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ABSTRACT

This study presents the application of an integrated water management strategy at two
large Australian manufacturing companies that are contrasting in terms of their
respective products and wastewater generation. The integrated strategy, consisting of
water audit, pinch analysis and membrane process application, was deployed in series to
systematically identify water conservation opportunities. Initially, a water audit was
deployed to completely characterize all water streams found at each production site.
This led to the development of a water balance diagram which, together with water test
results, served as a basis for subsequent enquiry. After the water audit, commercially
available water pinch software was utilized to identify possible water reuse
opportunities, some of which were subsequently implemented on site. Finally, utilizing
a laboratory-scale test rig, membrane processes such as UF, NF and RO were evaluated

for their suitability to treat the various wastewater streams.

Experiments involving the reclamation of wastewater containing positively charged
paint particles were carried out using a 50 nm ZrO, ceramic membrane. Results showed
that paint particle deposition on the membrane surface is inhibited by a high crossflow
velocity and low transmembrane pressure. Likewise, the effect of an applied electric
field on the positively charged paint particles was also evaluated. The influence of an
applied electric field was dependent on both the applied voltage and transmembrane
pressure (TMP). At a TMP of 100 kPa, the application of different magnitudes of
voltages generally improved filtration efficiency with the most significant improvement
obtained at an applied voltage of 60 V. The specific energy consumption for both
ultrafiltration and electro-ultrafiltration was comparable with each other. Similarly, a 5

nm TiO2 ceramic membrane was evaluated with respect to beverage production

Vil



wastewater. Results also reveal that certain combination of higher crossflow velocities
and transmembrane pressures provide significant improvements in permeate flux and

contaminant rejection rates.

In general, the findings reveal that, for both companies, although there is considerable
potential for an enhancement of the recycling of significant volumes of process water,
other factors need to be considered in order to move towards the goal of total process
water recycling. For example, both companies would need to make significant process
changes in order to increase water use efficiency and be prepared to invest in water
recycling technologies. Currently, in Australia, there is little financial incentive to do
this since the cost of water tariffs is generally cheaper than the cost of investing in
process changes and water reclamation technologies. However, this situation may well

change in the future.
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AATSE

Adhesive forces
Agglomeration

AHUs

Ce

CED

Ceramic membrane

CFV

C

CIP

Cm

COD

Conductivity
Cw
Cww

Deionization

Adhesive distance

Australian Academy of Technological Sciences and
Engineering

Forces that tend to hold two bodies together

Process of gathering into a mass

Air Handling Units; utilized to condition and circulate
incoming air supply

Equipment cost

Cathodic Electrodeposition; rust proofing automotive bodies
using positively charged paint

Formed from inorganic materials such as alumina, titania
and zirconia

Crossflow velocity; velocity of the fluid inside the test cell
or module

Total initial cost of equipment installation

Clean-in-place; method of automatically cleaning without
the need for disassembly and assembly of equipment
Miscellaneous cost

Chemical oxygen demand; oxygen reducing capabilities of
wastewater

Electrical conductance per unit distance

Cost of freshwater per m*

Cost of wastewater discharge per m*

Process of removing mineral ions in water
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AP Pressure drop

Dewm Internal diameter of ceramic membrane

Dp Particle diameter

E Electric field strength

Ecr Critical electric field strength

EC+ Total energy consumption

ECsp Specific energy consumption

ED Electrodeposition; method of rust proofing automotive bodies
EDTA Ethylenediaminetetraacetic acid

Electro-filtration Membrane filtration performed with the aid of either direct

current (DC) or alternating current (AC)

Electrostatic interaction Interaction between two bodies based on surface charges

Electro-ultrafiltration Electro-filtration using an ultrafiltration (UF) membrane
€ Dielectric permittivity of water

€0 Permittivity of a vacuum

Foi Deposition-inhibiting force

Fop Deposition-promoting force

Fe Electrophoretic force

FeoL Electrostatic double-layer force

FESEM Field Emission Scanning Electron Microscope

Feo Filtrate drag force

Fe Gravitational force

Filtrate Liquid that has passed through a filter

FL Lift force

Fouling A phenomenon where solute or particles deposit onto a
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Fvow

FWs

GL

Nr
ho

Heavy metals

Hydrodynamic forces
Hydrophilicity
Hydrophobicity

J

Je

Jm

Jaoec

Josec

kPa

kV

kWh

MTB

membrane surface
performance
Velocity drag force

Van der Waals force

Freshwater savings per year
Gravitational acceleration constant

Particle adhesion probability

in

reduced membrane

Gigaliter; unit of volume; 1 GL = 1 billion liters

Viscosity of feed water

Lifschitz-van der Waals constant

Metallic chemical

organisms even at low concentrations

Forces created by a liquid in motion

Having an affinity for water

Having a tendency to repel water

Actual permeate flux

elements that are toxic to living

Flux through the cake in the absence of an electric field

Membrane flux in the absence of an electric field

Permeate flux standardized at 20°C

Permeate flux standardized at 25°C

Kilopascal; unit of pressure; 1 kPa = 1000 Pa

Kilovolt; unit of potential difference; 1kV = 1000 Volt

Kilowatt-hr

Length of the ceramic membrane

Mass-transfer-based; processes that utilize water as a mass
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MPa

Hc

MF

Hm

Hp
puS/cm
mg/L
mV

NF

Nm
NATA

NTU

NMTB

Np
Vv

0&G

separating agent

Megapascal; unit of pressure; 1 MPa = 1 million Pa

Cake electro-osmotic mobility

Microfiltration; membrane filtration process that rejects
suspended solids in a size range of 1 to 0.1 um

Membrane electro-osmotic mobility

Electrophoretic mobility

Microsiemen per centimeter; unit of conductivity

Milligram per liter; measurement of mass concentration
Millivolt; unit of potential difference; 1 mV = 0.001 Volt
Nanofiltration; membrane filtration process that rejects
multivalent ions and certain charged particles

Nanometer; unit of length; 1 nm = 1 billionth of a meter
National Association of Testing Authorities

Nephelometric turbidity unit; unit of turbidity

Newton; unit of force

Inverse Debye length

Non-mass-transfer-based; processes that may utilize water
as a cooling or heating medium, or a raw material that
eventually becomes part of a product

Number of days the manufacturing facility operates
Velocity field

Oil and grease; common components include petroleum

oils, vegetable oils and natural oils
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pH

)

Polymeric membrane
Pp

% Pg

PWF

PWP

% Rc
Re

Rec

Rer

Rewm

Raic
PF
pp
Rwm

RO

Power consumption

Water quality parameter that measures the activity of
hydrogen ion

Resistance index

Microporous film acting as a semi-permeable barrier
Payback period

Reduction/rejection rates of critical water quality parameters
Pure water flux; volume of pure water that passes through a
membrane per unit area - time

Pure water permeability; volume of pure water that passes
through a membrane per unit area - time - TMP

Particle radius

Contaminant rejection rate

Reynolds number

Concentration polarization resistance in the presence of an
electric field

Adsorption resistance in the presence of an electric field
Membrane resistance in the presence of an electric field
Adsorption resistance on inner pore fibre

Concentration polarization resistance

Density of feed water

Particle density

Intrinsic membrane resistance

Reverse osmosis; membrane filtration process that rejects

majority of dissolved constituents in water
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Rr
RTurb

% Rww

SDI

SEM

Sinks

Sources

SS

St

Tw

TDS

TiO;

TL

TMP

TOC

Tradewaste

Total resistance

Turbidity rejection rate

Wastewater recycling rate

Silt density index; measurement of the fouling potential of
suspended solids in wastewater

Scanning electron microscope

Surface charge density

Streams going into processes often having specific water
quality requirements

Streams coming out of processes often carrying multiple
contaminants

Suspended solids; particles that remain in suspension in
wastewater

Total savings per year

Shear stress

Total dissolved solids; combined content of all dissolved
organic and inorganic material in wastewater

Titanium dioxide (Titania)

Teraliter; unit of volume; 1 TL = one trillion liter
Transmembrane pressure; average applied pressure from the
feed to the filtrate side of the membrane module

Total organic carbon; amount of carbon in an organic
compound

Liquid wastes from any business, industry, trade or

manufacturing process approved for sewer disposal
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TSS

Turbidity

UF

Vp
VSD
viv %

Water audit

Water flow diagram

Water Pinch

WaterTarget™

Wk

WWs

WWs

Zeta potential ()

ZrO,

(excluding domestic sewage)

Total suspended solids; quantity of solid particles contained
in wastewater

Cloudiness of water due to suspended solids

Ultrafiltration; membrane filtration process that rejects large
dissolved molecules and colloidal particles in the size range
0.1t00.01 um

Permeate volume

Variable speed drive

Volume percent concentration

Process of documenting the quantity and quality of water
inputs and outputs for a process or set of processes, assumed
to be operating at a steady-state and within a defined
boundary

Provides an easy to understand representation of process
systems

Process integration tool widely used for water use
optimization

Commercially available water pinch software with
trademark registered to KBC Advanced Technologies plc
Volume of treated water for reuse per day

Actual wastewater savings per year

Initial wastewater savings per year

Measure of particle-particle and particle-surface interactions

Zirconium dioxide (Zirconia)
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1.1 Industrial water

Industrial water may be defined as wastewater generated by industrial or commercial
facilities [1]. Its quality and quantity may depend on factors such as operating
conditions, process raw materials, types of water-using processes and product
characteristics [1]. A good example of industrial water is the significant amount of
wastewater that is generated by the manufacturing industry. The manufacturing
industry uses water in production processes, process utilities and a range of other
production related activities [2]. Production processes may utilize water as a cleaning
agent, contaminant diluter or as part of the final product. Process utilities, such as
cooling towers, boilers and air handling units (AHUSs), utilize water to carry out heat
transfer, steam production or to make up water loss due to evaporation. General plant
cleaning and employee sanitation usually constitute most of the water used for other

production related activities.

Since water is extensively used in the manufacturing industry, it is not surprising that
the volume of industrial wastewater generated is substantial. Furthermore, industrial
wastewater generated from the enormous diversity of manufacturing processes that exist
worldwide leads to equally diverse water qualities and characteristics. This presents an
ongoing challenge to those who are interested in devising strategies and technologies for

water conservation and reuse.

1.2 Industrial water generated by the manufacturing industry
Water discharged by manufacturing industries may be divided into three broad
categories — oily, metals and general wastewater streams. Of these, the oily and metals

wastewater streams are generally the most harmful to the environment.



Oily streams commonly contain oil and grease (O&G) in the form of free oil
(characterized by droplet size > 150 um), dispersed oil (droplet size 20 — 150 um), or
emulsified oil (droplet size <20 um) [3]. A wide range of water treatment processes are
commercially available to treat oily wastewater streams. Such processes include
skimming, gravity oil-water separation, chemical treatment, flotation, coagulation and

flocculation, and membrane filtration [3].

For the metals wastewater streams, the heavy metals are of primary concern. These are
non-biodegradable and have the tendency to bioaccumulate in living organisms. At
elevated levels, the heavy metals that emanate from manufacturing industries such as
zinc (Zn), copper (Cu), nickel (Ni), mercury (Hg), cadmium (Cd), lead (Pb) and
chromium (Cr) are toxic to living organisms [4] and, in humans, excessive intake of
heavy metals can cause serious health problems or even death [5]. For example,
ingestion of Ni above the critical level can result in serious lung and kidney problems,
gastrointestinal distress, pulmonary fibrosis and skin dermatitis [6], while ingestion of
Hg above the critical level can result in impairment of pulmonary and kidney function,
chest pain and dyspnoea [7]. Similarly, excessive Pb intake can damage the nervous
system, kidney, liver, reproductive system, basic cellular processes and brain functions
[8], whilst excessive Cr intake can affect human physiology and can also cause severe
health problems ranging from skin irritation to lung carcinoma [9]. Since heavy metals
pose such a serious risk to human beings, their removal prior to wastewater discharge is
considered essential. Heavy metal removal in wastewater can be facilitated by water
treatment processes such as precipitation, ion exchange, adsorption, membrane
filtration, coagulation/flocculation, electrodialysis, flotation, and electrochemical

techniques [4].



General wastewater streams that originate from blowdown and condensates of air
handling units (AHUS), boilers and cooling towers have relatively good water quality

and the contaminants present do not usually pose health risks to human beings.

1.3 Industrial water recycling and reuse

Due to increasing water scarcity and costs, manufacturing industries around the world
are moving towards the recycling of their process wastewater. However, the amount of
wastewater that is recycled and reused in most manufacturing industries is still quite
low compared to the amount of freshwater they consume. As mentioned previously,
such consumption is typically substantial. For example, Table 1.1 shows the
approximate water demand for various representative industrial sectors in the United

Kingdom [10].

Table 1.1: Approximate water demands for various industrial sectors in the United

Kingdom (Note: 1m® = 1000L)

INDUSTRY WATER DEMAND

Paper 29 m>/t paper produced
Newspaper 9 m®/t paper produced
Brewing 10-15 m*m?® beer

Dairy 140 m*/m® milk

Sugar 8 m®/t sugar

Automotive 450 m*/car (metal production)
Automotive 760 m®/car (tire production)
Dying 100 m*/t fabric processed
Soap 2 m°/t soap produced

Power 3 m*MWh for steam; 60 m*/MWh for cooling




In a 2007 survey conducted by Statistics Canada [11], around 2,885 million cubic
meters of water (approx. 2.9 TL) used by different manufacturing processes, was
reported as recirculated water — i.e. water coming out of a process and reused within the
same process or by other processes. The primary metals industry accounted for 46.6 %
of this volume, the paper industry represented 31.6 % of the total and the petroleum and
coal industries had 14.9 % share of the total. The remaining percentage was distributed
amongst the other manufacturing industries. As a whole, the percentage of recirculated
water used by the manufacturing industry was approximately 55.0 % of the total water

intake.

In 2004, Japan derived 79 % of their overall industrial water use from recycled water
[12]. Wastewater recycling rates reached 80-90 % in the chemical and steel industries
and about 45 % in the pulp/paper industry. In the food and textile industry, recycling

rates were about 40 % and 15 % respectively.

Surprisingly, unlike Japan and Canada, Australia has no detailed data on water recycling
and reuse in the manufacturing industry. Nonetheless, State Governments have started
directing recycled water from sewage treatment plants to industry. According to the
Australian Bureau of Statistics, in 2009-10, the total volume of recycled water supplied
to different industries was 374 GL. Of this volume, around 127 GL (34 %) was
supplied within New South Wales while around 98 GL was supplied within Victoria
[13]. The largest users of the recycled water were the agricultural and water supply
industries — with the latter having a total consumption of 105 GL and the former having
a total consumption of 126 GL. The remaining volume (78 GL) of recycled water

supplied was used by other industries [13].



The fact that Japan’s chemical and steel industry was able to exceed an overall recycling
rate of 70 % as long ago as 2004, clearly shows that there is still great potential for other
countries to further reduce their fresh water usage. Indeed, increasing the industrial
wastewater-recycling rate by at least another 30 percentage points should be achievable

worldwide.

1.4 Trends in industrial water management

In recent years, industrial water reuse and recycling have focused intensively on
methods such as process integration and the use of advanced water treatment
technologies. Process integration is an holistic approach to the analysis, synthesis, and
retrofit of process plants [14, 15]. One simple process integration tool widely used for
water use optimization is known as “water pinch analysis”. Water pinch analysis
considers water reuse opportunities by carefully analyzing the flows and qualities of
different streams. Possible water reuse options are identified by matching different
“sources” and “sinks”. Counter-intuitively, “sources” are defined as streams coming
out of processes carrying, often multiple, contaminants - whilst “sinks” are streams
going into processes that often have specific water quality requirements [16]. Water
pinch fundamentals developed by Wang & Smith [17] and El-Halwagi &
Manousiouthakis [18] have been the basis of many water use optimization methods

deployed in industry in recent times.

A number of researchers have shown the effectiveness of process integration in
reducing freshwater consumption and wastewater discharge [19-26]. Although this is
the case, reduction in freshwater consumption and wastewater discharge is highly

dependent on the processes involved. For example, in a case study involving a



brewhouse [21], the integration of the water system yielded freshwater savings and
wastewater reduction of 8 % and 13 % respectively. In another case study involving a
Chinese steel plant [24], the integration of the water system yielded freshwater savings

and wastewater reduction of approximately 58 % and 82 % respectively.

Advanced water treatment technologies such as membrane filtration processes play a
major role in the reclamation of water in manufacturing industries worldwide. They
have been shown to be applicable to a wide variety of wastewaters generated by
industries such as food & beverage, car manufacturing, metal plating, tannery, carpet
manufacturing, textile, and glass manufacturing [27-38]. Since industrial wastewater
characteristics are quite diverse, the use of membrane filtration processes for water
reclamation is preferred over conventional water treatment technologies since they can
deliver more consistent permeate water qualities despite the variations in the quality of
feed water [39]. They are also more energy efficient and have smaller footprints
compared to conventional water treatment technologies [40]. However, the major
setback with membrane filtration is fouling — a phenomenon that can greatly affect the

performance and life of the membrane [41].

Membrane filtration includes four major separation processes; namely, microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) [42, 43]. In
general, MF rejects suspended solids in a size range of 1 to 0.1 um, including micro-
organisms such as bacteria and protozoa, whilst UF rejects large dissolved molecules
and colloidal particles in the size range 0.1 to 0.01 um. On the other hand, NF rejects
multivalent ions and certain charged particles whilst RO rejects the majority of

dissolved constituents in water [39, 44].



1.5 Water recycling and reuse in Australia

Australia tends to apply a holistic approach to water recycling and reuse due to the fact
that it is one of the driest continents in the world. A key feature of its environment is
that water is relatively scarce when compared to other inhabited lands. In March 2004,
the Australian Academy of Technological Sciences and Engineering (AATSE)
published an extensive review of water recycling in Australia. Since then, many
developments have occurred including the formulation of National Water Initiatives and
new strategies aimed at increasing the use of recycled water, stormwater, and rainwater

in Australia’s capital cities [13, 45].

One of the most notable water use optimization tools for water resource allocation in
Australia was developed by Higgins et al. [46]. The purpose of this tool is to produce
solutions for water resource allocation under inflow uncertainty by using a stochastic
non-linear programming model with multiple objectives. The tool was primarily applied
to a case study in South East Queensland, which at that time was facing severe drought
prospects. The application of this tool significantly reduced the risk of reservoirs
running dry. Additionally, the tool was also used to assess a new water initiative of the
Queensland State Government to overcome the water crisis. Another work presented by
Marks et al. [47] showed a water management plan demonstrating the integration of
local water resources — rainwater, stormwater, and sewage effluent. In their work,
rainwater tanks were assessed to be adequate for in-house uses with the exception of
toilet flushing. A combination of reclaimed sewage and harvested stormwater was
found to be adequate for non-potable uses including toilet flushing, gardens, and public

open space.



Innovative ways of recycling or reusing wastewater has become a common practice in
the Australian manufacturing industry. Some good examples are the works of
Wijesinghe et al. [48], Bryant et al. [49], and Hatt et al. [50]. The work of Wijesinghe
et al. investigated acceptable technologies for the use of secondary effluent as cooling
water “make up” for inland manufacturing industries. The outcome showed that the use
of treated secondary effluent for cooling water make up is technically feasible. Bryant
et al. demonstrated that by installing a reverse osmosis system to treat cooling tower
blowdown, the usage of brine concentrators can be minimized. Hatt et al. showed that
if the costs and benefits of recycling systems compare favorably with the costs and
benefits of conventional practices then a widespread adoption of stormwater recycling

in industry is possible.

Although the Australian manufacturing industry is developing innovative ways of
wastewater recycling or reuse, much more in-depth research needs to be carried out, as
suggested by Al-Rifai et al. [51]. In an investigation conducted by these researchers on
three Australian recycling schemes (two employing RO technology and the other a
combination of ozonation and biological activated carbon filtration), it was found that
that natural and synthetic chemicals in the form of hormones and pharmaceuticals, as
well as different kinds of compounds with domestic and industrial applications, can
enter wastewater treatment plants and cause a wide variety of environmental and health

problems. Such scenario complicates the deployment of water reclamation strategies.

1.6 This study

Since water is a vital input to many manufacturing processes and activities, water

scarcity and increasing water tariffs have prompted manufacturing industries within



Australia to implement on-site water recycling programs. Although this initiative is
producing favorable results in terms of freshwater savings and wastewater reduction,
there is considerable scope for the identification of further water conservation measures.
In this regard, this research project was undertaken in order to investigate the
opportunities that exist for moving towards total wastewater recycling with respect to
larger manufacturing industries. Thus, two large and contrasting (in terms of product —
and hence processes) manufacturing companies based in Melbourne, Australia (i.e. an
automobile manufacturer and a beverage manufacturer) were approached (in
conjunction with their common water retailer) with the goal of carrying out an extended
research project aimed at identifying general and specific strategies for moving towards
the total recycling of process water. It is also worth mentioning that the two companies
have different waste distribution streams (i.e. separate vs. comingled) and therefore the
water treatment approach to be deployed at each site will be different. The agreement
and full co-operation of all parties was secured with a view to integrating the
comprehensive analysis of water use efficiency within both companies together with the
identification and laboratory-scale testing of potential water treatment membrane
technologies. The devised integrated water management strategy is depicted

schematically in Figure 1.1.

It was anticipated that the integration of the three central components of: WATER

AUDIT, PROCESS INTEGRATION and WATER RECYCLING, would result in a

synergistic approach to industrial water conservation.
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Figure 1.1: Schematic diagram of the integrated water management strategy applied in

this study to two large manufacturing companies based in Victoria, Australia.

Details of the inputs and outputs to the three components depicted in Figure 1.1 are

provided in subsequent Chapters. For convenience, the contents of these Chapters are

summarized in Table 1.2, and briefly outlined as follows:

Table 1.2: Contents of Chapters 2 -7

Chapter Contents

2 Water audit and process integration

3 Evaluation of flat sheet polymeric membranes

4 Operating parameter optimization of ceramic ultrafiltration membrane
with respect to wastewater containing cathodic electrodeposition
(CED) paint

5 Operating parameter optimization of ceramic electro-ultrafiltration

membrane with respect to wastewater containing cathodic

electrodeposition (CED) paint
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6 Operating parameter optimization of ceramic ultrafiltration membrane
with respect to beverage production wastewater
7 Summary of results, recommendations to companies, cost analysis,

and recommendations for future research work

Chapter 2 describes the application of the water audit and process integration method
with respect to both companies. The water optimization method was carried using
commercially available water pinch software known as WaterTarget ™. This process
allowed simple water saving opportunities to be identified and also allowed key
wastewater streams within both companies to be considered for the testing and
implementation of appropriate membrane technologies. Subsequently, Chapters 3 - 6
describe laboratory scale experiments that trial various organic and inorganic

membranes.

Specifically, Chapter 3 employs a test rig, designed and constructed as an integral part
of this project, to examine the suitability of different flat sheet polymeric membranes
consisting of ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) with
respect to various wastewaters generated at the two production facilities. Chapters 4
and 5 describe the optimization of operating parameters for ceramic ultrafiltration and
ceramic electro-ultrafiltration with respect to wastewater containing CED paint.
Chapter 6 describes the optimization of operating parameters for ceramic ultrafiltration

with respect to beverage production wastewater.

A summary of the overall outcomes and appropriate recommendations to both
companies are provided in Chapter 7. Chapter 7 also contains some cost-benefit

analysis and recommendations for future research work.
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2.1 Introduction

A water audit of a company is carried out in order to document the quantity and quality
of water inputs and outputs for a process or set of processes, assumed to be operating at
a steady-state and within a defined boundary [1]. One of the most useful outcomes of a
water audit is the creation of a water flow diagram — which provides an easy to
understand representation of (usually complex) process systems. A water flow diagram
also documents the amount of water that is being used by each process - including the
volume and quality of the wastewater being generated. A water audit may reveal
abnormalities in water usage which cannot be identified during normal operations and it
can also, in itself, facilitate the identification of water-saving opportunities within

processes [2].

Water use optimization methods deployed in industry are commonly based on “water
pinch” technology, which is a tool used for the systematic analysis of water networks
and for the identification of measures for increasing water use efficiency in processes
[3]. The development of water pinch technology has progressed in two main directions
[4]; namely, graphical methods [5-9] and mathematical-based methods [10, 11]. Both
methods have proven to be effective in simultaneously reducing freshwater
consumption and wastewater discharge in a number of process industries [12-17]. The
choice of which method to use depends on the nature of the problem to be addressed.
For example, if one were to tackle a single contaminant problem, a graphical method
would be recommended, but where there are multiple contaminants, a mathematical-
based method would be a better choice in terms of accuracy. Types of industry that

have achieved significant freshwater usage and wastewater reductions by applying
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water pinch technology include oil refining, chemical, pulp & paper and food & drink

3, 4, 18].

Wang & Smith [19] initially introduced a graphical method of targeting water systems
that has the potential for regeneration or recycling. Their work became the basis of
many combined methods that have been successfully used in industrial practices [20].
In 2007, Feng X. et al. [9] showed in their work that optimal regeneration concentration
does not necessarily point to the pinch concentration as suggested by water pinch
analysis. Although both aforementioned researchers were correct to a certain extent,
their work primarily dealt with fixed contaminant load operations (e.g. washing,
scrubbing, and extraction) without considering water loss [21]. Meanwhile, El-Halwagi
et al. [6] developed a single stage, systematic, and graphical method for identifying
targets for the maximum recycle/reuse of process streams. In their work, optimum
conditions were derived using dynamic program formulation and a solution for
parametric optimization. The mathematical analysis is used as a guide in developing a
new pinch-based graphical representation of the most optimum composite load versus
flow. Similar research by Almutlaq et al. [10] demonstrated an algebraic procedure that
targets wastewater recycle networks. This approach is valid for both pure and impure
sources and plays a pivotal role in managing process water sources, freshwater usage,

and wastewater discharge.

Studies dealing with fixed flow rate problems (e.g. boilers, cooling towers, reactors)
based on water pinch analysis have also been reported [21]. Some notable examples of
these are the works of Manan et al. [7] and Foo et al. [8], which used the concept of

Hallale [5] in determining the maximum water recovery network. In their

21



investigations, the maximum water recovery network turned out to be across the pinch
concentration. This means that in order to achieve maximum water recovery, a
concentration range of critical water quality parameters should be considered. For
example, the conductivity of inlet feed water to boilers can be set from 0 to 10 uS/cm.
Such a scenario will facilitate more opportunities for water recovery compared to setting
a single feed water conductivity limit (say 5 uS/cm).  Manan et al. [7] proposed a
water cascade analysis to minimize freshwater use by providing important insights into
the pinch-causing streams and water allocations. This represented an enhancement of
Hallale’s [5] water surplus diagram technique. Foo et al. [8] showed that zero liquid
discharge is achievable using the water cascade analysis developed by Manan et al. [7].
Similarly, Koppol et al. [22] presented a mathematical programming method to analyze
the feasibility of zero liquid discharge in four different industries. Their work showed
that factors such as regeneration cost, freshwater cost, and wastewater concentration
generally contribute to the feasibility of zero liquid discharge. Van der Bruggen &
Braeken [2] discussed three consecutive approaches to zero liquid discharge in the
brewing industry. These researchers investigated the current water balance, optimized
water-consuming processes and developed an overall concept for the optimized
processes. Although the three consecutive approaches proved useful in significantly
reducing water consumption, zero liquid discharge was not achieved. However,
according to Agrawal & Shenoy [23], zero liquid discharge can be realized if the
regeneration output concentration meets the criteria of the lowest water concentration

demand.

The effectiveness of water pinch technology in reducing freshwater consumption and

wastewater discharge in manufacturing facilities has been demonstrated in recent years.
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However, manual analysis of complex water networks can be a daunting task, even with
the availability of this technology. In this regard, commercially available software
packages based on the water pinch technique are a viable alternative.  Such software
packages analyze water networks as steady-state processes and work within the
boundaries of sources and sinks [24]. One such package, which has been selected for

the current project, is described as follows.

2.2 Materials and methods

2.2.1 Selected case studies

Two large manufacturing companies in the area of Western Melbourne were
approached and agreed to fully collaborate on this project as case studies. Due to
confidentiality agreements, their names cannot be divulged and for the purpose of this
thesis they will be referred to as Companies A & B. Company A is an automobile
manufacturer and Company B is a major producer of non-alcoholic drinks and cordials
(beverages). Since both companies are within the same locality, they are subject to
similar water tariffs and water restrictions. Furthermore, both companies have
Tradewaste (or industrial water) discharge agreements with the same local water retailer

who was also enlisted as a partner on the project.

The recruited companies were selected for the following reasons: 1) both use
substantial amounts of freshwater in their processes; 2) the manner of freshwater
consumption at each company is different; 3) contrasting types of wastewater are
generated by each company, and 4) the companies are contrasting in terms of their

respective products.
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2.2.2 Water audit
Components of the water audit deployed for both companies include (i) site
familiarization; (ii) classification of water-using processes — water flow diagrams; (iii)

analysis of existing water data; (iv) flow measurements; (v) water sampling and testing.

Site familiarizations were undertaken prior to commencing actual flow measurements
and water sampling to ensure that issues relating to occupational health and safety
(OH&S) were addressed in advance. Meanwhile, the classification of all water-using
processes facilitated the systematic development of the water flow diagram. These were
classified as either mass-transfer-based (MTB) or non-mass-transfer-based (NMTB)
processes. MTB processes utilize water as a mass separating agent (e.g. product
cleaning), while NMTB processes may utilize water as a cooling or heating medium
(e.g. cooling towers, boilers, etc.), or a raw material that eventually becomes part of a
product (e.g. soft drinks production) [4]. After site familiarization, existing water data
obtained from both companies were analyzed. These data provided insights on the
quantity and quality of water consumed and wastewater generated. These were
subsequently used as guidelines in flow measurements and subsequent wastewater

sampling.

Flow measurements were carried out using multiple portable clamp-on ultrasonic flow
meters (GE TransPort PT878), which were installed at different locations within the
manufacturing site and which were programmed to log flow rates and accumulated
volumes from periods ranging from days to weeks. The logged data were downloaded

and were graphed and analyzed for trends and irregularities. The complete technical
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details of the flow meter used are shown in Appendix 2.1 — attached at the end of the

thesis.

Wastewater samples were taken from strategic points within the manufacturing site to
ensure that every type of wastewater stream is represented in the study. Samples were
collected in plastic and glass containers provided by a contracted analysis laboratory
and were tested for a range of water quality parameters including, pH, conductivity,
Total Dissolved Solids (TDS), Suspended Solids (SS), Oil & Grease (O&G), Chemical
Oxygen Demand (COD) and various metals. Water sampling was carried out in that
part of the production week that captured the worst-case scenario in terms of
contamination levels. Actual test results are provided in the accompanying CD —

Appendices 2.2 and 2.3.

2.2.3 Process integration

The process integration method used in this study consists of water pinch analysis and
process evaluation. Water pinch analysis was carried out using commercially available
software known as WaterTarget'™. The software uses mathematical calculations to
theoretically identify water reuse opportunities by matching the different flow rates and
water qualities of sources and sinks. In this case, the sources and sinks used in the
analysis were obtained from the water audit. On the other hand, process evaluation
involves the use of fundamental engineering concepts to assess the applicability of the
water pinch results on actual plant conditions. Process evaluations were done in
conjunction with the management team and process engineers of both companies. The
evaluations involve actual pilot plant trials of processes were possible water

conservation opportunities exist. Such trials were held for a number of days (and even
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months) during actual production operations. The data gathered were subsequently
analyzed and presented to top management for approval and actual implementation.

Samples of these pilot plant trials are shown in Section 2.3.4 of this Chapter.

2.3 Results and discussion

2.3.1 Irregularities in water use as identified by the water audit

A number of irregularities in water use, some associated with employees’ work
practices, were detected during the water audits. Such irregularities emanate from work
practices performed during manually controlled addition of freshwater into processes,
equipment cleaning and general plant cleaning. Since these irregularities were mostly
due to employees’ work practices, it was decided that this could best be resolved
through direct management intervention. This would include the provision of
appropriate training and seminars aimed at changing employees’ perception on water
use. Figure 2.1 illustrates an example of an irregularity in freshwater consumption

identified at the paint shop pretreatment stage of Company A.
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Figure 2.1: Water consumption at the pretreatment stages of Company A.

26



The pretreatment stage acts as the preparation stage for car bodies prior to
electrocoating and painting. Such stage includes processes such as car body dip
washing, spray rinsing and metal surface conditioning. Freshwater supply to these
processes was measured for a period of three days — capturing normal operation,
shutdown, and then back to normal operation. Normal operation ceases on Saturday
morning between 3-4 am, and therefore freshwater consumption at this point should be
zero. However, it is found that freshwater is continuously being consumed as shown in
Figure 2.1 (spikes encircled in red). Such consumption is unnecessary since the
processes at this stage is already in shutdown mode and therefore freshwater supplied to
the baths would only continue to overflow. Prior to re-starting the processes, baths and
tanks are drained, cleaned and then refilled with freshwater again. Since this is the case,
it is expected that freshwater consumption would increase — as shown in Figure 2.1

(spikes encircled in blue).

After cleaning and filling activities, the processes are restarted and go back into normal
operation. During normal operation (Figure 2.1, rectangle in black dashed lines), the
spikes in consumption were due mainly to the manual addition of freshwater supply into
the processes. Such manual additions of freshwater were mainly based on “customary
work practices” carried out by operators over a number of years. If the water uses of
processes at the paint shop’s pretreatment stage will be standardized (i.e. defined
volume of water use per hour), freshwater consumption during normal operation should
be at an average of 0.75 m* hr! — based on the trends shown in Figure 2.1. The
standardized freshwater supply will reduce consumption by approximately 69.0 %. The
type of irregularity shown in Figure 2.1 also exists at company B — as shown in Figure

2.2.
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Figure 2.2 shows the freshwater consumption at the syrup room of company B. The
syrup room facilitates the mixing of sugar and treated Citywater in order to produce a
sweetener additive for beverage products. At the end of every production run, tanks in
this area are cleaned thoroughly using clean-in-place (CIP) systems. Water used by the
CIP systems was measured for a period of three days — capturing normal operation,
shutdown and back to normal operation. As shown in Figure 2.2, unusual spikes
(encircled in red) in freshwater consumption were recorded during the first day of
measurement. Such spikes in freshwater consumption were not evident in subsequent
days of measurement. Although the reasons for the spikes in freshwater consumption
were not verified on-site, it is suspected that this maybe due to variations in cleaning
activities. For example, a standardized cleaning procedure (i.e. CIP duration) for tanks
does not exist and therefore freshwater consumption during cleaning is dependent on the

worker performing the task.
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Figure 2.2: Treated Citywater consumption of CIP systems at the syrup room of
Company B.
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The complete water use logs for the different processes found at Companies A and B

are available in the accompanying CD (Appendices 2.4, 2.5 and 2.6).

2.3.2 Water flow diagrams and usages

The main source of water used at the production sites of both companies is “Citywater”
— i.e. freshwater supplied by the local water retailer. Rainwater is also used at both sites
but is only available during certain periods of the year and therefore is not considered a
reliable source. Average water quality parameters of the Citywater used at each site is

shown in Table 2.1.

Table 2.1: Average water qualities of Citywater supplied to Companies A and B

Catedor ,  TDS  Conductivity S8 0&G CoD
gory P (Mg/L)  (uS/cm) (mg/L) (mg/L)  (mglL)

Citywaterto A 7.3 79 129 <1 <5 <5

CitywatertoB 7.2 36 83 <1 <5 <5

The different uses of Citywater at the production sites of companies A and B are shown
in their respective simplified Water Flow Diagrams, Figures 2.3a and b. Likewise,
these uses are also summarized in Table 2.2 and subsequently discussed in Sections
2.3.2.1 and 2.3.2.2. The comprehensive water flow diagrams developed for both

companies are shown in Appendices 2.7 and 2.8 — attached at the end of the thesis.

Table 2.2: Summary of water uses at the production sites of Companies A and B

Citywater supply Water uses
Co. . Plant and
Untreated  Treated Washlng/rlns_lng of Make-up for_ employee
products/equipment products/equipment sanitation
DI RO cv Treated Untreated Treated Untreated Untreated
A 75.9 % 191% 50% - 220% 152% 2.1% 34.6 % 26.1 %
B 33.7% - - 66.3% 121% 136% 542% 105% 9.6 %
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2.3.2.1 Company A (automobile manufacturer)

Of the total Citywater supplied, 19.1 % is treated via a deionization (DI) system
while 5.0 % is treated via a reverse osmosis (RO) system. DI and RO water are
mainly used for product washing/rinsing at the paint shop’s final pretreatment and
post-treatment stages for car bodies. Likewise both types of treated water are also
used to replenish the electrocoat bath. Approximately 15.2 % of the total Citywater
supplied is used for product washing/rinsing at the initial pretreatment and post-
treatment stages while 26.1 % is used for personal sanitation and miscellaneous
plant cleaning. A small portion (0.6 %) of the total Citywater supplied is also used
to replenish the electrocoat bath. The remaining 34.0 % of the total Citywater
supplied is used as either feed or make up water to process utilities such as air
handling units, boilers, cooling towers, pumps, and sludge pools.
Mass-transfer-based (MTB) processes account for 67.7 % of the total Citywater
consumption while non-mass-transfer-based (NMTB) processes account for 32.3 %
of the total Citywater consumption.

The area with the highest water consumption is paint shop — utilizing 49.0 % of the

total Citywater supplied.

2.3.2.2 Company B (beverage company)

Approximately 66.3 % of the total Citywater supplied is treated via a conventional
(CV) system consisting of clarifier, sand filter, carbon filter, bag filter, and UV
sterilizer. The treated water is mainly used for clean-in-place (CIP) systems, product
mix, syrup mix, and sterilizing carbon filters. Roughly 13.6 % of the total Citywater
supplied is used for washing/rinsing product containers while 9.6 % is used for

personal sanitation and miscellaneous plant cleaning. The remaining 10.5 % of the
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total Citywater supplied is used as either feed or make up water to process utilities
such as boilers, cooling towers, coolers/warmers, wet lube conveyors, and vacuum
pumps.

e MTB processes account for 40.3 % of total Citywater consumption while NMTB
processes account for 59.7 % of total Citywater consumption.

e Approximately 48.7 % of the total Citywater supplied is used for beverage

production.

2.3.3 Wastewater characteristics

As mentioned previously, the wastewater streams generated at each company’s
production site differ markedly from each other. Contaminants generally present in
Company A’s wastewater streams include paint particles and metals while cleaning
chemicals and product components are the contaminants generally present at Company
B’s wastewater streams. The average water qualities of these streams are described as

follows.

2.3.3.1 Company A

Approximately 49% of the total Citywater supplied ends up as Tradewaste while the
remainder is either discharged directly into the sewer or is lost due to evaporation.
Wastewater streams generated at the manufacturing site are segregated upon collection
and are classified into three categories — namely, oily, metals and general streams (as
shown in Figure 2.3a). The segregation of wastewater streams facilitates the treatment
of specific contaminants. For example, oil & grease and electrodeposition (ED) paint
emulsions are removed from the oily stream prior to discharge. Likewise, metals such

as nickel (Ni), zinc (Zn) and manganese (Mn) are also removed from the metals stream
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prior to discharge. All streams are mixed together after undergoing the relevant
treatment and eventually discharged as Tradewaste. Table 2.3 presents the average
water qualities of the different wastewater streams found in company A’s

manufacturing site. Only the main parameters limiting water reuse are shown.

