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Abstract

Membrane filtration has been widely employed in dairy manufacturing, wastewater treatment,
and beverage clarification. However, the issue of membrane fouling significantly reduces the
filtration performance by increasing the capital and operating costs. The mechanisms of
membrane fouling during filtration processes are yet to be fully understood. This thesis details
the development and application of a novel microfluidic filtration system for directly visualising
and measuring membrane fouling. Detailed, real-time characterisations of particle deposition
during crossflow filtration have been examined over a range of solution properties and operating
conditions. An empirical model considering both effects of interactions and hydrodynamics has

been developed for describing the dynamic deposition behaviour.

This thesis comprises three main sections of work. First is a description of the development of a
novel microfluidic filtration system for studying membrane fouling. The system incorporates
microfluidics, confocal microscopy, and a dual syringe flow control setup. Time-resolved, high-
resolution images of particles on the membrane surface and three-dimensional images of the
filtration channel can be obtained. The effectiveness of the system was demonstrated by using
model particles. Analysis of images obtained from the system, enabled the particle deposition

behaviour to be described in relation to dynamic surface coverage and particle deposition volume.

Secondly, the effect of solution properties on membrane fouling has been studied in order to
assess the effect of the key fundamental physical parameters on membrane fouling. Detailed, real-
time deposition processes during crossflow filtration of 0.4 um model particles was investigated
in relation to variations in pH, ionic strength, and particle feed concentration. The detailed
structures and distributions of the deposited layer were reported. Experimental results were
interpreted using DLVO theory, Van der Waals attraction energy, and a modified Hogg-Healy-
Fuersteneau (HHF) formula combined to account for the interplay between membrane-particle
interactions and particle-particle interactions to understand the overall deposition behaviour.
Overall, solution properties significantly influence the dynamic deposition process. The initial
deposition behaviour was primarily governed by membrane-particle interactions, while long-term

deposition was largely determined by particle-particle interactions.

Thirdly, the role of operating conditions on membrane fouling during crossflow filtration was
investigated by varying permeate flux/velocity and crossflow velocity. Their influence on
membrane fouling was characterized by the deposition probability, which can be determined from
hydrodynamic forces exerted on particles in the crossflow. Building on the experimental results
obtained from various solution properties and operating conditions, an empirical correlation was
developed for describing the dynamic deposition volume in terms of interaction energies,
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deposition probability, and filtration time. Greater amount of deposition was observed with
greater permeate flux and lower crossflow velocity. A critical crossflow velocity was observed,
over which, particle deposition significantly decreased as velocity increased. A correlation
between the deposition behaviour and both the solution properties and operating conditions was

developed.

In conclusion, the novel microfluidic filtration system developed in this work, is used in a
comprehensive experimental program to provide detailed measurements of membrane fouling
over a range of solution properties and operating conditions that revealed new insights into
particle deposition. The overall deposition behaviour is found to be governed by the fundamental
interactions of membrane-particle and particle-particle (primarily influenced by varying pH and
ionic strength), and hydrodynamic forces acting on particles (primarily influenced by varying
crossflow velocity and permeate flux). Membrane-particle interactions had more impact on the
initial deposition behaviour, since for short-time filtration, particles directly deposit on the
membrane surface. As filtration time increased, the membrane surface occupied by deposited
particles increases. New arriving particles tent to deposit on the already-deposited-particles, thus
particle-particle interactions affected the long-term deposition behaviour. The influence of
hydrodynamic forces on particle deposition is characterized by the deposition probability. An
empirical correlation was developed and the predictions shown to be in good experimental results.
It has been the first time for a correlation to describe the dynamic deposition behaviour integrating
both the influence of interaction energies and hydrodynamic forces, which can be used for setting

up filtration parameters and better predicting the fouling process over a range of conditions.
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List of Figures

Figure 1-1 Passed and rejected components based on membrane pore size. From microfiltration
to reverse osmosis, membrane pore size decreases and more components are rejected. Image is

reproduced from the website of Koch Membrane Systems Inc. (http://www.kochmembrane.com).

Figure 1-2 Schematics of membrane configurations. a) Tubular membrane comprising of tube-
like structures with porous walls; b) Spiral membrane comprising of layers of flat sheet membrane
rolling around a permeate tube; c) Hollow fiber membrane comprising of numerous porous hollow
fibres. Images are reproduced from the website of Koch Membrane Systems In

(http://www.kochmembrane.com).

Figure 1-3 Schematic of membrane filtration processes during crossflow filtration of
monodisperse solution. An irreversible fouling layer forms on the membrane surface and a
reversible concentration polarization layer forms between the bulk flow and the fouling layer

during the membrane filtration process.

Figure 1-4 Schematic of fouling models, a) Complete pore blocking: membrane pores are
completed blocked by particles, the size of which is the same as or larger than the membrane pore
size; ; b) Internal pore blocking: smaller particles deposited on the pore walls; ¢) Intermediate
pore blocking: particles deposited on particles that already blocked membrane pores or deposited
on the non-porous area of the membrane surface; and d) Cake filtration: an additional cake layer

formed on the membrane surface.

Figure 1-5 Schematic of a) dead-end filtration, and b) crossflow filtration of bidisperse solution.
The feed flow is push towards the membrane in dead-end filtration, while the flow direction is

parallel with the membrane in crossflow filtration.

Figure 1-6 Schematic of interaction energies of membrane-particle (Vm-p), particle-particle (Vp-
p), and hydrodynamic forces exerted on particles during crossflow filtration of particle
suspensions. Fx is drag force due to the crossflow, Fyp is drag force caused by the permeate flow,

Fy. is lateral lift force caused by the crossflow, and Fyg is buoyancy force of the particle.

Figure 2-1 Concentration profiles C (d, t), concentration as a function of distance away the
membrane surface and filtration time, obtained by electro diode array microscope (EDAM) under
different cross flow rate (Re=0, and Re=10) by Mc Donogh et al [92].

Figure 2-2 Schematic diagram of the light paths (solid line) and refractive index gradient (dashed
line) of shadowgraph technique. Laser light is deflected and bends out its original path due to the
variations in the refractive index in a fluid. The changes of illumination positions are captured by

the image plate. Adapted from Vilker et al [88].
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Figure 2-3 Cross-section of the flow cell used for refractometry. A is the reference side, and B is
the biopolymer side. The beam travelling through B is deflected to the new position due to the

varied refractive index [90].

Figure 2-4 Schematic of holographic interferometry. The laser beam is divided in two by means
of a varable beam splitter (BS). The direction of two beams is modified by two mirrors, M2 and
M3, respectively. One of the beams illuminates the RO module and the light spread out is recorded
by the holographic plate (HP). The other beam acts as a reference and is also recorded by HP. All

of this image information is collected by video camera (VC) [96].

Figure 2-5 Picture of the SAXS cross-flow filtration cell. X-ray beams travel through a cross
section of a crossflow filtration cell. Scattering patterns caused by the presence of particles in the

flow are recorded [101].

Figure 2-6 Schematic of the principle of laser triangulometry. Object 1 refers to the cake layer
thickness, and object 2 refers to the membrane surface. The reflected laser beams are captured by
CCD camera [110].

Figure 2-7 Schematic diagram of cake layer thickness measurement by a photointerrupter sensor.
The emitted light is reflected by the surface of the membrane or the cake layer, and then detected
by the sensor [113].

Figure 2-8 Schematic principle of Ultrasonic time-domain refrectometry technique. In a crossflow
filtration cell, ultrasonic waves encounter the surfaces of the fouling layer and the membrane and

are reflected at different distances with different amplitude and arrivals times [114].

Figure 2-9 Picture of the direct observation experimental setup comprising of a hollow fiber
membrane module, a microscope, and a video camera. The upper right corner of the image shows
that the dark area is the observed hollow fiber [75].

Figure 2-10 Chip showing channels and flow directions. The active membrane is between the
retentate channel and the permeate channel [46].

Figure 2-11 Schematic of direct observation through the membrane (DOTM) apparatus.
Microscope lens locates on the permeate side of a transparent membrane in a cross-filtration cell
to observe the fouling process on the membrane, and visualization information is recorded by a

video camera [127].

Figure 2-12 Schematic of direct visual observation (DVO) apparatus. Microscope is mounted on
the retentate side of the membrane in a crossflow filtration cell. The fouling process is recorded
by a camera [77].
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Figure 2-13 Schematic diagram of the distance-dependent concentration profile. Region I is the
fouling layer with gradual concentration change. Region Il is the concentration polarisation layer
with a relatively dramatic concentration change. Region Ill is the bulk flow with the feed
concentration. Cm = concentration at the membrane surface. CO = feed concentration. d = distance

from the membrane surface. § = boundary layer thickness.

Figure 2-14 Effects of variable conditions on microstructural measurements of the boundary layer.
Cm = concentration at the membrane surface. Co = feed concentration. d = distance from the
membrane surface. Solid curve stands for the reference curve. Dashed curve 1 (higher Cn, higher
), curve 2 (higher Cp, lower &), and curve 3 (lower Cr, lower &) stands for three different cases

under variable conditions.

Figure 3-1 a) Schematic diagram of the microfluidic membrane filtration system. b) Schematic
diagram of particle deposition on the membrane surface inside the device during cross-flow
filtration. APy is the pressure drop across the microchannel to drive the fluid flow. APt is the
transmembrane pressure. The magnitude of infusion velocity v, and withdraw velocity v, can be

controlled to vary APy and APt independently.

Figure 3-2 The principle steps in the procedure for fabricating the master mould using lithography.
(a) wafer pre-treat (baked and dehydrated), (b) SU-8 photoresist coat, (c) soft bake by putting
wafer on a hot plate, (d) UV exposure, (e) post exposure bake by putting wafer on a hot plate, (f)
develop the pattern using SU-8 photoresist developer, and (e) rinse and dry to get the final master
mould with patterns standing on the wafer. The thickness of the patterned SU-8 photoresist is 25
um £ 2 um. Only one channel structure is shown, while there were six channels on one mask and

wafer.

Figure 3-3 Schematic diagram of the casting-patterned PDMS layer. The thickness is 50 +2 um,
and the channel depth is 25 + 2 um. (a) coat silane layer on the mould, (b) cast uncured PDMS on
the mould, (c) bake the wafer and PDMS in an oven, (d) peel patterned PDMS layer off the mould.

Only one channel structure is shown, while there were six channels on one wafer and PDMS layer.

Figure 3-4 Chemical mechanisms of the bonding of the PDMS and PES layers. The step included:
(a) replacement of the alkoxy groups of APTES with hydroxyl groups, (b) creation of hydroxyl
groups on the PES membrane surface, (c) formation of C-O-Si bonds to coat APTES onto the
PES membrane surface, (d) introduction of hydroxyl groups onto PDMS surfaces, () introduction
of hydroxyl groups onto functionalised PES surfaces, (f) formation C-O-Si bonds between PES
and PDMS.

Figure 3-5 a) Schematic diagram of the cross section of the inlet/outlet, and b) final appearance
of the device. From the bottom to the top are cover glass, patterned PDMS layer, PES membrane,

silicone pad, and silicone tubing respectively.
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Figure 3-6 Images of the membrane surfaces at different times during filtration of latex
suspensions. (a) 0.01 M KCI suspension. (b) 1 M KCI suspension. More deposition is observed
as filtration time increases, and more aggregates are found with the presence of 1M KCI in
suspension. The dimensions were 100 um by 50 pm for the temporal images, and 18 pm by 17

pum for the 3x magnified images.

Figure 3-7 Percentage of the deposition layer occupied by isolated particles (blue diamonds),
aggregates of two particles (red squares), and aggregates of more than two particles (green

triangles) as a function of filtration time in (a) 0.01 M KCl and (b) 1M KCI suspensions.

Figure 3-8 Covered area fraction ¢ as a function of filtration time t. Red markers stand for 0.01

M KCI suspension. Blue markers stand for 1 M KCI suspension.

Figure 3-9 Three-dimensional images of the microfluidic filtration device at different time during

filtration of latex suspensions. (a) 0.01 M KCI concentrated suspension. (b) 1 M KCI suspension.

Figure 3-10 Boundary layer profiles. Covered area fraction ¢ as a function of the distance from
the membrane surface z at different filtration time. Red lines stand for latex suspensions with 0.01
M KCI. Blue lines stand for latex suspensions with 1 M KCI. Dotted lines are obtained at 6

minutes, dashed lines are obtained at 25 minutes, and solid lines are obtained at 45 minutes.

Figure 4-1 Diagrammatic representation of the interaction energies relevant to membrane-particle
and particle-particle interactions during cross-flow filtration. Vm., = Interaction energy between
membrane and particle; V., = Interaction energy between particle and particle; edl - electric

double layer.

Figure 4-2 Schematic representation of the clamping cell of the SurPass instrument. The clamping
cell comprising two layers of membrane and a flow channel in sandwich form. The downstream
convection of ions via pressure-driven flow induces a streaming potential which can be related to

the zeta potential of the membrane [149].

Figure 4-3 Zeta potential of latex particles as a function of pH, KCI concentration and latex
volume fraction. pH varies from 3 to 8, KCI concentration varies from 0.01 to 1 M, and latex
volume fraction varies from 5 x 107 to 8 x 10°>. Latex particles are negatively charged for all
tested conditions. The magnitude of the zeta potential increases as pH increases and as KCI
concentration decreases. Latex volume fraction shows less influence on the zeta potential of latex

particles.

Figure 4-4 Particle sizes as a function of pH, KCI concentration and latex volume fraction. pH
varies from 3 to 8, KCI concentration varies from 0.01 to 1 M, and latex volume fraction varies
from 5 x 107 to 8 x 10°°. The size of latex particles are barely affected by pH, latex volume
fraction and lower KCI concentration (0.01M and 0.1M). Aggregates are found at 1M KCI.
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Figure 4-5 Zeta potential of the membrane surface a) as function of pH when the KCI
concentration is 0.01M and b) as a function of KCI concentration at pH 5.6. The membrane
surface is positively charged and zeta potential decreases as pH increases with the presence of
0.01M KClI in solution. As KCI concentration increased from 0.005 to 1 M, the charge of the

membrane surface converts from being positive to being negative.

Figure 4-6 Interaction energies of particle-particle as a function of a) pH with the presence of
0.01M KCI and b) KCI concentration at pH 5.6. Interaction energies of particle-membrane as
function of ¢) pH with the presence of 0.01M KCI and b) KCI concentration at pH 5.6. As pH
increases, both the repulsion between particles and the attraction between the membrane and
particles increase. As KCI concentration increases, the repulsion between particles converts to be

attraction and the attraction between the membrane and particles converts to be repulsion.

Figure 5-1 Images of the membrane surface, side view, and 3D view of the channel after 50
minutes filtration at a) pH 3, b) pH 4, ¢) pH 5.6, and d) pH 8. The field of view of the membrane
is around 100 pum long and 50 um wide, and the depth of the channel shown is around 20 pum.

The KCI concentration was 0.01M and the volume fraction of latex particle was 2 x 10°5.

Figure 5-2 a) Surface coverage by deposition and b) volume of deposition per membrane area as
a function of filtration time and pH values. ¢) Percentages of isolated particles and aggregates in
the deposition at pH 5.6 (blue diamond symbols) and pH 8 (red square symbols) as a function of
filtration time. d) Normalised deposition volume (cumulative volume of deposition normalised
by cumulative volume of solute towards the membrane) as a function of filtration time and pH

values. The KCI concentration was 0.01M and the volume fraction of latex particle was 2 x 10>,

Figure 5-3 Interaction energies between the membrane and particles at a Debye length of 3 nm,
and between particles as a function of pH. Red square symbols represent the energy barrier
between particles (p-p). Blue diamond symbols represent the interaction energy between particles
and the membrane (m-p). The KCI concentration was 0.01M and the volume fraction of latex
particles was 2 x 107>, As pH increases, both the repulsive energy between individual particles

and attractive energy between the membrane and particles increase.

Figure 5-4 Images of the membrane surface, side view, and 3D view of channel after 50 minutes
filtration when the KCI concentration was a) 0.01M, b) 0.1M, and c) 1M in the feed solution
(Fig.7a is the same with Fig.3c). Less deposition and more aggregates are found at higher KCI
concentration. The field of view of the membrane is around 100 um long and 50 um wide, and
the depth of the channel shown is around 20 pm. The pH was 5.6 and the volume fraction of latex

particle was 2 x 1075,

Figure 5-5 a) Surface coverage by deposition, b) volume of deposition per membrane area, and c)

normalised deposition volume (cumulative volume of deposition normalised by cumulative
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volume of solute towards the membrane) as a function of filtration time and KCI concentration.
The pH was 5.6 and the volume fraction of latex particle was 2 x 107 . Increasing KClI

concentration decreases surface coverage, deposition volume and normalised deposition volume.

Figure 5-6 Images of the membrane surface, side view, and 3D view of channel after 50 minutes
filtration with particle volume fraction of a) 5 x 106, b) 2 x 107, and ¢) 8 x 10 (Fig.8b is the
same with Fig.3c). The field of view of the membrane is around 100 pm long and 50 pm wide,
and the depth of the channel shown is around 20 um. The pH was 5.6 and he KCI concentration
was 0.01M.

Figure 5-7 a) Surface coverage by deposition, b) volume of deposition per membrane area, and c)
normalised deposition volume (cumulative volume of deposition normalised by cumulative
volume of solute towards the membrane) as a function of filtration time and volume fraction of
particles in the feed. The pH was 5.6 and KCI concentration was 0.01M. As filtration time
increases, surface coverage and deposition volume increase, while normalised deposition volume
decreases. Increasing volume fraction increases surface coverage and deposition volume while

barely affects normalised deposition volume.

Figure 6-1 Image showing the forces acting upon a spherical particle in contact with a protrusion
of height h. The particle is subjected to forces along the x-direction (main flow direction) and y-

direction (permeate flow direction).

Figure 6-2 Images of the membrane surface, side view, and 3D view of channel after 50 minutes
filtration with a permeate flux of a) 12.5 L/h/m2, b) 25 L/h/m2, and c) 75 L/h/m2. The crossflow
velocity is 20 m/h. The field of view of the membrane is around 100 um long and 50 pm wide,
and the depth of the channel shown in is around 20 um. As permeate flux increases, more

deposition is observed as well as more dense deposit layer.

Figure 6-3 a) Surface coverage by deposition, and b) volume of deposition per membrane area as
a function of filtration time and permeate flux. The crossflow velocity is 20 m/h. Both of surface
coverage and deposition volume increase with increasing filtration time and increasing permeate

flux.

Figure 6-4 Images of the membrane surface, side view, and 3D view of channel after 50 minutes
filtration at crossflow velocity of a) 10m/h, b) 15 m/h, and c) 30m/h, d) 40 m/h. Images at
crossflow velocity of 20 m/h is presented in Fig.2b. The permeate flux is 25 L/h/m?. The field of
view of the membrane is around 100 um long and 50 um wide, and the depth of the channel

shown in is around 20 pm.
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Figure 6-5 a) Surface coverage by deposition and b) deposition volume as a function of filtration
time and crossflow velocity. Both of surface coverage and deposition volume increase with

increasing filtration time and decreasing crossflow velocity.

Figure 6-6 Surface coverage by deposition (blue diamond symbols) and volume of deposition per
membrane area (red square symbols) after 50 minutes filtration as a function of crossflow velocity.

The permeate flux is 25L/h/m2,

Figure 6-7 Normalised deposition volume (cumulative volume of deposition normalised by
cumulative volume of solute towards the membrane) as a function of filtration time and crossflow

velocity. The permeate flux is 25L/h/m?,
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Definitions of Terms and Symbols Used in the Text

rp Particle radius (m)

A Cross-sectional area (m?)

