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ABSTRACT

This review describes the use of ultrasonic reflectometry (UR) for characterizing membranes
and membrane processes. A growing body of literature documents the capabilities of UR as
a versatile nondestructive, noninvasive, real-time, and low-cost methodology that can
provide important information about a wide range of membrane-based separations. A
compact but thorough explanation of the ultrasonic measurement concepts relevant for use
of the methodology for membrane applications is first presented. This section is followed
by a description of the many studies in which UR has been employed for characterization
of membrane structure, formation, compaction, and inorganic and organic membrane
fouling, the latter in both real-time and post-mortem modes. Examples of recent work that
incorporates the innovative use of UR for scaling in nanofiltration and reverse osmosis
applications as well as results that suggest the potential of the ultrasonic slow wave to
monitor pore closure in early-stage fouling are then highlighted. UR is then compared with
other techniques for fouling detection so that the advantages and limitations of UR can be
placed in proper perspective. Finally, valuable future directions for the incorporation of UR
in membrane research, development, and practice are considered.

Keywords: Ultrasonic reflectometry; Membrane characterization; Membrane fouling;
Real-time studies

1. Introduction

1.1. Importance of membrane characterization

Membrane characterization is an essential compo-
nent of membrane research and development because
the initial design and subsequent optimization of
membrane materials, processes, and systems depend
on accurate data obtained under relevant conditions.
Indeed, there are countless citations in the membrane

literature that deal with the myriad aspects of charac-
terization. Nonetheless, there is a continuing need for
improved characterization techniques that can be
appropriately adapted for measurements from bench
scale to commercial scale.

1.2. Rationale for use of ultrasonic measurement of
membrane phenomena

Ideally, characterization methods should be well
matched to the phenomena that they measure. In
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many cases, there are significant advantages for
methods that are nondestructive, noninvasive, real
time, rapid, and inexpensive to employ. Ultrasonic
characterization possesses these attributes and thus
represents a well-established field encompassing a
wide range of engineering applications. Consequently,
it should not be surprising that the advantages of such
methodology for use in membrane studies were
recognized almost two decades ago by Hoest et al.
who described in 1994 the application of ultrasonic
time-domain reflectometry (UTDR) for quantifying
membrane compaction [1]. This work was followed by
Bond et al. who first proposed the use of UTDR for
the study of membrane fouling in 1995 [2]. Although
still a relatively specialized methodology, a robust
literature has arisen in this area. Thus, the goal of this
review is to provide an overview of developments in
the use of ultrasonics for membrane and
membrane-processes characterization as well as to
highlight a few recent innovative approaches of this
methodology.

1.3. Scope of this review

This review builds upon and expands the previous
effort by Krantz and Greenberg [3] and is organized
as follows. Section 2 provides an appropriately
detailed description of ultrasonic measurement
concepts that are relevant for membrane applications.
Section 3 summarizes the growing literature on the
use of ultrasonics for a range of membrane character-
ization applications including structure and formation,
creep (compaction), and inorganic and organic
membrane fouling, the latter in both real-time and
post-mortem modes. Section 4 reviews recent and
innovative work that highlights the use of ultrasonics
for scaling measurement during nanofiltration (NF)
with internally situated ultrasonic transducers, for the
development of ultrasonic sensors as active elements
for automatic control of fouling via flow reversal (FR),
and initial studies using the slow wave to quantify
permeation changes due to fouling. Section 5
compares ultrasonic reflectometry (UR) with other
approaches to membrane fouling so that the advanta-
ges and limitations of UR can be placed into proper
perspective. Possible future directions for membrane
ultrasonics are then considered in section 6. Since the
work described in these sections utilizes the time
domain or the frequency domain of waves reflected
from an interface of interest, the terms UTDR and
ultrasonic frequency-domain reflectometry (UFDR) are
used throughout. A more generic but quite appropri-
ate treatment is to group these via the term UR.

2. Ultrasonic measurement concepts

The characterization and monitoring of membranes
through the use of ultrasonic measurements is based
on extensive literature in the field of acoustics [4,5]
and a related literature in elasto-dynamics or waves in
solids as well [6–8]. To date the literature on
membrane characterization has made use of frequen-
cies which are above the audible range for humans,
approximately 20 kHz. In all of the published work,
the frequencies employed for testing and monitoring
are well above the audible range, in the same range
used for medical diagnostic ultrasound. Therefore,
without a loss of generality, the acoustic monitoring of
membranes will be referred to as ultrasonic waves.
However, a clear distinction should be made from
ultrasonic cleaning which occurs at higher intensities
and lower frequencies. Ultrasound used for cleaning,
which is similar to medical therapy applications, is
usually performed using lower frequencies of 25–50
kHz with intensities of 0.1–10W/cm2. The high inten-
sity applications contrast with the monitoring or
diagnostics applications which are performed at
frequencies in the MHz range and intensities on the
order of a few mW/cm2. The latter intensity and
frequencies will be considered for the monitoring of
separation processes with the understanding that
while safety issues should always be considered, the
safety concerns are generally limited to both higher
intensities and lower frequencies than those typically
used for ultrasonic monitoring applications [9].

The manner in which the membrane responds to
the ultrasonic wave is dependent on the mechanisms
of the separation processes and the associated mem-
brane structure. In particular, while the theoretical
framework for waves in porous materials [10] is appli-
cable to microporous membranes in which the fluid
permeates the pores, a reverse osmosis (RO)
membrane would respond in a manner which is con-
sistent with dense materials. The elastic properties of
a similar dense material can be used for modeling of
waves impinging normal to a solid fluid-loaded thin
plate. In both cases, the wave is assumed to be normal
to the plane of the membrane and the radius of curva-
ture is assumed to be larger relative to the spot size of
the ultrasonic transducer. The exception would be for
cases where the generation of a plate wave is used to
inspect a larger area of the membrane [11,12]. The
plate wave is typically generated either through the
use of a custom transducer or else through the use of
a transducer which is coupled through a fluid to the
plate materials at an angle that is far from normal
incidence. Therefore, to understand the limiting cases
for the applicability of these theories, it is necessary to
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develop a more general framework. More specific
cases can thus be better understood from the general
theory. In Fig. 1, the first characteristic that must be
considered in performing modeling of the reflection
from a membrane is based on the existence of the
slow wave in the material. The slow wave is depen-
dent on the pore size to wavelength ratio as well as
the viscosity of the fluid. The viscosity of the fluid can
present challenges for a number of important separa-
tions since temperature of the fluid can vary widely,
which may result in the need to perform more
complex analysis of the wave propagation for some
configurations even though the applicability of the
more complex analysis may not always be required. If
the slow wave is generated, then the frequency transi-
tion may determine the response of the membrane to
fouling. Even when the slow wave is not generated, it
is important to recognize that the type of foulant can
significantly influence the response of the membrane
to fouling. For example, for a membrane where the
slow wave is not generated in the pores of the
membrane, the presence of an inorganic and an
organic foulant may have the opposite effect on the
reflection coefficient from the interface. The inorganic
scalant has a reflection coefficient that can be higher

than the basic membrane with an organic foulant serv-
ing as an impedance matching layer between the fluid
and the membrane. The impedance matching layer
can reduce the reflection coefficient from the mem-
brane surface. Finally, in all cases, the reflection of the
front faces of nearly all membranes will superpose on
the back-face reflection. This so called thin plate prob-
lem has been considered for both the forward and
inverse problem elsewhere and is, in general, reason-
ably tractable [13,14]. However, the analysis needs to
be performed in a way that the front face can be sepa-
rated either through deconvolution, cepstral, or other
techniques [15,16].

From the framework in Fig. 2 and the following
section, the conditions under which more complex
modeling is required can be identified. In contrast, for
some conditions, a simplified analysis is sufficient.
The most general solution to the problem is required
for those conditions when the pore size is sufficiently
large that a slow wave can be generated and the
damping of the polymeric membrane is a significant
factor. A dense fouling layer on a material with small
pore diameters in the material and with low material
damping such as some highly cross-linked polymers
or a ceramic is amenable to the simpler analysis. The

Fig. 1. The modeling of the reflection of an ultrasonic wave from a porous membrane should consider both the potential
for the propagation of a slow wave in the fluid in the pores as well as the type of foulant. In nearly all cases, the reflec-
tion is from a thin layer, and the back-wall and front-wall reflections will overlap.
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description of waves in porous material will start with
the simple case and add complexity.

2.1. Waves in fluids, solids, and porous solids

For the most general case of ultrasonic waves in a
membrane, it is assumed that the shear modulus of the
membrane material is characteristic of a solid material.
Initially, the equations of motion can be expressed for

elastic materials in a manner which is characteristic of
ceramic membranes where material damping is
negligible. This model should first be extended to
account for the effect of the inelastic characteristics of a
polymeric membrane. To this model is then added the
effect of fluid-saturated pores. This would best
represent those membranes where the pores are of
sufficient size to allow fluid flow with the effects of
fluid viscosity altering the effective pore diameter. The
viscoelastic response, which is more representative of
polymeric membranes, should also be considered as
well as the existence of fluid viscosity in both the feed
and permeate solutions.

In order to understand the reflection of the wave
from the membrane surface, it is necessary to
recognize that the interaction of the wave with the
membrane is dependent on the relative elastic proper-
ties of the fluid and the solid. From this dependence,
the concept of acoustic impedance then allows the
response of the materials to insonification of the
surface to be understood. The complex nature of a
porous viscoelastic medium requires an incremental
approach to understanding the factors responsible for
the reflection from the membrane surface.

The first solution to the wave equation is familiar
from acoustics in a fluid medium. The direction of
propagation of the wave is in the same direction as
the displacement, and it is referred to as either a
longitudinal or a pressure wave. The wave propagates
at a velocity that depends on the elastic properties of
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Fig. 2. The magnitude of the reflection from a porous inter-
face is dependent upon the generation of a slow wave in
the porous material. The change in frequency results in a
change in reflection coefficient.

Fig. 3. For the spiral-wound configuration shown, the signal generated from the ultrasonic transducer is convolved with
the response from the wall of the module, the transmission coefficient from the wall to the fluid, the response of the fluid
surrounding the membrane, and the reflection from the membrane. The return path results in the response in the oppo-
site direction including the response of the fluid and the module wall as well as the transmission coefficient from the
fluid to the wall.
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the medium. The elastic properties of the medium are
defined as Lame’s constant (λ’) and the shear modulus
(μ) where:

k0 ¼ Em
ð1þ mÞð1� 2mÞ and l ¼ E

2ð1þ mÞ (1)

and E and m are Young’s modulus and Poisson’s ratio,
respectively [17]. Then in terms of Lame’s constants,
we can express the velocity of the longitudinal wave
in a material where the lateral boundaries are far from
the disturbance (such as a wave which is normal to
the separation surface of a membrane) as:

CL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k0 þ 2l

q

s
(2)

where q is the density of the material (medium).
This can be shown to give the velocity in a fluid

which is typically written as:

C ¼
ffiffiffi
B

q

s
(3)

where the velocity C is for the only wave which will
propagate in an inviscid fluid, i.e. the longitudinal
wave, and B, the bulk modulus, is defined as:

B ¼ k0 þ 2l
3

(4)

For water, the velocity of the wave in the fluid is
given by:

c ¼ 1449þ 4:9T þ 0:055T2 þ 0:003T3 þ ð1:39� 0:012TÞ
ðs� 35Þ þ 0:17p ð5Þ

where T is the temperature in ˚C, s is the salinity in
parts per thousand and p is pressure in kPa.