Table 2.3: Average water qualities of different wastewater streams found at Company

A’s manufacturing site

Conductivity  SS 0&G COD
Category pH

(uS/cm) (mg/L) (mg/L) (mg/L)
Oily stream 8.8 545 130 45 575
Metals stream 3.7 1595 188 21 250
General stream 6.7 187 7 <5 14
Tradewaste 8.4 1555 28 7 280

2.3.3.2 Company B

Of the total amount of Citywater used on production site, approximately 53.7 % ends up
as wastewater while the remaining 46.3% is either mixed with the final products or is
lost due to evaporation. A substantial amount of the total wastewater can be traced to
discharges generated by process utilities such as boilers, CIP systems, cooling towers,
wet lube conveyors, coolers/warmers, vacuum pumps, and washer/rinsers.
Contaminants commonly found on Company B’s wastewater streams include cleaning
chemicals, product mixes and concentrates, and sugars. All wastewater streams are
mixed together and discharged as Tradewaste after the pH level has been adjusted. The
average water quality of Tradewaste discharge is shown on Table 2.4. Similar to

Company A, only the main parameters limiting water reuse are shown.
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Table 2.4: Average water quality of Tradewaste discharge at Company B’s production

site
TDS SS 0&G COD
Category pH
(mg/L) (mg/L) (mg/L) (mg/L)
Tradewaste 8.3 2369 41 9 2950

The complete wastewater test results for the representative streams identified at
Companies A and B are shown in Appendices 2.9 and 2.10 respectively (attached at the

end of the thesis).

2.3.4 Water pinch and process evaluation

The commercially available water pinch software WaterTarget™ [25] was used in
analyzing Company A and B’s water networks, under steady-state conditions. The mass
balance equations used in analyzing the water-using processes found in these networks

are as follows:

2. Mass flow |y = 2. Mass flow oyt Q)

2. Mass flow y =X Mass flow oyt + 2. Evaporative losses + >, Misc. Losses (2

Eq. 1 assumes that water losses are negligible and best represents MTB processes. Eq.
2 suggests that there are losses to be accounted for such as evaporative and other
miscellaneous losses. This mass balance equation best represents NMTB processes.
Since the mass balance equations are steady-state representation of process types,
average steady flows were used [25]. These averages represented 2 - 4 days of real time

data logging.
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The identified sources and sinks together with their mass flow rates and water quality
data were encoded into the water pinch software prior to starting the analysis. The
comprehensive water pinch analyses for Companies A and B are available in the

accompanying CD (Appendices 2.11 and 2.12).

Water pinch analysis for Company A was focused on “shops” with the most number of
water-using processes (paint and parts) while water pinch analysis for Company B

focused on the whole production site. The results of the analyses are as follows:

2.3.4.1 Company A

Results of the water pinch analysis for Company A identified three main processes
where possible water saving opportunities can be achieved. These processes include air
handling units (AHUSs), car body preparation and car parts preparation — as highlighted

in Figure 2.4.
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2.3.4.1.1 Air handling units (AHUSs)

The AHUs for Company A’s manufacturing site are mainly used to condition the
incoming air supply of the painting booths. The main users of Citywater in the AHUs
are the humidifiers. Citywater is continuously supplied to the humidifiers to offset

evaporation and bleed-off losses.

Evaporation loss occurs during the humidification process while bleed-off loss takes
place continuously in order to maintain the quality of the water being recirculated in the
system. Maintaining the correct quality of water recirculated in the system prevents the
build-up of solids and scale on the humidifier pads. Such water quality must be similar

to Citywater supply shown in Table 2.1.

A portion of the bleed-off volume is currently being utilized as make-up water for the
sludge pools. Bleed-off that goes into the sludge pools is controlled via solenoid valves.
Once the level of the water in the sludge pools fall under the control level limits, the
solenoid valves open for a specific length of time and shut off once the Citywater
supply comes on-line. The moment the solenoid valves shut off, all bleed-off is
diverted back into the drain. The current set-up decreases the Citywater consumption

but further reuse of the bleed-off is still possible.

Further use of the bleed-off was trialed on two sludge pools. The trial lasted for more
than a month. Citywater usage was recorded prior to changes in control settings. The
changes involved delaying Citywater fill by 30 s in order to utilize more AHUSs’ bleed-
off and setting the Citywater fill time to 60 s. Prior to control modifications, the

average Citywater use for the two sludge pools was 28 tonnes/day. After the
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modifications, Citywater use for the two sludge pools decreased to 15 tonnes/day. This

translated to approximately 13 tonnes/day of Citywater savings.

It is also worth mentioning that reuse of all the bleed-off into the sludge pools may not
be viable because this may increase the conductivity level of the pools. Therefore, at
any time, only an optimum volume of bleed-off should be diverted into the sludge
pools. This optimum volume should not increase the conductivity level above the

specified operating limit — currently maintained within a range of 400 - 450 ps/cm.

2.3.4.1.2 Car body preparation

Car body preparation prior to electrodeposition (ED) painting involves a number of
pretreatment processes. Pretreatment increases a car body’s resistance to corrosion and
facilitates better adhesion of the electrodeposition paint. It is commonly made up of
different stages which include degreasing, rinsing, phosphating, and deionized (DI)
water rinsing [26]. Electrodeposition painting is a process commonly used in car
manufacturing to render car bodies virtually rustproof. Deposition of electrocoat paint
is achieved by immersing car bodies into an electrocoat tank connected to a rectifier. A
voltage of more than 300 volts is then applied to the electrodes in the tank to facilitate
the diffusion and migration of dispersed electrocoat paint particles onto the car body
[27]. After ED painting, car bodies are subjected to a series of post-treatment rinses
utilizing Citywater, ultrafiltration water and DI water. Rinsing of car bodies after ED

painting is primarily carried out to remove non-adhered electrocoat paint.

Figure 2.5 shows the water flow diagram at Company A’s car body preparation section.

The types of wastewater generated from this section are considered to be the “oily and
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metals” streams. These streams are collected separately and treated prior to discharge.
The main water quality parameters limiting water reuse in this section include
conductivity, suspended solids (SS) and oil & grease (O&G). Each of the water quality
parameters mentioned are carefully monitored because they can affect ED paint quality.
For example, oil contamination in the ED bath can increase the risk of craters being
produced in the paint film. Similarly, tiny particles such as welding pearls not

completely removed from car bodies can lead to paint defects like paint splits or rust

[27].
Pretreatment Electrodeposition Post-treatment
-1,
N Stage N Stage | 7.62td"—>| Stages |;515iq'—>| Stage
1 8 |07 183-17 18
73.441d" >73.441td? L> 118.18 td*
L | Stage Stage Stage
»
™ 2 9 19
120.6td* >129.61d" 135.03td* > 253,21 td*
Stage L1 Stage Stage
3 ™ 10 135.03td —>  2q
C> 129.6 td™*
Stage L1 Stage
-1 4 ™ 11
73.44 td™ 129.6 td*
L| Stage | | Stage
> 5 129.6 td"—> 12
83.16td? —>9.72td"
| | stage Legend:
_) .
72.36 td ' —> 6 — Clt.ywzfylter
10.8 td™ —> Deionized water
—> Wastewater
L | Stage )
10.8 td*t—>>) 7 -->» Intermittent Supply
-->» Intermittent Discharge

Figure 2.5: Current water flow diagram for Company A’s car body preparation section.

The amount of Citywater used and wastewater discharged is given in tonnes per day.

An initial water pinch analysis revealed that direct water reuse within the current car

body preparation section was not possible due to contamination of the wastewater

38



streams — as shown in Table 2.5. For example, DI water fed to stage 12 cascades down
to stages 11 to 9 (Figure 2.5) and eventually gets discharged down the drain from stage
9. The contamination level changes within each stage and is highest upon discharge.
Although this was generally the case, water test results showed that wastewater
generated at Stage 19 (Figure 2.5) has the best water quality among the different
wastewater streams found at the car body preparation section (Table 2.5). Obviously,
the removal of suspended solids (mainly paint particles) as well as O&G will facilitate

the reuse of stage 19’s wastewater into other stages.

Table 2.5: Average water qualities of wastewater streams generated at Company A’s

car body preparation section

Conductivity  SS 0&G
Wastewater pH

(uS/cm) (mg/L) (mg/L)
Stage 1 10.4 6160 706 342
Stage 3 111 16410 74 62
Stage 5 9.94 849 52 6
Stage 9 3.58 1280 46 9
Stage 19 6.7 56.2 12 10

The water pinch analysis was repeated to incorporate the installation of a 50 nm ceramic
ultrafiltration system on Stage 19. Results of the analysis showed that the membrane
filtrate quality matched the quality of the Citywater input to Stages 6 & 7. Therefore,
Citywater supply into stages 6 & 7 can be completely replaced by the ceramic
membrane filtrate — as shown in Figure 2.6. Such modifications will result to water

savings of 83.16 tonnes/day.
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Figure 2.6: Proposed new water flow diagram for car body preparation section. The

amount of Citywater used and wastewater discharged is given in tonnes per day.

The ability of the 50 nm ceramic ultrafiltration membrane to remove the paint particle

contaminant is explained in detail in Chapter 4.

2.3.4.1.3 Car parts preparation

The car parts preparation section found at the parts shop is similar in operation to the car
body preparation section at the paint shop. Main processes found at this section include
pretreatment, ED and post-treatment. The current water flow diagram for this section is
shown in Figure 2.7. A potential for water savings was identified at Stage 2 of this
section based on the water pinch analysis and operator feedbacks. The Stage 2 process
was subsequently pilot- trialed for two weeks. Details of these trials are mentioned

below.
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Figure 2.7: Current water flow diagram for Company A’s car parts preparation section.

The amount of Citywater used and wastewater discharged is given in tonnes per day.

The largest user of water in the car parts section is Stage 2 (Figure 2.7). It utilizes an
average of 20.6 tonnes/day of Citywater and 24.4 tonnes/day of RO concentrate as
make-up water. The existing overflow rate for this stage is set at 45 tonnes/day to

maintain a bath alkalinity concentration of 0.3 ppm.

Water pinch analysis for Stage 2 suggests that by maintaining a higher bath alkalinity
level, less make-up water will be needed by the process because the overflow rate can
be decreased. A discussion with Company A’s subcontractor confirmed that the bath at
Stage 2 can operate within an alkalinity range of 0 to 1 ppm. Although the bath
alkalinity can go up to 1 ppm, actual changes must be within the range of 0 to 0.8 ppm
to have a 20 % safety factor. The 20 % safety factor is a standard operating buffer

incorporated by the company in every design project they undertake.
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After consulting with appropriate staff at the car parts preparation section, an actual trial
at Stage 2 was commenced. The overflow rate at Stage 2 was initially reduced to 28.0
tonnes/day and the alkalinity reading increased to 0.7 ppm. A further reduction of the
overflow rate to 25.0 tonnes/day resulted in the same alkalinity reading of 0.7 ppm. At
this point, the adjustment was stopped since further reducing the overflow rate will only

result in an alkalinity level equal to or above the maximum operating value identified.
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Figure 2.8: Proposed new water flow diagram for car parts preparation area. The

amount of Citywater used and wastewater discharged is given in tonnes per day.

With the latest overflow rate, Stage 2 presently utilizes approximately 24.4 tonnes/day
of RO concentrate and 0.6 tonnes/day of Citywater — as shown in Figure 2.8. The
adjustment of the overflow rate at Stage 2 resulted in a Citywater saving of

approximately 20.0 tonnes /day.

2.3.4.2 Company B
Company B’s current water flow diagram with actual flow measurements is shown in

Figure 2.9a. The results from the water pinch analysis suggest that a number of
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wastewater streams generated by some process utilities can be collected at the reclaim
tank (Figure 2.9b, red broken lines) and re-supplied back into production processes via
the water treatment system. Sources of these streams include vacuum pumps, boilers
and washer/rinsers. These wastewater streams have been found to have equal or better
water quality compared to the current water collected in the reclaim tank — as shown (in

bold) in Table 2.6.

Table 2.6: Average water qualities of wastewater generated by process utilities at

Company B’s production site

o TDS SS 0&G COD

Process utilities pH
(mg/L) (mg/L) (mg/L) (mg/L)

Reclaim tank 6.4 92.0 120.0 7.0 81.0
Boiler condensate 7.1 60 3.0 <5 9.0
Conveyor 4.4 550.0 290.0 7.0 1800.0
Vacuum pumps 6.5 46.0 <2 <5 68.0
Washer/rinsers 6.0 84.0 2.0 <5 11.0

The wastewater streams identified above as having the potential for reuse need only
minimal treatment prior to redirection into the reclaim tank. For example, boiler
condensate must pass through a heat exchanger before being collected, in order to bring
down the temperature to ambient level. By reclaiming the wastewater streams
generated from the processes mentioned above, a Citywater saving of 80.8 tonnes/day
can be achieved. Other wastewater streams in Company B’s production site are
identified as needing some form of major treatment before they can be reused in the

production processes.
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Figure 2.9: Company B’s (a) current water flow diagram and; (b) proposed new water flow diagram.
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2.4 Conclusions

The synergy of the different water management strategies deployed in this Chapter can
bring about substantial reduction of Citywater consumption and wastewater discharge.
For example, it was shown at Company A that 33 tonnes/day (2.2 % of total input) of
Citywater consumption was saved by directly reusing wastewater generated from other
processes. Likewise, it was also shown at Company A that a further 83.16 tonnes/day
(5.7 % of total input) of freshwater consumption can be saved through treatment of the
post-electrodeposition rinse wastewater using an ultrafiltration process. The combined
value of the Citywater savings for Company A will eventually translate to a wastewater
reduction of approximately 16.1%. Meanwhile, for Company B, approximately 83.2
tonnes/day (5.25 % of total input) of Citywater can be saved just by reclaiming
wastewater generated from different identified processes. The reclaimed wastewater will
be treated by the conventional treatment system currently in operation at the production
site and reused back into different water-using processes. This will translate into a

wastewater reduction of approximately 8.6% for Company B.

In general, results of the water audit and the pinch analysis for both companies suggest
that the biggest opportunity for water reuse comes from the most contaminated
wastewater streams - although this is not necessarily a general rule. Here, these
wastewater streams happen to represent the largest portion of the total wastewater
volume generated at each company as shown in Figure 2.10. The reclamation and reuse
of these streams will necessarily involve the introduction of some form of water
treatment equipment capable of efficiently removing water contaminants in a cost

effective manner.
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Figure 2.10: General categories of wastewater generated at the two manufacturing

companies studied based on degree of contamination.

Not unexpectedly perhaps, the wastewater treatment approaches that are best suited to
each of the contrasting manufacturers differ. Overall, for Company A, a distributed
effluent treatment approach is found to be appropriate, since the wastewater streams that
are generated by the different processes are segregated upon collection. The
segregation of streams facilitates the installation of specific water treatment equipment
suitable for the type of contaminants that are present in the wastewater. However, a
distributed effluent approach is not appropriate for Company B due to the lack of
existing infrastructure that would enable the wastewater streams to be collected
separately. All wastewater streams at Company B’s production site are mixed in drains
and end up at a single wastewater collection pit. With Company B’s current set-up, the
appropriate option for water reclamation is to treat the mixed stream - that is currently

discharged as Tradewaste.
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Having completed the comprehensive water audits and pinch analyses for both
companies, as described above, the selection of the most appropriate technology for the
treatment of a particular waste stream may be addressed by conducting controlled
experiments in laboratory scale experimental membrane test rig . This approach has
been adopted in this thesis whereby a rig has been designed and constructed for the
purpose of evaluating the performance of a number of different low-energy membranes
on specific wastewater streams generated at both companies. These experiments and
evaluations are described in subsequent chapters and provide recommendations on the
applicability of different membranes with respect to the reclamation of the specific

wastewater streams.

The work described in this chapter has since been published in the international

literature [28].
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3.1 Introduction

A number of researchers have shown that certain types of membrane can be employed
for treating the various wastewaters generated during car manufacturing and beverage
production. For example, Anderson et al. [9] have shown that a cellulose acetate RO
membrane can work successfully in reclaiming wastewater generated from an
automotive electrocoat painting process. In terms of beverage production, Tay and
Jeyaseelan [29] have demonstrated the viability of a combined UF and RO treatment
system in the reclamation of bottle-washing wastewater. They concluded that the
combined UF and RO system not only reduces freshwater consumption but also

conserves energy.

Membranes have also been shown to work successfully in treating similar wastewater
streams generated by different production facilities. For example, in an experiment
involving the treatment of vegetable oil-contaminated factory wastewater, using a
polysulfone UF membrane [22], reductions in water quality parameters such as COD,
TOC, TSS, and phosphate concentration exceeded 85 %. Similarly, good retention rates
for emulsified solvent and oil and grease were obtained when a cellulose acetate UF
membrane was used for treatment of spent solvent rinses from nickel-plating operations
[26]. The retention rates for emulsified solvent and oil and grease were reported to be

96 % and 80 % respectively.

Aside from water reclamation, membranes have also been shown to be an effective
means of recovering valuable resources such as coating materials and metals. For
example, Lipnizki [19] discussed the potential for recovering coating materials such as

paper coatings, latex and flexographic ink. This concept is similar to what might be
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applied to the recovery of electrodeposition (ED) paint. Diluted coating materials are
recovered using UF to obtain a solid-free permeate stream that can easily be treated and
reused. Such a set-up can translate into less than two years payback periods for UF
systems. Meanwhile, metals recovery through membrane filtration is slowly becoming
a viable alternative. Some of the most valuable metals being recovered from
wastewater using membrane filtration systems include copper [6, 12], chromium [23,

27] and silver [18].

The work described in this chapter was aimed at determining the suitability of selected
low-pressure polymeric membranes (UF, NF and RO) for the reclamation of wastewater
generated at the production facilities of a car manufacturer and a beverage producer.
Wastewater streams generated at both of these two production facilities have substantial
volumes — making wastewater reclamation desirable in order to reduce excessive water
consumption. The main challenge to wastewater reclamation at these facilities is the
level of contamination present in the wastewater. In the case of the car manufacturer,
wastewater streams are generally classified as “oily” and “metals” streams.
Contaminants commonly found in the oily wastewater stream include electrodeposition
(ED) paint emulsions and oil & grease. Metals such as Iron (Fe), Nickel (Ni),
Manganese (Mn), and Zinc (Zn) are the dominant contaminants found in the metals
wastewater stream — together with phosphate. On the other hand, contaminants
commonly found on the beverage producer’s wastewater include cleaning chemicals,

product mixes and concentrates, and sugars.

The suitability of the selected low-pressure membranes was evaluated based on

reduction/rejection rates in relation to critical water quality parameters, permeate flux
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decline rates and power usage. Likewise, to visualize the degree of fouling on the
membrane surface, fouled membranes were analysed using a scanning electron
microscope (SEM). In general, the UF membranes were evaluated for pretreatment of
wastewater whilst the NF and RO membranes were evaluated for wastewater

reclamation.

3.2 Materials and methods

3.2.1 Wastewater samples

Actual wastewater samples were obtained from a car manufacturer and a beverage
producer operating in the western suburbs of Melbourne, Australia. The wastewater
samples were collected in 20 L containers and kept in a cold room at a temperature of 4
°C. Prior to every experiment, a specified volume of wastewater sample is transferred
into a stainless steel container. The stainless steel container is then left for a couple of
hours inside the laboratory to bring up the wastewater temperature to ambient level. All

wastewater samples were used within 48 hours of collection.

3.2.2 UF membranes

Two types of polymeric flat sheet UF membranes, supplied by GE Osmonics, were used
in the experiments — namely, JW (polyvinylidine-difluoride, PVDF) membrane with
MWCO of 30 kD (pore size = 3.25 nm) and MW (polyacrylonitrile, PAN) membrane
with MWCO of 100 kD (pore size = 10 nm) [3, 4]. The JW membrane is hydrophobic
(contact angle = 66°) while the MW membrane is extremely hydrophilic (contact angle
= 4°). UF membranes used for experiments were soaked in deionized water overnight

to remove any surface impurities.
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3.2.3 NF and RO membranes

Both the NF (DL series) and low—pressure RO (AK series) membranes used in the
experiments were supplied by GE Osmonics. The NF membrane is a thin-film
membrane having an approximate MWCO of 0.15 — 0.30 kD for uncharged organic
molecules [2]. Similar to the NF membrane, the RO membrane is also a thin-film
membrane having high flux and a NaCl rejection rate of approximately 99.0 % [1]. The
NF membrane was specifically tested on the metals wastewater sample while the RO

membrane was tested on all the wastewater samples.

3.2.4 NF and RO membranes preparation

All NF and RO membranes used in the experiments were soaked in deionized water
overnight to remove any surface impurities. Prior to using the NF and RO membranes,
a wetting protocol was followed [17, 20]. In this case, deionized water having an
average conductivity of 2 uS/cm was pumped into the membrane for 15 minutes. The
pressure and temperature of the deionized water was maintained at 2.5 MPa and 25 °C

respectively throughout the wetting period.

3.2.5 Membrane filtration system

Central to this research project was the design and construction of a versatile,
experimental test rig, shown in Figure 3.1. This rig was employed for a range of
different experiments relating to different recycling issues for both companies and is

depicted schematically in subsequent Chapters, as required.
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Figure 3.1: Experimental test rig used during membrane experiments. 1 — desktop

computer for data logging, 2 — power meter, 3 — balance, 4 — variable speed drive, 5 —
positive displacement pump, 6 — flat sheet test cell, 7 — ceramic membrane module, 8 —
plastic container, 9 — feedwater flowmeter, 10 — reject water flowmeter, 11 — feedwater
pressure recorder, 12 — reject water pressure recorder, 13 — product water pressure
recorder, 14 — product water valve, 15 — reject water valve, 16 — recirculation valve, 17
— discharge pressure gauge, 18 — inlet line, 19 — reject line, 20 — pH and conductivity

probes.
The experimental test rig shown in Figure 3.1 has a crossflow configuration (i.e. flow is

parallel to the surface of the membrane). The crossflow velocity (CFV, m s™) for the

system was approximated using Eq. (1):
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CFV=Q/A 1)

where Q is the flow rate (m®s™) and A is the area of pipe or tube (m?). The area of the

pipe or tube can be calculated using Eq. (2):

A=nd?/4 2

where @; is the inside diameter of the pipe or tube. For experiments involving flat sheet
membranes, @; is equal to the inside diameter of the feed tube. On the other hand, for
experiments involving ceramic membranes, @; is equal to the inside diameter of the

tubular ceramic membrane.

The feed pump used in the system is connected to a variable speed drive (VSD). The
VSD acts as a mechanism that regulates the flowrate of the pump. Such a mechanism is
very important, especially in membrane experiments requiring the precise delivery of
feed flowrate and pressure. Monitoring equipment such as balance, flowmeters, power
meter, probes, and recorders were also fitted into the system to continuously monitor
operating parameters such as permeate weight, feed flowrate, power usage,
conductivity, pH, and pressure. Data acquisition and storage of operating parameters

were facilitated by computer software provided by equipment manufacturers.
Table 3.1 shows the specifications of the main components of the experimental test rig.

The polymeric and ceramic membranes used in the experiments are all commercially

available.
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Table 3.1: Specifications of the main components of the experimental test rig

Equipment

Manufacturer / Supplier

Specifications

Balance
Ceramic membrane

module

Desktop computer

Flat sheet test cell

Flowmeter

Multimeter

Power meter

Positive displacement

pump

Pressure recorder

Pump motor

Variable speed
controller

Mettler-Toledo

Pall Australia Pty Ltd

Generic

GE Osmonics

GPI

Hach

Hameg

Hydracell

Madgetech

Baldor

Generic

MS 4002S New Classic Balance
4200g x 0.01g

Membralox 1T1-70 stainless steel
module with EPDM O-rings

Intel Core 2 Duo; loaded with
data acquisition software from
Mettler-Toledo, Hach, Hameg,
and Madgetech

CF042 Development Cell; Delrin
Acetal

Model No. TM050-N; ¥2” NPT;
0.0-38.0 Lpm

IM6700 Multi-parameter; digital
dual-input model; pH probe
(PHC101030); conductivity probe
(CDC 40103)

Model No. 8115-2; 8 kW power
meter with simultaneous display
of voltage, current & power

M-03S Hydracell CC pump with
stainless steel head and valves;
Viton diaphragms; 1.8 GPM

PST-PRTEMP1000 rugged
temperature & pressure recorder;
1/4" NPT fitting; stainless steel
enclosure; 0-1000 psi

CEM 3554; premium efficiency;

C-Face; ¥ hp; 3 phase; 230 V;
50Hz

Output of 230 V; Input — 230 V;
single phase; 7 amp rated
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3.2.6 UF experiments

Wastewater samples collected were directly used as feed into the UF membranes. UF
membrane experiments were carried out at a crossflow velocity (CFV) of 2.4 m s™ and
at transmembrane pressures (TMPs) of 0.2 and 0.4 MPa. A crossflow velocity
configuration was chosen because at this mode, particle deposition onto the membrane
surface is inhibited. Meanwhile, the TMPs used represent 30 % and 60 % of the
maximum operating pressure stated by the manufacturer. Such TMPs offer the best
permeate quality based on a number of preliminary experiments conducted. The
temperature range during the experiments was maintained within 19 — 24 °C. This
range represents the actual temperature in the manufacturing processes. Operating
parameters mentioned in Section 3.2.5 were continuously monitored at 15 minute
intervals. Samples of feedwater and membrane permeate were collected into containers
and sent to a NATA (National Association of Testing Authorities) accredited laboratory
for analysis on water quality parameters such as oil & grease (O&G) and total organic
carbon (TOC). Actual test results are available in the accompanying CD — Appendices
3.1, 3.2 and 3.3. Aside from O&G and TOC, feedwater and membrane permeate
turbidity were also measured during the experiments to estimate suspended particle
rejection rates. The volume of wastewater sample used for each experiment is 6 L while
filtration area for all UF membranes used is 0.0042 m?. Each experimental run lasted

for approximately 6 hrs.

3.2.7 NF and RO experiments
Prior to NF and RO experiments, wastewater samples collected were filtered through a
0.3 micron filter to remove any suspended particles present. Both the NF and RO

membrane experiments were carried out at a CFV of 2.7 m s and at TMPs of 0.69,
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1.03 and 1.38 MPa. The temperature range during the experiments was maintained
within 25 — 29 °C. Operating parameters mentioned in Section 2.5 were continuously
monitored at 5 minute intervals. Similar to the UF experiments, samples of feedwater
and membrane permeate were collected into containers and sent to a NATA accredited
laboratory for analysis on water quality parameters such as chemical oxygen demand
(COD), conductivity and metals content. Actual test results are available in the
accompanying CD — Appendices 3.4 and 3.5. The volume of filtered wastewater sample
used in each experiment is 3 L while filtration area for both the NF and RO membranes

is 0.0042 m® Each experiment run lasted for approximately 2 hrs.

3.2.8 Analytical methods

The size distribution and zeta potential () of particles in the actual wastewater samples
were measured using a Malvern Zetasizer Nano Series (Nano-ZS). Turbidity
measurements were carried out using a La Motte 2020 Series Turbidity meter. The
reduction/rejection rates of the critical water quality parameters (% Pgr) mentioned in

Sections 2.6 and 2.7 were calculated using Eq. (3):

% PR = [(PF — Pp) / PF] x 100 % (3)

where Pg is the parameter concentration in the feedwater (mg L™) and Pp is the

parameter concentration in the membrane permeate (mg L™).

After each experiment, used flat sheet membranes were washed with deionized water
and air dried at ambient temperature. Representative portions of each air dried

membranes were cut (approximately 1 cm?) and mounted on aluminum stubs with
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carbon tape. They were then coated with a layer of gold and analysed under a Field
Emission Scanning Electron Microscope (FESEM, Philips XL30 FEG). The
accelerating voltages used during the analysis ranged from 2 to 15 kV while

magnifications used ranged from 20,000 to 25,000 times.

3.3 Results and discussion

3.3.1 Pure water flux (PWF)

Experiments aimed at establishing the relationship between pure water flux (PWF) and
TMP were carried out prior to commencing actual wastewater experiments. Distilled
water having a conductivity of 2 uS/cm was used as feed to ensure that no form of
fouling will occur during filtration.  Results showed that PWFs of the polymeric
membranes were highly correlated (R? > 0.99) with TMP as shown in Figures 3.2a and
b. A high correlation between PWF and TMP is expected since the only resistance
present during the experiments is the intrinsic membrane resistance. The slopes of the
line shown in Figures 3.2a and b give the pure water permeabilities (PWPs) of the
membranes. Figure 3.2a shows that the PWF of the MW membrane was higher than the
JW membrane. The disparity between the pure water fluxes of the two UF membranes
can be attributed to the relative membrane structure and properties (i.e.
hydrophilicity/hydrophobicity). For example, the MW membrane was designed to be
extremely hydrophilic and it might be expected to have higher water fluxes than the
hydrophobic JW membrane. This scenario is similar to the pure water fluxes obtained
for NF and RO membranes (Figure 3.2b). An NF membrane has relatively looser pores
compared to an RO membrane and is expected to have a higher pure water flux. The
data used for plotting Figures 3.2a and b are available in the accompanying CD

(Appendix 3.6).
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Figure 3.2: Pure water fluxes of: a) UF membranes as a function of TMP at a CFV of
2.4 m s and standard temperature of 20 °C and b) NF and RO membranes as a function
of TMP at a CFV of 2.7 m s and standard temperature of 25 °C. The PWP of the

membrane is given by the slope of the line.
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The calculated intrinsic resistance of the JW and MW membranes are 4.16E+12 m™ and
3.44E+11m™ respectively. Such resistances are lower as compared to the intrinsic
resistances obtained for the ceramic membranes used. The difference may be due to the
relative thickness of the membranes. The intrinsic resistance calculated have values
close to the ones indirectly obtained by Akdemir and Ozer [8]. Similarly, the intrinsic
resistances calculated for both the AK and NF membranes (8.28E+12 m™ and 1.01E+13

m™) are well within the range of results obtained in literature [14].

3.3.2 Characteristics of wastewater samples

The particle size distributions for the wastewater samples collected are shown in Figure
3.3. The oily and metals wastewater samples obtained from the car manufacturer have
particle sizes ranging from 90 — 532 nm and 18 — 397 nm respectively. The mean
diameter of the particle sizes found on the oily wastewater sample is 245.5 nm while the
mean diameter of particle sizes found on the metals wastewater sample is 134.1 nm. On
the other hand, wastewater samples from the beverage producer have particle sizes in

the range of 24 to 5560 nm — with a mean diameter of 161.4 nm.
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Figure 3.3: Particle size distributions for wastewater samples used.
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The average zeta potential () of the particles present in the wastewater samples
collected are shown in Table 3.2 while the data used for plotting Figure 3.3 are available

in the accompanying CD (Appendix 3.7).

Table 3.2: Average zeta potential () of particles found on the wastewater samples used

in the experiments

Wastewater sample pH Particle zeta potential (£)
Car manufacturer’s oily wastewater sample 7.5 56 £ 2 mV

Car manufacturer’s metals wastewater sample 3.8 -21+2mV

Beverage producer’s wastewater sample 8.3 -23+2mV

The values of the zeta potential for both the metals and beverage production wastewater
samples suggest that the particles present have incipient instability [10]. Because
particles present in these wastewater samples are likely to exhibit instability, particle
aggregation may occur. Particle aggregation is not considered to be a problem during
ultrafiltration because the more the particles aggregate, the better. Larger particles have
higher hydrodynamic forces acting on them and therefore are more likely to be swept
away from the membrane surface. In contrast, the zeta potential of particles found in
the oily wastewater sample suggests that the particles have good stability and are well
dispersed in solution. Since particles are well dispersed in solution, particle aggregation
is unlikely to happen. In this particular case, the particle sizes present in the oily
wastewater sample can be assumed to be the same throughout the experiments.
Therefore, the possibility for the finer suspended particles to deposit on the membrane
surface is high. The typical characteristics of the wastewater samples used in the

experiments are shown in Table 3.3.
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Table 3.3: Typical characteristics of wastewater samples used in the experiments

Water quality Oily Metals Beverage production
parameters wastewater ~ wastewater wastewater

pH 7.5 3.8 8.3
Conductivity, pScm™ 979 1579 1129

COD, mg Lt 230 91 4900

0&G, mg L™ 21 <5 17

TOC, mg L™ 120 16 140

Turbidity, NTU 294 43 58

Color light gray hazy white murky, yellowish
Iron (Fe), mg L™ 1.13 4 -

Manganese (Mn), mg L™ 006 23 -

1Nicke| (Ni), mg L™ 0.02 40 -

Zinc (Zn), mg L 1.23 98 -

3.3.3 UF experiments

Permeate fluxes (J, m®* m?s™) were calculated using Eq. (4):

J=(0.001xW) / (An x 1)

where W is the weight measured by the balance (kg), Aw is the effective membrane area

(m?), t is the sampling time (s). To account for temperature variations, all permeate

fluxes were standardized at a temperature of 20 °C using Eq. (5) [11]:

Ja0°c = J (1.03) TS

where Jaoec is the flux at a standard temperature of 20 °C (m® m?s™), Ts is the standard

temperature (20 °C), Ty is the measured temperature (°C).
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Both the JW and MW membranes showed the same flux decline profiles when tested on
the oily wastewater sample (Figure 3.4a). A rapid decline in flux was observed after 2
hrs followed by a gradual decline throughout the remainder of the experiment run. Of
the two membranes tested for this specific wastewater sample, the MW membrane
showed the worst flux decline rates at all TMPs used, which can be explained by
considering the membrane’s permeability. As noted previously, the pure water
permeability of the MW membrane is significantly higher than for the JW membrane
(Figure 3.2a). Howe et al. [16] showed that membranes with higher permeability fouled
faster than membranes with lower permeability. Membranes with higher permeability
have bigger pores compared to those with lower permeability. Initially, membranes with
bigger pores will have higher fluxes but once particles start to deposit on the pores,
fluxes obtained will drastically be reduced until such time that the pore openings have
become smaller. Consequently, the smaller pore openings will inhibit further deposition

of particles — resulting in gradual flux decline.
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Figure 3.4: JW and MW membranes’ permeate fluxes with respect to: a) oily
wastewater sample (automobile manufacturer), b) metals wastewater sample

(automobile manufacturer) and c) beverage production wastewater sample.
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Fouling rates during the experiments that involved the oily wastewater sample were
greatly influenced by the presence of suspended cathodic electrodeposition (CED) paint
particles. These particles include paint pigment, unstable resins and polymers.
Positively charged cathodic electrodeposition paint particles deposit rapidly on the
surfaces of the JW and MW membranes. The combination of membrane surface-
particle interaction and applied transmembrane pressure (TMP) resulted in intense
fouling of both membranes. Fouling mechanisms observed during the oily wastewater
experiments include intermediate pore blocking and cake layer formation. Intermediate
pore blocking occured during the first two hours of the experiments resulting in rapid
flux decline (Figure 3.4a). Subsequently, cake layer formation was the prevailing
fouling mechanism during the remaining experiment time. Deposition of paint particles
happen initially on the membrane pores and was followed by accumulation of particles
on the membrane surface, resulting in cake layer formation. Fouling of the MW
membrane was more severe than for the JW membrane because it has larger pore sizes
and higher surface porosity, as shown in Figures 3.5a & b. Aside from membrane
structure, charge attraction can also be a contibuting factor in the rapid deposition of
CED paint particles on the pores and surface of the MW membrane. Since the CED
paint particles are positively charged [28], they are attracted to the negatively charged
surface of the MW membrane. The MW membrane was modified by its manufacturer
to become extremely hydrophilic [4]. Such membrane modification usually involves
the partial hydrolysis of the membrane material with NaOH — resulting in improved
hydrophilicity and a negative surface charge [30]. The data used for plotting Figures

3.4a to c are available in the accompanying CD (Appendix 3.8).
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Figure 3.5: Scanning electron microscope (SEM) images of: a) new JW membrane and
b) new MW membrane. The images show the surface pore structures of new JW and

MW ultrafiltration membranes.

The degree of deposition of CED paint particles on the surfaces of the JW and MW

membranes are shown in Figures 3.6a and b.

2pm |

Figure 3.6: Scanning electron microscope (SEM) images of membranes used for oily
wastewater sample — a) JW membrane and b) MW membrane. Fouling occurred at a
CFV of 2.4 m s™ and TMP of 0.2 MPa. A build up of cathodic electrodeposition (CED)

paint particles can be seen on the membrane surfaces.
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As previously mentioned, surface-particle interaction and applied TMP resulted in
intense fouling of the membranes. During the ultrafiltration of the oily wastewater
sample, CED paint particles continuously deposit on the membrane surface. The
particles that have already deposited on the membrane surface are then compressed
leading to higher cake resistance and low permeate flux. The reduction of permeate
flux is further magnified at higher TMPs as shown in Figure 3.4a. Higher pressures
cause the cake layer on the membrane surface to compress further resulting in a much

lower permeate flux.

For the three different kinds of wastewater stream, the JW and MW membranes
performed better for the metals wastewater sample (automobile manufacturer), as
shown in Figure 3.4b — with a relativley higher permeate flux being achieved for both
membranes. This was particularly noticeable for the MW membrane which achieved
steady-state permeate fluxes of approximately 57.6 and 61.2 L m™ hr* at TMPs of 0.2
and 0.4 MPa respectively. However, although the MW membrane had higher permeate
fluxes, its flux decline rates were relatively higher than for the JW membrane — as
shown in Figure 3.4b. This suggests that a JW membrane is more suitable for the
metals wastewater sample than the MW membrane. The higher flux decline rates
experienced by the MW membrane is a sign of intense fouling. An intensely fouled
membrane may require a longer cleaning time and the use of aggresive chemicals in
order to be regenerated. Such a scenario may lead to premature degradation and a

shorter lifespan.

The relatively improved performance of both membranes for the metals wastewater

sample can be attributed to the instability of the particles present in this type of
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wastewater. As mentioned previously, Section 3.3.2, the instability of the suspended
particles will promote aggregation. Once particles have formed into larger masses, their
deposition into the membrane surface is inhibited.  Larger particles have higher

hydrodynamic forces acting on them and therefore are more likely to be swept away

from the membrane surface.

Figure 3.7: Scanning electron microscope (SEM) images of membranes used for
metals wastewater sample —a) JW membrane and b) MW membrane. Fouling occurred
at a CFV of 2.4 m s and TMP of 0.2 MPa. A build up of suspended particles can be

seen on the membrane surfaces.

It may be argued that because particles present in the metals wastewater sample have a
tendency to aggregate, the cake layers formed on the surfaces of both membranes
(Figures 3.7a and b) were more porous compared to the cake layers formed during
experiments involving the oily wastewater sample. Likewise, the dominant fouling

mechanism involved during the experiments can be deduced to be cake layer formation.

Improvement in permeate fluxes for both the JW and MW membranes during
experiments involving the beverage production wastewater were not significant as
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compared to permeate fluxes obtained during experiments on the metals wastewater
sample from the automobile manufacturer (Figure 3.4c). Although the particles present
have the tendency to aggregate due to instability, surface-particle interaction and
applied TMP negated the effects of hydrodynamic forces on the larger particles formed.
Suspended particles commonly made up of dirt and beverage pigments rapidly deposit
on the membrane surface. The deposited particles are then continuously compressed
resulting in low membrane porosity (Figure 3.8a and b) and permeate flux. Such a
scenario was also observed at a TMP of 0.4 MPa — although permeate fluxes obtained

were slightly higher.

25000x

Figure 3.8: Scanning electron microscope (SEM) images of membranes used for
beverage production wastewater sample — a) JW membrane and b) MW membrane.
Fouling occurred at a CFV of 2.4 m s and TMP of 0.2 MPa. A build up of suspended

particles such as dirt and beverage pigment can be seen on the membrane surfaces.

