, voltage decay and the resonances give information
about the monitored chemical environment and the local diffusion coefficient. This technique
is commonly used in medical applications to monitor morphological changes in tissues, but it
has also been used in membrane filtration to detect flow profiles (Yao et al. 1995, Yang et al.
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2014), local concentration polarization (Pope et al. 1996, Yao et al. 1997, Airey et al. 1998),
and fouling (Fridjonsson et al. 2015). Paramagnetic species cannot be present when NMR
monitoring is used. The signal processing may require a specialist to extract information from
it. The method has a rather slow data acquisition time and 10 µm resolution (Marselina et al.
2009).
Radio isotope labelling has been used to measure concentration polarization and membrane
fouling in a flat sheet module (McDonogh et al. 1990, 1992, 1995). It is based on the detection
of radioactive tracers in a solution. Labelled particles accumulate on the membrane surface and
gamma ray emission increases, which can be measured as a voltage change. As an assumption
for this technique and the fluorescence method (CLSM), labelled particles are expected to
behave as non-labelled particles. This is a very strong assumption, and the technique cannot be
categorized as a completely non-invasive method. If the particle is labelled, there is some kind
of a tracer particle attached to it, which changes the physical properties of the particle. For
example, if the size of the particle is changed, it might not be able to pass the membrane any
longer, and accumulates on the membrane surface. Radio isotope labelling requires calibration
and analysis of the measurement signal, which complicates the use of the method. Also, high
cross-flow velocity may affect the accuracy of the measurement system. The accuracy of the
system was not calculated in the original reports (McDonogh et al. 1990, 1992, 1995), but V.
Chen et al. (2004) estimated in their review article that the accuracy of this method is 20 µm.
Small-angle neutron scattering (SANS) has been used to monitor membrane fouling with
0.1 nm accuracy (Tung 2009). SANS is based on detecting neutron scattering which may occur
by neutron interaction with nuclei, or dipole-dipole interaction with magnetic matter. The
method requires a neutron beam source on one side and a detector plane on the other side of
the membrane, or the neutron beam can be aligned tangentially over the membrane surface,
and the detector plane on the side of the module. Neutron radiation is highly penetrative as
neutrons have weak interaction with matter. Silica and alumina membranes are ideal for SANS
experiments as they are fairly transparent to neutrons, and the neutron beam can be passed
through the membrane (Su et al. 1998, 1999, 2000). For example, it is possible to detect only
foulants inside the porous structure of the membrane. SANS can be used also with polymeric
membranes which are not as transparent to neutrons (Pignon et al. 2000). In that case, the beam
penetrates only the cake layer on the membrane surface, and the foulant structure can be
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determined. Even though this method has very high accuracy, it is also a very expensive and
complex method.
X-ray Computer Tomography (CT) has been used to study the concentration profile and
wetting problems in hemodialyzers (Frank et al. 2000, 2001). More commonly, it has been used
to study biological specimens and materials in chemical engineering and geology. The system
used for monitoring membranes is similar to the one used in medical applications. It consists
of an X-ray source and a detector on the other side of the sample. The reconstruction of the
images is done three-dimensionally with a computer. It can be used for larger samples than
with the NMR technique, but the spatial resolution is not as good (500 µm, Yeo et al. 2005).
X-ray microimaging (XMI) has better 1 µm spatial resolution, and it has been used to measure
cake layer and flow characteristics inside the hollow fiber and fouling deposition in the
membrane pores (Yeo et al. 2005, Chang et al. 2007). It has a rather slow data acquisition time,
and that is why it is not an ideal method for real-time measurements. The changes occurring in
the process must be very slow, or otherwise the tomography may not be fast enough to build a
representative 3D-image (Remigy 2009). The sample must rotate during the monitoring, and
therefore the method is easier to adapt to a hollow fiber than a flat sheet membrane. Also, the
non-monitored parts, like the membrane module, must rotate as well and pass the X-ray
radiation, which complicates the use of the monitoring method.
7.3

Summary of online monitoring methods

Optical methods are generally less complex and cheaper to use than non-optical methods.
However, optical methods require a windowed module or a place for a probe. Also, the
membrane and filtrated media may have to be transparent to let light pass. Installation of an
optical monitoring method to modules like spiral-wound ones may not be possible, as
membrane separation occurs inside the membrane shell, and it may not be possible to apply a
windowed structure or light alignment. The best option for optical methods is plate-and-frame
modules, where the probes and optical windows can be set near the membrane surface. CLSM
is probably the most informative method for naturally fluorescent foulants. It has high
resolution and can give 3-dimensional information about the fouling layer. However,
fluorescent and radio isotope labelling might not be very desirable for industrial processes, as
it might affect the product or process itself. However, there could be a side-stream monitoring
module where similar membrane and filtration conditions are used with fluorescent labelling.
This could be used as a predictive method and to give some insight into the ongoing state of
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fouling in the main process. Laser triangulometry and a photo-interrupt sensor can measure
cake layer thickness from the top of the membrane. This kind of a measurement setup is similar
to the one used in UTDR measurements. However, laser triangulometry and the photo-interrupt
sensor are limited by the transparency of the solution, and they require a window or a hole for
a probe. UTDR does not have these limitations, and it has 0.75-micron resolution, which is 5to 10-fold better than the resolution of laser triangulometry or the photo-interrupt sensor (Table
I).
Interesting non-optical methods are electrochemical sensors and probes which can be installed
in the structure and design of the membrane module. However, the installation should be done
by the manufacturer to pass all the regulations and to be easy to use. Also, impedance
spectroscopy is an interesting method if it is possible to install the probes or sensors near the
membrane surface. It is problematic for polymeric membranes, however, as they have high
impedance, which complicates the use impedance spectroscopy. Methods such as NMR, SANS
and X-ray topography are too expensive and complex to be used as common monitoring tools
in different processes. Also, the slow data acquisition time may limit the use of a method as
real-time measurement, for example as in X-ray topography. UTDR has 10-fold better
resolution than NMR, it is cheaper and not as complex a method to use. SANS has very good
resolution, 0.1 nm, but it comes with a very high price, and depending on what kind of
application the monitoring method is used for, the 0.75 µm accuracy of the UTDR method
could be sufficient.
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8

ULTRASONIC TIME-DOMAIN REFLECTOMETRY

Considering the advantages and disadvantages of the monitoring methods presented in the
previous chapter, Ultrasonic Time-Domain Reflectometry (UTDR) is a potential option in
membrane monitoring methods. It can be used with solutions which are non-transparent to
light, which limits use of optical methods, and its use does not necessarily require any
modification of the module. 0.75 µm (Petterson et al. 1998) accuracy is decent compared to
other monitoring methods, and UTDR is not an expensive or complicated method to use.
UTDR was introduced to membrane technology in the mid-1990s (Bond et al. 1995). It has
been used to measure membrane compaction (Peterson et al. 1998), membrane casting process
(Kools et al. 1998), and fouling and cleaning in different processes (Mairal et al. 2000, J. Li et
al. 2002a, 2002b, 2002c, 2006, Zhang et al. 2003, Liu et al. 2006). UTDR has also been used
in many industrial, medical and military applications (Lynnworth 1989, M.L. Sanderson et al.
2002).
8.1

