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ABSTRACT

Membrane separation processes have been more widely applied to industrial activities, especially
in water and wastewater treatment. However, there are still challenges associated to the use of
membranes. Concentration polarization and fouling can cause significant permeate flux decay
during the filtration process, hindering its efficiency and increasing cost. Among many strategies,
the combination of membrane filtration with ultrasound (US) application has shown promising
results in reducing membrane fouling. The main goal of this research was to identify the effect of
US frequency, US power intensity and feed solution concentration on permeate flux during
ultrafiltration of simulated latex paint effluent. Maximum increase in permeate flux of 19.7% was
obtained by applying 20 kHz and 0.29 W.cm? to feed solution with 0.075 wt.% of solid
concentration. The effect of feed flow rate was analyzed showing that an increase in feed flowrate
is not beneficial to the fouling minimization process. Overall, the application of US improves

permeate flux by reducing fouling of ultrafiltration polymeric membrane.
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Chapter 1

Introduction

With a fast-growing population, the worldwide demand for water is also increasing sharply.
Many regions already suffer with water shortages and unacceptable water quality (Dixit et al.,
2016). The consequences are reflected directly in the population's health and quality of life.
Contaminated water consumption and lack of appropriate sewage systems are the major cause of
illness around the world (Singh, 2015b). In this perspective, the development of efficient and

affordable water treatment is crucial for life management in the planet.

For many years, great research effort has been devoted to the development of technologies
that can deliver water quality in accordance to environmental health and safety standards.
Municipal wastewater treatment plants have evolved significantly in terms of efficiency and
technological advances. The industrial wastewater treatment facilities have also gained more

importance, due to the stricter legislations which intend to protect the water bodies.

The evolution of the membrane technology has contributed significantly to this scenario.
Membrane technology comprises the use of a physical barrier to separate certain components from
a mixture. Membrane-based separation processes have been applied to various industrial processes
such as food processing, drug manufacturing and wastewater treatment. Membrane separation
processes have proven to be a promising alternative to traditional processes (e.g., distillation,
evaporation and solid-phase extraction) that can be costlier and less efficient (Hoek, 2017).
However, still there are many challenges associated to the implementation of membrane processes,
especially for industrial applications. Concentration polarization and membrane fouling are two
phenomena intrinsic to the nature of membrane filtration, that can significantly compromise the

efficiency of the process due to flux decay (Baker, 1996).

The use of ultrasound (US) is among various strategies to control fouling. It creates turbulence
near the membrane surface and detaches particles through the action of bubbles cavitation. The

characteristics of the bubbles formed within the system play a major role in the effectiveness of

1



the ultrasound application. The particle detachment can significantly decrease the overall

resistance to flow across the membrane, increasing filtration performance.

In previous studies, the application of ultrasound has increased permeate flux between 25%
and 90% (Ahmad et al., 2018; Lamminen, 2004). A wide range of ultrasonic frequency and power
levels have been investigated and, in most cases, lower frequencies have been more effective (Chai
et al., 1999; Naddeo et al., 2015). The effectiveness of ultrasonic-assisted fouling control has also
been tested using different feed solutions (e.g., peptone and milk aqueous solution, latex paint
wastewater, and municipal wastewater). It has been observed that its properties play a major role

in the overall performance (Ahmad et al., 2018; Borea et al., 2018; Kobayashi et al., 2003a).

Furthermore, different membrane materials have been investigated such as ceramic and
polymeric membranes. Some polymeric materials experience significant increase in pore size and
permeability when exposed to ultrasound, while others can suffer severe damage to the membrane
structure. Accordingly, the application of ultrasound as a fouling control strategy should be done
with caution when using polymeric membranes (Masselin et al., 2001). Most of the published
reports have applied ultrasound using ultrasonic bath. This might be less aggressive to the
membrane structure, but it is not very energy efficient as only a small fraction of the applied power
reaches the membrane without any attenuation (Cai et al., 2010).

Considering the issues above, the objectives of this study are outlined as follows:

e To assess the feasibility of using ultrasound-assisted fouling control for two polymeric
membranes.

e To investigate the effect of ultrasonic frequency and power applied continuously in situ to
ultrafiltration process.

e To examine the effect of feed solution concentration and feed cross-flow velocity on the

performance of the ultrasound-assisted ultrafiltration.



Chapter 2

Background Theory

This chapter presents an overview of membrane technology. The development of membrane
filtration processes and their advantages are presented. Membrane materials, filtration processes,
filtration modes, and membrane systems and modules are explained based on published literature.

2.1. Membrane Technology

According to literature, the development of membrane technology started on early
eighteenth century when Abbé Nolet, in 1748, used the term ‘osmosis’ for the first time. During
the nineteenth and early twentieth centuries, difficulties were faced in industrial and commercial
applications due to limited resources. However, membrane technology was still used in laboratory
applications, leading to the understanding and development of many physical and chemical

concepts widely used nowadays (Baker, 1996).

After World War 11, membrane technology played a very important role in drinking water
tests. Research efforts were devoted to the development of filters aiming to ensure safety of the
population (Baker, 1996). However, it was only in the 1960's that the industrial application
potential of membrane technology was verified. The development of desalination process using
reverse osmosis membrane was a breakthrough, leading to the creation of crucial sources of

funding and support for the development of many processes (Singh, 2015a).

Over the last few decades, great research efforts were devoted to making membrane
processes more efficient, reliable, selective and affordable for various applications. Nowadays,
membrane technology is applied for a variety of purposes such as desalination, water and
wastewater treatment, food processing, drug delivery devices, fuel cells, petrochemical industry
and many others (Strathmann, 2011b).



Countless advantages have made membrane processes more attractive over the
conventional systems. One of them is the low environmental impact associated with the use of
membranes, as the only waste product from membrane processes is the unwanted component from
the feed stream (Field et al., 2017). For the most part, there is no need to use hazardous chemical
or biological agents, therefore, treatment and discharge of these kinds of materials can be avoided
(Field et al., 2017; Strathmann, 2011b). Membrane processes are energy efficient and can operate
at room temperature, which allows their application to a variety of process involving heat sensitive
components such as dairy products and pharmaceuticals. Additionally, they do not require
complex operating conditions. Furthermore, membrane processes yield high quality products and
can be applied for sterilization, retaining particles and pathogenic microorganisms (Field et al.,
2017; Kim et al. , 2015).

Although membrane processes have been extensively studied and applied in industrial
scale, there are limitations inherent to the nature of the process. According to Field (2017), when
scaling up a membrane process, the overall capital cost increases in a non-linear scale with the size
of the plant to the power of 0.8. This index is normally 0.6 for conventional processes. Hence, for
a same percent increase on the plant size, the amount of energy saved would be smaller for the
membrane processes when compared to conventional processes (Field et al., 2017). Another
deterrent from the use of membranes is associated to concentration polarization and fouling
(Rouvet et al., 1998). These phenomena can cause significant decrease in production due to
permeate flux decay and increase in transmembrane pressure (TMP). Consequently, the energy
consumption is increased leading to higher operational cost, while reducing the lifetime of the
membrane (Abdelrasoul, 2015).

2.1.1. Synthetic Membranes

A membrane can be generically described as a thin physical barrier between two phases and
which can moderate the permeation of the components in contact with it (Baker, 1996; Strathmann,
2011b). Nowadays, almost all industrial applications adopt polymeric membranes. Theses
polymeric materials can be formed by spinning fibers, by coating tubes or sheets, or by casting a
film (Field et al., 2017). In general, synthetic membranes can be fabricated using different

materials, and hence, it will present different structures and properties as shown in Figure 2-1.
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Figure 2-1. Different materials and structure classification of membranes (Strathmann, 2011b)

The advantages of using membrane-based process include the possibility of tailoring the
membrane's surface according to the requirements of the process or the feed solution to be treated.
The use of a range of materials, as shown in Figure 2-1, allows selection and combination of

properties that can make the membrane more suitable for a specific application.

The two main classifications for the structure of membranes are symmetric and asymmetric.
The difference between symmetric and asymmetric membranes is related to the pore structure and
transport properties. For symmetric membranes, both are constant over the entire membrane
thickness. These membranes are mainly used in dialysis and electrodialysis applications. For
asymmetric membranes, structure and transport properties vary along the membrane thickness and
it can consist of a 0.1-1 um “skin' layer on a highly porous substructure 100-200 um thick
(Strathmann, 2011b).

The membrane structure can also be classified into porous (macro- or microporous) or non-
porous (dense) structure. Porous membranes relate more to the generic idea of a filter (Seader et
al.,2006; Strathmann, 2011b) which contain an interconnected porous structure. The separation
process occurs based on the size of the components and the pore size (Seader et al., 2006;
Strathmann, 2011a). On the other hand, non-porous or dense membranes do not present well
defined porous structure and the separation occurs based on solubility and diffusivity of the species
in the membrane (Seader et al., 2006). Due to the different properties associated with membrane
materials and its structures, selection of the appropriate membrane for a specific application is

important.



2.1.2. Membrane Filtration Processes

According to Singh (2015a), liquid separations represent most of membrane filtration
applications. In liquid separation processes, the solid fraction (dissolved, colloidal or particulate
constituents) from a pressurized fluid is separated by a porous material (Vigneswaran et al., 2012).
In comparison to other separation processes such as distillation, the use of membrane is
advantageous because it does not involve phase change of the components, and hence, is less
energy consuming (Singh, 2015a).

Membrane processes can be classified by membrane pore size or molecular weight cut-off
(MWCO) and applied pressure (Vigneswaran et al., 2012). According to the membrane pore size,
membrane processes can be classified as shown in Figure 2-2. The main pressure-driven
membrane processes applied in large scale industry are microfiltration (MF), ultrafiltration (UF),

nanofiltration (NF) and reverse osmosis (RO).
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Figure 2-2. Classification of membrane process by solute size (Singh, 2015a)

Ultrafiltration has been studied since the early 1900's, and nowadays it is a very well-
developed process and can no longer be considered an emerging technology (Abdelrasoul, 2015;
Baker, 1996). UF is a low-pressure membrane filtration system (Gao et al., 2011), and UF
membranes are anisotropic structures composed of a finely porous surface (pore size from 1 to
approximately 500 nm) supported by a more open substrate that provides mechanical strength
(Baker, 1996). The separation occurs based on the size of the particles usually characterized by the
MWCO.

A wide range of operation is feasible for UF, being able to separate colloidal particles such
as latex emulsion but also virus and bacteria (Singh, 2015a). Due to its flexibility, UF is applied

on a large variety of industrial processes. In the past few decades, the application of UF has grown
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significantly in municipal and industrial wastewater treatments as well as in the drinking water
production (Abdelrasoul, 2015; Mohammad et al., 2012). When compared to conventional
separation and concentration processes (e.g., floatation, sedimentation and media filtration)
membrane separation processes can yield higher quality products, while reducing operational cost

and having a lower environmental impact (Mohammad et al., 2012).

In municipal wastewater treatment facilities, UF can be applied as an additional step to the
conventional process, and its application has been studied as pre-treatment for RO in desalination
process to reduce fouling (Rautenbach & VoRenkaul, 2001). With regards to industrial wastewater
treatment using UF, the paint products industry is a great example. A large amount of wastewater
is generated as result of equipment cleaning. Appropriate treatment of this wastewater must be
performed before discharging to satisfy the environmental standards (Abdelrasoul et al., 2016).
UF can remove a wide range of contaminants at a lower cost when compared to other processes,
such as RO and NF. Additional advantages include compactness, ease automation and high

removal rates of organic matter, turbidity, bacteria and virus (Gao et al., 2011).

Great research efforts have been devoted to improve these membrane processes in order to
allow wider applicability in industrial processes. From these efforts, new membrane materials have
been investigated, and optimal operating conditions, cleaning and fouling control strategies have
been developed (Ghidossi et al., 2006).

2.1.3. Transport Mechanisms

Membrane filtration can be defined as a process that separates a solid fraction (particles)
from a solution (Hoek, 2017). The separation is a result of differences in transport rate of chemical
species through the membrane. The transport rate is defined by the driving force acting on the
components, the mobility and the concentration of the components at the membrane surface
(Strathmann, 2011b). A different transport model is applied depending on the driving force, solute
and membrane properties. Table 2-1 shows the transport mode and separation mechanism

associated to each membrane structure and material.



Table 2-1. Structure, materials and separation mechanism of synthetic membranes (Strathmann,

2011a)
) Transport mode and
Membrane structure Membrane material ) _
separation mechanism
_ _ Convection and diffusion
Porous film Polymers, ceramics and metals
through pores
] ) Solution and diffusion in a
Non-porous film Polymers, ceramics and metals o
solid film
L L Solutions and diffusion in a
Supported liquid films Liquids in porous membranes o
liquid film
Diffusion and migration
Electrically charged barriers Polymers and ceramics through a film with fixed

charges

Figure 2-3 represents the most general form of mass transport through a membrane where
the mass transfer resistances at the membrane-fluid interfaces on both sides of the membrane are
considered negligible. Component A is transported due to a driving force across the membrane.
The driving force is the difference in the electrochemical potential of the specie on both sides of
the membrane. The electrochemical potential gradient arises from changes in hydrostatic pressure,
concentration, electrical potential, or temperature on the two phases separated by the membrane
(Strathmann, 2011b).
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Figure 2-3. Generic transport through a membrane (Strathmann, 2011b)

Transport mechanisms and models which describe membrane filtration were developed
during the 1950's and 1960's (Zhang et al., 2012). Baker (2012) used two models to describe the
mechanisms of permeation: pore-flow model and solution-diffusion model, as shown in Figure
2-4,

O /) \
| [/ O~ \
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Microporous membranes
separale by molecular
filtration

Cense sclution-diffusion
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of differences in the solubility

and mobility of permeaants dissahed
In the membrans matenal

Figure 2-4. Molecular transport by pore-flow (left) and solution-diffusion model (right) (Baker,
1996)

Pore-flow model refers to the transport of permeants by pressure-driven convective flow
through the membrane pores. In this scenario, if the size of a molecule is larger than the pore size,

it is rejected. This model is commonly used to describe the flow through porous medium, and the
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equation that governs this type of transport is known as Darcy's law, represented in Equation (1)
(Baker, 1996):

;. 4P
Ji=Kci7- (1)

Where J; is the flux of component i through the membrane, K’ is a coefficient reflecting the
nature of the medium, c; is the concentration of the component i and Z—z is the pressure gradient

across the membrane. This transport mechanism is also referred as viscous flow and it is the

dominant form of mass transport in MF and UF processes (Strathmann, 2011b).