A Hamaker coefficient (J)

AARD Average absolute value of the relative deviation

D Distance of closest approach between two surfaces (m)

Co Initial feed concentration

C(d 1) Concentration profiles

Cnm Concentration at/near the membrane surface

Ci Concentration of ion i

Dn Hydraulic diameter (m)

dp Diameter of particles (m)

e Proton charge (1.6 x 1071° C)

f Friction factor correlation

fc Dimensionless coefficient of force acting on a particle in contact with a plane
F Hydrodynamic force (N)

Fx Drag force along crossflow direction due to the cross flow

Fy Net drag force along permeate flow direction

Fys Buoyant force of the particle

Fyp Drag force along permeate flow direction due to the permeate flow
FyL Lift force along permeate flow direction due to the cross flow
J Permeate flux (m-s?)

Jo Initial permeate flux (m-s™)

Joo Limit/stable flux (m-s™)

h Protrusion height (m)

Ks Boltzmann’s constant (1.38 x 10723 J-K')

Ke Dielectric constant

Muw Molecular weight cut-off

ni Refractive index of the medium i

n/\vV Total number of moles of molecules in volume V

P Wetted perimeter of channel walls (m)

AP Transmembrane pressure (Pa)

R Gas constant (8.314 J-mol-K™)

Re Reynolds number

S Distance between the centers of two particles (m)

S* Distance between the particle surface and the membrane surface (m)
T Absolute temperature (K)
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Uy Crossflow velocity (m-s™)

v Transmembrane velocity (m-s™)

Ve Electrostatic interaction energy (J)

Vinep Total interaction energy of membrane-particle (J)

Vhyd Net hydrodynamic energy driving particles to membrane (J)
Vpp Total interaction energy of particle-particle (J)

Vr Total interaction energy (J)

Vvaw Van der Waals interaction energy (J)

W Reduced surface potential

w(h) Effective surface potential that varies with separation distance h
Zi Charge number of ion i

Greek letters

€ Solution permittivity (C-V1-mY)
€0 Vacuum permittivity (C-V1-m?)
& Dielectric permittivity of the medium i (C-V1m)

n Dynamic viscosity (Pa-s)
K Inverse Debye length (m?)

A Debye length (m)

6 Boundary layer thickness (m)
p Liquid density (kg'm™®

pp Particle density (kg'm?)

Tw Wall shear stress (Pa)

II Osmotic pressure (N-m?)

Oy Overall volume of deposited particles per membrane area (um® pm)
Y Deposition probability
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Chapter 1 Introduction

1.1 Membrane filtration

Membrane filtration is a pressure-driven separation technology that has been employed in a wide
range of industries including dairy[1, 2], water purification[3-5], wastewater treatment [6-8], and
beverage manufacture [2, 9, 10]. Membranes are thin sheets of semi-permeable material that
separate substances in a fluid when a driving force (e.g. pressure difference) is applied across the
membrane [11]. The pore size and membrane surface properties can be precisely tailored to the
specific requirements of the finished products. The range of commercially available membrane
pore sizes now covers the size range from 0.1 to 10* nm [12]. Compared to other traditional
separation technologies such as thermal processes, decantation, centrifugation, and
chromatography, membrane filtration has advantages including low operation temperature, less
energy consumption, and higher separation efficiency [13, 14].

1.1.1 Membrane Technologies

Membrane technologies can be broadly categorised based on the pore size, as microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) (Figure 1-1). These
technologies have been employed for numerous applications from removing salt to filtering large
particulates in viscous fluids. Microfiltration has the largest pore size and is commonly used to
separate suspended solids with diameters between 0.1 and 10 pum [15]. For example,
microfiltration has been employed in clarification of dextrose and coloured fruit juices [14, 16]
and for sterilization of wine and beer by removing bacteria [17]. Ultrafiltration membranes have
smaller pores between 1 and 100 nm to separate water and microsolutes from macromolecules
and colloids. They are widely used to concentrate milk solids for cheese productions by removing
water and selected non-protein components from milk [18]. Compared to microfiltration and
ultrafiltration, nanofiltration and reverse osmosis offer finer separation with membrane pores >1

nm. They are generally targeted to remove ions, for instance in desalting process streams [19].



Membrane technologies can also be used in combination, such as ultrafiltration followed by
reverse osmosis for seawater desalination processes.
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Membrane Technology Comparison

Figure 1-1 Passed and rejected components based on membrane pore size. From microfiltration
to reverse osmosis, membrane pore size decreases and more components are rejected. Image is

reproduced from the website of Koch Membrane Systems Inc. (http://www.kochmembrane.com).

1.1.2 Membrane configurations

Membranes can be fabricated in four basic configurations - flat sheet, tubular, spiral, and hollow
fibre. Each configuration differs in terms of the packaging, types of materials used, and
applications. For bench-scale membrane filtration research, flat sheet membranes are more
commonly used, as the equipment is simple to fabricate, the shear rate at the membrane surface
can be easily controlled, interpretation of fouling data is straightforward, and microscopy analyses
on flat sheet membranes are more easily accessible [20]. Commercial membranes, on the other
hand, usually use the other three configurations. Tubular membranes are tube-like structures with
porous walls, which are suited to processing difficult feed solutions with high
dissolved/suspended solids (Figure 1-2a). Spiral membranes are made from layers of flat sheet
membranes, feed spacers, permeate spacers and a permeate tube. The feed solution travels through
the flow channels tangentially across the length of the element, and permeate exits through the

permeate tube. This configuration provides the highest membrane-packing area with the smallest
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footprint (Figure 1-2b). Hollow fibre membranes modules utilise numerous long porous hollow
fibres packed inside a housing, offering a compact, cost-effective solution for filtering large
volumes of liquids using minimal space (Figure 1-2c). According to the filtration process needs,

specific membrane configurations can be selected for effective operation.
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Figure 1-2 Schematics of membrane configurations. a) Tubular membrane comprising of tube-
like structures with porous walls; b) Spiral membrane comprising of layers of flat sheet membrane
rolling around a permeate tube; ¢) Hollow fiber membrane comprising of numerous porous hollow
fibres. Images are reproduced from the website of Koch Membrane Systems Inc.

(http://www.kochmembrane.com).



1.2 Concentration polarization and Membrane fouling

During membrane filtration processes, smaller particles and solvent pass through the membrane,
while larger particles are retained, resulting in the higher concentration of solutes near the
membrane surface compared to the bulk (Figure 1-3). “Concentration polarisation” is the term
used to describe the concentration gradient from the membrane surface to the bulk which is
independent of the membrane properties. On the other hand, the deposition and adsorption of
particles on the membrane surface or inside the membrane pores is termed “membrane fouling”
[21, 22]. Both concentration polarisation and membrane fouling are responsible for the flux
decline that occurs during filtration processes [13, 22, 23]. Concentration polarisation is
considered to be reversible and transient. It appears immediately upon application of a
transmembrane pressure (TMP) and disappears once the filtration process stops. Membrane
fouling, however, develops more gradually and is more likely to be irreversible, and can

significantly reduce the separation performance [13, 22, 24].

Reversible Irreversible

SUEBIQUWIBIA .

Bulk flow Concentration Membrane
Polarization Fouling

Figure 1-3 Schematic of membrane filtration processes during crossflow filtration of
monodisperse solution. An irreversible fouling layer forms on the membrane surface due to the

interactions of membrane-particle and particle-particle and a reversible concentration polarization



layer forms due to the compressed concentration between the bulk flow and the fouling layer

during the membrane filtration process.

1.3 Theoretical models of membrane filtration

1.3.1 Film theory model

A film theory model was developed by Michaels and others to describe the relationship between
concentration polarisation and the permeate flux [25-28]. In this model, the complex membrane
transport problem is simplified as a convection-diffusion mass balance from the membrane
surface out to a finite mass boundary (film) layer near the membrane surface, where the
convective transport of solute to the film layer is equal to the diffusive transport of solute to the

bulk flow and convective transport of solute to the permeate side. The equation is

j=Dsn (S
§ \C-Cp

(1-1)

where J is the permeate flux, Ds is the solute diffusion coefficient, 6 is the boundary (film) layer
thickness, Cy is solute concentration at the membrane surface, Cpand C, are the bulk and permeate
solute concentrations, respectively. This model is valid only in the presence of concentration

polarisation, while the impact of membrane fouling is not considered.

1.3.2 Resistance-in-series model

Membrane filtration is usually a pressure-driven separation process. A number of mathematical
models have been developed to describe the permeate flux in a relationship of applied
transmembrane pressure. One of the popular models is the resistance-in-series model. Based on
the Darcy’s Law, permeate flux through a clean membrane is related to the applied

transmembrane pressure [23, 29]:



N Rm (1-2)

where AP is applied transmembrane pressure, 1 is liquid viscosity, and Rm is membrane resistance
during filtration of water, which depends on the membrane properties and morphologies. In reality,
the occurance of concentration polarisation and membrane fouling give rise to another two
resistances, Ry and Ry, respectively. For filtration of colloidal substances solutions or protein-
containing liquids, a cross-linked gel layer may form when the concentration reaches a specific

high value, resulting in a gel layer resistance, Rger. Equation 1-2 can then be modified as [30, 31]

B AP
N (Rm + Rep + Ry + Ryer)

J
(1-3)
which can be used for filtration processes operated in a constant pressure mode, and a range of
resistance concentration polarisation, membrane fouling, gel formation, and other potential

resistance can be included in this resistance-in-series model.

1.3.3 Osmotic pressure model

Similar to the resistance-in-series model, the osmotic pressure model is also derived from Darcy’s
law. The effect of membrane fouling on the permeate flux is still characterised as an additional
resistance, Ry, in series with the membrane resistance, Rm. Whereas the concentration polarisation
is expressed as a resistance term in the resistance-in-series model, it is considered as an osmotic
pressure IT in this model. Separation of a solute by the membrane gives rise to an increase in the
concentration on the retention side, resulting in the concentration difference between the retention
side and the permeate side of the membrane. When this difference increases, an osmotic pressure
opposite to the transmembrane pressure arises, resulting in the reduction of the net driving force

as following [32]:

_T](Rm+Rf) (1_4)



1.3.4 Pore blocking model

Hermia et al. [32] proposed an empirical pore blocking model to describe membrane fouling. The
schematic of particle deposition is shown in Figure 1-4. Figurel-4a shows the complete pore
blocking, where the size of particles is the same as, or slightly larger than that of membrane pores.
Each particle arriving at the membrane completely blocks a pore, leading to a severe decrease of
permeate flux. In internal pore blocking, the size of particles is smaller than that of the membrane
pores. Each particle arriving at the membrane is deposited onto the internal pore walls, resulting
in a decreased pore volume (Figure 1-4b). As the filtration time increases, the number of open
pores decreases. Particles newly reaching the membrane may deposit onto the particles that
already blocked certain pores, or onto the membrane (non-porous areas), which is the so called
‘intermediate blocking’ phenomenon. The size of particle can be either larger or similar than the
size of membrane pores (Figurel-4c). In the case of cake filtration, particles are larger than the
membrane pores. A cake layer forms on the membrane surface as particles accumulate on top of
each other, thereby reducing the flow into the pores (Figurel-4d). A general mathematical form

of the different fouling models can be expressed as following [33-36]:
d’t L[4 "
avz — \dv

where t is filtration time, and V is volume filtered. k is the filtration constant. The component n

(1-5)

characterises the fouling models, which takes the values of 2, 3/2, 1, or 0, corresponding to
complete blocking, standard pore blocking, intermediate pore blocking, and cake filtration,

respectively.
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Figure 1-4 Schematic of fouling models, a) Complete pore blocking: membrane pores are

completed blocked by particles, the size of which is the same as or larger than the membrane pore
size; ; b) Internal pore blocking: smaller particles deposited on the pore walls; ¢) Intermediate
pore blocking: particles deposited on particles that already blocked membrane pores or deposited
on the non-porous area of the membrane surface; and d) Cake filtration: an additional cake layer

formed on the membrane surface.

1.4 Factors affecting membrane fouling

1.4.1 Solution properties

Membrane fouling has been reported to be significantly influenced by solution properties,
including pH [37-39], ionic strength [39-41], and feed concentrations [42-44]. Both of pH and
ionic strength can affect the interactions of membrane-particle and particle-particle by varying
the charge properties of membranes and particles. For example, during the filtration of the milk
protein bovine serum albumin (BSA), the severest fouling and lowest flux occurred at a pH equal
to the iso-electric point (IEP) of BSA, where the intermolecular repulsion between BSA
molecules is at a minimum, allowing aggregate formation to occur [22, 37, 39, 40, 42, 45-47].
The fouling in these systems is related to the intermediate pore blocking and cake filtration models
shown in Figure 1-4c and 4d, where particle-particle interactions are involved lonic strength can
influence on membrane fouling as it affects the charge properties of the membrane surface and
particles, which in turn affects membrane-particle and particle-particle interactions [37, 39, 47,
48]. Feed concentration has no effect on the charge properties of membranes and particles, and

long-term flux tends to be independent of feed concentration [43, 44, 49]. However, increasing
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feed concentration generally results in increased fouling and a decrease in the permeate flux due
to a greater number of particles being brought to the membrane and greater collision frequency
between particles for any unit time [42]. The former may cause rapid complete pore blocking
(Figure 1-4a) and internal pore blocking (Figure 1-4b), while the latter affects the in intermediate
pore blocking (Figure 1-4c) and cake filtration (Figure 1-4d) models where aggregates form due

to particle-particle interactions.

1.4.2 Operating conditions

Membrane filtration is normally operated in a constant TMP mode [11, 50-53]. In this case,
increasing the TMP initially results in an increase in the permeate flux, while also resulting in
increased fouling due to the greater throughput. Membrane filtration can be operated as dead-end
(Figure 1-5a) [54-56] or crossflow filtration (Figure 1-5b) [57-60]. In crossflow filtration, the
suspension flows tangentially to the membrane surface, resulting in shear forces that reduce the
deposition of particles on the membrane surface. Thus, increasing the crossflow velocity generally

reduces membrane fouling.

Permeate

Figure 1-5 Schematic of a) dead-end filtration, and b) crossflow filtration of bidisperse solution.
The feed flow is push towards the membrane in dead-end filtration, while the flow direction is

parallel with the membrane in crossflow filtration.



1.4.3 Membrane and particle properties

Membrane properties such as pore size distribution, porosity, and surface morphology are
important for the separation performance [61-63]. A membrane with a wide ranging pore size
distribution generally has poor selectivity. Other physico-chemical properties of membranes,
including membrane materials, surface charge, and hydrophobicity/hydrophilicity also have
important effects on membrane fouling [46, 64-70]. Similarly, the changes of particle properties
can affect membrane fouling by varying membrane-particle interactions and particle-particle
interactions. For example, severe fouling occurs when the membrane and particles are charged

oppositely due to the attraction energy between the membrane and particles [71].

The above factors can influence membrane fouling through their effects on the membrane-particle
and particle-particle interactions, or the hydrodynamic forces exerted on the particles in the feed
flow (Figure 1-6). Solution properties such as pH, ionic strength and particle concentration
primarily influence the interactions of membrane-particle (Vmyp), particle-particle (Vpp). The
operating conditions such as cross-flow velocity and TMP mainly affect the hydrodynamic forces.
Membrane/particle properties can affect both the interaction energies and the hydrodynamic
forces. During crossflow filtration, there is a drag force F« exerted on the particle along the x-
direction (feed dirction), which is caused by the crossflow. Along the y-direction (permeate
direction), there are three forces acting on the particles: Fyr (drag force caused by the permeate

flow), Fy. (lateral lift force caused by the crossflow), and Fyg (buoyancy force of the particle).
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Wall

Figure 1-6 Schematic of interaction energies of membrane-particle (Vim.p), particle-particle (Vp.p),
and hydrodynamic forces exerted on particles during crossflow filtration of particle suspensions.
Fx is drag force due to the crossflow, Fyp is drag force caused by the permeate flow, Fy. is lateral

lift force caused by the crossflow, and Fyg is buoyancy force of the particle.

1.5 Characterisation methods

A large number of studies have used macroscopic measurements like flux-time behaviour and
pressure-time behaviour to characterise membrane fouling under various filtration conditions [37,
39, 40, 42, 43, 45, 46, 48, 67, 72, 73]. These measurements have successfully demonstrated the
influence of variable conditions on the macroscopic filtration behaviours. However, the actual
fouling process which governs the filtration performances can only be inferred, and the

fundamental mechanism of membrane fouling has yet been fully understood.

For direct measurements of membrane fouling processes, a variety of visualisation methods have
been developed involving microscopy [74-78] and microfluidic technologies [71, 79-85]. By
visualising the deposition process of particles and analysing the structure and distribution of the
deposited layers, fundamental information has been obtained for better understanding of fouling
mechanisms. Chapter 2 provides a thorough review of these techniques, the information obtained
to date through their application, and the current limits to our understanding of the mechanisms

of particle deposition and membrane fouling.
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1.6 Project aim and overview of thesis

This project aims to develop a new fundamental understanding of membrane fouling through the
development and application of a microfluidic filtration system. This purpose of the device is to
provide detailed microscopic structures of the deposit layer and deposition distributions over a
wide range of solution properties and operating conditions. These observations are then used in
combination with theoretical considerations to help develop the fouling mechanisms.

Chapter 2 reviews the state-of-the-art techniques that are available for microstructural
measurement of deposit layers present during membrane filtration. These methods are examined
with respect to their abilities to perform measurements such as characterising particle
concentration profiles, determining the deposit layer thickness, and visualising the membrane
surface. The current state of knowledge of the effects of various operational conditions on
concentration profiles and layer thickness are summarised in relation to macroscopic flux
measurements. Additionally, the techniques are categorised based on their applicability to
different filtration modes (crossflow or dead-end), membrane types (flat, hollow fibre, or special
cells), and their measurement limits.

Chapter 3 describes the development of a novel microfluidic filtration system which can be used
for direct measurements of membrane fouling. This system is developed by incorporating
membrane filtration with microfluidic technology, confocal microscopy, and a two-syringe flow
control system. It is capable of direct visualisation of the deposition process of submicron particles
on the membrane surface. Time dependent and high-resolution images of the membrane surface
and three-dimensional images of the filtration channel are presented. These images were analysed
with respect to particle deposition behaviour as characterised by deposition coverage as a function
of filtration time and distance from the membrane surface.

Chapter 4 uses the microfluidic membrane system to investigate the effect of membrane-particle
and particle-particle interaction energies on particle deposition over a range of pH and ionic
strength conditions. The zeta potential of 0.4 um latex particles and 10 kDa PES ultrafiltration
membranes are measured at each condition. Using the measured zeta potential, an approach to
determine the interaction energies of membrane-particle and particle-particle was developed by
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incorporating DLVO theory, Van der Waals attraction energy, and modified Hogg-Healy-

Fuersteneau (HHF) formula.

The influence of solution properties including pH, ionic strength, and feed concentration on
membrane fouling during crossflow filtration is investigated in Chapter 5. Using the system
developed in chapter 3, the deposition process could be visualised in real time. Differences in the
microstructural characteristics of the deposit layers formed over a range of solution properties
were revealed. Dynamic deposition behaviours were characterised in terms of surface coverage,
deposition volume, and normalised deposition volume. The experimental results are interpreted
in terms of the interplay of membrane-particle and particle-particle interactions to reveal the key
mechanisms of membrane fouling by considering both interactions and the key roles of solution
properties affecting on membrane fouling.

In Chapter 6, the microfluidic membrane system was used to investigate the influence of
permeate flux and crossflow velocity on the deposition process during crossflow filtration. The
direct visualisations of the deposition process and derived quantifications of deposition were
obtained to better understand the fouling mechanisms as influenced by hydrodynamics. Building
on the experimental results obtained from Chapter 4, 5, and 6, an empirical correlation describing
the dynamic deposition volume was developed in terms of the membrane-particle and particle-
particle interaction energies (governed by solution properties) and deposition probability
(governed by hydrodynamic forces).