This wave should be distinguished from the shear
wave which occurs in solid materials. The transverse
or shear wave propagates at lower velocity than the
longitudinal wave. The velocity of propagation of the
shear wave, CS, is a function of the shear modulus
and the density of the material:

CS ¼
ffiffiffi
l
q

r
(6)

The shear wave is physically distinct from the longitu-
dinal wave since the displacement is orthogonal to the
propagation direction. In order to resolve the general
stress field on a free surface, it is clear that not only
the normal stresses associated with the longitudinal

wave are required, but the transverse wave with
displacement normal to the propagation direction is
also required. The shear wave is generated by either a
specific type of physical excitation of the surface, or it
is a result of the generation of this shear wave to
satisfy the boundary conditions for a nonnormal inci-
dent angle. For the assumptions of normal incidence
and a large radius of curvature typical of membrane
inspection, the shear wave will not be generated.

In this material model, the assumption is for a lin-
ear elastic response of the material. This is a reason-
able assumption for a wide range of loads and
frequencies in a ceramic material such as those used
in some high temperature and corrosive separation
processes. However, the vast majority of the modern
commercial membrane processes are performed using
polymeric membranes. For these polymeric mem-
branes, the consequences of material damping cannot
be ignored, and analysis of the signals should be per-
formed in a fashion that recognizes the effect of both
wave frequency (and time) and temperature on the
response of the membrane. The simplest implementa-
tion of the damping is with a complex modulus or a
simple decay term in the solution to the wave equa-
tion. For example, if a solution to the wave equation
corresponds to a wave traveling in an elastic medium
in the x direction, the displacement u has the form of:

u ¼ Aeix
x
C�tð Þ (7)

where A is the amplitude of the wave, t is time, and x
is the radial or angular frequency. When damping is
introduced, the amplitude simply decays at α as a
function of time, e�at. This loss mechanism is a reason-
able model for the response of polymers. The wave-
length of the ultrasonic wave k is found from the
frequency and velocity C in the medium:

k ¼ C

x
¼ C

2pf
(8)

where f is the ordinary frequency. If the problem is
subjected to a more rigorous analysis, the result will
be a nonlinear response (e.g. [18]) which is beyond the
scope of the current discussion. However, from a
strictly pragmatic perspective, these effects are critical
to include in the formulation of the analysis of the
materials response. The final confounding effect in
these materials is the existence of a response that is
specifically associated with the material permeability.

The final wave type, which exists only in a porous
material, is the slow wave. First described in the form
of a semi-phenomenological model by Biot, the formu-
lation was developed for both low-frequency [19],
and high-frequency cases [20], which were later
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experimentally verified [21]. The model by Biot con-
siders the solution of the longitudinal wave in fluid-
saturated porous materials in which a wave is gener-
ated in the form of the fluid contained within the por-
ous solid material. When the wave in the solid is in
phase with the wave in the fluid, the velocity is clo-
sely related to a mixture of the response of the solid
and the liquid. However, with a two-phase material,
the potential exists to generate a wave in which the
fluid motion is out of phase with the solid motion or a
sloshing wave. The velocity of the slow wave is a
function of the density of both the fluid and solid:

CSL ¼ fðqf; qs;/; ks; ls;Bf; tfÞ (9)

where qf and qs are the density of the fluid and solid,
respectively, / is the permeability of the solid and ks
and ls are the Lame constants of the solid frame, and
Bf and tf are the bulk density and viscosity of the
fluid. While the relationship of the velocity and the
large number of variables makes the determination of
the wave speed of the slow wave somewhat complex,
conceptually the slow wave represents another factor
which must be considered when determining which
effects can be detected in ultrasonic measurements
from a porous membrane. One of the most important
recent developments related to the slow wave is the
use of the critical frequency for the analysis of the
fouling of porous interfaces. This is discussed in sec-
tion 4.3 where the slow wave is used to detect fouling
in applications where a simple interpretation of ultra-
sonic reflections suggests that the changes in material
properties would not otherwise be detected.

A significant difficulty in studying or utilizing
slow waves is that the slow wave is not readily detect-
able. A particularly important description of the inter-
action of the slow wave with a porous interface is
contained in the critical wave number, kcr. Below the
critical wave number, the slow wave is highly attenu-
ated since the skin depth of the fluid in the pores is
large relative to the pore size. Ideally, kcr represents a
bifurcation below which the slow wave does not prop-
agate [22]. Because of the dependence of the slow
wave on the motion of the fluid, the detection of the
critical wave number provides a basis for measuring
the dynamic interaction between the matrix and the
pore fluid [23]:

kcr ¼ y
p-

qS0C
S

(10)

where y is a term which combines material properties
and - is a parameter which characterizes the porous
structure, and which are defined as:

y ¼ y qS0 ;q
F
0 ;C

S;C
� �

(11)

Here, qS0 and qF0 represent the partial mass densities of
the solid and fluid, respectively. CS is the velocity of
the longitudinal wave in the skeleton, and C is the
wave speed in the fluid. In addition, - is related to
the porosity n0, viscosity of the fluid tf, and perme-
ability of the porous medium / by:

- ¼ n0tf
/

(12)

While the relationship is complex, the physical rela-
tionship which determines the frequency at which the
critical wave propagates is more straightforward.
Above the critical frequency, the skin depth of the
fluid in the pores is sufficiently thick relative to the
pore diameter that out-of-phase motion of the fluid in
the pores relative to the solid frame occurs. While
mathematically this is a single value, the actual mea-
surements and a more sophisticated analysis show
something which more closely approximates a relaxa-
tion curve [24]. The effect of viscosity which alters the
skin depth or the effective diameter of the fluid-filled
pores as well as the change in frequency can be seen
to create the transition from both theory and experi-
ment. In a typical membrane application, the effective
change over time to a membrane in use is minimal
for all of the variables associated with the calculation
of the critical frequency with the exception of the per-
meability of the porous medium. Unlike simple mea-
surements of reflection coefficient, which depend on a
change in the average ultrasonic properties at the
membrane material interface, the critical frequency
measurement is sensitive to permeability of the inter-
face and is generally insensitive to other properties of
the materials [23]. Other methods are sensitive to the
properties of the fouling layer, but the slow-wave
measurement technique is sensitive to permeability
changes regardless of the cause, surface biofouling,
scaling, or deposition of either organic or inorganic
foulants into the surface pores.

Combining the effects of both the existence of
pores and the losses associated with both viscosity
and material damping in the porous structure or
frame is needed for a complete model of a porous
polymeric membrane. While mathematically quite
involved, the models of waves in porous lossy materi-
als are well developed in a general sense [25] as well
as for relevant applications [11,26]. The error resulting
from the assumptions made in the simpler theory
used in much of the literature on membrane ultrason-
ics can be modest, although variation of theory and
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experiment should be interpreted in light of the more
complete characterization of the mechanics of waves
in a porous material.

2.2. Reflections and transmission at a boundary

While the velocity of the wave is one of the critical
parameters for understanding the propagation of the
ultrasonic wave, the speed is normally useful primar-
ily in terms of the measured amplitude of the
reflection from the membrane. If it is assumed that the
signal from the membrane surface can be separated in
time from the intervening reflections from the materi-
als used in the membrane module, a classic basic
problem from waves in solids is obtained. When an
ultrasonic wave is propagated in a fluid that is
reflected from the interface with a solid material, the
amplitude and refracted angle of the wave in the solid
material is a function of the density of the material
and the velocity of the wave generated in the solid
material. Therefore, we start with a basic configuration
for a fully dense material and then will generalize to
propagation of the ultrasonic wave in the porous
material. The velocity of the wave in a fluid of density
q1 is C1 where only a longitudinal wave is propagated
in the fluid.

A solid material of density q2 on which the wave
impinges is able to propagate both shear and longitu-
dinal waves in which velocities are a function of the
type of wave (shear or longitudinal) and the elastic
properties of the medium. In the case considered here
of a normally incident longitudinal wave, a shear
wave is not generated and the reflection coefficient
from the fluid (medium 1) to the membrane (medium
2) takes the simple form of:

RA
12 ¼

q2C2 � q1C1

q2C2 þ q1C1
(13)

where q1 is the density of the fluid, C1 is the velocity
in the fluid feed, and q2 is the density of the solid or
porous membrane and C2 is the velocity in the solid
or porous membrane. For the transmission coefficient
from the fluid into the solid material, the transmission
coefficient is:

TA
12 ¼ 2q1C1

q2C2 þ q1C1
(14)

which is again simply a function of the product of the
density ρ and C, the velocity of the wave of medium 1
(the feed) vs. medium 2 (the membrane). The product
of the wave speed and the density is referred to as the

acoustic impedance, which is directly analogous to the
electrical impedance for a transmission line. It is
important to understand, however, that at oblique
incidence, the mode conversion into shear waves must
be considered, and this simple relation is insufficient
for understanding the amplitude of the reflected wave.
While the amplitude ratios shown are most clearly
defined from a mathematical perspective, it is the
acoustic intensity coefficients for transmission and
reflection coefficient that are important from the
perspective of measurements. From the definition of
the acoustic intensity for the problem of normal inci-
dence, I ¼ A2=2Cq where A is the amplitude of the
wave from Eq. (7). The acoustic intensity reflection
coefficient is simply

RI
12 ¼ jR12j2 (15)

Then, the acoustic intensity transmission coefficient is:

TI
12 ¼

q1C1

q2C2
jT12j2 (16)

for which the conservation of energy is satisfied. In
the limit where the two materials are the same, the
reflection coefficient goes to zero. If the product of the
density and the wave speed in the second medium
becomes large, then more of the energy is reflected
back into the first medium. This effect is evident when
looking at the refection from a porous polymeric
membrane. In this case, the intensity of the returned
acoustic signal is small relative to the incident inten-
sity since the product of the density and wave speed
in the membrane is close to the value of water. If this
portion of the signal is clearly separated in time from
other reflections, then this situation leads to a high
level of sensitivity to changes in the interface condi-
tions. However, it also makes these changes vulnera-
ble to interference from other reflecting surfaces,
which due to multiple reflections may occur at a simi-
lar time. For example, the intensity of the reflection
coefficient from the interior of a filament-wound fiber-
glass pressure vessel would be 5 dB, or at least one
order of magnitude greater than the reflection from
the interface with the porous polymeric membrane.

While it is beyond the scope of the present discus-
sion, the slow wave will form a separate energy loss
which alters the form of Eq. (13). Conceptually, how-
ever, the energy is divided into both a slow and fast
longitudinal wave in the solid material and thus the
reflected energy is reduced when the slow wave is
present in the porous material (section 4.3). Because of
the number of factors which control the velocity of the
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slow wave (Eq. (9)), the form of the relationship is less
than straightforward, the physics are similar and the
reflection coefficients behave in a manner which is
analogous to the behavior of the simpler case pre-
sented above [24].

In addition to the basic mechanics of reflection at a
solid interface, a number of loss mechanisms exist
which can influence the overall amplitude of the sig-
nal. In addition to the effect of scattering from sus-
pended solids, which have a smaller effect in most
separation processes, salinity, and temperature have a
significant but predictable effect on attenuation of the
signal [27]. The attenuation as a function of tempera-
ture of water and most other fluids is described with
a power law where the attenuation a is:

að fÞ ¼ a0f
y (17)

where f is the frequency of the wave and the attenua-
tion in water has a value of y which is approximately
2. Additional work has resulted in well-accepted val-
ues for ranges of interest in seawater [28]. This effect
is in addition to that from scattering and the viscosity,
which is reasonably sensitive to the existence of bio-
logical materials in the water.