In the solution-diffusion model the permeants dissolved into the membrane material are
transported by diffusion due to concentration gradient. Thus, this model is based on the solubility
and diffusion rate of the molecules. Since diffusion is the basis of this model, the driving force of
the transport process is the concentration gradient. The solution-diffusion model can be described
by Fick's law of diffusion, represented by Equation (2) (Strathmann, 2011b):

dCl'
Edx

Ji = )
Where D; is the diffusion coefficient and % is the concentration gradient of component i

across the membrane. Diffusion is the dominant mass transport mechanism for RO, gas separation

(GS), pervaporation and dialysis.

2.1.4. Filtration Modes

The literature reports two main filtration modes: dead-end and cross-flow. Both types are

schematically represented in Figure 2-5.
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Figure 2-5. Membrane filtration modes: Dead-end filtration and cross-flow filtration (Singh,
2015a)

When the feed solution flows perpendicular to the membrane surface, the filtration mode is
named dead-end filtration. The permeate flows across the membrane surface and the retained
particles accumulate on the surface, thus, there is no retentate stream. This accumulation leads to
a secondary filtration layer on the membrane surface. This cake-like layer increases the overall
membrane resistance to permeation, leading to a drastic flux decline. As a consequence, higher
pressure on the feed side is required to maintain the desired performance (Abdelrasoul, 2015;
Singh, 2015a).

In cross-flow filtration mode, there are three streams: feed, permeate and retentate. The feed
flows parallel to the membrane's surface. Due to pressure driving force, the permeate flows
perpendicularly across the membrane and the rejected particles are carried by the retentate stream.
Therefore, there is a smaller rate of particle accumulation on top of membrane and the retentate
has increasing concentration along the process (Abdelrasoul, 2015; Singh, 2015a; Vigneswaran et
al., 2012).

Although dead-end filtration requires less power consumption than cross-flow filtration
(Abdelrasoul, 2015), the operation can be less efficient. Since the cake-layer build up occurs faster,
dead-end filtration requires more frequent stops for cleaning, which can reduce membrane lifetime
and increase operational cost. Hence, cross-flow filtration represents a more advantageous process
(Singh, 2015a).
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2.1.5. Membrane Systems and Modules

Membrane systems are composed of a membrane module, pumps, piping, valves,
controllers, and tanks (feed and product). These systems can be operated at constant TMP or
constant permeate flux depending on the application. For industrial applications, membrane
systems are often operated at constant permeate flux, because most of the processes are operated
continuously. As membrane fouling occurs, an increase in pressure is required, making it more

difficult to achieve and maintain constant permeate flux (Vigneswaran et al., 2012).

A membrane module is defined as structure that holds one or more membranes that separate
feed, permeate and retentate (Koros et al., 1996). Its main purpose is to support the membrane and
provide good fluid management. Each module presents characteristics (i.e., packing density,
energy usage, replacement frequency, ease of manufacture, fluid management and fouling control)

that make the module more appropriate for a specific process (Singh, 2015a).

2.2. Concentration Polarization and Fouling Mechanisms

Concentration polarization is considered a primary cause of fouling (Baker, 1996). This
phenomenon is schematically represented in Figure 2-6. It consists of the gradual increase of the
solute concentration at the boundary layer as the filtration process proceeds. The concentration at
the membrane surface is higher than the concentration at the bulk feed solution. The phenomenon
occurs due to the difference of diffusion rates of various species in a feed solution composed of
multiple species (Abdelrasoul, 2015; Ghidossi et al., 2006).
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Figure 2-6. Concentration polarization phenomenon (Keir et al., 2014)

The consequences of concentration polarization include the reduction of permeate flux and
membrane selectivity (Baker, 1996). Concentration polarization plays an important role on
filtration processes, especially for RO and UF. It can represent a serious limitation in terms of cost,
because it can decrease the lifetime of the membrane and compromise process productivity (Hoek,
2017).

Fouling is defined as a process that leads to loss of performance of a membrane due to the
deposition of suspended or dissolved substances on its external surfaces, at its pore openings, or
within its pores (Koros et al., 1996). In other words, fouling is a phenomenon that results from the
cake build up of particles deposited on the surface (external fouling) and within the membrane
pores (internal fouling). Transmembrane resistance is increased with fouling, leading to decline of
permeate flux when operating at constant pressure, or increases TMP when operating at constant
flux. Figure 2-7 shows a schematic representation of the flux decline with filtration time.

14



T water I m
Flux |1: -

Time

Figure 2-7. Stages of flux decline (Li et al., 2008)

At the beginning of the filtration process, the membrane pores are clean, so a maximum
permeate flux is obtained. As the filtration proceeds, particles start to deposit on the membrane
surface, blocking the pores and leaving the membrane only partially permeable (Seader et al.,
2006). Region | shows the rapid flux decline in the first minutes of the filtration, due to the pore
blockage. Region Il corresponds to a longer period of gradual flux decay which is attributed to the
cake build up. And finally, Region Il represents the steady-state flux that is achieved after the

cake layer is formed and compacted (Li et al., 2008).

The rate of fouling depends on properties of the membrane as well as the feed solution. In
many membrane processes, the feed solution composition is complex. Therefore, there are intricate
interactions including physical, chemical and biological phenomena which affect the membrane
performance (Gao et al., 2011). The operating conditions of a filtration process (i.e., feed flow rate
and applied pressure) also have an impact on membrane fouling rate. Since fouling is an intrinsic
phenomenon to membrane filtration processes, fouling control strategies have been developed to

overcome this major limitation to the use of membranes.
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Chapter 3

Literature Review

In this chapter a literature review on fouling control strategies is presented. The application of
ultrasound in membrane separation processes is also reviewed. Previous research findings in the

field are presented and discussed.

3.1. Fouling Control Strategies

According to the reported literature, fouling is a significant barrier to the widespread
application of membrane filtration in industrial processes (Mohammad et al., 2012; Xie et al.,
2016). Because it is an inherent problem to the nature of membrane filtration processes, several
strategies and techniques to control fouling have been studied and reported (Gao et al., 2011;
Singh, 2015a).

Cleaning strategies aims in the removal of the cake layer to recover permeability after
membrane has been fouled. On the other hand, fouling control strategies (also referred as flux
improvement techniques) focus to avoid or delay the formation of a cake layer on the membrane
surface and back diffusion of the solute from the membrane surface. Before selecting a cleaning
or fouling control strategy for a specific process, favourable operating conditions including feed
flow rate and applied pressure should be determined. The importance of defining operating
conditions is related to the trade-off between permeate flux and particle accumulation. Higher flow
rate and higher pressure promote a rapid build up of a denser cake layer, which is harder to clean.
On the other hand, lower flow rate and lower pressure promote slower build up of a less dense
cake layer, but it yields lower productivity (Waterman et al., 2016). Thus, it is important to evaluate

the balance between feed flow rate and applied pressure in order to control fouling.

According to Abdelrasoul (2015), fouling can be reduced by modifying particles-to-

membrane and particle-to-particle interactions. For this purpose, there is a wide variety of feed
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pre-treatment options that can be used. The most common options include: coagulation,
adsorption, preoxidation (using ozone, chlorine or permanganate), magnetic ion exchange (MIEX)
resins and biological treatment. There is also the possibility of integrating different treatments
according to the feed solution and process properties. However this can rapidly increase

operational cost and complexity (Gao et al., 2011).

Cleaning processes are important for the removal of foulant particles even when other
strategies are adopted. Chemical cleaning consists of the use of acid, alkali or biocide solution to
prevent inorganic fouling, organic fouling and biofouling, respectively (Gao et al., 2011). Almost
full recovery of permeate flux can be achieved through chemical cleaning; however, it can increase
cost and complexity of filtration process due to the use of hazardous chemicals. Furthermore, it

produces by-products that are threatening to the environment.

Physical cleaning includes periodic rinsing (backwashing and flushing), which consists of
passing water through the membrane in the reverse direction of the permeate flux. Backwash with
air (air scouring) can also be applied to remove particles through surface shear and increase in
mass transferring motion, but it is not compatible to all types of feed solution (Gao et al., 2011).
Another physical technique is the use of pulsed electric or ultrasonic fields during the filtration
process to avoid particle deposition (Vigneswaran et al., 2012; Waterman et al., 2016).

For both conventional chemical and physical cleaning techniques, the frequency and severity
of its application have great impact on the lifetime of the membrane and overall process cost. In
order to perform these cleaning techniques, the filtration process must be interrupted which
significantly decreases productivity. As an alternative to these techniques, the use of ultrasonic

field in membrane cleaning and fouling control has been investigated.

3.2. Ultrasound Application in Membrane Separations Processes

Many research efforts have been devoted to observing and understanding how the
application of the ultrasonic field can be beneficial for the membrane filtration process. The
combination of US application with aforementioned techniques have also been investigated and
shown promising results. One of the main advantages of US is the possibility of on-line
application. In this case, the filtration process is not interrupted, and productivity is increased along

with fouling reduction.
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3.2.1. Mechanism

The application of ultrasound has been considered a promising strategy for membrane
cleaning, fouling control and flux enhancement (Kylldnen et al., 2005). As mentioned, fouling is
an intrinsic challenge associated to membrane separation processes. It occurs due the deposition
of particles on the membrane surface and within its pores. Ultrasound consists of longitudinal
mechanical waves that propagate through various media, gas, liquid or solid, with frequency of 20
kHz to several gHz. Ultrasound can be applied to create turbulence and cause detachment of

particles via different mechanisms (Kyllonen et al., 2005; Lamminen, 2004; Reuter et al., 2017).

Lamminen (2004) described four main mechanisms including microstreamers, micro-jets,
microstreaming and acoustic streaming, through which ultrasound can promote particle

detachment from membrane surface as shown in Figure 3-1.

18



Microstreamers

Effective Range (cm)

Membrane

from ton

Fouled Surface

Bubbles travel along fouled

Micro-jet Acoustic Streaming
Effective
Effective Range (pum) Range (cm)

\ ( mm+— Transducer
Velocity
y Velocity
.! 100 m/'s T@@T 10 com's
[ )
.,
!

.'..'l-.'l-. 000

o — Fouling Laver
.—" <+— Membrane

i

Microstreaming

-t |
\;
Bubble increases and k:

Effective Range (pum)

Figure 3-1 Possible mechanisms for particle detachment observed with ultrasound cleaning
(Lamminen, 2004)

Acoustic streaming describes the fluid flow resulting from the absorption of acoustic energy,
and it depends on ultrasound frequency and power intensity. When high-intensity US is applied in
low-viscosity liquids, it produces extreme turbulent conditions (Masselin et al., 2001). Hence,
movement of the fluid away and towards the surface can wash-off particles from the cake layer
due to increase in shear (Lamminen, 2004).
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Cavitation bubbles result from the acoustic cavitation phenomenon that describes the growth
and collapse of pre-existing microbubbles under influence of an ultrasonic field (Qasim et al.,
2018). The formation of cavitation bubbles occurs when the pressure amplitude exceeds the tensile
strength of the liquid during the rarefactions of sound waves (Ahmad et al., 2018). Figure 3-2

summarises the growth and collapse of cavitation bubbles.

Microstreamers, microstreaming and micro-jets are mechanisms in which particles from the
cake layer are detached by the action of cavitation bubbles. They differ in the way the bubbles
move and collapse near the membrane surface. Microstreamers consist of ribbon like structures
that travel in the fluid, coalescing with other bubbles as they collide. The particle detachment is a
result of acoustic radiation forces as the bubbles interact with the cake layer. Microstreaming is a
mechanism in which the oscillations in bubble size cause fluctuations in the magnitude and
direction of the fluid movement. Particle removal from the surface is a result of the drag forces

originated from the dynamic velocity profile created (Lamminen, 2004).

C: Compression

R: Raredaction
" C C c
\/ \/ \/ \./ )
Coviational
R R R R

collapse

oooOoOoO{;}

c

Acoustic Pressure, P,

Figure 3-2. Schematic diagram of acoustic cavitation, bubble growth, and cavitational collapse
(Qasim et al., 2018)

When cavitation bubbles collapse near a surface, micro-jets are formed, and a large amount
of energy is released in the form of heat. Extremely high temperatures are generated within the
bubbles for a short period of time (Lamminen, 2004). In these hot spots, temperature and pressure
can reach up to 5000 K and 1000 atm, respectively (Qasim et al., 2018). This represents a potential

drawback for membrane cleaning and fouling control, especially when polymeric membranes are
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used. Depending on the material of the membrane, the collapse of cavitation bubbles can cause
significant change in permeability and membrane pore density. In some cases, severe damage to
the pore structure can occur, compromising membrane selectivity and the overall efficiency of the

filtration process (Masselin et al., 2001).