The entire work opens up new approaches for further research, and this is discussed in Chapter
7 alongside conclusions drawn from this work. Future perspectives are stated in this chapter as

well.
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Chapter 2 A Review of Microstructural Measurements of
Membrane Fouling during Filtration Processes

One of the challenges in the application of membrane filtration is the phenomenon of flux decline
caused by concentration polarisation and membrane fouling, however, the underlying
mechanisms has not yet been fully explained. In this chapter, the state-of-art techniques available
for microstructural measurement of the particle deposition during membrane filtration are
critically reviewed. The results from existing microstructural measurements are then discussed in
relation to macroscopic flux measurements. The limitation of the current state of the art is
identified. This establishes the increased capabilities and potential new applications of the method

developed in this thesis.

This chapter is adapted from a manuscript in preparation for submission to a membrane science
journal. Hongzhan Di, Gregory J. O. Martin, Dave E. Dunstan* “A review of microstructural

measurements of membrane fouling during filtration processes”.

2.1 Techniques for determining concentration profiles

Although the study of macroscopic flux performance has yielded significant insight into flux
decline [42, 46, 72], it is important to develop microstructural measurements of the boundary
layer to examine membrane fouling from a microscopic level [86, 87]. These measurements are
categorised into three groups according to their ability to i) characterise concentration profiles, ii)
determine the deposit layer thickness, and iii) visualising the membrane surface. The
concentration profile refers to the variation in particle concentration as a function of the distance
from the membrane surface (d) and the filtration time (t). This information is useful for
understanding the microscopic structure of the boundary layer and to validate the predictions of
theoretical models. Techniques for determining concentration profiles C (d, t) during membrane

filtration have been summarised in Table 2-1 .
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Table 2-1 Techniques for determining concentration profiles, C (d, t)

Technique Principle Filtration process Membrane Applying Distance to | Resolution | Variable
Type (pore size) solution surface conditions
] ] Dead-end ) BSA
Shadowgraph [88] Light deflection F-Cellulosic 200 um - AP, pH
UF (Mw=10kDa)
] ] Dead-end F-PC HA
Refractometry [89-91] Light deflection 20 um 5um Co v, IS
UF (0.015 pm) (Mw=605kDa)
Electro diode array ] ) Dead-end/Cross-flow | F-PS, CA DB,BSA
) Light adsorption 20 pm 2 um AP, Co, v
microscope (EDAM) [92, 93] MF/UF (0.01-1.0 um) (Mw=330kDa)
Holographic Electromagnetic | Dead-end/Cross-flow | F-PES, CA BSA 0 AP. C
m - 1
interferometry[94-99] wave refraction | UF/RO PEG H ’
Small-angle X-ray scattering | ] Dead-end/Cross-flow | F-PS, PES CM, Lp, )
Light scattering 20 um 20 um Ultrasonic
(SAXS) [100-103] UF (Mw=100kDa) SM

e UF = Ultrafiltration, MF = Microfiltration, RO = Reverse Osmosis;

e F = Flat sheet membrane; HF = Hollow fiber membrane; T = Tubular membrane;
e PC=polycarbonate membrane, CA=cellulose acetate membrane, PP=polypropylene, PA=polyamide membrane, PVDF= polyvinylidene fluoride

membrane;

¢ Mw=molecular weight cut-off; BSA = bovine serum albumin; HA = hyaluronic acid; DB = dextran blue; CM = casein micelles; Lp = Laponite; SM =
skim milk; OW = oil-water emulsions; Si = silica; PMMA = Poly (methyl methacrylate); Latex = polystyrene; SW8= submicron bacteria;

e AP = Transmembrane pressure/Transmembrane pressure; Co= Feed concentration; v = flow velocity; IS = ionic strength.
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Figure 2-3 shows one example of concentration profiles measured using a system incorporating
an electrodiode array microscope [92]. Generally, the concentration was shown to increase with
increasing filtration time and decreasing distance from the membrane surface. Five techniques
have been reported to be capable of determining concentration profiles: shadowgraph,
refractometry, electro diode array microscope (EDAM), holographic interferometry, and small-

angle X-ray scattering (SAXS).
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Figure 2-1 Concentration profiles C (d, t), concentration as a function of distance away the
membrane surface and filtration time, obtained by electro diode array microscope (EDAM) under
different cross flow rate (Re=0, and Re=10) by Mc Donogh et al. Increasing concentration is

found with increasing time and decreasing distance [92].

2.1.1 Shadowgraph

Shadowgraph has been widely used in experimental fluid mechanics and heat transfer using a
light source and a recording plane[104]. The density of a fluid varies with many factors, like
temperature, and the index of refraction changes with fluid density. A light ray that travels through
a fluid with variations in the refractive index will be deflected and bent out its original path, so
that the position on the recording plane where the undeflected ray would arrive remains dark while

the position where the deflected ray arrives appears bright. The resulted pattern of variations of
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the illumination is thereby produced in the recording plane, which is proportional to the second
derivative of the refractive index of the fluid.

Vilker et al. [88] used this technique to determine the concentration gradient of bovine serum
albumin (BSA) during dead-end ultrafiltration (weight cut-off of the membrane was 10 kDa).
During the filtration process, a refractive index gradient occurred in the concentration polarization
layer, which deflected the lights passing through the fluid and resulted in the visible pattern on
the recording plane (Figure 2-2). By measuring the extent of light deflection, the refractive index
could be obtained and used to determine the concentration profiles. A linear correlation between
the concentration of BSA and its refractive index was derived. This correlation was valid up to
580 g/L, which limited the minimum distance from membrane surface to 200 um. Concentration

values at distance less than 200 um were obtained by extrapolation of the concentration profiles.
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Figure 2-2 Schematic diagram of the light paths (solid line) and refractive index gradient (dashed
line) of shadowgraph technique. Laser light is deflected and bends out its original path due to the
variations in the refractive index in a fluid. The changes of illumination positions are captured by

the image plate. Adapted from Vilker et al [88].

Using shadowgraphy, Vilker et al. obtained the concentration profiles of BSA at different
distances from membrane surface during dead-end ultrafiltration. Their results provided direct
evidence to study the effects of transmembrane pressure and pH on the boundary layer (see further
elaborate in section 2.4). Additionally, the experimental data was used to verify theoretical

predictions they proposed. However, there are some limitations in their work. The minimum
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distance from the membrane surface at which the concentration could be obtained was 200 pm.
The deflection of light near the membrane surface is bent towards the membrane surface, resulting
in no deflection on the image plate. Thus, the concentration values at distances less than 200 pm
are extrapolated from the profile data rather than experimental results. Additionally, although the
experimental data fitted well with the theoretical predictions they proposed, it should be noted
that the diffusivity values are chosen manually to get a good fit, and were greater than the

calculated diffusivity values.

2.1.2 Refractometry

The Refractometry was developed to study the concentration profiles during dead-end
ultrafiltration of a biopolymer, hyaluronic acid (HA) by Ethier and Lin [89], and later improved
by Gowman and Ethier [90, 91]. Membranes with a pore size of 0.015 um and hyaluronic acid
with a molecular weight cut-offof 605 kDa were used. Similar to the shadowgraph technique,
refractometry is also based on the light reflection caused by a refractive index gradient. The
difference is that the concentration profile is determined from calibration with known samples..
The details of the experimental apparatus are provided by Gowman and Ethier [90]. Two
hydraulically independent chambers were used. The left side is a reference, and the right side
contains the biopolymer. Both sides were initially filled with solvent only (water) to determine
the laser beam reference position, and then the biopolymer side was replaced by HA solution. The
new deflection position caused by the increased refractive index was used to determine the

concentration (Figure 2-3).
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Figure 2-3 Cross-section of the flow cell used for refractometry. A is the reference side, and B is
the biopolymer side. The beam travelling through B is deflected to the new position due to the

varied refractive index [90].

The method showed an increase in the concentration with decreasing distance from the membrane
in studies of the effects of feed concentration, flow velocity, and ionic strength on the
concentration polarisation layer (see section 2.4 for further elaboration). However, some
restrictions also exist for this technique. Firstly, the minimum distance from membrane is 200 pum
due to the finite thickness of the laser beam, the necessity of a sealing gasket, and a slight bevel
on the flow cell. In their results, the concentration at the membrane surface Cr, is actually the
concentration at a distance of 200 pum from the membrane surface. This limits the study of the
deposition of sub-micron sized particles. Additionally, this technique requires that the
concentration polarisation layer is quite thick (around 4 mm) to allow detailed spatial resolution.
As such, this technique can only be used for dead-end filtration and crossflow filtration at low

velocity, for which the polarisation layer is sufficiently thick.

2.1.3 Electro diode array microscope (EDAM)
Mc Donogh et al. [92, 93] utilised an electro diode array microscope (EDAM) technique to
observe concentration polarisation during the ultrafiltration and microfiltration of dextran blue

and BSA solutions. The principle is that infrared light is partially adsorbed when passed through
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a concentration polarisation layer. The light passing out of the filtration device is detected by an
array of micro-diodes, each of which registers a slice of the transmitted light. Quantifications can
be made by determining the typical signals from the micro-diode detectors in response to the
channel being filled by the solute at known concentrations prior to filtration. Through this
calibration, the signal from each diode gives the concentration of species in the sampled slice.
Their results showed that higher concentrations could be observed closer to the membrane surface,
and that the concentration increased with time and reached a limiting value at a given distance.
The effects of transmembrane pressure, feed concentration, and crossflow velocity were tested in
their works (see section 2.4 for further elaboration). The minimum measurement distance from
membrane was improved over shadowgraph and refractometery methods described above,
however it was still limited to 20 um.

2.1.4 Holographic interferometry

The principle of holographic interferometry is that that electromagnetic waves (632.8nm) emitted
from the He-Ne laser beam will bend in the optical path due to changes in the refractive index of
a medium. Changes in the optical path can be visualised as interference fringe patterns. In the
case of the appearance of concentration polarization layer or fouling layer during filtration process,
the changes in the concentration distribution resulting in the changes of refractive index can be
obtained as an interference fringe pattern [96].

A schematic of a setup for investigating ultrafiltration using holographic interferometry is shown
in Figure 2-4. The gradient of the refractive index of the solution can be obtained by following
the evolution of the interference fringes, and a linear relation between the refractive index and the
solution concentration can be experimentally obtained. Fernandez-Torres and Fernandez-
Sempere et al. [94-99] carried out a series of studies of the boundary layer under various
conditions, including different feed solutions (bovine serum albumin BSA and polyethylene
glycol PEG), membrane materials (polyethersulfone PES and cellulose acetate CA), filtration
modes (dead-end and crossflow), and filtration processes (ultrafiltration UF and reverse osmosis
RO) using this technique. Their results allowed visualisation of the membrane surface,
measurements of concentration profiles, and determination of the effects of different
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transmembrane pressures and feed concentrations (see section 2.4 for further elaboration). The
scale of resolution of an observation of interference fringes depends on the wave length of the
applied signal. The approximate resolution of holographic interferometry technique is limited to
be 20 pum. The other drawback of the technique is the complexity to set up and assemble the

holographic interferometry system.

OPTICAL TAELE

Figure 2-4 Schematic of holographic interferometry. The laser beam is divided in two by means
of a varable beam splitter (BS). The direction of two beams is modified by two mirrors, M2 and
M3, respectively. One of the beams illuminates the RO module and the light spread out is recorded
by the holographic plate (HP). The other beam acts as a reference and is also recorded by HP. All
of this image information is collected by video camera (VC) [96].

2.1.5 Small-angle X-ray scattering

David et al. [100-103] introduced a small-angle X-ray scattering (SAXS) technique to study the
concentration profiles during dead end ultrafiltration of casein micelle (50-200 nm protein
aggregates in milk) suspensions. A specific SAXS filtration cell was made of transparent
polycarbonate and embedded into a flat polysulfone ultrafiltration membrane (Figure 2-5). The
principle of SAXS is that when x-ray beams pass through samples, the scattering caused by the
presence of particles can be measured at very low angles. By analysing the 2D scattering patterns

as a function of distance from the membrane surface, the scattering intensities 1(q) in absolute
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units can be obtained and then used to deduce the concentration of particles (e.g. casein micelles).
In order to ensure that the scattering intensity only corresponded to the casein micelles, the
minimum distance from membrane surface was determined to be 280 um, at distance at which
the scattering and adsorption signal were not influenced by the membrane or polycarbonate
support [100]. The temporal evolution of concentration profiles at different distances from the
membrane surface during dead-end filtration of casein micelles was reported. The values were
deduced from azimuthally averaged scattering intensities in absolute units, and presented as the

mean concentration in a layer of £ 50 um around the measured height (H).

SAXS Pattern

Figure 2-5 Picture of the SAXS cross-flow filtration cell. X-ray beams travel through a cross
section of a crossflow filtration cell. Scattering patterns caused by the presence of particles in the

flow are recorded [101].

The same research group continued investigating the concentration profiles during crossflow
ultrafiltration of laptonite dispersions [101]. The minimum measurement distance from the
membrane surface was reduced to 100 pm through the use of an angular motion stage. Their
results of concentration profiles C (d) were used to verify an osmotic pressure model proposed by
Bouchoux et al. [105]. The model was able to predict the filtration performances in relation with
operating conditions. The effects of ultrasound on ultrafiltration of laptonite dispersions [102] and

skim milk [103] during crossflow filtration were also reported using this technique. The minimum
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distance above the membrane surface was further reduced to 20 by 80 um. The ultrasonication
was proposed to act as an additional disaggregation force that prevented accumulation in the
concentration polarisation layer near the membrane surface, leading to a complete removal of
deposit layer.

The SAXS technique has been demonstrated capable of achieving in-situ characterisation of
concentration profiles near the membrane surface. This has provided a new connection between
macroscopic measurements, like permeate flux, and micro-characteristics (see section 2.4 for
further elaboration). The concentration profiles are important for the verification of model
predictions [105]. However, the minimum distance from membrane surface is still limited to 20
pm because the scattering is influenced by the other parts of the filtration cell below this distance.
The absence of concentration information closer to the membrane surface (i.e. less than 20um)

reduces the ability to fully validate theoretical predictions.

2.2 Techniques for determining the boundary layer thickness

Many researchers have reported techniques for determining the thickness of the deposit layer,
concentration polarisation layer, or cake layer during membrane filtration [35-53]. Although the
definitions of the measured layer are seemingly different, in fact the “layer” can be simply
considered as the boundary layer between the membrane surface and the bulk. In this discussion,
all references to these layers are referred to as the boundary layer. Details of techniques that have

been reported for determining the boundary layer thickness have been summarised in Table 2-2.
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Table 2-2 Techniques for determining boundary layer thickness

Technique Principle Filtration Membrane Applying Distance to | Resolution | Variable
process Type (pore size) solution surface conditions
Nuclear magnetic resonance Chemical Cross-flow HF-PP (0.2 um), N
) Silica (12 nm) 0 um - AP, Co, v
(NMR) [106-109] shift MF T-PP(0.2-0.4 um)
Laser triangulometry[110, Light Cross-flow F-PA (0.2 pm), Earth (1-40 pum) 20 3
m m -
111] reflection MF F-PS (Mw=100kDa) Silica, Clay H H
] Light Cross-flow Bentonite
Optical laser sensor [112] ) T-(0.2 um) 0 um - AP, Co, v
adsorption | MF (2.45 pm)
) Light PMMA
Photointerrupter sensor [113] ] Cross-flow F 10 pm 10 pm -
reflection (5.15 um)
Ultrasonic time-domain ) ]
Acoustic Cross-flow F-Nylon(0.2 pm) Kaolin (2 pm),
refractometry (UTDR) [114- ] ) 0 um - pH
117] reflection MF F-PS (Mw=35kDa) Paper-mill, BSA
Direct observation (DO) ] Cross-flow HF-PVDF Bentonite
optical 0 um - Vv
[74, 75, 118-120] MF (0.1, 0.22 um) (2.5, 2.8 um)
Microfluidic membrane chip ) Cross-flow Membrane chip Latex particles
optical 0 um - -
[83, 84] MF (1.5-8 um) (6, 3.3,5.7 um)

e MF = Microfiltration;

F = Flat sheet membrane; HF = Hollow fiber membrane; T = Tubular membrane;

PP=Polypropylene, PA=Polyamide membrane, PS= Polystyrene, PVDF= polyvinylidene fluoride membrane;

Mw=molecular weight cut-off; BSA = bovine serum albumin; PMMA = Poly (methyl methacrylate);

e AP = Transmembrane pressure/Transmembrane pressure; Co= Feed concentration; v = flow velocity.
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2.2.1 Nuclear magnetic resonance (NMR) micro-imaging

Nuclear magnetic resonance (NMR) is commonly used in medical and clinical radiology
applications for non-invasive measurements, which involves the excitation and relaxation of
protons in a specimen under the influence of an external magnetic field.When the fluid sample is
placed in a powerful, static magnetic field, magnetized protons within the sample behave as
magnets aligning parallel or anti-paralle with the magnetic field. By adding a radio frequency
magnetic filed perpendicular to the main field, protons absorb energy and change their alignment
with the magnetic field. As the protons return from excitation to the equilibrium state, a signal
induced in the receiver coil of the instrument by the nuclear magnetization can then be
transformed by a series of algorithms into diagnostic images. The detailed principles of NMR
imaging can be found in a number of papers [121-123]. Yao et al. [106, 107] introduced this
technique to the study of concentration polarisation layer thicknesses during the filtration of oil-
water emulsions in hollow fiber membranes. Using the same technique, quantative measurements
during the filtration of oil-water emulsions and colloidal silica particles in single tubular
membranes were obtained by Pope et al. [108] and Airey et al. [109] respectively. Pope et al.
studied the effects of transmembrane pressure and crossflow velocity while Airey et al. reported
the measurements of the fluidity of the polarisation layers, which were obtained from 2D cross
sectional velocity distribution maps using the g-space imaging or dynamic NMR microscopy.
According to their results, the discernible particle motion was only observed from approximately
half the layer thickness to bulk solutions. This could be explained by the presence of a stagnant
layer and dynamic layer, similar to the results from Marselina et al. [74, 75] (further elaborated

in section 2.4). There is also a resolution limit for the NMR technique which is around 10 pm.

2.2.2 Laser triangulometry

Triangulation has been used to measure the deposit layer thickness based on shifts in the reflection
of laser beam, when it is directed onto a surface of varying elevation, a developing cake layer for
instance. The reflected laser beam off the surface is then captured by a charge coupled
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device (CCD camera), and the location where the reflected beam arrives shift as the cake layer
surface changes, which can be used to estimate the thickness of the cake layer (Figure 2-6). Using
this method, Altmann and Ripperger [110] monitored the build-up of a cake layer during
crossflow microfiltration of diatomaceous earth and silica particles. A similar method was
reported by Mendret et al. [111]. A laser sheet instead of a single laser beam was used to enable
measurements of layer growth at several locations along the membrane. The layer thickness could
be determined from 10 microns to hundreds of microns at a resolution of 3 wm during dead-end
ultrafiltration of clay suspensions in inside-out hollow fibre membranes. They could show an
increase in the thickness as a function of filtration time, and that the cake thickness was
inhomogeneous along the channel. The resolution for this technique is around 5 pm, thus the

accuracy for thin cake layer (<5 um) is restricted.

CCD-line
Laser Al

N\
X

Ah

¥ Object 2

Figure 2-6 Schematic of the principle of laser triangulometry. Object 1 refers to the cake layer
thickness, and object 2 refers to the membrane surface. The reflected laser beams are captured by

CCD camera [110].