The final aspect of waves in solids which is not
considered here are the different types of waves gen-
erated due to the existence of boundaries in the direc-
tion of propagation of the wave. Waves such as plate
waves, which are generated in a thin layer, and sur-
face waves, which are generated on a free surface,
may be important for particular applications and have
also been considered for manufacturing inspection of
porous polymeric membranes [11].

2.3. Generation and analysis of ultrasonic waves

In the previous discussion, it has been assumed
that the ultrasonic wave has been generated and
propagated though the coupling fluid and that the
analysis can be easily performed. However, a number
of practical issues exist in this work which should also
be considered prior to discussing the application for
monitoring of separation processes. For the purposes
of this work, it will be assumed that modern commer-
cial piezoelectric transducers will be used along with
commercial ultrasonic equipment and high-speed
digitization of the received signal. While the details of
the design of this instrumentation is beyond the scope
of the present work, suffice it to say that the last two
decades have seen a transformation of the ability to
handle and process the received ultrasonic signals
which are generated using the quite mature
transducer and analog instrumentation associated with
this work.

2.3.1. Piezoelectric transducers

Modern piezoelectric transducers have several
critical characteristics which were missing in older
instruments. Typically, the elements in these transduc-
ers are highly efficient piezoelectric materials such as
lead meta-niobates, lead zirconate-lead titanates or
lithium niobates, all of which have some temperature
sensitivity and can be depoled when used above the
allowable temperature range. The manufacturers of
the transducers are able to tune the transducers to
control the center frequency and bandwidth of the
transducer. Broadband transducers for monitoring of
separation processes are highly desirable since they
result in a pulse which occupies a shorter time
window. This allows signals which would otherwise
overlap in time to be windowed and allows portions
of the signal related to fouling of the membrane to be
analyzed without overlap from the larger reflections
which are only slightly separated in time. The design
of the transducers is such that not only is a short-time
signal generated but spurious reflections from the
interior of the transducer case which would create
problems are eliminated through the design of the
transducer housing. It is only with these highly
damped broadband transducers that these signals can
be effectively analyzed. Use of a large bandwidth
transducer also makes it possible to detect the critical
frequency transition due to propagation of the slow
wave with only a single ultrasonic transducer.

2.3.2. Instrumentation and digitization

While the selection of the transducer is important,
excitation of the transducer and digitization of the
received signal is required for monitoring of mem-
brane fouling. Most modern ultrasonic systems use
either a pulse or a square wave to excite the trans-
ducer. By convention, this pulse is a negative voltage
which is determined based on the voltage used to pole
the piezoelectric ceramics used in the transducers. The
combination of a resonant transducer and a broad-
band electrical excitation allows the pulser to be used
for a wide range of frequencies. By substituting a
square wave for the pulse excitation, a large increase
in the power generated from the transducer can be
achieved with only a minimal decrease in the band-
width of the generated ultrasonic pulse. The analog
portion of the instrumentation is then configured in a
manner such that either a single transducer can be
used to both transmit and receive with a switching
system to allow the received signal to be recorded or
a separate receiving transducer can be employed. In
general, most of the data obtained for fouling of
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membranes employed a single ultrasonic transducer
that can act as both a transmitter and receiver.

Digitization of the signal is then done in nearly all
modern ultrasonic applications. The requirements for
the instrumentation are covered in a number of
standard references [8]. Among the key requirements
for digitizing the signals is that the sampling of the
analog signal must be performed at a sufficiently high
rate that aliasing of the signal does not occur. The
minimum sampling frequency is referred to as the Ny-
quist frequency, which is the sampling frequency of
the signal at a rate that is at least twice the frequency
of the highest frequency contained in the signal [29].
This can either be ensured by sampling at a higher
rate and filtering or else by making use of an anti-ali-
asing filter prior to digitization of the signal. For anal-
ysis of the signal, the appropriate sampling is critical
since the digital processing of the reflected signal is
the enabling technology for modern implementation
of automated sensing and control. In practice, this is
quite simple to achieve with modern instrumentation,
since typical bandwidth of an ultrasonic transducer is
lower than the sampling rate of most modern oscillo-
scopes.

2.3.3. General analysis

Once the ultrasonic signal has been digitized, two
key elements of the analysis must be addressed. The
first element is the existence of dispersion, which is
associated with differences in the velocity as a
function of frequency. The result can alter the shape
of the signal and may result in misinterpretation of
the response of the system. The second element is the
potential for lack of separation in the signal. The key
to design of a monitoring system is to minimize these
effects which will result in a simpler and more robust
signal processing algorithm.

Dispersion of the signal reflected from the separa-
tion interface can result from either the geometry of
the structures being investigated or from material
damping. The practical result of dispersion is that the
simple pulse generated can change shape and be
stretched in a manner such that a comparison of the
peak amplitude does not give an accurate estimation
of the reflection from the separation surface. Similar
analysis is required for any ultrasonic signal which
interacts with a surface or a body which has any char-
acteristic lengths that are on the same length scale as
the wavelength of the ultrasonic wave. For this
general and common case, any simple measurements
associated with the time signal as display on an
oscilloscope or digitized is problematic, since even

simple attenuation and velocity measurements need to
be done in terms of frequency. However, if we limit
this to linear models of the response of the system, a
relatively straightforward analysis can be performed
using a reference signal from the similar configuration.
This reference signal can either be the initial test case
for the system prior to fouling or can be a type of ref-
erence configuration which will allow all other types
of system variation and drift to be accommodated.

In general, the effect of propagation of an ultra-
sonic signal through a medium cannot be assumed to
be independent of frequency. However, if we assume
that the system can be reasonably modeled as a linear
time-invariant system [8] and if a signal xðtÞ is propa-
gated through a medium which we designate as S, the
resulting system response yðtÞis the convolution of the
input and the system response:

yðtÞ ¼
Z 1

�1
Sðt� sÞxðsÞds (18)

If the Fourier transform of yðtÞ is YðxÞ, then in the fre-
quency domain the resulting convolution is:

YðxÞ ¼ SðxÞXðxÞ (19)

where SðxÞ and XðxÞ are the Fourier-transformed
response of the medium and the input signal, respec-
tively. This relationship is important since it provides
a framework for design of an appropriate reference
experiment which can be used in an experimental
configuration. The form in which this can be applied
is best illustrated with a relevant example.

For the spiral-wound configuration shown in
Fig. 3, the signal generated from the ultrasonic trans-
ducer, xðtÞ, is convolved with the response from the
wall of the pressure vessel, wðtÞ, the transmission coef-
ficient from the wall to the fluid, TwfðtÞ, the response
of the fluid surrounding the membrane, fðtÞ, and the
reflection from the membrane, RmðtÞ. The return path
results in the response in the opposite direction
including the response of the fluid and the pressure
vessel wall as well as the transmission coefficient from
the fluid to the wall, TfwðtÞ. If the Fourier-transformed
response from each of these portions of the signal is
considered, then the convolution integrals simply
become multiplication in the frequency domain, so
that the received signal, yðtÞ or YðxÞ in the frequency
domain is simply:

YðxÞ ¼ XðxÞWðxÞTwfðxÞFðxÞRmðxÞFðxÞTfwðxÞWðxÞ
(20)
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If in turn a well-characterized surface exists in the
membrane module such that the reflection coefficient
has a known value, this can then serve as the
reference experiment. For example, if a surface in the
module has the same path as the membrane surface
but a reflection coefficient of −1, then for the reference
experiment we will have:

YRðxÞ ¼ XðxÞWðxÞTwfðxÞFðxÞð�1ÞFðxÞTfwðxÞWðxÞ
(21)

and then reflection from the membrane will be:

RmðxÞ ¼ �YðxÞ
YRðxÞ (22)

While the details of this seemingly simple relationship
can be somewhat more complex than the idea, it is in
fact a way in which all of the effects such as
temperature, pressure, and even the electronic system
response can be removed from the analysis. It is also
important to note that this analysis either must be
performed with a Fourier-transformed signal or else
the signal used must contain only a single frequency.

3. Application of ultrasonic measurements to
membrane processes

Having reviewed the fundamental physics of
ultrasonics in section 2, this section describes the
historical development of the use of ultrasonics in
membrane applications by noting key contributions to
the membrane ultrasonics characterization literature in
the areas of membrane structure, compaction, and
fouling. Given its importance, the majority of the
research has been directed to using the noninvasive,
real-time capabilities of ultrasonics for the study of
membrane fouling. To provide the reader with an
appropriate perspective, recent advances in non ultra-
sonic approaches to the characterization of membrane
fouling are briefly described in section 5.

3.1. Membrane structure

3.1.1. Membrane Formation

Characterization of polymeric membrane formation
processes is particularly challenging since the casting
solutions are very thin (usually in the range 100–
500 μm), and many of their functional properties are
typically imparted within seconds. The ability of
UTDR to provide high-resolution, nondestructive,
real-time characterization is particularly advantageous
for this application.

In 1998, Kools et al. [30] published the first
application of UTDR to study evaporative casting of
cellulose-acetate from an acetone solution containing
water as the pore former. Evaporation of the volatile
acetone solvent increases the nonsolvent water concen-
tration, thereby eventually causing phase separation.
The phase separation front propagates downward
through the casting solution, whose thickness simulta-
neously decreases owing to evaporation and densifica-
tion. In this study, an ultrasonic transducer was
positioned on the underside of the aluminum support
plate for the casting solution in order to track both the
overall casting solution thickness and the phase-sepa-
ration boundary. UTDR was able to track locations of
two peaks that corresponded to: (1) the upper inter-
face between the phase-separated region and underly-
ing homogenous solution and (2) the liquid–gas
interface. The authors observed a progressive decrease
in arrival times for both peaks that effectively quanti-
fied overall thinning of the casting solution as well as
penetration of the phase-separation boundary.

In a recent study by Cai et al. [31], UTDR was
used to monitor real-time asymmetric poly(ethylene-
co-vinyl alcohol) (EVAL) membrane formation via
phase inversion. The objective of the study was to
establish a relationship between the phase-inversion
rate and the membrane morphology. Membranes were
prepared with dimethyl sulfoxide (DMSO) and water
(nonsolvent solution). Two 10-MHz ultrasonic
transducers were utilized to generate and receive the
ultrasonic signals through the casting system. A shift
of the ultrasonic signals in the time domain generated
by the interface between the bath solution and the
casting solution/nascent membrane increased with an
increase in membrane formation time. In addition, the
shift rate of the ultrasonic signals in the arrival-time
domain decreased with an increase in EVAL concen-
tration. Fast diffusion of DMSO into the water bath
resulted in the rapid formation of a very thin dense
top layer and a sublayer containing macrovoids at a
lower EVAL concentration. However, an increase in
EVAL concentration led to the formation of finger-like
structures owing to a low mass-transfer rate at the
higher EVAL concentration. Overall, a meaningful
correlation between the ultrasonic measurements and
the membrane morphology was established.

As these examples demonstrate, UTDR offers
considerable promise for obtaining real-time character-
ization during membrane formation. Although
relatively limited in use to date, the methodology
should be capable of providing valuable information
during rapid membrane formation processes such as
wet-casting process, thermally induced phase separa-
tion, and vapor-induced phase separation. Application
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to interfacial polymerization (IP) would be quite
challenging given that the fully developed IP dense
layer is only 100–200 nm thick, a value below the
typical resolution limit of arrival-time domain
changes. However, the amplitude of the reflected
waves might be used to infer the progressive polymer-
ization and cross-linking that occurs during formation.