Principle of Ultrasonic Time-Domain Reflectometry

Ultrasonic time-domain reflectometry is based on time-of-flight (time domain) and/or
amplitude change measurements (amplitude domain). The amplitude-domain method is
sensitive to detecting changes in different interfaces of the membrane, for example the
membrane/fouling interface. The time-domain method measures the distance to the surface.
Both methods have their own drawbacks, for example the distance measurement is sonic
velocity -dependent. The filtration conditions affect the sonic velocity, and this should be
considered when the monitoring system is used. This is a limiting factor in the use of this
method in processes where the filtration conditions or the bulk solution may change.
8.1.1

Time domain

An ultrasonic transducer consists of a piezoelectric crystal which can send and receive high
frequency sound waves. When an electrical pulse from the pulser is sent to the crystal, it starts
to vibrate and a mechanical sound wave is formed. When the sound wave encounters a surface,
part of the sound wave energy is reflected and part of it continues traveling in the matter. When
the reflected wave returns to the transducer, the crystal starts to vibrate, and it can be detected
with an oscilloscope as a voltage change. Examples of the UTDR signals are shown in the
Figure 3 in the Publication II. The time between the sent and received signal can be measured
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and linked to the path which the sound travelled. If the sonic velocity (C) is known, the distance
between the transducer and the target surface (Δs) can be calculated from Equation 1:

∆𝑠 =

𝐶𝛥𝑡
2

(1)

where Δt is the measured arrival time of the ultrasonic echo.
The sonic velocity (C) for the fluids can be written in general as:
𝐾

𝐶 = √𝜌

(2)

where K is the bulk modulus and ρ is the density of the fluid. The bulk modulus can be
described as the fluid volumetric elasticity, and it is defined as the volumetric stress per the
volumetric strain.
In fouling measurement, first the distance to the clean membrane is measured. After that, a
change in the distance is assumed to be from the fouling layer. The time of the reflected echo
decreases as the fouling layer grows. Compaction is measured similarly, except that the
distance change is contrary; the time of the reflected echo increases as the membrane compacts
and the distance between the transducer and the surface increases (Bond et al. 1995). These
two phenomena, compaction and fouling, compensate each other, which complicates use of
UTDR as fouling monitoring. One way to avoid this is to compress the membrane at high
pressure before the fouling measurement to compact the membrane, and then take the reading
of the compacted membrane as the starting value for the fouling measurement. However, slow
viscous membrane compaction may still occur during the fouling measurement.
8.1.2

Amplitude domain

UTDR can be used in fouling measurement as an amplitude-domain method as well. It is based
on the acoustic impedance difference between two media. When the acoustic wave encounters
the interface between these two media, the energy of the wave is partitioned between a reflected
wave and a transmitted wave. The reflected or the transmitted wave can be monitored, and the
amplitude is the ratio between the reflected/transmitted wave and the incident wave, given by
Equation 3:

𝐴=

𝑍1 −𝑍2
𝑍1 +𝑍2

(3)
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where Z1 and Z2 are the acoustic impedances of the two media which can be calculated by
Z=ρC, where ρ is density and C is the sonic velocity in the media (Reinsch et al. 2000). The
greater the impedance mismatch between the two media is, the greater percentage of the energy
of the incident wave is reflected at the interface. Therefore, even small changes in the acoustic
mismatch can give information about the state of the ongoing process.
8.1.3

Accuracy

The accuracy of the UTDR time-domain method has been reported to be 0.75 μm, based on 1
ns measurement accuracy in determination of the time of flight (Peterson et al. 1998). However,
Reinsch et al. (2000) report problems due to temperature control in membrane compaction
studies with high-pressure gas. They report a 7 μm error due to 1 °C temperature change on a
2.8 mm roundtrip from the transducer to the membrane and back. Similar problems may occur
with fluid filtration. Reinsch et al. (ibid.) suggest that temperature control is necessary in UTDR
experiments. They also report that their measurement system expanded at 2.77 MPa pressure
by 25.6±4.2 µm. At 0.92 MPa their measurement system expanded by 7.0±1.9 µm. Karjalainen
(2010) had similar problems with the module used in his studies. Even small changes in module
dimensions during UTDR measurements influence the measurement accuracy significantly.
The accuracy of the amplitude domain is measurement system and application -specific, and
accuracy is generally not reported in amplitude domain measurements.
8.1.4

Transducer setup

The transducer can be mounted outside the module (Figure 3) with a coupling agent, which can
be a high-viscosity fluid like petroleum jelly or honey (Kools et al. 1998, Mairal et al. 1999).
Measurement through the membrane module decreases the sensitivity of the amplitude-domain
method, as the measurement distance and the number of reflective surfaces which the sound
must travel through increases. Also the measurement error of time-domain method increases
as the measurement distance increases. Thus, mounting the transducer as close as possible to
the monitored surface is beneficial. Cobry et al. (2011b) attached the transducer inside the
module under the membrane, which seemed to be more sensitive to detect scaling on the
membrane surface. This allowed measurement without a coupling agent, as the transducer was
immersed in the solution. Also, the sound wave did not have to go through the top plate which
would scatter it.
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Figure 3.

8.1.5

Different ways to position the transducer to a plate-and-frame module;
transducer A is mounted outside the module, which is the common way to attach
the transducer, and transducer B is integrated inside the module under the
membrane (Cobry et al. 2011b).
Limitations

The challenge in the UTDR time-domain method is the changing filtration conditions. Changes
in the filtration conditions affect the sonic velocity, which has a significant impact on
measurement accuracy. It is known that pressure does not have as big an impact on sonic
velocity in a fluid, for example water, which is almost incompressible. However, the
temperature affects the sonic velocity in fluids greatly. Also changes in the concentration may
affect the sonic velocity if the density of the medium changes. Keeping all filtration conditions
constant is difficult in practical use, which limits the use of UTDR in different applications.
A problematic issue in amplitude-domain method measurement is that the morphology of the
surface affects the signal scattering and thus the sensitivity of the system (Peterson et al. 1998).
As amplitude-domain measurement is simply based on signal attenuation or intensification,
changes which may affect in sound reflection or traveling may cause measurement error.
Measurements through the top plate also attenuate the signal, which decreases its sensitivity in
amplitude-domain measurements, as each layer which the sound must travel through will
scatter some of the sound energy. Transducers can be mounted inside the module, but then they
are exposed to the filtration solution and conditions which may affect the lifetime of the
transducer.
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Acoustic impedance (Z) is sonic velocity and density -dependent; it may cause error in
amplitude-domain measurements if the sonic velocity is not constant or the density of the
medium changes, for example, if the temperature of the medium or the membrane changes.
Also compaction of the fouling layer or a porous membrane increases the density of the
material and affects sonic velocity. Porous membranes consist of membrane material and fluid
in the pores of the membranes. Compaction decreases the porosity, and thus the membrane
density increases. Similarly, the sonic velocity of the porous membrane is a combination of the
sonic velocity of the membrane material and the fluid. Compaction decreases the fluid portion
of the porous membrane, and thus the overall sonic velocity increases as the sonic velocity of
the solid membrane material is higher than that of the fluid.
8.2

Examples of use of UTDR in different applications

UTDR has been used to measure the membrane casting process, compaction and fouling, which
are presented in this chapter.
8.2.1