Of the two UF membranes used for the beverage production wastewater, the JW
membrane showed slightly lower flux decline rates — as shown in Figure 3.4c. In
general, the fouling mechanisms involved can be deduced as being a combination of
intermediate pore blocking and cake layer formation.  Deposition of suspended
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particles occurs initially in the membrane pores, followed by accumulation of particles

on the membrane surface.

The raw SEM images of all polymeric membranes used in the experiments are available

in the accompanying CD (Appendix 3.9).

Turbidity and O&G reduction rates obtained for both the JW and MW membranes show
minimal variations — as shown in Figures 3.9a to c. In general, for all types of
wastewater samples used, both membranes achieved turbidity reduction rates of above
98%. Likewise, both membranes also achieved 100% removal of O&G for all
wastewater samples used. In terms of TOC reduction, the performance of the two
membranes varied with TMP. When evaluated on the oily wastewater sample, the JW
membrane’s TOC reduction rate appeared to increase with an increase in TMP, while
the MW membrane’s TOC reduction rate appeared to decrease with an increase in TMP
(Figure 3.9a). Although these experiments were not performed in replicate, such a TOC
rejection characteristic, as exhibited by the MW membrane for an oily wastewater
sample, is consistent with the results obtained by Akdemir and Ozer [8]. On the other
hand, when the membranes were evaluated on the metals and beverage production
wastewater samples, TOC reduction rates for both membranes appeared to show a slight
increase when the TMP was increased from 0.2 to 0.4 MPa (Figures 3.9b and c).
Notably, the highest TOC reduction for both membranes were obtained from UF
experiments involving the beverage production wastewater sample; the TOC reduction
rates being above 80% - suggesting that most of the TOC content of the beverage
production wastewater is associated with suspended solids. The data used for plotting

Figures 3.9a to c are available in the accompanying CD (Appendix 3.10)
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Figure 3.9: Performance of the JW and MW membranes on the reduction of water
quality parameters such as turbidity, O&G and TOC. Feedwater used include: a) oily
wastewater sample, b) metals wastewater sample and c) beverage production

wastewater sample.

3.3.4 NF and RO experiments
Similar to the UF experiments, the permeate fluxes for both the NF and RO membranes
were calculated using Eq. (2). To account for temperature variations, all permeate

fluxes were standardized at a temperature of 25 °C using Eq. (6):

Josec =J/ TCF (6)

where J,sec is the flux at a standard temperature of 25 °C (m* m?s™), J is the actual flux
measured (m* m? s™) and TCF is the temperature correction factor (dimensionless).
The TCF can be estimated using eq. (7) [11]:
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TCF=(1.03) M ® (7)

Where Ty, is the measured temperature (°C).

For the three different wastewater types, the permeate fluxes obtained for the RO (AK)
membrane at different TMPs are shown in Figures 3.10a to c. In general, as the TMP is
increased, significant improvements in permeate fluxes were measured for all types of
wastewater samples used. The highest permeate fluxes were measured for the beverage
production wastewater whilst the lowest permeate fluxes were measured for the metals

wastewater sample (automobile manufacturer).
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Figure 3.10: RO (AK) membrane’s permeate fluxes obtained at TMPs of: a) 0.69 MPa,
b) 1.03 MPa and c) 1.38 MPa. Feedwater used include: a) oily wastewater sample, b)

metals wastewater sample and c) beverage production wastewater sample.
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Figure 3.11: Scanning electron microscope (SEM) images of RO (AK) membranes
used for metals wastewater sample —a) new AK membrane, b) AK membrane used at a
TMP of 0.69 MPa and c) AK membrane used at a TMP of 1.38 MPa. Fouling occurred

ata CFV of 2.7 ms™.

Figure 3.11a shows the surface structure of a fresh AK membrane while Figures 3.11 b
and c¢ show possible deposition of metal oxides on the membrane surfaces. Such

deposition appears to intensify as pressure increases.

It is proposed that the low permeate fluxes obtained for the metals wastewater sample

could be due to metal oxide fouling. The metals wastewater sample contains elevated
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concentrations of heavy metals such as Fe, Mn, Ni, and Zn, Table 3.3. Iron (Fe), in
particular, is known to be susceptible to oxidation [11] and since the apparatus shown in
Figure 3.1 is a closed loop system, the flow of the concentrate back into the feed tank
promotes rapid mixing of the wastewater sample. This rapid mixing is similar to
aerating a pond to increase dissolved oxygen content. As a result, the process may
facilitate the formation of insoluble iron, and other metal oxides, resulting in the
deposition of oxide particles onto the surface of the RO membrane (Figures 3.11b and
). Such fouling would be expected to be further intensified as the pressure increases

(Figure 3.11c).

On the other hand, the highly organic character of the oily and beverage production
wastewater samples resulted in relatively higher permeate fluxes for the RO membrane.
Such a wastewater characteristic could be considered to be appropriate for the RO

membrane given that RO is known to be effective in the separation of organic molecules

Vac-High PC-Std. 15kV x 20000

Figure 3.12: Scanning electron microscope (SEM) images of RO (AK) membranes
used for: a) oily wastewater sample at a TMP of 1.38 MPa and b) beverage production
wastewater sample at a TMP of 1.38 MPa. Fouling occurred ata CFV of 2.7 ms™. The
figures show the deposition of contaminants on the membrane surfaces.
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Because the two wastewater samples mentioned mostly contain organic contaminants, a
less severe membrane fouling might be expected, even at a high TMP of 1.38 MPa, and

this appears to be evident from the electron micrographs shown in Figures 3.12a and b.

Aside from higher permeate fluxes, the RO membrane used also had high conductivity
and COD reduction rates. With respect to the oily wastewater sample, conductivity and
COD reduction rates were more than 96.0 % and 98.0 % respectively. With respect to
the beverage production wastewater sample, conductivity and COD reduction rates were
both more than 98.0 %. Conductivity and COD reduction rates obtained appeared to be
almost invariant with respect to applied TMP for both the beverage production

wastewater and the oily wastewater, Figures 3.13a and b.
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Figure 3.13: RO (AK) membrane’s conductivity and COD reduction rates with respect

to: a) beverage production wastewater sample and b) oily wastewater sample.

An NF (DL series) membrane was also evaluated with respect to the metals wastewater
sample since this type of membrane has been reported in literature to be effective in
removing heavy metals present in wastewater streams [7, 15, 21, 25]. The results of our
experiments show that permeate fluxes obtained for the NF membrane were
approximately two times higher than the permeate fluxes obtained for the RO
membrane, as shown in Figures 3.14a to c. The superior performance of the NF
membrane for the metals wastewater sample can be attributed to its separation
mechanism.  Unlike an RO membrane, whose primary separation mechanism is
solution-diffusion, an NF membrane combines solution-diffusion and charge repulsion
mechanisms to separate dissolved organic molecules and polyvalent inorganic ions [21,

24].
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Figure 3.14: Comparison of permeate fluxes measured for RO (AK) and NF (DL)

membranes with respect to metals wastewater sample at TMPs of: a) 0.69 MPa, b)1.03

MPa and c) 1.38 MPa.

The inherent charge on the NF membrane’s surface would be expected to facilitate the
rejection of similarly charged solutes. Likewise, because of this surface charge, it is
also able to effectively reject similarly charged metal species [21] and metal oxide
particles present in the metals wastewater sample. Consequently, fouling of the NF
membrane due to the formation of insoluble metal oxide particles would be expected to
be inhibited. Assuming that the observed deposition on the membrane surface is
primarily metal oxide, Figures 3.15b and c demonstrate that, even at high TMP, the

material does not appear to be significantly compressed onto the surface.
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Figure 3.15: Scanning electron microscope (SEM) images of NF (DL) membranes
used for metals wastewater sample — a) new DL membrane, b) DL membrane used at a
TMP of 0.69 MPa and ¢) DL membrane used at a TMP of 1.38 MPa. Fouling occurred
at a CFV of 2.7 m s™. Figure 3.15a shows the surface structure of a new DL membrane
while Figures 3.15b and ¢ show possible deposition of metal oxides on the membrane
surfaces. Such deposition appears loose and also appears not to compress significantly

at higher pressures.

The conductivity reduction for both the NF (DL) and RO (AK) membranes with respect
to the metals wastewater sample show values of more than 60.0 % at all TMPs used
(Figure 3.16a). This suggests that a single pass system is not enough if water

reclamation is aimed at replacing Citywater to be supplied to processes. In terms of
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COD reduction, the RO membrane appears to have relatively higher reduction rates than
the NF membrane (Figure 3.16Db).
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Figure 3.16: NF (DL) and RO (AK) membranes’ a) conductivity and b) COD

reduction rates with respect to metals wastewater sample.
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For the RO membrane, COD reduction rates were more than 94.0 %, while for the NF
membrane, COD reduction was just above 74.0 %. In general, conductivity and COD
reduction rates show a slight dependency on TMP — as TMP increased, reduction rates

slightly increased.
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Figure 3.17: a) NF (DL) and b) RO (AK) membranes’ metals rejection rates with

respect to metals wastewater sample.



Both NF and RO membranes showed rejection rates of more than 99.0 % for the metals
Mn, Ni and Zn. Interestingly, with respect to Fe, the NF membrane had rejection rates
of 84.0 %, 86.2 % and 87.5 % while the RO membrane had lower rejection rates — 58.3

%, 59.6 % and 62.2 % (Figures 3.17a and b).

The selective passage of iron through both membranes, although intriguing, has not
been investigated further in this study. However, it is tempting to relate this to the fact
that the iron is likely to be trivalent whereas the other metals are all divalent. The
phenomenon might also be related to the relative speciation profiles of the different
metals in the wastewater. Another possibility may be the fouling of iron on the
membrane surface. Once a membrane is fouled with iron, the local concentration at the
surface will be higher, hence the amount of iron passing through will be higher.
Additionally, the work conducted by Diallo et al. [13] showed that at high acid
concentration, chloride retention is negative — suggesting that electrostatic interactions
can have an influence in the transfer mechanism during nanofiltration. This result was
based on a model solution of iron chloride (18.6 x 10 ® mol L™ FeCls) mixed in

different concentrations of phosphoric acid (HsPO,: 0.12, 1.2 and 5.9 mol L™) [13].
The data used for plotting the AK (RO) and DL (NF) membranes’ permeate fluxes and
contaminant reduction/rejection rates are available in the accompanying CD

(Appendices 3.11 and 3.12).

A summary of the average membrane permeate quality with respect to specific

wastewater samples is shown in Table 3.3.
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Table 3.4: Average membrane permeate quality with respect to specific wastewater

samples

Water quality UF - Oily UF — Metals UF — Bev. RO DL -
parameters W MW JW MW JW MW Oil Metals Bey. Metals
pH 73 75 35 33 70 73 85 35 7.8 33
Conductivity, uS cm™ - - - - - - 9.5 546 95 526
CcoD, mg L* - - - - - - 6.0 4.6 845 22
0&G, mg L™ <5 <5 <5 <5 <5 <50 - - - -
TOC, mg L™ 88 88 85 8 165 245 - - - -
Turbidity, NTU 19 05 04 04 03 06 - - - -
Iron (Fe), mg L™ - - - - - - - 1.8 - 1.4
Manganese (Mn), mg L™ - - - - - - - 0.1 - 0.04
Nickel (Ni), mg L™ - - - - - - - 0.2 - 0.05
Zinc (Zn), mg L™ - - - - - - - 0.5 - 0.2

3.3.5 Energy consumption

In general, slight improvements in permeate fluxes and reduction/rejection rates of
critical water quality parameters were achieved at higher TMPs. However, maintaining
higher TMPs usually involve the consumption of substantial amounts of energy,
especially for systems requiring larger pumps [5]. To investigate this further at a
laboratory-scale level, the average power consumption (P, kW) of the pump motor for
each experiment run was recorded. The recorded power consumptions were

subsequently used to calculate specific energy consumptions (ECsp, kWh/m®) using Eq.

(8):

ECsp =Pt/ Vp (8)

where t is the experiment duration (hr) and Vp is the volume of permeate produced (m®).
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Tables 3.5 and 3.6 show the energy consumptions of all the membranes used on specific
wastewater samples. The detailed calculations for the membrane specific energy

consumptions are available in the accompanying CD (Appendix 3.13).

In general, the specific energy consumption (kWh/m®) is directly related to
transmembrane pressure, permeate flowrate and system efficiency. For the UF
experiments, minimal changes in energy consumptions were obtained when TMP was
increased from 0.2 to 0.4 MPa (Table 3.5). In general, at a higher pressure of 0.4 MPa,
the efficiency of the UF system is higher as evidenced by the reduction in specific

energy consumption.

Table 3.5: Specific energy consumptions for all ultrafiltration membranes used. The

CFV used in every experiment is 2.4 m s™. Considered duration of each experiment run

is 2 hrs

JwW MW
Sample Specific energy consumption, KWh/m®

@0.2MPa @0.4MPa @0.2MPa @ 0.4 MPa
Car manufacturer’s oily wastewater 210 227 196 198
Car manufacturer’s metals wastewater 95 78 48 46
Beverage producer’s wastewater 186 129 154 106

On the other hand, a significant difference in specific energy consumption (kWh/m?)
between the NF and RO membranes were obtained during experiments involving the
metals wastewater stream — as shown in Table 3.6. In general, the specific energy

consumption of the RO membrane doubles that of the NF membrane.
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Table 3.6: Specific energy consumptions for NF and RO membranes used. The CFV

used in every experiment is 2.7 m s™. Duration of each experiment run is 2 hrs

DL AK

Specific energy consumption, kWh/m?®

Sample @069 @103 @138 @069 @103 @138

MPa MPa MPa MPa MPa MPa

Car manufacturer’s oily 1259 1006 960

wastewater
Car manufacturer’s metals
562 491 578 1347 1112 1150
wastewater
Beverage producer’s
- - - 1094 785 734

wastewater

3.4 Conclusions

The above experiments demonstrated the suitability of different low-pressure polymeric
membranes for the reclamation of different wastewater streams generated by a car
manufacturer and a beverage producer. Based on these results, the following

conclusions may be made:

1. Both the JW and MW ultrafiltration membranes cannot be used directly as
pretreatment for the oily wastewater stream due to the presence of suspended CED paint
particles. Although particle deposition can be minimized by increasing the CFV,
membrane cleaning of the deposited CED paint particles is the main problem. The
nature and frequency of cleaning to remove the deposited CED paint particles may
significantly degrade the membrane material — leading to a shorter membrane lifespan.
In this instance, an inorganic membrane such as a ceramic membrane will be a better

choice for pretreatment of the oily wastewater stream.
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2. Of the two ultrafiltration membranes tested on the beverage production wastewater
stream, the JW membrane proved more suitable for pretreatment than the MW
membrane. Flux decline rates for the JW membrane were relatively lower as compared
to the MW membrane. Likewise, for this specific wastewater stream, the JW membrane
showed higher reduction rates with respect to critical water parameters such as turbidity

and TOC.

3. The JW membrane was also suitable for pretreatment of the metals wastewater
stream. It showed significantly lower flux decline rates and higher turbidity and TOC

reduction rates — as compared to the MW membrane.

4. The RO (AK) membrane was suitable for use in the reclamation of two wastewater
streams — the oily and beverage production wastewaters. Fouling rates of the RO
membrane at these two wastewater streams were slow as reflected on the permeate flux
decline rates. Furthermore, reduction rates of critical water quality parameters such as

conductivity and COD were high.

5. Permeate fluxes obtained for the NF membrane at all TMPs used were significantly
higher compared to the RO membrane. In terms of metals rejection, the NF membrane
generally had higher metals rejection rates than the RO membrane. Although the NF
membrane had relatively higher permeate fluxes, its conductivity and COD reduction
rates were just above 66.0 and 74.0% respectively. The data obtained for RO and NF
membranes with respect to the treatment of the metals wastewater stream are not
consistent with the literature since RO membranes are known to have greater capacity to

remove dissolved salts as compared to an NF membrane. Therefore, before a
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conclusion on whether an RO or NF membrane is suitable for the reclamation of the

metals wastewater stream, a comprehensive study should be conducted.

6. Not unexpectedly, the specific energy consumptions for all the membranes used
were dependent on transmembrane pressure, permeate flowrate and system efficiency.
It also worth mentioning that the specific energy consumption of the RO membrane
doubles that of the NF membrane when evaluated with respect to the metals wastewater

stream.
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4.1 Introduction

Cathodic electrodeposition (CED) paint is the most widely-used anti-corrosion coating
in the modern automotive industry [1]. Deposition of electrocoat paint is achieved by
immersing car bodies into an electrocoat tank connected to a rectifier. A voltage of
more than 300 volts is then applied to the electrodes in the tank to facilitate the
diffusion and migration of dispersed electrocoat paint particles onto the car body surface
[1]. Car bodies are then subjected to a series of rinses after the electrodeposition
process to remove excess paint particles. Such rinses are often arranged in series and

include the use of ultrafiltered water rinse, freshwater rinse and deionized water rinse.

The ultrafiltration of post-electrodeposition rinse wastewater in the automotive industry
commonly involves the use of polymeric membranes. Such membranes are resistant to
electrocoat solvents, acids, and electrolytes [1]. The membranes are flushed with a
special solution prior to use in order to remove impurities and to establish surface
cationic charges. This helps to prevent the deposition of the positively charged paint
particles on the surface of the membrane [1]. However, polymeric membranes are
subject to material instability and their operating life is very much affected by the
frequency and nature of cleaning. For example, exposure to strong doses of chlorine

can cause significant degradation [2].

Ceramic membranes are known to have better chemical and thermal stability than
polymeric membranes [3, 4]. They work well within a pH range of 1 to 14 and can be
operated at temperatures as high as 500 °C [5]. One of the distinctive characteristics of
ceramic membranes is their ability to endure strong doses of chlorine — an extremely

effective cleansing agent at alkaline pH [2]. Other advantages of ceramic membranes
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include longer lifespan, higher average flux and lower cleaning frequency [3]. Although
ceramic membranes may offer some advantages compared to polymeric membranes,
their use in industrial wastewater treatment has been limited to date by their higher cost
and by their intrinsic brittleness. In regard to the latter, undue vibrations caused by
pump cavitations or pressure surges can cause damage and sudden temperature changes

can result in thermal shocks causing crack damage [2].

Therefore, for a particular application, the relative advantages and disadvantages need
to be carefully assessed. In some situations, the advantages mentioned above can make
ceramic membranes more favourable than polymeric membranes despite the high initial

cost.

Crossflow filtration is the common mode of operation for ceramic membranes. Cake
layer formation during this mode is commonly governed by mechanisms such as surface
shear forces, the crossflow velocity (CFV) and the velocity gradient [6]. These
mechanisms draw the particles away from the membrane surface resulting in a decrease
in cake formation. Some of the well-known models that describe particle behaviour
during crossflow filtration include the inertial migration model, the shear-induced
hydrodynamic convection model, the shear-induced hydrodynamic diffusion model, the
erosion model, the turbulent burst model, the friction force model, the particle adhesion
model, the surface renewal model and the particle-particle interaction model. A
comprehensive discussion of the models enumerated above can be found in a review

paper written by Bowen and Jenner [7].

The type of ceramic membrane tested in this experiment is under consideration for the
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treatment of wastewater generated at the final rinsing stage of a car manufacturer’s post-
electrodeposition process. Wastewater generated at this stage represents a substantial
volume of the total wastewater discharged by the company. A combination of the
feedwater supplies (townswater and deionized water) and non-adhered CED paint
particles commonly make up the wastewater generated. Typical wastewater quality

generated by the final rinsing stage is shown in Table 4.1.

Table 4.1: Typical wastewater quality generated at the final rinsing stage of a car

manufacturer’s post-electrodeposition process

pH Conductivity TDS Turbidity Zeta Potential,
(uS/cm) (mg/L) (NTU) (mV)
6.7 56.2 44.0 262.0 56 +2 mV

The reuse or further treatment of wastewater generated at the final rinsing stage is
restricted by the presence of suspended CED paint particles. Removing these paint
particles from the wastewater will result in a better water quality suitable for direct

reuse or further water treatment.

A model wastewater containing CED paint (5% v/v) was used in the experiments. The
model wastewater has been prepared to have a worse water quality compared to the
actual wastewater generated at the final rinsing stages and hence represents a worst-case
scenario. The primary reason for using model wastewater in lieu of the actual
wastewater is to control the size of the CED paint particles present in the feed. CED
paint particles present in the actual wastewater can go up to several microns due to paint
particle agglomeration. These larger particles are not of great concern to our present

investigations since they are unlikely to deposit on the membrane surface due to high
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velocity drag and lift forces. Smaller or finer particles are the real concern because they
have been reported to be the main components of the cake layer formed during
crossflow filtration [8]. These smaller or finer particle sizes have been shown in this

study to be present in pure CED paint.

This chapter has analysed the detailed performance of a 50 nm ZrO, ceramic
ultrafiltration membrane with respect to model wastewater containing CED paint
particles. Hence, the influence of different operating parameters such as transmembrane
pressure (TMP), CFV, and particle size on filtration performance were systematically
investigated. Hydrodynamic and adhesive forces were calculated to investigate their
effects on the CED paint particles present in the feed water. Likewise, particle adhesion
probability and membrane resistances were calculated to give a thorough understanding
of permeate flux behaviour. Results obtained from this work have provided an insight
into the applicability of ceramic membranes for the treatment of post-electrodeposition

rinse wastewater.

4.2 Materials and methods

4.2.1 Model wastewater

Pure CED paint was obtained directly from the electrocoat bath of a car manufacturer.
A volume of 250 mL of CED paint was mixed with 4,750 mL of distilled water to make
up a 5 % v/v model wastewater suspension. The average water quality for the model

wastewater is shown in Table 4.2.

Table 4.2: Average water quality of model wastewater containing 5 % v/v CED paint

Y Conductivity TDS Turbidity Zeta Potential, C
P (uS/cm) (mg/L) (NTU) (MV)
5.7 102 79.9 4644.3 58+ 2 mV
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4.2.2 Ceramic membrane

A Membralox T1-70 single channel ceramic membrane with a zirconium dioxide (ZrO,)
active layer was used in all the experiments. The membrane has a nominal pore size of
50 nm and an effective membrane area of 0.005 m? Its dimensions are as follows —
internal diameter, i.d. = 7 mm, outside diameter, 0.d. = 10 mm; length, | = 250 mm.
The isoelectric point of the active layer is approximately 7 [9] and therefore the
membrane surface charge is positive or negative respectively below or above a pH of 7.

This membrane was supplied by Pall Corporation Australia.

4.2.3 Ceramic ultrafiltration system

The ceramic ultrafiltration rig used in the experiments is similar to the system shown in
Section 3.2.5 of Chapter 3. The only difference is that the flat sheet test cell was
replaced by a ceramic membrane module — as shown in Figure 4.1. A variable speed
pump was used to deliver wastewater into the stainless steel ceramic module at different
CFVs (24 ms?, 2.8 m st and 3.2 m s*) and TMPs (100 kPa, 200kPa and 300 kPa).
Membrane permeate was collected into a container and weighed while reject water was
returned into the feed tank to facilitate increase of feed water concentration and fast
track the rate of membrane fouling. The feed tank was submerged halfway into a water
bath to maintain the temperature within 19 — 24 °C. The conductivity and the pH of the
feedwater were also maintained within the ranges of 100.0 — 120.0 uS cm™ and 5.0 —
6.0, respectively. Parameters such as pressures, temperatures, weights, and water
qualities (pH and conductivity) were monitored at 2 minute intervals using probes and
recorders connected to a computer. Each experiment run was performed in duplicate

and lasted for ~ 140 minutes.
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Figure 4.1: Schematic diagram of ceramic ultrafiltration rig used in the experiments. P1
— feed pressure; P2 — concentrate pressure; P3 — permeate pressure; V1 — permeate
valve; V2 — concentrate valve; V3 — recirculation valve. Solid lines represent water

flow while broken lines represent real time data acquisition.

4.2.4 Analytical methods

Particle size distributions in the model and actual wastewater samples were determined
using a Malvern Zetasizer Nano Series (Nano-ZS). The results were then compared to
each other to ascertain that the particle sizes present in the model wastewater reflected
those in the actual wastewater. Turbidity measurements were used to estimate total paint
particle rejection rates. Feed and permeate water turbidity were measured using a La
Motte 2020 Series Turbidity Meter. Turbidity rejection rates (Ry,m,) were calculated

using Eqg. (1):

Rrurp = [(TF - Tp) /TF] X 100 % (1)
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where T is the feed turbidity (NTU) and Tp is the permeate turbidity (NTU).

4.2.5 Membrane cleaning

The ceramic membrane used in the experiments was cleaned after each trial. The
membrane cleaning procedure consists of tap water flushing, chemical cleaning and
deionized water rinsing. Tap water flushing was carried out for 15 minutes at a
temperature of 45 °C. It was then followed by chemical cleaning using Ultrasil 10 — a
commercially available cleaning chemical containing Sodium Hydroxide (NaOH) and
Tetrasodium EDTA. Chemical cleaning parameters used were as follows: 1.5% v/v
Ultrasil 10 solution, pH range 11 —12, temperature range 45 — 50 °C, pressure of 100
kPa, cross flow velocity 2.4 m s™ and cleaning time 45 — 60 minutes. After chemical
cleaning, the membrane was rinsed with deionized water for 15 minutes at a
temperature of 21 °C. Chemical cleaning and deionized water rinsing were repeated
when the pure water flux of the regenerated membrane was below its initial measured

value. The cleaning chemical used was supplied by ECOLAB Australia.

4.3 Results and discussion

4.3.1 Pure water flux (PWF)

The pure water flux (PWF) of the ceramic membrane used in all experiments was found
to be highly correlated with the TMP as shown in Figure 4.2. This is not unexpected
since the only resistance present during the pure water flux experiments is the intrinsic
membrane resistance (Ry). The use of high quality feed water such as distilled water
ensures that no form of fouling will occur during the determination of the pure water

flux. In this case, distilled water having an average conductivity of 2 uS cm™ was used.
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The data used for plotting Figure 4.2 are available in the accompanying CD (Appendix

4.1).
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Figure 4.2: Pure water flux of 50 nm ceramic membrane as a function of TMP at a
CFV of 2.4 m s and temperature of 20 °C. The pure water permeability (Jowp, m*m? s

' kPa™) of the membrane is given by the slope of the graph.

The intrinsic membrane resistance (Ry) is calculated according to Eqg. (2) [2]:

Rw = TMP / e PWF )

where ng is the dynamic viscosity of the feed water at 20 °C (0.001002 Pa-s). The
calculated intrinsic membrane resistance (Ry) for the 50 nm ceramic membrane is equal

to 1.14E+12 m™.

4.3.2 Influence of particle size distribution

Results of the particle analysis on the model and actual wastewater samples are shown
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in Figure 4.3. The paint particles present in both samples ranged from 91 nm to 342 nm
in size. These particle sizes can be found in the electrocoat bath where pure
electrodeposition paint samples used in the experiments were obtained. The presence of
larger particles in the actual wastewater generated was due to particle agglomeration of
non-adhered electrodeposition paint. The data used for plotting Figure 4.3 are available

in the accompanying CD (Appendix 4.2).
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Figure 4.3: Particle size distribution for model and actual wastewater samples. Solid
line represents the model wastewater while dashed line represents actual wastewater

generated by post-electrodeposition rinses.

The deposition behaviour of particles on the membrane surface is governed by
hydrodynamic and surface interaction forces [8]. Components of hydrodynamic forces
include drag and lift forces while surface interaction forces include electrostatic
interactions and Van der Waals forces. The magnitudes of hydrodynamic forces acting

on CED paint particles during crossflow ultrafiltration depend on particle size. Larger

105



CED paint particles present in the feed stream will have higher drag and lift forces
compared to smaller ones. Likewise, larger CED paint particles are more likely to stay
in the flow field region while smaller particles have the tendency to deposit on the

membrane surface during crossflow ultrafiltration.

Electrostatic interaction between the particles and the membrane surface are due to
inherent surface charges. CED paint particles are positively charged and therefore it is
expected that particles will repel each other when suspended in solution. The surface
charge of the ceramic membrane depends on the isoelectric point of the active layer.
For the ceramic membrane used in the experiments, the isoelectric point of the active
layer (ZrO,) is 7, vide supra. At a feedwater pH of 5.7 (the pH of the model
wastewater), the active surface of the ceramic membrane has a net positive charge. This
means that electrostatic repulsive forces are expected to be in effect between the
membrane surface and the CED paint particles during ultrafiltration. However, it is
found that significant adhesion of CED paint particles onto the membrane surface still
occurs during these experiments. The presence of CED paint particles on the surface of
the membrane demonstrates that the potential electrostatic repulsion is not sufficient to
preclude adhesion. Since the CED paint particles deposit on the membrane surface
irrespective of such charge considerations, electrostatic interactions have been
disregarded in our modelling and the adhesive forces between the particles and the

membrane have been attributed to VVan der Waals interactions alone.

Figure 4.4 illustrates the different forces acting on the CED paint particles during

crossflow ultrafiltration of model wastewater.
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Figure 4.4: Different forces acting on CED paint particles during crossflow
ultrafiltration of model wastewater — Jp is the particle diameter (m); F_ is the lift force
(N); Fep is the filtrate drag force (N); Fyp is the velocity drag force (N); and Fypw is the

Van der Waals force (vide supra).

Drag forces experienced by particles during crossflow filtration are due to filtrate flow
and feed velocities. The filtrate drag force (Frp) can be calculated using the general
form of Stoke’s equation, Eq. (3) and the feed velocity drag force can be calculated

using Eq. (4) [10] :

Fep = 37IT] F@p\] (3)

where ng is the viscosity of the feed water at 20 °C (0.001002 Pa s); @p is the particle

diameter (m); J is the permeate flux (m® m?2s™).

Fvp = 1.7009 [SnnFQPVV (y =@p/ 2) (4)

where vy is the velocity field (m s™).
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The term vy (y=@¢/2) in Eq. (4) is defined as the undistributed velocity at position y =

@p/2. The value of this term is given by Eq. (5):

vy (Y=0¢/2) = twBp/ 21 ®)

The shear stress (tw, Pa) acting on the cake boundary can be calculated using Eq. (6)

[11]:

Tw = AP@CM / 4|—CM (6)

Where AP is the pressure drop in the ceramic membrane during filtration (Pa); @cwm IS
the internal diameter of the ceramic membrane (m); and Ly is the length of the ceramic

membrane (m).

Therefore, Eq. (4) can be rewritten as

Fvp = 0.638 (rAPDcm@p’ / Lem) (7

The lift force (F.) which is commonly due to shear flow can be estimated using Eq. (8)
[12] while the adhesive force (Fypw), which is assumed to be purely Van der Waals

(vide supra), can be estimated using Eq. (9) [12, 13]:

FL=0.761 (1w °Dp°pr / ) (8)

where pe is the density of the feed water at 20 °C (998.2 kg m™).
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Fvow = ho@p / 32n3° (9)

where ha is the Lifschitz-van der Waals constant (1.0E-20 J); and a is the adhesive

distance (4.0E-10 m)[14].

Utilizing the above equations, the magnitudes of the forces acting on the different sizes
of CED paint particles present in the model wastewater have been calculated. These are
represented in Figure 4.5. The calculations of these forces are shown in Appendix 4.3 —

attached at the end of the thesis.
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Figure 4.5: Magnitudes of forces acting on the CED paint particles during crossflow
ultrafiltration of model wastewater. Solid lines represent the forces on the CED paint
particle sizes while the broken lines represent the extension of forces on either the
smaller or larger CED paint particle sizes. CFVs are indicated on the graph for Fyp and

FL and permeate fluxes are indicted for Fep.
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As can been seen from Figure 4.5, the deposition of CED paint particles on the surface
of the ceramic membrane depends on the balance between the velocity drag force (Fyp)
and the Van der Waals adhesive force (Fvpw). The effects of the lift force (F.) and the
filtrate drag force (Fep) on the particle sizes present in the model wastewater are
relatively insignificant. However, with larger CED paint particles, > 700 nm, the lift
force at a CFV of 3.2 m s™ overcomes the Van der Waals adhesive force. Likewise, as
the particle sizes increase, the filtrate drag force, Fep, also increases but not enough to
overcome the lift force. The filtrate drag force only overcomes the lift force at smaller

particle sizes (approximately < 70 nm) and at a CFV of 2.4 m s™.

The effects of velocity drag and adhesive forces on the particle sizes present in the
model wastewater are the following: @) at a CFV of 2.4 m s, the adhesive force on
particle sizes less than 240 nm is greater than the velocity drag force; b) at a CFV of 2.8
m s, the adhesive force on particles less than 160 nm is greater than the velocity drag
force; c) at a CFV of 3.2 m s, the adhesive force on particles less than 100 nm is
greater than the velocity drag force; and d) the velocity drag force at all CFVs is greater
than the adhesive force when the particle sizes are larger than the ones mentioned in a)
to c). Therefore, as the CFV increases, the range of particle sizes that are likely to be

deposited on the membrane surface gets smaller.

4.3.3 Particle adhesion probability
A simple model for particle adhesion probability (y) was developed by Stamatakis and
Chi [8]. This model assumes that only a fraction of particles present in the feed water

deposit on the membrane surface. Based on this model, particle deposition is due to the
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effects of various forces acting on particles near the cake-suspension interface. Eq. (10)

shows the general form of the particle adhesion probability formula:

y=1-[1- @/ ((Fx/Fy)?+1)")][@p/ 2hma] (10)

The symbols Fx and Fy represent the summation of forces with respect to the x and y
axes, as shown in Figure 4.4, and hnax represents the maximum protrusion height of the
cake layer that is formed (m). The protrusion height is assumed to be of uniform
distribution over the range of heights defined by 0 <h < hna. Complete deposition of
particles will occur when vy is equal to 1 while no deposition occurs when v is equal to
zero [15]. For y to vary from 0 to 1, @p/2 is assumed to be equal to hpyax, and therefore

Eg. (10) can be simplified to,

y=1-[1- @/ ((Fx/Fy)*+1)*] (11)

Figure 4.6 shows the calculated particle adhesion probability of the CED paint particles

as a function of particle sizes at a TMP of 100 kPa and CFVs of 2.4, 2.8, and 3.2 m s™.

In general, the adhesion probability of CED paint particles present in the model
wastewater decreases as particle sizes increase (Figure 4.6). As mentioned before,
larger particles are likely to be swept away from the surface of the cake layer because
they have higher velocity drag and lift forces. A decrease of particle adhesion
probabilities is observed as CFV increases, and as expected the highest CFV of 3.2 m s

showed the lowest particle adhesion probabilities.
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Figure 4.6: Particle adhesion probability (y) as a function of particle size diameter at a
TMP of 100 kPa and CFVs of 2.4, 2.8, and 3.2 m s™. The calculations for the particle

adhesion probability are shown in Appendix 4.4 — attached at the end of the thesis.

4.3.4 Influence of transmembrane pressure (TMP) and crossflow velocity (CFV)
In order to determine the influence of TMP and CFV on the performance of the 50 nm
ceramic membrane during ultrafiltration of the model wastewater, duplicate experiments

(each of 140 minutes duration) were carried out as follows.

Permeate flux (J, m® m?s™) was calculated using Eq. (12):

J3=0.001W / Ayt (12)

where W is the weight measured by the balance (kg), Ay is the effective membrane area

(m?), t is the sampling time ().
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To account for temperature variations, all permeate fluxes were standardized at a

temperature of 20 °C using Eq. (13) [6]:

Ts_Tm

Jogec =J (103) (13)

where Jyoec is the flux at a standard temperature of 20 °C (m® m?s™), Ts is the standard

temperature (20 °C), Ty is the measured temperature (°C).

Figures 4.7a to c¢ show the measured permeate fluxes of the 50 nm ceramic
ultrafiltration membrane at different combinations of TMP and CFV. The steady-state
permeate flux measured at a TMP of 100 kPa (Figure 4.7a) was generally higher than
the ones measured at 200 and 300 kPa. In fact the highest steady-state permeate flux for
all experiments was obtained at a TMP of 100 kPa and CFV of 3.2 m s*. As the TMP
is increased, the initial measured flux increases but rapidly declines afterwards until the

steady-state permeate flux is reached (Figures 4.7b and c).
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Figure 4.7: Permeate flux as a function of time at TMPs of: a) 100 kPa, b) 200 kPa,

and c¢) 300 kPa; and CFVs of 2.4, 2.8, and 3.2 kPa.
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The data used for plotting Figures 4.7a to c are available in the accompanying CD

(Appendix 4.5).

The results from the experiments clearly show that permeate flux improvement is
dependent on both CFV and TMP. At a TMP of 100 kPa, the steady-state permeate
fluxes increase as CFVs are increased. But at higher pressures of 200 and 300 kPa, the
steady-state permeate fluxes decrease as CFVs are increased. Table 4.3 shows the

steady-state fluxes measured at the end of each experiment run.

Table 4.3: Steady-state permeate fluxes and turbidity rejection rates measured during
ceramic ultrafiltration of model wastewater containing 5 % v/v CED paint. The
calculations for the turbidity rejection rates are available in the accompanying CD

(Appendix 4.6)

TMP CFVv Permeate Flux Turbidity Rejection
(kPa) (ms™ (L m?hr'h (%)
100 2.4 43.2 99.96
2.8 50.4 99.96
3.2 90.0 99.98
200 2.4 32.4 99.98
2.8 21.6 99.98
3.2 18.0 99.98
300 2.4 18.0 99.98
2.8 14.4 99.99
3.2 10.8 99.98
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The flux behaviour at pressures of 200 and 300 kPa can be explained by considering
the geometry of the filter cake formed on the surface of the ceramic membrane
during the experiments. At different CFVs, different ranges of particle sizes are
deposited on the surface of the membrane as mentioned in Section 4.3.2. Figures
4.8a — c show the different geometries of filter cakes formed during ceramic
ultrafiltration of CED paint particles at different CFVs. Obviously, the filter cake
formed at a cross-flow velocity of 3.2 m s™ is likely to be thinner compared to ones

formed at 2.8 and 2.4 m s™ due to the preponderance of relatively smaller particles.

TMP

CFV =
3.2m g1 —
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Figure 4.8: Geometry of filter cake formed during ceramic ultrafiltration of CED paint

particles at different CFVs.

The thin cake layer formed at a CFV of 3.2 m s™ is only favourable at low TMP. A
relatively thinner cake layer allows the passage of water into the membrane at a faster
rate compared to a much thicker cake layer. This can be seen in the permeate flux
results shown in Figure 4.7a. The permeate flux produced at a CFV of 3.2 m s™ is

higher compared to the permeate fluxes produced at CFVs of 2.8 and 2.4 m s™.

At higher pressures, the thinner cake layer which is primarily composed of smaller
particles becomes a liability. Higher pressures will cause the cake layer to compress
thereby reducing cake porosity. The reduction in porosity will be more pronounced on
the cake layer composed of smaller and less diverse particle sizes than on the cake layer
composed of larger and more diverse particle sizes. The cake layer formed from
smaller and less diverse particle sizes has a compact structure (Figure 4.8a) and
subjecting them further to higher pressures makes them more compact resulting in very
low porosity. In contrast, the cake layer formed from larger and more diverse particle

sizes has a loose structure (Figures 4.8b to ¢) and when subjected to higher pressures
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will still have high porosity. This explains the behaviour of the permeate fluxes
obtained at higher pressures. The permeate fluxes shown in Figures 4.7b and ¢ are more
dependent on TMP rather than CFV. The effect of a higher CFV at pressures of 200
and 300 kPa is negated. In fact as CFV is increased, the steady-state permeate fluxes
measured decreased. At pressures of 200 and 300 kPa, the steady-state permeate fluxes
measured at the highest CFV of 3.2 m s was the lowest. The highest measured steady-
state permeate fluxes at both pressures came from the lowest CFV of 2.4 m s™ (Table

4.3).