3.1.2. Membrane morphology

Most commercial membranes are made via contin-
uous casting that involves several processing steps,
and quality control ranging from departure from
nominal porosity specification to the detection of
deleterious defects is important for proper membrane
separation performance. The noninvasive and
real-time characteristics of UR provide a rationale for
its use in membrane quality control, but this applica-
tion has received relatively limited attention in the
literature.

The first attempt to use UR to characterize
membrane morphology was reported in the last
decade by Gómez Álvarez-Arenas [32]. In this study,
a highly sensitive air-coupled piezoelectric transducer
was used to relate the ultrasonic attenuation and
velocity to the properties of polymeric microfiltration
(MF) membranes. However, it was not possible to
establish a significant relationship between the ultra-
sonic measurements and membrane structure, most
likely due to the limited resolution of the low-fre-
quency transducers that were employed.

Ramaswamy [33] first applied scanning acoustic
microscopy (SAM) to determine the location of
pinhole defects with diameters larger than 100 μm
inserted into commercial poly(vinylidene) fluoride
(PVDF) membranes as well as for identifying partially
penetrating defects with diameters ranging from 100
to 300 μm. The presence of macrovoid defects in
laboratory-cast cellulose-acetate membranes was also
successfully detected. A major advance in membrane
morphology characterization was reported by
Ramaswamy et al. [34] who utilized UFDR for
membrane pore-structure analysis. The goal of this
pioneering study was to determine whether UFDR
could distinguish pore-size differences in symmetric
MF membranes. Commercial PVDF membranes with
nominal pore sizes of 0.1, 0.45, and 0.6 μm and mixed
cellulose ester membranes (MCE) with nominal pore
sizes of 0.1, 0.21, and 0.45 μm were characterized using
90-MHz immersion transducer. The methodology
achieved a reasonable compromise between separation
of the waveform reflections and adequate sensitivity.
Representative results are shown in Fig. 4 where small
but significant differences in the frequency-domain

spectra for each of the three MCE membranes were
attributed to increased scattering with increased
membrane mean pore size. These differences were
corroborated via scanning electron microscopy (SEM)
images and displacement porometry results. The
methodology developed incorporated a neural
network for differentiating among different membrane
morphologies so that the approach could be applied
for online noninvasive quality control during
membrane manufacturing.

3.2. Membrane compaction

The first publications to describe the application of
UTDR for the study of RO membrane compaction
were Bond et al. [2], Peterson [35], and Peterson et al.
[36]. Membrane compaction, which is more appropri-
ately described as compressive creep, causes an
increase in arrival time for the reflection from the
membrane surface, since compression moves the
membrane-fluid interface away from the transducer.
Compaction data are best reported in terms of com-
pressive strain, which is the change in membrane
thickness divided by its initial thickness. The common
characteristic observed in the aforementioned studies
was an inverse relationship between the permeation
flow rate (flux) and the compressive strain, i.e. the
decrease in the former correlating with the increase in
the latter. Of particular importance is that the UTDR
work by Peterson et al. [36] documented the decompo-
sition of strain into elastic and inelastic components
and indicated that the recovery of these membranes is
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to more effective scattering by larger pores. Error bars
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time dependent, which possibly explains the hystere-
sis effects observed when membranes are subjected to
pressure cycling. In addition, the authors suggested
that the high pressures employed most likely
altered either the functional layer (skin) or the interfa-
cial region between the skin and the porous support
layer.

A potentially useful application of UTDR is to
design membranes that offer improved resistance to
compaction. Aerts et al. [37] used UTDR to study the
effects of the filler loading on the compaction charac-
teristics of Zirfon asymmetric polysulfone (PS)
membranes that were fabricated with a ~0.2-μm dense
layer atop a ~340-μm porous substrate, which
contained ~0.9-μm zirconia particles. The effect of filler
loading on the permeability and compressive strain
for pure water permeation were studied. The perme-
ability of the pure PS polymer of this membrane was
vanishingly small but increased dramatically with
filler content owing to an increase in the porosity of
the functional layer. This study clearly demonstrated
that UTDR in combination with field-emission
scanning electron microscopy (FESEM) can be success-
fully used to ascertain the effects of filler content on
both the functional layer and the substrate. Kelley
et al. [38] studied the effects of cross-linking on the
compaction resistance of cellulose acetate membranes.
These authors used a 4.1MHz transducer to measure
the compressive strain as a function of time for pure
water permeation through a cellulose acetate
membrane that had been exposed for different periods
of time to titanium-isopropoxide cross-linking agent.
Their results showed that sufficient cross-linking can
reduce the compressive strain by as much as 65% and
thus almost completely eliminate the elastic compres-
sive strain.

Although most of the UTDR studies of membrane
compaction reported in the literature deal with liquid
separations, compaction has also been studied during
gas separations. In a pioneering effort, Reinsch et al.
[39] described the use of UTDR to measure compac-
tion of asymmetric cellulose acetate gas-separation
membranes as a function of feed gas pressure and
composition using externally mounted ultrasonic
transducers. The authors reported that in nitrogen gas
the membranes evidenced an instantaneous strain of
~13% followed by an additional 2% time-dependent
strain (Fig. 5). In addition, the study also showed that
membrane compaction increases with an increasing
concentration of carbon dioxide in the feed stream.
The ability to characterize membrane mechanical
response to carbon dioxide is of particular interest
owing to the plasticizing nature of this gas.

3.3. Membrane fouling

3.3.1. Inorganic fouling

Inorganic fouling or scaling is a form of fouling
that involves the precipitation of sparingly soluble
salts, and is well recognized as a major problem in
applying membrane technology for high-pressure
membrane processes such as the use of RO and NF
for desalination. A comprehensive review of scale
formation in high-pressure membrane water treatment
systems has recently been published by Antony et al.
[40]. This paper along with many others confirms the
ongoing need for methods for monitoring membrane
fouling and cleaning in large-scale water treatment
processes as well as to provide fundamental informa-
tion on the fouling process via bench-scale studies. UR
methodology has made an important contribution to
these objectives via its documented capabilities for
in situ nondestructive, real-time characterization of
scaling with micron-scale resolution.

The first comprehensive study of membrane foul-
ing using UTDR was that of Mairal et al. [41,42] who
studied calcium sulfate dihydrate scaling on a
flat-sheet RO membrane in a cross-flow module.
Results from Mairal et al. were confirmed by Sander-
son et al. [43]. Li et al. [44] used UTDR to study cal-
cium sulfate fouling on flat-sheet RO membranes in
both the cross-flow and dead-end modes, and UTDR
monitoring of silica fouling on flat-sheet RO mem-
branes was reported by Chong et al. [45]. Zhang et al.
[46] and Chai et al. [47] were the first researchers to
apply UTDR to monitor calcium sulfate scaling in a
commercial 2¼-inch (5.6 cm) spiral-wound RO module,
and recently UTDR was employed to characterize cal-
cium sulfate scaling in a commercial 4-inch (10.2 cm)
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Fig. 5. Representative data for the simultaneous measure-
ment of membrane compaction in nitrogen via UTDR and
pressure-normalized flux for a commercial asymmetric
cellulose-acetate membrane. The compressive strain
response (compaction) consists of elastic and time-depen-
dent components [38].
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spiral-wound module [48,49]. UTDR has also been
extended to evaluate calcium sulfate scaling for flat-
sheet NF membranes [50,51], calcium carbonate scaling
[52], synergistic calcium sulfate and microbial fouling
on flat-sheet NF membranes [53], kaolin particle foul-
ing on flat-sheet MF membranes [54,55], and fouling
on a flat-sheet MF membrane from paper mill effluent
[56,57]. In addition, noninvasive monitoring of particle
deposition via UTDR was successfully demonstrated
for hollow-fiber membranes [58,59], and recently used
to monitor fouling by colloidal silica on flat-sheet MF
membranes [60]. A new study by Chai et al. [61] builds
on prior UTDR studies by utilizing specific waveform
peaks to follow a complete cycle of calcium sulfate
dihydrate scaling and cleaning in a spiral-wound RO
membrane module. In addition, the authors demon-
strate the ability of UTDR to distinguish between
permeate flux decline owing to scaling and that due to
concentration polarization (CP). Results show that
amplitude remains constant while permeate flow-rate
decreases due to CP caused by addition of soluble
sodium chloride (Fig. 6).

Particularly, noteworthy among the aforemen-
tioned studies is the development of three comple-
mentary ways to analyze the UTDR data. Chai et al.
[47] were able to measure the instantaneous local
thickness of the scaling deposits by tracking the spe-
cific peaks associated with the UTDR reflections from
the outmost layers in a spiral-wound module. Zhang
et al. [50] developed the concept of the “acoustic sig-
nature” characterized by comparing either the arrival
time or amplitude of the peaks for the fouled spiral-
wound module to those of the same module prior to
fouling. Sanderson et al. [57] developed a Fourier
wavelet approach whereby the waveform in the time
domain is transformed into the frequency domain in
order to compare the fouled and unfouled ultrasound
response for the same membrane. The ultrasonic
signature and Fourier wavelet approaches are advan-
tageous for using UTDR in a control scheme strategy
whereby a quantifiable metric is required to determine
when some appropriate action should be taken. For
example, Lu et al. [62] and Mizrahi et al. [63] recently
employed changes in ultrasonic signature to control
FR to mitigate scaling in RO desalination (Section 4).
These studies indicate that the analysis of specific
peaks may be more useful for fundamental studies of
membrane fouling where one seeks to determine the
nature of fouling at specific locations and times.

3.3.2. Organic fouling

3.3.2.1. Real-time characterization. Organic fouling is
a major problem associated with membrane separation

processes because it can often severely limit process
performance and selectivity [64], and typically occurs
either on the external membrane surface leading to
cake formation, and/or within the internal membrane
structure leading to pore plugging. Organic fouling is
a complex phenomenon that depends upon the type
of foulant(s), the feed concentration, temperature, pH,
and ionic strength, as well as the separation system
hydrodynamics. The interplay among these many
factors has made a comprehensive understanding of
fouling difficult to obtain. There is a significant
difference between organic and biological fouling
(biofouling). Whereas biofouling is a result of micro-
bial attachment to a membrane and the subsequent
growth and release of biopolymers associated with
microbial activity, organic fouling is often taken to
imply the chemical or physical adsorption of organic
compounds to the membrane [65].