Another consequence of US application is the potential physical and chemical changes in
liquid systems. Due to the violent collapse of the bubbles and consequent increase in temperature,
sonochemical reactions may occur. If the medium is water based, hydrogen and hydroxyl radicals
can be dissociated and react with other components, leading to its oxidation and other secondary
reactions (Qasim et al., 2018). Furthermore, US application can break large molecules into smaller
ones, which impact the efficiency and fouling mechanism of the filtration processes (Chai et
al.,1998).

3.2.2. Cleaning and Fouling Control Using US

Figure 3-3 illustrates the difference between US-aided cleaning process and US-aided filtration
process. Non-aided filtration is operated without the assistance of additional techniques to prevent
fouling. During a non-aided filtration, the cake layer is formed gradually, increasing the total
transport resistance until constant flux is achieved. For US-aided filtration, US is applied on-line,
as filtration takes place. The turbulence caused by acoustic cavitation prevents particle-to-

membrane attachment and reduces fouling.
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US-aided cleaning processes are performed after the membrane is fouled. Feed solution is
replaced by water (water cleaning) or other cleaning solution (chemical cleaning), and ultrasound
is applied during the cleaning. In some cases, the fouled membrane is removed from the module
for off-line cleaning. US can be applied directly to the membrane module or used for off-line
cleaning of membranes in an ultrasonic bath. US-aided cleaning techniques combine conventional
cleaning methods with US application as an attempt to improve flux recovery. Literature reports
application of US during water cleaning as well as chemical cleaning (Chai et al., 1999; Lujan-
Facundo et al., 2016b).

3.2.2.1. Application of US Combined with Traditional Processes

Applying US concurrently to water cleaning of membranes can improve its efficiency. Chai
et al. (1999) reported that up to 55% improvement was obtained when using water cleaning under
sonication for polymeric membranes fouled by peptone solution. However, when compared to US-
aided filtrations, US-aided cleaning methods are not so advantageous, having similar or lower
efficiency. According to Kobayashi et al. (2003), US-aided filtrations were more effective in
enhancing permeability at low frequencies. Cai et al. (2010) observed very similar performance

between US-aided cleaning and US-aided filtration with intermittent application of US at various
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frequencies. Lamminem (2004) compared off-site membrane US-aided cleaning and US-aided
filtration. Although similar flux improvement was achieved, the severity of the US-aided filtration

caused membrane damage.

The application of US to enhance chemical cleaning have also been attempted. US-aided
chemical cleaning using NaOH can be 25% more efficient than using water (Alventosa-Delara et
al., 2014). Lujan-Facundo et al. (2016a, 2016b) applied low frequency US to chemical cleaning
using NaOH and Ultrasil. No significant difference was observed for the two chemicals, and

cleaning efficiency was only improved by 9% when compared to the conventional method.

Although some improvement can be obtained using traditional processes combined with US
application, it seems to have more disadvantages than benefits. These procedures (e.g., US-assisted
chemical cleaning and US-assisted water cleaning) require interruption of the filtration process
which represents a major drawback in terms of productivity. The use of water for backwashing is
costly and generates more wastewater. Furthermore, the use of chemicals like NaOH and Ultrasil
can increase the cost and complexity of the operation. Such cleaning chemicals are hazardous, can

lead to membrane damage and corrosion of metal parts which can be a major limitation.

3.2.2.2. US Application Modes

Most of the published work have used ultrasonic baths instead of direct application to the
membrane module. In ultrasonic baths, the membrane module is submerged in a water bath and

the ultrasonic transducers are placed on the outside of the bath as exemplified in Figure 3-4.
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Figure 3-4. Example of an experimental setup using ultrasonic bath (Borea et al., 2018)
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A great amount of energy is dissipated since there is a significant separation between the
transducer and the membrane surface. The ultrasonic waves generated near the water bath surface
must travel across the water to reach the membrane module. Then, the waves must travel through
the membrane module material in order to form cavitation bubbles inside the membrane module.
According to observations by Cai et al. (2010), when using a commercial ultrasonic bath (3 L
capacity), only 6% to 8% of US power reaches the membrane without any frequency alteration as
consequence of US attenuation. Having ultrasound applied on-line and directly to the membrane
surface can be more challenging to design, but it requires less energy and hence should be more

cost efficient.

Few studies have applied US directly to the membrane module. Hengl et al. (2014)
developed an ultrasonic device that can be coupled with membrane process to enhance permeate
flux. Figure 3-5 shows the device which consisted of a metallic blade connected to an ultrasonic
transducer linked to a generator. The blade was immersed in the feed channel at 8 mm from the

membrane surface.

Electrostrictive
transducer

o «— Disruptor horn
Metallic vibrating blade

Feed solution Retentate

Membrane B SRR Permeate

Figure 3-5.In-situ ultrasonic system Hengl et al. (2014)

Significant flux improvement was obtained and no damage to the polymeric membrane
surface was observed. However, the apparatus has small flexibility regarding to the range of
frequency that can be applied. Additionally, the dimensions and heavy weight of the apparatus can
be a challenge for scaling-up of the process.

The position of the US transducers can have an impact on the filtration performance using
an ultrasonic bath or applying in-situ. In most studies, US transducers have been placed at the
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bottom of the ultrasonic bath and good flux improvement have been reported. Latt & Kobayashi
(2006)investigated the effect of the distance between the US transducers attached to the water bath
and the membrane surface. Significant differences in pressure distribution within the water bath

was observed and flux enhancement was also affected.

Effect of US propagation direction on US-aided filtration was investigated by Kyllonen et
al. (2006) using US transducers attached to a dead-end membrane module, either on the feed or
permeate side. Better results were obtained with application on the feed side for UF membranes,
while MF membranes had better results when US was applied on the permeate side. Authors
related this behaviour to the pore size of these membranes. UF membranes have smaller pore size,
hence US is more effective in avoiding penetrating particles to the pores when applied on the feed

side.

The application of US during membrane filtration process can be done continuously or
intermittently. Several studies have used these US application modes, which demonstrated to be
effective in avoiding fouling and enhancing permeate flux. However, in many cases continuous
application mode has presented superior performance. Observations by Cai et al. (2014) indicate
that continuous application mode can yield almost double flux enhancement. In accordance to this
observation, Chai et al (1998) and Lamminen (2004) also found continuous application more
efficient. However, it is important to consider that continuous application can be more prone to

cause membrane damage for certain experimental conditions.

3.2.2.3. Ultrasonic Frequency
Ultrasonic frequency determines the size and number of cavitation bubbles formed in the
system (Fuchs, 2011). According to Leighton (1998), the size of an air bubble in water is related

to the frequency according to the following equation (3).

1 3kp,

= 3
2nR, p )

fo

where f, is the resonance frequency, p, is the ambient pressure, k is the polytropic index
and R, is the radius of the gas bubble. This equation is valid for pre-existing bubbles with radius

of at least 10 um. According to this relationship, resonance frequency and air bubble radius are
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inversely proportional. For this reason, when lower frequencies are applied, larger bubbles are

produced.

The effect of frequency has been investigated in previous studies. For most cases lower
frequencies have shown to be more efficient in improving permeate flux for both US-aided
cleaning processes and US-aided filtration processes. At lower frequencies, large size bubbles, but
fewer in numbers, are produced and collapse more energetically. The violent collapse of the large
bubbles causes strong vibration, micro-jetting, and localized turbulence, improving permeate flux.
At higher frequencies, more bubbles are formed; however, they are smaller and tend to collapse
less violently. As a consequence, the use of higher frequencies is not as efficient in detaching
particles from the cake layer. The difference between these two cases (lower and higher
frequencies) can be explained by the attenuation of sound which is correlated to US frequency as
shown in Equation (4) (Ahmad et al., 2018).

A = aFL 4)

Where A4 is attenuation (dB), « is the attenuation coefficient (dB.kHz.m™), F is frequency
(kHz), and L is the path length (m). According to this correlation, at higher frequencies sound is

attenuated more readily and as consequence less energy is available to detach particles.

Several researchers studied the effects of ultrasound on the performance of membrane
filtration where the membrane module was immersed in an ultrasonic bath. Borea et al. (2018)
compared the performance of membrane filtration under 35 kHz and 130 kHz; and lower frequency
resulted in better performance. Chai et al. (1999) achieved significant flux improvement applying
45 kHz to water cleaning process of polymeric membranes. Chai et al. (1998) observed increase
in permeate flux of polyacrylonitrile (PAN) membrane applying 45 kHz continuously during 80
minutes of filtration. Kobayashi et al. (2003) also applied 28 kHz, 45 kHz and 100 kHz
continuously during filtration process. All frequencies promoted flux improvement, but 28 kHz
was the most efficient. Similarly, Cai et al. (2010) also used the same frequency levels and obtained
similar results for 28 kHz and 45 kHz, however, no noticeable effect was observed for 100 kHz,

as shown in Figure 3-6.
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Figure 3-6. Ultrafiltration process with or without ultrasound irradiation at transmembrane
pressure of 0.4 bar (Cai et al., 2010)

According to observations by Cai et al. (2010), the total and reversible resistances to
permeation were significantly lower at 28 kHz and 45 kHz, leading to an increase in permeate flux.
The mechanism of action of US was not specified for this particular case, but its main contribution
was the reduction of the reversible resistance which is associated to concentration polarization and
cake layer formation. Although many studies have indicated that lower frequencies are more
efficient in improving filtration performance, this result depends on other factors and operating
conditions such as membrane module configuration, membrane material, TMP, feed flow rate and

power supply.

3.2.2.4. Ultrasonic Power

The power intensity of US also plays an important role in flux improvement. Ultrasonic
power determines the number of cavitation bubbles formed (Fuchs, 2011). As power intensity is
increased, there is more energy available to activate pre-existing bubbles into cavitation bubbles,
thus the number of cavitation bubbles is increased as well as the size of the cavitation zone. At
higher power intensities, higher pressure amplitude is achieved, and as a consequence,
hydrodynamic turbulence is enhanced due to increased intensity of implosion of bubbles
(Lamminen, 2004).
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Because of the great amount of energy released by the collapse of cavitation bubbles, the
application of US can also lead to the breakage of molecules from the feed solution. For that
reason, it is possible to observe the formation of hydrogen peroxide which can act as an oxidizing
agent breaking organic molecules (Lamminen, 2004). Another possible outcome from particle
breakage is the increase in fouling rate, due to smaller particle size distribution (Chai et al., 1998).
Smaller particles tend to penetrate the membrane pores more easily than larger particles, leading
to increase in fouling rate. Furthermore, the effectiveness of ultrasound cleaning can be reduced
because smaller particles tend to form more compact fouling layer which is harder to be removed

with ultrasound application.

Using an ultrasonic bath, Cai et al (2014) observed that ultrasonic power has a great impact
on fouling resistances. According to their published study, higher power yields lower fouling and
higher permeate flux. Additionally, lower frequencies are more efficient than higher ones, and
require less power to achieve the desired flux enhancement. Reuter et al. (2017) experimented a
stacked configuration of polymeric flat-sheet membranes. US transducers were placed parallel to
the membrane module that was submerged in the ultrasonic bath. US frequencies investigated were
35 kHz and 130 kHz, and US power ranged from 100 W to 1000 W. The US-aided cleaning
processes was operated after filtration and consisted of backwashing with US application and air
flushing. No cleaning effect was observed using 35 kHz and sufficient cleaning was obtained with
130 kHz, reaching almost double cleaning efficiency at optimum operating condition. No
membrane damage was observed, and the best result was achieved with nominal power of 350 W.
One of the disadvantages of the proposed process is that the filtration needs to be interrupted to
clean the membrane. Furthermore, the combination of backwash and air flushing increase

complexity of operating conditions and overall cost.

The mode of application has been shown to impact the effect of power in flux improvement.
When US is applied through ultrasonic bath, higher power is necessary to create cavitation bubbles
and turbulence inside the membrane module. This is also related to the attenuation of sound which,
in this case, needs to pass through different materials and path lengths. As consequence, the direct
application of US requires less power since the path length is significantly smaller. Most of the

studies that applied US through ultrasonic bath the nominal power ranged from 200 W to 1000 W.
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On the other hand, the previously mentioned study by Hengl et al. (2014), in which US was
applied directly to the membrane module, significant improvements were observed, and the
nominal power was 90 W. This indicates that direct application to the membrane module represents
a more cost-efficient process since less energy is required. Although direct application of
ultrasound have been shown to be successful in controlling fouling (Hengl et al., 2014), the main
challenge associated to the direct application is finding the balance between removing particles
from the cake layer without damaging the membrane or fragmenting particles in the feed solution.
Another challenge with on-line application of US is the uneven ultrasonic field created under
pressurized conditions. According to Kyllonen et al. (2006), the higher the applied pressure, the
more uneven the ultrasonic field becomes. This might cause membrane damage and represent a

limitation for fouling control at higher pressures.