The effect of different CFVs and TMPs on particle rejection is negligible. Turbidity
rejection rates measured for all experiments are greater than 99.95 % (Table 4.3).
Based on turbidity rejection rates, CED paint particle removal in the model wastewater
is just a function of membrane pore size. It also shows that the chosen membrane pore

size is suitable for wastewater containing CED paint particles.

Based on the results shown above, the combination of a high CFV and low pressure
gives the highest steady-state permeate flux. However, maintaining a high CFV usually
involves the consumption of a substantial amount of energy [16]. To look into this
aspect at a laboratory scale level, the energy consumption (kWh) of the feed pump was
monitored during the ultrafiltration experiments of the model wastewater. Table 4.4
shows the specific energy consumption (kWh/m?®) as a function of different CFVs and

TMPs.

In general, the specific energy consumption (kWh/m®) of the 50 nm ultrafiltration

membrane increases as TMP is increased. Such results were consistent for all CFVs
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used. Additionally, at a TMP of 100 kPa, the specific energy consumption of the
membrane decreases as the CFV is increased. In contrast, at temperatures of 200 and

300 kPa, the specific energy consumption increases as CFV is increased.

Table 4.4: Energy consumption as a function of different CFVs and TMPs

CFV Pressure Energy Consumption Volume  Specific energy consumption

(mfs)  (kPa) (kwh) (m°) (KWh/m®)
24 100 0.332 0.00063 527
200 0.347 0.00062 560
300 0.349 0.00053 658
2.8 100 0.362 0.00086 421
200 0.379 0.00062 611
300 0.388 0.00029 1338
3.2 100 0.379 0.00110 345
200 0.395 0.00054 731
300 0.402 0.00028 1436

Therefore, using a combination of low pressure and high CFV gives the greatest
benefits in terms of permeate flux and specific energy consumption. As shown in Table
4.4, a TMP of 100 kPa and CFV of 3.2 m s™ resulted in the highest permeate volume
and the most optimum specific energy consumption with respect to other operating
conditions. The calculations for the specific energy consumptions are available in the

accompany CD (Appendix 4.7).

4.3.5 Membrane resistances
Permeate flux behaviour during ceramic ultrafiltration of model wastewater containing
CED paint particles can be analysed using the resistance-in-series model. The
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resistance in series model describes the relationship between TMPs and permeate

fluxes. The general equation of the resistance-in-series model can be written as [2]:

J=TMP/ nr (RM + Rg + R(;) (14)

where J is the permeate flux (m* m?s™), TMP is the transmembrane pressure (Pa), 1 is
the viscosity of feed water (0.001002 Pa s), Ry is the intrinsic membrane resistance
(1.14E+12 m™), R is the adsorption resistance on inner pore fiber (m™) and Rg is the
concentration polarization resistance (m™). The concentration polarization resistance

(Rg) can be calculated using Eq. (15) [2]:

Rg = ®TMP (15)

where @ is the resistance index (Pa®* m™). The adsorption and concentration
polarization resistances were obtained by plotting permeate flux as a function of TMP
and fitting the experimental data obtained into Eq. (14). Curve fitting was done in
Microsoft Excel using the Solver add-in tool. Results obtained from the curve fitting
are shown in Table 4.5. The adsorption resistance (Rg) was negligible during the first 2
minutes of the experiments but, as filtration time progresses, adsorption resistance
significantly increased. This increase is very noticeable at a cross-flow velocity of 3.2
m s™ due to high turbulence. High turbulence can cause the relatively smaller CED
paint particles present in the feed stream to break down into even smaller or finer
particles. The finer CED paint particles are then deposited either in membrane pore

openings or into membrane pore channels.
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As expected, the concentration polarization resistance (Rg) was the biggest resistance
encountered during the ceramic ultrafiltration of model wastewater containing CED
paint particles. The influence of concentration polarization has been reported to be
severe in microfiltration and ultrafiltration due to high fluxes and low mass transfer
coefficients [17]. The concentration polarization resistances obtained were directly
proportional to TMP. As TMP increases, concentration polarization also increases.
Although this was generally the case, the data also show that the effect of concentration

polarization was minimized at a low TMP and high CFV.

The lowest concentration polarization resistances were obtained from the highest CFV
of 3.2 m s and the lowest TMP of 100 kPa — as highlighted in Table 4.5. At these
operating conditions, the effect of concentration polarization weakens due to a high

Reynolds number (Re) that is defined as

Re = pFVQCM / Nk (16)

where v is the crossflow velocity in m s™.

All Reynolds number (Re) calculated at different CFVs used have turbulent flow
characteristics (Re > 4000). An increase of CFV from 2.4 m s™ to 2.8 m s™* subsequently
increased Re from 16736 to 19526 while increasing CFV further to 3.2 m s™ resulted in
a much higher Re of 22315. As reported in the literature [18], turbulent flow weakens
the effect of concentration polarization due to high shear forces encountered by the cake
formed. Therefore the more turbulent the flow regime is at low pressure, the greater its

effect in weakening concentration polarization. Calculations for the membrane
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resistances and Reynolds number are available in the accompanying CD (Appendices

4.8 and 4.9 respectively).

Table 4.5: Resistances obtained from the fitting of experimental data to the resistance-

in-series model.

Parameters Rum (x 10% m?) Re (x 10 m?) Re (x 102 m?)

2.4ms?: 100 kPa

2 mins. 1.14 0.99 3.43
60 mins. 1.14 6.54 12.90
120 mins. 1.14 10.6 24.20

2.4m s 200 kPa

2 mins. 1.14 0.99 6.86
60 mins. 1.14 6.54 25.80
120 mins. 1.14 10.6 48.40

2.4m s™: 300 kPa

2 mins. 1.14 0.99 10.30
60 mins. 1.14 6.54 38.80
120 mins. 1.14 10.6 72.60

2.8 ms™: 100 kPa

2 mins. 1.14 0.98 2.60
60 mins. 1.14 13.40 17.60
120 mins. 1.14 14.00 21.90

2.8 m s 200 kPa

2 mins. 1.14 0.98 5.20
60 mins. 1.14 13.40 35.20
120 mins. 1.14 14.00 43.90

2.8 m s 300 kPa
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2 mins. 1.14 0.98 7.80
60 mins. 1.14 13.40 52.80
120 mins. 1.14 14.00 65.80

3.2m s 100 kPa

2 mins. 1.14 0.98 2.24
60 mins. 1.14 13.00 16.00
120 mins. 1.14 37.00 20.60

3.2m s 200 kPa

2 mins. 1.14 0.98 4.48
60 mins. 1.14 13.00 32.00
120 mins. 1.14 37.00 79.10

3.2m s?: 300 kPa

2 mins. 1.14 0.98 6.73
60 mins. 1.14 13.00 48.10
120 mins. 1.14 37.00 119.00

4.4 Conclusions

The matching of CFV and TMP has been shown to be critical for the successful
application of the 50 nm ceramic ultrafiltration membrane to wastewater containing
CED paint particles. In this work, a CFV of 3.2 m s and TMP of 100 kPa produced
the highest steady-state permeate flux and the optimum energy consumption. It was
also shown that under these operating conditions, the influence of concentration
polarization was minimized and particle adhesion probability on membrane surface was
at its lowest. Combining high TMPs with high CFVs is not recommended since, under
these operating conditions, the steady-state permeate fluxes produced were relatively

low and energy consumptions were high. Likewise, the concentration polarization
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resistances obtained under these operating conditions were the highest. In general, a
combination of high CFV and low TMP is suggested as the most beneficial operating
condition for ceramic ultrafiltration of wastewater containing CED paint particles.
Under such conditions, the larger particle sizes present in the wastewater are swept
away from the surface of the membrane and the effect of particle compression due to

pressure is minimized.

The work described in this chapter has since been published in the international

literature [19].

4.5 References

[1] Streitberger, H. 2007. Electrodeposition coatings. In: Streitberger, H. & Dossel,
K. (eds.) Automotive paints and coatings. 2nd ed. Weinheim: Wiley-VCH.

[2] Cheryan, M. 1998. Ultrafiltration and microfiltration handbook, Lancaster,
Pennsylvania, Technomic Publishing Company, Inc.

[3] Siskens, C. A. M. 1996. Applications of ceramic membranes in liquid filtration.
In: Burggraaf, A. J. & Cot, L. (eds.) Fundamentals of Inorganic membrane
science and technology. Burlington: Elsevier Science B.V.

[4] Lee, S. & Cho, J. 2004. Comparison of ceramic and polymeric membranes for
natural organic matter (NOM) removal. Desalination, 160, 223-232.

[5] Benfer, S., Popp, U., Richter, H., Siewert, C. & Tomandl, G. 2001.
Development and characterization of ceramic nanofiltration membranes.

Separation and Purification Technology, 22-23, 231-237.

124



[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Crittenden, J. C., Trussell, R. R., Hand, D. W., Howe, K. J. & Tchobanoglous,
G. 2005. Water treatment: Principles and design, Hoboken, NJ, John Wiley &
Sons, Inc.

Bowen, W. R. & Jenner, F. 1995. Theoretical descriptions of membrane
filtration of colloids and fine particles: An assessment and review. Advances in
Colloid and Interface Science, 56, 141-200.

Stamatakis, K. & Chi, T. 1993. A simple model of cross-flow filtration based on
particle adhesion. AICHE Journal, 39, 1292-1302.

Randon, J., Crosnier De Bellaistre, M. & Rocca, J. L. 2003. Electrophoretic and
electrochromatographic ~ properties  of  zirconia  based  capillaries.
Chromatographia, 57.

O'Neill, M. E. 1968. A sphere in contact with a plane wall in a slow linear shear
flow. Chemical Engineering Science, 23, 1293-1298.

Holdich, R. G., Cumming, I. W. & Ismail, B. 1995. Variation of crossflow
filtration rate with wall shear stress and the effect of deposit thickness. Chemical
Engineering Research and Design, 73, 20-26.

Altmann, J. & Ripperger, S. 1997. Particle deposition and layer formation at the
crossflow microfiltration. Journal of Membrane Science, 124, 119-128.
Israelachvili, J. N. 2010. Van der waals forces. Intermolecular and surface
forces. 3 ed. Burlington: Elsevier Science.

Krupp, H. 1967. Particle Adhesion Theory and Experiment. Colloid Interface
Sci., 11, 11-2309.

Bowen, W. R., Yousef, H. N. S. & Calvo, J. I. 2001. Dynamic crossflow
ultrafiltration of colloids: A deposition probability cake filtration approach.

Separation and Purification Technology, 24, 207-308.

125



[16]

[17]

[18]

[19]

Waeger, F., Delhaye, T. & Fuchs, W. 2010. The use of ceramic microfiltration
and ultrafiltration membranes for particle removal from anaerobic digester
effluents. Separation and Purification Technology, 73, 271-278.

Mulder, M. H. V. 1995. Polarization phenomena and fouling. In: Noble, R. D. &
Stern, S. A. (eds.) Membrane Separations Technology: Principles and
Applications. Burlington: Elsevier Science.

Baker, R. J., Fane, A. G., Fell, C. J. D. & Yoo, B. H. 1985. Factors affecting flux
in crossflow filtration. Desalination, 53, 81-93.

Agana, B. A., Reeve, D. & Orbell, J. D. 2011. Optimization of the operational
parameters for a 50 nm ZrO2 ceramic membrane as applied to the ultrafiltration

of post-electrodeposition rinse wastewater. Desalination, 278, 325-332.

126



Chapter Five: Ceramic electro-ultrafiltration of post-

electrodeposition rinse wastewater

5.1

5.2

5.3

5.4

5.5

Introduction

Materials and methods

5.2.1

5.2.2

5.2.3

5.2.4

5.25

5.2.6

5.2.7

Actual wastewater

Model wastewater

Ceramic membrane

Ceramic ultrafiltration system
Operating parameters
Analytical methods

Membrane cleaning

Results and discussion

5.3.1

5.3.2

5.3.3

5.34

5.35

5.3.6

5.3.7

Wastewater characteristics

Electric field (E) and critical electric field (Ecr) strengths
Forces acting on CED paint particles

Membrane flux

Membrane resistances

Turbidity rejection rates

Energy consumption

Conclusions

References

127

Page
128
129
129
129
129
130
131
132
132
133
133
135
136
143
147
153
154
158

159



5.1 Introduction

Crossflow ultrafiltration is one of the most successfully used treatment options for
reclamation of wastewater containing ED paint particles. Although this is the case,
suspended ED paint particles in wastewater still present a challenging problem during
crossflow ultrafiltration.  Utilizing an inappropriate crossflow velocity (CFV) and
transmembrane pressure (TMP) usually leads to rapid cake formation on the membrane
surface — significantly reducing filtration efficiency [1]. The use of high CFV and low
TMP is the common solution to minimize particle deposition on a membrane surface
but usually requires larger pump sizes that utilize substantial amounts of energy. The
application of an electric field to enhance membrane filtration efficiency is another
technique which can be employed in reclaiming wastewater containing charged particles

[11].

Membrane electro-filtration, as it is commonly called, influences the movement and
electrophoretic mobility of particles — minimizing concentration polarization and
improving permeate flux [8, 16]. It is commonly carried out with the use of direct
current (DC) - although an alternating current (AC) can also be used [22]. The method
has been shown to increase permeate flux by factors ranging from 3 to 10 during
experiments involving different types of solution [8, 15, 19]. Aside from increased
permeate flux, filtrate obtained from the method has also been shown to have water of a
quality suitable for reuse [11, 20, 21]. Experiments involving electro-ultrafiltration of
CED paint particles were previously carried out by Radovich and Chao [16] using flat
sheet polymeric membranes. Their work showed that the application of an electric field
across the membrane can interrupt the formation of the concentration polarization layer.

Radovich and Chao postulated that the electric field pulls the CED paint particles away

128



from the membrane surface resulting in the prevention of paint particle accumulation

and cake layer formation.

The main objective of this chapter is to evaluate the influence of an applied electric field
on the performance of a 50-nm ZrO, ceramic membrane during crossflow ultrafiltration
of model wastewater containing CED paint particles. The different forces acting on the
CED paint particles were calculated to determine their effects on particle deposition on
the membrane surface. Likewise, different resistances were also calculated using a
modified resistance-in-series [11] model in order to have a thorough understanding of
permeate flux behaviour under the influence of an electric field. Filtration and energy
consumption results obtained from this work were subsequently compared to results
obtained from our previous work [1] in order to determine the benefits of applying an

electric field in the ultrafiltration of this kind of wastewater.

5.2 Materials and methods

5.2.1 Actual wastewater
The acquisition and analysis of actual wastewater samples are similar to the ones

described in Chapter 4.

5.2.2 Model wastewater
The preparation and analysis of the model wastewater samples are similar to the ones

described in Chapter 4.

5.2.3 Ceramic membrane

The ceramic membrane used in the experiments was the same ZrO, membrane as used
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in our previous work, Chapter 4, and subsequently published [1]. It has a nominal pore
size of 50 nm and an effective membrane area of 0.005 m?. Its dimensions are as
follows: internal diameter, i.d. =7 mm; outside diameter, 0.d. = 10 mm; length, | = 250
mm. The isoelectric point of the active layer is approximately 7 [17] and therefore the
membrane surface charge is positive or negative respectively below or above a pH of 7.

This membrane was supplied by Pall Corporation Australia.

5.2.4 Ceramic ultrafiltration system

The schematic diagram of the ceramic electro-ultrafiltration system used in the
experiments is shown in Figure 5.1. A variable speed pump (Hydracell CC Pump
Model No. D/G-03-S) with %2 hp motor was used to deliver wastewater into the stainless
steel ceramic module while DC supply equipment (BWD Instruments Model 246A; 0-
70 V; 5 A) was used to deliver different magnitudes of voltages across the membrane.
Since the CED paint particles are positively charged, the anode and cathode were
positioned at the inlet and outlet ports of the membrane module respectively as shown
in Figure 5.1. Both the anode and cathode were made of SS 316 material. For each
experiment, the membrane filtrate was collected into a container and weighed while
reject water was returned into the feed tank. Parameters such as pressures,
temperatures, weights, and water qualities (pH and conductivity) were monitored at 2
minute intervals using probes and recorders connected to a computer. Each experiment

run lasted for ~ 120 minutes.
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Figure 5.1: Schematic diagram of ceramic electro-ultrafiltration system used in the
experiments — P1 — feed pressure; P2 — concentrate pressure; P3 — permeate pressure;
V1 — permeate valve; V2 — concentrate valve; V3 — recirculation valve. The black solid
lines represent water flow while the black broken lines represent real time data
acquisition. Likewise, the red solid line represents the positive charge while the brown

solid line represents the negative charge.

5.2.5 Operating parameters

Filtration experiments were performed at a constant CFV of 2.4 ms*. ACFV of 2.4 m
s was chosen because, at this velocity, concentration polarization resistances obtained
in our previous work were the highest [1]. In order to produce an electric field, different
magnitudes of voltages (20, 40 and 60 V) were applied across the ceramic membrane at
a current of 0.5 A. The different magnitudes of the applied voltages used were
evaluated at TMPs of 100, 200 and 300 kPa. Meanwhile, feedwater temperature was

maintained within 19 — 24 °C by submerging the feed tank halfway into a water bath.
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Likewise, conductivity and feedwater pH were also maintained within 100.0 — 120.0 uS

cm™ and 5.0 — 7.0, respectively by intermittent dilution of deionized water.

5.2.6 Analytical methods

The size distribution and zeta potential (C) of particles present in the model and actual
wastewater samples were determined using a Malvern Zetasizer Nano Series (Nano-
ZS). The results were then compared to each other to ascertain that the particle sizes
present in the model wastewater reflected those in the actual wastewater [1]. Turbidity
measurements were used to estimate total paint particle rejection rates. Feed and
permeate water turbidity were measured using a La Motte 2020 Series Turbidity Meter.

Turbidity rejection rates (Rym, %) were calculated using Eq. (1):

Rrub=[(Tr—Tp) / T¢] x 100 % (1)

where T is the feed turbidity (NTU) and T is the permeate turbidity (NTU).

5.2.7 Membrane cleaning

The membrane cleaning protocol used in this work consists of tap water flushing,
chemical cleaning and deionized water rinsing [1]. Tap water flushing was carried out
for 15 minutes at a temperature of 45 °C. It was then followed by chemical cleaning
using Ultrasil 10 — a commercially available cleaning chemical containing Sodium
Hydroxide (NaOH) and Tetrasodium EDTA. Chemical cleaning parameters used were
as follows: 1.5% v/v Ultrasil 10 solution, pH range of 11 — 12, temperature range of 45
— 50 °C, pressure of 100 kPa, cross flow velocity of 2.4 m s™ and cleaning time of 45 —

60 minutes. After chemical cleaning, the membrane was rinsed with deionized water
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for 15 minutes at a temperature of 21 °C. Chemical cleaning and deionized water
rinsing were repeated when the pure water flux of the regenerated membrane was below
its initial measured value. The cleaning chemical used was supplied by ECOLAB

Australia.

5.3 Results and discussion

5.3.1 Wastewater characteristics
The average water qualities for both the model and actual wastewater samples are

shown in Table 5.1.

Table 5.1: Average water qualities of model wastewater containing 5 % v/v CED paint

and actual wastewater generated at the final rinsing stage of post-electrodeposition

painting
y Conductivity TDS Turbidity
p
(uS/cm) (mg/L) (NTU)
Actual Model Actual Model Actual Model Actual Model
6.7 6.2 56.2 102.0 44.0 79.9 262.0 4644.3

As shown in Table 5.1, the model wastewater has a worse water quality compared to the
actual wastewater and hence represents a worst case scenario. Additionally, at higher
TMPs, the CED paint particles present in the model wastewater deposit extensively on
the membrane surface — even at higher CFVs [1]. Such behaviour results in rapid flux

decline and relatively lower steady-state flux.

CED paint particle sizes present in the model and actual wastewater samples ranged

from 78 to 342 nm and 91 to 531 nm respectively — with common particle sizes in the
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range of 91 to 342 nm (as shown in Figure 5.2). The presence of larger particle sizes in
the actual wastewater sample was due to particle agglomeration of non-adhered paint on
car surfaces. Since majority of the particle sizes measured are present in both samples,
it can be deduced that the model wastewater used in the experiments is representative of

the actual wastewater generated at the final rinsing stage of the post-electrodeposition

process.
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Figure 5.2: Particle size distribution for model and actual wastewater samples. Bars
colored blue represent particle sizes in the model wastewater while bars colored yellow
represent particle sizes in the actual wastewater generated at the final rinsing stage of

post-electrodeposition process.

Particle stability in wastewater can be assessed based on the zeta potential (£). This
parameter is an important measure of particle-particle and particle-surface interactions
[10]. Such interactions influence membrane performance — especially in terms of
fouling and permeate flux decline. The average zeta potential of the CED paint

particles present in the model wastewater is 58 + 2 mV at pH = 6.2. This value suggests
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that the particles have good stability and are well dispersed in solution [4]. Since the
paint particles are well dispersed in solution, particle aggregation is unlikely to happen.
In this particular case, the particle sizes present in the model wastewater sample can be
assumed to be the same throughout the experiments. The data used for plotting Figure

5.2 are available in the accompanying CD (Appendix 5.1).

5.3.2 Electric field (E) and critical electric field (Ecgr) strengths

A schematic diagram of the ceramic ultrafiltration module with an applied voltage is
shown in Figure 5.3. The diagram shown is similar to applying a charge into a
conducting wire but in this specific case, the model wastewater acts as the electrical
conductor. Upon the application of charge on the electrodes, an electrical field directly
proportional to the applied voltage is produced on the module. The electric field (E,

V/m) strength produced on the module can be estimated using Eq. (2) [9]:

E=V/L @)

where V is the applied voltage (V) and L is the distance between the electrodes (m).

Applied voltage, V
= *
H
L=Lcy=0.25m

Reject T _ Feed

==
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Figure 5.3: Schematic diagram of ceramic ultrafiltration module with an applied

voltage.
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In order to determine whether the magnitude of applied voltage will have any effect on
filtration performance, the resultant electric field, E must be compared against the
critical electric field, Ecg. The critical electric field (Ecr,V/m) strength, defined as the
electric field strength at which particle migration velocity into the membrane is zero,

can be estimated using Eq. (3) [11]:

Ecr = Imax / up 3)

where Juax is the maximum flux at a specified TMP and CFV (m*m?s™) and pp is the
electrophoretic mobility of the paint particles (m?V™*s™). The measured electrophoretic
mobility (pe) of paint particles present in the model wastewater is 4.473E-08 m? V' s™.
As a general rule, when E < Ecg, filtration rate can still be improved by increasing the
electric field (E). Alternatively, when E > Ecg, filtration rate is unlikely to improve
even if the electric field (E) is increased [8, 11]. The results of the calculation for both
the electric field and critical electric field strengths are summarized in Table 5.2. The
calculations for the electric field and critical electric field strengths are shown in

Appendix 5.2 — attached at the end of the thesis.

Table 5.2: Summary of the calculated electric field (E) and critical electric field (Ecr)

strengths

Applied Voltage, V= E,Vm™* TMP, kPa Ecr, VM™
20 82 100 380

40 163 200 447

60 245 300 492

5.3.3 Forces acting on CED paint particles

Particle deposition on a membrane surface is commonly influenced by hydrodynamic
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and surface interaction forces [18]. Hydrodynamic forces include drag, lift and
gravitational forces while surface interaction forces include electrostatic double-layer
and Van der Waals forces. The magnitudes of hydrodynamic and surface interaction
forces depend on particles sizes present in the solution. In general, drag, lift,
gravitational, and Van der Waals forces increase as particle sizes increase while

electrostatic double-layer force decreases as particle sizes increase.

Drag forces experienced by CED paint particles during crossflow ultrafiltration can be

estimated using Egs. (4) and (5) [1, 14]:

Fep = 37‘51’] FDpJ (4)

where Fgp is the drag force due to filtrate flow (N); ng is the viscosity of the model
wastewater water at 20 °C (0.001002 Pa s); @p is the particle diameter (m); and J is the

permeate flux (m* m?s).

Fvo = 0.638 (tAP@cm@r? / Lem) (5)

where Fyp is the drag force due to feed velocity (N); AP is the pressure drop in the
ceramic membrane during filtration (Pa); @cwm is the internal diameter of the ceramic
membrane (m); @p is the particle diameter (m); and Lcym is the length of the ceramic

membrane (m).

The lift force (F., N) which is commonly due to shear flow can be estimated using Eq.

(6) [3] while the gravitational force (Fg, N) can be estimated using Eq. (7) [18]:
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FL=0.761 ( tw"°@p’pr / 1) (6)

where 1y is the shear stress acting on the cake boundary (Pa); @p is the particle diameter
(m); pris the density of the feed water at 20 °C (998.2 kg m™); and 1 is the viscosity of

the feed water at 20 °C (0.001002 Pa s).

Fe = (TC@F’3 16) (pp—pr) 9 (7

where @p is the particle diameter (m); pp is the particle density at 20 °C (1250 kg m™);
pe is the density of the feed water at 20 °C (998.2 kg m™); and g is the gravitational

acceleration constant (9.81 m s72).

The Van der Waals and electrostatic double-layer forces between CED paint particles

and membrane wall can be estimated using Egs. (8) [3, 12] and (9) [5] respectively:

FVDW = hmgp / 327‘52_12 (8)

where Fypw is the Van der Waals adhesive force (N); @p is the particle diameter (m);

ha is the Lifschitz-van der Waals constant (1.0E-20 J); and a is the adhesive distance

(4.0E-10 m) [13]. Since the analysis is focused on particle-membrane interaction, the

adhesive distance a is considered a constant.

FeoL = (AnR* / eeoX) [01026 ™% + 0.5 (61°6,%) e 2™ (9)
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where Fgp. is the electrostatic double-layer force (N); R*=R; (R, = o0) is the particle

radius interacting with a flat surface (m); ¢ is the dielectric permittivity of water at 20
°C (80.2); €0 is the permittivity of vacuum (8.85E-12 C*> N m™); o is the surface
charge density of particles (C m?); o, is the surface charge density of the ceramic
membrane’s active layer (C m™); N is the inverse Debye length (m); and x is the
distance between particles and membrane wall (m). The electrostatic double layer force
(FepL) can either be repulsive or attractive depending on the net surface charge

exhibited by both the particles and the membrane active surface.

The application of an electric field during ultrafiltration will add an additional force
known as electrophoretic force (Fg). This force distracts particle migration onto the
membrane surface resulting in reduced particle deposition. The electrophoretic force

(Fg, N) can be estimated using Eq. (10) [19]:

FE = 37171’]|:®p7\,].1pE (10)
where 1 is the viscosity of the feed water at 20 °C (0.001002 Pa s); @p is the particle
diameter (m); A is the concentration correction factor, up is the electrophoretic mobility

of paint particles (4.473E-08 m? V' s, and E is the electric field strength (V/m).

An analysis of the different forces acting on the CED paint particles during electro-

ultrafiltration is shown in Figure 5.4.
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Figure 5.4: Forces acting on a suspended CED paint particle during crossflow electro-
ultrafiltration of model wastewater — F__is the lift force (N); Frp is the drag force due to
filtrate flow (N); Fyp is the drag force due to feed velocity (N); Fvpw is the Van der
Waals adhesive force (N); Fepp is the electrostatic double-layer force (N), Fg is the
gravitational force (N), Fg is the electrophoretic force (N), Fp, is the deposition-

inhibiting force (N), and Fpp is the deposition-promoting force.

The hydrodynamic and surface interaction forces mentioned above can generally be
classified into two main categories namely, deposition-inhibiting and deposition-
promoting forces. Components of the deposition-inhibiting force (Fp;) include velocity
drag and lift forces while components of the deposition-promoting force (Fpp) include
adhesive, filtrate drag, electrostatic double layer, and gravitational forces. Therefore,
the deposition-inhibiting and deposition-promoting forces can be estimated using Egs.

(11) and (12) respectively:

Fpi = (FVD2 + (FL+FepL) 2)0'5 (11)

For = Fvow + Fe + Frp (12)
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Taking into account the electrophoretic force (Fg), Eg. (11) becomes:

For = [(Fvo® + (FL+Fenl)?)’®] + Fe (13)
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Figure 5.5: Magnitudes of forces acting on the CED paint particles during electro-
ultrafiltration of model wastewater — Fg is the electrophoretic force (N), Fp, is the

deposition-inhibiting force (N), and Fpp is the deposition-promoting force.

Based on the above equations, the magnitudes of the forces acting on the different sizes
of CED paint particles present in the model wastewater have been calculated. These are
represented in Figure 5.5. The calculations of these forces are shown in Appendix 5.3 —

attached at the end of the thesis.

The deposition behaviour of paint particles during ultrafiltration of model wastewater
can be explained based on the force balance between the deposition-inhibiting and
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deposition-promoting forces. This force balance changes under the influence of an
applied electric field. Without an applied electric field, paint particle sizes less than
approximately 164 nm are likely to deposit on the membrane surface as shown in Figure
5.5. But with an applied electric field, the range of paint particle sizes likely to deposit
on the membrane surface gets smaller (Figure 5.6). Likewise, as the electric field
increases, the size of particles likely to deposit on the membrane surface also gets
smaller. The smaller particle sizes on the membrane surface will create a thin cake

layer resulting in better filtration rate.
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Figure 5.6: Influence of electrophoretic force (Fg) on paint particle deposition.

Prior to entering the membrane module, the CED paint particles experience charge
repulsion near the anode (Figure 5.4). Since the velocity drag force (Fyp) is relatively
larger than the charge repulsion force, majority of the paint particles are carried into the
membrane and are repelled from the feed side into the reject side. Once the paint
particles are near the reject side, they are attracted by the cathode. Although attraction
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between the cathode and paint particles occurs, particle deposition into the cathode is
inhibited due to a relatively larger Fyp. Therefore, the paint particles are carried by the

bulk back into the feed tank.

5.3.4 Membrane flux

In order to determine the influence of an electric field on the filtration performance of
the 50 nm ceramic membrane, filtration experiments (each of 120 minutes duration)
involving the use of the model wastewater were carried out. Results of the experiments
are shown in Figures 5.7a to c. The data used for plotting Figures 5.7a to c are available

in the accompanying CD (Appendix 5.4).
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Figure 5.7: Permeate fluxes obtained during electro-ultrafiltration of model wastewater
at TMPs of: a) 100 kPa, b) 200 kPa and c) 300 kPa; and CFV of 2.4 m s*. The

permeate flux data for ultrafiltration at 2.4 m s was lifted from the authors’ previous

work [1].
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Permeate fluxes (J, m® m?s™) were calculated using Eq. (14):
J=0.001W / Apt (14)

where W is the weight measured by the balance (kg), Aw is the effective membrane area

(m?), tis the sampling time (s).

To account for temperature variations, all permeate fluxes were standardized at a

temperature of 20 °C using Eq. (15) [7]:

Jare =3 (1.03) S ™ (15)

where Jooec is the flux at a standard temperature of 20 °C (m® m?s™), Ts is the standard

temperature (20 °C), Ty is the measured temperature (°C).

In general, the results show that permeate fluxes obtained during the electro-
ultrafiltration of model wastewater is lower than ultrafiltration. The reason behind this is
that charged paint particles undergo a drifting movement when passing through an
electric field. The drifting velocity of the paint particles is directly proportional to the
strength of the electric field. If the electric field produced by an applied voltage is
weak, the drifting velocity will be small and the likelihood of deposition is high due to
low particle mobility. But as electric field increases, the drifting velocity also increases
and the likelihood for the particles to deposit on the membrane surface lessens due to

higher particle mobility. The evidence for this can be clearly seen in Figure 5.7a. At a
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TMP of 100 kPa, permeate fluxes increased as the applied voltages were increased to

different magnitudes.

At the lowest TMP of 100 kPa, filtration decline rates for electro-ultrafiltration were
better than ultrafiltration. This is because as the applied voltages were increased, the
sizes of particles deposited on the membrane surface got smaller — as mentioned in Sec.
5.3.3. The smaller particle sizes form a thin cake layer and therefore filtration decline
rates measured were slower. The improvement in the flux decline rate was magnified
when applied voltage was set to 60 V. At an applied voltage of 60 V, the succeeding
permeate fluxes obtained after 60 minutes were higher than ordinary ultrafiltration — as

shown in Figure 5.7a.

On the other hand, the effects of the applied voltages at higher TMPs of 200 and 300
kPa were almost negligible as shown in Figures 5.7 b and c. In fact, particle depositions
at these TMPs were enhanced as reflected on the filtration rates measured. The
enhanced decline in filtration rates may be due to two reasons. Firstly, the electric
fields produced by the applied voltages were not sufficient enough to overcome the
influence of the TMPs considered (refer to Table 5.2). Secondly, particle deposition on
the membrane surface happened very rapidly due to higher TMPs. As the smaller paint
particles deposit on the membrane surface, they were continuously compressed leading
to lower surface porosity and higher cake resistance — and eventually lower filtration
rates. Additionally, it is also worth mentioning that one of the main characteristics of
CED paint is that it sticks on the car surface when adequate force is applied (in car
manufacturing, voltage will be the applied force). The application of higher TMPs

during the electro-ultrafiltration of wastewater containing paint particles is similar to
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applying high voltages. At higher TMPs the movement and electrophoretic mobility
(up) of the CED paint particles inside the membrane became more restricted. Because
of this restriction, the paint particles have a tendency to migrate on the membrane
surface due to a higher compressive force. Likewise, the applied electric fields (E) were
also overwhelmed by higher TMPs resulting in rapid paint particle deposition on the
membrane surface. Such scenario can be addressed by increasing the applied electric

field (E) to counteract the effect of higher TMPs — as mentioned in Sec. 5.3.2.

5.3.5 Membrane resistances
The permeate flux behaviour shown in Figures 5.7a to ¢ can be analysed using a
modified resistance-in-series model [11]. The general equation for the resistance-in-

series model can be written as [6]:

J=TMP /e (RY) (16)

where J is the permeate flux (m* m?s™), TMP is the transmembrane pressure (Pa), 0 is
the viscosity of feed water (0.001002 Pa s), and Ry is total membrane resistance (m™).
Under the influence of an electric field, the total membrane resistance (Rt) can be

calculated using Eq. (17):

Rt =Rer + Rec + Rem (17)

where Rer, Rec and Rgy are the adsorption, concentration polarization and membrane
resistances respectively in the presence of an electric field (m™). Eg. (17) can be

expanded further to yield Eq. (18):
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Rr=[Re/ (1+ MeR/TMP) ppE)] + [Re/ (1 + (ucENC))] + [Rm/ (1 + (mmEAM))]  (18)

where Rg is the adsorption resistance in the absence of an electric field (m™), pe is the
electrophoretic mobility of the paint particles (m® V' s, E is the electric field (V/m),
Rc is the concentration polarization resistance in the absence of an electric field (m™),
uc is the cake electro-osmotic mobility (m? V' s™), Jc is the flux through the cake in the
absence of an electric field (m® m?s™), Ry is the membrane resistance in the absence of
an electric field (m™), pm is the membrane electro-osmotic mobility, and Jy is the
membrane flux in the absence of an electric field. The total resistance (Rt) as well as its
components were calculated using Egs. (16) to (18). The results of the calculations are
shown in Figure 5.8 and Table 5.3. Calculations for the membrane resistances are

shown in Appendix 5.5 — attached at the end of the thesis.

Under the influence of an electric field, the total resistances (Rt) encountered during the
ultrafiltration of model wastewater containing CED paint particles were dependent on
both the applied voltage and pressure. At the lowest TMP of 100 kPa, the total
resistance is a function of applied voltage. As the applied voltage is increased, the total
resistance decreased. The decrease in total resistance can clearly be seen at an applied
voltage of 60 V — as shown in Figure 5.8. It is also worth mentioning that the total
resistances obtained at a TMP of 100 kPa were the lowest and their increase over time
was minimal. The relatively low resistance encountered at 100 kPa explains the reason
why permeate fluxes obtained in Figure 5.7a are generally better as compared to

permeate fluxes obtained at much higher TMPs.

148



At higher TMPs of 200 and 300 kPa, the total resistance becomes a function of TMP,
and the effect of the different magnitudes of applied voltages used is negated.
Increasing the TMP from 100 to 200 kPa resulted in a medium rate of increase in the
total resistance while increasing the TMP further to 300 kPa resulted in a rapid rate of
increase in the total resistance. The total resistances obtained at TMPs of 200 and 300
kPa explains the permeate behaviours shown in Figures 5.7b and c. Permeate fluxes
obtained at a TMP of 200 kPa were relatively lower compared to the permeate fluxes
obtained at a TMP of 100 kPa but were better than the permeate fluxes obtained at a

TMP of 300 kPa.
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Figure 5.8: Total resistance (Rt) encountered during electro-ultrafiltration of model

wastewater containing CED paint particles.

In general, the total resistances obtained during electro-ultrafiltration were similar to
those obtained for ultrafiltration (Figure 5.9). The total resistances for both set-ups
show an increasing trend over time. But during electro-ultrafiltration at 100 kPa, the
total resistances obtained show gradual increases (Figure 5.8). In fact as the applied
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voltage increases, the value of the total resistance decreases. Likewise, the total
resistances obtained during electro-ultrafiltration at 100 kPa were generally lower

compared to those obtained for ultrafiltration.
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Figure 5.9: Total resistance (Rt) encountered during ultrafiltration of model wastewater

containing CED paint particles. Data lifted from the authors’ previous work [1].

The components of the total resistances (Rt) discussed above are shown in Table 5.3.
At a TMP of 100 kPa, the adsorption resistances (Rgr) obtained showed an increasing
trend but their values generally decreased when the magnitudes of the applied voltages
were increased. Meanwhile, the concentration polarization resistances (Regc) obtained
showed a decreasing trend and similar to Rgr, their values decrease when the
magnitudes of the applied voltages were increased. The trends shown by both Regr and
Rec suggest that, at a TMP of 100 kPa, particle deposition on the membrane surface is a
function of the applied voltages. As the magnitudes of the applied voltages are
increased, the sizes of paint particles that are likely to deposit on the membrane surface
get smaller. Although this is the case, the paint particles that are likely to deposit on the
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membrane surface are generally larger than the membrane pores — as shown in Figure
5.2. Therefore, particle infiltration into the membrane pores is lessened. Likewise, the
cake layer formed by these smaller paint particles will be thinner and will have better

permeation rates over time.

On the other hand, at TMPs of 200 and 300 kPa, paint particle deposition onto the
membrane surface becomes a function of pressure, and as mentioned previously, the
effect of the applied voltages used is negligible. At these conditions, the rate of paint
particle deposition on the membrane surface depends on the magnitude of the TMP —
the higher the TMP, the faster the particles will deposit on the membrane surface. This
scenario is clearly reflected in Table 5.3, with the concentration polarization resistance

(Rec) being the dominant resistance at higher TMPs.