2.2.3 Optical laser sensor
The principle of optical laser sensor technique is based on the light absorption by the cake layer.
When a laser beam passes through a tested region, the formation of the cake layer will absorb

light and the variation of the signal intensity detected corresponds to the layer thickness. A
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calibration curve with known values of cake layer thickness is performed to extract the correlation.
Hamachi et al. [112] used this technique to study the deposit thickness during crossflow
microfiltration of bentonite. The time-dependent deposit thicknesses under various
transmembrane pressure, feed concentration, and crossflow velocities were reported (see section
2.4 for further elaboration). Consistent with the results from Mendret et al. [111], they found the
deposit was not homogeneous along the length of the membrane. One limitation of this technique
is the solution concentration that a laser with higher power rating is required for working with a

higher concentration.

2.2.4 Photointerrupter sensor

Tung et al. [113] used a photointerrupter sensor to determine the boundary layer thickness of a
PMMA suspension (particle size of approximately 5 um) during crossflow microfiltration. A
high sensitivity reflective type sub-miniature photo interrupter sensor was located on the top of
the membrane surface. The light from the emitter was reflected by the surface of the
membrane/deposit layer, and detected by the sensor (Figure 2-7). Decreasing the distance between
the object and sensor induces an increase in the reflective current, allowing measurement of the
boundary layer thickness. The upper plate was made from transparent plexiglass. The effects of
slurry colour, slurry concentration, slurry transport rate, and background light on the accuracy of
the technique were determined. Slurry colour was found to be the most continual problem, but
the effect could be eliminated after calibration. The slurry transport rate and background light
were found to have little effect on the accuracy of the system. This technique allowed

measurement of the layer thickness between 10 um to 5 mm at a resolution of 10 pm.
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Figure 2-7 Schematic diagram of cake layer thickness measurement by a photointerrupter sensor.
The emitted light is reflected by the surface of the membrane or the cake layer, and then detected

by the sensor [113].

2.2.5 Ultrasonic time-domain refractometry (UTDR)

The ultrasonic time-domain refractometry (UTDR) technique is based on the principle that a
partial reflection of an acoustic wave occurs when ultrasonic waves encounter an interface
between two different media. Based on the difference in the amplitude and arrival times at
different distances, each reflection wave can be distinguished by an ultrasonic transducer (Figure
2-8). The UTDR technique has been used to study the membrane fouling during reverse 0smosis
of calcium sulfate solutions [124] and the effects of membrane compaction on flux decline during
gas separation [125]. Li et al. used this technique to study the deposit growth during crossflow
filtration of Kaolin suspensions [115], paper-mill effluent[114, 117], and BSA solutions [116]
using various membranes. A rectangular flat-bed filtration module with a flow channel of 100
mm x 20 mm x 2.5 mm was used in their works. This technique allowed detection of the dynamic
growth of the fouling-layer under variable pH [116], and monitoring of the efficiency of different
cleaning methods [114, 115]. This technique is limited to measure thick deposit layer since the
layer has to be thick enough for the ultrasonic signals to present a new echo at the interface

between the bulk flow and deposit layer.
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Figure 2-8 Schematic principle of Ultrasonic time-domain refrectometry technique. In a
crossflow filtration cell, ultrasonic waves encounter the surfaces of the fouling layer and the
membrane, and are reflected at different distances with different amplitude and arrivals times

[114].

2.2.6 Direct microscopic observation

Marselina et al. [74, 75] used a microscope and a video camera to directly visualise the deposit
growth and removal in real time during crossflow filtration of bentonite in inside-out hollow fibre
membranes. Their setup consisted of a modified crossflow membrane module, a microscope and
a video camera, as showen in Figure 2-9. The top part of the filtration module had a glass window
(65 mmx 20 mm) as a viewing port. The distance from the viewing port to the center of the
membrane was 1.3 mm. A 10-times magnification objective lens was used to monitor the layer
growth. A polyvinylidene fluoride (PVDF) hollow fiber membrane with an outside diameter of
0.65 mm and a length of 155 mm was used in their works. The normal pore size was 0.1 and 0.22
um for the bentonite solutions with particle size of 2.5 and 2.8 um, respectively. This technique
provided direct observation of the layer formation and thickness. Similar direct observation
techniques have been reported by other researchers. Romero et al. used a cathetometer to measure
the boundary layer thickness in a rectangular glass-walled filter during the crossflow
microfiltration of polystyrene suspensions with a size range of 48-150 um. The membranes used
were polycarbonate sheets with pore sizes between 0.2 and 1.0 um [118]. Mackley et al. used a
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15-times magnification video camera to observe and measure the layer formation and growth
during crossflow microfiltration. The polystyrene suspensions with a size range of 125-180 um
and a stainless steel filter mesh (90 x 90 um) were used in their studies [119]. Wakeman et al.
used a high-speed camera with high-magnification zoom lens to observe the layer growth during
crossflow microfiltration of suspensions with a particle size of 2.6 um [120]. All of these research
groups were able to observe an increase in the deposit layer thickness as a function of filtration
time. Marselina et al. also studied the effect of crossflow velocity on fouling layer thickness [48].
Thinner fouling layers were obtained at higher flow velocities (further elaborated in section 2.4).
They also investigated two cleaning methods, crossflow shear and backwashing. The latter

method only took half the time of the former to clean the membrane.

video {
(4%

camera m

hollow fiber

Figure 2-9 Picture of the direct observation experimental setup comprising of a hollow fiber
membrane module, a microscope, and a video camera. The upper right corner of the image shows

that the dark area is the observed hollow fiber [75].

2.2.7 Microfluidic membrane chip
Ngene et al. used another direct observation method to characterise the fouling process during
microfiltration of polystyrene solutions [83, 84]. A specific microfluidic membrane chip with

embedded channels separated by a porous structure (active membrane) was fabricated in their
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works. Polyetherimide (PEI), polyvinylpyrrolidone (PVP), N-methylpyrrolidone (NMP), and
square-shaped fused silica capillaries were used to fabricate the membrane with embedded
channels. A camera attached to the magnifying lenses was used for observation. The pore size of
the fabricated membranes was observed to be 3-8 um and 1.5 um. The filtration length was around
2 mm. An image of the channels on the microfluidic chip is shown in Figure 2-10. Ngene et al.
operated filtration experiments using both mono disperse polystyrene particles (6 um) and bi-
disperse suspensions (3.3 and 5.7 um). An increase in the cake thickness was observed during
filtration time, as well as an increase in the proportion of the larger particles (5.7 um) in the cake.
They also investigated the average cake porosity and specific cake resistance as a function of
larger particle fraction. The theoretical cake porosity was determined by Tokumistsu method [79].
And the experimental data showed good agreement to that of theoretical predictions. This
technique is limited to the fabricated specific membranes and experimental measurements

produced on commercial filtration membranes cannot be accessed.

I.','i'ineati.nv

Figure 2-10 Chip showing channels and flow directions. The active membrane is between the
retentate channel (lower bright rectangle area) and the permeate channel (upper bright rectangle

area) [46].

2.3 Techniques for visualising the membrane surface
In addition to those developed techniques determining the concentration profiles and cake layer
thickness, techniques using optical microscopy for visualizing the membrane surface have also

been developed (Table 2-3).
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2.3.1 Direct observation through the membrane (DOTM)

Direct observation through the membrane (DOTM) is a technique that allows the membrane
surface to be visualised during the filtration processes that was initially developed by Hodgson et
al. [134]. A microscope was mounted on the permeate side of a transparent membrane (Anopore
anodised-alumina membrane with pore size of 0.02 um) to observe fouling as it occurred on the
membrane surface (Figure 2-11). Li et al. [76, 126, 127] continued DOTM investigations on the
crossflow microfiltration of suspensions of yeast, latex beads, and submicron-sized bacteria.
Images obtained by DOTM, revealed that more particles continued to be deposited on the
membrane surface during filtration. Also, particles were seen to tend to deposit on the membrane
surface where other particles had already been deposited. Additionally, the critical flux
determined from the images was found to have a positive correlation with particle size and
crossflow velocity. As this technique used a microscope to visualize the membrane surface, the
resolution limitation of optical microscopy existed and restricted high-resolution observations on

smaller particles.
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Figure 2-11 Schematic of direct observation through the membrane (DOTM) apparatus.
Microscope lens locates on the permeate side of a transparent membrane in a cross filtration cell
to observe the fouling process on the membrane, and visualization information is recorded by a

video camera [127].
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Table 2-3 Techniques for visualising the membrane surface

Technique Principle Filtration | Membrane Type | Applying solution | Distance to | Resol | Variable
process (pore size) the surface | ution | conditions
] ) ] Yeast(5 pum)
Direct observation through the Optical Cross-flow
] F-AN (0.02 pm) Latex (3-12 um) 0 um - -
membrane (DOTM)[76, 126, 127] | Microscopy | MF
SW8 (0.6 um)
Direct visual observation (DVO) | Optical Cross-flow | F-CA(0.22 um)
] Yeast 0 pm - -
[77] Microscopy | MF F-AN(0.2 um)
Confocal scanning laser ]
) Optical Cross-flow BSA,
microscopy (CSLM) [78, 128- ] F-PC(0.22 pm) ] 0 pm - -
Microscopy | MF/UF Latex particles
131]
] o ) lonic Strength,
) o ) Optical Cross-flow/ | Mimic Latex particles
Microfluidic channels and sieves ) ] Pore geometry,
microscopy, | Dead-end, | membranes Microgels 0 um -
[79-82, 132, 133] ] o Crossflow
Microfluidics | MF (PDMS, 5-20 um) | (2-8 um) )
velocity.

e UF = Ultrafiltration, MF = Microfiltration, NF = Nanofiltration, RO = Reverse Osmosis;

e F =Flat sheet membrane;

e CA-=cellulose acetate membrane, PC , AN;

e BSA = bovine serum albumin; SW8= submicron bacteria
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2.3.2 Direct visual observation (DVO)

Mores et al. [77] developed the so-called direct visual observation (DVO) technique to observe
the microfiltration of yeast using cellulose-acetate (CA, pore size 0.22 um) and anopore anodised-
alumina (AN, pore size 0.2 um) membranes. Different to the DOTM, a microscope was mounted
on the feed side of the membrane (Figure 2-12). During filtration, particles deposited on the AN
membranes were more uniformly distributed than those on the CA membranes. After cleaning
however, most of the AN membranes remained covered in a monolayer (70% flux recovery),
whereas cleaning removed most of the initial deposit from the CA membranes (90% flux
recovery). This method was used to show that yeast cells exhibited greater adhesion to the AN
membranes than the CA membranes. Similar to DOTM technique, the resolution limitation of the

microscope also existed in DVO techniques.

Monitor
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Figure 2-12 Schematic of direct visual observation (DVO) apparatus. Microscope is mounted on
the retentate side of the membrane in a crossflow filtration cell. The fouling process is recorded

by a camera [77].

2.3.3 Confocal scanning laser microscopy (CSLM)

The technique of confocal scanning laser microscopy (CSLM) has been developed and applied to
the characterisation of membrane fouling in the last two decades. Compared to normal
microscopy, CSLM has many advantages such as higher resolution imaging and 3D
reconstructions. In a laser scanning confocal microscope, a laser beam illuminates a pinhole and
is then focused through the objective lens into a fluorescent specimen. The background
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information away from the focal plane is weakly transmitted through the detector pinhole, which
enhances the detected signal from the exact focal plane. The specimen is scanned pixel by pixel
and the light is collected to produce an image of the specimen.

CSLM technique has been applied to visualize the deposition on the membrane surface in
different filtration modes, including microfiltration [78, 128], ultrafiltration [129], and
reverse/forward osmosis [130, 131]. However, most of literatures only provided images of the
membrane surface, further characterizations of the deposit layer such as the layer structure and
deposition distribution, and other analyses of the deposition behaviours as influenced by factors

pH for instance have not been addressed.

2.3.4 Microfluidic channels and sieves

More recently, microfluidic technology has been combined with optical microscopy to study
particle deposition and fouling during membrane filtration. Microfluidics provides the ability to
create well-defined and customised geometries that can mimic the pore structures of
microfiltration membranes. Using micro-sieves to mimic a flat membrane surface structure, the
top view of the ‘membrane’ surface could be obtained [132]. Using parallel micro-channels to
mimic pore walls, particle clogging at the pore entrance could be visualised. Van De Laar et al.
investigated the influence of pore geometry and particle interactions on the clogging behaviour
[133]. The group of Weitz found that the clogging depended on the ratio of the pore size to particle
size [80]. In later work, they reported that the particle clogging behaviour was influenced by the
channel geometry and shear stress[82]. Using similar parallel micro-channels, Linkhorst et al.
studied fast jamming of colloidal particles as well as particle translocation at the single particle
level [79]. By varying the ionic strength in the feed latex solutions, Bacchin et al. studied the
influence of colloidal interactions on the clogging behaviour. Latex particles were observed to
form dendrites at the pore entrance in solutions containing 0.1 M KCI, whereas more gradual
obstruction was found when the latex particles were suspended in ultrapure water [81].

In summary, the use of the microfluidic channels and sieves has enabled visualisation and detailed

investigation into particle clogging at the scale of microfiltration pores (pore entrance size 5-20
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pm). However, these reported works are limited to the study of particles with a diameter of at
least several microns. A major limitation to the work done to date is that submicron particles in
the ultrafiltration range cannot be examined. In addition, all the above research was done using
microfluidic channels as membrane mimics, and the study of deposition on real commercial

porous membranes cannot be performed.

2.4 Effects of influencing factors on microstructural measurements of the boundary layer

In the filtration channel, three regions can be distinguished with respect to distance from the
membrane surface: the fouling layer, the concentration polarisation layer, and the bulk flow.
Combined, the fouling and CP layers are defined as the boundary layer. Using the techniques
summarised in the section above, the boundary layer has be observed and studied, providing some
understanding of the microstructural characteristics. The fouling layer can be considered to have
a relatively compact structure, and can also be referred to as the cake layer, gel layer or stagnant
layer in different reports. The distance-dependent concentration is supposed to change slowly due
to the compact structure of the fouling layer, and the concentration at the membrane surface Cr,
is much higher compared to the feed concentration Co. Above this region is the concentration
polarisation layer, which has been referred to as a dynamic layer or fluidised layer. In comparison
to the fouling layer, the concentration varies strongly as a function of distance away from the
membrane. This can be explained by the relatively free movement of the particles. The third

region is the bulk flow, that has the same concentration as the original feed, Co (Figure 2-13).
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Figure 2-13 Schematic diagram of the distance-dependent concentration profile. Region | is the
fouling layer with gradual concentration change. Region 1l is the concentration polarisation layer
with a relatively dramatic concentration change. Region Ill is the bulk flow with the feed
concentration. Cy = concentration at the membrane surface. Co = feed concentration. d = distance

from the membrane surface. § = boundary layer thickness.

This section reviews the current knowledge of the effects of filtration variables on microstructural
measurements of the boundary layer. Concentration at the membrane surface Cr, and the boundary
layer thickness & are the representative parameters. To better understand how the variable
conditions influence the filtration processes, both microstructural measurements (Cm, 8) and
macroscopic flux performance (rate of flux decline and limiting flux J.,) have been summarised

in Table 2-5.
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Table 2-4 Effects of variable conditions on the microstructural and macroscopic measurements

Microstructural measurements

Effect on macroscopic flux

Variable
» Concentration at the _ performance
conditions The boundary layer thickness, &
membrane surface, Cn,

Transmembrane ) ) ] ]

Higher | Higher [88, 92] Thicker [92, 108, 112] Higher Jo,, slow drop [135-138]
pressure AP
Feed concentration Higher Higher [91] Thicker [91, 109, 112] Lower (little effect) Jo, [42-44, 49];
Co Slightly higher [92] Thinner [92] Rapid drop [42-44, 49]
Flow velocity High Higher [91] Thinner [91, 92] Higher Jo,, slow drop

igher

v : Lower [92] Thinner [74, 108, 112] [42, 43, 139]
lonic strength ) ) ] Lower Jo, rapid drop

Higher | Higher [91] Thinner [91]
IS [37,41, 47, 140]

. . Lowest J, rapid drop

pH IEP Highest [88] Thinnest [116]

[40, 45]

o |EP=isoelectric point

o Jo, = the limit flux
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2.4.1 Effect of transmembrane pressure

Using shadowgraph and EDAM techniques, the concentration at the membrane surface (Cm) has
been observed to increase with increasing transmembrane pressure during the dead-end
ultrafiltration by Vilker et al. [88] and Mc Donogh et al. [92]. Due to the 200 pm limitation in the
minimum distance from the membrane surface using this technique, Crm was extrapolated from
the concentration profiles [88]. While in the work of Mc Donogh et al., Cr represented the
concentration at a distance of 20 um from the membrane surface. Mc Donogh et al. [108, 112]
also found that the boundary layer thickness (&) increased with increasing TMP, which was
consistent with other studies [19, 35, 38]. The effect of transmembrane pressure on the
microstructural measurements is shown in the dashed curve 1 of Figure 2-14, where greater
concentration at the membrane surface and thicker deposit layer were observed as transmembrane
pressure increased. This trend could be explained by that higher transmembrane pressure induced
a greater amount of solute particles to be brought towards the membrane surface per unit time.
Thus, proportionally more particles were rejected by the membrane (higher Cr), which caused
the higher concentration polarisation near the membrane surface (higher &) [43, 136-138].
Increasing the applied pressure also resulted in an increased convective force, which might be the

reason for the increasing initial flux (Jo) and limiting flux (Jo.) [72, 73].
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CII‘ n

Figure 2-14 Effects of variable conditions on microstructural measurements of the boundary layer.
Cm = concentration at the membrane surface. Co = feed concentration. d = distance from the
membrane surface. Solid curve stands for the reference curve. Dashed curve 1 (higher Cy, higher
), curve 2 (higher Cn, lower 6), and curve 3 (lower Cy, lower §) stands for three different cases

under variable conditions.

2.4.2 Effect of feed concentration

Gowman et al. [91] studied the concentration profiles and boundary layer thickness during dead-
end ultrafiltration of HA solutions using refractometry technique. The value of Cy, represented
the concentration at a distance of 200 um from the membrane surface. Higher Cy, and § were
obtained at higher feed concentrations (dashed curve 1 in Figure 2-14). Airey et al. [109] also
observed higher & at higher feed concentrations during crossflow microfiltration of bentonite
solutions using NMR technique. However, Mc Donogh et al. [92] obtained opposite results during
dead-end filtration of dextran blue solution using EDAM technique. Increasing the feed
concentration had only a slight effect on C, and decreased the layer thickness (dashed curve 2 in
Figure 2-14). The effect of feed concentration on macroscopic flux performance has been studied
by many groups [42-44, 49]. Generally, the flux drops more quickly at higher feed concentrations,
which is at least in part due to the greater amount of solute that is brought to the membrane surface

per unit time, increasing collision frequency between the solute particles and the membrane
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surface. On the other hand, more particles are also rejected and accumulated near the membrane,
resulting in severe concentration polarisation. The limiting flux was independent on the feed
concentration, which might because that limit flux was reached at long-term filtration time, where

the initial difference of feed concentration was weakened [135].

2.4.3 Effect of crossflow velocity

Generally, higher crossflow velocity results in thinner boundary layers [74, 91, 92, 108, 112].
However, there is conflict about the influence of crossflow velocity on Cr. Gowman et al. [90]
reported higher Cr, at higher crossflow velocities during gentle crossflow (velocity= 1 pL/min
and 0.7 uL/min) filtration of HA (dashed curve 2 in Figure 2-14) by using refractometry technique.
Mc Donogh et al. [92, 93], however, obtained opposite results using EDAM technique, in which
increasing velocity (Re=0, 5, 15) decreased Cn during filtration of dextran blue solutions (dashed
curve 3 in Figure 2-14). It is important to note that C, represented the concentration at a distance
of 200 um or 20 um from the membrane surface, respectively. For the macroscopic flux
measurements, the rate and extent of flux decline were reduced, while the limiting flux was higher
at increased crossflow velocities [42, 43, 139]. This could be explained by the higher crossflow
velocity producing the greater shear forces along membrane surface that sweep away the deposit
thereby reducing the concentration polarisation [138]. This is consistent with the microscopic

measurements showing lower § at higher crossflow velocity.