3.2.2.5. Feed Solution Properties

The use of US for fouling control have been tested using various solutions, such as peptone
solution (Chai et al., 1999; Kobayashi et al., 2003), milk solution (Kobayashi et al., 2003b), dextran
solution (Chai et al., 1998), colloidal solutions (Hengl et al., 2014), latex (Ahmad et al., 2018;
Lamminen, 2004) and dairy wastewater (Lujan-Facundo et al., 2016). Feed properties have direct
influence on the efficiency of US application. For high feed concentrations, lower improvement
of permeate flux is observed when US is applied. Qasim et al. (2018) attributed this behaviour to
an increase in the number of nuclei available for the generation of cavitation bubble. When a large
number of bubbles are produced, the ultrasound waves are attenuated due to scattering and

absorption.

The particle size also affects the performance of US in improving fouling control. There is
evidence that US is more effective when particle size is smaller. This can be associated to lower
lift and drag forces (created in turbulent regime) experienced by smaller particles. With this, very
small particles tend to get trapped and create a denser cake layer which is harder for US to break.
However, the particle size is not the only property of the feed solution influencing the cleaning
effect of ultrasound. Lamminen (2004) tested the performance of US using different particle sizes
(2 pm, 0.5 um and 0.3 pum) of surfactant-free polystyrene latex particles with sulfate functional
groups. Figure 3-7 shows the change in the normalized permeate flux (ratio of flux of latex solution
filtration to flux of particle free filtration) over time for filtration with latex particles (various sizes)

29



followed by ultrasonic cleaning at 620 kHz for 5 seconds. The flux recovery due to US application

is indicated by the dashed line shapes in the Figure 3-7.

The most effective cleaning was observed with intermediate particle size (0.5 um). The
largest and smallest particles yielded small improvement of permeate flux. The author attributed
these results to the fact that the feed solution with intermediate particle size had the most negatively
charged zeta potential. This way, a thinner and more porous cake layer is created with the
intermediate particle size. Furthermore, with this charge, particle-to-particle detachment is easier

due to repulsive forces.
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Figure 3-7. Normalized permeate flux of the membranes over filtration process using particles of
sizes, 1.0 um, 0.5 um, and 0.3 pm. Ultrasonic cleaning performed using 620 kHz, 0.21 W.cm™,
and a duration of 5 seconds (Lamminen, 2004).

3.2.2.6. Feed Flow Rate

The effect of feed flow rate (and cross-flow velocity) has also been investigated in the
application of US for fouling control. According to Kyllonen et al. (2006), the effect of cavitation
is expected to decrease when filtration is operated in cross-flow mode. In stagnant conditions,
cavitation bubbles can become trapped on the membrane surface and cause damage due to repeated
oscillations at the same point. However, a balance between cross-flow velocity and fouling control

using US should be determined. If cross-flow velocity is too low, bubbles are susceptible to
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stagnation. In this case, erosion and membrane damage can negatively impact the filtration
process. On the other hand, if cross-flow velocity is too high, larger bubbles might be carried away

through the reject stream without reaching the membrane surface.

Alventosa-deLara et al. (2014) reported an optimization of factors affecting US-assisted
cleaning of UF ceramic membrane fouled by dye particles. Three factors in three different levels
were analyzed: TMP (0.5 bar, 1.5 bar, 2.5 bar), cross-flow velocity (1 m.s?, 2 m.s?, 3 m.s?) and
US frequency levels (37 kHz, 80 kHz and mixed wave). Figure 3-8 shows the 3D response surface
relating each investigated factor with cleaning efficiency. As observed in Figure 3-8, cleaning
efficiency was found to increase linearly with the cross-flow velocity (CFV). Maximum cleaning
efficiency was obtained when the highest cross-flow velocity of 3 m.s™ was applied. However,
because only three cross-flow velocities were investigated, there is no proof that this represents a

global maximum.
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Borea et al (2018) investigated the effect of feed flow rate and ultrasonic frequency in US-
aided UF using hollow fibre polysulfone membrane. Two membrane fluxes (75 L.m2.h"* to 150
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L.m h) and two frequencies (35 and 130 kHz) were analyzed. Ultrasound was applied using a
water bath with power intensity set to 800 W. The largest reduction of fouling rate of 57.3% was
achieved when both feed flow rate and frequency were at their highest levels. The flow rate appears
to have a significant effect on the UF performance under ultrasonic field, and higher flux
improvement was observed when the feed flow rate was increased from 75 L.m2.h"* to 150 L.m™
h™ under 130 kHz.

3.2.2.7. Membrane Materials

Literature reports US-aided fouling control using membranes of various materials (i.e.
polymeric or ceramic), pore sizes and structures (i.e. homogeneous, non-homogeneous and
modified surfaces). Ceramic membranes are more robust and mechanically stable than polymeric
membranes, however, the cost is significantly higher. For example, based on the prices provided
by Sterlitech Corp. (Kent, WA, USA), the cost of ceramic membrane can be 65 times higher than
polyvinylidene fluoride (PVDF) membranes. Lujan-Facundo et al. (2016) investigated the
cleaning efficiency improvement by US for different membranes used in dairy industry. Fouling
was performed using three different solutions and four UF membranes of different MWCO and
materials (polymeric and ceramic). Better results were obtained using ceramic membranes, but no

clear relation between the material and US application was found.

Many studies have demonstrated that the application of US for fouling control is feasible for
polymeric membranes when using ultrasonic bath (Cai et al., 2010; Chai et al., 1998, 1999;
Lamminen, 2004; Muthukumaran et al., 2005) as well as using direct application (Hengl et al.,
2014). Due to the violent nature of the cavitation bubble collapse, polymeric membranes are
susceptible to membrane erosion, but some polymers are more resistant than others. Investigation
by Masselin et al. (2001) observed the effect of 47 kHz ultrasonic waves on polyether sulfone
(PES), PVDF and polyacrylonitrile (PAN) membranes immersed in an aqueous bath (outside the
membrane module). Membranes were placed in a beaker which was immersed in an ultrasonic

bath. PVDF and PAN membranes showed higher structural resistance and presented less damage.

Wang et al. (2006) tested different polymeric MF membranes under 40 kHz and various
power levels using an ultrasonic bath. The main goal of the study was to analyze the endurance of
different membrane materials to US application. The membranes tested were PES, the mixed ester

of cellulose nitrate with cellulose acetate (CN-CA), nylon 6 (Nr), and PVDF. Figure 3-9 shows the
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variation of each membrane water flux under application of ultrasound. On the left, the water flux
is shown as function of the US application time. On the right, the water flux is shown as function
of the US power intensity. An increase in water flux indicates that the membrane material
experienced change in permeability due to application of US.
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Figure 3-9. Effect of irradiation time and ultrasound intensity on water flux for different
polymeric MF membranes (Wang et al., 2005).

Figure 3-9 shows that the water flux for PVDF was constant during US application for
various irradiation times and US power intensity. This result indicates that PDVF was the only
material with no significant change in permeability and selectivity. Furthermore, PVDF is strong
enough to endure the high temperature and pressure created by the collapse of cavitation bubbles.
PVDF thus represents a cost-effective option for many processes and can be benefited from US-
aided fouling control.

In summary, the application of US represents a promising technique to control fouling of
polymeric membranes, increasing permeate flux between 20 and 90%. US-assisted filtrations have
potential to be applied for various feed solutions with high solid content such as latex paint

wastewater and can be advantageous for the simple operation and energy efficiency.

The generation of high volumes of wastewater is a major environmental impact associated
to paint industry. The main source of wastewater in latex paint industry is from equipment cleaning
which is very important to avoid damage due to the properties of the raw materials and final
product. One of the challenges for the wastewater treatment is the high solid concentration, and
for this reason, US-aided ultrafiltration represents a promising technique.
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The direct application to the membrane module seems more cost efficient than the use of
ultrasonic bath due to lower attenuation of ultrasonic waves, requiring lower power intensity
Regarding membrane materials, PVVDF membranes have been reported as a feasible option for US-
assisted filtration due to its structural properties. With all that considered, the goal of the presented
study is to investigate the effect of ultrasonic frequency and power on US-aided UF of simulated
latex wastewater of various concentrations. Where the ultrasound applied continuously directly to

the membrane module from the feed side.
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Chapter 4

Methodology

This chapter details the experimental setup, ultrafiltration procedure, analytical methods and all

materials used in this study.

4.1. Experimental Setup

A schematic diagram of the experimental setup is shown in Figure 4-1. It was composed of
a feed tank connected to a centrifugal pump (Model 7505, Schmitt-Kreiselpumpen GmbH & Co.
KG, Germany) which pumped fluid downstream passing through a rotameter and reaching the feed
side of the membrane module. A pressure sensor (Model Omega PX303-100G5V, + 0.25%) was
connected on the feed side of the module to monitor applied pressure. The permeate was collected
using a beaker and its mass was monitored gravimetrically using an electronic balance, £0.1g
(Model Adventurer Pro AV2101, Ohaus Corporation, New Jersey, USA). Both pressure sensor
and electronic balance were connected to a data acquisition system.
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Figure 4-1. Experimental setup

Figure 4-2 shows the membrane module that was designed to fit an US transducer on the

feed side. The module was composed of two solid plates constructed out of aluminum possessing

mechanical properties that allow sound to travel at high rates. The total distance between the
transducer and the membrane surface was fixed at 8 mm.
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Figure 4-2. Drawing of membrane module (front view)
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Figure 4-3 shows each part of the membrane module except the US transducer in an exploded
view. A rubber gasket (2) was placed between the plates (1 and 5) to prevent liquid leaking. The
membrane (3) was placed on top of a porous metal support (4) to prevent bursting due to applied
pressure. The feed solution entered the module on the left side (6) and the reject stream exited
through the right size (7). The membrane transducer was placed between feed inlet and reject

outlet.

Part Number Part Name
1 Upper plate
2 Rubber gasket
3 Membrans
4 Porous metal support
5 Bottom plate
6 Feed inlet
7 Reject outlet

Figure 4-3. Exploded view of the membrane module (dimensions are in millimeters).

As the feed solution passed through the membrane module, fouling takes place as the solid
particles accumulated on top of the membrane, and the water (permeate solution) passed through
the membrane reaching the permeate side. Permeate solution was accumulated in a small reservoir
and exited through the bottom of the module. The application of US to the membrane module

generated cavitation bubbles on the top plate (feed side) and on the bottom plate (permeate side).
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4.2. Ultrafiltration Membranes

Two polymeric flat sheet ultrafiltration membranes were used in this investigation.
Polycarbonate Track Etch (PCTE) membrane filters with nominal pore size of 0.1 um (Sterlitech
Corp., Kent, WA, USA) have homogenous structure with narrow pore size distribution and are
coated with polyvinylpyrrolidone (PVP) to enhance hydrophilicity. These membranes are very
thin (nominal thickness of 3 um to 24 um), can operate within pH level of 4 to 8 and at maximum
operating temperature of 140 °C. P\VDF membranes with nominal pore size of 0.03 um (Microdyn-
Nadir) have non-homogeneous structure and backing material of non-woven polyester. The zeta
potential of the PVDF membrane is -2.5 mV. These membranes have thickness of 160 um to 200

pm and can operate within a wide range of pH and temperature.

4.3. Feed Solution

The feed solution used in this study simulates the wastewater from latex paint industry. The
solution was prepared by mixing distilled water and a measured volume of commercial latex paint
(Easyflow Interior Latex Paint, White, Flat) in the feed tank of the experimental setup. The density
of the commercial paint is 1.46 g.mL™* and the solid content was determined using solid content
analysis. For each experiment, approximately 12 L of solution was prepared at a desired solid
concentration by varying the measured volume of paint. Table 4-1 shows the measured zeta

potential of the feed solutions at different solid concentrations.

Table 4-1.Zeta potential measured for feed solution with different solid concentration

Concentration (wt.%0) Zeta potential (mV)
0.075 -19.3
0.15 -15.6
0.30 -13.2

In general, paints are composed of four main ingredients: binder, solvent, pigment and
additives. The binder is the main ingredient and consists of a polymer which is responsible for
holding pigment particles throughout the coating. The paint used in this study has vinyl acrylic

latex as binder material, but its exact composition is proprietary.
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4.4. Operating Parameters

As the goal of this study is to investigate the effect of continuous in-situ ultrasound
application to avoid fouling during ultrafiltration of simulated latex wastewater, three operating
parameters were controlled: ultrasonic frequency (F), ultrasonic power (Pw) and feed solution
solid concentration (Cs). The feed solution was kept at room temperature for all experiments. Feed
flow rate (Q) and pressure (P) were also kept constant at 1.0 L.min and 5 psi, respectively. These
conditions are similar to what has been applied in other research papers regarding ultrafiltration of
latex wastewater (Abdelrasoul, 2015; Bedasie, 2010; Naddeo et al., 2015). The Reynolds number

for the flow inside the membrane module was calculated as 322 using Equation (5)

__pDv
n

Re

()

Where p is the density of water at 22 °C (0.998 g.cm®), D is the hydraulic diameter of the
opening on the feed side of the membrane module (a rectangle with dimensions 100 x 30 mm), n

is the dynamic viscosity of water at 22 °C (0.955 cP) and ¥ is the fluid velocity (0.021 m.s™).