Table 5.3: Different resistances obtained during electro-ultrafiltration of model

wastewater containing CED paint particles

Parameters Rem (X 10 m™) Ree (x 10 m™) Rec (x 10 m™)
100 kPa; 20 V

120 s 1.16 0.96 6.95
3600 s 1.17 5.28 3.53
7200 s 1.18 7.64 2.28
100 kPa; 40 V

120 s 1.19 0.92 6.93
3600 s 1.20 4.42 3.44
7200 s 1.21 5.97 3.32
100 kPa; 60 V

120 s 1.21 0.89 455
3600 s 1.23 3.81 2.64
7200 s 1.25 4,90 2.16
200 kPa; 20 V

120 s 1.16 0.97 12.10
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3600 s 1.17 5.84 21.50

7200 s 1.18 8.88 29.90
200 kPa; 40 V

120's 1.18 0.96 12.10
3600 s 1.21 5.28 22.00
7200 s 1.23 7.64 31.10
200 kPa; 60 V

120 s 1.20 0.94 8.95
3600 s 1.24 4.81 18.90
7200 s 1.28 6.70 31.90
300 kPa; 20 V

120s 1.16 0.98 20.90
3600 s 1.20 6.06 42.60
7200 s 1.22 9.39 64.20
300 kPa; 40 V

120 s 1.18 0.97 19.20
3600 s 1.26 5.64 43.00
7200 s 1.31 8.42 70.20
300 kPa; 60 V

120 s 1.19 0.96 15.50
3600 s 1.33 5.28 53.50
7200 s 1.42 7.64 90.70

Because particle deposition is faster at higher TMPs, the cake layer formed on the
surface of the membrane would increase in thickness rapidly and when compressed, will
result in higher cake resistance over time — as shown in Table 5.3. The influence of the
adsorption resistance (Rgr) at the TMPs considered was relatively small compared to
concentration polarization resistance.  Although the values obtained for adsorption
resistances show a decreasing trend, this effect is not a result of the applied voltage but
rather of the thickness of the cake layer formed. The cake layer formed on the surface
of the membrane acts as another layer of resistance and therefore the thicker this layer

gets, the lesser chance for the paint particles to infiltrate into the membrane pores.
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The adsorption resistances obtained during electro-ultrafiltration of the model
wastewater were relatively lower than those obtained for ultrafiltration (Table 5.4).
This suggests that the electrophoretic force helped in inhibiting the infiltration of paint
particles into the membrane pores. Likewise, the concentration polarization resistances
obtained for electro-ultrafiltration were also generally lower than those obtained for

ultrafiltration.

Table 5.4: Different resistances obtained during ultrafiltration of model wastewater

containing CED paint particles. Data lifted from the authors’ previous work [1]

Parameters Rm (x 10 m™) Re (x 10 m™) Rc (x 10 m™)
100 kPa
120's 1.14 0.99 3.43
3600 s 1.14 6.54 12.90
7200 s 1.14 10.6 24.20
200 kPa
120 s 1.14 0.99 6.86
3600 s 1.14 6.54 25.80
7200 s 1.14 10.6 48.40
300 kPa
120's 1.14 0.99 10.30
3600 s 1.14 6.54 38.80
7200 s 1.14 10.6 72.60

5.3.6 Turbidity rejection rates

Turbidity rejection rates measured for all experiments were above 99.5% as shown in
Figure 5.10. The results suggest that CED paint particle rejection in the model
wastewater is mainly a function of the membrane pore size. This can be validated by
the resistances shown in Table 5.3. For example, at TMPs of 200 and 300 kPa, the

concentration polarization resistances were significantly higher than the adsorption
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resistances — suggesting that majority of the CED paint particles just sit on the
membrane surface. Meanwhile, the CED paint particles that find their way into the
membrane pores get trapped inside the walls and majority of these particles never end
up in the filtrate. Additionally, it can also be deduced that the chosen membrane pore
size is suitable for wastewater containing suspended CED paint particles. It is also
worth mentioning that the difference in turbidity rejection rates between electro-
ultrafiltration and ultrafiltration is negligible as shown in Figure 5.10. The calculations

for the turbidity rejection rates are available in the accompanying CD (Appendix 5.6).
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Figure 5.10: Turbidity rejection rates of the 50-nm ceramic membrane during electro-
ultrafiltration and ultrafiltration of model wastewater containing CED paint particles.

Data for ultrafiltration lifted from the authors’ previous work [1]

5.3.7 Energy consumption

To determine the energy consumption of the electro-ultrafiltration set-up at different
combinations of TMPs and applied voltages, the average power consumptions of the
pump motor and the DC supply equipment were measured. The measured power
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consumptions were subsequently used to calculate the total energy (ECty kWh)

consumptions using Eqg. (19):

ECr=EC; + EC, (19)

where E; is the energy consumption of the DC supply equipment (kWh) and E; is the
energy consumption of the pump motor (kWh). EC; and EC; can both be obtained by
multiplying the measured power (kW) by time (h). Therefore Eqg. (19) can be rewritten
as:

ECT = Plt + Pzt (20)

where Py is the power utilized by the DC supply equipment, P, is the power utilized by
the pump motor and t is the length of experiment run considered (h). The specific

energy consumption (kWh/m?®) was subsequently calculated using Eq. (21)

ECSP = ECT/ Vp (21)
where Vp is the volume of permeate produced per experiment run (m?®).

The specific energy consumption (KWh/m® data for electro-ultrafiltration were
eventually compared to the specific energy consumption data previously obtained for
ultrafiltration at a CFV of 2.4 m s™*. Table 5.5 shows the specific energy consumption

comparisons between electro-ultrafiltration and ultrafiltration with respect to treatment

of model wastewater containing CED paint particles. The calculations for the specific
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energy consumption of the electro-ultrafiltration system are available in the

accompanying CD (Appendix 5.7).

The comparison between the specific energy consumption of electro-ultrafiltration and
ultrafiltration was focused at a TMP of 100 kPa. At this TMP, specific energy
consumptions were relatively lower and the flux decline rates measured were slower.
On the other hand, at TMPs of 200 and 300 kPa, specific energy consumptions obtained
were higher. Likewise, at TMPs of 200 and 300 kPa, filtration decline rates were rapid

and the steady — state permeate flow rates (Table 5.6) obtained were very low.

Table 5.5: Comparison of energy consumptions between electro ultrafiltration and
ultrafiltration with respect to treatment of model wastewater containing CED paint

particles. Energy consumption data for ultrafiltration was lifted from Chapter 4.

CFV  Pressure Voltage Energy Consump. Volume Specific Energy Consump.

(m/s)  (kPa) (Volts)  (kWh) (m?) (kWh/m®)
24 100 20 0.305 0.0003 1017
40 0.325 0.0003 1083
60 0.345 0.0004 863
2.4 200 20 0.318 0.0002 1590
40 0.338 0.0002 1690
60 0.358 0.0002 1790
2.4 300 20 0.319 0.0002 1595
40 0.339 0.0002 1695
60 0.359 0.0001 3590
2.4 100 0 0.285 0.0004 713
200 0 0.298 0.0003 993
300 0 0.299 0.0002 1495
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At a TMP of 100 kPa and CFV of 2.4 m s™, the specific energy consumption decreases
as the applied voltage is increased. In contrast, at higher pressures of 200 & 300 kPa (w/
CFV the same), specific energy consumption increases as applied voltage is increased.
Similarly, for ultrafiltration, specific energy consumptions increase as TMP is

increased.

The addition of an applied voltage resulted in the improvement of permeate fluxes. .
This improvement was magnified at an applied voltage of 60 V. At an applied voltage
of 60 V, permeate fluxes obtained after 60 minutes were higher than the permeate fluxes
obtained from ultrafiltration without an applied voltage. Likewise, the steady-state
permeate flow rate obtained at a TMP of 100 kPa and applied voltage of 60 V was

relatively higher as compared to ultrafiltration at 100 kPa — as shown in Table 5.6.

Table 5.6: Comparison of permeate flow based on different operating parameters. Data

for ultrafiltration lifted from the authors’ previous work [1]. CFV used is 2.4 m s™

Operating Parameters Steady-state permeate flow rate, kg hr™
Ultrafiltration @ 100 kPa 0.197
Ultrafiltration @ 200 kPa 0.154
Ultrafiltration @ 300 kPa 0.081
Electro-ultrafiltration @ 20 V; 100 kPa 0.164
Electro-ultrafiltration @ 40V; 100 kPa 0.140

Electro-ultrafiltration @ 60 V; 100 kPa 0.224
Electro-ultrafiltration @ 20 V; 200 kPa 0.086
Electro-ultrafiltration @ 40 V; 200 kPa 0.089
Electro-ultrafiltration @ 60 V; 200 kPa 0.088
Electro-ultrafiltration @ 20 V; 300 kPa 0.080
Electro-ultrafiltration @ 40 V; 300 kPa 0.083
Electro-ultrafiltration @ 60 V; 300 kPa 0.062
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5.4 Conclusions

The usefulness of applying an electric field during electro-ultrafiltration of model
wastewater containing CED paint particles is dependent on the correct combination of
applied voltage and pressure. At a TMP of 100 kPa, the application of voltage on the
ceramic ultrafiltration system improved flux rates. The most significant improvement
in flux rates was obtained at an applied voltage of 60 V. At this voltage, flux rates
obtained after 60 minutes were higher than the flux rates obtained from ultrafiltration
without an applied voltage. Increasing further the TMP to 200 and 300 kPa did not
yield any improvement in flux rates at all magnitudes of applied voltages. In fact at
these TMPs, energy consumptions were high and flux decline rates were rapid.
Likewise, the steady state permeate fluxes obtained at these TMPs were relatively very
low compared to steady state permeate fluxes obtained at a TMP of 100 kPa. This
permeate flux behaviour can be attributed to the higher compressive force encountered
by the paint particles and the insufficient electric fields used. Relative to ordinary
ultrafiltration, the use of an additional 20 V increased the energy consumption of the
electro-ultrafiltration system by 7 %. Such increase is doubled and tripled when 40 and

60 V were utilized respectively.

In general, results showed that the application of electro-ultrafiltration in the recovery of
post-electrodeposition rinse wastewater was successful at bench scale level. It has been
shown in this work that such a set-up will work successfully on wastewater containing a
worst case scenario of CED paint contamination — provided that the correct operating
parameters are used. Although results were obtained in lab-scale trials, these can be

applied in an actual membrane plant installation but may involve some modifications.
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For example, higher applied voltages may be used to maintain the electric field strength

across a relatively bigger and longer ceramic membrane.

The work described in this chapter has since been published in the international

literature [2].
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6.1 Introduction

Beverage production wastewater originates from processes such as bottle rinsing, prod-
uct filling, cooling or heating and “clean-in-place” (CIP). Contaminants found in this
type of wastewater include cleaning chemicals, product mixes and concentrates, and dirt
and sugars. Due to the nature of the contaminants present in beverage production
wastewater, critical water quality parameters such as conductivity, chemical oxygen
demand (COD), total dissolved solids (TDS) and total suspended solids (TSS) are ex-
pected to be elevated. For example, in the work of Amuda and Amoo [1], the average
conductivity, COD and TSS of the beverage wastewater used in their experiments were
2995 uS/cm, 1750 mg/L and 1620 mg/L respectively. Similarly, in the work of Matosic
et al. [2], the average conductivity, COD and chloride of the beverage wastewater used

in their experiments were 2600 uS/cm, 722 mg/L and 760 mg/L respectively.

The removal of suspended solids present in beverage production wastewater is an im-
portant pretreatment step during water reclamation. This ensures that the effect of foul-
ing on a main treatment system such as high-pressure membrane filtration (i.e. reverse
osmosis (RO) and nanofiltration (NF)) is minimized. Commonly used processes for
pretreatment of beverage production wastewater include coagulation/flocculation [1, 3]
and low-pressure membrane filtration (i.e. microfiltration (MF) and ultrafiltration (UF))
[4, 5]. Coagulation is a process of destabilizing colloidal materials by particle charge
neutralization and initial aggregation of solids present in the wastewater, while floccula-
tion is a process which facilitates particle agglomeration of coagulated colloidal and
finely divided suspended materials either through physical mixing or through the aid of
coagulants such as ferric chloride and polymers [1, 6]. Although coagula-

tion/flocculation is a simple process, it usually involves the use of physical separation
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equipment such as floatation and settling tanks — making it less desirable in terms of
footprint and operating costs. Likewise, the addition of chemicals into the wastewater
may present additional complications during water reclamation. For example, an in-
crease in TDS was observed when inorganic and polymeric coagulants were used for

treatment of dairy wastewater [7].

Wastewater pretreatment in recent years has shifted towards the use of low-pressure
membrane processes such as microfiltration (MF) and ultrafiltration (UF) [8]. This shift
can be attributed to some of the known advantages of low-pressure membrane filtration
over conventional treatment systems. These advantages include: a) consistent permeate
water qualities despite variations in quality of feed water; b) efficient separation process
even without a change of phase; c¢) continuous operation under steady-state conditions;
and d) compact modular construction [9, 10]. The decision on whether to use MF or UF
as pretreatment for a specific wastewater will usually depend on the types and particle
sizes of contaminants present. In general, microfiltration rejects suspended solids in the
0.1 to 1 um size range, including microorganisms such as bacteria and protozoa, while
ultrafiltration rejects large dissolved molecules and colloidal particles in the 0.01to 0. 1
um size range [10]. Although both types of membranes can generally be used for pre-
treatment of wastewater, a UF membrane is generally preferred in an industrial setting
[11]. A UF membrane can effectively remove suspended solids and emulsified oils pre-
sent in industrial wastewater [12-14] and UF filtrate water quality has been shown to be

superior to MF — especially in terms of the silt density index (SDI) [15].

Other types of beverage wastewater treatment have also been presented in literature.

For example, Sekine et al. [16] used a solar photo-fenton process for the treatment of
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colored softdrink wastewater. The process showed a COD removal efficiency of 99.3
% after 75 min during a fine day condition (i.e. not cloudy). Although this was the case,
they suggested that the solar photo-fenton process should be designed and operated
based on accumulated energy rather than reaction time. Tawfik and El-Kamah [17] used
a two-stage anaerobic hybrid (AH) reactor system followed by a sequencing batch reac-
tor (SBR) to treat wastewater generated by the fruit juice industry. Results showed that
the contaminant removal efficiencies of the two AH reactors connected in series is
higher compared to a single AH reactor. The single AH reactor achieved COD and TSS
removal efficiencies of 42.0 % and 56.4 % respectively while the two AH reactors con-
nected in series achieved COD and TSS removal efficiencies of 67.4 % and 71.5 % re-
spectively. The effluents from the two AH reactors connected in series were subse-
quently fed in to the SBR unit for further treatment. Because of this, further reductions
in COD concentrations were achieved. On the other hand, Manyele et al. [18] used a
three-phase fluidised bed biological reactor to treat beverage wastewater. Results
showed that the COD removal efficiency of the reactor was dependent on the initial pH
level of the beverage wastewater. At initial pH values of 9.0 and 11.5, COD removal

efficiencies obtained were 98.0 % and 50.0 % respectively.

Membrane bioreactors (MBRs) have also been shown to be effective in the treatment of
beverage wastewater. For example, Ng et al. [19] showed that a novel bio-entrapped
membrane reactor (BEMR) can effectively remove organics from food and beverage
wastewater and at the same time limit the occurrence of membrane fouling. Matosic et
al. [2] also showed in their work that an MBR can successfully remove COD, BOD and

TOC at a 90.0 % efficiency rate.
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Polymeric membranes are the most commonly used membranes for wastewater treat-
ment in the food and beverage industry [5, 20-22]. However, these types of membranes
have issues with material instability and their operating life is affected by the nature and
frequency of cleaning. For instance, exposure to strong doses of chlorine can cause sig-
nificant degradation of membrane material [23]. Currently, the availability of commer-
cially manufactured polymeric membranes able to withstand extreme operating condi-

tions (e.g. low pH, high temperatures, etc.) is limited [24].

Ceramic membranes are possible alternatives to polymeric membranes for the pretreat-
ment of highly contaminated industrial wastewater due to their chemical and thermal
stability [25, 26]. They work well within a pH range of 1 to 14 and can be operated at
temperatures as high as 500°C [27]. One of the distinctive characteristics of ceramic
membranes is their ability to endure strong doses of chlorine — an extremely effective
cleansing agent at alkaline pH [23]. Other advantages of ceramic membranes include
longer lifespan, higher average flux and lower cleaning frequency [25]. Although ce-
ramic membranes may offer some advantages compared to polymeric membranes, their
use in industrial wastewater treatment has been limited to date by their higher initial
cost and by their intrinsic brittleness. In regard to the latter, sudden pressure surges and
temperature changes can cause physical and thermal shocks respectively which may

crack damage the membrane [23].

This chapter investigates the performance of a 5 nm TiO, ceramic ultrafiltration mem-
brane with respect to beverage production wastewater. This specific membrane was
chosen for the following reasons. Firstly, different cleaning chemicals and detergents

are present in the actual wastewater streams and therefore a ceramic membrane is more
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suitable than a polymeric membrane with respect to chemical stability considerations.
Secondly, the active layer of the chosen ceramic membrane (TiO,) is a good inhibitor of
biofilm growth and fouling [28]. This characteristics of the active layer are well suited
for wastewater containing a high level of organic contamination — such as the beverage
production wastewater that is the subject of this investigation. Lastly, the measured par-
ticle sizes present in the actual beverage production wastewater samples ranged from 24
— 5560 nm; making an ultrafiltration membrane more appropriate than a microfiltration
membrane. The performance of the 5 nm ceramic ultrafiltration membrane was evalu-
ated based on different combinations of transmembrane pressures (TMPs) and cross-
flow velocities (CFVs). Forces acting on suspended particles were calculated to deter-
mine their effect on particle deposition onto the membrane surface. Likewise, different
resistances and fouling mechanisms were assessed based on the resistance-in-series
(RIS) and Hermia’s fouling models, respectively, to ensure a thorough understanding of
the permeate flux behaviour. The majority of the data obtained from the experiments

were analysed in a similar manner to a previous published work [29].

6.2 Materials and methods

6.2.1 Wastewater sample
Actual wastewater samples generated from a beverage production facility were used in
all the experiments. The collection point of these wastewater samples is shown in Fig-

ure 6.1.

: Wastewater
””””””” collection point

Wastewater

from different =)l \Vastewater pit psssspl Balancetank | Neutralizing tank = msp To sewer
processes

Figure 6.1: Wastewater collection point at the beverage production facility.
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Wastewater streams generated from different processes within the production facility
are collected in a wastewater pit and subsequently transferred to a balance tank (holding
tank). From the balance tank, it is then transferred into a neutralizing tank where pH
adjustment is carried out through the addition of caustic soda (NaOH). Wastewater pH
is adjusted in order to meet pH discharge levels set out in the facility’s Tradewaste
Agreement with the local water retailer. The average wastewater quality measured at
the wastewater collection point (after the neutralizing tank) is shown in Table 6.1. Wa-
ter quality parameters such as TDS, suspended solid (SS) and COD were tested by a
NATA (National Association of Testing Authorities) accredited testing laboratory.
While water quality parameters such as pH, turbidity and conductivity were tested on-
site. Turbidity tests were performed using a La Motte 2020 Series Turbidity Meter,
while pH and conductivity tests were performed using a Hach Multimeter (Model
IM6700). Testing for turbidity was based on USEPA method 180.1, while testing for
pH and conductivity were based on USEPA electrode and direct measurement methods

respectively.

Table 6.1: Average water quality of wastewater samples collected from the beverage

production facility. Sampling was conducted for a period of one month.

Parameter No. of Samples  Ave. Min. Max. Standard deviation
pH 14 8.3 6.3 10.9 1.6

TDS, mg/L 14 2369 1430 3480 674

SS, mg/L 14 52 29 72 14

Zeta Potential (C), mV 14 -23.1 -17.2 -27.4 2.2

Turbidity, NTU 14 58 49.6 65.7 5

Conductivity, uS/cm 14 2337 850 3800 1301

COD, mg/L 14 3750 1800 5200 1430
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Wastewater samples were collected in 20 L plastic containers and kept in a cold room at
a temperature of 4 °C. Prior to every experiment, a specified volume (6 L) of wastewa-
ter sample is transferred into a stainless steel container. The stainless steel container is
then left for a couple of hours inside the laboratory to bring up the wastewater tempera-
ture to ambient level. All wastewater samples were used within 48 hours of collection.
Unused wastewater samples are diluted with tap water and subsequently discharged to

Sewer.

6.2.2 Ceramic membrane

A Membralox T1-70 single channel ceramic membrane with a titanium dioxide (TiO,)
active layer was used in all the experiments. The membrane has a nominal pore size of
5 nm and an effective membrane area of 0.005 m? Its dimensions are as follows — in-
ternal diameter, i.d. = 7 mm; outside diameter, 0.d. = 10 mm; length, | = 250 mm. The
isoelectric point of the active layer is approximately 6.2 [30] and therefore the mem-
brane surface charge is positive or negative respectively below or above a pH of 6.2.

This membrane was supplied by Pall Corporation Australia.

6.2.3 Ceramic ultrafiltration system
The ceramic ultrafiltration system used in this Chapter is similar to the one used in

Chapter 4.

6.2.4 Analytical methods

The analytical methods used are similar to the one used in Chapter 4. Contaminant re-

jection rates (%R¢) were calculated using Eq. (1):
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%Rc = [(C[: — Cp) / CF] x 100 % (l)

where Cr is the feed contaminant concentration and Cp is the filtrate contaminant con-

centration.

6.2.5 Membrane cleaning

The membrane cleaning protocol used is similar to the one used in Chapter 4.

6.3 Results and discussions

6.3.1 Pure water flux (PWF)

Experiments aimed at establishing the relationship between pure water flux (PWF) and
TMP were carried out prior to commencing actual wastewater experiments (1 hr per
TMP). The experiments for these were performed using only one module. Distilled
water having a conductivity of 2 uS/cm was used as feed to ensure that no form of foul-
ing will occur during filtration.  Results showed that PWF of the ceramic membrane
was highly correlated (R? = 0.999) with TMP as shown in Figure 6.2. A high correla-
tion between PWF and TMP is expected since the only resistance present during the ex-
periments is the intrinsic membrane resistance (Ry). Furthermore, the slope of the line
shown in Figure 6.2 gives the pure water permeability (PWP) of the ceramic membrane.
The data used for plotting Figure 6.2 are available in the accompanying CD (Appendix

6.1).

Since the relationship between PWF and TMP had been established, the intrinsic mem-

brane resistance can now be calculated using Eq. (2) [23]:
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Rum = TMP / ne PWF @)

where 1 is the dynamic viscosity of the feed water at 20°C (0.001002 Pa s). The calcu-

lated intrinsic membrane resistance (Ry) for the 5 nm ceramic membrane is equal to

1.36E+13 m™.
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Figure 6.2: Pure water flux of 5 nm ceramic membrane as a function of TMP at a CFV
of 2.5 m s™ and temperature of 20 °C. The pure water permeability (Jowp, m*m? s kPa"

1) of the membrane is given by the slope of the line.

6.3.2 Particle size distribution

Particle sizes present in the actual wastewater samples ranged from 24 nm to 5560 nm
as shown in Figure 6.3. These particles have an average zeta potential () of - 23.1 +
2.2 mV (at pH = 8.3) — suggesting incipient instability [32]. Because particles present

in the actual wastewater are likely to exhibit instability, particle aggregation may occur.
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Particle aggregation is not considered to be a problem during ultrafiltration because the
more the particles aggregate, the better. Larger particles have higher hydrodynamic
forces acting on them and therefore are more likely to be swept away from the mem-
brane surface. The data used for plotting Figure 6.3 are available in the accompanying

CD (Appendix 6.2).
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Figure 6.3: Particle size distribution for beverage production wastewater (Qpmean =

161.4 nm).

6.3.3 An analysis of the forces on the particles

The deposition of particles onto a membrane surface is influenced by hydrodynamic and
surface interaction forces [33]. Hydrodynamic forces include drag, lift and gravitational
forces while surface interaction forces include electrostatic double-layer and Van der
Waals forces. The magnitudes for both hydrodynamic and surface interaction forces
depend on particle size. In general, drag, lift, gravitational, and Van der Waals forces
increase as particle sizes increases while the electrostatic double-layer force decreases

as particle size increases.
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Figure 6.4 depicts the different forces that are postulated to act on suspended particles

during crossflow ultrafiltration of the beverage production wastewater.
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Figure 6.4: Forces acting on suspended particles during crossflow ultrafiltration of bev-
erage production wastewater — @p is the particle diameter (m); F._ is the lift force (N);
Fep is the drag force due to filtrate flow (N); Fyp is the drag force due to feed velocity
(N); Fvpw is the Van der Waals adhesive force (N); Fep. is the electrostatic double-
layer force (N); Fg is the gravitational force; Fpp is the deposition-promoting force; and

Fpi is the deposition-inhibiting force.

Drag forces experienced by particles during crossflow ultrafiltration can be estimated

using Egs. (3) and (4) [29, 34]:

Fep = 37‘51’] FDpJ (3)

where Fep is the drag force due to filtrate flow (N); ng is the viscosity of the feed water

at 20 °C (0.001002 Pa s); @p is the particle diameter (m); and J is the permeate flux (m®

m?2s?).

Fvb = 0.638 (RAPBcm@p? / Lem) (4)
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where Fyp is the drag force due to feed velocity (N); AP is the pressure drop in the ce-
ramic membrane during filtration (Pa); @cwm is the internal diameter of the ceramic
membrane (m); @p is the particle diameter (m); and Lcwm is the length of the ceramic
membrane (m). The velocity drag force, Fyp was derived based on pt. 1 as shown in

Figure 6.4.

The lift force which is commonly due to shear flow can be estimated using Eq. (5) [35]

while the gravitational (buoyant) force can be estimated using Eq. 6 [33]:

F.=0.761 ( Twl'sgpspp / 1’]|:) (5)

where F_ is the lift force (N); tw is the shear stress acting on the cake boundary (Pa);
@p is the particle diameter (m); pr is the density of the feed water at 20°C (998.2 kg m’

%); and Nk IS the viscosity of the feed water at 20 °C (0.001002 Pa s).

Fe = (125”1 6) (pr— pF) @ (6)

where Fg is the gravitational force (N); @p is the particle diameter (m); pp is the particle
density (1250 kg m™, average density of standard soil and dry loam soil [36]); pr is the
density of the feed water at 20 °C (998.2 kg m™); and g is the gravitational acceleration

constant (9.81 m s7).

Van der Waals and electrostatic double-layer forces between particles and membrane

wall can be estimated using Egs. (7) [35, 37] and (8) [38] respectively:
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Fvow = ho@p / 327a° (7)

where Fypw is the Van der Waals adhesive force (N); @p is the particle diameter (m);
ha is the Lifschitz-van der Waals constant (1.0E-20 J); and a is the adhesive distance
(4.0E-10 m) [39]. Since the analysis is focused on particle-membrane interaction, the

adhesive distance a is considered a constant.

FeoL = (AnR* / eeoR) [01026 % + 0.5 (01%0,%) e 2™ (8)

where Fgpp is the electrostatic double-layer force (N); R*=R; (R, = o0) is the particle

radius interacting with a flat surface (m); ¢ is the dielectric permittivity of water at 20
°C (80.2); ¢o is the permittivity of vacuum (8.85E-12 C*> N m™); o is the surface
charge density of particles (C m™); o is the surface charge density of the ceramic
membrane’s active layer (C m™); N is the inverse Debye length (m™); and x is the dis-
tance between particles and membrane wall (m). The electrical double-layer force was
calculated based on distances (x) ranging from 4.0E-9 to 1.0E-8 m. The electrostatic
double-layer force can either be attractive or repulsive depending on the net surface
charge exhibited by both the particles and membrane active layer. In this instance, the
electrostatic double-layer force was repulsive because both the particles and membrane

active layer are negatively charged at a feedwater pH of 8.3.

The different forces acting on particles can be further categorized into two main classi-
fications namely, deposition-promoting force (Fpp) and deposition-inhibiting force
(Foi). Based on Figure 6.5 (pt.2), Fpp and Fp, can be calculated using Egs. (9) and (10)
respectively:

175



For = Fvow + Fe + Frp — FepL )

Foi = (Fvo” + FL9)*® (10)

The magnitudes of Fpp and Fp, acting on different particle sizes present in the beverage

production wastewater are shown in Figure 6.5. The calculations of these forces are

shown in Appendix 6.3 — attached at the end of the thesis.
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Figure 6.5: Deposition-promoting and deposition-inhibiting forces acting on particles

during crossflow ultrafiltration of beverage production wastewater.

Based on the magnitudes of Fpp and Fp; shown in Figure 6.5, the following conclusions
may be made: a) at a CFV of 2.5 m s™, particle sizes less than 200 nm are likely to be
deposited on the membrane surface; b) at a CFV of 3.1 m s™, particle sizes less than 150
nm are likely to be deposited on the membrane surface; c) ata CFV of 3.6 m s™, particle
sizes less than 100 nm are likely to be deposited on the membrane surface; and d) parti-
cle sizes greater than 200 nm are likely to be swept away from the membrane surface at
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all CFVs used. In general, as CFV increases, the range of particle sizes that are likely to

be deposited on the membrane surface gets smaller.

6.3.4 Influence of CFV and TMP on filtration performance

The influence of different CFVs on particle deposition has been established in Section
6.3.3 but the influence of different combinations of TMPs and CFVs on filtration per-
formance has not yet been determined. In order to determine the influence of different
combinations of TMPs and CFVs on the performance of the 5 nm ceramic membrane,
duplicate filtration experiments (each of 185 minutes duration) involving the use of the
actual beverage production wastewater were carried out. Results of the experiments are
shown in Figures 6.6a to ¢. The data used for plotting Figures 6.6a to ¢ are available in

the accompanying CD (Appendix 6.4).

Permeate fluxes (J, m®> m? s™) were calculated using Eq. (11):

J=0.001W / Ayt (11)

where W is the weight measured by the balance (kg), Ay is the effective membrane area

(m?), t is the sampling time (s).

To account for temperature variations, all permeate fluxes were standardized at a tem-

perature of 20°C using Eqg. (12) [40]:

e =3 (1.03) S~ ™ (12)
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where Jyoec is the flux at a standard temperature of 20°C (m® m?s™), Ts is the standard

temperature (20 °C), Ty is the measured temperature (°C).
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Figure 6.6: Permeate flux as a function of time at TMPs of: a) 100 kPa, b) 200 kPa and
c) 300 kPa; and CFVs of 2.5, 3.1 and 3.6 m s™*. All permeate fluxes were standardized
at a temperature of 20 °C. Steady-state conditions were observed after approximately
2700 s. After this period, gradual increases or decreases in permeate fluxes were meas-

ured.

Results from the experiments show that flux improvement during ultrafiltration of bev-
erage production wastewater is dependent on both CFV and TMP. At the lowest CFV
of 2.5 m s, the permeate fluxes measured showed minor improvement when TMP was
increased to 200 and 300 kPa. At higher TMPs of 200 and 300 kPa, the permeate fluxes
measured had high initial values but subsequently went down and reached steady-state
conditions after approximately 45 minutes. The steady-state fluxes measured for all
TMPs at a CFV of 2.5 m s were almost identical to each other. On the contrary, at
higher CFVs of 3.1 and 3.6 m s™, permeate fluxes improved when TMP was increased
to 200 and 300 kPa (as shown in Figures 6.6b to c). The steady-state permeate fluxes
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measured at CFVs of 3.1 and 3.6 m s™ increased by 22 % and 53 % respectively when
TMP was increased to 200 kPa. Further increasing the TMP to 300 kPa resulted in a 16
% and 4 % increase in steady-state permeate fluxes at CFVs of 3.1 and 3.6 m s respec-
tively. This permeate flux behaviour can be attributed to the instability of the particles
present in the beverage production wastewater samples. Since the particles have a ten-
dency to aggregate, the larger masses formed are likely to be swept away from the
membrane surface due to higher hydrodynamic forces — as mentioned in Section 6.3.2.
When the majority of the particles are swept away from the membrane surface, the re-
sistance encountered during filtration becomes less - resulting in increased permeate

flux.

6.3.5 Membrane resistances
Resistances encountered during ceramic ultrafiltration of the beverage production
wastewater can be analysed using the resistance-in-series (RIS) model. The general

form of the RIS model can be written as [23]:

J=TMP/nr (Ru + Re + Rg) (13)

where J is the permeate flux (m* m? s™), TMP is the transmembrane pressure (Pa), 1 is
the viscosity of feed water (0.001002 Pa s), Ry is the intrinsic membrane resistance
(1.36E+13 m™), R is the adsorption resistance on inner pore fiber (m™) and Rg is the
concentration polarization resistance (m™). The concentration polarization resistance

(Rg) can be calculated using Eq. (14) [23]:

Rg=® TMP (14)
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where @ is the resistance index (Pa® m™). The adsorption resistances and resistance
indices were obtained by plotting permeate flux as a function of TMP and fitting the
experimental data obtained into Eq. (13). Curve fitting using the least-squares method
was done in Microsoft Excel. Results obtained from the curve fitting are shown in Fig-

ures 6.7a to c.

The adsorption resistance (Rg) had negligible effects on permeate flux during the ul-
trafiltration of beverage production wastewater. The values obtained for Rg were very
low compared to Ry — suggesting that few particles deposited onto the ceramic mem-
brane’s inner pores. The concentration polarization resistance (Rg) was the main resis-
tance encountered during the experiments. This was expected since concentration po-
larization has been reported to be severe in microfiltration and ultrafiltration due to high
fluxes and low mass transfer coefficients [41]. The concentration polarization resis-
tances obtained were directly proportional to TMP as shown in Figures 6.7a to ¢c. As
TMP increases, the concentration polarization resistance also increases. Although this
was generally the case, results also show that the concentration polarization resistances

obtained at a CFV of 3.6 m s were the lowest.

The lowest concentration polarization resistances were obtained at a CFV of 3.6 m s
due to a high Reynolds number (Re). A high Reynolds number (Re > 4000) will exhibit
turbulent flow. Turbulent flow weakens the effect of concentration polarization due to
high shear forces encountered by the cake formed [42]. Therefore, the more turbulent
the flow regime is, the greater its effect in weakening concentration polarization. Re for

the different CFVs used was calculated using Eqg. (15):
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Re = vagCM /T]|: (15)

where v is the crossflow velocity in m s and @CM is the internal diameter of the ce-
ramic membrane (m). Based on Eq. (15), an increase of CFV from 2.5 ms*to 3.1 ms™
subsequently increased Re from 17434 to 21618 while increasing CFV further to 3.6 m

s resulted in a much higher Re of 25104.

It should be noted that the adsorption resistances (Rg) obtained at all CFVs show de-
creasing trends. These trends can be attributed to the formation of a cake layer on the
membrane surface with respect to filtration time. As filtration time lengthens, the
thickness of the cake layer formed on the membrane surface increases. Such an increase
inhibits the deposition of particles into the membrane pores resulting in relatively lower

Rr values — as shown in Figures 6.7a to c.
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Figures 6.7: Membrane resistances at: a) 100 kPa; b) 200 kPa and c) 300 kPa.

Additionally, the adsorption resistances obtained at CFVs of 3.1 and 3.6 m s™ were gen-

erally higher than those obtained at a CFV of 2.5 m s™. This behaviour may be due to
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the relative severity of cake layer formation on the membrane surface with respect to
different CFVs. Ata CFV of 2.5 m s, the cake layer formed on the membrane surface
was more severe than that formed at CFVs of 3.1 and 3.6 m s™ — as shown by the rela-
tive concentration polarization resistances obtained (Figures 6.7a to ¢). Therefore, at a
CFV of 2.5 m s, lesser particles were adsorbed into the membrane pores due to rela-
tively thicker cake layer formation. On the other hand, at CFVs of 3.1 and 3.6 m s™,
more particles were adsorbed into the membrane pores due to relatively thinner cake
layer formation. Calculations for the membrane resistances and Reynolds number are

available in the accompanying CD (Appendices 6.5 and 6.6 respectively)

6.3.6 Fouling mechanism

Fouling mechanisms during the ultrafiltration of beverage production wastewater can be
analysed using Hermia’s fouling models [43]. Hermia’s fouling models were primarily
developed to identify the different fouling mechanisms involved during dead-end filtra-
tion at constant pressure. Although this is the case, several researchers have success-
fully applied the models to analyse experimental data obtained from crossflow filtration
[44-47]. Here, Hermia’s models will be used specifically to establish the most appro-
priate fouling mechanism (based on the R? value) involved during the ultrafiltration of

beverage production wastewater at different combinations of TMP and CFV.

The general equation used to describe different fouling mechanisms at constant pressure

filtration is given by Eq. (16):

d?tdV? = K (dt/dV)" (16)
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where K is a constant and n is the blocking index. The different values of n are the fol-
lowing: n = 0 for cake filtration; n = 1.5 for standard blocking; n = 1 for intermediate

blocking; and n = 2 for complete blocking.

The integrated forms of Hermia’s fouling models are given by Egs. (17) to (20) [48]:

t/'V = 1/Qo + KcV/2 (cake filtration) a7
t/'V = 1/Qo + Kst/2 (standard blocking) (18)
1/Q = 1/Qo + Kit (intermediate blocking) (19)
Q=Qo0 + KpV (complete blocking) (20)

where t is the time (s); V is the accumulated filtrate volume (m®); Q is the experimental
flow rate (m®s™); Qo is the initial flow rate (m*s™); and K is a constant. The subscripts
in the constant K refer to the blocking mechanisms (i.e. ¢ for cake filtration, s for stan-

dard blocking, i for intermediate blocking, and b for complete blocking).

Since the integrated forms of Hermia’s models presented above are all linear equations,
plotting the left side of Egs. (17) and (20) and Egs. (18) and (19) as a function of vol-
ume and time respectively should yield a straight line. The results of the model fitting

to the experimental data (i.e. permeate fluxes obtained) are shown in Figures 6.8a to .

The fitting of Hermia’s models to the experimental data shows that cake filtration was
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the dominant fouling mechanism at a TMP of 100 kPa. At higher pressures of 200 and
300 kPa, the fouling mechanism could not be established clearly due to low correlation
values obtained. Although this was the case, correlation values obtained for cake filtra-
tion and standard blocking at TMPs of 200 and 300 kPa were the highest among the dif-
ferent types of fouling mechanisms considered. But in Section 6.3.5, it was shown that
the adsorption resistances (Rg) obtained were negligible all throughout the duration of
the experiments because of their relatively smaller values compared to the intrinsic
membrane resistance (Ry). Therefore at TMPs of 200 and 300 kPa, the fouling mecha-

nism appears to be inclined towards cake filtration.

The low correlation values obtained at higher TMPs may be due to the inability of Her-
mia’s models to take into consideration the interaction between TMP and CFV since
they were primarily developed for dead-end filtration. The rate of particle deposition
during dead-end filtration differs from crossflow filtration [23]. In dead-end filtration,
particles present in the feedwater continuously build up on the membrane surface
throughout the filtration period. The rate of particle deposition at this mode is directly
proportional to the TMP. The higher the TMP, the faster the particles deposit on the
membrane surface. Likewise, in this mode, particles already deposited on the mem-
brane surface have the tendency to be compressed leading to higher cake resistance and
low permeate flux. In contrast, only a portion of the particles present in the feedwater
get deposited on the membrane surface during crossflow filtration. Particle deposition
rate at this mode is influenced by CFV and TMP. When flow becomes more turbulent
due to high CFVs and TMPs, particles already deposited have the tendency to be swept
away from the membrane surface resulting in reduced cake resistance and permeate flux

improvement. Specifically, for the wastewater used in the experiments, it was shown
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that higher CFVs and TMPs limited the rate of particle deposition resulting in higher
permeate fluxes. Calculations for the model fitting are shown in Appendix 6.7 — at-

tached at the end of the thesis.
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Figure 6.8: Model fitting to the experimental data. Cake filtration at a) 100 kPa, b) 200

kPa and c¢) 300 kPa; standard blocking at d) 100 kPa, €) 200 kPa and f) 300 kPa; inter-

mediate blocking at g) 100 kPa, h) 200 kPa and i) 300 kPa; and complete blocking at j)

100 kPa, k) 200 kPa and 1) 300 kPa.
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6.3.7 Influence of CFV and TMP on contaminant rejection
The influences of TMP and CFV on turbidity and COD rejection rates are shown in

Figures 6.9a and b.
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Figure 6.9: Influence of different combinations of TMPs and CFVs on: a) turbidity re-
jection rate and b) COD rejection rate.
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For turbidity, a big increase in rejection rate was obtained at all CFVs when TMP was
increased from 100 to 200 kPa. Increasing the TMP further to 300 kPa yielded a slight
increase in turbidity rejection rate at all CFVs. Meanwhile, COD rejection rates ob-
tained at all CFVs showed a linear correlation (R? > 0.99) with TMP.  The COD rejec-
tion rate of the ceramic membrane may be associated with the suspended particles pre-
sent in the wastewater samples since an increase in turbidity rejection correlates with an

increased COD rejection.