2.4.4 Effect of pH

The effect of pH on Cr, has been reported by Vilker et al. using shadowgraph technique [88]. A
higher Cy, was obtained at pH 4.5 near the isoelectric point than at pH X during dead-end
ultrafiltration of BSA solutions (dashed curve 2 in Figure 2-14. The value of Cr, was extrapolated
from the concentration profile curves. The effect of pH on & was reported by Li et al. [116], who
showed that & was lower at pH 4.9 (isoelectric point, IEP) than 6.9 during crossflow ultrafiltration
of BSA solutions using UTDR technique. However, the flux was also lower at pH 4.9, which
means that the deposit thickness could not be simply related to the flux performance. Li et al. also
found high turbidity, low rejection and high fouling resistance at pH 4.9, stating that even though
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the deposit was thinner at pH 4.9, the deposit was more compressed, resulting in less permeability.
This suggested that the flux decline was mainly controlled by the density of the deposit layer
rather than the thickness. Huisman et al. [45] compared macroscopic filtration performance at
different pH values during ultrafiltration of BSA solutions. They found that both the initial flux
and final flux were at minimum values at the isoelectric point (pH 5), consistent with other reports
[40, 42, 46, 135]. Two possible factors have been proposed. One is that the aggregates formed at
the isoelectric point, where the electrostatic repulsion force between molecules reached the lowest,
accentuate fouling. The alternative is that as protein molecules are in their most compact state at
the isoelectric point, they can form a more densely packed layer. The results from more detailed

microscopic measurements (higher Cy, at IEP) could help to distinguish between these two reasons.

2.4.5 Effect of ionic strength

It was previously shown that increasing the ionic strength of the feed solution increased Cr and
decreased & (dashed curve 2 in Figure 2-14). In addition, lower limiting flux has been observed
at increased ionic strength [37, 41, 47, 140, 141], which could be explained by the reduced
electrostatic repulsion resulting from compression of the electric double layer (EDL) [42, 43, 47,
136, 137, 140, 142, 143]. However, other researchers have reported opposite results for BSA,
showing an increased limiting flux at higher ionic strengths [39, 42, 48]. They proposed that a
higher ionic strength induced greater BSA solubility. She et al. [42] found that lower retention
was observed at higher ionic strength, which was consistent with the smaller molecular size of
BSA at same conditions. By using the microfluidic channels and the digital video microscopy,
Bacchin et al. found that ionic strength significantly affected the microstructure of the deposit
layer. With the presence of KCI in the feed solution, dendrites of latex particles formed at the
surface of the mimic membrane, while ultrapure water led to a more gradual obstruction of the
microchannels [81].

2.5 Conclusions

This chapter reviewed and categorised the currently available techniques for microstructural

measurements of filtration boundary layers. Techniques for determining concentration profiles C
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(d, t) and determining the boundary layer thickness & offer the ability to quantify particle
concentrations as a function of the distance from membrane surface and filtration time.
Techniques for visualising the membranes provide direct images of the fouled surface.
Additionally, this chapter summarised how these techniques have been applied to understand the
effect of filtration conditions (transmembrane pressure, feed concentration, flow velocity, ionic
strength, and pH) on the development of the boundary layer concentration profiles C and
thickness &. This microstructural information has been used to explain the flux decline in relation
to macroscopic measurement of flux (initial flux, limit flux, and the rate of flux decline), which
provides a better understanding of membrane fouling.

In summary, techniques based on optical microscopy, especially confocal microscopy system,
show more advantages in the microstructural measurements of membrane fouling, which enables
the direct examination of the membrane surface without distance limitation. More recently,
microfluidic techniques have been used to study membrane fouling, providing more detailed
information relating to particle clogging, jamming, and translocation at the single particle level.
However, these techniques used to date have only allowed investigations on mimic membranes
with pore sizes at the scale of microfiltration membranes (5-20 um), and the diameter of tested
model particles is at least several micron. Thus, for detailed investigations of membrane fouling
during ultrafiltration of smaller scale particles (i.e. submicron), a new system combining the
advantages of confocal microscopy and microfluidic technology must be developed.

The overall aim of this thesis was to develop a novel technique for investigating the deposition of
individual sub-micron sized particles in real time during membrane filtration, and to apply this

method to the development of new fundamental insights into the mechanisms of fouling.
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Chapter 3 Development of A Novel Microfluidic System for
Studying Particle Deposition during Ultrafiltration

The review of the state of art technologies for microstructural measurements of membrane fouling
revealed a limitation in the ability to study the deposition of submicron particles. Here, the
combination of confocal microscopy and microfluidics is investigated for detailed
characterisations of particle deposition on ultrafiltration membranes. In this chapter, the
development and initial application of a novel microfluidic filtration system was described that
incorporates membrane filtration, microfluidics, confocal scanning laser microscopy, and a dual
syringe pump flow control setup. The ability to successfully visualise the deposition of 0.4 pm
model latex particles on PES membranes during crossflow filtration has been demonstrated.
Preliminary experiments conducted using latex suspension was presented.

This chapter is adapted from a published paper:

Hongzhan Di, Gregory JO Martin, and Dave E. Dunstan. "A microfluidic system for studying

particle deposition during ultrafiltration.” Journal of Membrane Science 532 (2017): 68-75.
3.1 System design

The microfluidic system was designed to visualise the particle deposition process in real time (Fig.
3.1). Membrane properties (composition and pore size), particle properties (size and surface
charge), and operating conditions (flow rate, temperature, transmembrane pressure and particle
concentration) can be varied. The microfiltration device, confocal microscopy, and flow control
setup are shown in Figure 3-1a. The microfluidic membrane filtration device was designed for
upward filtration so that the active membrane surface could be visualised using an inverted
microscope. The thickness of the bottom channel layer is 50 um (channel depth is 25 um) to
satisfy the short working distance (100 um) of the inverted high resolution objective lens. The
microscope system, equipped with a high speed scanner and high resolution objectives, was used

to visualise the continuous motion of the particles. Two syringe pumps were connected to the
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inlet and outlet during filtration. The use of the two syringe pumps enables the cross flow velocity
and the trans-membrane pressure to be varied independently, with the pump connected to the
outlet tubing varied to control the flow rate and pressure drop in the micro channel. Alternatively,

the outlet could be closed off to operate in dead end filtration mode.

a b Microfluidic filtration device
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Figure 3-1 a) Schematic diagram of the microfluidic membrane filtration system. b) Schematic
diagram of particle deposition on the membrane surface inside the device during cross-flow
filtration. APy is the pressure drop across the microchannel to drive the fluid flow. APy is the
transmembrane pressure. The magnitude of infusion velocity vi and withdraw velocity v, can be

controlled to vary APy and APt independently.

3.2 Materials and methods

3.2.1 Materials

Polyethersulfone (PES) membranes (10 kDa, Koch membrane system Inc.) and model fluorescent
polystyrene latex particles (0.4 pm, Thermo Scientific Inc.) were used in the filtration process.
Potassium chloride (KCI, Chem Supply Inc.) was used to control the ionic strength of the latex
suspensions. A ZetaSizer Nano (Malvern Instruments Ltd.) was used to measure the zeta potential
of the latex particles. Silicon wafer, SU-8 2025 photoresist (MicroChem Corp.), and a UV flood
light source (ABM, Inc.) were used to make the master mould. Profilometer XP 200 (AMbios
Technology, Inc.) was used to measure the channel height. Trichloro (1H, 1H, 2H, 2H -
perfluorooctyl) silane, (FTS, Sigma Aldrich Corp.) was used to coat an adhesive reduction layer
on the master mould. Polydimethylsiloxane (PDMS, Sylgard® 184 silicone elastomer kit, Dow

Corning Corp.) was used to make the channel patterned layer. 3-aminopropyltriethoxysilane
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(APTES, Sigma Aldrich Corp.) was used as a chemical crosslinking agent between the PES
membrane and the PDMS layer. Silicone tubing was affixed to a silicone pad, which was in turn
affixed to the membrane device using epoxy glue. Fixed Luer Lock syringes (1 mL, SGE
Analytical Science, Inc.) and PHD 2000 syringe pumps (Harvard Bioscience, Inc.) were used as

to infuse and withdraw particulate solutions to and from the system.

3.2.2 Membrane filtration processes

Latex particle suspensions were prepared by diluting original stock latex suspensions in different
KCI concentrated solutions to 5x107° solids concentration. The KCI concentration was varied in
the range 10 to 1 M. The measured pH of the prepared latex suspensions was 5.6 + 0.2. All
prepared suspensions were put in an ultrasonic bath for 15 minutes before starting filtration
processes to disperse the latex particles.

A polyethersulfone (PES) membrane with a nominal cut-off of 10 kDa was used in the
microfluidic filtration device. The filtration process was operated in constant flux mode (5
L/hr/m?) for 45 minutes. Permeate flow rate was 10 puL/h with an infusion flow rate of 110 uL/h

and withdrawal flow rate of 100 uL/h.

3.2.3 Characterisation method

Three-dimensional, time-sequenced images of the microfluidic filtration channel were observed
and recorded using a Nikon A1R+ resonant scanning confocal system. The dimensions of the
field of view were 100 um in length, 50 um in width, and 25 um in depth. A water immersion
objective with 60x magnification was used to obtain high-resolution images. To characterise
particle deposition on the membrane surface, the time-sequenced images of the membrane surface
were analysed using Fiji software [144]. Original images were converted into binary 8 bit images
and the occupied area fraction was calculated. To obtain particle deposition layer profiles, three-
dimensional images obtained at different filtration times were analysed as a function of distance

from the membrane surface.
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3.3 Microfluidic filtration device fabrication

3.3.1 Channel-patterned PDMS layer

Preparation of the microfluidic device was undertaken using a master mould constructed using

soft lithography as shown in Figure 3-2.
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Figure 3-2 The principle steps in the procedure for fabricating the master mould using lithography.

(a) wafer pre-treat (baked and dehydrated), (b) SU-8 photoresist coat, (c) soft bake by putting

wafer on a hot plate, (d) UV exposure, () post exposure bake by putting wafer on a hot plate, (f)

develop the pattern using SU-8 photoresist developer, and (e) rinse and dry to get the final master

mould with patterns standing on the wafer. The thickness of the patterned SU-8 photoresist is 25

pm + 2 um. Only one channel structure is shown, while there were six channels on one mask and

wafer.

The silicon wafer was baked and dehydrated at 170 °C for 5 minutes. A small volume of SU-8

2025 photoresist was spun on the silicon wafer at 2000 rpm for 30 seconds in a Laurell WS-650
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spin coater. The wafer was then soft-baked at 65 °C for 1 minute, and 95 °C for 3 minutes on a
hot plate. After soft-baking, the wafer coated with the SU-8 layer was set using UV light (Figure
3-2d). The patterned mask was designed with MEMSpro software. The energy of UV light was
set at 160 mJ/cm? for 6 seconds to make 25 um thin SU-8. After assembly, the device was hard-
baked using the same procedure used for soft-baking. The wafer was then immersed in SU-8
developer for 3 minutes, rinsed with isopropyl alcohol for 10 seconds, Milli-Q water for 10
seconds, and finally dried using a stream of compressed nitrogen. The thickness of patterned SU-
8 was 25 um +2 pm, as measured using a profilometer.

Before casting the PDMS, a thin layer of FTS was coated on the master mould to reduce the
adhesion between the PDMS and the mould. A glass slide and the mould were placed into a
desiccator. 20 pL of FTS was then placed on the glass slide. The desiccator was then held under
vacuum for 2 hours, see Figure 3-4a. The thickness of the patterned PDMS layer was designed to
be 50 um to satisfy the short working distance of confocal microscope. The standard ratio of
PDMS base to curing agent was varied from 10:1 to 5:1 to produce a more rigid film that could
be more readily removed from the mould without folding. The PDMS mixture was then spun on
the mould at 900 rpm for 1 minute. The mould coated with PDMS was then placed in the oven at
65 °C for 1 hour. The thin PDMS layer was then peeled off the mould and cut into individual
pieces carefully. The principal procedures are shown in Figure 3-3. The thickness of PDMS layer

was 50 um (£2 um), and the depth of channel was 25 um 2 um, as measured using a profilometer.
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Figure 3-3 Schematic diagram of the casting-patterned PDMS layer. The thickness is 50 £2 um,
and the channel depth is 25 £+ 2 um. (a) coat silane layer on the mould, (b) cast uncured PDMS on
the mould, (c) bake the wafer and PDMS in an oven, (d) peel patterned PDMS layer off the mould.

Only one channel structure is shown, while there were six channels on one wafer and PDMS layer.

3.3.2 Device assembly

The commercial PES membrane in our device consisted of two layers; the effective PES layer
and the support polyester layer. In order to get reliable bonding between the PES layer and the
PDMS layer, APTES was used as the chemical crosslinking agent [29].

Step 1: To induce the hydrolysis reaction to replace the alkoxy groups of APTES with hydroxyl
groups, the APTES was diluted by Milli-Q water to 5 % concentration by volume, and placed on
a level hot plate of 80 °C (Figure 3-4a). Step 2: To create hydroxyl groups on the PES membrane
surface, the PES membrane was put into an air plasma apparatus (600 mTorr, high energy) for 1
minute (Figure 3-4b). Step 3: To react the hydroxyl groups with each other to form C-O-Si bonds
to coat APTES onto the PES membrane surface, the plasma treated membrane was immersed in
the APTES solution prepared in step 1 for 20 minutes (Figure 3-4c). The container was covered
to avoid vapour escape. Step 4: To introduce hydroxyl groups onto their surfaces, the channel

patterned PDMS layer and the APTES coated PES membrane were then placed in the air plasma
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apparatus (600 mTorr, high energy) for 1 minute (Figure 3-4d and e). Step 5: Finally the treated

PDMS layer and PES layer were pressed tightly into contact to form C-O-Si bonds (Figure 3-4f).
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Figure 3-4 Chemical mechanisms of the bonding of the PDMS and PES layers. The step

included: (a) replacement of the alkoxy groups of APTES with hydroxyl groups, (b) creation of

hydroxyl groups on the PES membrane surface, (c) formation of C-O-Si bonds to coat APTES

onto the PES membrane surface, (d) introduction of hydroxyl groups onto PDMS surfaces, (€)

introduction of hydroxyl groups onto functionalised PES surfaces, (f) formation C-O-Si bonds

between PES and PDMS.

A 1.5 mm diameter hole was drilled in the middle of a round silicone pad with thickness of 1.5

mm. A section of silicone tubing (OD, 1.5 mm) was inserted into the hole, and bonded to the

silicon pad by epoxy glue. The laminate was left for 1 hour to ensure good bonding. The epoxy

glue was then used to bond the other side of the silicon pad to the membrane support layer. More

epoxy glue was added to surround the silicone pad to enhance the bonding strength. The whole

device (Figure 3-5) was left for another 1 hour to achieve optimal bonding.
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Figure 3-5 a) Schematic diagram of the cross section of the inlet/outlet, and b) final appearance
of the device. From the bottom to the top are cover glass, patterned PDMS layer, PES membrane,

silicone pad, and silicone tubing respectively.

3.4 Results and discussions

3.4.1 Particle deposition on the membrane surface

To study the influence of ionic strength on the particle deposition process, latex suspensions in
0.01 M KCI and 1 M KCI were used. Temporal development of the membrane surface during
filtration is shown in Figure 3-6 below. It appears that the particles were deposited
heterogeneously and incompletely on the membrane surface for both latex suspensions. For the
0.01 M KCl suspension, the particles show more isolated deposition on the membrane surface for
the whole filtration process (Figure 3-6a, 3x zoom). In contrast, the particles in 1 M KCI tended

to aggregate on the membrane surface during filtration (Figure 3-6b, 3x zoom).

[=][ ooim ]

1M

Figure 3-6 Images of the membrane surfaces at different times during filtration of latex
suspensions. (a) 0.01 M KCI suspension. (b) 1 M KCI suspension. More deposition is observed

as filtration time increases, and more aggregates are found with the presence of 1M KCI in
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suspension. The dimensions were 100 um by 50 pm for the temporal images, and 18 um by 17

pum for the 3x magnified images.

The extent of aggregation of the particles deposited on the membrane surface was evaluated as a
function of time. The fraction of area occupied by isolated particles, aggregates composed of two

particles, and large aggregates composed of more than two particles is presented in Figure 3-7.
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Figure 3-7 Percentage of the deposition layer occupied by isolated particles (blue diamonds),
aggregates of two particles (red squares), and aggregates of more than two particles (green

triangles) as a function of filtration time in (2) 0.01 M KCI and (b) 1M KCI suspensions. As the
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filtration time increases, fraction of isolated particles decreases while fractions of aggregates and

large aggregates increase for both conditions.

For latex suspensions in 0.01 M KClI, isolated particles dominated the deposited area during the
whole filtration process, although the percentage decreased from 90% (6 minutes) to 55% (45
minutes). Aggregates composed of two particles increased from 10% (6 minutes) to 37% (45
minutes). Large aggregates composed of more than two particles were much less common,
observed only after 15 minutes filtration and eventually representing 8% of the deposited area
after 45 minutes. According to Pontié et al. 1997 [145] the zeta potential of the membrane surface
should be about -5 mV at 0.01 M KCI, much less negative than the particles (-67 mV). This means
the electrostatic repulsive forces between the membrane surface and the particles are less than
those between the particles themselves. This provides some explanation for the initial deposition
of individual particles onto the membrane, as particles are brought towards the membrane as a
result of solute flux. The increase in the extent of aggregation in the deposited particles during
filtration (Figure 3-7a) suggests that once deposited, the particles can act as seeds for further
deposition. Presumably the subsequently deposited particles are shielded/sheltered
hydrodynamically by the already adsorbed particles.

For latex suspensions in 1 M KCI, the initial deposition appeared to be primarily of individual
particles (Figure 3-6b and Figure 3-7b) that then acted as seeds for the subsequent deposition of
particles and aggregates. After 45 minutes filtration, large aggregates dominated the deposited
area. The reason that initial deposition was of individual particles might be that individual
particles are more likely to be brought onto the membrane surface by the drag force resulting from
permeate flux, while aggregates are pulled away by the shear stress resulting from the crossflow.
To compare the rates of the particle deposition, plots of the fraction of membrane surface area
covered by the particles are presented as a function of filtration time at both KCI concentrations
(Figure 3-8). The amount of deposited particles increased during filtration at both KCI
concentrations. After 6 minutes, there was more particle deposition at 0.01 M KCI than that at 1

M KCI (Figure 3-6and Figure 3-8), despite the less negative zeta potential of the particles in 1 M
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KCI (noting that the zeta potential of PES membranes was reported to be similar at these two KCI
concentrations). This is presumably due to the lower concentration of individual particles at 1 M
KCI, which were seen to deposit prior to the addition of aggregates (Figure 3-6and Figure 3-7).
For the subsequent 10 minutes of filtration, the area fraction for 1 M KCI remained lower but
increased at a higher rate than 0.01 M KClI, reaching a value close to 0.01 M KCI at around 15
minutes. This can be explained by the delayed onset of the deposition of aggregates (existing or
later developed) onto the membrane at 1 M KCI (Figure 3-7b). After 15 minutes of filtration a
higher rate of deposition for the 1 M KCI compared to that for 0.01 M KCI suspension was

observed due to the further deposition of particles and aggregates (Figure 3-7b).

20
18
L 2
16 PR
9 _ %
:é: 14 Y & m ]
| [ ] | ]
g R - o
%: 19 & m N a
E 8 | * I‘ ="
S 6 | T
< s B'® ¢1MKC
4 | R 4
X & m0.01 MKCI
0
0 10 20 30 40 50

Filtration time, t (min)

Figure 3-8 Covered area fraction ¢ as a function of filtration time t. Red markers stand for 0.01

M KCI suspension. Blue markers stand for 1 M KCI suspension.