Ultrasound was applied using piezoelectric ultrasonic transducers which convert electrical
energy from the ultrasonic generator into ultrasonic waves. The ultrasound transducers available
for this study operated at 20 kHz, 28 kHz and 40 kHz and had a nominal power 100 W. The power
supply available for each transducer had a fixed power of 100 W. For that reason, to achieve a
fraction of the nominal power two or more transducers of the same frequency were connected in
series, but only one of them was attached to the membrane module. For example, to operate at 28
kHz and 50 W, two 28 kHz transducers were connected in series as shown Figure 4-4. One of these
transducers was attached to the module while the other was kept over a foam surface away from

the membrane module.
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Figure 4-4. Schematic representation of ultrasonic transducers connected in series to achieve a

fraction of the nominal power.

The feed solution concentration was controlled by the volume of paint added to the distilled
water. First, the solid content of latex paint was determined by standard solid concentration
analysis (APHA/AWWA/WEF, 2012) and used as a basis for the feed solution concentration
calculation. Each millilitre of paint contained 0.828 g of solid which represents approximately
55.8% of the weight of the paint. So, in order to prepare feed solution with 0.15 wt.%, 1.82 mL of

paint was added to each litre of distilled water. Table 4-2 summarizes the solid content for each
concentration used.

Table 4-2. Solid content of feed solution with various concentration

Cs (Wt.%) Solid content (mg.L™)
0.075 751.80
0.15 1503.59
0.30 3007.19

The range of solid concentration studied was based on literature reports of actual latex paint
wastewater. Yapicioglu (2018) analyzed the composition of wastewater collected from a paint
industry in Turkey and the solid concentration was approximately 1500 mg.L . Other studies have

also used similar concentrations to investigate fouling control strategies (Abdelrasoul, 2015;
Bedasie, 2010).
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4.5. Operating Procedure

For each experimental run, a polymeric flat sheet membrane was cut to size (10 cm x 17 cm)
and placed in the membrane module. Following recommendations from the manufacturer,
membranes were preconditioned by running distilled water at desired operating pressure until
constant permeate flux was achieved. Permeate was discarded and the volume of distilled water in

the tank was adjusted to prepare the feed solution.

Feed solution was prepared in the feed tank by mixing distilled water and a measured volume
of latex paint to obtain the desired solid concentration. The tank was filled with 12.0 L of distilled
water. Mixing was done using the recycle line (v-1) of the experimental setup. For this, the recycle
valve was fully opened and the feed valve (v-2) completely closed. A volume of paint measured
using a syringe was added to the tank to prepare the feed solution. The mixing time prior to the
beginning of the filtration was kept constant to all experiments because the amount of air in the
system can impact the formation of cavitation bubbles.

Once the solution was well mixed, the feed valve was opened slowly, allowing the solution
to reach the membrane module. Feed flow rate and pressure were set by adjusting feed, recycle
and reject valves. Feed flow rate was monitored using a rotameter located above the feed valve.
The applied pressure was monitored using a pressure sensor connected to the feed side of the
membrane module. The pressure reading was recorded every second and displayed on a computer
using the software LabVIEW. For the runs with ultrasound application, power supply was
manually turned on at the beginning of the filtration.

The permeate stream was collected using a beaker on an electronic balance which was
connected to a data acquisition system, allowing precise reading of the permeate mass every 5
seconds. As filtration proceeded, pressure increased, and feed flow rate decreased due to fouling.
To run the experiments at constant pressure, reject and feed valve were manipulated to adjust feed
flow rate and pressure. Filtration time was kept constant at 35 minutes for all experiments. The
reject stream was recirculated to the feed tank so to maintain a long run time without the need of
make-up solution. The concentration of the feed solution changed less than 1% during 35 minutes
of filtration. Therefore, the recirculation of the reject stream should not have a significant impact

on the filtration performance at a specified solid concentration.
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4.6. Experimental Design

In the present study, the experimental investigation was divided in three main parts:
preliminary investigation, response surface methodology and an investigation around the best

ultrasonic setting.

A preliminary investigation was performed to ensure that the application of ultrasound could
improve permeate flux of two polymeric membranes. Three levels of ultrasonic frequency and
power were combined in 9 experiments as shown in Table 4-3. A control run, without US
application, was also performed to serve as a comparison basis. PTCE and PVDF membranes were
tested for the presented operating conditions, and their compatibility with the proposed process
was analysed. The solid concentration of the feed solution was fixed at 0.15 wt.%. Feed flow rate

and applied pressure were kept constant for all experiments at 1.0 L.min and 5.0 psi, respectively.

Table 4-3. Experimental conditions for preliminary investigation

Parameters
Run Frequency (kHz) Power (W) Concentration (wt.%)
P.1 20 25 0.15
P.2 28 25 0.15
P.3 40 25 0.15
P4 20 50 0.15
P.5 28 50 0.15
P.6 40 50 0.15
P.7 20 100 0.15
P.8 28 100 0.15
P9 40 100 0.15
Control n/a n/a 0.15

Box-Behnken design of Response Surface Methodology (RSM) was used to further analyse
flux improvement promoted by continuous in-situ US application. The factors under investigation
(independent variables) were ultrasonic frequency, power intensity (Pwi), and feed solution solid
concentration. A total of 15 experiments were performed in random order, including 3 replicates
of the centre point to minimize the error margin. This experimental design method was selected

for being compatible with some experimental limitations, such as the frequency and power levels
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that could only be set to specific values. The range of operating conditions in coded and uncoded

values is summarized in Table 4-4.

Table 4-4. Levels of independent variables for Box-Behnken design

Levels
Factors +1 0 -1
Frequency (kHz) 40 28 20
Power Intensity (W.cm™) 0.59 0.29 0.15
Concentration (wt.%) 0.30 0.15 0.075

After identifying the ultrasonic setting that yielded the highest average normalized permeate
flux, the effect of feed solution solid concentration and feed flow rate were analysed. The solid
concentration in the feed solution was varied from 0.075 wt.% to 0.30 wt.% and the feed flow rate

was increased from 1.0 to 5.0 L.mint in 1.0 L.min* increments.

Before every experimental run, the membranes were preconditioned by passing distilled
water through it at the same operating conditions of the filtration. The water flux was calculated
using Equation (6)

] — pAVwater — A(mwater)
°  At.Ap, At.A,,

(6)

where J, is the water flux [g.min.cm™], p is the density of water [g.cm], AV, q¢er iS the
volume of water collected from the permeate side [mL], At is the time interval [min] and A4,,, is

the membrane surface area [cm?].

For all experimental runs, the permeate was collected for 35 minutes and its mass was totaled
every minute using an electronic balance. The total amount of permeate was used to assess the
overall performance of each case. The mass of permeate collected during the filtration was used
to calculate the permeate flux using Equation (7).

] _ pAV;)erm _ A(Tnperm) (7)
AtA,, AtA,,

44



4.7. Analytical Methods

4.7.1. Solid Content

Solid content analysis was used to obtain the amount of solid material in the latex paint.
Three samples (A1, A2, A3) were prepared by measuring 1 mL of paint and transferring it to an
aluminium plate that was placed in the oven at 105 °C for 5 days. The plates were weighed every
day until there was no change. Figure 4-5 shows the mass decay over time for the three samples.

Comparing the initial and final weight of the samples, the solid content was determined as 55.80%.
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Figure 4-5. Mass reduction over time of 1mL of latex paint (3 samples) in the oven at 105
°C.

4.7.2. Turbidity
Turbidity was measured using a turbidimeter (La Motte 2020t Turbidimeter, USA, £2%)

to assess the quality of the permeate solution for all experiments performed. Turbidity is defined
as the cloudiness or lack of clarity of a fluid due to the presence of suspended solids. It is measured
in terms of Nephelometric Turbidity Units (NTU) which indicates the amount of light scattered by
the solid particles in the solution. The lower the number of particles, the more the light can pass
through the solution, hence lower the turbidity. In Canada, water discharges with turbidity between

25 and 100 NTU are considered potentially hazardous to the biota of water bodies (Birtwell et al.,
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2008). According to the World Health Organization the turbidity of drinking water should be lower
than 5 NTU, and ideally 1 NTU (World Health Organization, 2017).

4.7.3. Particle Size Distribution

Particle size distribution was measured using a particle size analyzer (Model 2000 -
Malvern Mastersizer). This measurement is based on laser diffraction technique in which a laser
beam passes through the sample containing solid particles. The size of the particles is calculated
according to the scattering pattern. The particle size distribution was measured for the feed solution
in different solid concentrations. The average particle size diameter was 227.4 nm, 499.3 nm and
302.5 nm for 0.075 wt.%, 0.15 wt.% and 0.30 wt.%, respectively. The difference in average
particle size is associated to the particle size distribution for each solution. Figure 4-6 shows the

particle size distribution of the feed solution with different concentrations.

Intensity (Percent)
e
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Size (d.nm}

Record 163: 0.075 feed 1 Record 210: 0.15 FEED 3

Record 247: FEED 0.3 3

Figure 4-6. Size distribution of latex particles in feed solution with various solid concentrations,
0.075 (red), 0.15 (green) and 0.30 wt.% (blue)

The particle size distribution was also measured for the permeate solution. For every
sample, three measurements were performed to ensure the reliability of the measurements.
Although this analysis does not identify the components of the sample, it provides insights about

properties of the cake layer and the overall performance of the proposed process.
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4.7.4. Scanning-Electron Microscopy Imaging

Scanning electron microscopy (SEM) was used to obtain images of the membrane before
and after the filtration process. For this purpose, a scanning electron microscope (Model JEOL,
JSM-6380 LV, Oxford Instrument, U.K.) was used. The membrane samples were coated with a
thin layer of gold to improve conductivity and enhance image resolution. Figure 4-7 shows the
SEM image of a PVDF clean membrane with nominal pore size of 0.03um.

Figure 4-7. SEM image of PVDF membrane 0.03 um, gold-coated
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Chapter 5

Results and Discussion

In this chapter, the results obtained from the experimental runs are presented and discussed. This
investigation was divided in three main parts. First, a preliminary investigation was performed to
ensure that the application of ultrasound could improve permeate flux of two polymeric
membranes. Second, RSM was applied to further investigate the effect of ultrasonic frequency,
power intensity and concentration on permeate flux improvement. A mathematical model of the
permeate flux was obtained, and an optimal operating condition was identified. Finally, the
performance of the system (running with the best ultrasonic setting identified) was evaluated under

various feed solution solid concentration levels and feed cross-flow velocities.

5.1. Preliminary Investigation

The aim of the preliminary investigation was to observe if the application of ultrasound is
feasible using the designed membrane module and the selected membranes for this study.
Furthermore, the preliminary investigation offers insight into the effect of ultrasonic frequency

and power on fouling control.

Three levels of frequency (20 kHz, 28 kHz and 40 kHz) and three levels of power (25 W, 50
W and 100 W) were combined in 9 experiments, as previously shown in the Table 4-3. A control
run, without ultrasound, was also performed to compare the flux improvement due to ultrasound
application. The solid concentration of the feed solution was fixed at 0.15 wt.%. Feed flow rate

and applied pressure were also fixed for all the runs at 1.0 L.min"* and 5.0 psi.

During the preliminary investigation, PCTE membrane suffered severe damage to its surface
when exposed to the ultrasonic field. Within approximately 3 minutes of filtration applying 28
kHz and 100 W, the colour of the permeate drastically changed from clear to white (similar to the

feed solution). Figure 5-1 shows the permeate flux during 15 minutes of US-aided filtration using
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PCTE membrane. It was observed that around 3 minutes, J/Jo, starts to increase significantly and
it goes over 1, when it was supposed to go down. This behaviour is an indication of membrane

damage.

1.80
1.60 .
1.40
1.20

g 1.00

= 0.80 -
0.60 .

0.40 .
0.20 ®

0.00 *
0 2 4 6 8 10 12 14 16

Time(min)

Figure 5-1. Normalized flux (J/Jo) over time of US-assisted filtration using PCTE
membrane (F=28 kHz, Pw=100 W, Q=1.0 L.min-1, P=5.0 psi)

For this reason, no further investigations were done using PTCE membrane, which was
considered inadequate for this fouling control technique. PVDF membrane showed good resistance
to ultrasound exposure without experiencing surface damage. After conducting all experiments
using PVDF membrane, the total amount of permeate collected for each run is summarized in

Figure 5-2.
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Figure 5-2. Total mass of permeate collected after 35 minutes using no ultrasound, 20 kHz, 28
kHz and 40 kHz and various Pw levels (Q=1.0 L.min-1, P=5.0 psi, Cs=0.15 wt.%)

When no ultrasound was applied during the filtration (black bar), the total amount of
permeate collected was 518.65 g. A significant increase in the total amount of permeate was
observed for the runs using 20 kHz/25 W, 28 kHz/25 W and 40 kHz/50 W. The total amount of
permeate collected for these runs were 777.20 g, 703.70 g and 636.10 g, respectively. It
corresponds to increases of 49.8%, 35.7% and 22.6%, respectively. Some of the cases (e.g., 20
kHz/50 W, 28kHz/100 W and 40 kHz/100 W) presented similar or inferior performance to the case
without ultrasound. In these cases, the application of ultrasound had a negative impact on the
filtration. This could be attributed to the uneven pressure distribution created inside the membrane
module and negative interferences in mass transfer. This phenomenon has not been observed in
other published studies and can be attributed to the direct application of ultrasound on the feed

side to an enclosed system.

When 100 W was applied, the performance of US-assisted ultrafiltration was inferior than
the case without US for all frequency levels. At higher ultrasonic power, the number of cavitation
bubbles is increased because there is more energy available to activate the growth of more pre-
existing bubbles in the feed solution. In an enclosed system like the membrane module designed

for this study, the presence of too many cavitation bubbles can create a shielding bubble cloud.