Characterization of protein-fouled membranes is
crucial to understand fouling mechanisms as well as
to minimize fouling maintenance and membrane
cleaning cycles [66]. A promising approach for
improving the understanding and control of spatially
defined fouling mechanisms involves the application
of practical models and noninvasive, real-time moni-
toring, which can be validated using data from
actual membrane operations. Clearly, there are
significant benefits in employing nondestructive
methods that are sensitive only to changes in mass
accumulating on a membrane surface or to material
that “fills” membrane pores, where these markedly
different fouling mechanisms can be isolated from
each other. A number of literature studies indicate
that UR shows promise in distinguishing between
internal pore blockage and surface-cake build-up.
Recent reports have described the ability of ultra-
sonic techniques to monitor the development of
organic fouling layers on the surfaces of flat-sheet
and hollow-fiber membranes used for drinking water
treatment. UTDR has been successfully used to detect
protein fouling on tubular ultrafiltration (UF)
membranes [67] and organic foulants on hollow-fiber
membranes [68,69]. In the study by Li et al. [70],
UTDR was used to detect protein on PS UF
membranes fouled with a bovine serum albumin
(BSA) solution. Results showed good correspondence
between the ultrasonic signal responses and the
development of BSA association within the
membrane microstructure. Sikder et al. [71] used
UTDR to monitor the fouling caused by natural
brown water from a municipal reservoir, and Silalahi
et al. [72] applied UTDR to monitor fouling associ-
ated with the use of a flat-sheet MF membrane to
separate oil-in-water emulsions.
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Kujundzic et al. [73] studied MF membranes chal-
lenged with different fractions of industrial fermenta-
tion broth and obtained mutually supporting optical,
ultrasonic, and hydrodynamic results that suggest that
soluble and/or colloidal microbial products associated
with planktonic cell growth and not microbial cells
themselves, are associated with substantial resistance
to transmembrane flow over relatively short periods
of time. Importantly, the authors noted that when the
module axial dimension is small, the flux and perme-
ate responses occur on the same time scale so that
ultrasonic monitoring offers relatively little practical
advantage; however, for situations in which the mem-
brane axial dimension is sufficiently large such that
organic fouling develops preferentially at one location,
ultrasonic methodology would be expected to show a
statistically significant departure from baseline values
before a corresponding decrease in membrane flux.
Such “early warning” of local fouling could be advan-
tageous with respect to optimizing the cleaning of an
organic foulant. In addition, Kujundzic et al. [74]
explored the ability of UFDR to detect and monitor
protein fouling associated with membrane surfaces in

flat-sheet cells operating in a laminar cross-flow
regime and investigated the use of UFDR to monitor
protein fouling in which membrane types, proteins,
and protein concentrations are varied. The ultrasonic
signal response corresponded well with permeate
flow-rate data, and UFDR was able to detect the onset
of and continuously monitor protein fouling.

In a recent study by Sim et al. [75], UTDR was
adapted to detect biofouling by periodic dosing of col-
loidal silica as an “acoustic enhancer.” This technique
was used to detect biofouling on a flat-sheet polye-
thersulfone (PES) UF membrane and thin-film com-
posite polyamide RO membrane in a “canary cell”
configuration. The UTDR response correlated well
with post-mortem measurements of biofilm thickness
using confocal laser scanning microscopy (CLSM),
bacterial counts, and exopolysaccharide (EPS) mea-
surements. Findings showed that colloidal silica does
not affect the viability of the bacteria in the biofilm;
however, the introduction of colloidal silica can cause
an appreciable fouling layer relative to the inherent
low hydraulic resistance of the membranes used in
low-pressure membrane processes. In contrast,
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introducing the colloidal silica appears to have no
effect on the transmembrane pressure (TMP) in
high-pressure processes such as RO. The researchers
concluded that UTDR in combination with silica as an
acoustic enhancer could provide an early warning
system to measure biofilm growth before increased
resistance to permeation caused by biofouling can be
observed through a significant change in the TMP
profile.

3.3.2.2. Post-mortem characterization. In order to
validate UTDR data from real-time membrane perfor-
mance, a number of standard post-mortem techniques
must be used to analyze fouled membranes. Although
organics and biofilms have been characterized using
various microscopic methods, optical quantification is
quite difficult and the degree of accuracy is uncertain.
Common means for morphological observation
include epifluorescence microscopy (EFM), environ-
mental scanning electron microscopy (ESEM), and
CLSM although each of these techniques has associ-
ated operating and interpretation obstacles. EFM
involves staining microbial cells with fluorescent dyes
in which the membrane may interfere with the obser-
vations and requires the removal of micro-organisms
before their analytical observation. ESEM and CLSM
are expensive and labor intensive, and often result in
destruction of the biological foulants themselves.
Given these limitations, SAM represents a promising
tool that can provide an accurate picture of the struc-
ture of biological foulants deposited on membrane
surfaces.

Confirmation of biofilm occurrence, particularly in
the early stages of growth, is critical to the efficient
and cost-effective operation of many industrial and
medical systems, and may be used to initiate appro-
priate counter measures to prevent its maturation.
Only a limited number of studies have reported
results using SAM for the post-mortem characteriza-
tion of biofouling on polymeric substrates. Kujundzic
et al. [76] used UFDR to monitor early-stage biofoul-
ing on porous PVDF MF membranes. Membrane
coupons were placed in a biologically active annular
bioreactor for up to 300 days, and subjected to a
constant shear field, which induced sessile microbial
growth from acetate-amended municipal tap water.
Ultrasonic monitoring was nondestructively per-
formed by traversing coupons in a constant tempera-
ture water bath using a spherically focused 20-MHz
immersion transducer, and reflections were obtained
from 50 regions distributed evenly near the centerline
of each coupon. The reflection time and amplitude of
reflected sound waves were recorded and compiled
into frequency distributions via a Fourier transform.

The total reflected power (TRP) from each ultrasonic
observation was determined by integrating the ampli-
tude of reflected sound waves through the range of
frequency observed. The reflected power distributions
were statistically compared with a standard biochemi-
cal assay for identifying surface-associated biofilms.
Using EPS as a surrogate measure of total biofilm
mass, UFDR was able to detect biofilms developing on
membrane material tested at surface-averaged masses
of ≤150 μg/cm2. Above these threshold levels, increas-
ing amounts of EPS correlated well with a significant
decrease in TRP. When compared to clean conditions,
biofilms growing on coupons induced consistent atten-
uations in reflection amplitude, which caused statisti-
cally significant shifts in the reflected power. These
results suggest that UFDR may be used as a nonde-
structive, post-mortem tool to monitor biofouling in a
wide variety of applications. SAM has also been used
to characterize protein fouling on MF membranes.
SAM has also been applied to compare fouling of vir-
gin, broth-fouled, and protein-fouled coupons [73,74].
As expected, post-mortem SAM proved to be more
sensitive than real-time ultrasonic monitoring, and
showed that ultrasonic spectra from virgin, broth-
fouled, and amylase-fouled membrane coupons were
statistically different (Fig. 7).

4. Innovative adaptations of UR for membrane
fouling measurement

As indicated in section 3, ultrasonic characterization
is a well-established technique that has been success-
fully applied to a wide range of applications. Of these,
the use of UR for the detection of fouling has received
the most attention given its considerable importance in
membrane-based filtration processes. The need to
obtain a better understanding of the complex nature of
fouling phenomena has driven the continued develop-
ment of UR. In the following sections, we highlight
recent developments that include the use of internal
ultrasonic sensors for detection of the onset of inorganic
scaling, the first-ever use of ultrasonic sensors as active
elements for control of a flow-reversal process for foul-
ing mediation, and the utilization of the so-called slow
wave to correlate the deposition of an organic fouling
layer with changes in permeability.

4.1. Internal transducers

Previous studies of membrane fouling which
employed UR for real-time measurement of inorganic
scaling during desalination have all used sensors
mounted on the external surface of the module. Recent
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work by Cobry et al. [51] considers the application of
miniature-scale ultrasonic transducers that are inter-
nally integrated into a flat-sheet cross-flow filtration
module such that they are in direct contact with the
bottom (back side) of the membrane. The purpose of

utilizing this configuration was to determine whether
this arrangement would improve the signal sensitivity
to obtain better resolution of the onset of scaling. In
addition, this study implemented a cross-correlation
signal-processing technique to better interpret the

Fig. 7. TRP distributions from MF membrane coupons obtained via SAM. Mean and standard deviation of the distribu-
tions in units of V ×MHz are given in each figure. TOP: clean; MIDDLE: fouled with broth; and BOTTOM: fouled with
amylase. In comparison to the clean coupon, fouling decreases the magnitude and broadens the SAM distribution.
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ultrasonic signals regarding the onset of scaling.
Moreover, this study utilized a robust statistically
based methodology, which has been absent in many
previous studies such that conclusions regarding the
ultrasonic measurement have been tenuous.

The stainless steel flat-sheet cross-flow cell used in
all experiments consisted of a top plate with a
recessed cross-flow channel and a bottom plate with a
recessed permeate-collection well. The top plate of the
cell was placed on the bottom plate, leaving an
enclosed flow channel over a NF membrane that was
7.5-cm wide by 55-cm long by 2-mm high, with 4-cm
long tapered regions at the two ends to minimize
entrance and exit effects. Three delay-line ultrasonic
transducers (M203-SM, Olympus) with a center
frequency of 10MHz were mounted internally into the
bottom plate of the membrane module as shown in
Fig. 8. The delay line on the transducer is also often
called a buffer rod, and consists of a cylindrical block
of material with low acoustic scattering properties that
is mounted to the main transducer face. The opposite
face of the delay line is then in contact with the
membrane. The delay line separates the echo of inter-
est, i.e. that from the membrane, from the “bang”
echo, which always occurs from the primary face of
the transducer.

The positioning of the top of the delay line flush
with the top of the porous steel support plate and in
intimate contact with the underside of the membrane
is potentially problematic. The presence of the imper-
meable surface of the transducer delay line immedi-
ately beneath the membrane can impede or totally
block permeation through a small area of the

membrane (~0.20 cm2). However, convective mass
transfer owing to the cross flow can establish a
concentration profile of the calcium sulfate above this
small affected area that can cause precipitation of this
sparingly soluble salt much in the same way that it
occurs in adjacent unimpeded areas of the membrane.
The well-conceived experimental design enabled
comparisons between signals from the internal trans-
ducers and those obtained from externally mounted
ultrasonic transducers with a center frequency of 10
MHz (V111, Panametrics) operating simultaneously at
corresponding locations.

This study significantly extends the ultrasonic
signature approach first proposed by Zhang et al. [46]
via a cross-correlation signal-processing technique of
the entire ultrasonic waveform with a reference
waveform. The reference waveform is from a clean
membrane, immediately before the switch from deion-
ized water (DI) feed to salt solution. This procedure is
used to obtain a similarity value for the waveforms, to
track how they change over time with exposure to the
calcium sulfate solution [77]. The signal processing
technique accounts for changes in waveform shape
over the entire time-domain signal, not just a few
selected points. The cross-correlation similarity values
were computed and plotted at regular intervals during
the experiment. A representative baseline ultrasonic
response value is selected shortly before the switch
from DI water to calcium sulfate feed; the onset of
scaling is determined when the ultrasonic similarity
value passes outside of a “breakout threshold” that is
chosen to minimize the occurrence of false-positive
responses [51].

Fig. 8. Schematic showing the integration of an internal ultrasonic sensor with a delay line in a flat-sheet module [51].
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The goal of the interval experiments was to corre-
late responses from the ultrasonic transducers with
post-mortem metrics in order to demonstrate a chro-
nological development of early-stage scaling and the
ability to detect it. The experiments were performed
using an NF membrane (NF-90, Dow FilmTec) under
constant operating conditions: pressure of 0.55 ± 0.013
MPa (80 psi), cross-flow velocity of 0.9 cm/s (Re = 23),
and a feed concentration of 0.47 g/L CaSO4 (0.6 g/L
CaSO4·2H2O). These identical experiments were termi-
nated at predetermined times (60, 120, and 150min)
after the switch from DI water to calcium sulfate feed.
Fig. 9 shows representative plots of the normalized
ultrasonic responses for 60- and 120-min cut-off inter-
vals. The normalized signals through the DI water
phase show a relatively constant response with the
small variability primarily reflecting the cumulative
effect of small changes in operating characteristics.