In general, both turbidity and COD rejection rates increase as TMP and CFV increase.
The increase in TMP and CFV makes the flow more turbulent and thus particles are
swept away from the membrane surface. Once particles are swept away from the mem-
brane surface, concentration polarization is reduced — resulting in better filtrate quality.
Calculations for the turbidity and COD rejection rates are available in the accompanying

CD (Appendix 6.8).

6.3.8 Influence of CFV and TMP on energy consumption

Improvements in permeate fluxes and contaminant rejection rates during the experi-
ments were achieved at higher TMPs and CFVs. However, maintaining high TMPs and
CFVs usually involve the consumption of substantial amounts of energy [29, 49], espe-
cially for systems requiring larger pumps. To investigate this further, the average power
consumption of the pump motor for each experiment run was recorded. The recorded
power consumptions were subsequently used to calculate energy consumptions using

Egs. (21) and (22):

ECy =Pt (1)
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ECSP = ECT/ Vp (22)

where ECr is the energy consumption (kWh), P is the average recorded power (kW), t is
the experiment duration (hr), ECgp is the specific energy consumption (kwh/m?), and
Vs is the volume of the permeate per experiment run (m®). Table 6.2 shows the specific
energy consumption of the 5 nm ceramic ultrafiltration system as a function of different
CFVs and TMPs. The calculations on specific energy consumptions are available in the

accompany CD (Appendix 6.9).

Table 6.2: Energy consumption of the ceramic ultrafiltration system as a function of

different CFVs and TMPs

CFV  Pressure Energy Consumption Volume Specific Energy Consumption

(m/s) (kPa) (kWh) (m®) (KWh/m?®)
25 100 0.183 0.00023 796
200 0.204 0.00025 816
300 0.216 0.00024 900
31 100 0.216 0.00025 864
200 0.234 0.00029 807
300 0.243 0.00034 715
3.6 100 0.264 0.00027 978
200 0.282 0.00035 806
300 0.297 0.00040 743

The results show that both CFV and TMP influence the energy consumption of the ce-
ramic ultrafiltration system. At a lower CFV of 2.5 m s, specific energy consumption
increases as TMP is increased. On the other hand, at CFVs of 3.1 & 3.6 m s, specific
energy consumptions decrease as TMP is increased. Therefore, based on Table 6.2, a

CFV of 3.1 m s™ and TMP of 300 kPa show the most beneficial operating condition in
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terms of specific energy consumption and permeate volume. Although further increas-
ing the CFV to 3.6 ms™ leads to a slight increase in permeate flow, the specific energy

consumption is relatively higher.

6.4 Conclusions

A judicious combination of CFV and TMP has been shown to be critical for the suc-
cessful application of a 5 nm ceramic ultrafiltration membrane to beverage production
wastewater. In general, at higher CFVs of 3.1 and 3.6 m s, permeate fluxes and con-
taminant rejection rates show significant improvements when TMP is increased to 200
and 300 kPa. This filtration behaviour can be attributed to the decrease of particle
deposition on the membrane surface due to turbulent flow. At the CFVs mentioned, the
majority of the particles present in the beverage production wastewater are swept away
from the membrane surface resulting in lower concentration polarization (cake layer)
resistance and increased permeate flux. Likewise, once the majority of particles are
swept away from the membrane surface, their infiltration into the membrane pores is
also reduced resulting in lesser suspended solids in the filtrate. The results also show
that at CFVs of 3.1 & 3.6 m s, specific energy consumptions decrease at an increasing
TMP. Likewise, a CFV of 3.1 m s™ and TMP of 300 kPa has been identified to be the
most optimum combination in terms of specific energy consumption and permeate flow

rate.

The work described in this chapter has since been published in the international litera-

ture [50].
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7.1 Overview

An in-series integrated water management strategy has been devised and deployed for
the systematic identification of possible water conservation opportunities for two large

Australian manufacturing companies.

A water audit characterized all water streams for both companies’ production sites,
leading to the development of comprehensive water flow diagrams. This also served to
identify some operational issues that could impinge on water management. Such
operational issues emanate from employee work practices performed during operations
such as the manual addition of freshwater into processes, equipment cleaning and
general plant cleaning. If such issues can be addressed by management, substantial
amounts of freshwater can be saved, as outlined in Chapter 2.  The water flow
diagrams, as well as concomitant water test results obtained via the audit, served as the

basis for subsequent strategies.

Thus, a process integration strategy, which utilized commercially available water pinch
software, has successfully identified possible water reuse opportunities. These reuse
opportunities were evaluated in consultation with management and some were
implemented on site - with significant savings. For example, the implementation of
directly reusing wastewater generated by the Air Handling Units (AHUSs) and the RO
system reduced Citywater consumption of processes such as sludge pools and car parts
pretreatment, as discussed in Chapter 2. Likewise, implementing the recommended
reclamation of the post-electrodeposition rinse wastewater via an ultrafiltration process
will result to an additional savings in Citywater consumption. Meanwhile, for Company

B, the implementation of the recommended direct reuse of wastewater generated by
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process utilities such as boilers, vacuum pumps and washer/rinsers will result to a
substantial reduction of Citywater consumption.  Aside from reductions in Citywater
consumptions, both companies will also benefit from reduced wastewater discharges if

the streams mentioned are reused back into processes.

Finally, the delineation of a water recycling strategy allowed the suitability of different
membranes for treating specific wastewater streams to be considered. Thus, a
laboratory-scale membrane test rig, constructed and used as an integral part of this
study, has provided valuable information in relation to the applicability of different
membranes for the reclamation of specific wastewater streams generated at both
companies. By using the test rig, different operating parameters essential to the
successful operation of such membranes used were identified — as described in Chapters
3 - 6. Likewise, the use of the test rig made it possible to effectively evaluate different
membrane candidates prior to doing pilot-scale evaluations. General results for these

membrane experiments are summarized as follows:

1. Polymeric UF membranes cannot be used directly as pretreatment for Company A’s
oily wastewater stream due to the presence of suspended CED paint particles. The CED
paint particles - made up of paint pigment, unstable resins and polymers, rapidly deposit
on the membrane surface, creating a cake layer similar to a paint coating. Although
such particle deposition may be minimized by increasing the velocity of the feed water,
membrane cleaning remains a critical issue. The nature and frequency of cleaning to
remove the CED paint particles on the membrane surface is likely to significantly

degrade the membrane material — leading to a reduced lifespan. For this specific
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wastewater stream, a ceramic membrane has been evaluated and is suggested as being

more appropriate in terms of chemical and thermal stability.

2. Ceramic UF membranes are also recommended as being more appropriate for
pretreatment of Company A’s oily wastewater stream — the bulk of which comes from
the final rinsing stages of car bodies. Specifically, a 50 nm ZrO, ceramic UF membrane
was tested on a model wastewater containing 5 % v/v suspension of CED paint. The
model wastewater prepared for the experiments was similar in composition to the actual
wastewater generated at the final rinsing stages. Likewise, the model wastewater has
been prepared to have a worse water quality as compared to the actual wastewater
mentioned. In general, it was deduced that a combination of high CFV and low TMP is
the most beneficial operating condition for ceramic ultrafiltration of wastewater
containing CED paint particles [1]. A CFV of 3.2 m s™ and TMP of 100 kPa produced

the highest permeate flux and optimum energy consumption.

3. The use of an applied electric field across a 50 nm ZrO, ceramic UF membrane also
proved to be beneficial during ultrafiltration (at low CFV) of wastewater containing
CED paint. An electric field produced by the applied voltage influenced the movement
and electrophoretic mobility of the CED paint particles. Results showed that the
influence of an electric field during electro-ultrafiltration of the model wastewater
containing 5 % v/v suspension of CED paint was dependent on both the applied voltage
and transmembrane pressure (TMP) [2]. At an applied voltage of 60 V and TMP of 100
kPa, flux rates obtained after 60 minutes were higher than the flux rates obtained from
ultrafiltration alone. Such set-up can also be applied for company A’s oily wastewater

because the bulk of the volume that constitute this stream comes from the final rinsing
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stages of car bodies. Wastewater generated at the final rinsing stages is similar in
composition to the model wastewater used — as previously mentioned in Item 2.
Therefore, the use of electro-ultrafiltration for the treatment of Company A’s oily
wastewater stream will possibly yield similar results with electro-ultrafiltration

experiments involving the model wastewater.

4. A polyvinylidine-difluoride (PVDF) UF membrane was identified as being suitable
for pretreatment of beverage production wastewater (Company B). Flux decline rates
for the PVDF-UF membrane were relatively lower as compared to the polyacrylonitrile
(PAN) UF membrane tested. Likewise, for this specific wastewater stream, the PVDF-
UF membrane showed higher reduction rates with respect to critical water parameters
such as turbidity and TOC. Although the PVDF-UF membrane has been shown to be
suitable for the beverage production wastewater, in the long run, the use of such a
membrane for this specific stream is not advisable. The beverage production wastewater
evaluated in this study contains different types of chemicals and has high levels of
organic contamination. The chemicals present in the beverage production wastewater
may cause premature degradation of membrane material — resulting to a shorter
lifespan. Meanwhile, high levels of organic contamination may severely foul the
membrane. Such fouling may require the use of aggressive cleaning chemicals and a
longer cleaning period to completely regenerate the membrane. This scenario may also
lead to premature membrane material degradation. Again for this type of wastewater, a

ceramic membrane is recommended as being more suitable.

5. Since it was determined that a polymeric membrane was not suitable for

pretreatment of beverage production wastewater, a ceramic UF membrane was also
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evaluated. This ceramic membrane has a 5 nm nominal pore size with a TiO, active
layer. It was used for the following reasons: 1) different cleaning chemicals and
detergents are present in the wastewater stream and therefore a membrane material able
to withstand such harsh conditions should be used; 2) the active layer of the chosen
ceramic membrane (TiOy) is a good inhibitor of biofilm growth and fouling; and 3) the
particles sizes ranged from 24 — 5560 nm. Results showed that a CFV of 3.1 m s™* and
TMP of 300 kPa was the most optimum operating condition in terms of energy

consumption and permeate flow rate.

6. A polyvinylidine-difluoride (PVDF) UF membrane was suggested for the
pretreatment of Company A’s metals wastewater stream. This specific type of
membrane has a MWCO of 30 kD, and is hydrophobic with a 4° contact angle. The
PVDF-UF membrane used showed slow flux decline rates, and high turbidity and TOC

reduction rates.

7. A thin film low-pressure RO membrane was suggested as being suitable for the
reclamation of oily and beverage production wastewater streams. This type of RO
membrane has a high flux and a NaCl rejection rate of approximately 99.0 %. Permeate
flux decline rates for the RO membrane with respect to the two wastewaters mentioned
were slow. Likewise, reduction rates of water quality parameters such as conductivity

and COD were high.

8. The data obtained for RO and NF membranes with respect to the treatment of the
metals wastewater stream are not consistent with the literature since RO membranes are

known to have greater capacity to remove dissolved salts as compared to an NF
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membrane. Therefore, before a conclusion on whether an RO or NF membrane is
suitable for the reclamation of the metals wastewater stream, a comprehensive study

should be conducted.

9. The specific energy consumptions (KWh/m®) for all the membranes used in the
experiments were dependent on TMP, permeate flow rate and system efficiency
Additionally, UF membranes operate according to the pore flow model and therefore
the proper combination of CFV and TMP is particularly important in order to inhibit
particle deposition and slow down flux decline rate. On the other hand, NF and RO
membranes operate according to the solution-diffusion model and therefore the intensity

of TMP dictate permeate flux and rejection rates.

7.2 Recommendations

7.2.1 Automation of pretreatment and post treatment processes at Company A’s
Paint Shop

Water use at the pretreatment and post treatment processes found at Company A’s paint
shop account for approximately 32.0 % of the total water consumption. In these
processes, a number of irregularities in water use related to employee work practices
were identified. Although the provision of training and seminars aimed at changing
employees’ perceptions on water use can be effective in reducing water consumption at
the above-mentioned processes, such a strategy might only work for the short term.
Unless continuously reinforced, employees remember training and seminars only for a
short period of time and are likely to revert to old established work habits — usually
unknowingly, but sometimes deliberately. Therefore for a long-term solution,

automation of pretreatment and post treatment processes is the best option. Automating
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water use at these processes will not involve major changes since the system of pipes
needed for such a venture is already in place — i.e. overflow and diversion pipes to other
process. At most, this will involve the installation of various instrumentations such as

controllers, timers and valves.

7.2.2 Seminars and trainings on water use for Company B’s production employees

Since the majority of the water-using processes at Company B’s production site are
already automated (i.e. CIP systems, water supply systems, etc.), the initial focus of
water conservation should be aimed at employees’ work practices. For this company,
water-using activities during the production period are commonly cleaning related. For
example, it was observed during the water audit that floor cleaning was either done after
every change in employees’ work shift or in the product produced. Such activity,
depending on the employee performing the cleaning, can lead to a substantial amount of
freshwater use. This type of practice, having been identified, can easily be corrected by
changing the employees’ perception on water use through constant seminars and
trainings. Once the perception on water use improves, the company can subsequently
introduce a Standard Operating Procedure (SOP) for water use. Such seminars and
trainings may not work effectively for Company A since majority of the water uses on-
site are process related. Most of the employees’ mindset on water use is always based
on the quality of the final product. For example, to prevent impurities from clinging to
car bodies, the operator would set the rinses at high flow. Likewise, to prevent painting
defects, the operator may continuously overflow a car dipping bath to maintain

conductivity levels on the safest side.
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7.2.3 Cost of reclaiming specific wastewater streams through membrane processes

As mentioned in Chapter 2, the biggest opportunity for water reuse comes from the
contaminated wastewater streams. The suitability of specific membrane processes were
tested for these streams and discussed in detail in Chapters 3 to 6. The estimated costs
of the membrane processes that are suitable for specific wastewater streams are shown

in Tables 7.1 to 7.4. The formulas used in the cost calculations are given in Egs. (1) to

(8).

The wastewater recycling rate was calculated using Eqg. (1):

% Rww = Wr / WW x 100 % 1)

where % Rww is the wastewater recycling rate; Wr is the volume of treated water for
reuse per day, m*; and WWj is the total volume of wastewater generated per day, m>.

The initial cost of equipment installation was calculated using Eq. (2):

Ci=Cg+Cp (2)

where C, is the total initial cost of equipment installation, $AUD; Ck is the equipment

cost, $AUD; and Cy, is the miscellaneous cost, $AUD. Miscellaneous cost includes

civil works, connection set-up and freight. This cost was estimated using Eq. (3):

Cwy = 0.05 Cg (3)

The total savings from wastewater recycling was calculated using Eq. (4):
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St = FWs + WWs (4)

where St is the total savings per year, $AUD; FW:s is the freshwater savings per year,
$AUD; and WWs is the actual wastewater savings per year, $AUD. Freshwater and

actual wastewater savings per year were calculated using Egs. (5) and (6) respectively:

FWS = WR X CW X ND (5)

where Cyy is the cost of freshwater per m3, $AUD; and Np is the number of days the

manufacturing facility operates (N~240 days).

WWS = WW5| -0.2 (WW5|) (6)

where WWs is the initial wastewater savings per year, $AUD. The initial wastewater

savings per year was calculated using Eq. (7):

WWS| = WR X CWW X ND (7)

where Cyw is the cost of wastewater discharge per m®, and Np is the number of days the
manufacturing facility operates (N~240 days). The term 0.2 x WWg, in Eq. (9) is a cost
provision that accounts for any increase in water quality parameters such as TDS, COD
and BOD.

Finally, the payback period was calculated using Eqg. (8):

Pp = C| / ST (8)
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Table 7.1: Estimated cost of UF membrane system for reclamation of post-

electrodeposition rinse wastewater (WW+ = 253 m*/day), Company A

% Ry Ci, SAUD St, SAUD/yr Pp,
(Ce+Cw) (FWs + WWs) yrs — months

10.0 % 105,000.00 680.63 154 -4

30.0% 210,000.00 32,870.91 6-5

50.0 % 315,000.00 65,061.18 4-10

70.0 % 420,000.00 89,274.05 4-9

90.0% 525,000.00 114,178.21 4-8

Table 7.2: Estimated cost of ceramic UF and polymeric RO membrane systems for

reclamation of oily wastewater stream (WW+

578 m®/day; RO recovery = 75 %),

Company A
% Ry Ci, $AUD St, SAUD/yr Py,
(Ce+Cn) (FWs + WWsg) yrs —months

7.5% 257,250.00 4,457.52 57-9
22.5% 467,250.00 44,263.53 10-8
37.5% 813,750.00 76,255.81 10-8
52.5% 1,128,750.00 115,759.85 9-10
67.5% 1,338,750.00 170,829.38 7-10

Table 7.3: Estimated cost of polymeric UF and NF membrane systems for reclamation

of metals wastewater stream (WWr = 144 m*/day; NF recovery = 75 %), Company A

Ci, SAUD St, $AUD/yr Pp,

% Ry LS ¥ y p
(Ce+Cn) (FWs + WW5) yrs — months

67.5 % 94,500.00 47,392.41 2-0




Table 7.4: Estimated cost of ceramic UF and polymeric RO membrane systems for
reclamation of beverage production wastewater (WWT = 942 m®day; RO recovery =

75 %), Company B

% Ry Ci, SAUD St, SAUD/yr Pp,
(Ce+Cw) (FWs + WW5) yrs — months

7.5 % 362,250.00 20,215.69 17-11

22.5% 813,750.00 68,762.78 11-10

37.5% 1,233,750.00 140,085.14 8-10

52.5% 1,774,500.00 205,152.05 8-8

67.5 % 2,194,500.00 264,330.89 8-4

As expected, the payback period for the proposed membrane systems generally shortens
as the wastewater recycling rate is increased. Although this is the case, majority of the
payback periods for the installation of specific membrane systems were above 4 years.
The costs reveal that it is basically cheaper to discharge the highly contaminated
wastewater streams as Tradewaste rather than installing wastewater treatment
equipment such as membrane systems. This is because the current water tariffs in
Australia are low — making on-site treatment of wastewater uneconomic. However, it is

worth noting that this may not always be the case.

Tables 7.1 to 7.4 show the costs of single and dual membrane treatment systems. The
wastewater recycling rates for each type of system are explained as follows. For a
single treatment system (i.e. the UF system, Table 7.1), the wastewater recycling rate is
a straightforward calculation. For example a 30 % wastewater recycling rate would
mean a volume of 76 m*/day (30 % of 253 m*/day). But for a dual treatment system
(i.e. UF and RO/NF systems, Tables 7.2 to 7.4, the wastewater recycling rate would

mean a combination of the rates for both UF and RO/NF systems. For example, Table
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7.2 shows a wastewater recycling rate of 67.5 %. This percentage is equivalent to a
volume of approximately 390 m*/day (67.5 % of 578 m*/day). In order to obtain this
volume, around 90 % (520 m*/day) of the total wastewater generated is reclaimed by the
UF system. The filtrate obtained from the UF system is subsequently passed through an
RO system at a recovery rate of 75 %. The volume of the pure water after the RO

system is 390 m*/day.

The equipment cost estimates used in this section were obtained directly from the
membrane manufacturers. Since costs were merely estimates, there’s a possibility that
they may either increase or decrease depending on the final equipment design. The
calculations on the membrane costs are shown in Appendix 7.1 — attached at the end of

the thesis.

7.2.4 Membrane concentrate management

The management of membrane concentrate at the two manufacturing sites will slightly
differ from each other since they generate contrasting wastewater qualities. Likewise,
other factors such as existing wastewater treatment facilities and wastewater tariffs can

also influence the final decision on concentrate management.

7.2.4.1 Company A

The use of ceramic UF membranes for the pretreatment of the oily wastewater stream
will generate reject water containing highly concentrated oil & grease and cathodic
electrodeposition (CED) paint particles. This concentrate can be fed into the existing
oily wastewater treatment system to eliminate the suspended particles present. The

existing wastewater treatment system consists of a series of treatment processes such as
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coagulation, pH adjustment, flocculation, and dissolved air flotation. Subsequently, the
treated UF concentrate can be mixed with the RO concentrate and treated further. The
concentrate management method mentioned above is also applicable during reclamation

of post-electrodeposition rinse wastewater.

The use of polymeric UF membranes to pretreat the metals wastewater stream will
generate reject water containing highly concentrated suspended particles. Such reject
water can be mixed with the reject water generated by the NF membrane that contains
high levels of metals. The mixed UF and NF concentrate can be fed into the existing
metals wastewater treatment system to eliminate suspended particles and specific metals
such as Ni, Zn and Mn. The existing metals wastewater treatment system is composed
of processes such as pH adjustment, flocculation and dissolved air flotation. The treated

concentrates can be mixed together and treated further.

There are many commercially available technologies for the treatment of membrane
concentrate. Some of the more appropriate technologies for company A’s membrane
concentrate include Wind Aided Intensified eVaporation (WAIV) and membrane
distillation. ~ WAIV technology is an enhancement of the natural evaporation
technology. Compared to natural evaporation, WAIV requires smaller land area and
utilizes the drying power of the wind [3]. This technology increases the evaporation
rates by 50 — 90 %. On the other hand, membrane distillation is also a promising
technology that is not fully commercialized yet. It is quite different from other
membrane technologies because it uses the difference in vapour pressure rather than
total pressure to extract pure water from a membrane concentrate stream. Its major

energy requirement is low-grade thermal energy which is readily available in industrial
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sites in the form of cooling tower feed, excess steam, generator exhaust, etc [4].
Different types of membrane distillation include Direct Contact Membrane Distillation
(DCMD), Air Gap Membrane Distillation (AGMD), Sweep Gas Membrane Distillation
(SGMD), and Vacuum Membrane Distillation (VMD). Typical operating temperature

for membrane distillation ranges from 60 — 80 °C.

The choice of concentrate treatment will depend on the company’s goal. If Company A
aims for zero liquid discharge, WAIV technology will be more suitable for membrane
concentrate treatment. Alternatively, membrane distillation will be more suitable if
Company A aims to recover pure water from the membrane concentrate. The sludge
generated from the treatment of the membrane concentrate can be sent off-site through a
waste collection and treatment company. Such practice of sending sludge off-site for

disposal and treatment already exists at Company A.

7.2.4.2 Company B

As with Company A, the concentrate from the UF and RO membranes can be mixed
together and subsequently treated using either WAIV or membrane distillation
technology. The sludge generated from the treatment of the membrane concentrate can
also be sent off-site through a waste collection and treatment company. After

appropriate treatment (i.e. dewatering), the sludge can be dumped directly in landfills.

7.3 Conclusions

The in-series integrated water management strategy deployed in the study has been
effective in systematically identifying possible water conservation opportunities at two

large Australian manufacturing companies. The water audit completely characterized
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all water streams found at both companies’ production sites leading to the development
of water flow diagrams - and also identified some operational issues that could impinge
on water management. The water flow diagram, as well as comprehensive water test
results obtained during the course of the audit, served as the basis for succeeding
strategies. The process integration strategy, which utilized commercially available
water pinch software, successfully identified possible water reuse opportunities. These
reuse opportunities were further evaluated and some were implemented on site with
significant savings. Finally, the water recycling strategy showed the suitability of
different membranes for treating specific wastewater streams. Results showed that the
membranes tested have generally good contaminant rejection rates, slow flux decline

rates and low energy usage.

The synergy of the different water management strategies deployed in this study can
bring about substantial reduction of Citywater consumption and wastewater discharge.
For example, it was shown at Company A that 33 tonnes/day (2.2 % of total input) of
Citywater consumption was saved by directly reusing wastewater generated from other
processes. Likewise, it was also shown at Company A that a further 80.8 tonnes/day
(5.7 % of total input) of freshwater consumption can be saved through treatment of the
post-electrodeposition rinse wastewater using an ultrafiltration process. The combined
value of the Citywater savings for Company A translates to a wastewater reduction of
approximately 16.1 %. For Company B, approximately 83.2 tonnes/day (5.7 % of total
input) of Citywater can be saved just by reclaiming wastewater generated from different
identified processes. The reclaimed wastewater will be treated by the conventional

treatment system currently in operation at the production site and reused back into
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different water-using processes. This translates into a wastewater reduction of

approximately 8.6 % for Company B.

The above water savings identified for both companies is, in fact, just the tip of the
iceberg. The bulk of water savings will most likely come from wastewater treatment of
the highly contaminated streams, using appropriate low-pressure membranes. In this
regard, the use of the laboratory-scale membrane test rig, in conjunction with the other
strategies employed, has provided valuable information into the applicability of
different low-pressure membranes for the reclamation of specific wastewater streams
generated at both companies. As demonstrated herein, employing such a test rig allows
different operating parameters essential to the successful operation of candidate
membranes to be characterized. Notably, the use of the test rig made it possible to
effectively evaluate different low-pressure membrane candidates at much lower costs as

compared to doing pilot-scale evaluations.

Although the results obtained so far are very promising, other issues such as
applicability, membrane concentrate management and cost of commercial membrane
equipment should also be researched further to completely assess the viability of their
implementation. Results obtained from the process integration strategy are based on
steady state assumptions and therefore implementation should always be checked
against actual process operating conditions. It should be noted that the management of
concentrate disposal is a long-standing problem for users of membrane technologies [5,
6]. Therefore the proper disposal of membrane concentrate should be a primary concern
for both companies since they have to satisfy the Tradewaste discharge limits imposed

on them by the local water retailer. Likewise, the commercial cost of the membrane
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equipment should also be reliably known since the installation of such equipment will

greatly depend on such monetary values.

In general, the results of the study revealed that total water recycling for both companies
is achievable provided they make significant process changes to increase water use
efficiency and are prepared to invest in appropriate water reclamation technologies.
With the current production set-ups, it is estimated that both companies could reclaim
approximately 75% of the wastewater generated through process integration and the use
of membrane processes. The remaining 25 % of the wastewater generated at both
companies can be eliminated through significant process changes. At the present time,
there is little financial incentive for these companies to embark on such a venture since
the current water tariffs in Australia is cheaper than the cost of investing in process
changes and water reclamation technologies. Although this is currently the case, both
companies could achieve a sustainable future in terms of a steady supply of water for

use in different production processes should the current situation change.

7.4 Areas for further research

A number of areas for further research were identified from this work. These areas are

as follows:

1) Current commercially available water pinch software is usually based on steady-state
assumptions. Such assumptions don’t take into consideration changes in operating
parameters — i.e. changes in temperature, pressure, etc. Changes in operating
parameters have a big effect on water use. For example, a 1 °C change in temperature

can significantly alter the volume of feedwater supply to boilers, cooling towers and air
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handling units. Therefore, in order to capture such changes, the development of water
pinch software based on artificial intelligence is proposed. This software should be
designed in such a way that it will directly interact with the existing process controls
installed at both companies. The software will automatically adjust water use of
processes when critical operating parameters change. For example, when the
temperature changes from 1 °C to 2 °C, the feedwater supply to a boiler increases.
Likewise, when temperature changes from 2 °C to 1 °C, the feedwater supply to a boiler
decreases. Considering the process operating parameters (e.g. temperature, pressure,
etc.) during a water pinch analysis will facilitate dynamic changes in feedwater supply
to processes. Data on these changes can subsequently be captured by the proposed
software and used as a basis for increasing process water use efficiency even in the

absence of an actual plant trial.

2) In this work, a 75 % wastewater recycling rate can be achieved at the two companies
studied. This is based on a combination of process integration and the use of membrane
processes to reclaim wastewater. To achieve total water recycling, the remaining 25 %
of wastewater generated should either be reused or eliminated completely. Therefore, to
bridge the gap to achieving total water recycling, a study on significant process
improvements aimed at improving water use efficiency is proposed. The study would
deal directly with water-using processes. For example, if the current cooling tower is an

open circuit type, it can be changed to a dry type in order to reduce water consumption.

3) The passage of iron (Fe) through the selected NF and RO membranes has not been
fully investigated in this study. Assuming that this is not an experimental artifact,

understanding the mechanisms behind the passage of Fe through these membranes will
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lead to better understanding of membrane material suitability. Likewise, it is also worth

identifying why the iron has been present as a neutral species.

4) Water reclamation of different wastewater streams is very dependent on the
pretreatment process to be used — as discussed in Chapters 3 to 6. Since the majority of
the membrane lab-scale experiments conducted as part of this project has been shown to
be successful, it is proposed that a membrane pilot scale model should be deployed on
the actual manufacturing sites of both companies. The pilot scale model will validate
the results obtained from the lab-scale experiments. Likewise, the necessary

adjustments on operating parameters can be done prior to actual plant installation.

5) The installation of membrane treatment equipment will involve costs throughout its
operating lifetime. It is recommended that a study involving a full whole life cost
analysis be carried out, with the possibility of considering the role of subsidies that

cover the installation of equipment.
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Appendices

Appendix 2.1: Specifications of GE TransPort PT878 ultrasonic flowmeter. All data

were supplied by General Electric (GE).

Parameter Operational limits

Fluid types Acoustically conductive fluids, including most clean liquids, and
many liquids with entrained solids or gas bubbles. Maximum void
fraction depends on transducer, interrogation carrier frequency, path
length and pipe configuration.

Pipe sizes 0.5into 300 in (12.7 mm to 7.6 m) and larger

Pipe wall thickness

Pipe materials

Clamp-on flow accuracy
(Velocity)

Repeatability
Range (Bidirectional)
Rangeability (Overall)
Measurement

Flow measurement
method

Enclosure

Dimensions

Display

Keypad

Internal battery
Battery charger input
Memory

Operating temperature

Storage temperature

Upto 3in (76.2 mm)

All metals and most plastics. Consult GE for concrete, composite
materials, and highly corroded or lined pipes.

e Pipe ID>6 in (150 mm): £1% to 2% of reading typical
e Pipe ID<6 in (150 mm): +2% to 5% of reading typical

+0.1% to 0.3% of reading

Range (Bidirectional) —40 to 40 ft/s (-12.2 to 12.2 m/s)
400:1

Volumetric flow, totalized flow and flow velocity

Patented Correlation Transit-Time mode

Submersible IP67

Weight 3 Ib (1.36 kg),
Size(hxwxd)9.4inx55inx15in
(238 mm x 138 mm x 38 mm)

240 x 200 pixel backlit LCD graphic display

25-key rubberized tactile membrane keypad
Rechargeable battery: 9 to 11 hr of continuous operation
100 to 250 VAC, 50/60 Hz, 0.38 A

FLASH memory, field-upgradable

—4°F to 131°F (—20°C to 55°C)

—40°F to 158°F (—40°C to 70°C)
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Parameter

Operational limits

Standard inputs/outputs

Digital interface

Site-parameter
programming

Data logging

Display functions

Transducer temperature
ranges

Transducer mountings

Transducer cables

PC-interface software

RS232-to-infrared

e One 0/4 to 20 mA current output, 550 Q maximum load

e One user-selectable pulse (solid state, 5 VV maximum) or
frequency (5 V square wave, 100 to 10,000 Hz)

e Two 4 to 20 mA analog inputs with switchable power
supply for loop-powered temperature transmitters

Infrared communication port for printer or PC interface

e Menu-driven operator interface using keypad and "soft"
function keys

e Online help functions including pipe tables

o Storage for saving site parameters

e Memory capacity to log over 100,000 flow data points
o Keypad programmable for log units, update times, and
start and stop time

e Graphic display shows flow in numerical or graphic
format

o Displays logged data

o Extensive diagnostic parameters

e Supports multiple languages: Dutch, English, French,
German, Italian, Japanese, Portuguese, Russian, Spanish,
Swedish and others

o Standard: -40°F to 302°F (-40°C to 150°C)
o Optional: -328°F to 752°F (-200°C to 400°C)

Stainless steel chain or strap, welded or magnetic clamping fixtures

o Standard: One pair of LEMO® coaxial transducer
connectors with 25-ft (8-m) cables

e Optional: 1,000-ft (305-m) extension cables available for
most transducers

The TransPort PT878 communicates with a PC through the infrared
interface and Windows® operating systems. Consult the manual for
details on sites, logs and other operations with a PC.

Infrared adapter plugs into any available serial port to give desktop
PCs infrared capability.
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Appendix 2.7: Comprehensive water flow diagram for Company A

SOURGE @ oH (108 Al Hard i A T Fe bl | @ o § AN UsERS aia CITVWATER USERS s o AN RN VERID USERS s 1o ov ove[ 0] @ TREATED WATER USERS $ o Tovov s 4 C0D 1800/ 108 ] 'S8 0RE! P A | N[ G A 6T g 4 COB]GD] 08 86 108G P | A N 1 Gu TG e
o7
1656 |_PRETREATMENT ][] 5.1 1 HOT WATER RINGE (SPRAY) || /0| eeky 04 3460 a6 b | 76 [ 54a T 063} w2 08 {011 07 | 002 [<aani
e [Z HOTWATER RINSE D) [OF1] w0, 35 wks Tors 0w s 0 {on o 545 oo o o3 oor oy
PR e - Owmbecan £ DEGREASIG SPRAY 0 weekly T2 0 2 e 7t | w2 om) 34 oo oo oz ao o
TS - To D Skt rot [ DEGREASNG! 3 w0 E10vhs T35 0 2w v 4 52 owr 38 oo otm om oor o
[P —— [E-CIY WATER RavsE SPRAY) Jo2] W, _vesiiy S s 8 6 o0 % w0l oui b v wom FLOWTANK o Lo Rt S Lbceisi
W s s CacOn oL O WATER RWSE (5PRAY) _[OFS| 110 _weeiy W | & s o om0 o0t 0 ow o g st0m
o Chiorine, mgiL [7. SURFACE CONDITIONING (DIP) 68 wks 938 113 | 2 21 114 14 0011633 004 <001 015 <001 00001 T T T
fo " [5] Bizwe 32w |12 s 67 | 26 '<omi a4 423 002 288 047 oot COAGUANT AcD
PoymerB
o weekly 3% 55 | @ 718 45 | 8 <001 67 222 <001 15 001 0008 Calcium Chioride- Alkali
o [10. CITY/DI RNSE (DIP) Jors || 68wks 45 B 18 18 | 9 [<001]123 245 <001 037 <001 00003
w
oFuF 7781 DITRANI&Z [17_DIRINSE (SPRAY ToF0] i weekiy 43 a5 @ 1 6 D19 <001 17 018 001 014 001 0oa0i
oF 521 300m’ om
ov 75 ECOAT OF) vl fever i 172 o] s G878 214 {006 ] 46 028 T<diuoi
o D = o o oo 244 022 o 15 s oot
© s I e T oo 3 o a4 _oor oo aco
s 5] TR = @01, 15 012 w01 075 w01 D00r Al Folymer A
ER— e T ERTIDRETID
Too Tuvdy NTU 7w s 0 <001 012 <001 001 016 001 0188
e oermee ey [ w0 TR s S oo o o oo o7 o owr o
AT 74 75001120/ 2501008 0021064 05 FLOWTANK o | mrozzanon ] o ossrvesan
500 [ SLUbGE PooL 757 [CLERR CORT T Jiis AT T o s <t s ot ot o tom TANK (5 FLOATATION
21 [PRVER T lwo 740 e | 610 185 6 | 15 <001 004 001 <001 013 <001 <0001
Lo T Tmo o e 1w s | 13 omn oo oot o 0% o gm0 ’7
[T T Two var w1 om0 o0n o o o eonn
o " i
Treans o 01 20) 7 FRIER i
U —— [ 714 frmer——— [ FNAL
L WO 4t o [[558 [ToP coRTABRSE [ TREAM PEr ADJUSTENT TANK
- bl Yot (V) st sy [756 [P conTAGLEAR [ s weomY |72 (aaal 50| 73 (a6 28 T 714001028 004 <001<00k0 0001
I ——— [ 555 [Tor cone ase _ [T
7261 [ToP COATE CLEAR I
s i
\_:nw COOLG TOWERS 0 [15n s
3
0 - Bt Ongen e ot
= St St oL
~ montly
zn anbly
N 0.00 e
c“ T 205 [rsi W 7
o [ [rcoowermwone WG moniy
" R T — W0 moniy
Py - | [E00TH DU
teks | TORYSANDING BOOTH| | [s0TH Duve___
[ [ PRMERBOOTH | | [RALWAY WATER sUPPLY
[ pssom | [Ncstomrmwonr
[BoombwPA T IwoiiTsmes [T
RAINWATER H [EoOTH DUMP B
i G STOWER AP R _’—
; [AC SHOWER TANK DUVP & WERRIBEE TREATMENT
i [ rawsmeeen || [WamRmwsE PLANT
i [ Twsc veoue
i  TRosE T ouw
S IooMESTE USE 1 1 1
io0s _
75 | _processes ] | R W BT A i T TR 5 O3 51 {599 [ Aa [ T
[z oy vateR 0P 1] wo_ weeky oo 1o me b | om om oo om o ot mmm
[ Tecowmoweror wo axivk || o | w3 oo 7s o; 007 o1 9o a0
[ [seroserre o nover 3 3 s e | m oo wm 4 01 w1 b <m0
 Eon warroe BN REAE IR R TIE T e TIET )
T I T EROWATERDP Tos] o T Y o i 07 b r
JoFuF] never [T [ 548 315000 1470 | 2450 65100} 120  0.14 | 234 | 495 | 0.18 | 185 | 0.26 | 000%
Torr] T a0 | 7o e | e | & {our [ of (o 501 154 o wor
Tore T S | vm e | & | 45 o] 10 ods ot 129 o o0t
NN = — ) L] IR AR I R AR TR T AC TIRTAE T
7 [P RRIGATON T i
RO BACKWASH T Isw 1 1
T4 [ cooumo Toners | T T Tow w = -] T
T Z4 [oOMESTCUSE T Tsw T T T 1
sis
[ [_PowerrAN | Ecurms G i,
tFOUNDRV — ENGINE TRADEWASTE
HOTTEST 0o, TREATMENT PLANT
|[—_[oro Roows I Ewie)
[ [5wAre Aren I
[ omer o
" [oowesmeuee sw
e [ cooumG oweRs 73 oo Sw 7
Sw i} WASTE OIL CURRENTLY
i % REMOVED BY JENNINGS.
Sw i
Sw 74
sw [
2
[ [ resmewper | T Jwo 80w e i [ { s omiam o oo o a0 amen
T Two T sow 7 e e 52 omn om om o om o o0t
T Tsw - i
RGSVSTEW T 1 -
[ 1
TRoeACwSR s T T
[V20esCis Wo 004
73 [vaescs T Jwo o
[boMESTIC USE T s T [
Eiki [ ooy
PRESS SHOP [CLEANNG. 1
1 — \_@ [ sw T 1 =T il TREATMENT
83 [vz0e0c07 T Isw 10 1 77
w 1 [ 1
[CANTEEN__ I T T T
[pomesTC USE T_1sw 00 I I I I
o
[ [onurv-eoiers | S B -