50



This can create an uneven pressure distribution on the feed side and intense localized cavitation.
As a consequence, the application of ultrasound affects the mass transfer near the membrane

surface while it is not effective in detaching particles from the cake layer.

Figure 5-3 shows the normalized permeate flux (J/Jo) decay for the runs with the best
performances using US and the control run. The permeate flux (J) is normalized by dividing it by
the water flux (Jo) as shown in Equation (10). This normalization accounts for nonuniformities on

the membrane porous structure. The error bar was based on the standard deviation calculated in

Appendix C.
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Figure 5-3. Normalized flux decay over 35 minutes of filtration for three best runs of preliminary
investigation (Q=1.0 L.min-1, P=5.0 psi, Cs=0.15wt.%).

A faster decay of J/Jo was observed for the run without ultrasound, which indicates that the
use of ultrasound can effectively improve ultrafiltration performance by controlling fouling. As
the frequency was decreased, the percentage reduction of the initial permeate flux (Ji) was
decreased, indicating a lower degree of fouling. Ji is the permeate flux within the first minute of

filtration, and it was calculated using Equation (7). For example, when applying 28 kHz and 25
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W, the final flux (Jr) corresponded to approximately 10.6% of the initial flux (Ji). In this case, the
total permeate flux decayed 89.4% after 35 minutes of filtration. The total permeate flux decay
was calculated using Equation (9). Table 5-1 summarizes the values obtained for the total flux
decay.

Total Flux Decay (%) = (1 —]]—f) 100 9)

L

Table 5-1. Total flux decay for best runs in preliminary investigation

Frequency Power Jil Ji Total flux decay (%0)
20 25 0.135 86.5
28 25 0.106 89.4
40 50 0.081 91.9
n/a n/a 0.064 92.2

As the frequency level was increased, an increase in total flux decay was observed. This
demonstrates that US-assisted filtration had better performance at lower frequency, presenting
lower fouling and higher productivity (for the same power level). The results obtained are in
accordance to previous literature reports (Lamminen, 2004; Naddeo et al., 2015) and is related to
the characteristics of the bubbles produced at different frequency levels. At lower frequencies, less
bubbles are produced per unit of time, but they are larger and tend to collapse more energetically.
As frequency is increased, more bubbles are produced per unit of time. However, these bubbles
are smaller and collapse less energetically. With that, US-aided filtration presented better
performance with the application of lower frequency (20 kHz) at which particle detachment from

the cake layer is more effective due to the characteristics of the cavitation bubbles formed.

With regards to the power level used in these three best runs, lower fouling was observed
when a lower power level was applied. This trend is the opposite of what has been observed in
other systems using ultrasonic baths. In previous studies, as the power level is increase so does the
cleaning efficiency of the US application (Cai et al., 2014). The results obtained in the present
investigation can be associated to the direct application of US and the design of the membrane

module. As the power level is increased, more bubbles are produced, and the size of the cavitation
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zone is increased. In this system, as power is increased, a larger amount of bubbles is formed on
both the feed side (where the transducer is placed) and the permeate side. This is expected to have
a negative impact on the US-aided filtration as bubbles can coalesce and collapse before touching
the membrane surface. Furthermore, the membrane module is an enclosed system and a large
amount of bubbles can be trapped on the feed side as US is applied. The presence of too many
bubbles as a consequence of the module design and direct application of US can interfere in mass

transfer phenomenon and hinder filtration performance.

This preliminary investigation showed that the US application can be effective in controlling
fouling of PVDF membrane when US is applied continuously and in direct contact with the feed
side of the membrane module. With that, further investigations regarding the effect of ultrasonic
frequency and power levels on the fouling were performed using feed solution of different

concentrations.

5.2. Response Surface Methodology (RSM)

The aim of the RSM in this study was to investigate the impact of continuous application of
ultrasound on the performance of ultrafiltration using latex wastewater. Furthermore, RSM was
utilized to obtain a relationship between ultrasonic frequency, power intensity and feed solution
concentration with the permeate flux. For this reason, the response variable analysed in the Box-
Behnken design was Jus which represents the averaged permeate flux (Jawg) multiplied by a
correction factor. Jayg Was calculated by dividing the total (cumulative) mass of permeate to the
filtration time (35 min) and the membrane surface area (170 cm?). Jus was calculated using
Equation (10), and is an indication of the overall US-assisted ultrafiltration performance. Sample

calculations are shown in Appendix D.
Jus =]avg 6 (10)

& represents a correction factor that accounts for water flux variability observed from one
membrane sample to another. This variation is attributed to nonuniformities on the porous structure
of the membrane which is purchased as one long sheet (31.5x100 cm?) that had to be cut to size
(10x17 cm?) for the experiments. The calculation of § is shown in Equation (11). Where J,,, is the

membrane water flux provided by the manufacturer.
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The decay of Jus over time was used to analyse the occurrence of fouling in US-assisted
ultrafiltration. This value was calculated for all of the experimental runs with a fixed filtration time
of 35 minutes, according to Equations (6) and (7). The feed solution was at room temperature for
all experiments. Also, feed flow rate and applied pressure were fixed at 1.0 L.min* and 5.0 psi in
order to focus on the influence of the US application. Table 5-2 shows all experimental runs
performed and the respective results. The value of Jus obtained experimentally ranged from 0.037

and 0.151; and the mean value was 0.079.

Table 5-2. Experimental runs and results from Box-Behnken design

Factors Response Variable
Run Frequency Power Concentration Jus
(kHz) (W.cm™?) (Wt.%) (g.min"'.cm?)
1 20 0.15 0.15 0.140
2 20 0.59 0.15 0.093
3 20 0.29 0.075 0.151
4 20 0.29 0.3 0.044
5 28 0.15 0.075 0.100
6 28 0.15 0.3 0.053
7 28 0.29 0.15 0.060
8 28 0.29 0.15 0.075
9 28 0.29 0.15 0.070
10 28 0.59 0.075 0.096
11 28 0.59 0.3 0.042
12 40 0.15 0.15 0.076
13 40 0.29 0.075 0.097
14 40 0.29 0.3 0.037
15 40 0.59 0.15 0.065
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5.2.1. Main Effects

Figure 5-4 shows the main effects plot for Jus, which displays the mean response for each
factor level. For example, the mean response for 20 kHz is the mean of the Jus value obtained in
all experimental runs in which 20 kHz was applied (runs 1, 2, 3 and 4 shown in Table 5-2). The
reference (dashed) line represents the mean of all data points. The error bars were calculated by
the software, based on the data of the triplicates of the centre point of the Box-Behnken statistical
design. The fact that the lines connecting the points within the factors are not horizontal indicates

that all factors affect the response variable differently.
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Figure 5-4. Main effects plot for Jys using data means.

5.2.1.1. Effect of Frequency

The Jus mean was higher when 20 kHz was applied, and significantly decreased when
frequency level was increased. This behaviour is similar to what have been observed in previous
studies (Cai et al., 2014; Lamminen, 2004; Naddeo et al., 2015) as well as in the preliminary

investigation of this study.
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This observation could be attributed to the characteristics of the bubbles produced and the
energy attenuation suffered by the ultrasonic waves at different frequency levels. At lower
frequencies, a smaller number of bubbles is produced per unit time, but these bubbles are larger
and collapse more energetically at the membrane surface. Furthermore, at lower frequencies the
ultrasonic waves suffer less energy attenuation, as per Equation (4). With that, the application of
ultrasound is more effective in detaching particles from the cake layer, and hence, improving the
permeate flux. At higher frequencies, more bubbles are produced per unit of time, but these bubbles
are smaller and less energetic. Additionally, ultrasonic waves at higher frequencies suffer more
attenuation; hence, less energy is available for detaching particles. For this reason, higher fouling

is observed, and the average permeate flux is decreased.

Figure 5-5 shows the flux decay obtained in runs 3 and 13 from Table 5-2, and illustrates
the change in performance for different frequency levels. US-assisted ultrafiltration was performed
using 20 kHz and 40 kHz, with 0.29 W.cm and 0.075 wt.% solid concentration. The flux decay
occurs much slower when 20 kHz is applied, and the amount of permeate collected is 54.7%
higher. The data collected in terms of mass of permeate collected over time can be found in

Appendix A.
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Figure 5-5. Permeate flux decay over 35 minutes of filtration using 20 and 40 kHz
(Q=1.0 L.min%, P=5.0 psi, Pwi= 0.29 W.cm, Cs=0.075wt.%)
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5.2.1.2. Effect of Power Intensity

From the results shown in Figure 5-4, only slight changes around the overall mean response
of Jus were observed. This could be an indication that this main effect is not significant to the
response variable. From previous literature reports in which ultrasound was applied using
ultrasonic bath as well as applied directly to the module from the permeate side (Borea et al., 2018;
Lamminen, 2004), the increase in power is expected to increase the efficiency of ultrasonic fouling
control. This trend is attributed to the fact that at higher power, there is an increase in the number
of bubbles formed as well as in the size of the cavitation zone. Hydrodynamic turbulence is also

increased which can intensify the implosion of the bubbles.

In the present study, a different trend was observed, and it can be attributed to the
membrane module design, the position of the US transducer and the properties of the feed solution.
During the US-assisted ultrafiltration using high power intensity, there is enough energy to vibrate
the entire membrane module. With that, many bubbles are formed on both feed and permeate side,
and ultrasonic waves propagate in opposite directions. As consequence, it is believed that the
waves interfere with each other reducing or increasing the resultant amplitude. Also, with a large
amount of bubbles formed, it is possible that some coalesce into bigger bubbles, and are carried
away from the membrane surface by the reject stream. Therefore, at higher power intensity, the
application of ultrasound is less efficient, and fouling is more severe. To further understand how
the power intensity affects fouling control, it would be necessary to look at the interactions with

the two other main effects, frequency and concentration.

The quality of the permeate was significantly affected by the power intensity. Figure 5-6
shows the turbidity of the permeate collected after US-assisted filtrations and control runs (which
have a power intensity of 0). The quality of the permeate for the control runs as well as for the
cases using 0.15 W.cm with 0.075 wt % and 0.15 wt.%, and 0.29 W.cm2 with 0.075 wt% and
0.15 wt.% comply with the requirements from World Health Organization for drinking water,
which indicates a good quality permeate. As shown in Figure 5-6, as the power intensity is
increased, the turbidity of the permeate becomes higher. This is believed to be associated to a slight
increase in membrane pore size during the filtration (Masselin et al., 2001), and the possibility of
the particles being fragmented by the US application (Chai et al., 1998). According to Reuter et

al. (2017), as power is increased the sound pressure distribution inside the module is affected by
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shielding bubble clouds. This results in increase in localized cavitation activity, increasing the
particle detachment but also increasing pore size due to the properties of the polymeric membrane.

This effect was more pronounced when a higher feed solution concentration was used.
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Figure 5-6. Turbidity of the permeate solution obtained applying 20 kHz with various power
intensity levels and various feed solution solid concentration

5.2.1.3. Effect of Concentration

As observed in Figure 5-6, with an increase in the feed solution concentration, the permeate
solution presented higher turbidity. This is associated to a wider range of particle size for higher
solid concentrations. Consequently, when the membrane pore size is affected by the ultrasonic

power, it is natural that more particles would be able to pass through the membrane.

As depicted in Figure 5-4, by increasing the concentration of the feed solution, the mean
of Jus decreased linearly. Naturally, fouling is expected to occur faster when a higher solid
concentration is used. Additionally, ultrasonic cleaning is not as efficient when applied at higher
concentrations. With more suspended and dissolved solids in the solution, the attenuation of
ultrasonic energy is increased due to scattering and absorption of energy by solid particles.
Furthermore, at higher solid concentrations, the number of nuclei available for formation of

cavitation bubbles is increased. The presence of a very large amount of bubbles inside the
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membrane module can have a negative impact on the filtration performance. Too many bubbles
can lead to the formation of shielding bubble clouds and interfere in mass transfer at the membrane
surface. It is important to verify if the interaction between the solid concentration with frequency
and power intensity is significant to the overall performance.

5.2.2. Interaction Effects

Figure 5-7 shows the interaction plot for Jus and displays how the permeate flux (Jus)
changes based on the interaction of the main effects. The top-left shows how Jus obtained
experimentally changes with frequency and power intensity at 0.15 wt.% feed solution solid
concentration. The top-right plot shows the trend of Jus with frequency and concentration at 0.29
W.cm2 of power intensity. Finally, the bottom-right graph shows the change in Jus with power and

concentration at 28 kHz.
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Figure 5-7. Interaction plot for J/Jo

From the top-left graph of Figure 5-7, the application of 20 kHz resulted in higher Jys for
all power intensity levels, indicating better fouling control. Also, higher frequencies (28 kHz and
40 kHz) are less efficient in controlling fouling, thus Jus is lower for all power intensity levels. The

application of 28 kHz and 40 kHz presented very similar performance for all power intensity levels.
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This behaviour is in accordance to expectations due to the higher attenuation suffered by ultrasonic
waves at higher frequencies and higher power intensity. Using these ultrasonic settings (high
frequency and high power) the collapse of the cavitation bubbles is weaker. This leads to less
energy available for detaching the particles from the membrane surface and hence fouling is more

SEevere.