UTDR in monitoring the membrane casting process

Metters (1996) presented in his master’s thesis a way to monitor membrane solidification in
the casting process. Later, Kools et al. (1998) used a similar technique to monitor the casting
of cellulose acetate (CA) membranes. They had the transducer directly under the aluminium
plate where a casting knife was used to control the thickness of the casted membrane. They
could monitor the peaks in the casting substrate/solution, the solution/solidified layer and the
solidified layer/gas phase. Detection of the solution/solidified layer was problematic as the
reflected echo was mixed in other echoes (casting substrate/solution and solidified/gas phase).
The resolution for this kind of measurement was expected to be ±5 µm (Kools et al. 1998).
Also Feng et al. (2012) used UTDR to monitor the casting process of a poly(vinylidene
fluoride)-graft-

poly(N-isopropylacrylamide)

(PVDF-g-NIPAAm)

thermo-sensitive

membrane, and Zhao et al. (2015) the casting of a calcium alginate hydrogel filtration
membrane. This kind of monitoring enables determination of the solidification time of the
whole membrane, which is not possible with optical methods from the top of the membrane.
Amplitude changes reveal when the solidification process has ended, and this enables
optimization of the solidification time. However, the temperature and composition of the
monitored membrane cause error in the thickness determination if they are not kept constant,
which may be difficult in practise.
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8.2.2

UTDR in monitoring membrane compaction

There are only a few published compaction studies made with UTDR. First, Bond et al. (1995)
introduced UTDR as a new method which can be used for in situ real-time characterization of
membrane compaction and fouling. Bond et al. noticed that a 150 µm thick BW-30 membrane
compacted to 135 µm, and as the selective layer was only 0.2 µm, most of the compaction
occurred in the porous support layer of the membrane. Later Peterson (1996) made a master’s
thesis titled “Use of acoustic TDR to assess the effect of crosslinking on membrane
compaction”, where he studied how different operating pressures, porosity and crosslinking
affected the compaction of dry-casted cellulose acetate (CA) membranes in real time. The
results were obvious: pressure and porosity increased compaction and crosslinking reduced it.
Reinsch et al. (2000) studied how compaction affects the performance of gas separation
membranes. They noticed that compaction increased when the feed gas contained CO2, which
works as plasticizer for the CA membrane they used. They also noticed the need of temperature
control in their studies. Temperature affects the sonic velocity and thus the measurement
accuracy, as they expected sonic velocity to be constant in their measurements. They report a
7 μm error due to 1 °C temperature change on a 2.8 mm roundtrip from the transducer to the
membrane and back.
Aerts et al. (2001) studied how filler concentration of zirconia (ZrO2) particles affects the
compaction of polysulphone ultrafiltration membranes. They noticed that when the filler
concentration increased, the elastic compaction decreased, but the time-dependent viscoelastic
compaction increased. They also observed a permeation decline, which was assumed to be
from compaction of the skin layer, and suggested additional experiments to study this
relationship.
Based on the available literature, UTDR is very suitable for membrane compaction monitoring
in real time if the filtration conditions are kept constant. Changing filtration conditions will
cause error in the measurements and thus limit the use of this method.
8.2.3

UTDR in monitoring membrane fouling

Most of the UTDR studies related to membrane technology have focused on fouling
experiments. Most UTDR studies cover MF, UF, NF and RO processes, and one publication
concerns gas separation membranes. UTDR measurements have been done mostly in plate-
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and-frame modules but also spiral-wound, tubular and hollow fiber modules have been used
(Mairal et al. 1999, 2000, Reinsch et al. 2000, J. Li et al. 2002a, 2002b, 2002c, 2003, 2006,
2015, Liu et al. 2006, An et al. 2011). The plate-and-frame module is easiest to measure, as the
flat surface reflection can be easily recognized from the signal, whereas the signal from a spiral
wound module is more difficult, as there are multiple reflections from different layers of the
spiral wound membrane. Also, the tubular, spiral-wound and hollow fiber surfaces are curved,
which causes scattering of the signal. Lately UTDR monitoring has been used to control fouling
with a flow-reversal setup (Mizrahi et al. 2012, X. Lu et al. 2012) and to predict fouling in a
side-stream module (S.T.V. Sim et al. 2015, Taheri et al. 2013). The use of UTDR in fouling
monitoring is presented in Figure 4.

Figure 4.

Timeline of UTDR monitoring of membrane applications. (Bond et al. 1995,
Mairal et al. 2000, J. Li et al. 2002a, 2002b, 2002c, 2006, Zh.-X. Zhang et al.
2003, Liu et al. 2006, Mizrahi et al. 2012, X. Lu et al. 2012, S.T.V. Sim et al.
2013, 2015, Taheri et al. 2013)

The foulants used in UTDR studies vary between inorganic and organic ones. Typical inorganic
foulants are kaolin (J. Li et al. 2002c, Xu et al. 2009), colloidal silica (Chong et al. 2007, S.T.V.
Sim et al. 2012, 2013, 2014), NaCl (Taheri et al. 2013, S.T.V. Sim et al. 2014, X. Li et al.
2015), CaSO4 (Bond et al. 1995, Mairal et al. 1999, 2000, J. Li et al. 2005, Z. Zhang et al. 2006,
An et al. 2011, Cobry et al. 2011b, X. Lu et al. 2012), and CaCO3 (R. Sanderson et al. 2002, J.
Li et al. 2007, Mizrahi et al. 2013). Colloidal silica has been used as an acoustic enhancer when
NaCl, organic or biofouling have been examined, because it enables improved detection of
organic fouling with UTDR (Taheri et al. 2013, S.T.V. Sim et al. 2013). Time-domain detection
of organic and biofouling can be challenging, as for example the acoustic impedance of
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bacterial cells is close to that of water, and thus no strong reflection from water-bacterial cell
surface cannot be achieved. Fouling monitored mainly with the amplitude-domain method
includes paper mill effluent (J. Li et al. 2002a,b, 2003), BSA (J. Li et al. 2005, 2006, X. Li et
al. 2015), oily water or wastewater (Liu et al. 2006, Silalahi et al. 2009), canola oil (J. Chen et
al. 2014), yeast suspension (X. Li et al. 2012, 2013, 2014a, 2014b), humic acid solution (Lin
et al. 2013), and biofouling (S.T.V. Sim et al. 2013). Inorganic fouling is usually easier to detect
with amplitude and time domain, as the acoustic mismatch of the fouling layer is higher with
a water/inorganic and inorganic/polymeric membrane surface than with a water/organic or
biofouling layer/membrane surface.
The amplitude-domain method has been used more often than the time-domain method in
fouling studies. Mairal et al. (2000, p. 59) report that the amplitude-domain method provides
“as good a measure of fouling layer growth as flux-decline behavior”. This is a very strong
statement, as amplitude measurements provide information from a small area of the membrane
surface and flux measurements from the whole membrane area. Furthermore, the amplitudedomain method as fouling monitoring is based on intensification or attenuation of the signal
by fouling. However, other factors may also affect the signal, for example changes in the
density of the medium. This can easily lead to misinformation in amplitude-domain
measurement. However, in the cleaning process, amplitude measurement can provide useful
information, as flux may not be measured during the process. The cleaning process is often
completed by standardized time which is known to be sufficient to clean the membrane. With
UTDR it is possible to measure the state of the cleaning process in real time and thus save time.
J. Li et al. (2002c) reported that SEM (Scanning Electron Microscopy) and permeation studies
were in good agreement with amplitude-domain results in membrane cleaning of kaolin fouling
in an MF process. Similar results with inorganic fouling (CaSO4 and CaCO3) and cleaning
experiments are reported by Mairal et al. (2000) and R. Sanderson et al. (2002) for the RO
membrane process. Later, J. Li et al. (2003) report UTDR to be able to measure also the fouling
of paper mill effluent and cleaning in a UF membrane process. They also state that the signal
amplitude could give quantitative information of the density of the fouling layer. The density
of the fouling layer with time-domain thickness data provides information of the state of the
fouling layer.
UTDR with amplitude-domain measurements has been used to control an ongoing fouling
process. X. Lu et al. (2012) report how real-time UTDR information can be used to control the
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flow direction in the RO module. Changing the flow direction decreased CaSO4 scaling over
time. A similar study is reported of by Mizrahi et al. (2012), except that they used CaCO3 as
the foulant. This kind of “smart” monitoring and controlling devices can be used to optimize
the performance of the process. However, the usability of this kind of a system in industry may
be error-sensitive, as the filtration conditions are not as controlled as in experiments. For
example, temperature changes may cause error measurements which escalate in unnecessary
flow direction changes, thereby reducing the efficiency.
S.T.V. Sim et al. (2015) used UTDR in a side-stream module to predict fouling in an ongoing
RO process. A spiral-wound membrane was cut open and set in a side-stream plate-and-frame
module (curved membrane with spacer set in flat form). The side-stream module had the same
kind of flow conditions as the main process stream. The results of the prediction of the ongoing
fouling were in good agreement with the main stream fouling in the real process. This kind of
a setup could be used for an early warning system in industrial plants. It is unclear how errorsensitive this kind of a system is if the filtration conditions or the composition of the foulants
change during the filtration. Predicative tools can be error-sensitive to quick changes, as
prediction is often based on a history of statistics and algorithms which have been determined
earlier.
8.3