TRRIGATION

Goes into soil



€cc

Appendix 2.8: Comprehensive water flow diagram for Company B
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Appendix 2.9: Wastewater test results for representative streams identified at Company A

Parameter pH Conductivity TDS TDS (10) ss Al Sh As Ba B Ca Cr Co Cu Fe Pb Mg Mn Mo Ni P K Se Ag Na Sr Sn Ti v Zn s Hg 0&G cob BOD
Units - - mg/L mg/L mg/L | mg/L | mg/L mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L mg/L | mg/L | mg/L | mg/L | mg/L mg/L mg/L mg/L mg/L
CITYWEST WATER RESULTS 2008 | 7.00 137.00 60.00 6.70 ]0.01 0.01 ]0.05 |0.01 |1.40 |0.003 0.01
Limit of Reporting - - 1 1 1 0.1 1 0.01 ]0.01 ]0.01 |0.01 |0.01 |1 0.01 ]0.01 Jo.01 |1
ID |PAINT SHOP
1 [Clear Coat 7.16] 834.00(ps/icm |924 636 50 0.15 |<0.01 |<0.01 |0.7 0.3 |18 <0.01 ]<0.01 |<0.01 |0.56 |<0.01 |7 0.02 ]<0.01 |<0.01 |<1 1" <0.01 <0.01 [105 [<0.1 |<0.01 |<0.01 |<0.01 |0.03 |3 0.0001 8 791 116
2 |Primer 7.40 1447.00|ps/icm | 1550 690 6 0.13 |<0.01 |<0.01 [3.5 04 |23 <0.01 |<0.01 |<0.01 {0.36 [<0.01 |10 0.06 |<0.01]0.01 |<1 19 <0.01 |<0.01 |251 0.1 <0.01 [<0.01 |<0.01 |0.04 |4 <0.0001 15 1860 610
3 |Top CoatA 7.37 703.00|ps/ecm |700 336 96 0.52 |<0.01 |<0.01 0.8 0.4 |14 <0.01 |<0.01 |<0.01 0.38 |<0.01 |5 0.03 ]0.02 |<0.01 |<1 7 <0.01 |<0.01 |97 <0.1 |<0.01 |<0.01 |<0.01 |0.02 |5 <0.0001 13 1240 165
4 |Top CoatB 8.94 2.27|ms/cm |1950 1200 102 0.21 <0.01 |<0.01 0.4 0.3 |10 <0.01 |<0.01 ]0.01 ]0.29 |<0.01 |9 0.01 ]0.02 |<0.01 |<1 17 <0.01 |<0.01 [433 [<0.1 |<0.01 |<0.01 |<0.01 |0.13 |8 <0.0001 16 1640 387
5 |IWO Inlet 8.99 545.00(pus/cm |480 228 130 0.31 ]<0.01 |<0.01 0.3 |04 |8 0.03 |<0.01]0.05 |1.13 |<0.01 |3 0.06 |<0.01]0.02 |5 54 <0.01 |<0.01 |44 <0.1 0.06 |0.47 [<0.01]1.23 |3 <0.0001 |45 575 125
6 |IWM Inlet 5.93 834.00(ps/icm |626 426 188 0.92 |<0.01 |<0.01 f0.1 03 |7 0.01 |<0.01]0.07 |55 ]0.01 |2 5.56 |<0.01]8.3 |71 12 <0.01 |<0.01 [113 [<0.1 0.03 |0.14 |<0.01|27.9 |2 <0.0001 |21 250 <2
7 |IWG Inlet 6.67 186.90|pus/cm | 130 8 7 0.18 |<0.01 |<0.01 |<0.1 0.2 |8 <0.01 |<0.01 |0.03 0.35 |<0.01 |3 <0.01 |<0.01 |<0.01 |<1 1 <0.01 |<0.01 |8 <0.1 |<0.01 |<0.01 |<0.01 |0.31 |4 <0.0001 |<5 14 <2
8 |TWTP Outlet 8.44 1555.00us/cm |926 734 28 0.18 |<0.01 |<0.01 |<0.1 |04 |7 <0.01 |<0.01 |<0.01 |0.02 |<0.01 |3 0.02 |<0.01]0.04 |14 59 <0.01 |<0.01 |224 |<0.1 0.02 |0.01 |<0.01]0.25 |6 <0.0001 |7 280 73
9 |Degrease Stage 1 10.40 6.16ms/cm [4810 3710 706 0.37 |<0.01 |<0.01 |3.1 06 |4 0.02 |<0.01]0.11 |2.88 |0.03 |7 0.25 0.02 |0.06 |18 1350 [<0.01 |<0.01 |264 |<0.1 0.1 0.28 |<0.01 |12 16 <0.0001 342 3450 236
10 |Degrease Stage 2 10.73 6.79|ms/cm |6090 3800 290 0.35 |<0.01|<0.01 |12 |04 |4 0.01 |<0.01]0.04 |1 0.02 |4 0.12 ]0.01 ]0.03 |22 1480 [<0.01 |<0.01 {292 |<0.1 0.08 |0.41 |<0.01 [543 |16 <0.0001 277 1780 96
11 |Degrease Stage 3 11.12 16.41[ms/cm [12700 | 9490 74 0.26 |<0.01 |<0.01 |06 0.3 |3 0.02 |<0.01]0.06 [0.51 |<0.01|2 0.08 ]0.02 ]0.04 |23 6700 |<0.01 [<0.01 |437 |<0.1 |0.18 |0.14 |<0.01]3.4 |8 <0.0001 |62 2130 228
12 |Degrease Stage 4 11.35 16.43|ms/cm |13200 |10400 |74 0.26 |<0.01 |<0.01 0.5 |04 |4 0.02 ]<0.01]0.06 |0.53 ]0.01 |2 0.08 ]0.02 ]0.04 |23 7000 |<0.01 [<0.01 549 |<0.1 |0.14 0.13 |<0.01]3.55 |9 <0.0001 |52 1900 220
13 |Degrease Drain 10.33 1844.00|ps/icm |1120 732 116 0.23 ]0.02 |<0.01|06 0.6 |7 0.01 |<0.01]0.04 |0.74 |0.01 |4 0.08 |<0.01]0.02 |44 314 |<0.01 [<0.01 |161 |<0.1 |0.05 |[1.05 |<0.01]3.46 |9 <0.0001 |42 566 20
14 |Phosphate Stage 5 9.94 849.00|ps/em |774 478 52 0.15 |<0.01 |<0.01 |<0.1 0.3 |4 <0.01 |<0.01 |<0.01 |0.06 |<0.01 |3 0.02 |<0.01 |<0.01 |30 84 <0.01 |<0.01 |97 <0.1 |<0.01)0.22 |<0.01]0.36 |5 <0.0001 |6 119 13
15 |Phosphate Stage 6 8.87 464.00[ps/cm 1510 264 16 0.17 ]<0.01 |<0.01 |<0.1 |04 |5 <0.01 ]<0.01 ]0.01 0.17 |<0.01 |3 0.03 |<0.01 |<0.01 |28 9 <0.01 |<0.01 |69 <0.1 |<0.01)0.89 |<0.01]1.07 |5 <0.0001 10 46 8
16 |Phosphate Stage 7 9.38] 2.77|ms/cm |2270 1700 114 0.15 ]<0.01 |<0.01 |<0.1 0.3 |4 <0.01 |<0.01 |<0.01 |0.4 |<0.01 |14 0.17 |<0.01 10.04 232 |24 <0.01 |<0.01 |587 |<0.1 ]0.49 |3.06 |<0.01]6.33 |24 <0.0001 14 13 22
17 |Phosphate Stage 8 3.24 26.50|ms/cm |27400 |22000 |67 26.8 |0.22 |0.08 |<0.1 |42 |13 0.17 |0.26 ]0.02 |[6.28 [<0.01 |17 323 |<0.01|423 |3740 |43 <0.01]0.01 592 |<0.1 0.02 [0.05 |[0.01 |93.4 |24 <0.0001 |26 93 12
18 |Phosphate Drain 3.63 1219.00|ps/cm |748 646 39 148 [0.03 |<0.01[<0.1 0.9 |1 0.01 |]<0.01 |<0.01 6.6 |<0.01 |<1 10.6 [<0.01]20.2 [167 |2 <0.01 |<0.01 176 |<0.1 0.03 [0.02 |<0.01|60.7 |12 0.0034 <5 45 <2
19 |Stage 9 3.58 1280.00|ps/icm |718 452 46 1.58 ]0.02 |<0.01|<0.1 |09 |1 0.01 ]0.01 |<0.01 |4.86 |[<0.01 |<1 11.7 |<0.01|22.2 |187 |2 <0.01 |<0.01 [198 [<0.1 0.04 |0.01 |<0.01|65.7 |2 0.0009 9 55 <2
20 |Stage 10 4.25 189.40|pus/icm | 139 138 18 0.37 ]0.01 |<0.01<0.1 |05 |<1 <0.01 |<0.01 |<0.01 |1.45 [<0.01 |<1 1.39 [<0.01|245 |20 <1 <0.01 |<0.01 |26 <0.1 |<0.01 |<0.01 |<0.01 |12.3 |<1 0.0003 9 35 <2
21 |Stage 11 4.38 23.20|ps/cm |1 <1 6 0.14 ]0.01 |<0.01 |<0.1 |04 |<1 <0.01 |<0.01 |<0.01 |0.27 |<0.01 |<1 0.12 |<0.01|0.18 |1 <1 <0.01 |<0.01 |2 <0.1 |<0.01 |<0.01 |<0.01 |1.76 |<1 <0.0001 19 45 <2
22 |Stage 12 5.21 1.49|ps/em <1 <1 <1 0.09 |<0.01 |<0.01 <0.1 0.4 |<1 <0.01 |<0.01 |<0.01 {0.01 |<0.01 |<1 <0.01 |<0.01 |<0.01 | <1 <1 <0.01 |<0.01 |<1 <0.1 <0.01 |<0.01 |<0.01 [<0.01 |26 <0.0001 |<5 10 <2
23 |ED Tank 5.84 1282.00|pus/cm |6330 4700 44400 |45 <0.01 ]0.02 |1 08 |3 0.28 |<0.01]0.08 |11 0.08 |<1 033 |0.72 |2.14 |24 <1 <0.01 ]0.02 |5 <0.1 |178 |2.03 |0.56 |178 |24 <0.0001  |548 304000 172
24 |UF1 5.49 771.00|ps/em |756 330 960 3.15 ]0.02 |<0.01 f0.1 07 |2 0.02 |<0.01 |<0.01 1.2 ]0.01 |<1 0.29 0.04 ]0.22 |2 <1 0.01 |<0.01 |6 <0.1 |13.2 0.2 |0.04 |244 |160 [<0.0001 |23 30400 470
25 |UF 2 5.84 770.00|ps/em |762 360 146 142 ]0.02 |<0.01 0.1 08 |2 0.01 |<0.01 |<0.01 |0.53 |<0.01 |<1 0.3 ]0.01 ]0.13 |<1 <1 0.02 |<0.01 |6 <0.1 |3.63 |0.16 |<0.01 |17.3 |32 <0.0001 225 16000 1380
26 |UF 3 5.74 733.00|us/cm |718 340 54 0.79 ]0.01 ]<0.01 f0.1 07 |2 <0.01 |<0.01 |<0.01 |0.44 |<0.01 |<1 0.28 |<0.01]0.12 |<1 <1 0.01 |<0.01 |6 <0.1 |1.53 ]0.09 |<0.01 |16 17 <0.0001 |<5 15800 1410
27 |UF 4 5.47 752.00(ps/cm |700 454 66 0.62 ]0.02 |<0.01 f0.1 08 |3 <0.01 |<0.01 |<0.01 |0.4  |<0.01 |<1 0.29 |<0.01]0.12 |<1 <1 0.01 |<0.01 |6 <0.1 10.78 |0.12 |<0.01 |16.4 |18 0.236 55 15000 1360
28 |CWRinse sample not taken
29 |DI/CW Rinse 6.70 56.20|us/cm |44 26 12 0.16 |<0.01 |<0.01 |<0.1 |04 |4 <0.01 |<0.01 |<0.01 [0.06 |<0.01 |<1 <0.01 |<0.01 |<0.01 |<1 <1 <0.01 |<0.01 |5 <0.1 0.06 |0.16 |<0.01]0.12 |2 0.143 10 163 18
30 |DIRinse 5.30 1.85|ps/em |2 <1 <1 0.13 |<0.01 |<0.01 |<0.1 |04 |<1 <0.01 ]<0.01 ]0.08 ]0.02 |<0.01 |<1 <0.01 ]<0.01 |<0.01 | <1 <1 <0.01 ]<0.01 |<1 <0.1 ]0.03 |<0.01|<0.01 |<0.01 |<1 0.0397 <5 16 <2
31 |ED Drain 6.70 59.50|ps/icm |46 32 17 0.2 |<0.01|<0.01 |<0.1 |04 |4 <0.01 |<0.01 |<0.01 |0.06 |<0.01 |<1 <0.01 |<0.01 |<0.01 |<1 <1 <0.01 |<0.01 |5 <0.1 ]0.06 |0.15 |<0.010.17 |30 0.0139 <5 214 18
UNIT PARTS
32 |Degrease Stage 1 12.49 26.40|ms/cm | 17400 |11000 |56 1.89 [0.02 ]0.01 |0.6 |05 |4 0.04 |<0.01]0.19 |2.32 ]0.08 |<1 0.6 ]0.02 ]0.1 8 5260 |<0.01 [<0.01 |811 ]0.1 126 |0.08 |<0.01]25.2 |7 0.0031 582 2130 156
33 |Degrease Stage 2 10.10 389.00(ps/cm |206 76 8 0.17 ]<0.01 |<0.01 |<0.1 0.4 |14 <0.01 |<0.01 |0.08 0.14 |<0.01 |4 0.02 |<0.01 |<0.01 |<1 46 <0.01 |<0.01 |24 <0.1 ]0.02 |<0.01<0.01]0.93 |7 <0.0001 |<5 150 <2
34 |Degrease Stage 3 9.39 2.03[ms/cm [1470 794 114 0.19 |<0.01 |<0.01 0.3 0.6 |13 <0.01 |<0.01 ]0.07 [0.82 [<0.01 |13 0.2 |<0.01]0.02 |248 |56 <0.01 |<0.01 |[544 |<0.1 0.05 |83 |[<0.01|7.64 |24 <0.0001 |9 141 <2
35 |Degrease Drain to TWTP 11.50 26.00|ms/cm | 1250 932 52 0.28 |<0.01 |<0.01 f0.1 04 |15 <0.01 |<0.01 |0.09 |0.49 |<0.01 |4 0.07 |<0.01]0.01 |<1 272 |<0.01 [<0.01 |67 <0.1 0.11 ]0.02 |<0.01|2.46 |8 <0.0001 |8 259 21
36 |Phosphate Stage 4 3.23 18.34[ms/cm [13300 | 5030 43 34.1 10.15 ]0.17 0.1 14 |12 0.15 ]0.54 0.1 8.34 |<0.01 |23 370 ]<0.01 |459 3920 [114 |<0.01 [0.02 |3650 |<0.1 ]0.04 |0.09 ]0.02 |1920 |26 <0.0001 |26 352 5
37 |Phosphate Stage 5 3.79 429.00(ps/cm |282 56 <1 0.66 ]0.01 |<0.01<0.1 0.6 |<1 <0.01 |<0.01 10.03 |1.1 <0.01 |<1 5.09 |<0.01|8.12 |62 3 <0.01 |<0.01 |48 <0.1 |<0.010.01 [<0.01|26.6 |17 <0.0001 <5 22 <2
38 |Phosphate Stage 6 4.80 415.00|ps/em |1 <1 1 0.12 |<0.01 |<0.01 [<0.1 |04 |<1 <0.01 |<0.01 |<0.01 {0.13 |<0.01 |<1 0.13 |<0.01]0.22 |2 <1 <0.01 |<0.01 |3 <0.1 |<0.01 |<0.01 |<0.01 |0.93 |<1 <0.0001 |<5 8 <2
39 |Phosphate Drain to TWTP 3.78 418.00|ps/em |310 34 6 0.6 |]<0.01|<0.01|<0.1 0.5 |<1 <0.01 |<0.01 |<0.01 |2 <0.01 |<1 4.84 |<0.017.7 |60 2 <0.01 |<0.01 |46 <0.1 ]0.02 ]0.02 |<0.01]25.5 |<1 0.059 237 12 <2
40 |ED Stage 7 5.48 1459.00|us/icm | 2450 1700 65100 |185 [0.15 |0.02 [1.6 |1 7 0.26 |<0.01]0.18 |39.6 |0.14 |1 184 |12 496 |44 1" <0.01 |0.06 |18 <0.1 136 |1.24 [0.33 [234 |23 0.0099 120 315000 |[1470
41 |ED Stage 8 5.30 1019.00|ps/cm |1100 110 128 154 [0.04 |<0.01 |04 |09 |6 <0.01 |<0.01 |0.01 |0.86 [0.01 |1 1.87 0.03 |0.48 |1 15 0.01 |<0.01 |23 <0.1 |6.04 ]0.07 |<0.01 104 |10 <0.0001 |8 12600 752
42 |ED Stage 9 5.30 976.00|us/cm |822 546 23 429 |0.04 |<0.01]04 |1 6 <0.01 |<0.01 |<0.01 {0.2  [<0.01 |1 19 [<0.01]046 |[<1 16 0.01 |<0.01 |25 <0.1 ]0.83 |<0.01|<0.01 |110 |21 <0.0001 |43 12300 926
43 |ED Stage 10 2.20 3.49|ms/cm |3110 1190 21 1.6 [<0.01<0.01 [<0.1 0.5 |<1 <0.01 |<0.01 |<0.01 {0.11 <0.01 |<1 0.11 |<0.01]0.05 |<1 1 <0.01 |<0.01 |3 <0.1 ]0.32 |<0.01|<0.01]6.7 |<1 <0.0001 15 1760 164
44 |ED Drain to TWTP 3.33] 231.00(ps/em |320 270 64 2.82 ]0.02 |<0.01|<0.1 |05 |<1 0.3 |<0.01]0.01 |1.56 [<0.01 |<1 0.11 ]0.05 ]0.17 |<1 <1 <0.01 |<0.01 |2 <0.1 0.88 |0.02 |<0.01]5.97 |3 <0.0001 |40 4640 702
45 |RO Concentrate 6.80 345.00(ps/em |224 22 1 0.17 |<0.01 |<0.01 [<0.1 |05 |26 <0.01 |<0.01 |0.12 |0.04 |<0.01 |7 <0.01 |<0.01 |<0.01 |<1 4 <0.01 |<0.01 |28 <0.1 ]0.03 |<0.01|<0.01 [0.01 |13 <0.0001 |5 21 <2
RESIN
46 |Sludge Pool 7.39 414.00|ps/cm |286 120 364 0.61 |<0.01|<0.01 0.8 0.5 |14 <0.01 }<0.01 0.1 241 [<0.01 |4 0.05 |<0.01]0.01 |3 2 <0.01 ]<0.01 |71 <0.1 ]0.02 ]0.25 |<0.01]0.09 |4 <0.0001 |52 3040 756
47 |ASH blowdown 8.00 7.51|nslcm |1 <1 <1 0.17 ]<0.01 |<0.01 |<0.1 0.5 |<1 <0.01 |<0.01 |0.02 0.05 |[<0.01 [<1 <0.01 |<0.01 |<0.01 |<1 <1 <0.01 |<0.01 |1 <0.1 10.02 |[<0.01 [<0.01]0.18 |[<1 <0.0001 15 14 9
48 |RO Concentrate 8.00 135.50|us/cm 102 50 1 0.15 ]<0.01 |<0.01 [<0.1 0.5 |<1 <0.01 |<0.01 ]0.02 ]0.04 |<0.01 |<1 <0.01 |<0.01 |<0.01 |<1 2 <0.01 |<0.01 |28 <0.1 ]0.01 ]<0.01|<0.01 |<0.01 |5 <0.0001 |<5 14 <2
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Appendix 2.10: Wastewater test results for representative streams identified at Company B

Parameter Tem.p. pH. Conductivit oH Conductivit | Alkalinity TDS |TDS (10) ss cl ca | Mg Na K ™ P |o0ac | cop |Bop,
(on-site)|(on-site)|y (on-site) y @25°C | as CaCO; |[@180°C | @550°C REMARKS
Units (°C) - ps/cm - us/cm mg/L mg/L mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L
ID |PRODUCTION ROOM
1 Hot Fill (B1) Wastew ater
2 Hot Fill (B4) Wastew ater (Detergent) 17.0 13.2 18000.0 12.9 118000.0 4100.0 5700.0 |[5400.0 |9.0 [800.0 [2.4 |11 2100.0{420.0 (0.5 |41.0 |<5 180.0 |<2 ) )
- - using CIP (Syrup Room) for cleaning
Hot Fill (B4) Wastew ater (Rinse Water) 17.0 111 130.0 7.0 [130.0 3.0 88.0 58.0 <2 16.0 |48 |15 [16.0 [1.0 0.3 ]0.05 |<5 14.0 |3.0
3 Carbonate (B3) Wastew ater
4 Can Line (C6) Wastew ater
5 Cordial (B7) Wastew ater
6 CIP (B1) Wastew ater 14.5 7.9 172.2 16.6 140.0 10.0 94.0 70.0 3.0 17.0 (4.3 1.4 16.0 (0.8 1.0 2.4 <5 19.0 ([<2 sample taken at recovered water tank
7 CIP (Syrup Room) Wastew ater
8 Bottle Washing/Rinsing Wastew ater 14.4 6.7 110.1 16.0 [110.0 5.0 84.0 58.0 20 |20.0 (43 1.3 |11.0 [09 [0.8 |<0.05 |<5 11.0 [<2 sample taken at B3
9 Cooler/Warmer Wastew ater 24.8 6.5 392.0 7.8 [410.0 73.0 830.0 [200.0 |6.0 [53.0 [3.5 |11 78.0 (6.4 |1.3 |47 (7.0 [1700.0/750.0 Jsample taken at B1
ID |UTILITIES
10  |Reclaim Tank 25.6 6.8 111.8 6.4 |110.0 6.0 92.0 58.0 120.0 |17.0 |47 (1.4 [11.0 |0.9 0.3 |01 70 [81.0 |<2
11 |Boiler Condensate 14.2 6.4 127.5 71 69.0 12.0 60.0 50.0 3.0 ]10.0 [<0.1 |<0.1 ]12.0 [<0.1 [0.3 |<0.05 |<5 9.0 [<2 sample taken after deaerator
:; Wet Lube Conveyor Wastewater (for B1 & B4) 15.4 4.3 206.0 4.4 260.0 2.0 550.0 [160.0 ]290.0 [46.0 (4.9 1.3 53.0 |71 2.7 71 7.0 1800.0{610.0 fsample taken at B1 conveyor
14
15  |Vacuum Pumps Wastew ater (for B1, B3 & C8) |21.5 7.8 66.0 6.5 [65.0 13.0 46.0 32.0 <2 9.0 |39 (14 |53 0.9 |03 [0.06 |[<5 68.0 [<2 sample taken at B3
16
17 |Rainwater Tank 12.7 8.9 76.7 6.3 [44.0 3.0 40.0 16.0 <2 40 106 (03 [1.9 0.2 ]0.8 [<0.05 |<5 <5 <2
ID |OTHERS
18  |Water to Filling Room 14.0 7.2 133.5 8.1 160.0 4.0 100.0 |34.0 <2 180 |43 |13 [11.0 [0.8 0.2 |<0.05 [<5 120 |3.0
19 |Water to Syrup Room 14.0 71 113.4 6.2 |120.0 4.0 72.0 56.0 <2 180 |44 |13 [11.0 [0.8 |0.2 |<0.05 [16.0 [10.0 |4.0




Appendix 4.3: Calculations of the forces acting on CED paint particles suspended in

the model wastewater

Internal Diameter of Length of ceramic

Particle Sizes ~ Particle Sizes Viscosity of Feed Pressure Drop ceramic membrane membrane
(nm) (m) (Pas) (Pa) m) m),
Dr D NF AP Dem Lewm
24ms*  28ms?  32ms?

78.82 7.882E-08 1.002E-03 69826.7 95511.6 119357.9 0.007 0.25

91.28 9.128E-08 1.002E-03 69826.7 95511.6 119357.9 0.007 0.25
105.70 1.057E-07 1.002E-03 69826.7 95511.6 119357.9 0.007 0.25
122.40 1.224E-07 1.002E-03 69826.7 95511.6 119357.9 0.007 0.25
141.80 1.418E-07 1.002E-03 69826.7 95511.6 119357.9 0.007 0.25
164.20 1.642E-07 1.002E-03 69826.7 95511.6 119357.9 0.007 0.25
190.10 1.901E-07 1.002E-03 69826.7 95511.6 119357.9 0.007 0.25
220.20 2.202E-07 1.002E-03 69826.7 95511.6 119357.9 0.007 0.25
255.00 2.550E-07 1.002E-03 69826.7 95511.6 119357.9 0.007 0.25
295.30 2.953E-07 1.002E-03 69826.7 95511.6 119357.9 0.007 0.25
342.00 3.420E-07 1.002E-03 69826.7 95511.6 119357.9 0.007 0.25
396.10 3.961E-07 1.002E-03 69826.7 95511.6 119357.9 0.007 0.25
458.70 4.587E-07 1.002E-03 69826.7 95511.6 119357.9 0.007 0.25
531.20 5.312E-07 1.002E-03 69826.7 95511.6 119357.9 0.007 0.25

FVD Permeation Flux or 5ermea1e elocity FFD
(Newtons) (ms7) (Newtons)
= (2.55nAPD D )AL oy J =3nnDpd
24ms? 28ms* 32ms? 100 kPa 200 kPa 300 kPa 100 kPa 200 kPa 300 kPa

2.43267E-11 3.3275E-11 4.15827E-11 1.0178E-04 1.8434E-04  2.5135E-04 7.576E-14 1.372E-13 1.871E-13
3.26258E-11 4.46269E-11 5.57688E-11 1.0178E-04 1.8434E-04  2.5135E-04 8.774E-14 1.589E-13 2.167E-13
4.37482E-11 5.98405E-11 7.47808E-11 1.0178E-04 1.8434E-04  2.5135E-04 1.016E-13 1.840E-13 2.509E-13
5.86642E-11 8.02431E-11 1.00277E-10 1.0178E-04 1.8434E-04  2.5135E-04 1.176E-13 2.131E-13 2.905E-13
7.87341E-11 1.07696E-10 1.34584E-10 1.0178E-04 1.8434E-04  2.5135E-04 1.363E-13 2.469E-13 3.366E-13
1.05574E-10 1.44408E-10 1.80462E-10 1.0178E-04 1.8434E-04  2.5135E-04 1578E-13 2.858E-13 3.898E-13
1.41506E-10 1.93557E-10 2.41882E-10 1.0178E-04 1.8434E-04  2.5135E-04 1.827E-13 3.309E-13 4.512E-13
1.89865E-10 2.59705E-10 3.24545E-10 1.0178E-04 1.8434E-04  2.5135E-04 2.117E-13 3.833E-13 5.227E-13
2.54619E-10 3.48278E-10 4.35232E-10 1.0178E-04 1.8434E-04  2.5135E-04 2.451E-13 4.439E-13 6.053E-13
3.41458E-10 4.67059E-10 5.8367E-10 1.0178E-04 1.8434E-04  2.5135E-04 2.838E-13 5.141E-13 7.010E-13
4.57997E-10 6.26466E-10 7.82875E-10 1.0178E-04 1.8434E-04  2.5135E-04 3.287E-13 5.954E-13 8.118E-13
6.14356E-10 8.4034E-10 1.05015E-09 1.0178E-04 1.8434E-04  2.5135E-04 3.807E-13 6.895E-13 9.402E-13
8.23888E-10 1.12694E-09 1.40831E-09 1.0178E-04 1.8434E-04  2.5135E-04 4.409E-13 7.985E-13 1.089E-12
1.10491E-09 1.51134E-09 1.88867E-09 1.0178E-04 1.8434E-04  2.5135E-04 5.106E-13 9.247E-13 1.261E-12
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Fluid Density FL . FL
(kg m3) (Newtons) ap Q\ZM L (Newtons)
Pr =0.216n B p pVo? /12 =0.761 7, “°@° p5/ 0
24ms? 28ms? 32ms?  24mst 28ms? 32ms?  24ms? 28ms? 32ms?
998.2 1.2293E-20 1.6732E-20 2.1854E-20 488.787 668.581 835.505 1.270E-13 2.031E-13  2.838E-13
998.2 22111E-20 3.0096E-20 3.9309E-20 488.787 668.581 835.505 1.972E-13  3.155E-13  4.407E-13
998.2 3.9757E-20 5.4113E-20 7.0679E-20 488.787 668.581 835.505 3.062E-13  4.899E-13  6.843E-13
998.2 7.1489E-20 9.7304E-20 1.2709E-19 488.787 668.581 835.505 4.755E-13  7.607E-13  1.063E-12
998.2 1.2877E-19 1.7527E-19 2.2893E-19 488.787 668.581 835.505 7.393E-13  1.183E-12  1.652E-12
998.2 2.3153E-19 3.1514E-19 4.1161E-19 488.787 668.581 835.505 1.148E-12 1.836E-12  2.565E-12
998.2 4.1595E-19 5.6615E-19 7.3947E-19 488.787 668.581 835.505 1.781E-12 2.850E-12  3.981E-12
998.2 7.4883E-19 1.0192E-18 1.3312E-18 488.787 668.581 835.505 2.769E-12 4.429E-12 6.187E-12
998.2 1.3467E-18 1.8330E-18 2.3941E-18 488.787 668.581 835.505 4.300E-12 6.878E-12  9.609E-12
998.2 2.4220E-18 3.2965E-18 4.3057E-18 488.787 668.581 835.505 6.677E-12 1.068E-11 1.492E-11
998.2 4.3573E-18 5.9308E-18 7.7463E-18 488.787 668.581 835.505 1.037E-11 1.659E-11 2.318E-11
998.2 7.8403E-18 1.0671E-17 1.3938E-17 488.787 668.581 835.505 1.611E-11 2.578E-11 3.601E-11
998.2 1.4100E-17 1.9192E-17 2.5067E-17 488.787 668581 835505 2503E-11  4.004E-11  5.593E-11
998.2 25360E-17 3.4517E-17 4.5084E-17 488.787 668581 835505 3.887E-11  6.218E-11  8.686E-11
; ; ; ; Gravitational
FVDW Particle Djnsr(y Fluid De_r315|ty Acceloration FG
a ha (Newtons) (kg m™) (kg m™) (ms?) (Newtons)

=ho dp/ 321> Pp Pr 9 = 1/6nD ,*(pp - PE)Y
4E-10 1.00E-20 4.90022E-11 1098.0 998.2071 9.81 2.51002E-19
4E-10 1.00E-20 5.67486E-11 1098.0 998.2071 9.81 3.89848E-19
4E-10 1.00E-20 6.57134E-11 1098.0 998.2071 9.81 6.05331E-19
4E-10 1.00E-20 7.60958E-11 1098.0 998.2071 9.81 9.39967E-19
4E-10 1.00E-20 8.81567E-11 1098.0 998.2071 9.81 1.46149E-18
4E-10 1.00E-20 1.02083E-10 1098.0 998.2071 9.81 2.26928E-18
4E-10 1.00E-20 1.18185E-10 1098.0 998.2071 9.81 3.52139E-18
4E-10 1.00E-20 1.36898E-10 1098.0 998.2071 9.81 5.47293E-18
4E-10 1.00E-20 1.58533E-10 1098.0 998.2071 9.81 8.49941E-18
4E-10 1.00E-20 1.83587E-10 1098.0 998.2071 9.81 1.31995E-17
4E-10 1.00E-20 2.12621E-10 1098.0 998.2071 9.81 2.05044E-17
4E-10 1.00E-20 2.46254E-10 1098.0 998.2071 9.81 3.18554E-17
4E-10 1.00E-20 2.85173E-10 1098.0 998.2071 9.81 4.94714E-17
4E-10 1.00E-20 3.30246E-10 1098.0 998.2071 9.81 7.68321E-17
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diameter

1.39E-04

1.04E-13
1.20E-13
1.39E-13
1.61E-13
1.86E-13
2.16E-13
2.50E-13
2.89E-13
3.35E-13
3.88E-13
4.49E-13

|:VDW
(Newtons)

Appendix 4.4: Calculations for the particle adhesion probability based on particle size

I:FD

(Newtons)

=3pnedpd
1.84E-04 2.01E-04
1.37E-13 1.50E-13
1.59E-13 1.73E-13
1.84E-13 2.01E-13
2.13E-13 2.32E-13
2.47E-13 2.69E-13
2.86E-13 3.12E-13
3.31E-13 3.61E-13
3.84E-13 4.18E-13
4.44E-13 4.84E-13
5.14E-13 5.61E-13
5.96E-13 6.49E-13

Fo
(Newtons)

Fvp
(Newtons)
= (2.55pAPdcydp?)/AL ey
24ms™? 28ms™? 32ms?
2.37E-11 3.20E-11 4.02E-11
3.17E-11 4.30E-11 5.40E-11
4.25E-11 5.76E-11 7.23E-11
5.70E-11 7.73E-11 9.70E-11
7.66E-11 1.04E-10 1.30E-10
1.03E-10 1.39E-10 1.75E-10
1.38E-10 1.86E-10 2.34E-10
1.85E-10 2.50E-10 3.14E-10
2.48E-10 3.35E-10 4.21E-10
3.32E-10 4.50E-10 5.65E-10
4.45E-10 6.03E-10 7.57E-10
FL
(Newtons)
=0.761 t,°dp° Pl Ne
24mst 28mst 32ms*
1.22E-13 1.92E-13 2.70E-13
1.89E-13 2.98E-13 4.19E-13
2.94E-13 4.63E-13 6.51E-13
4.56E-13 7.19E-13 1.01E-12
7.09E-13 1.12E-12 1.57E-12
1.10E-12 1.74E-12 2.44E-12
1.71E-12 2.69E-12 3.79E-12
2.65E-12 4.19E-12 5.89E-12
4.12E-12 6.50E-12 9.14E-12
6.40E-12 1.01E-11 1.42E-11
9.95E-12 1.57E-11 2.21E-11
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=hv dp/32pa’

4.90E-11
5.67E-11
6.57E-11
7.61E-11
8.82E-11
1.02E-10
1.18E-10
1.37E-10
1.59E-10
1.84E-10
2.13E-10

= 1/6pd,*(Pp - PF)Y

2.51E-19
3.90E-19
6.05E-19
9.40E-19
1.46E-18
2.27E-18
3.52E-18
5.47E-18
8.50E-18
1.32E-17
2.05E-17



TMP =100 kPa; CFV =2.4m/s

Fx=Fw Fy=Fp+Fww+Fec-FL v=(Fy)/(Fx’+FA)>)

2.365E-11 4.898E-11 0.901
3.172E-11 5.668E-11 0.873
4.254E-11 6.556E-11 0.839
5.704E-11 7.580E-11 0.799
7.656E-11 8.763E-11 0.753
1.027E-10 1.012E-10 0.702
1.376E-10 1.167E-10 0.647
1.846E-10 1.345E-10 0.589
2.476E-10 1.547E-10 0.530
3.320E-10 1.776E-10 0.472
4.453E-10 2.031E-10 0.415

TMP =100 kPa; CFV =2.8 m/s

Fx=Fw Fy=Fep+Fww+Fe-FL v=(Fy)/(Fx*+F)>)

3.204E-11 4.891E-11 0.836
4.297E-11 5.657E-11 0.796
5.763E-11 6.539E-11 0.750
7.727E-11 7.554E-11 0.699
1.037E-10 8.723E-11 0.644
1.391E-10 1.006E-10 0.586
1.864E-10 1.157E-10 0.528
2.501E-10 1.330E-10 0.470
3.354E-10 1.524E-10 0.414
4.498E-10 1.739E-10 0.361
6.033E-10 1.974E-10 0.311
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TMP =100 kPa; CFV =3.2 m/s

Fx=Fup Fy=Fep+Fwwt+tFec-FL y=(Fy)/ ((Fx2 1 FYZ)O'S)
4.023E-11 4.884E-11 0.772
5.395E-11 5.645E-11 0.723
7.234E-11 6.520E-11 0.669
9.701E-11 7.525E-11 0.613
1.302E-10 8.677E-11 0.555
1.746E-10 9.986E-11 0.496
2.340E-10 1.146E-10 0.440
3.140E-10 1.313E-10 0.386
4.211E-10 1.497E-10 0.335
5.647E-10 1.698E-10 0.288
7.574E-10 1.910E-10 0.245

1.0 TMP = 100 kP
= a
> 09 - 2.4m s
= 2.8m s1_ ",
2 08 AN
o 3.2m s\ .
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Appendix 5.2: Calculations for the electric field and critical electric field strengths

@ CFV24mst

TMP (kPa) :
100
200
300

Critical Electric Field Strength

@20V;05A

Hp

@ 100 kPa

380 V/m
3.8 Vicm

Electric Field Strength

20
@20V

82 V/m
0.82 V/cm

80
@80V

326.53 V/m
3.27 V/cm

0.000017
0.000020
0.000022

Ec=Jmax/up

4.473E-08 m*V1tst

@ 200 kPa

447 Vim
45 V/iecm

E=®/L

2.450E-01 m

40
@ 40V

163 V/m
1.63 V/cm

100
@ 100V

4.082E+02 V/m
4.08 Vicm
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@ 300 kPa

492 VIm
49 V/cm

60
@60V

245 V/m
2.45 V/cm



Appendix 5.3: Calculations of the forces acting on CED paint particles under the

influence of an electric field

Particle Sizes
(nm)

10.0

25.0

50.0

78.8

913
105.7
122.4
141.8
164.2
190.1
220.2
255.0
295.3
342.0
396.1
458.7
531.2
550.0
575.0
600.0

Particle Sizes
(m)
Op

1.0E-08
2.5E-08
5.0E-08
7.9E-08
9.1E-08
1.1E-07
1.2E-07
1.4E-07
1.6E-07
1.9E-07
2.2E-07
2.6E-07
3.0E-07
3.4E-07
4.0E-07
4.6E-07
5.3E-07
5.5E-07
5.8E-07
6.0E-07

Viscosity of Feed
(Pas)

Nr

1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03

Permeation Flux or permeate velocity

100 kPa

1.4E-04
1.4E-04
1.4E-04
1.4E-04
1.4E-04
1.4E-04
1.4E-04
1.4E-04
1.4E-04
1.4E-04
1.4E-04
1.4E-04
1.4E-04
1.4E-04
1.4E-04
1.4E-04
1.4E-04
1.4E-04
1.4E-04
1.4E-04

(ms™)

J

200 kPa

1.8E-04
1.8E-04
1.8E-04
1.8E-04
1.8E-04
1.8E-04
1.8E-04
1.8E-04
1.8E-04
1.8E-04
1.8E-04
1.8E-04
1.8E-04
1.8E-04
1.8E-04
1.8E-04
1.8E-04
1.8E-04
1.8E-04
1.8E-04