3.4.2 Boundary layer profiles

Figure 3-9 shows time-sequenced three-dimensional (3D) images of the channel within the
microfluidic filtration device. Due to the inverted filtration design, the top bright section shows
the particle deposition layer on the membrane surface, below which was the microchannel. Note
that 3D images were assembled by a z-stack of 2D images. The side view of latex particles
resembled cones rather than spheroids due to stray light which was recorded during the z-stack

acquisition. A distortion (approximately 10-fold) of particles was observed in the z depth. Only
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monolayers were observed on the membrane surface for both KCI concentrations (see also Figure
3-10). These results suggested that any aggregates (initially deposited or later developed) oriented
themselves in parallel rather than perpendicularly to the membrane surface. Particles in the bulk
flow (middle section) were observed as stretches rather than spheroids due to the scanning rate
not being able to catch up with the flow velocity. Some particles were found at the bottom surface
of the channel, indicating particles could also deposit on the bottom wall during the filtration

experiment.
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Figure 3-9 Three-dimensional images of the microfluidic filtration device at different time during

filtration of latex suspensions. (a) 0.01 M KCI concentrated suspension. (b) 1 M KCI suspension.

Figure 3-10 presents the boundary layer profiles on the basis of area fraction as a function of
filtration time and distance from the membrane surface (after correction of the optical distortion).
As might be expected, for each specific filtration time, the area fraction decreased with increasing
distance from the membrane surface. Also, the area fraction increased with filtration time (bottom
curve to top curve) due to the net accumulation of deposited particles. Finally, consistent with
Figure 3-9, only monolayers were formed regardless of the KCI concentration. Note that the
obtained boundary layer profiles started from the membrane surface (z = 0), eliminating the
previous restriction to observations of the boundary layer profiles that could only be made at least
20 um away from the membrane surface [102, 105]. The data clearly show that a reduction in the
electrokinetic potential on the particle surface (and interaction potential) increased the particle

deposition and modified the structure of the deposit on the membrane.
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Figure 3-10 Boundary layer profiles. Covered area fraction ¢ as a function of the distance from
the membrane surface z at different filtration time. Red lines stand for latex suspensions with
0.01 M KClI. Blue lines stand for latex suspensions with 1 M KCI. Dotted lines are obtained at 6

minutes, dashed lines are obtained at 25 minutes, and solid lines are obtained at 45 minutes.

3.5 Conclusions

A novel experimental membrane system, combining microfluidic technology, confocal
laser scanning microscopy, and two-syringe pump flow control setup was developed. This
system was used to successfully visualise and quantify the particle deposition process
during cross-flow filtration of latex suspensions (particle diameter 0.4 um) in 0.01 and 1M
KCI solutions. Time-sequenced, high-resolution images of the membrane surface and 3D
views of the micro channels have been obtained. In addition, the overall deposition
behaviour has been characterized by the surface coverage and the deposit layer profile.
Note that time-resolved deposit layer profiles at a distance of less than 20 um from the membrane
surface were obtained that provides a new level of experimental insight into the particle deposition
mechanism validating models. Using the system reported here it is possible to perform
further investigations into the impact of key parameters on particle deposition, which
contributes to better understand the key mechanisms of membrane fouling and particle

deposition. \
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Chapter 4 Membrane-Particle and Particle-Particle
Interactions as Influenced by Solution pH and Ionic Strength

Solution properties such as pH and ionic strength have significantly influence on membrane
fouling by changing the surface zeta potential of the membrane and particles which thus varies
the fundamental interactions between particles as well as between the membrane and particles.
The aim of this chapter is to study the exact roles of pH and ionic strength on the membrane-
particle and particle-particle interactions. Zeta potential of latex particle and PES membrane were
measured, and the interaction energies of membrane-particle and particle-particle were

determined for further studies in the following chapters.
4.1 Introduction

During membrane filtration the deposition of particles onto the membrane, or the association of
particles with already deposited particles, will depend on energies/forces governing particle
interactions and movement [136, 146]. In particular, the membrane-particle interaction energy
VmpWill influence the deposition of particles directly onto the membrane surface, and the particle-
particle interaction energy V., will affect the formation of particle aggregates (Figure 4-1). This
chapter studies the influence of pH and ionic strength on the membrane-particle and particle-
particle interaction energies, which will be further used for next two chapters. Interaction energies
are determined by incorporating DLVO theory, Van der Waals attraction energy, and modified

Hogg-Healy-Fuersteneau (HHF) formula.
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Figure 4-1 Diagrammatic representation of the interaction energies relevant to membrane-particle

and particle-particle interactions during cross-flow filtration. V., = Interaction energy between
membrane and particle; Vp, = Interaction energy between particle and particle; edl = electric

double layer.
4.2 Interaction energies

The DLVO theory (named after Derjaguin, Landau, Verwey, and Overbeek), which is based on
the superimposition of electrostatic interaction energy and van der Waals interaction energy, is
normally used to determine the interaction energy between particles or surfaces. Typically,
colloidal particles carry a negative charge, whereas membranes can be either negatively or
positively charged depending on their chemical composition. When a particle approaches other
particles or surfaces of a like charge, there is an electrostatic energy barrier that must be overcome
to deposit or aggregate. Steric repulsion may also play a role, however this will not be considered
in this study, in which smooth particles and surfaces are studied. If the particle and the membrane
are oppositely charged, there will be an electrostatic attraction to promote the deposition.
According to the DLVO theory, the total interaction energy (Vr) is expressed as the sum of

electrostatic interaction energy (V.) and van der Waals interaction energy (Vvaw).

V1= Ve + Vuaw (4_1)
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The total interaction energy is a function of distance (i.e. particle-particle or particle-membrane
separation). In order for aggregation to occur, the kinetic energy must be sufficient to exceed the
energy barrier at its highest point. Therefore, the particle deposition process, which involves
membrane-particle and particle-particle interactions, is dependent on both the magnitude of the
electrostatic energy barrier and the dynamics of the collisions. This study examines the deposition
process in relation to changes in electrostatics as influenced by pH and ionic strength and

considers the effects of particle concentration and flow on the collision dynamics.

4.2.1 Electrostatic interaction energy

In this paper, we used the modified Hogg-Healy-Fuersteneau (HHF) formula reported by Sader
et al. [147] to describe the electrostatic interactions between two dissimilar spheres (i.e. the
particles, and the membrane surface, which can be considered to be a sphere of infinite radius).
The well-known HHF formula is used when the Derjaguin approximation is applied to the two-
sphere problem in the linear Debye-Hiickel theory, which is valid only in the small x% regime. «
is the inverse of the Debye length A (the thickness of electric double layer), and h is the distance
of closest approach between the spheres. The modified HFF proposed by Sader et al. extends the
region of validity to all xA. The electrostatic interaction energy V. between dissimilar spheres in

the modified HHF formula is shown below [147]:

Vo = £(520) 0 [, 4 y)2In(Lre™R) + (y — 5)?In(1-e )] (4-2)

e

kg is Boltzmann’s constant (1.38 x 10723 J-K1), T is the absolute temperature (K), e is the proton
charge (1.6 x 10719 C), « is the permittivity of the solution surrounding the spheres, which is the
product of vacuum permittivity ¢ (8.854 x 102 C-V1:m™) and dielectric constant Ke (80 for
water), w1 and y» are the reduced surface potentials [i.e., scaled by (kgT/e)] on sphere 1 and 2,
respectively, a; and a, are the radius (m) of sphere 1 and 2, respectively, and h is the distance (m)
between the surfaces of two spheres, S is the distance (m) between the centres of two spheres.

When the membrane is represented by a sphere with infinite radius of a, compared to the sphere
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radius of a;, the electrostatic interaction energy V. between particle and membrane can be obtained

from Eq.2.

In relation to particle-particle interactions, for two identical spheres, a; = a, = a, the modified

HFF formula is derived from the nonlinear Poisson-Boltzmann (NLPB) equation as [147]:

U, =e (k"i)2 lpZ(h)“?z In(1+e~*h) (4-3)

e
in which
_ - - Ys
Y (h) = 4e*"/2 tanh™? [e kh/Z tanh (T)] (4-4)

ws is the reduced surface potential of two identical spheres. The function y (h) in Eg.4 is an
effective surface potential that varies gradually with separation h when the surface potential

becomes large.
4.2.2  Van der Waals attraction energy

The well-known Hamaker expression for the van der Waals interaction energy between two

spheres of radius a; and a, was given by [148]:

Voaw = _A?H[ 2aia, n 2a1a, tin (SZ—(a1+az)2)] (4-5)

S2—(ai+az)? = S?-(a;-ay)? S2—(a;—az)?

Ay is the Hamaker coefficient, a constant depending on the material properties (typical values are
in the range of 10°° - 1021 J). For two identical particles, a; = a, = a, the energy function can be

simplified to
6 Ls2-4a?

Voaw = —A—”[i+%z+ in (1 —454“22)] (4-6)

For a sphere (radius a) and a flat membrane, the van der Waals interaction energy function was

given by [146]:

A
Voaw = — 2o (4-7)



where h* is defined as the separation distance (m) between the surface of the sphere and the

membrane surface.

4,3 Materials and Methods

4.3.1 Materials

Polyethersulfone (PES) membranes (10 kDa, Koch membrane system Inc.) and fluorescent
polystyrene latex particles (0.4 um diameter, Thermo Scientific Inc.) were used in the
measurement of zeta potentials. Potassium chloride (KCI, Chem Supply Inc.) was dissolved in
MilliQ water to control the ionic strength of latex suspensions. Sodium hydroxide and

hydrochloric acid (Sigma-Aldrich Co. LLC.) were used to adjust the solution pH.

4.3.2 Measurements of zeta potential of latex particles

A ZetaSizer Nano (Malvernn Instruments Ltd.) was used to measure the zeta potential and particle
size of latex particles. To study the influence of pH, sodium hydroxide and hydrochloric acid were
used to adjust pH to 3, 4, 5.6, and 8 (the pH of solutions before adjustment was 5.6 £ 0.2). All
latex solutions were prepared by diluting original stock latex suspensions in 0.01M KCI
concentrated solutions to 2 X 1075 in volume fraction. To study the influence of ionic strength,
latex solutions were prepared by diluting original stock latex suspensions to a volume fraction of
2 x 1073 in KCI solutions of 0.01, 0.1, and 1M. To study the influence of feed concentration,
latex solutions were prepared by diluting original stock latex suspensions to achieve volume
fractions of 0.5, 2, and 8 x 10~° in 0.01M KCI. All prepared latex solutions were put in the

ultrasonic water bath before the zeta potential measurements.

4.3.3 Measurements of the zeta potential of membranes
The zeta potential of PES membranes was determined by a Zeta potential analyser (SurPass,
Anton Paar GmbH) using a clamping cell. To prepare membrane samples, two pieces of identical

flat membranes were cut appropriate to the flow channel geometry and then mounted opposite of
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each other and separated by a spacer in the clamping cell, as shown in Figure 4-2 [149]. For a

detailed flow diagram, refer to the literature reported by Salgin et al. [150]

After the clamping cell was mounted in the instrument, the system was filled and then rinsed with
the targeted salt solutions. To study the influence of ionic strength, salt solutions were prepared
in MilliQ water to concentrations of 0.005, 0.01, 0.05, 0.1, and 1M KCI (the pH of the prepared
salt solutions was 5.6 + 0.4). To study the influence of pH, an automatic pH titration was
performed at room temperature over a pH range from 3.0 to 8.0 (0.1 M KOH or 0.1 M HCI were
used for adjusting the pH of the solutions) with presence of 0.01M KCI. New membrane samples

were mounted for each measurement cycle.

Clamping Cell

®

Flow
di{rection

-
e

.. Electrode

._--- Membrane

P2
e

Ap Spacer

Figure 4-2 Schematic representation of the clamping cell of the SurPass instrument. The
clamping cell comprising two layers of membrane and a flow channel in sandwich form. The
downstream convection of ions via pressure-driven flow induces a streaming potential which can

be related to the zeta potential of the membrane [149].
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4.4 Results and Discussions

4.4.1 Zeta potential and particle size of the latex particles

The zeta potential of latex solutions was measured under various pH, ionic strengths and latex
volume fractions (Figure 4-3). The zeta potentials of the latex particles were negative, and the
magnitude of zeta potential showed an increasing trend as pH increased under all conditions tested.
It can be seen that ionic strength had an important influence on the zeta potential of latex particles.
In the presence of 0.01M KClI, the zeta potential of latex particles was significantly negative with
a range of -50 to -80 mV, while in the presence of 1M KClI, latex particles were slightly negatively
charged from -10 to -20 mV (Figure 4-3 d, e, and f). In addition, the zeta potential of latex particles
became more sensitive to pH changes as ionic strength decreased. Latex volume fraction was

found to have little effect on the zeta potential of latex particles (Figure 4-3a, b, and c).

The nominal size of the latex particles according to manufacturer specification was 0.4 pm in
diameter. The actual particle size in various solution conditions was measured, to determine if
any aggregates were present (Figure 4-4). In the presence of 0.01M KClI, the particle size was
found to be independent of pH and feed volume fraction with an average diameter of 0.4 um.
However, as the KCI concentration increased to 1 M, the diameter of latex particles increased to

around 0.8 um (Figure 4-4d, e, and f).
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Figure 4-3 Zeta potential of latex particles as a function of pH, KCI concentration, and latex

volume fraction. pH varies from 3 to 8. KCI concentration varies from 0.01 to 1 M, and the latex

volume fraction varies from 5 x 1076 to 8 x 107°. Latex particles are negatively charged for all

tested conditions. The magnitude of the zeta potential increases as pH increases and as KCI

concentration decreases. Latex volume fraction shows less influence on the zeta potential of latex

particles.
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found at 1M KCI.
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4.4.2 Membrane zeta potential

The zeta potential of the membrane surface under various pH conditions was measured in the
presence of 0.01M KCI (Figure 5-4a). It shows that the membrane was positively charged, and
the magnitude of the zeta potential decreased as pH increased from 3.0 to 8.0. Figure 4-5b plots
the zeta potential of membranes as a function of KCI concentration. It can be seen that as ionic
strength increased, the zeta potential decreased and actually converted from positive values into
negative values (Figure 4-4b). It is not completely clear why this is the case, however similar

results have been reported by Salgin et al. [150].
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Figure 4-5 Zeta potential of the membrane surface a) as function of pH when the KCI
concentration is 0.01M and b) as a function of KCI concentration at pH 5.6. The membrane
surface is positively charged and zeta potential decreases as pH increases with the presence of
0.01M KCI in solution. As KCI concentration increased from 0.005 to 1 M, the charge of the

membrane surface converts from being positive to being negative.

4.4.3 Interaction energies

Based on the measured zeta potential of latex particles and membranes, the particle-particle
interaction energy (Figure 4-6a and b) and the membrane-particle interaction energy (Figure 4-6¢
and d) can be calculated using equations 4-1 to 4-7.To determine the membrane-particle
interaction energy, the membrane was assumed to be a particle with infinite radius a, (it was
assumed that a, = 1000a; in this work, where a; was the radius of latex particles). The Hamaker

constant was chosen to be 1.5 x 1072% J for the interaction of polystyrene particles and PES

- 66 -



membrane in an aqueous medium [151], while the Hamaker constant was assumed to be

5 x 10721 for polystyrene particles in an aqueous medium [72].
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Figure 4-6 Interaction energies of particle-particle as a function of a) pH with the presence of
0.01M KCI and b) KCI concentration at pH 5.6. Interaction energies of particle-membrane as
function of c) pH with the presence of 0.01M KCI and b) KCI concentration at pH 5.6. As pH
increases, both the repulsion between particles and the attraction between the membrane and
particles increase. As KCI concentration increases, the repulsion between particles converts to be

attraction and the attraction between the membrane and particles converts to be repulsion.

According to the obtained results, in the presence of 0.01M KCI, a repulsive energy barrier was
found between latex particles, which slightly increased as pH increased (Figure 4-6a). This

presence of repulsive forces between the latex particles resists the formation of aggregates. This
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can explain the previous measurements that showed the particle size was around 0.4 pm, directly
corresponding to the nominal particle size at 0.01M KCI. As the KCI concentration was increased
from 0.01M to 1M, the energy barrier disappeared, and attractive forces were present between the
particles. This is again consistent with the measured particle size of 0.8 um at 1 M KCI (Figure
4-4). The interaction energies between the membrane and particles were found to be negative in
the presence of 0.01M KCI, which means there was attraction between them. This attractive
energy slightly increased as pH increased (Figure 4-6¢). However, as the KCI concentration
increased, energy barriers between membrane and particles occurred at the separation distance of
0.5 nm with 1M KCI, and 1nm at 0.1M KCI. In these cases, repulsive forces between the
membrane and the particles could help reduce the deposition of particles on the membrane surface,

which will be further discussed in the next chapter.

45 Conclusions

pH and ionic strength have shown significant influence on the fundamental interactions of
membrane-particle and particle-particle by varying their zeta potential. Latex particles were
measured to be negatively charged over all pH and ionic strength. The PES membrane was
positively charged in the presence of 0.01M KCI, while it was negatively charged as the
concentration of KCI increased to be 0.1M and 1 M (pH of measured solutions was 5.6). As pH
increased, latex particles were more negatively charged with the presence, which caused a greater
energy barrier between particles. In the presence of 0.01M KClI, the attractive interaction energy
between the membrane and particle slightly increased as pH increased. As ionic strength was
increased to 0.1 M and 1M KCI, both latex particles and PES membranes were negatively charged.
Energy barriers between the membrane and latex particles were obtained. Few reports of
calculating the membrane-particle interactions can be found in the current literatures. However,
this chapter developed a new approach and for the first time reported the membrane-particle

interaction energy by adapting the modified Hogg-Healy-Fuersteneau formula.
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Chapter 5 Detailed, Real-time Characterisation of Particle
Deposition during Crossflow Filtration as Influenced by
Solution Properties

This chapter investigated the detailed structures of the deposit layer on the PES membrane formed
during crossflow filtration of 0.4 um model latex particles. By using the microfluidic system developed
in chapter 3, high-resolution and real-time images of the membrane surface were obtained as well as
3D views of the filtration channel. The structural differences of the deposit layer over a range of solution
properties, including pH, ionic strength, and feed concentration were determined. Time dependent
deposition behaviour has been characterised by surface coverage, deposition volume and normalised
deposition volume. Experimental results were then interpreted by the interplay of membrane-particle

interactions and particle-particle interactions studied in chapter 4.
This chapter is adapted from a published paper.

Hongzhan Di, Gregory J. O. Martin, Qiang Sun, Donglin Xie, Dave E. Dunstan* “Detailed, real-time
characterization of particle deposition during crossflow filtration as influenced by solution properties”.

Journal of Membrane Science, 555, 115-124.
5.1 Introduction

Membrane fouling due to particle deposition during filtration processes has been shown to be influenced
by a wide range of factors such as solution and suspension properties (pH, ionic strength, and feed
concentration), operating conditions (flow rate, permeate flux, and transmembrane pressure), particle
size and properties, membrane types and properties, and filtration modes (i.e. dead-end or cross-flow)
[24, 152]. The influence of these factors on the filtration performance has been reported based on several
standard macroscopic characterisations of the filtration process, such as flux-time behaviour and
pressure-time behaviour, understanding of which is helpful and essential for setting up certain filtration

systems and improving filtration performance [42, 46, 72, 73, 153-155]. Although standard
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macroscopic characterisations have successfully demonstrated the influence of variable conditions on
flux, the fouling process that governs filtration performance can only be inferred. As reviewed in
chapter 2, it has been possible to directly visualise the filtration cell using microscopy [74-78] and
microfluidic technology [79-84] to study membrane fouling. By visualising the membrane surface and
the deposit layer itself, fundamental information can be obtained for characterising the fouling process
during membrane filtration, which complements the characterisation of filtration performance.
However, to date it has not been possible to examine individual sub-micron sized particles owing to
limitations in the experimental set up (see chapter 2). The development of an experimental combining
microfluidics and confocal microscopy in chapter 3, enables a new level of detail to be obtained and

the visualisation of individual submicron particles during membrane filtration.