Summary of UTDR monitoring

UTDR monitoring has many advantages as a non-invasive real-time monitoring system for
membrane applications. As a non-invasive method, UTDR requires no markers or labelling, as
radio isotope labelling or the CLSM method with labelling do. UTDR can be used in real time,
which means that it can be performed simultaneously with an ongoing process. Hence, the state
and progress of the fouling or cleaning process can be determined (R. Sanderson et al. 2002).
Also the change in the membrane thickness may be linked to the porosity of the membrane and
the average pore size (Peterson et al. 1998). 0.75 µm accuracy is good compared to other
methods in the same price category. The technique is easy and inexpensive to use; transducers
do not cost much, which enables them to be installed in multiple locations, and using the system
does not require more training than the use of PC software with an oscilloscope. The UTDR
transducer can be mounted outside the existing module via a coupling agent, which is usually
a high-viscosity fluid, or it can be integrated inside the module and coupled with the feed or
permeate, and no optical window or transparent module is needed (R. Sanderson et al. 2002,
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Cobry et al. 2011b). Sound also travels through non-light-permitting fluids which cannot be
monitored with optical systems.
One of the challenges of UTDR monitoring is that sonic velocity changes can affect
measurement accuracy. The temperature, pressure and concentration may change the sonic
velocity, and they should be kept constant during measurements, which can be impossible in
practice in the industry. Time- and amplitude-domain changes may be hard to detect from
layers which have small differences in acoustic impedances, for example biofouling. In
biofouling, the bacterial cells are mostly water, which does not have great difference in acoustic
mismatch with water solutions, and thus they barely reflect the sonic wave to be detected. The
modules may be difficult to monitor if there are many reflective surfaces which scatter the
sound wave and attenuate the signal. Some of these challenges can be solved, for example sonic
velocity can be measured with an additional reference transducer, which is presented in this
thesis.
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9

MATERIALS AND METHODS

The experimental materials and methods applied in this study are summarized here. A more
detailed description is given in publications I-IV.
9.1

Chemicals

The chemicals used in the experiments are presented in Table III. Polyethylene glycol (PEG)
was chosen for retention studies (publication III-IV) to determine membrane selectivity before
and after the membrane is compacted. A calcium carbonate (CaCO3) layer was formed with
calcium chloride (CaCl2) and sodium bicarbonate (NaHCO3) to study the sensitivity to detect
an inorganic fouling layer.
Table III.

Model compounds used in the experiments.

Manufacturer
Fluka
Sigma-Aldrich
Merck
Merck

Substance
PEG 6000
PEG 8000
CaCl2
NaHCO3

Used in
Retention experiments, publication III-IV
Retention experiments, publication III-IV
Inorganic fouling sensitivity testing
Inorganic fouling sensitivity testing

PEG = Polyethylene glycol
9.2

Membranes

The membranes used in the experiments are presented in Table IV. In this study, UF
membranes were used in compaction experiments in publications III-IV, an NF membrane
Desal-5 DK was used to test the sensitivity of the UTDR equipment to detect inorganic fouling.
Table IV.

Properties and limitations of the membranes used in the experiments, as
provided by the manufacturers.

Manufacturer

*

GE Osmonics

Membrane Selective Backing MWCO** Max pHskin layer material (g/mol) temp. range
(°C)
Desal-5 DK PA
PSf
150-300 50
3-9

Microdyn-Nadir
Microdyn-Nadir
Microdyn-Nadir
Vladipsor

UC030
UH030
UP020
C30V

RC
PESH
PES
RC

PET
PE/PP
PE/PP
PE/PP

30000*
30000*
20000*
N/A

55
95
95
70

1-11
0-14
0-14
2-13

Used in

Inorganic fouling
sensitivity testing
Publication III-IV
Publication III-IV
Publication III-IV
Publication III-IV

As measured by Microdyn-Nadir (at 3 bar, 20 °C, stirred cell 700 rpm, water fluxes:
UH030 >100, UP020 >200 and UC030 >300 L/(m2h))
** MWCO refers to the lowest molecular weight which is retained 90 % by the membrane.
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9.3

Equipment

Two different filtration setups were used in the study; a cross-flow filtration setup with UTDR
transducers and a three-cell cross-flow filtration setup.
9.3.1

Cross-flow filtration equipment with UTDR transducers

The UTDR equipment was connected to a crossflow filtration system which was used in all the
experiments where time- or amplitude-domain measurements were done (Figure 5).

Figure 5.

Filtration system equipped with the UTDR tool. The system consists of: (A)
bottom part of the module (bottom plate), where the membrane is set on the
porous support plate; (B) cover part of the module (top plate), which has
ultrasonic sensors integrated inside; (C) flow meter; (D) pressure meters; (E)
temperature meter; (F) valve for pressure and flow rate control; (G) permeate
port and valve for the sample; (H) pump; (I) temperature-controlled feed vessels.

The permeate and retentate were recycled back to the temperature-controlled feed vessel
(Figure 6). Temperature was measured after the membrane module, and the data was used to
control the feed vessel temperature automatically. Pressure and flow were controlled with a
valve after the filtration module and by changing the rotation speed of the pump. The volume
of each feed vessel was 10 L. The maximum pressure applicable was 10 bar.
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Figure 6.

UTDR equipment connected to the crossflow filtration setup.

The stainless steel UF module consisted of a bottom and a cover part. The bottom part had a
membrane sealing and porous support plate to enable permeate collection (Figure 7a). The
cover part had a filtration channel, inlet, outlet and UTDR transducers (Figure 7b). The size of
the filtration channel was 18 mm * 18 mm * 310 mm, and the membrane area was 55.8 cm2.

a)

b)
Figure 7.

a) Bottom plate and b) top plate (upside down) of the UTDR module.
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The ultrasonic transducers were integrated inside in the upper part of the membrane module
(Figure 8). They were at the same level with the flow channel wall, so that they would not
cause any extra turbulence in the module. One UTDR transducer was positioned sideways in
the filtration channel for reference transducer measurement to determine sonic velocity, and
one was on top of the cover part tangentially towards the membrane for time-of-flight
measurement (Figures 7b and 8). The reference transducer was used to measure the time of
flight of known distance. Thus, sonic velocity could be calculated by dividing the constant
distance with the measured time of flight. The determined sonic velocity could be applied in
Equation (1) (Chapter 8.1.1) to achieve environmental compensation (Publication I).
Environmental compensation means that if the process conditions change during the filtration,
the reference transducer measurements correct the sonic velocity in the UTDR measurements
and thus improve its accuracy.