The top-right graph in Figure 5-7 shows the frequency-concentration interaction. It was
observed that the application of 20 kHz was more efficient in controlling fouling when feed
solution with 0.075 wt.% and 0.15 wt.% solid concentration was used. When a higher feed solution
solid concentration was used, the value of Jus was similar for all frequency levels. This result
should be a consequence of the higher degree of fouling naturally experienced at higher solid
concentrations, and greater energy attenuation of ultrasonic waves due to scattering and

absorption.

As the solid concentration was increased, the zeta potential of the feed solution was
increased (less negative), as shown in Table 4-1. According to Lamminen (2004), particles with
less negative zeta potential create thicker, more compact cake layer on the membrane surface. This
behaviour is attributed to increased particle-to-particle repulsion and larger interparticle distance
at more negative zeta potential. Furthermore, the higher the repulsion between particles, the easier
it is to detach particles from each other and from the membrane surface, which, in turn renders US

more effective.

The characteristics of the feed solution can explain the fact that at higher concentrations
the permeate presented higher turbidity, as previously seen in Figure 5-6. At higher concentrations,
a wider tail end of large particle sizes was observed in the particle size distribution curve, as shown
in Figure 4.5. Therefore, a more porous cake layer would be formed on the membrane surface due
to larger interparticle distance of larger particles. In addition, at higher concentrations the averaged
particle size is slightly smaller. Consequently, more particles can make their way through the

membrane, increasing the turbidity of the permeate.

The bottom-left graph in Figure 5-7 displays the effect of the interaction between power
intensity and concentration on Jus. A similar trend was observed for 0.15 W.cm™ and 0.59 W.cm™
which indicates similar fouling control ability when these power intensities were applied. 0.59

W.cm was expected to be more efficient for producing more (and more energetic) cavitation
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bubbles. However, due to the aforementioned interferences its efficiency was reduced, and Jys was
decreased. The power level of 0.29 W.cm™ showed better performance at lower concentration
(0.075 wt.%), but Jus decreased when concentration was increased. This is associated to the
decrease in particle-to-particle repulsion and greater attenuation as previously discussed.

5.2.3. Statistical Analysis

The results obtained experimentally were analysed using a multi-regression technique to
identify significant effects of the process parameters. Figure 5-8 shows the Pareto chart in which
the standardized effects appear in decreasing order of magnitude. It indicates that two of the main

effects and one interaction term are statistically significant, with a confidence level of 95%.
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Figure 5-8. Pareto chart of standardized effects. Response is Jus (a0 = 0.05).

In order to remove statistically non-significant effects and obtain a best-fitting model that
describes the response variable in terms of the investigated factors, a stepwise backward
elimination regression was performed using statistical software (Minitab® 18, Minitab Inc., USA).
Initially, a model that includes all predictors is assumed. The software removes the least significant
variable for each step. The elimination process stops when all variables in the model have p-values
that are less than or equal to the specified level of confidence (o = 0.05). Model hierarchy was

enforced during the elimination process to obtain an equation in terms of uncoded units.
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The model fitting was evaluated by the coefficient of determination (R?) and the analysis of
variances (ANOVA). The ANOVA table (B-1), coded coefficient table (B-2), and residual plots
(Figure B-1) can be found in Appendix B. The value of R? obtained was 81.2% which indicates
that this model adequately describes the response variable in terms of the selected independent
variables. The value of the predictive R? was 61.1% which indicates that this model has low

predictability for new observations. The model obtained is presented in Equation (12).

Jus = 0.361 + 0.000209F2 — 0.0145F — 0.288C, (12)

where F is the frequency level [kHz] and Cs is the feed solution solid concentration [wt.%].
This equation is valid for frequency levels between 20 kHz and 40 kHz and feed solution
concentrations of 0.075 wt.% to 0.30 wt.%. Although the power intensity is not a significant factor
in the model, Equation (12) is valid for power intensity between 0.15 W.cm™ and 0.59 W.cm™.
According to the model obtained, Jus is a quadratic function of the frequency level, and a linear
function of the concentration and the frequency level. The plot of Jys as function of concentration

and frequency is displayed in Figure 5-9

Concentration

Figure 5-9. Response surface of Jus as a function of frequency and concentration.

The response of Jus was maximized using the optimization tool in the statistical software.
The result indicted that maximum Jys would be 0.134 and would correspond to the application of
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20 kHz with feed solution concentration at 0.075 wt.%. The only experimental run in the Box-
Behnken design in which 20 kHz was applied to the filtration of feed solution concentration at
0.075 wt.% had a power intensity of 0.29 W.cm™. The value of Jys for this case was 0.151 and

represented the highest response among all experiments performed.

In order to verify the predictability of the model, two additional experiments were performed
using 0.15 W.cm? and 0.59 W.cm™ for the same optimized conditions of frequency and
concentration (20 kHz and 0.075wt.%, respectively). The value of Jys obtained experimentally for
each of these runs is shown in Table 5-3 with the respective error which was calculating using the

following Equation (13):

experimental __ ;predicted
Error = [2& 22 100% (13)
predicted

us

Table 5-3. Permeate flux obtained experimentally for various power levels

Power intensity Jus Error (%)
0.15 0.115 14.2
0.29 0.151 12.7
0.59 0.080 40.3
Mean 0.115 13.9

The mean value of Jys obtained experimentally using 20 kHz, 0.075 wt.% and various power
intensity levels (0.15, 0.29 and 0.59 W.cm?) was 0.115 which represents an experimental error of
13.9%, calculated according to Equation (13). It was noticed a significant increase in error for the
case with highest power intensity. The mean value of Jys obtained in the runs with power intensities
of 0.15 W.cm and 0.29 W.cm™ is 1.33 and the error is 0.75%. This indicates that the model has
better predictability when lower power intensity is applied. It is important to stress that the
statistical model does not consider effects related to the design of the system, such as interference
between ultrasonic waves. Attempts were made to find a model with higher predictability, but it

was unsuccessful.
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Among all the experimental runs, the maximum Jys obtained was 0.151 when applying 20
kHz and 0.29 W.cm with a feed solution concentration at 0.075 wt.%. When compared to a
control run (performed without US application), this experimental condition yields an increase of
19.7% in Jus. The permeate collected had turbidity of 2.72 NTU which represents a 99.7% decrease
from the feed solution (1067 NTU). The permeate flux (Jus) decay for both runs is compared in

Figure 5-10. The error bar is calculated as shown in Appendix C.
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Figure 5-10. Permeate flux decay over 35 minutes of ultrafiltration using the best operating
condition (25 kHz and 0.29 W.cm™?) and the control run (no US) (Q=1 L.min-1, P=5 psi,
Cs=0.075wt.%).

The RSM analysis indicated that the averaged permeate flux (Jus) is maximized when 20 kHz
is applied to feed solution at 0.075wt.%. The power intensity is statistically non-significant to the
response variable. From Table 5-3, it was observed that the experimental run with 0.29 W.cm
presented the lowest percentage error. With that, 20 kHz and 0.29 W.cm™ operating condition is
considered in this study the best ultrasonic setting for the system and further investigations will be

performed.
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5.2.4. Investigations Around the Best Operating Condition

Using 20 kHz and 0.29 W.cm™, the ultrafiltration experiment was performed using feed
solution concentrations at 0.075 wt.%, 0.15 wt.% and 0.30 wt.%. The case with feed solution
concentration at 0.15wt.% was not part of the Box-Behnken design and was performed afterwards.
The data collected for the three feed solution concentrations can be found in A-6 at Appendix A.

Figure 5-11 displays the permeate flux decay over 35 minutes for these three cases.
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Figure 5-11. Permeate flux decay over 35 minutes of ultrafiltration the applying 25 kHz and 0.29
W.cm and using various feed solution concentrations (Q=1 L.min-1, P=5 psi)

The averaged value of Jus was 0.151, 0.089 and 0.044 for 0.075 wt.%, 0.15 wt.% and 0.30
wt.%, respectively. The overall flux decay was more severe for the highest concentration. This
indicates that the fouling control strategy here proposed is more efficient for feed solutions with
lower concentrations. As expected from previous analysis, when the feed solution concentration is
increased, fouling occurs faster. The application of ultrasound becomes less efficient and the flux

decay occurs faster.

These three US-assisted filtrations were compared to control runs with different feed
solution concentrations. The total mass of permeate collected after 35 minutes for all six cases is

shown in Figure 5-12. The runs with application of 20 kHz and 0.29 W.cm™ yielded more permeate
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then control run using 0.075 wt.% and 0.15 wt.%. The application of the same ultrasonic setting
to the feed solution with 0.30 wt.% resulted in less permeate then the control run. Due to the higher
concentration of solid particles, fouling tends to occur faster, and the results obtained indicate that
the application of ultrasound is not effective in controlling fouling at concentrations higher then
0.30wt.%. This indicates that the application of this fouling control technique is disadvantageous

for solutions with higher concentrations.
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Figure 5-12. Mass of permeate collected after 35 minutes of US-assisted filtration applying 20
kHz and 0.29 W.cm and using various feed solution concentrations

This trend is believed to be associated to properties of feed solution molecules and the
position of the ultrasonic transducer. Previous studies have demonstrated that the application of
US from the feed side is more advantageous for UF membranes (Kyllénen et al., 2006) . However,
it is believed that, in this study, the application from the feed side is causing latex particles to break
into smaller ones. As consequence, smaller particles can accumulate within the pores and cause
more irreversible fouling. Furthermore, at higher solid concentrations, the feed solution presented
less negative zeta potential. With that, there is less repulsion between particles and it becomes
harder to separate them. According to Abdelrasoul (2015), particle-to-particle and particle-to-

membrane attachments are the main cause of irreversible fouling.
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Another phenomenon that can be associated to this observation regarding solid concentration
is the formation of shielding bubble clouds. At higher solid concentrations there is an increase in
the number of nuclei available for generation of cavitation bubbles. The presence of these clouds
leads to the significant change in pressure distribution and intense localized cavitation. Leading to

increase in pore size of the membrane due to its polymeric nature. Consequently, the permeate
solution has its turbidity increased.

The turbidity of permeate solutions obtained from feed solutions of the different solid
concentrations is shown in Figure 5-13. The permeate obtained from 0.30 wt.% feed solution
presented significantly higher turbidity.

o |

Concontration (wt.%)

0.075 I

0.00 20.00 40.00 60.00 80.00 100.00 120.00
Turbidity (NTU)

Figure 5-13 Turbidity of permeate solution obtained from different feed solutions with different
solid concentrations (F=20 kHz, P»i=0.29 W.cm™, Q = 1.0 L.min, P= 5.0 psi)

The feed solution containing higher solid concentration has a wider particle size distribution
that includes a larger portion of significantly bigger particles, as seen in Figure 4-6. Consequently,
the cake layer formed on the membrane surface is more porous due to larger interparticle distances.
This way, more particles can pass through the cake layer reaching the membrane and then the
permeate side. To confirm this observation, the particle size of the same permeate solutions was
measured. The result is shown in Figure 5-14 and it was confirmed that the permeate solution
obtained using 0.30 wt.% feed solution had larger particles.
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Figure 5-14. Average particle size of permeate solution obtained from different feed solution
with different solid concentrations (F=20 kHz, Pwi=0.29 W.cm™)

The effect of feed flow rate on the performance of US-assisted UF was also evaluated. For
this, the best operating condition (20 kHz, 0.29 w.cm? and 0.075 wt.%) was applied in 5
experiments using feed flow rate of 1.0, 2.0, 3.0, 4.0 and 5.0 L.min%. Similarly, 5 experiments
with similar flow rates were performed without US application. The Reynolds number and fluid

velocity for each case is shown in Table 5-4. The data collected is presented in A-7 and A-8 in
Appendix A.

Table 5-4. Flow conditions inside membrane module for flow rate investigation

Fee(dL .frIT:)i\;]v_ll)’ate Reynolds Number FIUi((:n Yse_llc;city
1 322 0.021
2 645 0.042
3 967 0.063
4 1289 0.083
5 1612 0.104
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Figure 5-1 displays the Jus calculated for the experiments without US application using
various feed cross-flow velocities. For the cases without ultrasound application, as the feed flow

rate is increased, Jus is initially increased and then it decays slightly.

No US Poly. (No US)

0.18

0.16 T . y=-18537x2+1.9872x + 0.0955
£0.14 B = : - R?=0.9368
§ 0.12 : - .
f= 0.10 -
£ 0.08
2006
~£0.04

0.02

0.00
0 0.02 0.04 0.06 0.08 0.1 0.12

Feed cross-flow velocity (m/s)

Figure 5-15. Permeate flux (Jus) obtained using various feed cross-flow velocities without US
application after 35 minutes of filtration (Cs=0.075 wt.%)

Figure 5-16 displays Jus calculated for the experiments with application of 20 kHz and 0.29
W.cm™. For the cases with ultrasound application, as feed flow rate is increased, Jus is decreases
linearly, and it is lower than the cases without ultrasound for cross-flow velocity higher then 0.02
m.sL. Furthermore, the total flux decay was higher for the cases with ultrasound application,
indicating a higher degree of fouling. These results can be associated to the position of the feed
inlet and the length of the membrane. With the feed inlet perpendicular to the top of the membrane,
it creates an impingement point, and it affects the hydrodynamics on the feed side of the membrane
module. Furthermore, because the membrane is only 17 cm long, it is possible that the flow is not
fully developed.
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Figure 5-16. Permeate flux (Jus) obtained using various feed cross-flow velocities with and
without US application after 35 minutes of filtration (Cs=0.075 wt.%)

Figure 5- shown the amount of permeate collected after 35 minutes of filtration for the cases
with and without ultrasound application and various feed cross-flow velocities. It was observed
that the amount of permeate collected during the US-assisted filtrations is smaller then the cases

without ultrasound for cross-flow velocity higher than 0.021 m.s™.