The breakout threshold of 0.4% optimized the
accuracy of the scaling signal, i.e. a normalized
ultrasonic signal greater than the breakout threshold
value. The results indicate that scaling signals were
obtained at the downstream location by both internal
and external transducers by the end of the 120-min
experiments. However, no scaling was ultrasonically
detected at the midstream and upstream locations,
and no scaling whatsoever was observed at any of the
locations for the 60-min experiments. The overall
results that include all data from replicate experiments
indicate that ultrasonic responses outside the 0.4%
breakout threshold were likely to be observed at the
downstream location by both internal and external
transducers by the end of the 150-min experiments,
occasionally by the end of the 120-min experiments
and not at all by the end of the 60-min experiments.
In summary, these results indicate that the

Fig. 9. Representative plots of the normalized cross-correlation ultrasonic responses from the interval experiments where
the horizontal dashed line represents a 0.4% breakout threshold and the vertical dotted line indicates the change from DI
water to calcium sulfate feed solution. The top row shows the 120-min results for the internal (left) and external (right)
transducers and the bottom row shows the 60-min results for the internal (left) and external (right) transducers [51].
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ultrasonically determined incubation time for the
onset of scaling under these particular operating
conditions is between 60 and 120min.

The area coverage and gravimetric analyses of
membrane coupons from time-interval experiments
are consistent with the ultrasonic results obtained
from the internal and the external sensors, although
there is significant variability in the exact magnitude
of these values across replicated experiments. Such
variability is not unusual for fouling experiments.
While no visual or gravimetric evidence of fouling
was observed at the upstream or midstream locations,
scaling was observed on the downstream internal
transducer as well as surrounding areas during both
the 120- and 150-min experiments. Representative
optical images from membrane coupons at the down-
stream location after 60-min and 120-min experiments
are shown in Fig. 10. These results clearly indicate the
lack of scaling at 60min, but its presence after 120
min. Most importantly, these post-mortem analyses
matched the ultrasonic responses shown in Fig. 9. This
correspondence confirms that both the external and
the internal ultrasonic transducers are capable of

detecting the scaling layers. Although the results
suggest that the internal transducers can be somewhat
more sensitive, the significance of this advantage can
be negated by scaling growth that is hindered owing
to permeate flow blockage due to the presence of the
transducer itself.

Whether an internal or external transducer is
utilized, it is important to note that the small sampling
area of the transducers may be responsible for
false-negatives, i.e. a no-fouling signal when scaling is
in fact present. Since both the external as well as the
internal ultrasonic transducers essentially provide
point measurements, crystal rosette formation might
not occur directly in the area sampled ultrasonically.
Indeed, given that nucleation sites for calcium sulfate
crystal growth are randomly dispersed, the transducer
may not sample the presence of an early-stage cluster
until it grows to a sufficient size to encroach on the
sampling area. This concern could be relatively easily
addressed in a larger (pilot-scale) system by increasing
the transducer diameter or using an array of transduc-
ers to increase the probability of detecting local scale
formation.

Fig. 10. Light microscopy images of downstream membrane coupon samples from 120-min and 60-min interval
experiments that correspond to the ultrasonic results shown in Fig. 9. Scaling (dark regions) is observed after 120min
(left), but the surface remains clean after 60min (right). Images from the internal transducers areas are shown in the
top row (circular imprints) and those from the external transducers are shown in the bottom row (surrounding area, just
outside of the circular imprints) [51].
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4.2. Ultrasonic sensors as active elements for controlling
fouling

A major challenge in utilizing RO desalination is
membrane scaling, which is the result of the precipita-
tion of sparingly soluble salts on the surface of the
membrane [78,79]. Scaling is of great practical
importance since it significantly degrades membrane
performance and/or water quality, and hence
increases the cost of desalination. Processes to enhance
water recovery by adding antiscalants, base softening,
or adjusting the pH involve relatively high chemical
costs and/or increase the complexity of the overall
desalination process [80–82].

During RO, the accumulation of rejected salt ions at
the membrane surface results in a higher solute concen-
tration boundary layer at the membrane wall as well as
by higher solute concentration at the exit end (down-
stream) than the entrance end (upstream). The higher
concentration encourages surface nucleation and
crystal growth (i.e. scaling) at the downstream-end
first. This phenomenon underlies the concept of FR in
which scaling is mitigated by periodically reversing the
flow direction so that the upstream and downstream
directions can be switched [83,84]. Recently, FR was
linked to induction time, which is the time required for
salt nuclei to attain a critical size, above which they
continue to grow as scale deposits on the membrane
surface [85–87]. A critical issue for the application of
FR is the timing of the switch in flow direction. Here,
prior knowledge of the induction time or real-time
information regarding early-stage scaling is essential.
Two recent companion studies by Lu et al. [62] and
Mizrahi et al. [63] describe bench-scale experiments
which demonstrate that UTDR can provide accurate
information about the induction time and enable
UTDR-controlled FR to significantly delay the onset of
scaling. This work makes the first-ever use of ultrasonic
sensors as active elements to automatically control FR.

A sophisticated flat-sheet RO cross-flow cell system
was used in which permeate collection is divided into
five separate individual sections and corresponding
collection ports in order to obtain local permeate flow-
rate values at different locations along the flow axis.
Three 10-MHz unfocused (flat) ultrasonic transducers
(sampling area: 8 mm2) labeled as A, B, and C are
mounted on ports 1, 3, and 5 for monitoring of the
ultrasonic signals (Fig. 11). A custom LabVIEW pro-
gram is used to obtain the digitized ultrasonic signals
from the three ultrasonic sensors at regular intervals.
Two three-way ball valves labeled as V4 and V6 and
one two-way by-pass valve labeled as V5 are used so
that the system can be operated in forward-flow (FF)
and reverse-flow (RF) modes (Fig. 11).

A critical aspect of current experiments involved
the use of a novel and powerful algorithm for analyz-
ing the real-time ultrasonic sensor data. The approach
employed the concept of a “dynamic amplitude
window” in which upper and lower boundaries are
established for the average ultrasonic signal amplitude
within a particular flow cycle based on the inherent
variability of the amplitude under normal nonscaling
operating conditions, and these boundaries are
adjusted in real time to reflect operating conditions
during a particular flow cycle. This adaptive algorithm
enables a statistically determined trend line of the
average-to-date amplitude vs. time to be established in
the absence of an unvarying baseline; when this trend
line departs from the amplitude window boundaries,
a “breakthrough” is identified and the flow direction
in the module is “switched.” Breakthrough correlates
with end of the induction period and the initiation of
local scaling. A number of variations of the dynamic
window methodology were considered in order to
obtain an optimum balance between sensitivity and
“false-positive” responses. A representative result is
shown in Fig. 12 where the vertical dashed line indi-
cates the time at which breakthrough occurs. While a
dynamic amplitude window and corresponding trend
line are obtained from each sensor, the induction time
is determined only from the governing sensor, i.e. the
downstream sensor (sensor C) in the FF direction and
the upstream sensor (sensor A) in the RF direction.

Extensive experiments, each running multiple FF
and RF cycles were conducted utilizing feed solutions
with different calcium sulfate (RO membrane: FilmTec
XLE-440) and calcium carbonate (RO membrane:
FilmTec LE-440) concentrations. During the DI water
phase for each test, the permeate flow-rate decreased
by 20–30% due to membrane compaction. Immediately
after the switch from DI water to salt solution, the per-
meate flow-rate in each port further decreased by
approximately 10–30% due to the change of osmotic
pressure. The membrane salt rejection calculated
based on conductivity measurements of the feed and
permeate solutions was 97–99%. During each individ-
ual flow cycle, the net permeate flow-rate at each port
either decreased due to CP or scaling or increased due
to (partial) removal of the scalant. The overall perme-
ate flow-rate, which was defined as the total of the
flow rates from three selected ports (1, 3, and 5), is
represented in terms of percent decrease by the quan-
tity, SUM.

A series of manually controlled FR experiments
was first performed. The permeate flow-rate changes
for ports 1, 3, and 5, the overall permeate flow-rate
data for a representative test are shown in Fig. 13. The
permeate flow-rate values from each port decreased
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immediately after the feed was introduced due to the
change in osmotic pressure. After 240min in the FF1
cycle, a scaling signal was obtained from sensor C,
and thus the feed flow direction was switched to RF1.

During the RF1 cycle, the permeate flow-rate at port 1
decreased ~11%, while the permeate flow-rate at port
5 fully recovered. After 215min, a scaling response
was obtained from sensor A; so the direction of the
flow was changed once again. During the FF2 cycle,
the permeate flow-rate at port 1 recovered while the
permeate flow-rate at port 5 decreased ~5%. After 65
min, a scaling response was obtained from sensor C
so direction of the flow was switched to RF2. During
the RF2 cycle, the permeate flow-rate at port 5
increased while that at port 1 decreased. After 35min,
a scaling response was obtained from sensor A, and
the test was terminated to confirm the real-time
measurements via post-mortem analysis. During this
four-cycle test, the net permeate flow-rate decrease in
the controlling ports (1 and 5) reached a maximum of
11% whereas the corresponding overall permeate
flow-rate decrease was only 2%. This pattern of larger
permeate flow decreases in the controlling port, when
compared with smaller decreases for the entire
membrane, is the desired characteristic for FR.

Fig. 11. Top: Schematic showing the bench-scale RO cross-flow system with integrated ultrasonic sensors and instrumen-
tation. Bottom: Top view of the bottom plate of the flat-sheet RO cross-flow cell showing the five permeation ports and
the location of three ultrasonic sensors; note that in forward flow, port 1 is upstream and port 5 is downstream, while in
reverse flow, port 5 is upstream and port 1 is downstream [62].

Fig. 12. Representative dynamic amplitude window results
for sensor C during a forward-flow cycle. Data obtained
over the 395–695-min interval were not included in the cal-
culation of the trend line [62].
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The corresponding normalized ultrasonic results
for the controlling sensors are shown in Fig. 14. At the
completion of the experiment, membrane coupons
were cut from the membrane beneath the location of
ultrasonic sensors A, B, and C. The post-mortem light
microscopy images, gravimetric measurements, and
area coverage results are shown in Fig. 15. A mass
change of 1% and area coverage of 11% were detected
at port 3; these increased to 4 and 19% for mass
change, and area coverage, respectively, for port 1
(downstream in the last cycle). Gravimetric measure-
ments and area coverage at port 5 (upstream in the
last cycle) were 1 and 9%, respectively, suggesting
partial removal of the scaling during this cycle.

With the success of the manual switches, modifica-
tions to the flow system enabled automatic switching
in response to signals from the ultrasonic sensors. One
such experiment was over 75 h in duration and
encompassed 19 FF and 19 RF cycles. The permeate
flow-rate initially decreased 12, 14, and 14% at ports 1,
3, and 5, respectively, due to osmotic pressure effects.
The permeate flow-rate further decreased 8, 4, and 5%
at ports 1, 3, and 5, respectively, due to minimal scal-
ing resulting in an overall permeate flow-rate decrease
of only 4%. The post-mortem gravimetric and image
analysis results showed no scaling at port 1, partial

scaling at port 3, and only trace amounts of scaling on
the downstream port (port 5). These results were in
sharp contrast to an experiment conducted with
similar conditions but with no switching for which
extensive scaling occurred.