Figure 8.

UTDR transducer configuration. Transducer A measures the time of flight to the
membrane surface and transducer B measures the time of flight to the filtration
channel wall whose distance is constant.

A cover part with a 1 mm high filtration channel was built to the module to be used with the
double transducer (Figure 9). The size of the filtration channel of the second cover part was
1 mm * 18 mm * 310 mm and the membrane area was 55.8 cm2. It was used in the inorganic
fouling experiments with a double transducer presented in Publication II.
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Figure 9.

Cover part for the UTDR module with an only 1 mm high filtration channel and
two positions for double transducers.

As can be seen in Figure 9, the feed channel was designed to be narrower to decrease the
measurement distance of the UTDR transducer. A narrower channel also enhances shear rate
over the membrane, which reduces fouling and represents better hydrodynamic properties of
modules used in the industry. The reference transducer could not be positioned sideways in the
1 mm high channel as it was used in the module presented in Figure 7b, and thereby the
reference measurement was achieved with a double transducer, where two transducers
measured the same path from a different distance (Publication II).
Two different types of ultrasonic transducers were used during the study, a self-manufactured
10 MHz single element immersion transducer, and a later designed and self-manufactured
10 MHz double immersion transducer. The self-manufactured single and double transducers
were made of stainless steel with O-ring sealing (Figure 10). The pulse was connected via 50
Ohm coaxial SMA-connectors to the piezoelectric crystal and a 50 Ohm resistor in the tip of
the transducer. The crystals and resistors were coupled electrically parallel to decrease
resonance damping time. The commercial name for the piezoelectric crystals used was Pz26
(Navy I) (Cited Ferroperm-piezo). These crystals have been designed for underwater
applications and they are made of lead zirconate titanate. The crystal size is 5 mm and it has
10 MHz resonance frequency. The Q-factor is higher than 1000, which is a relatively high
coupling factor compared to other crystals in this class. The high Q-factor means that the
oscillation frequency has a narrow bandwidth and the damping factor is low compared to lower
Q-factor crystals. The tip of the transducer was covered with epoxy to protect the crystals and
resistors from the solution. Iron particles were mixed in the epoxy layer to enhance the adaption
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of transducer vibration energy in water. No coupling agent was needed with the integrated
sensors as they were immersed in water.

Figure 10.

LUT-made double transducers. The single-element transducers are similar,
except that they have only one connector and the single element is in the middle
of the tip of the transducer.

The double transducer consisted of two piezoelectric crystals which were at different distances
from the target surface (Figure 11). Both crystals were used simultaneously to determine sonic
velocity while measuring the distance. The idea was similar to the reference transducer
measurements, where one transducer measured sonic velocity while the other measured the
distance to the target surface.

Figure 11.

Principle of the double transducer. The fixed distance difference of the sensors
to the target surface (x1) can be used to determine sonic velocity.
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The double transducer had to be calibrated before use to determine the fixed distance between
the sensors. The calibration was done with a calibration platform designed and manufactured
at LUT. The calibration platform (Figure 12) consists of an adjustable micrometre arm where
the double transducer can be attached. An illustrative figure of the setup is shown in the
Publication II (Figure 5).

Stage micrometer

Arm
Transducer

Figure 12.

Calibration platform for double transducers.

In the calibration, the distance to the target surface can be changed by adjusting the arm with
the micrometre. The arm with the transducer is placed in solution. Simultaneously, the times
of both sensors are measured with an oscilloscope. From the results, it is possible to form linear
regressions where the measured time is a function of distance (Figure 13).
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Figure 13.
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An example of calibration data. Sonic velocity and the distance between the
sensors can be calculated from the equations in the figure.

As can be seen in Figure 13, the slope of the equation is the sonic velocity in the solution
(1480 m/s). It is same in both equations, as both transducers are in the same solution. The
distance difference between the transducer elements can be calculated from the difference
between constant values in the equations: 3411 – 2549 = 862 (µm). This constant distance
difference can be used to determine the sonic velocity when the double transducer is used in
UTDR measurements.
A Tektronix 3052B oscilloscope was used in the experiments. It has 500 MHz bandwidth, 2
channels and 5 GS/s sample rate per channel. It was connected to a PC via the Ethernet. A
LUT-manufactured pulser and amplifiers were used in all experiments.
9.3.2

Three-cell cross-flow filtration setup

A cross-flow filtration setup with three cells (Figure 14) was used in the experiments focused
on measuring retention changes due to membrane compaction (Publications III and IV). The
configuration of the filtration setup was similar to the filtration setup presented in Figure 6,
except that there were three parallel membrane filtration cells. The dimensions of one filter cell
were 1 mm * 20 mm * 230 mm, and the membrane area was 46 cm2. The volume of the feed
tank with pipe lines was 25 L.
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Figure 14.
9.4

Cross-flow filtration setup with three cells.
Analyses

The most important analysis techniques used in this study were measurement of the organic
carbon content and examination of the membrane with a scanning electron microscope (SEM).
A Shimadzu Total Organic Carbon 5050A analyzer was used to analyze the amount of carbon
in the samples. Two parallel samplings were used with <2 % deviation. The carbon content
data of the feed solution and permeate was used to calculate the membrane PEG retention in
the retention experiments (Publications III and IV).
A JEOL JSM-5800 Scanning Electron Microscope was used to analyze the possible changes
in the membrane structure occurring due to compaction, and in the fouling experiments to
detect inorganic fouling on the membrane surface. All membrane samples which required
cross-sectional analysis were cut in liquid nitrogen to prevent the forming of cross-sectional
structural changes in the membranes due to cutting. Freezing the sample in a water-ethanol
(1:1) solution prevented the sample structure collapsing due to the pressure of cutting. The size
of one sample was approximately 1 cm2. The samples were coated with 2-20 nm thin gold
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layers. 10 kV acceleration voltage and 10 mm working distance were the parameters used in
the secondary electron imaging pictures.
9.5

Filtration experiments

The experiments can be divided into UTDR validation where the sensitivity of the UTDR
signal and the accuracy of the system were tested, and into membrane compaction experiments.
9.5.1

Pre-treatment of the membranes

The membranes were pre-treated by soaking them in an alkaline water solution (pH=12) for
20 minutes to remove preservatives and to wet the membranes. Then the membranes were
rinsed and stored with RO-treated water.
9.5.2

UTDR validation

The purpose of the experiments was to study how well the built UTDR setup with integrated
transducers can detect fouling and what its accuracy and sensitivity are. The accuracy of the
developed UTDR system with the reference transducer and double transducer was studied and
presented in Publications I and II.
When the sensitivity of the UTDR system in the monitoring of inorganic fouling was evaluated,
a CaCO3 model solution was made by mixing CaCl2 and NaHCO3 solutions. A Desal 5 DK
membrane was used in the experiments. The Langelier saturation index was used to estimate
the supersaturation point of the solution. The pH of the solution was kept under the
supersaturation point, so that the concentration where saturation occurs would only happen due
to concentration polarization on the membrane surface and lead to fouling of the membrane
and not of the whole filtration equipment. During the experiments, the dead-end filtration mode
was used as in the Publication II. Flux, time- and amplitude-domain measurements were
performed. After the experiments, SEM was used to confirm the state of the membrane surface.
9.5.3