®No US =&20KkHz, 0.29 W/cm2

.

_ 0104 >
f; ) .
“_'i 0.042 M
2
~0.021
0.00 200.00 400.00 600.00 800.00 1000.00

Total mass of permeate (g)

Figure 5-17. Total mass of permeate collected in 35 minutes of filtration using various feed
cross-flow velocities with and without ultrasound application (20 kHz, 0.29 W.cm), P=5 psi,
Cs=0.075 wt.%
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The increase in feed flow rate demonstrated to be disadvantageous to the presented fouling
control technique. The feed flow rate plays a major role in fouling of polymeric membranes. For
this reason, it is believed that lower feed flow rates would be more beneficial to the process. Due
to limitations of the experimental setup, 1.0 L.min™ was the lowest flow rate possible. The presence
of cavitation bubbles might have a negative impact on US-assisted performance at higher feed

flow rates due to interference in mass transfer phenomenon inside the membrane module.

Figure 5- shows effect of US application on the cake layer formation. The SEM images of
the membrane surface after 35 minutes of ultrafiltration without and with US application (20 kHz,
0.29 W.cm™) are presented. The cake layer formed during US-assisted UF was less dense and it
was possible to see the marks left from the cavitation bubbles. Additionally, it is possible to see in
the SEM image that the cake layer formed under ultrasound application is formed by smaller
particles. This can be attributed to the increased hydrodynamic turbulence under acoustic
cavitation. Larger particles have less negative zeta potential and experience more lift and drag.
This way, larger particles can be detached form the cake layer and washed away easier then smaller
particles. From these photos it is evident that the membrane exposed to US applications

experienced lower fouling.

(b)

Figure 5-16. SEM image of PVDF membrane surface after 35 minutes of ultrafiltration (a)
without ultrasound and (b) with application of 20 kHz and 0.29 W.cm™ (Q = 1.0 L.min%, P=5.0
psi, Cs=0.075 wt.%)
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Chapter 6

Conclusions and Recommendations

In this chapter, the work performed for this investigation is summarized. The conclusions drawn
from the analysis of results are presented. Recommendations are made to further investigate

ultrasound -assisted control of polymeric membrane fouling.

6.1. Conclusions

In the present study, in-situ continuous application of ultrasound was tested for two
polymeric membranes. PTCE membranes suffered sever damage to its surface within 3 minutes of
US-assisted ultrafiltration. On the other hand, it was observed that ultrasound can effectively be

applied in situ during ultrafiltration to control fouling of PVDF membrane.

The effect of ultrasonic frequency, power intensity and feed solution solid concentration on
the permeate flux was analysed. At lower frequencies, the application of ultrasound is more
effective in detaching particles from the cake layer and hence controlling fouling. The increase in
power intensity led to a decrease in productivity and the permeate had high turbidity. A negative
effect of ultrasound application was observed for high power intensity and high solid
concentration. This behaviour was associated to the direct and continuous application of US in an
enclosed system and properties of the feed solution. An increase in feed solution solid
concentration hindered US-aided UF performance. The characteristics of the solid particles on the

cake layer made particle detachment via cavitation harder and less effective. The properties of the
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cavitation bubbles and level of energy attenuation experienced in different ultrasonic settings was

also an important aspect.

Using RSM, a best-fitting model that describes the changes in Jus as a function of US
frequency, power intensity and feed solution solid concentration was obtained. The model
presented low predictability since it does not account for mechanical, physical or chemical

phenomena.

The best operating condition was found to be 20 kHz, 0.29 W.cm™ and 0.075 wt.%. When
operating at 1.0 L.min™ and 5 psi, the maximum average permeate flux obtained was 0.151. This
represented a 19.7% increase in average permeate flux compared to non-US-aided filtration.

Increasing feed flow rate is not beneficial to the US-assisted filtration proposed by this study.

6.2. Recommendations

Based on what was observed in this study, some further investigations are recommended to

obtain a deeper understanding of the US-assisted fouling control of polymeric membrane.

e Investigate the effect of applying US intermittently during the filtration process.
Significant energy attenuation and ultrasonic wave interferences can happen in this
system. Applying US intermittently can reduce the amount of bubbles near the
membrane surface, reducing localized cavitation. This way, there should be enough
energy to detach particles form the cake layer without affecting pore size, breaking
molecules or interfering in mass transfer phenomena.

e Consider the applicability of this fouling control technique for different polymeric
membranes and feed solutions. The properties of both were demonstrated to play a major
role on the US-assisted UF performance.

e Enhance model predictability by incorporating mechanistical effects. The low
predictability of the obtained model is attributed to applied pure statistical nature, and
not considering physical, mechanical or chemical phenomena. Incorporating these

aspects would be beneficial to predict new observations.
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Appendix A

Experimental data collected

&NoUS HW25W AS0W X100W

0 5 10 15 20 25 30 35 40

Time (min)

A-1 Permeate mass collected over 35 minutes of filtration applying 20kHz and various power
levels, Q=1.0 L.min-1, P=5.0 psi, Cs=0.15 wt.%

®NoUS HW25W A50W X100W

300.00

0 5 10 15 20 25 30 35 40

Time (min)

A-2 Permeate mass collected over 35 minutes of filtration applying 28kHz and various power
levels, Q=1.0 L.min-1, P=5.0 psi, Cs= 0.15 wt.%.
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A-3 Permeate mass collected over 35 minutes of filtration applying 40kHz and various power
levels, Q=1.0 L.min-1, P=5.0 psi, Cs= 0.15 wt.%.
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A-4 Permeate mass collected over 35 minutes of filtration applying 28 kHz and various power
levels, Q=1.0 L.min-1, P=5.0 psi, Cs= 0.30 wt.%.
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A-5 Permeate mass collected over 35 minutes of filtration applying 20 kHz and various power
levels, Q=1.0 L.min-1, P=5.0 psi, Cs= 0.075 wt.%.
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A-6 Permeate mass collected over 35 minutes of filtration applying 20 kHz and 0.29 W.cm-2
with various feed solution concentrations, Q=1.0 L.min-1, P=5.0 psi.
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A-7. Permeate mass collected over 35 minutes of filtration using various feed flow rates and no
ultrasound application, P=5.0 psi, Cs= 0.075 wt.%.
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A-8. Permeate mass collected over 35 minutes of filtration using various feed flow rates and
application of 20 kHz and 0.29 W.cm-2, P=5.0 psi, Cs= 0.075 wt.%.
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Appendix B

Response Surface Regression — Backward elimination (a=0.05)

B-1. Analysis of variances table

Source DF Adj SS Adj MS F-Value P-Value
Model 3 0.012865 0.004288 15.86 0.000
Linear 2 0.011784 0.005892 21.79 0.000
Frequency 1 0.002926 0.002926 10.82 0.007
Concentration 1 0.008858 0.008858 32.76 0.000
Square
1 0.001476 0.001476 5.46 0.039
Frequency*Frequency 1 0.001476 0.001476 5.46 0.039
Error
11 0.002974 0.000270
Lack-of-Fit 9 0.002857 0.000317 5.44 0.165
Pure Error
2 0.000117 0.000058
Total
14 0.015839
Source DF Adj SS Adj MS F-Value  P-Value
Model 3 0.012865 0.004288 15.86 0.000
Linear 2 0.011784 0.005892 21.79 0.000
Frequency 1 0.002926 0.002926 10.82 0.007
B-2. Coded Coefficients
Term Coef SE Coef T-Value P-Value VIF
Constant 0.06156 0.00664 9.27 0.000
Frequency -0.01912 0.00581 -3.29 0.007 1.02
Concentration -0.03245 0.00567 -5.72 0.000 1.00
Frequency*Frequency 0.02091 0.00895 2.34 0.039 1.02
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Appendix C
Reproducibility
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C-1. Permeate flux decay over 35 minutes of filtration applying 28 kHz, 0.29 W.cm™ (Q=1.0
L.mint, P=5.0 psi, Cs=0.15 wt.%) — 3 replicates

C-2. Water fluxand permeate flux for repeated trials

Trial Jo Javg Javg/JO Jus
1 0.699 0.062 0.088 0.060
2 0.807 0.093 0.116 0.075
3 0.654 0.068 0.104 0.070

C-3. Mean and standad deviation of permeate flux and averaged normalized permeate flux

Javg Javg/JO Jus
Mean 0.074 0.103 0.069
Std 0.014 0.011 0.006
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Appendix D

Sample calculations
e Calculation of normalized averaged flux used

Before the filtration, the membrane was precondition and the water flux was obtained by passing
distilled water through the membrane using 1.0 L.min™! and 5 psi.

D-1. Data collected for water flux calculation

Time (min) My, qter Water Flux (g.mint.cm?)
0 0 0
1 119.2 0.701
2 225.8 0.627
3 333.8 0.635
4 446.2 0.661
5 556 0.646
Average flux (Jo) 0.654

Jo=0.654 g.mint.cm™
The water flux was calculated according to Equation (6) where Am =10 x 17=170 cm?.

_ A(mwater)

Jo = At. A, (6)

The following table shows the permeate mas collected over 35 minutes of ultrafiltration using 28
kHz, 0.29 W.cm and 0.15 wt.%.

D-2. Data collected for permeate flux calculation

Time (min) Weight () J (mL.mint.cm?) J/Jo
0 0 0 0
1 60.4 0.355 0.543
2 89.8 0.173 0.264
3 113.9 0.142 0.217
4 133.5 0.115 0.176
5 151.1 0.104 0.158
6 166.4 0.090 0.138
7 179.5 0.077 0.118
8 191.8 0.072 0.111
9 203.4 0.068 0.104
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10 214.4 0.065 0.099

11 224.7 0.061 0.093
12 234.3 0.056 0.086
13 243.9 0.056 0.086
14 253 0.054 0.082
15 260.7 0.045 0.069
16 269.2 0.050 0.076
17 277.1 0.046 0.071
18 284.8 0.045 0.069
19 292.2 0.044 0.067
20 299.8 0.045 0.068
21 307.5 0.045 0.069
22 313.9 0.038 0.058
23 327.7 0.081 0.124
24 334.6 0.041 0.062
25 341.6 0.041 0.063
26 347.7 0.036 0.055
27 354.1 0.038 0.058
28 360 0.035 0.053
29 366.7 0.039 0.060
30 373.2 0.038 0.058
31 379.3 0.036 0.055
32 385.4 0.036 0.055
33 3915 0.036 0.055
34 397.1 0.033 0.050
35 403.5 0.038 0.058

Average 0.068 0.104

The permeate flux was calculated using Equation (7) and the normalized flux was obtained
dividing J by the average water flux previously calculated (Jo).

_ A(mperm)

AtA,, 7

Javg = 0.068 g.mint.cm?

Javg/Jo = 0.104 g.mint.cm
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e Calculation of permeate flux used to assess the performance of ultrafiltration in the RSM

investigation.
Similarly, the water flux was obtained prior to the ultrafiltration procedure.

D-3. Data collected for water flux calculation (RSM)

Time . Water flux
(min) Weight (g) (g.mint.cm)

0 0 0

1 100.1 0.589

2 204.3 0.613

3 304.2 0.588

4 400.1 0.564

5 485.4 0.502

6 575.1 0.528

7 661.1 0.506

Average 0.556

Jo =0.556 g.mint.cm™

The calculation of § is shown in Equation (11). Where J,,,, is the membrane water flux
provided by the manufacturer. § represents a correction factor that accounts for water flux

variability observed from one membrane sample to another.

(11)

5= <Jom —]o) 1o <0.678 —0.556

0678 >+1=1.12

om

D-4. Data collected for permeate flux calculation (RSM)

Corrected Flux

Time (min) Weight (g) Flux (g.mint.cm?) (g.min"L.cm?)

0 0 0.000 0

1 94.2 0.554 0.654
2 159.1 0.382 0.451
3 211 0.305 0.360
4 253.2 0.248 0.293
5 290.1 0.217 0.256
6 323.1 0.194 0.229
7 353.5 0.179 0.211
8 379 0.150 0.177
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9 403.5 0.144 0.170

10 426.3 0.134 0.158
11 4475 0.125 0.147
12 467.2 0.116 0.137
13 485.9 0.110 0.130
14 503.5 0.104 0.122
15 520.4 0.099 0.117
16 536.1 0.092 0.109
17 551.3 0.089 0.106
18 566 0.086 0.102
19 580.1 0.083 0.098
20 593.6 0.079 0.094
21 606.4 0.075 0.089
22 618.9 0.074 0.087
23 631 0.071 0.084
24 642.9 0.070 0.083
25 654.4 0.068 0.080
26 665.6 0.066 0.078
27 676.2 0.062 0.074
28 686.7 0.062 0.073
29 697 0.061 0.072
30 707.5 0.062 0.073
31 717.95 0.061 0.073
32 728.37 0.061 0.072
33 738.72 0.061 0.072
34 748.99 0.060 0.071
35 759.07 0.059 0.070
Average 0.128 0.151

Jus which represents the averaged permeate flux (Javg) multiplied by a correction factor. Jus
was calculated using Equation (10), and is an indication of the overall US-assisted ultrafiltration

performance.
Jus =]avg 6 (14)
Javg = 0.128 g.mint.cm

Jus =0.128*1.12 = 0.151 g.mint.cm™
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