This work documents the first-ever use of UTDR
in conjunction with FR for the mitigation of scaling
during RO desalination. The ultrasonic sensors
successfully distinguished the presence and absence of
low levels of scaling in real time on RO membranes
operating with FR under realistic conditions.
Post-mortem mass and area-coverage characterization
data agreed well with real-time ultrasonic and perme-
ate flow-rate behavior. The findings indicate that the
methodology successfully responded to early-stage
scaling. Most importantly, the work demonstrates the
successful adaptation of ultrasonic sensors for active
process control. This development represents a
significant advance for membrane-based UTDR in
comparison to the passive monitoring role that has
characterized previous applications. Data from the
experiments confirmed that FR, automatically
controlled by the sensor hardware/software, can effec-
tively delay scaling and thus mitigate the expected
decrease of permeate flow. The success of these
current experiments indicated that the methodology

Fig. 13. Absolute permeate flow-rates (mLmin−1) for ports 1, 3, and 5 as well as their sum. The interval from 2,500–2,740
min is the end of the DI water phase [62].
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was able to accommodate a relatively modest degree
of variability in module operating conditions.
Confirmation of the effectiveness of ultrasonic sensor-

controlled FR in expanded studies would provide a
strong basis for using the methodology to facilitate
high-recovery RO desalination.

Fig. 14. Dynamic amplitude window results for each cycle from test shown in Fig. 13; Sensor C is controlling sensor dur-
ing forward-flow and sensor A is the controlling sensor during the reverse-flow cycle. A switch in the flow direction was
made when the trend line departed the lower window boundary [62].

Fig. 15. Post-mortem results for the test shown in Figs. 13 and 14 showing the membrane surface from a clean membrane
and those from the three permeation ports. The low-magnification light microscopy images indicate the area coverage
(ΔA) of any scaling within the region sampled by the ultrasonic sensor (circle) and the measured mass change (Δm) [62].
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4.3. Slow wave

As indicated in Section 2, monitoring the growth
of organic fouling layers formed from proteins or
biofilms is more challenging than with inorganic (scal-
ing) layers because the acoustic properties are quite
similar to those of the hydrated polymeric membranes
on which the fouling occurs. In fact, the organic
fouling layers can act as an impedance matching layer
between the feed and the hydrated membrane which
can reduce the amplitude of the signal reflected from
the surface of the membrane, the opposite effect to
that seen in scaling. Early-stage growth is particularly
difficult to detect using basic ultrasonic techniques.
However, since fouling growth typically results in
decreasing membrane permeability, an ultrasonic
technique which directly measures membrane
permeability has the potential to be more reliable and
more sensitive than either the basic UTDR and UFDR
methods that have been previously employed.

As previously mentioned in section 2.1, Biot [19,20]
described the propagation of elastic waves through a
fluid-saturated porous medium, and used a semi-phe-
nomenological model to show that three waves exist
in a saturated porous material: a fast longitudinal
wave, a shear wave, and a slow longitudinal wave.
The slow wave is characterized by the out-of-phase
movement of the pore fluid and the matrix. This out-
of-phase movement of the pore fluid relative to the
matrix is very sensitive to the viscosity of the fluid
and the permeability of the porous structure. The slow
wave has a lower phase velocity and higher attenua-
tion than the fast longitudinal wave [21] with both the
phase velocity and attenuation being strongly
frequency dependent. This frequency sensitivity pro-
vides a unique opportunity to utilize the slow wave to
quantify propagation of the slow wave through

interconnected pores in a manner consistent with
material permeability.

Lin et al. [88] developed an acoustic technique for
permeability measurement by measuring the critical
wave number of Biot’s slow longitudinal wave. The
critical wave number can be directly related to the
permeability of porous materials. Lin et al. [23,88] also
demonstrated experimentally that the critical wave
number is associated with a change of permeability
caused by either the difference in the pore structure or
a change in the viscosity of the pore fluid. These
studies suggest that a technique based on the critical
wave number measurement may be useful for
monitoring the onset of organic layer deposition.
Measurement of this change in real time and in situ is
an essential aspect of this approach since the change
in permeability is the critical characteristic of interest,
especially for early-stage fouling. In particular, perme-
ability may be decreased by organic layer fouling even
though the fouling may not be sufficiently well devel-
oped to create a detectable layer on the surface.

A laboratory-scale flow cell was designed with an
externally mounted broadband ultrasonic transducer
(5-MHz center frequency) and waveguide (Fig. 16).
The porous media used in these tests were fabricated
by hot-pressing 0.3-μm alumina powder at 1,375˚C for
48min to create samples 46mm in diameter and 10.5-
mm thick with a final density of 1,350 g/cm3 and a
pore volume fraction of 66%. Application of a wet-sur-
face patching epoxy effectively created blockage of the
porous ceramic substrate. The epoxy was lightly
sanded to ensure that a close-pore condition could be
obtained without the formation of an optically detect-
able layer on the top surface.

Results are summarized in Fig. 17 which shows
the measured reflected energy from both open-pore

Fig. 16. Left: Photograph of the flow cell with mounted ultrasonic transducer and waveguide; and Right: Schematic of the
flow-cell cross-section [89].
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and close-pore surfaces as a function of frequency
[89]. The data are consistent with theory and indicate
that the two measured reflection coefficients are
clearly different for the open- and close-pore
conditions. Overall, the results indicate that this
technique is sensitive to the change of permeability
that occurs at the separation membrane surface due to
the presence of an organic layer that is sufficiently
thin so not to be detectable by other ultrasonic
methods. By simply using the reflected signal without
understanding the effect of pore closure on the gener-
ation of the slow wave, it is not possible to design a
robust measurement that is able to detect the presence
of a fouling layer.

5. Comparison of UR with other approaches to the
measurement of membrane fouling

Given the importance of membrane fouling detec-
tion, additional perspective regarding the use of UR
can be obtained by considering other approaches to
this critical issue. In this section, we first briefly
review recent work describing optical methods,
impedance spectroscopy, and microsensors, and then
consider the major advantages and limitations of UR
in comparison.

Several nondestructive methods have been investi-
gated as means for monitoring CP and fouling during
membrane-based liquid separations. A good review of
in situ monitoring techniques is presented by Chen
et al. [90]. Despite the abundant theoretical and ex situ
experimental treatments of CP and fouling, there is

still much that is not well understood about these
complex and interrelated phenomena [76]. Studies
have been performed in which optical methods were
used to directly observe CP and fouling. Vilker et al.
[91,92] and Ethier and Lin [93] employed similar
refractometric techniques by shining collimated light
and a laser, respectively, through dead-end filtration
cells with high concentration organic solutions
(hundreds of g/L). The indexes of refraction of the
solutions varied in a known way with concentration
such that refraction of the light could be used to
describe a concentration profile above the membrane
surface. These studies, however, were carried out with
very thick CPBL (multiple mm). In a cross-flow config-
uration, the pressurized feed solution is circulated
over the membrane, which reduces osmotic resistance
from CP because the rejected component is carried
away from the membrane by convective cross flow.
This recirculation is not present in dead-end systems,
where all of the feed is forced directly through the
membrane. Mores and Davis [94] directly observed
dyed yeast by mounting a microscope directly above
flat-sheet cross-flow modules with transparent top
plates.

Optical methods have also been applied in RO
flow-reversal systems for timing the switch of the flow
direction. As described in section 4.2, prior knowledge
of the induction time or real-time information regard-
ing early-stage scaling is essential. Permeate flux
decline has been used to monitor early-stage scaling,
but this metric normally reflects the average condition
of the entire module. Thus, scaling at the downstream
end could be significantly advanced by the time that a
significant permeate flux decline is detected. To over-
come this limitation, an ex situ scale observation
detector (EXSOD) was designed and integrated into
flow-reversal experiments [95]. EXSOD employs
real-time digital imaging of the membrane surface to
detect the onset of scaling. However, because an opti-
cal pathway is required, the EXSOD device is installed
in a separate, small RO cell whose input was obtained
from the downstream section of the main unit. The
ability to accurately detect the onset of scaling in the
main unit from measurements made on the bypass
module thus depends upon reconciling the different
conditions in the two modules.

A related approach to real-time analysis of mineral
scale formation on RO membranes was developed by
Bartman et al. [96] using an ex situ direct observation
membrane monitor (MeMo), where the objective of
such monitoring is to signal the onset of mineral
scaling and provide quantitative information to appro-
priately initiate system cleaning/scale dissolution. The
MeMo used is similar in construction to the EXSOD

Fig. 17. Reflection coefficient as a function of frequency for
the case of the slow wave. Theoretical (lines) and experi-
mental (open circles symbols) results are shown for open-
pore and closed pore conditions [89].
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previously developed by the same research group.
Briefly, the MeMo system consists of a semi-transpar-
ent plate-and-frame RO cell that allows for real-time
imaging of the surface of a membrane placed in the
cell. Mineral scale in the MeMo system is monitored
by comparison of consecutive images of the membrane
surface to determine the evolution of the fractional
coverage by mineral salt crystals and the correspond-
ing crystal count in the monitored region. Through
online image analysis, once crystal growth is deter-
mined to be above a prescribed threshold, cleaning
protocols can be initiated. In addition, MeMo has been
evaluated for use in a spiral-wound RO plant in a
cyclic mode of feed-FR of brackish water desalting
under conditions of high mineral scaling propensity
[97]. Scale-free and continuous permeate productivity
was demonstrated in an automated spiral-wound RO
pilot system in which (calcium sulfate) feed-FR was
triggered by scale detection in MeMo.

The influence of a pre-existing biofilm on
RO-membrane mineral scaling was evaluated using
gypsum as a model scalant in a recent study by
Thompson et al. [98]. The biofilm was established
using on-site microfiltered secondary-treated wastewa-
ter effluent. Mineral scaling was then monitored via
direct visual observation of crystal growth on the
membrane surface in a transparent plate-and-frame
RO cell. Images of the membrane surface were
captured at 15-min intervals during each scaling
experiment using a high-resolution digital camera that
was able to capture six-megapixel images through a
set of lenses providing optical magnification. Images
were then analyzed to determine the mineral-scaled
surface area and crystal count on the membrane
surface. The extent of mineral scaling was found to be
greater (in terms of both surface scale coverage and
crystal number density) in the presence of a biofilm,
and was also more pronounced in regions with greater
biofilm density.

Impedance spectroscopy has provided a noninva-
sive means of characterizing the electrical properties
of many systems in which important processes occur
at the molecular level such as those associated with
biological and synthetic membranes and interfaces
that form between solutions and various solids (e.g.
metals and colloid particles). Coster et al. [99]
reviewed the fundamental concepts of impedance
spectroscopy and its role in the development of
understanding regarding cellular and synthetic mem-
branes, cell biophysics, and ionic systems. Impedance
measurements are made by applying a small alternat-
ing current of known frequency and small amplitude
to a system of interest and measuring the amplitude
and phase difference of the concomitant electrical

potential. Impedance spectroscopy has been widely
used to study membrane structures [100–103] and to
investigate membrane fouling and external concentra-
tion polarization in pressure-driven membrane
processes.