Membrane compaction studies with the developed UTDR system

The purpose of the measurements was to link the membrane compaction to the membrane flux
and retention changes. Modification of the pore sizes of the membranes with compaction in
different temperatures was studied. Also reversible and irreversible compaction were measured
and confirmed with real-time measurements. The experiments and results were explained in
detail in Publications III and IV.
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Compaction experiments were performed with RO-treated water in the filtration system with
UTDR monitoring. Ultrafiltration membranes made by Microdyn-Nadir and Vladipor (Table
IV) were used in the experiments. The temperature was held constant at 30, 50 or 70 °C, and
the pressure was changed from 1 to 7 bar while the membrane thickness was monitored with
the UTDR, and the flux was measured. Before and after the compaction measurement, the
membrane distance values were read at 0.15 bar pressure, which was expected to cause no
compaction. This 0.15 bar value in the beginning was set as a starting value before the
compaction experiment to hold the membrane still against the support plate and to prevent it
from floating. After the compaction experiment, when the reading was taken again at 0.15 bar,
the value was the distance of how much the membrane recovered after the pressure was
released. From this value, it is possible to calculate the reversible and irreversible compaction
values by a simple subtraction when the starting value is known. Scanning Electron Microscope
(SEM) images were taken after the compaction experiments to analyze the irreversible
compaction of the membranes.
The influence of compaction on the retention of the membranes was examined by using the
three-cell filtration setup. PEG 6000 was used for the 20 kDa and PEG 8000 for the 30 kDa
MWCO membranes. The retention of the membranes was determined before and after
compaction as a function of flux through the membrane. The retention samples were analyzed
with TOC.
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10

RESULTS AND DISCUSSION

10.1

Validation of the UTDR equipment

UTDR time-domain accuracy with the reference transducer was tested with constant condition
experiments. In Publication I, the accuracy of the system was tested with temperature varying
between 25-60 °C at different pressures. Amplitude-domain sensitivity was tested with
inorganic fouling experiments. The results were compared with results presented in the
literature. However, it was often not possible to compare the results directly, as the monitoring
and filtration setup, filtration conditions, and foulants or the morphology of the foulants were
different.
10.1.1

Time-domain accuracy of the UTDR setup with a reference transducer

The purpose of these experiments was to determine the measurement accuracy of the UTDR
setup with a reference transducer. The distance to the aluminium surface was measured in
constant conditions. The foil was used to avoid error coming from the compaction of the
polymeric membrane. The duration of one experiment was 16 minutes, and the distance was
measured 16 times to calculate standard deviation for the measurements. The test was repeated
5 times. Experimental data from one accuracy test is shown in Figure 15.
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Experimental data of one measurement accuracy test of the UTDR setup with a
reference transducer. The ~18000 µm distance to the aluminum surface was
measured 16 times during 16 minutes in constant conditions.
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As can be seen in the experimental data presented in Figure 15, the distance measurement
varied from 18009.36 to 18009.48 µm, with standard deviation of 0.0358 µm for 16
measurements. With five repeated experiments, the measurement accuracy of the UTDR setup
with a reference transducer was determined to be 0.042 µm. However, this accuracy represents
only how accurate measurements can be done with this UTDR setup in constant conditions.
The measurement accuracy decreases in real filtration conditions which are not as stable as
those in this experiment. Changing filtration conditions affect sonic velocity, which affects the
measurement accuracy due to the fact that sonic velocity is different between the sonic wave
path of the UTDR transducer and the sonic wave path of the reference transducer.
Typical filtration conditions affecting sonic velocity are the temperature, pressure and
concentration of the medium where the sound travels. Pressure is known to have a minor impact
on the sonic velocity of fluids, as they are almost incompressible. However, especially
temperature has a relatively great effect on sonic velocity and thus on the measurement
accuracy of UTDR. Without a reference transducer, the accuracy of UTDR decreases
dramatically in conditions where the temperature varies (Figure 16).
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UTDR measurement error for pure water, caused by temperature change as a
function of measurement distance. The error has been calculated by using an
experimental model for sound velocity presented by Belogol’skii et al. (1999).
The use of the model is explained in depth in Publication I.
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As can be seen in Figure 16, the measurement error is directly proportional to the measurement
distance. Although the UTDR measurement accuracy has been reported by Peterson et al.
(1998) to be 0.75 µm with a configuration where there is no reference transducer and constant
filtration conditions, the varying temperature may easily cause higher uncertainty in the
measurements. For example, if the temperature varies by ±1 °C and the measurement distance
is 5 mm (filtration channel height), the measurement error can be as high as 9 µm (Figure 16).
In non-constant conditions, without a reference transducer, the measurement error would be so
significant that UTDR measurement would be practically useless. The accuracy of the UTDR
setup with a reference transducer was determined in Publication I. In non-constant conditions,
the measurement accuracy varied between 0.6-2.0 µm when the temperature was changed from
25 to 60 °C at the pressures of 0.1, 0.3 and 0.5 MPa. Such accuracy in non-constant filtration
conditions is similar to that reported by Peterson et al. (1998) in constant filtration conditions
(0.75 µm), which proves the functionality of the UTDR setup with a reference transducer.
In summary, the measurement accuracy of the UTDR setup can be improved with a reference
transducer which is used to determine sonic velocity simultaneously with UTDR
measurements. Without the determination of sonic velocity, the UTDR measurements are
sensitive to measurement errors from temperature and concentration changes.
10.1.2

Amplitude-domain sensitivity to detect inorganic fouling with transducers
integrated inside the module

The purpose of these experiments was to test the sensitivity of UTDR to detect inorganic
fouling with UTDR transducers integrated inside the module as amplitude domain. In the
literature, transducers have been used to monitor fouling through the top plate of the module
or under the membrane. Positioning the transducer near the membrane surface inside the
module was expected to have better sensitivity for detection, as in that case the measurement
distance decreases and the sound does not have to penetrate the top plate of the module or the
membrane.
The inorganic fouling experiment results of this study showed clearly that the UTDR system
with transducers integrated inside the module was more sensitive to detect CaCO3 fouling
(Figures 17a and b) than what had been earlier reported by Mizrahi et al. (2012) (Figure 18)
when the fouling was detected through the top plate of the module.

64

a)

b)

Figure 17.

CaCO3 fouling detection with UTDR transducers integrated inside the module.
Signal amplitude change was a) 8 % and b) 49 %.

Figure 18.

Reference results for the inorganic fouling test (Figure 17a and b), published by
Mizrahi et al. (2012). The signal amplitude change was 2.6 %. The average
crystal size was 50 µm and the area of coverage was 51 %.

As can be seen in Figures 17a and b, the sensitivity of UTDR to detect CaCO3 fouling as a
percentage change of signal amplitude was better than that reported by Mizrahi et al. (2012)
(Figure 18). The CaCO3 fouling layer in figures 17b and 18 has similar size of crystals and
coverage, but the amplitude changes with the transducer integrated inside the module was 49
%, whereas the changes measured through the top plate were only 2.6 %. The better sensitivity
to detect fouling was expected to be due to the transducer which was integrated inside the
membrane module, because when measured through the top plate, the plate will attenuate and
scatter some of the signal energy, which will decrease the sensitivity of the measuring system
to detect the changes. The transducer frequency was the same in both studies, 10 MHz, and the
results are thus comparable. Frequency affects the penetration of the signal and sensitivity to
detect the changes.