In this work, the fouling process of 0.4 um model polystyrene particles on a 10kDa ultrafiltration
polyethersulfone membrane during cross-flow filtration is studied using this set-up. Time resolved
information on the detailed structures and distributions of the deposit layer over a range of solution
conditions (pH, ionic strength, and feed concentration) are reported. The results are interpreted using
DLVO theory, Van der Waals attraction energy, and modified Hogg-Healy-Fuersteneau (HHF) formula
combined with the interplay of membrane-particle interactions and particle-particle interactions to
understand the overall deposition behaviour. The relative importance of solution conditions (pH, ionic

strength, and feed concentration) on the fouling process is elucidated.

5.2 Materials and Methods

Polyethersulfone (PES) membranes (10 kDa, Koch membrane system Inc.) and fluorescent polystyrene
latex particles (0.4 um diameter, Thermo Scientific Inc.) were used in the filtration process. Potassium
chloride (KCI, Chem Supply Inc.) was dissolved in MilliQ water to control the ionic strength of latex

suspensions.

To investigate the effect of various solution conditions on the process of particle deposition, the same
operating conditions (permeate flux of 25 L/h/m?, cross-flow velocity of 20 m/h, and temperature of

298.15 K) were used for all experiments. For the study of the influence of pH, sodium hydroxide and
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hydrochloric acid (Sigma-Aldrich Co. LLC.) were used to adjust pH to 3, 4, 5.6, and 8 (the pH of
solutions before adjustment was 5.6 + 0.2). All latex solutions were prepared by diluting original stock
latex suspensions in 0.01M KCI concentrated solutions to 2 x 1075 in volume fraction. To study the
influence of ionic strength, latex solutions were prepared by diluting original stock latex suspensions to
a volume fraction of 2 x 1075 in KCI solutions of 0.01, 0.1, and 1M. To study the influence of feed
concentration, latex solutions were prepared by diluting original stock latex suspensions to achieve

volume fractions of 0.5, 2, and 8 x 1072 in 0.01M KCI.

A ZetaSizer Nano (Malvern Instruments Ltd.) and a Zeta potential analyser (Anton Paar GmbH) were

used to measure the zeta potential of latex particles and membranes respectively.
5.3 Results and discussions

5.3.1 Effect of pH

The detailed structures and distributions of the deposit layers formed at pH 3, 4, 5.6, and 8 were studied.
The feed solutions used in these filtration experiments had a latex particle volume fraction of 2 x 107>
and KCI concentration of 0.01M. Figures 5-1a, b, ¢, and d are images of the membrane surface, side
view, and 3D view of the channel after 50 minutes of filtration at various pH values. It shows that as
pH increased, more individual particles were found at the membrane surface, while the deposited
particles were generally less aggregated. At pH 8, the deposition layer was uniform and only equivalent
to a monolayer of particles in thickness. As pH decreased, thicker, heterogeneous deposition layers were
formed that included particle aggregates that extended out from the membrane surface. Note that 3D
images were assembled by a z-stack of 2D images. A distortion (approximately 10-fold) of particles
was observed in the z depth (Figure 5-1, 5-4, and 5-6) due to the impact of light scattering and point

spreading in the confocal microscopy system.
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Figure 5-1 Images of the membrane surface, side view, and 3D view of the channel after 50 minutes
filtration at a) pH 3, b) pH 4, c) pH 5.6, and d) pH 8. The field of view of the membrane is around 100
pm long and 50 um wide, and the depth of the channel shown is around 20 pm. The KCI concentration

was 0.01M and the volume fraction of latex particle was 2 X 107>,

Figure 5-2a shows the surface coverage by deposited particles as a function of filtration time and pH.
Figure 5-2b shows the volume of deposition per membrane area as a function of filtration time and pH.
Both the surface coverage and volume of deposition were found to increase as filtration time increased.
It was interesting to see that after 50 minutes of filtration, the highest value of surface coverage occurred
at pH 8 (Figure 5-2a), while the highest values of deposition volume occurred at pH 5.6 (Figure 5-2b).
This could be explained by considering that although a greater percentage of the membrane surface was
covered at pH 8 than at pH 5.6, more aggregates were formed at pH 5.6 that occupy more volume away

from the membrane surface (Figure 5-1).

To better understand these results, the proportion of deposited particles that were either individual,
isolated particles or part of aggregates were determined and compared at pH 5.6 and pH 8 (Figure 5-
2¢). It can be seen that isolated particles remained the major deposition form at pH 8 during the whole
filtration process. However, at pH 5.6, the majority of deposition switched from isolated particles to
aggregates after 10 minutes filtration. Thus, the occurrence of the greatest deposition volume at pH 5.6
could be explained by the interplay of the deposition on the membrane surface and the formation of

aggregates.

Figure 5-2d shows that the normalised deposition volume (cumulative volume of deposition normalised
by the cumulative volume of solute towards the membrane) decreased as filtration time increased. The
initial deposition behaviour was significantly affected by pH conditions, where the highest and lowest
normalised deposition volume after 10 minutes of filtration occurred at pH 8 and pH 3 respectively. For

long-term filtration, however, the differences caused by differences in pH became less significant.
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Figure 5-2 a) Surface coverage by deposition and b) volume of deposition per membrane area as a function of filtration time and pH values. c)
Percentages of isolated particles and aggregates in the deposition at pH 5.6 (blue diamond symbols) and pH 8 (red square symbols) as a function of
filtration time. d) Normalised deposition volume (cumulative volume of deposition normalised by cumulative volume of solute towards the membrane)
as a function of filtration time and pH values. The KCI concentration was 0.01M and the volume fraction of latex particles was 2 x 1075,
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To investigate the fundamental mechanisms of particle deposition during membrane filtration, the
membrane-particle interaction energy at a distance equal to the Debye length A, and the particle-
particle energy barrier were calculated as a function of pH (Figure 5-3). The membrane-particle
interaction energy was determined using equations 1, 2 and 7, where the membrane was assumed
to be a particle with infinite radius a, (it was assumed that a, = 1000a:, where a; was the radius
of latex particles). The Hamaker constant was chosen to be 1.5 x 10729 J for the interaction of
polystyrene particles and a PES membrane in an aqueous medium [151]. The Debye length A was
calculated to be 3 nm when the KCI concentration was 0.01M. The energy barrier between
particles was determined using equations 1, 3 and 6. The Hamaker constant was assumed to be
5 x 10721 for polystyrene particles in an aqueous medium [72]. According to the results, as pH
increased, the attractive energy between the particles and membrane surface (blue diamond

symbols) as well as the particle-particle energy barrier (red square symbols) increased in

magnitude.
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Figure 5-3 Interaction energies between the membrane and particles at a Debye length of 3 nm,
and between particles as a function of pH. Red square symbols represent the energy barrier
between particles (p-p). Blue diamond symbols represent the interaction energy between particles
and the membrane (m-p). The KCI concentration was 0.01M and the volume fraction of latex
particles was 2 X 1073, As pH increases, both the repulsive energy between individual particles

and attractive energy between the membrane and particles increase.
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Combining the above results, it can be seen that the overall deposition behaviour was significantly
influenced by both the deposition at the membrane surface and the formation of aggregates away
from the membrane. The initial deposition behaviour (i.e. the first 10 minutes of filtration) was
primarily governed by the membrane-particle interactions. Increasing the pH resulted in greater
membrane-particle attraction energy (Figure 5-3), which caused more deposition at the membrane
surface (Figure 5-1 and 5-2a). However, as filtration time increased, long-term deposition
behaviour was dominated by the particle-particle interactions, where the already deposited
particles acted as seed for the formation of aggregates. As the pH increased, the energy barrier
between particles increased (Figure 5-3) meaning less aggregation occurred, which was consistent

to the experimental observations (Figure 5-1).

In previous studies using BSA as model foulant [42, 136, 143, 156], greatest flux decline was
observed at the isoelectric point (IEP), where the intermolecular electrostatic repulsion between
foulant and deposited-foulant was at minimal and therefore the foulant aggregration was highest.
Following that, it would be expected that the greatest particles deposition, which gives the lowest
flux, should occur at the lower pH (pH 3 in this work) where the repulsion between the particles
is at the minimal (more particles aggregation). Instead, the greatest amount of deposition was
observed at pH 5.6. This can be explained by the interaction between the membrane and particles,
which was not a consideration in the previous studies. In this work, we found that the initial
membrane deposition is primarily governed by membrane-particle interactions, whereas the long-
term deposition was mainly affected by particle-particle interactions. This is because after the
membrane is initially saturated with particles, additional particles can only deposit via particle-
particle interactions. Due to the low feed volume fraction used in this study, it is likely that the
membrane was not fully covered and therefore the membrane-particle interactions dominated.
Under this condition, the membrane and particles became more strongly attracted as the pH was
increased, and therefore more particles deposition on the membrane can be expected. However,
this was counteracted by the aggregation status of the particles as the particles were less likely to

aggregate at higher pH, which decreased the deposition. Thus, a maximal deposition was observed
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between pH 3 and 8 (pH 5.6). It is possible that for a given long filtration time, the membrane
surface has been already covered by particles, and particles arriving at the membrane can only
deposited on the already-deposited-particles. Thus, the influence of membrane-particle
interactions can be significantly shielded by the particle-particle interactions, and the greatest
amount of deposition could be found at pH 3. In addition, the feed volume fraction in this work

is relatively low, which also extends the “given long filtration time”.
5.3.2 Effect of ionic strength

The effect of ionic strength was studied with different ionic concentrations (0.01M, 0.1M and 1M
KCI) at pH 5.6. The volume fraction of latex particles was 2 x 105, Figure 5-4 presents images
of the membrane surface, side view and 3D view of the microfluidic filtration device after 50
minutes of filtration. The structures of the deposit layer and the deposit distribution were found
to be considerably different at different ionic strengths. Compared to the more homogeneous
deposit layer at 0.01M KCI (Figure 5-4a), the depositions observed at 0.1M and 1 M KCI (Figure
5-4b and c¢) were more heterogeneous. In addition, at 1M the total deposition was significantly

lower than at 0.01M, although more aggregates were formed.

The change in surface coverage, volume of deposition per membrane area, and normalised
deposition volume as a function of filtration time and ionic strength were plotted in Figure 5-5,
all of which decreased as KCI concentration increased. Interestingly, the normalised deposition
volume in the presence of 1M KCI was independent of filtration time and was considerably lower

(close to zero) than at 0.01M KCI.

-77 -



of channel

Width: 106.07 pm Heir 3 pm Depth:19.75 pm

Width: 10

-

.. 5D view ofchanl

106.07 pm Heigh 03 pm Depth:21.00 pm

Figure 5-4 Images of the membrane surface, side view, and 3D view of channel after 50 minutes
filtration when the KCI concentration was a) 0.01M, b) 0.1M, and c) 1M in the feed solution
(Fig.5-4a is the same with Figure 5-1c). Less deposition and more aggregates are found at higher
KCI concentration. The field of view of the membrane is around 100 pm long and 50 pm wide,
and the depth of the channel shown is around 20 um. The pH was 5.6 and the volume fraction of

latex particle was 2 x 1073,
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decreases. Increasing KCI concentration decreases surface coverage, deposition volume and

normalised deposition volume.

Numerous studies of the effect of ionic strength on macroscopic flux measurements have been
published. Some studies reported that more severe fouling occurred at higher ionic strength, due
to the electric double layer compression (EDL) which allows the foulant getting close and
attracting each other [43, 47, 140]. While other studies reported that less fouling was observed as
ionic strength increased [39, 42, 48]. She et al. found greater permeate flux at higher ionic strength
during filtration of BSA solutions at pH 5.8. The proposed reason was that the solubility of BSA
increased as the salt concentration increased. The observed low BSA retention in their research

corresponded to this explanation [42].

Most of these studies only considered membrane fouling as a function of particle-particle (foulant-
foulant) interactions, while the membrane-particle interactions were omitted. In this work, we
have shown that the deposit layer structures and deposition behaviours under various ionic
strengths can be significantly affected by the interactions between the membrane and particles. In
the presence of 0.01M KCI, the membrane was positively charged, and particles were negatively
charged (Figure 4-5). The interaction between the membrane and particles was therefore attractive
promoting particles to deposit on the membrane surface (Table 5-1). At KCI concentration of
0.1M and 1M, the membrane was slightly negatively charged and highly negatively charged
respectively (Figure 4-5), thus resulting in repulsive electrostatic energy barriers that help resist
particle deposition on the membrane surface. However, more particle aggregates were observed
with 0.1M and 1M KCI, which could be explained by the reduction of repulsive electrostatic

energy between particles as a function of increasing ionic strength (Table 5-1).

Table 5-1. Summary of the results obtained at various ionic strengths. The pH was 5.6 and the

volume fraction of latex particles was 2 x 1075,
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KCI Area Overall Membrane-Particle Particle-Particle

concentration fraction  volume Energy Critical velocity  Energy barrier
(M) (%) (um3/um?)  barrier (keT)  (m/s) (keT)

0.01 12.5 34.0 Attractive - 27

0.1 5.03 20.0 1.79 23x1073 Attractive

1 1.75 9.96 8.88 7.4 x 1072 Attractive

The particle-membrane energy barriers at 0.1 M and 1 M were approximately 2 keT and 9 kgT
respectively (Table 5-1). According to equation 8, the net hydrodynamic force was calculated to
be 2.3 x 10~1* N, where the transmembrane velocity was 1.4 x 10~> m/s as determined from
the permeate flux. The corresponding hydrodynamic energies available to drag particles, at a
distance of the Debye length away from the membrane surface, were 0.01 kT and 0.004 kT for
0.1M and 1M respectively. The barrier energies were greater than the hydrodynamic energies,
consistent with the observation that particle deposition was relatively minimal. The critical
transmembrane velocities (transmembrane fluid velocity at which the net hydrodynamic drag
force is equal to the barrier force) were calculated to be 2.3 x 1073 and 7.4 x 10~2 m/s for 0.1M
and 1M respectively by dividing the barrier energy by the separation distance between the
membrane and particles (Debye length was taken as the separation distance in this work). The
experimental velocity 1.4 x 10~° m/s was smaller than the critical velocities, helping to explain
the minimal extent of particle deposition at the higher ionic strengths. The small amount of
particle deposition that was observed on the membrane at 0.1 M and 1 M was likely due to the
heterogeneity of both the membrane surface and the hydrodynamic conditions, which was also

reported by Tang et al. [43].

5.3.3 Effect of feed concentration

The images of the membrane surface, side view, and 3D view of channel with different volume
fractions of latex particles after 50 minutes filtration was shown in Figure 5-6. According to the
images, it can be found that particles were deposited homogenously on the membrane surface for

all conditions, and a greater amount of deposition was observed at higher concentrations as
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expected. Figure 5-7 shows the deposition behaviours (surface coverage, volume of deposition
per membrane area, and normalised deposition volume) as a function of filtration time and feed
volume fraction. As the volume fraction of latex particles increased, a more rapid and extensive
deposition was observed. This was likely due to the greater flux of latex particles convectively
transported towards the membrane surface. In addition, a higher feed concentration increases the
probability of collision between latex particles and the membrane surface. However, it might be
expected that given filtration times were in proportion to the flux, the accumulated deposition
may not be dependent on the feed concentration. This was indeed found to be the case, with
similar values of normalised deposition volume under various feed volume fractions were
obtained, indicating that the deposition behaviour was not strongly influenced by the feed volume

fraction.
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Figure 5-6 Images of the membrane surface, side view, and 3D view of channel after 50 minutes
filtration with particle volume fraction of a) 5 x 107, b) 2 x 1073, and c) 8 x 075 (Figure 5-
6b is the same with Figure 5-1c). The field of view of the membrane is around 100 um long and
50 um wide, and the depth of the channel shown is around 20 um. The pH was 5.6 and he KCI
concentration was 0.01M.
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Figure 5-7 a) Surface coverage by deposition, b) volume of deposition per membrane area, and

¢) normalised deposition volume (cumulative volume of deposition normalised by cumulative

volume of solute towards the membrane) as a function of filtration time and volume fraction of

particles in the feed. The pH was 5.6 and KCI concentration was 0.01M. As filtration time

increases, surface coverage and deposition volume increase, while normalised deposition volume

decreases. Increasing volume fraction increases surface coverage and deposition volume while

barely affects normalised deposition volume.

-84 -



5.4 Summary for all conditions

The deposition process during membrane filtration can be influenced by a range of solution
factors, including pH, ionic strength, and feed concentration. Overall, the results presented here,
illustrate the importance of the interplay of membrane-particle interactions and particle-particle
interactions in determining the deposition process. Deposition was found to increase at higher pH,
greater feed concentrations, and lower ionic strengths. These results help explain why varying
solution conditions can significantly influence the initial deposition process, while having less of

an impact on long-term (steady state) deposition behaviour.

When the pH was varied, the greatest surface coverage by deposition was found to occur at pH 8.
This was due to the membrane and particles having the highest attraction at this pH. However,
the greatest volume of deposition occurred at pH 5.6, where more particle aggregates were formed
due to the reduced repulsion between particles at this pH. This study revealed that the deposit
layer structures were significantly different as a function of varied ionic strength. In the presence
of 0.01M KCI, where the membrane was positively charged, and particles were negatively
charged, a greater amount of deposition and a homogeneous deposit layer were obtained. While
in the presence of 1M KCI, where both the membrane and particles were negatively charged,
considerably less deposition was observed due to the repulsive energy resisting particle deposition
onto the membrane surface. Deposition behaviour, as characterised by the normalised deposition
volume, was found to be highly influenced by ionic strength, while barely influenced by the

particle concentration of the feed.

5.5 Conclusions

The deposition process of 0.4 um polystyrene particles on ultrafiltration membranes during cross-
flow filtration was studied. Time-sequenced and high-resolution images of the membrane surface,
side views and 3D views of the filtration channel were obtained using a microfluidic filtration
system. The detailed structures of the deposit layer and deposition distribution over a range of pH,
ionic strength, and feed concentration conditions were determined. The initial deposition kinetics

was dominated by the particle-membrane interactions and particle-particle interactions. The long
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term (steady state) deposition behaviour revealed that the normalised deposition volumes were

largely independent of the solution conditions.

The overall deposition behaviours were characterised on the basis of time dependent surface
coverage, deposition volume and normalised deposition volume. These detailed, time-resolved
experimental data provide a solid foundation for the development and improvement of theoretic
models describing membrane fouling. Future investigations can build on this knowledge with
further examination into the effects of varying crossflow velocity and particle properties on

membrane fouling.
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Chapter 6 Effect of Operating Conditions on Particle
Deposition and Development of an Empirical Correlation
Describing the Dynamic Deposition Behaviour

In addition to being influenced by solution properties, membrane fouling is also significantly
affected by operating conditions. Using the developed microfluidic filtration system, detailed
examinations of membrane fouling under various permeate flux and crossflow velocity conditions
were studied in this chapter. The probability of particle deposition during crossflow filtration was
determined based on the hydrodynamic forces acting on the particles. Building on the
experimental results obtained from chapter 4, chapter 5, and this chapter, an empirical correlation
was developed for describing the dynamic deposition volume in terms of both interaction energies

(influenced by solution properties) and hydrodynamic forces (influenced by operating conditions).