In a recent study by Gao et al. [104], electrochemi-
cal impedance spectroscopy (EIS) was applied to a
forward osmosis (FO) system to develop a methodol-
ogy for interpreting the interplay between the
membrane structure and the polarization phenomena.
The results indicated that EIS appears promising as a
means to examine the polarization phenomena during
the FO processes. In a recent study [105], real-time EIS
measurements were used during the filtration of water
containing calcium carbonate constituents in an RO
membrane system. Dielectric structural modeling of
the EIS measurements was able to detect and charac-
terize five electrically distinct layers and a concentra-
tion/diffusion polarization element throughout the
filtration experiment. The work indicated that EIS
measurements provide a basis for characterizing the
structural features of the RO system and monitoring
real-time changes that are indicative of scale formation
in high-pressure membrane systems.

In the recent years, microsensor technology has
been developed for membrane applications. Zhang
et al. [50] described a prototype capacitive microsensor
for characterizing the vertical profile of the CPBL in
calcium sulfate feed solutions in a flat-sheet NF-mem-
brane cross-flow cell. The sensor utilized sets of inte-
grated polysilicon fingers, fabricated on a silicon chip
by the Multi-user MEMS Processes (MUMPs). The
2-mm-tall chip was mounted vertically in the module
flow channel, and the profile of the cross-flow CPBL
was successfully characterized by placing the capacitor
sensors at different heights above the membrane sur-
face. However, both of these experiments were con-
ducted under conditions that yielded high
concentration and thick boundary layers (several mm),
which are not representative of industrial desalination
processes.

Recent work by Cobry et al. [106] describes an
electrolytic sensor system that can be used in monitor-
ing solute concentration within the thin CPBL that
forms near the membrane surface. Experiments were
performed in a bench-scale flat-sheet cross-flow sys-
tem using aqueous calcium sulfate feed solutions.
Electronic parameters including capacitance, imped-
ance, phase angle, and conductance were recorded
from the sensors, which were also used to detect scal-
ing for which the induction time varied by location
(Fig. 18). All of the membrane sensors showed a
marked decrease in conductance, which supports the
hypothesis that scaling results in a reduction in local
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concentration within the CPBL due to precipitation of
the supersaturated solute. Additionally, as scaling
covers the membrane surface, permeation is locally
blocked, which results in a further reduction of CP
and the corresponding conductivity. After removal
from the module, extensive scaling was observed on
the membrane surrounding the downstream sensor,
while moderate/light scaling occurred near the
upstream sensor, as expected. Although successful, a
limitation of the methodology is that the amount of
scaling measured by the sensors was less extensive
than that on the surrounding membrane, due to local
permeation blockage by the sensors. In particular, at
low cross-flow velocities, this blockage does have an
impact on the local concentration at the immediate
sensor location when compared to the surrounding
membrane where CP can fully develop.

Clearly, each of these aforementioned techniques
has certain advantages as well as limitations in
comparison to UR. While each is capable of providing
real-time measurement of membrane fouling, some are
invasive and thus require modification of the mem-
brane module. In addition, invasive techniques such as
direct application of microsensors to the membrane
surface can interfere with permeation or can affect local
foulant concentrations. Another important aspect of the
methodology chosen involves the nature of the data
analysis. Whereas application of UR to flat-sheet mod-
ules is relatively straightforward with correspondingly
simple signal analysis and data reduction, impedance
spectroscopy and UR adaptation to a spiral-wound
geometry require more complex data analysis for
which the robustness of initial assumptions are more
critical. Optical methods are limited by the requirement
for a suitable transmission pathway and thus the neces-

sity for module modification or the use of a bypass
module in which membrane fouling dynamics could be
rather different from those in the main module. One
important advantage for UR with respect to these other
techniques is its relatively low cost. Depending upon
the sophistication of the sampling strategy employed,
the cost of UR detection using a few directly mounted
external transducers, a pulser-receiver, an oscilloscope,
and a computer is less than $15,000.

6. Summary and future directions

The previous sections of this review have provided
reasonably detailed information on ultrasonic funda-
mentals with particular focus on adaptation to mem-
brane applications, summarized the growing literature
on the characterization of membranes and membrane
processes via UR, and highlighted particularly innova-
tive aspects of the methodology. In comparison to
other techniques, there seems a strong rationale for
the wider use of UR given its unique combination of
noninvasive, nondestructive, real-time, high spatial,
and temporal resolution and low-cost characteristics.
Hence, the objective of this section is to suggest valu-
able future directions for the incorporation of UR in
membrane research, development, and practice.

As indicated in the review of the membrane
ultrasonics literature in section 3, the principles and
instrumentation described in section 2 have been
applied to the characterization of membrane structure,
compaction, and fouling. As pointed out in Krantz
and Greenberg [3], the work of Kools et al. [30] is the
first study that makes use of UTDR to characterize
membrane-formation processes. In particular, the
noninvasive and real-time characteristics in combina-
tion with its rapid response enable UTDR to track the
relatively rapid densification that occurs during evap-
orative casting. Given the significant improvement in
electronic hardware over the last 15 years, UTDR
should be even more amenable to the study of other
phase-inversion processes including wet-casting,
thermally induced phase separation, and vapor-
induced phase separation. Such study could provide
important insight into the factors that determine the
rate dependence of membrane fabrication and the suit-
ability of modeling efforts to represent the phase
transformations that ultimately govern final structure.
In many ways, the adaptation of UR for defect detec-
tion and pore-size comparison as described in
Ramaswamy et al. [33,34] is less demanding than its
use in the aforementioned membrane formation stud-
ies. Thus, the potential for employing UR for online
quality control of membrane fabrication remains as a
productive area for further development.

Fig. 18. Conductance data demonstrating scaling formation
on the membrane surface where Δt indicates the scaling
induction time of each electrolytic membrane sensor, and
subscripts labeled as D, M, and U refer to the downstream,
midstream, and upstream locations, respectively [106].
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It is well recognized that membrane compaction,
i.e. creep, can affect membrane performance, most
often via decreased permeate flux. Quantification of
real-time compaction behavior using UR has been
documented by Peterson et al. [35,36] for liquid
separations and Reinsch et al. [39] for gas separation.
Compaction properties depend on the physical and
chemical structure of the membrane as well as the
operating conditions. Work by Aerts et al. [37] and
Kelly et al. [38] showed that UR was quite effective in
measuring changes in the compaction response as a
result of filler addition and crosslinking. There is room
for improvement in this application for UR because of
the complications that arise from asymmetric struc-
tures in which a “skin,” a porous supporting layer,
and a nonwoven layer on which the membrane is
casted have significantly different thicknesses and can
evidence creep to varying degrees. Improved resolu-
tion would enable determination of these differential
responses rather than a “pooled” response for the
membrane as a whole. In addition, establishing more
accurate creep data for component layers would
enable more effective studies relating creep to specific
structural changes such as pore size as well as provid-
ing a firmer basis for developing membranes with
improved performance characteristics. Finally, it is
worth noting the almost complete lack in the literature
of quantitative information regarding the effect of tem-
perature and pressure on membrane compaction. This
could easily be addressed by the use of UR to system-
atically assemble a suitable database.

While the aforementioned application areas are
clearly amenable to further study, it is in the area of
membrane fouling and cleaning where the use of UR
may ultimately generate the most impact. In addition
to the many prior studies of membrane fouling
employing this technique noted in section 3, the recent
research highlighted in section 4, which utilizes partic-
ularly innovative approaches for the use of UR in the
critical area of membrane fouling, provides useful
insight regarding the unrealized potential of the
methodology.

The work by Lu et al. [62] and Mizrahi et al. [63],
documents the first-ever use of UTDR in conjunction
with FR for the mitigation of scaling during RO desali-
nation. The work utilized a downstream and an
upstream ultrasonic sensor corresponding to feed flow
in the forward and reverse direction, respectively, and
involved the development of a novel algorithm for
analyzing the real-time ultrasonic sensor data such
that the departure of a trend line constituted a scaling
signal that mandates a change in the flow direction.
The ultrasonic sensors successfully distinguished the
presence and absence of low levels of scaling in real

time on RO membranes operating with FR under
realistic conditions. Most importantly, the work
demonstrates the successful adaptation of ultrasonic
sensors for active process control. This development
represents a significant advance for membrane-based
UTDR in comparison to the passive monitoring role
that has characterized previous applications. Data
from the experiments confirmed that FR automatically
controlled by the sensor hardware/software can effec-
tively delay scaling and thus mitigate the expected
decrease of permeate flow. The success of these cur-
rent experiments indicated that the methodology was
able to accommodate a relatively modest degree of
variability in module operating conditions. Nonethe-
less, additional testing is required under a broader
range of operating parameters and feed compositions.
Confirmation of the effectiveness of ultrasonic sensor-
controlled FR in such expanded studies would
provide a strong basis for using the methodology to
facilitate high-recovery RO desalination. Technology
could involve either direct monitoring of spiral-wound
modules or indirect approach using a flat-sheet
module in conjunction with a bypass stream.

Whereas the use of UR for the measurement of
organic fouling has been modestly successful in real-
time experiments, direct in situ detection of early-stage
biofilm deposition under realistic operating conditions
is still problematic. Such detection is quite challenging
for a number of reason including the tendency for
such layers to evidence significant temporal and spa-
tial variability. In addition, the problem is made more
complex since biofilm formation often occurs simulta-
neously with other types of fouling. Indeed, the chal-
lenge of detecting fouling from complex feeds is a
major concern in its own right. Given the importance
of early-stage biofilm detection, other approaches are
needed to overcome the current ultrasonic detection
limitations. Here, the work of Lin et al. [23] described
in section 4 provides an intriguing possibility in that
early-stage biofilm fouling might be inferred from the
ultrasonic detection of permeability changes. For now,
this idea remains undeveloped since Lin et al. [23]
employed a pre-applied, uniform layer of epoxy rather
than a variable biofilm for their experiments.
Nonetheless, the prospect of relating local surface
characteristics and flow behavior via ultrasonic
measurements deserves further study.

Clearly, a critical next step for application of UR is
to combine the important insights from prior work in
detecting scaling onset and removal in spiral-wound
modules during NF and RO desalination with the
innovative approaches described in sections 4.1 and
4.2 that incorporate hardware and software develop-
ment. As well documented in the literature, there are
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significant technical challenges in adapting UR to
spiral-wound modules including the complex multiple
material, multilayer geometry, high-attenuation char-
acteristics of the shell and filter wrapping, and the
effects of changes in the operating parameters on the
ultrasonic signal characteristics. Indeed, recent work
by Chai et al. [61] confirms that changes in tempera-
ture and pressure must be taken into account to pro-
vide accurate information regarding membrane scaling
in spiral-wound modules. However, the relatively
limited findings of this study indicate that a more
comprehensive and systemic evaluation of tempera-
ture and pressure effects on ultrasonic characteristics
in a variety of different spiral-wound modules is war-
ranted. When such information is combined with
improved signal-analysis software, more accurate and
useful information can be obtained from the complex
ultrasonic spectra. Indeed, while prior studies have
confirmed that UR can provide noninvasive, real-time
detection of membrane fouling and cleaning, impor-
tant issues must be addressed before the methodology
can be routinely applied to membrane desalination on
a commercial scale. There is a compelling rationale for
doing so given an expectation of a rapid increase in
the size of the desalination market in 2013 led by more
than $5 billion annual investment by Saudi Arabia
and followed by an expected investment of nearly $4.5
billion by the United States [107].

In summary, we reiterate the recommendations of
the prior review [3], and note the importance of indus-
try participation in the exploration and development
of UR applications for large-scale membrane modules
and processes. Hence, we emphasize the need for
cooperative efforts between industry and university
research institutions to utilize the full capabilities of
UR.
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ν — Poisson’s ratio
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