65

R. Sanderson et al. (2002) observed that the thickness of the CaCO3 fouling/crystal layer
affected the amplitude of the UTDR signal. In their study the calcite layer formed a new peak,
which indicates that the thickness of the fouling layer was thicker than the one observed in the
present study where the signal from the membrane surface was only enhanced. If the thickness
of the inorganic layer is greater than the spatial resolution of the ultrasonic signal, a new peak
will be formed in the reflected echo. If the thickness of the inorganic layer is less than the
spatial resolution, the reflected energy will sum up with the peak from the next interface
enhancing it.
Particle size and shape affect the UTDR signal amplitudes from the membrane surface, and
that is why the UTDR amplitude values should be considered as indicative only. In the fouling
experimens, CaCO3 produced mainly hexagonal calcite crystals which enhanced the sound
wave from the beginning of the crystal growth till the full fouling layer growth. Mairal et al.
(2000) made a slightly different observation. CaSO4 tends to grow a different kind of crystal
structure than CaCO3 fouling. In their studies, CaSO4 fouling produced first spiky rosette
structures which scattered the signal attenuating amplitudes of the reflected echo until the layer
was thick enough to cover the membrane surface fully, and it formed a flat fouling layer
enhancing the amplitudes. A scattered signal which attenuates the reflected echo may be
misinterpreted as surface cleaning or organic fouling. Thus it is important to understand the
ongoing fouling structure and the physical properties when the amplitude domain is used as the
fouling monitoring method.
Li J. et al. (2007) also studied CaCO3 fouling with a 10 MHz transducer. In their study CaCO3
fouling also formed a new peak in front of the membrane reflection, and it also enhanced the
membrane reflection, which was clearly seen in the differential signal. Li J. et al. (ibid.) report
that a higher concentration produced a thicker and denser fouling layer structure. The denser
structure of the fouling layer reflects the sound wave better, which is a similar effect as that
observed with increasing fouling layer coverage on the membrane surface or membrane
compaction. Thus, the amplitude method as fouling monitoring may be problematic to use
when membrane compaction, fouling layer compaction and growth affect the amplitudes of the
reflected echo and may be mixed up. The fouling layer reported by Li J. et al. (ibid.) had also
vaterite and aragonite crystals whose shape and sound reflection properties are different from
calcite crystals. Therefore, the sensitivity of fouling detection of the UTDR setups cannot be
directly compared to the results presented by Li J. et al.
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As a summary, transducers integrated inside the membrane module were more sensitive to
detect inorganic fouling as the amplitude-domain method than measuring through the top plate
of the module. However, the use of UTDR amplitude domain as a quantitative method is
complicated. It requires good understanding of the ongoing fouling process and the physical
properties of the monitored surfaces, or there will be a risk of misinformation.
10.2

Membrane compaction evaluation with the developed UTDR system

The purpose of these experiments was to study membrane compaction phenomena with the
developed UTDR setup. Reversible and irreversible compaction was the topic of Publication
III, and the link between flux, retention and membrane compaction was studied in Publication
IV.
It was possible to detect the reversible and irreversible compaction of the membranes via timedomain measurements (Figures 19a-b). After the compaction experiment, when the pressure
was released, the membranes recovered from the compaction, and this is called reversible
compaction (elasticity). The viscoelastic compaction of the membrane, irreversible
compaction, is the value that is left after the recoverable part. Both these compactions,
reversible and irreversible compaction, affect the permeability of the membrane by decreasing
it. The permeability decrease by reversible compaction can be mixed up with concentration
polarization, as both of these effects are driving force (pressure) -dependent. This may lead to
unnecessary process condition changes.
UC030 Irreversible Compaction

UC030 Reversible Compaction

C30V Irreversible Compaction

C30V Reversible Compaction
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Figure 19a.
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Average irreversible and reversible compaction of three measurements of
UC030 and the C30V membranes, after pressure was released from 7 bars at 30,
50 and 70 °C. The total thickness of the UC030 membrane was 265±5 µm and
the one of C30V was 220±5 µm in the beginning of the test. ( Publication IV)
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UH030 Irreversible Compaction

UH030 Reversible Compaction

UP020 Irreversible Compaction

UP020 Reversible Compaction
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Figure 19b.
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Average irreversible and reversible compaction of three measurements of
UH030 and UP020 membranes, after pressure was released from 7 bars at 30,
50 and 70 °C. The total thickness of the UH030 membrane was 225±5 µm and
that of UP020 238±5 µm in the beginning of the test. (Publication IV)

As can be seen in Figures 19a-b, all the tested membranes had reversible and irreversible
compaction. The regenerated cellulose membranes (UC030 and C30V) seem to be softer than
the PES membranes (UP020 and UH030), which can be explained by the different membrane
material. The measured compaction is the sum of the compaction of the backing, support and
skin layer of the membrane. The skin layer of the membrane is usually only few nanometres
thick, and that is why it is not measurable within the resolution of UTDR.
It could be noted on the basis of the experiments that the membrane structure influenced its
compaction tendency. The membranes containing a macrovoid layer beneath the skin layer
were more susceptible to compact than the membranes with a tighter structure supporting the
layer under the skin. Kallioinen (2008) observed a similar phenomenon with membranes made
from regenerated cellulose. The PES membranes used in the present study had no macrovoids
straight beneath the skin layer, and there was no evidence of collapsed macrovoids
(Publications III and IV). PES as the membrane material was also more compaction-resistant
than the regenerated cellulose, which compacted remarkably more in all the tested pressures
and temperatures. The observations made from the membrane structure changes due to
compaction (Figures 20a-b) (Publications III-IV) were in good agreement with membrane
compaction studies published earlier (Jönsson and Trägård 1990, Persson et al. 1995,
Kallioinen 2008).
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Figure 20a.

The UC030 membrane before (left) and after (right) exposure to 7 bar and 70 °C
conditions. Collapsed macrovoids can be seen beneath the skin layer.
(Publication IV)

Figure 20b.

Left: cross-section of a virgin C30V membrane before compaction; Right:
detached support and skin layers of the C30V membrane after exposure to 7 bar
and 70 °C conditions. (Publication IV)

As can be seen in Figure 20a, macrovoids right under the skin layer of the UC030 membrane
tended to collapse. The denser structure of the C30V membrane resisted irreversible
compaction better and was more elastic (Figures 19a and 20b). The UC030 membrane had a
thicker support layer between the backing layer and the skin layer, which were more sensitive
to irreversible compaction due to the high amount of macrovoids. After the structure had
collapsed, it did not recover, and loss of permeability was inevitable due to increased
hydrodynamic resistance from the densified support layer, in addition to the possible
densification of the skin layer.
Membrane compaction in different pressures and temperatures was monitored to find out how
increased temperature may affect the membrane compaction tendency in real time
(Publications III and IV). The membrane compaction values in different pressures and
temperatures are presented in Figures 21a-d.
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Compaction results of a) UP020, b) UH030, c) UC030, d) C30V membranes.
The “Afrer (0.15)” value is the irreversible compaction value of the membranes.
(Publication IV)