This chapter is adapted from a manuscript in preparation for submission to a membrane science
journal. Hongzhan Di, Gregory J. O. Martin, Yong Wang, Dave E. Dunstan* “Effect of operating
conditions on particle deposition and development of an empirical correlation describing the

dynamic particle deposition”.
6.1 Introduction

The previous chapter studied the influence of solution properties on membrane fouling. The
current chapter focuses on the investigation of the key roles of operating conditions acting on the
fouling process during crossflow filtration. Many theoretical approaches to predicting the rate of
flux decline have been developed and verified for certain types of process feeds under certain
conditions [157]. Amongst these, an empirical correlation has been developed to predict particle
deposition probability as a function of hydrodynamics [158]. This empirical model was able to
represent experimental macroscopic membrane performance data, however it has not yet been
tested on individual particle deposition. In this work, the model of Stamatakis and Tien [158] was
incorporated into the development of an empirical correlation for predicting the dynamic time-
dependent deposition behaviours over a range of operating conditions that were characterised by

deposition probability, and solution properties that were characterised by interaction energies.
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6.2 Theory

In the current chapter, the focus is on the influence of hydrodynamic forces on particle deposition
under various operation conditions. To help describe the relationship between filtration
parameters and particles deposition, an semi-empirical model [158] is applied that relates the
probability of particle deposition to hydrodynamic factors. Figure 6-1 shows a schematic diagram
showing the forces acting on a single particle during crossflow membrane filtration, relevant to
this model. Along the x-direction (main flow direction), there is a drag force Fx exerted on the
particle, which is caused by the crossflow. Along the y-direction (permeate direction), there are
three forces acting on the particles: Fyp (drag force caused by the permeate flow), Fy. (lateral lift
force caused by the crossflow), and Fygs (buoyancy force of the particle). The net force acting on

the particle along the y-direction, Fy, is:

E, =Fyp —Fy, + Fyp (6-1)

Figure 6-1 Image showing the forces acting upon a spherical particle in contact with a
protrusion of height h. The particle is subjected to forces along the x-direction (main flow

direction) and y-direction (permeate flow direction).
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6.2.1 Hydrodynamic force determination
Along the x-direction, the drag force exerted on a particle in a shear flow field is expressed as

follows [159],

E, = 1.7009 - 6mnrpU, (6-2)

Where 7 is the fluid viscosity; rp is the radius of the particle; The constant 1.7009 accounts for
the effect of the surface on the drag force acting on a particle in contact with a plane [160]; Uy is

the crossflow velocity,

6Q [H? H 2
Ur = Wie T_(E_TP) ] (6-3)

where Q is the volumetric flow rate; W is the filtration channel width; H is the filtration channel
height. Along y-direction, the drag force exerted on a particle caused by the permeate flow is

proportional to the flux J (permeate velocity) according to the Stokes’ Law:
Fyp = 6mnrp] (6-4)

The lateral lift force due to the shear flow has been reported to be calculated as follows [110]:

0.5

1.5 3
Fy, = 07612 —F— (6-5)

Where p is the density of the fluid; tw is the wall shear stress, which can be calculated from the

friction factor correlation f, or given as follows for laminar flow [158]:

f=Tu=1 (6-6)

pv2  Re

Where v is the mean velocity of the fluid; Re is the Reynolds number. For a flow in a rectangular

channel, Re is generally given as,

Re = 2221 (6-7)
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Where Dy is the hydraulic diameter, which can be obtained from the cross-sectional area A and

wetted perimeter of channel walls P:
Dy = — (6-8)
The buoyancy force on the spherical particle is
Fyp = % (op — p)gre* (6-9)

For the case that the particle density pp is equal or similar to the liquid density p, the buoyancy

force is vanishingly small and can be ignored.

6.2.2 Particle deposition probability

As shown in Figure 6-1, the model [158] assumes that a particle of radius rp is transported to the
vicinity of the membrane surface with a protrusion of finite height, h. The protrusion may be
considered to be a previously deposited particle, or a protrusion due to roughness or heterogeneity
of the membrane. The condition for the particle to deposit, or remain static at the membrane
surface can be described as follows (assuming translational movement of the particle in response
to the forces and ignoring factors such as friction, rotational movement, and 3-dimensional

geometric interactions between the particle and protrusion ) [158]:

FTp2 = (rp — )2 2 F(rp — )

or

1

/(Fx/Fy)2+1

Consequently, a minimum protrusion height, hmin, above which deposition takes place, can be

S (6-10)

derived from the above relationship, namely,
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1

/(Fx/Fy)2+1

For a given particle transported to the membrane surface, the probability of being deposited at the

hmin =71p( 1 - (6-11)

membrane surface, equals the probability of there being a local protrusion with a height greater

than or equal to hmin, P (h > hmin), in other words,
Yy = P(h= hmin) =1-Ph < hmin) (6-12)

where v is the probability of a spherical particle being deposited at the membrane surface. For a
population of particles transported to the membrane surface during crossflow filtration, y may be
taken as the fraction of the population of particles which become deposited. If one assumes that
the protrusion height was a continuous random variable, which follows a uniform distribution

over 0 < h < hmax (hmax IS the maximum protrusion height), then,

P(h < hpyip) = 22 (6-13)

hmax

and it follows that Eq.6-14 can be derived [158],

1 rp

/(Fx/Fy)2+1 hmax

The deposition probability y would take a value of zero for no deposition (i.e. an individual

y=1-|1-

(6-14)

particle will pass through the filtration channel without being deposited) and a value of one for
complete deposition (deposition is assumed here to be permanent, so that once deposited the

particle cannot be released).

If Fx = 0, there is no crossflow velocity and dead-end filtration occurs. As the particle would
completely be deposited, then y =1. If Fy = 0, there is no permeate flow. As the particle would
flow along the channel with no deposition, then y = 0. According to the above relationship (if Fy

=0, then y = 0), the hmax Should be equal to r,. Therefore, Eq.13 can be simplified to,
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Fy

y = —_—
/sz+1ry2

where F, represents the drag force along x-direction (main flow direction), and Fy constitutes the

(6-15)

net force along the y-direction (permeate flow direction).

6.3 Materials and Methods

The microfluidic filtration system developed in chapter 3 was used to operate filtration
experiments. Polyethersulfone (PES) membranes (10 kDa, Koch membrane system Inc.) and
model fluorescent polystyrene latex particles (0.4 um, Thermo Scientific Inc.) were used in the
filtration process. Potassium chloride (KCI, Chem Supply Inc.) was used to control ionic strength
of latex suspensions. ZetaSizer Nano (Malvern Instruments Ltd.) was used to measure the zeta

potential of latex particles.

To investigate the effect of various operation conditions on the process of particle deposition, the
same solution conditions were used for all experiments. The latex solutions were prepared by
diluting the original stock latex suspensions in 0.01M KCI concentrated solutions to 20ppm, and

the measured pH was 5.6 £ 0.2 for all solutions.

6.4 Results

6.4.1 Effect of permeate flow rate

The deposit layer structures were studied at 12.5, 25, and 75 L/h/m? under constant crossflow
velocity of 20 m/h during ultrafiltration. Figure 6-2 presents images of the membrane surface,
side view and 3D view of the channel after 50 minutes of filtration. According to the images, a
greater amount of deposition on the membrane surface was observed as the permeate flux
increased, and more aggregates and a thicker deposit layer were evident. A distortion
(approximately 10-fold) of particles was observed in the z depth for Figure 6-2 and Figure 6-4

due to the impact of light scattering and point spreading in the confocal microscopy system.
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Figure 6-2 Images of the membrane surface, side view, and 3D view of channel after 50 minutes
filtration with a permeate flux of a) 12.5 L/h/m?, b) 25 L/h/m?, and c) 75 L/h/m?. The crossflow
velocity is 20 m/h. The field of view of the membrane is around 100 pm long and 50 pm wide,
and the depth of the channel shown in is around 20 pum. As permeate flux increases, more

deposition is observed as well as more dense deposit layer.
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Figure 6-3a and b show the surface coverage by deposition and the volume of deposition per
membrane area as a function of filtration time and permeate flux. Both increased as permeate flux
increased. The deposition behaviour of the latex particles on the membrane appears to be
dependent on the permeate flux. Both the surface coverage and deposition volume increased as
permeate flux increased, which can be explained by the higher hydrodynamic force along the
permeate flow direction (Fye in Figure 6-1) dragging particles towards the membrane surface and
already deposited particles. Further, as the permeate flux increased, a greater number of particles
will be convectively transported towards the membrane surface for any given filtration time,
which increases the probability of collision between the particles and the membrane, and between

free particles and previously-deposited-particles.

Comparing the influence of permeate flux on surface coverage and deposition volume, it can be
found that by doubling the flux velocity from 12.5 to 25 L/h/m?, the surface coverage was
increased by over two fold (10% to 24% surface coverage after 50 minutes filtration time). A
further three-fold increase in flux velocity (25L to 75L) only resulted in a 1.5-fold increase in
surface coverage (~35% coverage) indicating a potential saturation effect (Figure 6-3a). However,
an analysis based on the volume-basis revealed that there was actually a great than three-fold
increase in particle deposition from 25 to 75 L/h/m? after 50 minutes of filtration (Figure 6-3b).
These observations suggest that at high flux velocity, the surface available for particle deposition
becomes limited, however, the latex particles were able to deposit on already deposited particles
by forming aggregates and thicker deposit layers, which is consistent to the observations in Figure

6-2.
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Figure 6-3 a) Surface coverage by deposition, and b) volume of deposition per membrane area
as a function of filtration time and permeate flux. The crossflow velocity is 20 m/h. Both of
surface coverage and deposition volume increase with increasing filtration time and increasing
permeate flux.

6.4.2 Effect of cross-flow velocity

The images of the membrane surface, side view and 3D view of channel after 50 minutes filtration
at different cross-flow velocities with a permeate flux of 25 L/h/m? are presented in Figure 6-4
(images at a crossflow velocity of 20 m/h are presented in Figure 6-2b). Overall, as crossflow
velocity increased, less deposition was observed on the membrane surface. Certain spots of
aggregates were observed for all crossflow velocities. It should be noted that the observed
particles were visualised brighter and bigger in this set of experiments than that presented in the
last section, which was due to a change in the setting of the confocal microscopy system where

higher energy of the scan laser was used.
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Figure 6-4 Images of the membrane surface, side view, and 3D view of channel after 50 minutes

filtration at crossflow velocity of a) 10m/h, b) 15 m/h, and c¢) 30m/h, d) 40 m/h. Images at a

crossflow velocity of 20 m/h is presented in Figure 6-2b. The permeate flux is 25 L/h/m2. The

field of view of the membrane is around 100 pm long and 50 pm wide, and the depth of the

channel shown in is around 20 pm.
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Figure 6-5 a) Surface coverage by deposition and b) deposition volume as a function of filtration

time and crossflow velocity. Both surface coverage and deposition volume increase with

increasing filtration time and decreasing crossflow velocity.

Figure 6-5 shows the surface coverage by deposition and volume of deposition per membrane

area as a function of filtration time and crossflow velocity. Both the surface coverage and

deposition volume decreased as the crossflow velocity increased. It was interesting to see that at
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lower crossflow velocity, the deposition behaviours were quite similar, where slightly decreasing
surface coverage and deposition volume were observed from 10 m/h to 20 m/h. However, over
20 m/h, the surface coverage and deposition volume significantly decreased as crossflow velocity

increased.

To better understand the influence of velocity on the deposition process, values of surface
coverage and deposition volume after 50 minutes of filtration were plotted as a function of
crossflow velocity (Figure 6-6). It shows that surface coverage and deposition volume gradually
decreased at lower crossflow velocities and rapidly decreased once the crossflow velocity was
greater than 20 m/h. This result indicates that a lower-bound critical crossflow velocity occurs
(between 15 and 20 m/h in the current work), above which, particle deposition on the membrane
significantly decreases as the crossflow velocity increases. Below this threshold velocity, the
induced shear force along the crossflow direction (Fxin Figure 6-1) is presumably insufficient to
sweep particles away from the membrane. This contrasts with a previously observed upper-bound
critical velocity, above which, further increases in velocity had little effect on the flux [161]. The
critical velocity reported in their work was around 10 times the value found in the current study,
which is beyond the highest crossflow velocity accessible in our experiments. Above this
threshold, further increasing the crossflow velocity does not improve flux [161], and also

therefore has little impact on particle deposition.
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Figure 6-6 Surface coverage by deposition (blue diamond symbols) and volume of deposition per
membrane area (red square symbols) after 50 minutes filtration as a function of crossflow velocity.

The permeate flux is 25L/h/m?,

The normalised deposition volume (cumulative volume of deposition normalised by the
cumulative volume of solute towards the membrane) as a function of filtration time and crossflow
velocity is presented in Figure 6-7. At 10 minutes of filtration, the cumulative deposition rate was
highly affected by crossflow velocity, with the highest and lowest values occurring at crossflow
velocity of 10 m/h and 40 m/h, respectively. While for long term filtration, the influence of

crossflow velocity became less significant.
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Figure 6-7 Normalised deposition volume (cumulative volume of deposition normalised by
cumulative volume of solute towards the membrane) as a function of filtration time and crossflow

velocity. The permeate flux is 25L/h/m?,

6.4.3 Correlation for all conditions

As discussed in the previous sections, deposition behaviours of latex particles during crossflow
filtration process are highly dependent on hydrodynamic conditions. Varying the permeate flux
and crossflow velocity will change the deposition probability of particles by varying
hydrodynamic forces acting on particles. In spite of hydrodynamic conditions, varying solution
conditions such as pH and ionic strength also affects the deposition process by varying the
interactions of membrane-particle and particle-particle [71]. Developing correlations for
predicting the deposition behaviour is important for the design and setup of membrane filtration
parameters. To our best knowledge, such correlations considering both hydrodynamic and

solution factors have yet been reported in the literature.

On the basis of the obtained experimental results and analysis from this chapter and chapter 5, an
empirical correlation (equation 6-16) for predicting particle deposition was developed. Here the
overall effect of hydrodynamic conditions and solution conditions is correlated to the deposition
volume per membrane area as a function of deposition probability, interaction energies and
filtration time as follows:
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where Vol* stands for the volume of deposition per membrane area (m/m?); 4o is the volume

(6-16)

fraction of particles in the feed; re is the radius of particles; Vi, and Vy, are the membrane-
particle and particle-particle interaction energies, respectively (J) (see Chapter 4); v is the
deposition probability due to hydrodynamic forces (calculated from Equation 6-15); t is the
filtration time (S) and t is the filtration time when deposition reaches the plateau state (s); ki, ka,

ks, and ks are dimensionless regressed parameters.

Using Equation 6-16, the calculated deposition volumes per membrane area are similar to the
values obtained from the experimental data. The constants ki to ks in Equation 6-16 for all
experimental data were regressed, and the results are presented in Table 6-1. The comparison of
theoretical predictions and experimental data is shown in Figure 6-8. The deposition volume
during crossflow filtration of latex particles in this study can be predicted with an overall average

absolute relative deviation (AARD) of 31% for all hydrodynamic and solution conditions.

Table 6-1. Regressed Parameters in Equation 6- 16

ki k2 ks Ka AARD(%)

1.752 0.973 1.068 0.501 31.10
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Figure 6-8 Comparison of the experimental data with the predictions using Equation 6-16. Blue
symbols stands for solution conditions (pH, ionic strength, and volume fraction), and red symbols
stands for hydrodynamic conditions (crossflow velocity and permeate flux). The overall average

absolute relative deviation (AARD) is 31.10%.

6.5 Conclusions

The effects of operating conditions (permeate flux and cross flow velocity) on particle deposition
during cross-flow ultrafiltration was investigated. A microfluidic filtration system was used to
operate filtration processes at constant permeate flux and characterise particle deposition by direct
visualisation. The permeate flux was found to significantly influence the deposition process. As
permeate flux increased, the amount of deposition increased and the deposit layer was found to
be denser and thicker. A critical crossflow velocity was observed when characterising the area
fraction of membrane surface occupied by deposited particles. The amount of deposition on the
membrane surface was barely affected when the crossflow velocity was lower than an apparent
critical value, while it was reduced significantly as the crossflow velocity increased above this

critical value. However, the total volume of deposition kept decreasing as the crossflow velocity
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increased. This indicates that lower crossflow velocities can only sweep away the particles
deposited in the outer layer, while higher velocities can help sweep away the deposited particles

on the membrane surface as well as the outer deposit layer.

An empirical correlation has been developed for describing the volume of deposition per
membrane area as a function of deposition probability, interaction energies and filtration time
over a wide range of operating conditions and solution conditions. There was good agreement
between the correlation predictions and actual experimental results with an average deviation
(AARD) of 30%. The developed correlation for the first time offers the ability to predict the
dynamic time-dependent deposition behaviours considering the overall effect of hydrodynamic
and solution factors. This capability will be important for the design of membrane filtration

process and will provide new accesses for understanding the mechanisms of membrane fouling.
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Chapter 7 Conclusions and Future Perspectives

7.1 Conclusions

The research presented in this thesis is an interdisciplinary project incorporating membrane
filtration, microfluidics and confocal microscopy system aimed to understanding the fundamental
mechanism of membrane fouling. It has been found that the overall particle deposition behaviour
during membrane filtration is governed by the interactions of membrane-particle and particle-
particle, as well as the hydrodynamic forces exerted on particles. The fundamental interactions
are influenced by solution properties, while the hydrodynamic forces are determined by the
operating/flow conditions. The initial deposition behaviour is found to be significantly affected
by membrane-particle interaction. However, the long-term deposition is mainly governed by
particle-particle interactions.

Chapter 2 reviews the sate-of-art microstructural measurements of membrane fouling, and
categorized these measurements by their capabilities. The limitations of current measurements
were identified that established the increased capabilities and potential new applications of the
new microfluidic system developed in Chapter 3, which offered ability to visualize the deposition
process of 0.4 um model particles on commercial membranes in high resolution and in real time.
3D views of the deposit layer can be obtained. Chapter 4 determined the interaction energies of
membrane-particle and particle-particle over a range of pH and ionic strength. The membrane-
particle interaction energy has been for the first time reported by involving the modified Hogg-
Healy-Fuersteneau (HHF) formula in the calculation, which is essential to the understanding of
the fouling mechanisms.

The microstructural difference of the deposit layers formed on the membrane over a range of
solution properties (Chapter 5) and operating conditions (Chapter 6) have been highlighted by
direct visualizations and the dynamic deposition behaviours characterized by surface coverage,
deposition volume and normalised deposition volume. From the obtained experimental results,
both of membrane-particle and particle-particle interactions mainly varied with pH and ionic

strength are essential for the overall deposition process. It can be concluded that membrane-
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particle interaction influences short-term deposition while particle-particle has more impact on
long-term deposition. In addition, the mechanisms of operating conditions influencing on the
deposition process can be seen as varying hydrodynamic forces acting on particles in the feed
flow characterized by the deposition probability.

An empirical correlation was developed in Chapter 6, which for the first time offers the ability
to predict dynamic deposition behaviours considering the overall effects of solution properties
(interactions) and operating conditions (hydrodynamics) on membrane fouling. Theoretical

predictions have shown good agreement with obtained experimental results.
7.2 Future perspectives

Firstly, further investigations can build on this work using the novel experimental set up that was
developed. This system could be used to provide more detailed examinations of other influencing
factors, including particle properties such as particle size and type, and membrane properties such
as pore size, surface chemistry, and morphology. In addition, membrane fouling studies under
other filtration modes, such as dead-end filtration or filtration under constant pressure can also be

studied in high detail using this system.

Secondly, a large number of experimental data describing the time-dependent deposition
behaviours (direct images, surface coverage, and deposition volume) over a wide range of
conditions have been acquired from this work. These experimental results can be further used in

the validation and development of theoretical models or computational fluid dynamics models.

Further, the developed microfluidic system has successfully demonstrated its capability in
examining membrane fouling from a microscopic view. The system can be modified to be
employed in a range of other research fields and application, in which real-time monitoring,
detailed microstructural characterisations, and direct measurements of particle-particle, particle-

surface, and particle-solution interactions are important.
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