As can be seen in Figures 21a-d, compaction increased with increasing pressure and
temperature in most cases. Exceptions were the PES membranes UP020 at 30 °C and UH030
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at 30 and 50 °C, where compaction was independent of the pressure. At the temperature of
70 °C, the compaction of the UH030 membrane, and at 50 °C the compaction of the UP020
membrane increased significantly. However, most of that compaction was reversible, and
higher pressure and temperature would be needed for increased irreversible compaction. The
PES membranes had higher resistance against compaction than the RC membranes.
The compaction of the regenerated cellulose membranes was proportional to the filtration
pressure at every temperature (Figures 21a-d). The glass transition temperature of dehydrated
cellulose (84 °C, Roig et al. 2011) is lower than that of PES (230 °C, Ren et al. 2011), which
partly explains its higher compaction. RC membranes are more hydrophilic than PES
membranes. Water is hydrogen-bonded to the polar sites of cellulose macromolecules and
works as a plasticizer, which decreases the glass transition temperature of the cellulose (Roig
et al. 2011) and the mechanical stability of the membrane. Surprisingly, C30V was not as
temperature-dependent as the other regenerated cellulose membrane UC030. The compaction
of C30V was nearly the same at the temperatures of 30, 50 and 70 °C. This can be partially
explained by the structure of the support layer, as shown above in Figures 20 a-b. The support
layer of C30V was denser than and not as thick as the support layer of UC030. The structure
of the support layer of C30V contained no macrovoids, which could explain the elastic
behaviour of the structure. The thin and dense structure could recover better from the
compaction than looser structure observed in the UC030 membrane. When there is less free
space in the membrane structure (no macrovoids), the macromolecular rearrangement of the
polymeric material is more limited. The force of the compression is more evenly distributed
across the polymeric chains of the membrane, and thus it can recover better from it.
The membrane PEG retentions were studied before and after 15 h compaction at 7 bar pressure
(Publication IV). Retention changes were assumed to be caused by the changes in the state of
the skin layer. In the beginning, the retentions were measured at 0.5, 1.0 and 1.5 bar pressure.
After the compaction, the retentions were measured at the same permeate fluxes as before the
compaction. This was done because the permeate flux affects the retention. Practically, after
the compaction a higher pressure was required to achieve the same permeate flux, as the
compaction densifies the membrane and thus increases its hydrodynamic resistance, decreasing
the permeability. Retention results before and after compaction at 50 °C are shown in Figure
22.
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UP020 UP020
Before After

C30V C30V
Before After

PEG retention results of tested membranes after 7 bar compaction at 50 °C. PEG
8 kg/mol was used in all other experiments except with the UP020 membrane,
where PEG 6 kg/mol was used. The retentions were measured at 200 L/(m2h)
flux. (Publication IV)

As can be seen in Figure 22, the retentions tended to increase after the compaction, despite the
membrane material or structural differences. Logically, the increased retention is due to
membrane densification by compaction, which also affects the pore size and pore geometry.
The relationship between membrane densification and pore size have been discussed by M.
Mulder (1991). In most cases, the highest retentions were achieved after compaction at the
temperature of 70 °C. A higher temperature softens the polymeric membrane material, as the
thermal movement of water and polymeric molecules increases and thus the material compacts
even more.
The UH030 membrane (Figure 22) had the highest retention inrease after compaction at 50 °C.
The compaction data of the UH030 membrane (Figures 19b and 21b) showed that there
occurred almost no compaction, but the retention changes were remarkable (Figure 22).
Logically, the pore size of the skin layer had changed even thought the total thickness of the
membrane was not changed. This leads to the understanding that the total thickness changes of
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the whole membrane do not always present the retention changes or changes in the membrane
skin layer.
The PEG retention of the C30V membrane decreased greatly in higher fluxes (Figure 23).
Retention of above 70 % was achievable when the flux was 180 (L/(m2h)), but when the
pressure was increased so that the fluxes were near 620 (L/(m2h)), the retention decreased
almost to zero. The low retention can be explained by the increase of concentration polarization
at a high flux. As a phenomenon, this kind of change in membrane retention is interesting, as
it is possible to modify the retention with the flux. Similarly, it was possible to modify the
retention by nearly 10 %-units with compaction.
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PEG retention results of the C30V membrane before and after 7 bar compaction
at 50 °C. PEG 8 kg/mol was used as the model compound. Retentions were
measured at 30 °C.
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CONCLUSIONS

This thesis focused on improving an already existing UTDR measurement system with an
additional reference transducer (Publication I) and a double transducer (Publication II). The
developed UTDR measurement system with a reference transducer was validated in both timeand amplitude-domain modes. The time-domain measurements were made to validate the
accuracy of the UTDR equipment in constant and changing filtration conditions. The sensitivity
of the amplitude-domain method to detect inorganic fouling by using transducers integrated
inside the membrane module was validated. After the validation of the UTDR measurement
system with a reference transducer, it was utilised for membrane compaction studies. The
studies focused on determining the reversible and irreversible compaction of the membrane,
and on how they may affect the retention and permeability of RC and PES membranes at
different temperatures (Publications III and IV).
With the reference transducer and the double transducer, it was possible to determine the sonic
velocity during the UTDR measurements in real time. It was shown that the measured sonic
velocity with the reference transducer made it possible to calculate the UTDR distance to the
target surface more accurately than by using a constant sonic velocity value. If sonic velocity
is assumed to be constant, the filtration conditions must be kept constant as well. In practical
use, the filtration conditions may not be constant, which has limited the use of UTDR in
industrial applications. A change of even one Celsius degree in the temperature may reduce the
measurement accuracy of UTDR dramatically, and the error increases when the measurement
distance increases. The use of a reference or a double transducer allows the filtration conditions
to change without any limits to or effect on the accuracy of UTDR.
Higher measurement sensitivity to detect inorganic fouling compared to what has been
presented in the literature was achieved. Transducers integrated inside the membrane module
were more sensitive to detect CaCO3 fouling than reported earlier, when fouling was measured
through the top plate of the module. This was expected to be due to the fact that measurement
through the top plate of the module scatters and attenuates the signal, resulting in a decrease in
the sensitivity of UTDR. Also, the ultrasonic signal attenuates less when the distance between
the transducer and the membrane surface decreases.
UTDR with a reference transducer was used to measure the reversible and irreversible
compaction of the membranes in real time. Both the membrane structure and the material
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affected the compaction tendency of RC and PES membranes. Macrovoids in the support layer
weaken the structure of the membrane and may lead to irreversible compaction when the
macrovoids collapse. The PES membranes were mechanically stronger than the RC
membranes, which could be explained by the higher glass transition temperature of the PES
material and the higher hydrophilicity of the RC material. Water works as plasticizer with
polymeric materials, and the higher hydrophilicity of the membrane material increases its
extent.
The compaction data was linked with the retention results, which showed that the measured
compaction was the total compaction of the membrane and it did not represent the state of the
skin layer of the membrane, which had the biggest impact on the filtration properties.
Compaction, reversible and irreversible, tended to increase with temperature in most cases,
leading to a decrease in membrane permeability. Without knowing the effect of reversible
compaction on membrane performance, it could be interpreted as concentration polarization.
This may lead to the adoption of inappropriate mitigation methods. Also, by using non-optimal
pre-compaction conditions, it is possible to lose membrane permeability by irreversible
compaction. However, with right pre-compaction conditions it is possible to increase
membrane retention and thus affect the overall separation process beneficially. To sum up,
membrane compaction can be used to increase membrane retention to some extent, with the
cost of permeability.
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