300 kPa

2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04
2.0E-04

Internal Diameter of
Pressure Drop  ¢.oramic membrane
(Pa) (m)
AP Beu
24ms?
7.0E+04 7.0E-03
7.0E+04 7.0E-03
7.0E+04 7.0E-03
7.0E+04 7.0E-03
7.0E+04 7.0E-03
7.0E+04 7.0E-03
7.0E+04 7.0E-03
7.0E+04 7.0E-03
7.0E+04 7.0E-03
7.0E+04 7.0E-03
7.0E+04 7.0E-03
7.0E+04 7.0E-03
7.0E+04 7.0E-03
7.0E+04 7.0E-03
7.0E+04 7.0E-03
7.0E+04 7.0E-03
7.0E+04 7.0E-03
7.0E+04 7.0E-03
7.0E+04 7.0E-03
7.0E+04 7.0E-03
I:FD
(Newtons)
= 3nn@prJ
100 kPa 200 kPa
A
1.0E+00 1.3E-14 1.7E-14
1.0E+00 3.3E-14 4.4E-14
1.0E+00 6.6E-14 8.7E-14
1.0E+00 1.0E-13 1.4E-13
1.0E+00 1.2E-13 1.6E-13
1.0E+00 1.4E-13 1.8E-13
1.0E+00 1.6E-13 2.1E-13
1.0E+00 1.9E-13 2.5E-13
1.0E+00 2.2E-13 2.9E-13
1.0E+00 2.5E-13 3.3E-13
1.0E+00 2.9E-13 3.8E-13
1.0E+00 3.4E-13 4.4E-13
1.0E+00 3.9E-13 5.1E-13
1.0E+00 4.5E-13 6.0E-13
1.0E+00 5.2E-13 6.9E-13
1.0E+00 6.0E-13 8.0E-13
1.0E+00 7.0E-13 9.3E-13
1.0E+00 7.2E-13 9.6E-13
1.0E+00 7.6E-13 1.0E-12
1.0E+00 7.9E-13 1.0E-12

233

Length of ceramic F
membrane VD
(m), (Newtons)
LCM = (25575 AP¢CM¢P2)/4LCM
24mst
2.5E-01 3.9E-13
2.5E-01 2.4E-12
2.5E-01 9.8E-12
2.5E-01 2.4E-11
2.5E-01 3.3E-11
2.5E-01 4.4E-11
2.5E-01 5.9E-11
2.5E-01 7.9E-11
2.5E-01 1.1E-10
2.5E-01 1.4E-10
2.5E-01 1.9E-10
2.5E-01 2.5E-10
2.5E-01 3.4E-10
2.5E-01 4.6E-10
2.5E-01 6.1E-10
2.5E-01 8.2E-10
2.5E-01 1.1E-09
2.5E-01 1.2E-09
2.5E-01 1.3E-09
2.5E-01 1.4E-09
Fluid Density FL
(kgm) (Newtons)
Pr =0.216n@p peVa2 /12
300 kPa 24ms?
1.9E-14 1.0E+03 3.2E-24
4.7E-14 1.0E+03 1.2E-22
9.5E-14 1.0E+03 2.0E-21
1.5E-13 1.0E+03 1.2E-20
1.7E-13 1.0E+03 2.2E-20
2.0E-13 1.0E+03 4.0E-20
2.3E-13 1.0E+03 7.1E-20
2.7E-13 1.0E+03 1.3E-19
3.1E-13 1.0E+03 2.3E-19
3.6E-13 1.0E+03 4.2E-19
4.2E-13 1.0E+03 7.5E-19
4.8E-13 1.0E+03 1.3E-18
5.6E-13 1.0E+03 2.4E-18
6.5E-13 1.0E+03 4.4E-18
7.5E-13 1.0E+03 7.8E-18
8.7E-13 1.0E+03 1.4E-17
1.0E-12 1.0E+03 2.5E-17
1.0E-12 1.0E+03 2.9E-17
1.1E-12 1.0E+03 3.5E-17
1.1E-12 1.0E+03 4.1E-17



Tw
=AP @cy /4L

Fo

(Newtons)

=0.761 74, *°852 o5/ e

4.9E+02
4.9E+02
4.9E+02
4.9E+02
4.9E+02
4.9E+02
4.9E+02
4.9E+02
4.9E+02
4.9E+02
4.9E+02
4.9E+02
4.9E+02
4.9E+02
4.9E+02
4.9E+02
4.9E+02
4.9E+02
4.9E+02
4.9E+02

Fo
(Newtons)
= 1678, (pp - p)O

5.1E-22
8.0E-21
6.4E-20
2.5E-19
3.9E-19
6.1E-19
9.4E-19
1.5E-18
2.3E-18
3.5E-18
5.5E-18
8.5E-18
1.3E-17
2.1E-17
3.2E-17
4.9E-17
7.7E-17
8.5E-17
9.7E-17
1.1E-16

24mst

T

3.1E+00
3.1E+00
3.1E+00
3.1E+00
3.1E+00
3.1E+00
3.1E+00
3.1E+00
3.1E+00
3.1E+00
3.1E+00
3.1E+00
3.1E+00
3.1E+00
3.1E+00
3.1E+00
3.1E+00
3.1E+00
3.1E+00
3.1E+00

a ha

2.6E-16 4.0E-10 1.0E-20
4.1E-15 4.0E-10 1.0E-20
3.2E-14 4.0E-10 1.0E-20
1.3E-13 4.0E-10 1.0E-20
2.0E-13 4.0E-10 1.0E-20
3.1E-13 4.0E-10 1.0E-20
4 8E-13 4.0E-10 1.0E-20
74E-13 4.0E-10 1.0E-20
1.1E-12 4.0E-10 1.0E-20
1.8E-12 4.0E-10 1.0E-20
2.8E-12 4.0E-10 1.0E-20
43E-12 4.0E-10 1.0E-20
6.7E-12 4.0E-10 1.0E-20
1.0E-11 4.0E-10 1.0E-20
1.6E-11 4.0E-10 1.0E-20
2.5E-11 4.0E-10 1.0E-20
3.9E-11 4.0E-10 1.0E-20
4.3E-11| 4.0E-10 1.0E-20
49E-11 4.0E-10 1.0E-20
5.6E-11 4.0E-10 1.0E-20

@p (M)
1.0E-08
2.5E-08
5.0E-08
7.9E-08
9.1E-08
1.1E-07
1.2E-07
1.4E-07
1.6E-07
1.9E-07
2.2E-07
2.6E-07
3.0E-07
3.4E-07
4.0E-07
4.6E-07
5.3E-07
5.5E-07
5.8E-07
6.0E-07

I:VDW

(Newtons)
=hw @p/32na°

n (Pas) A=1

1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
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4.0E+01
4.0E+01
4.0E+01
4.0E+01
4.0E+01
4.0E+01
4.0E+01
4.0E+01
4.0E+01
4.0E+01
4.0E+01
4.0E+01
4.0E+01
4.0E+01
4.0E+01
4.0E+01
4.0E+01
4.0E+01
4.0E+01
4.0E+01

6.2E-12
1.6E-11
3.1E-11
49E-11
5.7E-11
6.6E-11
7.6E-11
8.8E-11
1.0E-10
1.2E-10
1.4E-10
1.6E-10
1.8E-10
2.1E-10
2.5E-10
2.9E-10
3.3E-10
3.4E-10
3.6E-10
3.7E-10

m (m2 vl S—l)
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08

Particle
Density

(kgm?)
PP

1.1E+03
1.1E+03
1.1E+03
1.1E+03
1.1E+03
1.1E+03
1.1E+03
1.1E+03
1.1E+03
1.1E+03
1.1E+03
1.1E+03
1.1E+03
1.1E+03
1.1E+03
1.1E+03
1.1E+03
1.1E+03
1.1E+03
1.1E+03

L (m)
2.5E-01
2.5E-01
2.5E-01
2.5E-01
2.5E-01
2.5E-01
2.5E-01
2.5E-01
2.5E-01
2.5E-01
2.5E-01
2.5E-01
2.5E-01
2.5E-01
2.5E-01
2.5E-01
2.5E-01
2.5E-01
2.5E-01
2.5E-01

Fluid Density Gravitatiohal
3 Acceleration

(kgm™)
Pr

1.0E+03
1.0E+03
1.0E+03
1.0E+03
1.0E+03
1.0E+03
1.0E+03
1.0E+03
1.0E+03
1.0E+03
1.0E+03
1.0E+03
1.0E+03
1.0E+03
1.0E+03
1.0E+03
1.0E+03
1.0E+03
1.0E+03
1.0E+03

Ac (S/m)
1.1E-02
1.1E-02
1.1E-02
1.1E-02
1.1E-02
1.1E-02
1.1E-02
1.1E-02
1.1E-02
1.1E-02
1.1E-02
1.1E-02
1.1E-02
1.1E-02
1.1E-02
1.1E-02
1.1E-02
1.1E-02
1.1E-02
1.1E-02

(ms™)
g

9.8E+00
9.8E+00
9.8E+00
9.8E+00
9.8E+00
9.8E+00
9.8E+00
9.8E+00
9.8E+00
9.8E+00
9.8E+00
9.8E+00
9.8E+00
9.8E+00
9.8E+00
9.8E+00
9.8E+00
9.8E+00
9.8E+00
9.8E+00

Awire (m 2)
3.9E-05
3.9E-05
3.9E-05
3.9E-05
3.9E-05
3.9E-05
3.9E-05
3.9E-05
3.9E-05
3.9E-05
3.9E-05
3.9E-05
3.9E-05
3.9E-05
3.9E-05
3.9E-05
3.9E-05
3.9E-05
3.9E-05
3.9E-05



R =

| = VIR E=V/L E (V/m)
L/ AcA
Ac
Q (ohm) 20V 40V 60V (Siemens/m) 20V 40V 60 V 20V 40V 60 V
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 24E+02 82E+01  16E+02  24E+02
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 2.4E+02 8.2E+01 1.6E+02 2.4E+02
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 2.4E+02 8.2E+01 1.6E+02 2.4E+02
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 2.4E+02 8.2E+01 1.6E+02 2.4E+02
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 24E+02  82E+01  16E+02  24E+02
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 2.4E+02 8.2E+01 1.6E+02 2.4E+02
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 2.4E+02 8.2E+01 1.6E+02 2.4E+02
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 24E+02 82E+01  16E+02  24E+02
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 2.4E+02 8.2E+01 1.6E+02 2.4E+02
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 2.4E+02 8.2E+01 1.6E+02 2.4E+02
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 2.4E+02 8.2E+01 1.6E+02 2.4E+02
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 24E+02 82E+01  16E+02  24E+02
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 2.4E+02 8.2E+01 1.6E+02 2.4E+02
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 2.4E+02 8.2E+01 1.6E+02 2.4E+02
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 2.4E+02 8.2E+01 1.6E+02 2.4E+02
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 24E+02 82E+01  16E+02  24E+02
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 2.4E+02 8.2E+01 1.6E+02 2.4E+02
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 2.4E+02 8.2E+01 1.6E+02 2.4E+02
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 2.4E+02 8.2E+01 1.6E+02 2.4E+02
5.9E+05 3.4E-05 6.8E-05 1.0E-04 1.1E-02 8.2E+01 1.6E+02 24E+02  82E+01  16E+02  2.4E+02
Electrophoretic Force (N), e diclectic  So Debye
R*=R; permittivity permittivity = Debye 4nR* /
T of water @ ofvacuum | Length N G paint G zrc2 Length
FE = 3n@pnrApE (m) 20°C AR 9 RO ¥S
(C*N-m? | (960 nm)
58 mV 20 mVv
20V 40 V 60 V
1.4E-14 2.8E-14 41E-14 3.1E+00 10E-08  80E+01  89E-12| 10E+06 14E-14  58E-02  20E-02  9.6E-07
3.4E-14 6.9E-14 1.0E-13 3.1E+00 25E-08  80E+01  89E-12| 10E+06 36E-14  58E-02  2.0E-02  9.6E-07
6.9E-14 1.4E-13 2.1E-13 3.1E+00 50E-08  80E+01  89E-12| 10E+06 7.2E-14  58E-02  2.0E-02  9.6E-07
1.1E-13 2.2E-13 3.3E-13 3.1E+00 7.9E-08  80E+01  89E-12 10E+06 1.1E-13  58E-02  20E-02  9.6E-07
1.3E-13 2.5E-13 3.8E-13 3.1E+00 9.1E-08  80E+01  89E-12 10E+06 1.3E-13  58E-02  2.0E-02  9.6E-07
1.5E-13 2.9E-13 4.4E-13 3.1E+00 11E-07 80E+01  89E-12 10E+06 15E-13  58E-02  2.0E-02  9.6E-07
1.7E-13 3.4E-13 5.1E-13 3.1E+00 12E-07 80E+01  89E-12 10E+06 18E-13  58E-02  2.0E-02  9.6E-07
2.0E-13 3.9E-13 5.9E-13 3.1E+00  14E-07 80E+01  89E-12 10E+06 20E-13  58E-02  2.0E-02  9.6E-07
2.3E-13 45E-13 6.8E-13 3.1E+00  16E-07 80E+01  89E-12 10E+06 24E-13  58E-02  2.0E-02  9.6E-07
2.6E-13 5.2E-13 7.9E-13 31E+00 19E-07 80E+01  89E-12 10E+06 27E-13  58E-02  20E-02  9.6E-07
3.0E-13 6.1E-13 9.1E-13 31E+00 22E-07 80E+01  89E-12 10E+06 32E-13  58E-02  20E-02  9.6E-07
35E-13 7.0E-13 1.1E-12 31E+00 26E-07 8O0E+01  89E-12 10E+06 3.7E-13  58E-02  20E-02  9.6E-07
4.1E-13 8.1E-13 1.2E-12 31E+00 30E-07 80E+01  89E-12 10E+06 43E-13  58E-02  20E-02  9.6E-07
47E-13 9.4E-13 1.4E-12 31E+00 34E-07 80E+01  89E-12 10E+06 49E-13  58E-02  20E-02  9.6E-07
55E-13 1.1E-12 1.6E-12 3.1E+00  4.0E-07 80E+01  89E-12 10E+06 57E-13  58E-02  20E-02  9.6E-07
6.3E-13 1.3E-12 1.9E-12 3.1E+00 46E-07 80E+01  89E-12 10E+06 6.6E-13  58E-02  20E-02  9.6E-07
7.3E-13 15E-12 2.2E-12 3.1E+00 53E-07 80E+01  89E-12 10E+06 7.7E-13  58E-02  2.0E-02  9.6E-07
7.6E-13 1.5E-12 2.3E-12 3.1E+00 5.5E-07 8.0E+01 8.9E-12 1.0E+06 7.9E-13 5.8E-02 2.0E-02 9.6E-07
7.9E-13 1.6E-12 2.4E-12 3.1E+00 58E-07  80E+01  89E-12| 10E+06 83E-13  58E-02  20E-02  9.6E-07
8.3E-13 1.7E-12 2.5E-12 3.1E+00  6.0E-07  80E+01  89E-12| 10E+06 87E-13  58E-02  20E-02  9.6E-07
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G

(C/m?),

€gol / Ap

4.3E-05
4.3E-05
4.3E-05
4.3E-05
4.3E-05
4.3E-05
4.3E-05
4.3E-05
4.3E-05
4.3E-05
4.3E-05
4.3E-05
4.3E-05
4.3E-05
4.3E-05
4.3E-05
4.3E-05
4.3E-05
4.3E-05
4.3E-05

4.2E-03
4.2E-03
4.2E-03
4.2E-03
4.2E-03
4.2E-03
4.2E-03
4.2E-03
4.2E-03
4.2E-03
4.2E-03
4.2E-03
4.2E-03
4.2E-03
4.2E-03
4.2E-03
4.2E-03
4.2E-03
4.2E-03
4.2E-03

5nm

5.2E-03
5.2E-03
5.2E-03
5.2E-03
5.2E-03
5.2E-03
5.2E-03
5.2E-03
5.2E-03
5.2E-03
5.2E-03
5.2E-03
5.2E-03
5.2E-03
5.2E-03
5.2E-03
5.2E-03
5.2E-03
5.2E-03
5.2E-03

Gy
(C/m?),

€gol / Ap

1.5E-05
1.5E-05
1.5E-05
1.5E-05
1.5E-05
1.5E-05
1.5E-05
1.5E-05
1.5E-05
1.5E-05
1.5E-05
1.5E-05
1.5E-05
1.5E-05
1.5E-05
1.5E-05
1.5E-05
1.5E-05
1.5E-05
1.5E-05

6.3E-03
6.3E-03
6.3E-03
6.3E-03
6.3E-03
6.3E-03
6.3E-03
6.3E-03
6.3E-03
6.3E-03
6.3E-03
6.3E-03
6.3E-03
6.3E-03
6.3E-03
6.3E-03
6.3E-03
6.3E-03
6.3E-03
6.3E-03

G102

7.3E-03
7.3E-03
7.3E-03
7.3E-03
7.3E-03
7.3E-03
7.3E-03
7.3E-03
7.3E-03
7.3E-03
7.3E-03
7.3E-03
7.3E-03
7.3E-03
7.3E-03
7.3E-03
7.3E-03
7.3E-03
7.3E-03
7.3E-03

6.3E-10
6.3E-10
6.3E-10
6.3E-10
6.3E-10
6.3E-10
6.3E-10
6.3E-10
6.3E-10
6.3E-10
6.3E-10
6.3E-10
6.3E-10
6.3E-10
6.3E-10
6.3E-10
6.3E-10
6.3E-10
6.3E-10
6.3E-10

8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03

0.5%(c;> + 6,%)

9nm

9.4E-03
9.4E-03
9.4E-03
9.4E-03
9.4E-03
9.4E-03
9.4E-03
9.4E-03
9.4E-03
9.4E-03
9.4E-03
9.4E-03
9.4E-03
9.4E-03
9.4E-03
9.4E-03
9.4E-03
9.4E-03
9.4E-03
9.4E-03

1.0E-09
1.0E-09
1.0E-09
1.0E-09
1.0E-09
1.0E-09
1.0E-09
1.0E-09
1.0E-09
1.0E-09
1.0E-09
1.0E-09
1.0E-09
1.0E-09
1.0E-09
1.0E-09
1.0E-09
1.0E-09
1.0E-09
1.0E-09

10 nm

1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
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4 nm

8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03
8.3E-03

4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09

x

5nm

1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02
1.0E-02

5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09

6 nm

1.3E-02
1.3E-02
1.3E-02
1.3E-02
1.3E-02
1.3E-02
1.3E-02
1.3E-02
1.3E-02
1.3E-02
1.3E-02
1.3E-02
1.3E-02
1.3E-02
1.3E-02
1.3E-02
1.3E-02
1.3E-02
1.3E-02
1.3E-02

6.0E-09 7.0E-09
6.0E-09 7.0E-09
6.0E-09 7.0E-09
6.0E-09 7.0E-09
6.0E-09 7.0E-09
6.0E-09 7.0E-09
6.0E-09 7.0E-09
6.0E-09 7.0E-09
6.0E-09 7.0E-09
6.0E-09 7.0E-09
6.0E-09 7.0E-09
6.0E-09 7.0E-09
6.0E-09 7.0E-09
6.0E-09 7.0E-09
6.0E-09 7.0E-09
6.0E-09 7.0E-09
6.0E-09 7.0E-09
6.0E-09 7.0E-09
6.0E-09 7.0E-09
6.0E-09 7.0E-09

A

1.5E-02
1.5E-02
1.5E-02
1.5E-02
1.5E-02
1.5E-02
1.5E-02
1.5E-02
1.5E-02
1.5E-02
1.5E-02
1.5E-02
1.5E-02
1.5E-02
1.5E-02
1.5E-02
1.5E-02
1.5E-02
1.5E-02
1.5E-02

8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09

1.7E-02
1.7E-02
1.7E-02
1.7E-02
1.7E-02
1.7E-02
1.7E-02
1.7E-02
1.7E-02
1.7E-02
1.7E-02
1.7E-02
1.7E-02
1.7E-02
1.7E-02
1.7E-02
1.7E-02
1.7E-02
1.7E-02
1.7E-02

9nm

9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09

9nm

1.9E-02
1.9E-02
1.9E-02
1.9E-02
1.9E-02
1.9E-02
1.9E-02
1.9E-02
1.9E-02
1.9E-02
1.9E-02
1.9E-02
1.9E-02
1.9E-02
1.9E-02
1.9E-02
1.9E-02
1.9E-02
1.9E-02
1.9E-02

Distance between sphere & membrane wall

10 nm

1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08

10 nm

2.1E-02
2.1E-02
2.1E-02
2.1E-02
2.1E-02
2.1E-02
2.1E-02
2.1E-02
2.1E-02
2.1E-02
2.1E-02
2.1E-02
2.1E-02
2.1E-02
2.1E-02
2.1E-02
2.1E-02
2.1E-02
2.1E-02
2.1E-02



1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00

FeoL (Newtons) = 4nR*/ggoN [ 616,/ €

2.4E-23
6.0E-23
1.2E-22
1.9E-22
2.2E-22
2.5E-22
2.9E-22
3.4E-22
3.9E-22
4.5E-22
5.3E-22
6.1E-22
7.0E-22
8.2E-22
9.5E-22
1.1E-21
1.3E-21
13E-21
1.4E-21
14E-21

5nm

2.4E-23
6.0E-23
1.2E-22
1.9E-22
2.2E-22
2.5E-22
2.9E-22
3.4E-22
3.9E-22
4.5E-22
5.2E-22
6.1E-22
7.0E-22
8.1E-22
9.4E-22
1.1E-21
1.3E-21
1.3E-21
1.4E-21
1.4E-21

1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00

6 nm 7nm

2.4E-23
5.9E-23
1.2E-22
1.9E-22
2.2E-22
2.5E-22
2.9E-22
3.4E-22
3.9E-22
4.5E-22
5.2E-22
6.1E-22
7.0E-22
8.1E-22
9.4E-22
1.1E-21
1.3E-21
1.3E-21
14E-21
14E-21

1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00

2.4E-23
5.9E-23
1.2E-22
1.9E-22
2.2E-22
2.5E-22
2.9E-22
3.4E-22
3.9E-22
4.5E-22
5.2E-22
6.1E-22
7.0E-22
8.1E-22
9.4E-22
1.1E-21
1.3E-21
1.3E-21
1.4E-21
1.4E-21

9nm

1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00

10 nm

1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00

4 nm 5nm 6 nm

®14 0.5 (6,2+0,%) / e?¥%)

8nm

2.4E-23
5.9E-23
1.2E-22
1.9E-22
2.2E-22
2.5E-22
2.9E-22
3.4E-22
3.9E-22
4.5E-22
5.2E-22
6.0E-22
7.0E-22
8.1E-22
9.4E-22
1.1E-21
1.3E-21
1.3E-21
1.4E-21
1.4E-21

9nm

2.4E-23
5.9E-23
1.2E-22
1.9E-22
2.2E-22
2.5E-22
2.9E-22
3.4E-22
3.9E-22
4.5E-22
5.2E-22
6.0E-22
7.0E-22
8.1E-22
9.4E-22
1.1E-21
1.3E-21
1.3E-21
14E-21
14E-21

237

10 nm

2.4E-23
5.9E-23
1.2E-22
1.9E-22
2.2E-22
2.5E-22
2.9E-22
3.3E-22
3.9E-22
4.5E-22
5.2E-22
6.0E-22
7.0E-22
8.1E-22
9.4E-22
1.1E-21
1.3E-21
1.3E-21
1.4E-21
1.4E-21

1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00
1.0E+00 1.0E+00

ue

m?vis

4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08
4.5E-08

1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00

20V

8.2E+01
8.2E+01
8.2E+01
8.2E+01
8.2E+01
8.2E+01
8.2E+01
8.2E+01
8.2E+01
8.2E+01
8.2E+01
8.2E+01
8.2E+01
8.2E+01
8.2E+01
8.2E+01
8.2E+01
8.2E+01
8.2E+01
8.2E+01

8 nm 9 nm

10 nm

1.0E+00 1.0E+00 1.0E+00
1.0E+00 1.0E+00 1.0E+00
1.0E+00 1.0E+00 1.0E+00
1.0E+00 1.0E+00 1.0E+00
1.0E+00 1.0E+00 1.0E+00
1.0E+00 1.0E+00 1.0E+00
1.0E+00 1.0E+00 1.0E+00
1.0E+00 1.0E+00 1.0E+00
1.0E+00 1.0E+00 1.0E+00
1.0E+00 1.0E+00 1.0E+00
1.0E+00 1.0E+00 1.0E+00
1.0E+00 1.0E+00 1.0E+00
1.0E+00 1.0E+00 1.0E+00
1.0E+00 1.0E+00 1.0E+00
1.0E+00 1.0E+00 1.0E+00
1.0E+00 1.0E+00 1.0E+00
1.0E+00 1.0E+00 1.0E+00
1.0E+00 1.0E+00 1.0E+00
1.0E+00 1.0E+00 1.0E+00
1.0E+00 1.0E+00 1.0E+00

E, V/Im

40V

1.6E+02
1.6E+02
1.6E+02
1.6E+02
1.6E+02
1.6E+02
1.6E+02
1.6E+02
1.6E+02
1.6E+02
1.6E+02
1.6E+02
1.6E+02
1.6E+02
1.6E+02
1.6E+02
1.6E+02
1.6E+02
1.6E+02
1.6E+02

60V

2.4E+02
2.4E+02
2.4E+02
2.4E+02
2.4E+02
2.4E+02
2.4E+02
2.4E+02
2.4E+02
2.4E+02
2.4E+02
2.4E+02
2.4E+02
2.4E+02
2.4E+02
2.4E+02
2.4E+02
2.4E+02
2.4E+02
2.4E+02



Vp (M/s) I (A) t(s) q=1It(C)

20V 40V 60V 20V 40V 60V 20V 40V 60V
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
2.4E+00 2.4E+00 2.4E+00 3.4E-05 6.8E-05 1.0E-04 9.0 3.0E-04 6.1E-04 9.1E-04
B=pol/2nr Fvm=qVeB
Mo, TM/A —r,m (Teslas) (Magnetic Force or Lorentz Fe
Force, N)
20V 40V 60V 20V 40V 60V
20V 40V 60V

1.3E-06 35E-03  19E-09 39E-09 58E-09 | 14E-12 57E-12  1.3E-11 1.4E-12 5.7E-12 1.36-11
1.3E-06 35E-03  19E-09 39E-09 58E-09 | 14E-12 57E-12  1.3E-11 1.5E-12 5.7E-12 1.36-11
1.3E-06 35E-03  19E-09 39E-09 58E-09 | 14E-12 57E-12  1.3E-11 1.5E-12 5.8E-12 1.3E-11
1.3E-06 35E-03  19E-09 39E-09 58E-09 14E-12 57E-12  1.3E-11 1.5E-12 5.9E-12 1.3E-11
1.3E-06 35E-03  19E-09 39E-09 58E-09 14E-12 57E-12  1.3E-11 1.5E-12 5.9E-12 1.3E-11
1.3E-06 35E-03  19E-09 39E-09 58E-09 14E-12 57E-12  13E-11 1.6E-12 6.0E-12 1.3E-11
1.3E-06 35E-03  19E-09 39E-09 58E-09 14E-12 57E-12  13E-11 1.6E-12 6.0E-12 1.3E-11
1.3E-06 35E-03  19E-09 39E-09 58E-09 14E-12 57E-12  13E-11 1.6E-12 6.1E-12 1.3E-11
1.3E-06 35E-03  19E-09 39E-09 58E-09 14E-12 57E-12  13E-11 1.6E-12 6.1E-12 1.3E-11
1.3E-06 35E-03  19E-09 39E-09 58E-09 14E-12 57E-12  13E-11 1.7E-12 6.2E-12 1.4E-11
1.3E-06 35E-03  19E-09 39E-09 58E-09 14E-12 57E-12  13E-11 1.7E-12 6.3E-12 1.4E-11
1.3E-06 35E-03  19E-09 39E-09 58E-09 14E-12 57E-12  13E-11 1.8E-12 6.4E-12 1.4E-11
1.3E-06 35E-03  19E-09 39E-09 58E-09 14E-12 57E-12 13E-11 1.8E-12 6.5E-12 1.4E-11
1.3E-06 35E-03  19E-09 39E-09 58E-09 14E-12 57E-12 13E-11 1.9E-12 6.6E-12 1.4E-11
1.3E-06 35E-03  19E-09 39E-09 58E-09 14E-12 57E-12 13E-11 2.0E-12 6.8E-12 1.4E-11
1.3E-06 35E-03  19E-09 39E-09 58E-09 14E-12 57E-12 13E-11 2.0E-12 6.9E-12 1.5E-11
1.3E-06 35E-03  19E-09 39E-09 58E-09 14E-12 57E-12  1.3E-11 2.1E-12 7.1E-12 1.5E-11
1.3E-06 35E-03  19E-09 39E-09 58E-09 | 14E-12 57E-12  1.3E-11 2.2E-12 7.2E-12 15E-11
1.3E-06 35E-03  19E-09 39E-09 58E-09 | 14E-12 57E-12  1.3E-11 2.2E-12 7.3E-12 1.5E-11
1.3E-06 35E-03  19E-09 39E-09 58E-09 | 14E-12  57E-12  1.3E-11 2.2E-12 7.3E-12 1.5E-11
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Shear force

I:VD

3.9E-13
24E-12
9.8E-12
24E-11
3.3E-11
4.4E-11
5.9E-11
7.9E-11
1.1E-10
1.4E-10
1.9E-10
2.5E-10
3.4E-10
4.6E-10
6.1E-10
8.2E-10
1.1E-09
1.2E-09
1.3E-09
1.4E-09

Fop = Frp+ Fo + Fypw

100 kPa

6.2E-12
1.6E-11
3.1E-11
49E-11
5.7E-11
6.6E-11
7.6E-11
8.8E-11
1.0E-10
1.2E-10
1.4E-10
1.6E-10
1.8E-10
2.1E-10
2.5E-10
2.9E-10
3.3E-10
3.4E-10
3.6E-10
3.7E-10

200 kPa

6.2E-12
16E-11
3.1E-11
4.9E-11
5.7E-11
6.6E-11
7.6E-11
8.8E-11
1.0E-10
12E-10
1.4E-10
1.6E-10
1.8E-10
2.1E-10
2.5E-10
2.9E-10
3.3E-10
3.4E-10
3.6E-10
3.7E-10

300 kPa

6.2E-12
1.6E-11
3.1E-11
4.9E-11
5.7E-11
6.6E-11
7.6E-11
8.8E-11
1.0E-10
1.2E-10
1.4E-10
1.6E-10
1.8E-10
2.1E-10
2.5E-10
2.9E-10
3.3E-10
3.4E-10
3.6E-10
3.7E-10

3.9E-13
2.4E-12
9.8E-12
24E-11
3.3E-11
44E-11
5.9E-11
7.9E-11
1.1E-10
1.4E-10
1.9E-10
2.5E-10
3.4E-10
4.6E-10
6.1E-10
8.2E-10
1.1E-09
1.2E-09
1.3E-09
1.4E-09

20V

1.82E-12
3.90E-12
1.13E-11
2.59E-11
3.42E-11
4.53E-11
6.03E-11
8.04E-11
1.07E-10
1.43E-10
1.92E-10
2.56E-10
3.43E-10
4.60E-10
6.17E-10
8.26E-10
1.11E-09
1.19E-09
1.30E-09
1.41E-09

Foi+ Fe
40V

6.09E-12
8.19E-12
1.56E-11
3.02E-11
3.85E-11
4.97E-11
6.47E-11
8.48E-11
1.12E-10
1.48E-10
1.96E-10
2.61E-10
3.48E-10
4.65E-10
6.21E-10
8.31E-10
1.11E-09
1.19E-09
1.30E-09
1.42E-09

60V

1.32E-11
1.53E-11
2.28E-11
3.74E-11
4.58E-11
5.69E-11
7.19E-11
9.21E-11
1.19E-10
1.55E-10
2.04E-10
2.68E-10
3.55E-10
4.72E-10
6.29E-10
8.39E-10
1.12E-09
1.20E-09
1.31E-09
1.43E-09

FL+ FeoL Fvo
2.6E-16 3.9E-13
4.1E-15 2.4E-12
3.2E-14 9.8E-12
1.3E-13 2.4E-11
2.0E-13 3.3E-11
3.1E-13 4.4E-11
4.8E-13 5.9E-11
7.4E-13 7.9E-11
1.1E-12 1.1E-10
1.8E-12 1.4E-10
2.8E-12 1.9E-10
4.3E-12 2.5E-10
6.7E-12 3.4E-10
1.0E-11 4.6E-10
1.6E-11 6.1E-10
2.5E-11 8.2E-10
3.9E-11 1.1E-09
4.3E-11 1.2E-09
49E-11 1.3E-09
5.6E-11 1.4E-09

1.0E-08
1.0E-09 |
1.0E-10 *F

Z

- 1.0E-11 -

(¢D}

(&)

| -

o 1.0E-12

LL

1.0E-13 |
1.0E-14 |
1.0E-15

78.8

91.3
105.7

S 0 N
AN — <t
AN <t ©
— — —
Particled
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190.1

ameter (Jp, NM

220.2

255.0

295.3

)
ol
S
™
)

396.1
458.7

531.2



Force, N

1.3E-09

6.4E-10

3.2E-10

1.6E-10

8.0E-11

4.0E-11

2.0E-11

1.0E-11

T T
-O-Deposition-promoting force

- Deposition-inhibiting force @ FE =20V
-Deposition-inhibiting force @ FE =40V
-¢Deposition-inhibiting force @ FE = 60 V

FDP """""""
L Fp+ Fe@ 60 V
Foit Fe @40 V
Fot Fe@ 20V
@ ™ K~ ¥ © o 4 & O m o I N~ o
[e0] i To] N — < o o Lo Lo N (o] (e8] —
N~ (o)} o Q] < (o] (o)) AN Lo (@) [@)) Lo ™
— — — - — (qV N N (92] ™ <t Lo

Particle diameter (dp, NmM)
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Appendix 5.5: Calculations for the membrane resistances encountered during electro-

ultrafiltration of model wastewater containing CED paint

Rem = (Rum) / (1+ [pE/In])

Rw is membrane resistance in the absence of electric field (m™)

v is the membrane electro-osmotic mobility (m? V™ s™)
E is the electric field strength (V/m)
Juis the flux in the absence of an electric field (m* m? s™)

20V

40V

60V

TMP
100

200

300

100

200

300

100

200

300

2
60
120
2
60
120
2
60
120

60

120

60
120

60

120

60

120

60
120

60
120

Time (min) Ry

1.14E+12
1.14E+12
1.14E+12
1.14E+12
1.14E+12
1.14E+12
1.14E+12
1.14E+12
1.14E+12

1.14E+12
1.14E+12
1.14E+12
1.14E+12
1.14E+12
1.14E+12
1.14E+12
1.14E+12
1.14E+12

1.14E+12
1.14E+12
1.14E+12
1.14E+12
1.14E+12
1.14E+12
1.14E+12
1.14E+12
1.14E+12

Um

-4.06E-09
-4.06E-09
-4.06E-09
-4.06E-09
-4.06E-09
-4.06E-09
-4.06E-09
-4.06E-09
-4.06E-09

-4.06E-09
-4.06E-09
-4.06E-09
-4.06E-09
-4.06E-09
-4.06E-09
-4.06E-09
-4.06E-09
-4.06E-09

-4.06E-09
-4.06E-09
-4.06E-09
-4.06E-09
-4.06E-09
-4.06E-09
-4.06E-09
-4.06E-09
-4.06E-09
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E

8.16E+01
8.16E+01
8.16E+01
8.16E+01
8.16E+01
8.16E+01
8.16E+01
8.16E+01
8.16E+01

1.63E+02
1.63E+02
1.63E+02
1.63E+02
1.63E+02
1.63E+02
1.63E+02
1.63E+02
1.63E+02

2.45E+02
2.45E+02
2.45E+02
2.45E+02
2.45E+02
2.45E+02
2.45E+02
2.45E+02
2.45E+02

Jm

0.000017
0.000013
0.000011
0.000020
0.000012
0.000009
0.000022
0.000007
0.000005

0.000017
0.000013
0.000011
0.000020
0.000012
0.000009
0.000022
0.000007
0.000005

0.000017
0.000013
0.000011
0.000020
0.000012
0.000009
0.000022
0.000007
0.000005

UmEIm

-1.95E-02
-2.55E-02
-3.02E-02
-1.66E-02
-2.76E-02
-3.69E-02
-0.015076

-0.04738
-0.066333

-3.90E-02
-5.10E-02
-6.03E-02
-3.32E-02
-5.53E-02
-7.37E-02
-0.030151
-0.094761
-0.132665

-5.85E-02
-7.65E-02
-9.05E-02
-4.97E-02
-8.29E-02
-1.11E-01
-0.045227
-0.142141
-0.198998

PR RPRPRPRRERRE PR RRPREPRPERR

PR RRPRRERPE

1.16E+12
1.17E+12
1.18E+12
1.16E+12
1.17E+12
1.18E+12
1.16E+12
1.20E+12
1.22E+12

1.19E+12
1.20E+12
1.21E+12
1.18E+12
1.21E+12
1.23E+12
1.18E+12
1.26E+12
1.31E+12

1.21E+12
1.23E+12
1.25E+12
1.20E+12
1.24E+12
1.28E+12
1.19E+12
1.33E+12
1.42E+12



Rer = (Rf) / (1+ (NeRe/TMP) peE)

Rw is membrane resistance in the absence of electric field (m™)

1y is the membrane electro-osmotic mobility (m? V™' s™)
E is the electric field strength (V/m)
Jwis the flux in the absence of an electric field (m®* m?s™)

20V TMP
100000
100000
100000
200000
200000
200000
300000
300000
300000

40V 100000
100000
100000
200000
200000
200000
300000
300000
300000

60 V 100000
100000
100000
200000
200000
200000
300000
300000
300000

Rec = R - Rew - Rer

Time
(min)
Rr Rem

2 9.07E+12 1.16E+12 9.55E+11 6.95E+12 1.43E+13 1.16E+12 9.72E+11 1.21E+13 2.30E+13
60 9.98E+12 1.17E+12 5.28E+12 3.53E+12 2.85E+13 1.17E+12 5.84E+12 2.15E+13 4.99E+13
120 1.11E+13 1.18E+12 7.64E+12 2.28E+12 3.99E+13 1.18E+12 8.88E+12 2.99E+13 7.49E+13

Time
(min)
Rr Rem

2 9.04E+12 1.19E+12 9.23E+11 6.93E+12 1.43E+13 1.18E+12 9.55E+11 1.21E+13 2.14E+13
60 9.06E+12 1.20E+12 4.42E+12 3.44E+12 2.85E+13 1.21E+12 5.28E+12 2.20E+13 4.99E+13
120 1.05E+13 1.21E+12 5.97E+12 3.32E+12 3.99E+13 1.23E+12 7.64E+12 3.11E+13 7.99E+13

Time
(min)
Rr Rem

2 6.65E+12 1.21E+12 8.93E+11 4.55E+12 1.11E+13 1.20E+12 9.39E+11 8.95E+12 1.76E+13
60 7.68E+12 1.23E+12 3.81E+12 2.64E+12 2.50E+13 1.24E+12 4.81E+12 1.89E+13 5.99E+13

Time (min) Rg

100 kPa
Rer

100 kPa
Rer

100 kPa
Rer

2
60
120
2
60
120
2
60
120

60

120

60
120

60

120

60

120

60
120

60
120

Rec

Rec

Rec

9.90E+11
6.54E+12
1.06E+13
9.90E+11
6.54E+12
1.06E+13
9.90E+11
6.54E+12
1.06E+13

9.90E+11
6.54E+12
1.06E+13
9.90E+11
6.54E+12
1.06E+13
9.90E+11
6.54E+12
1.06E+13

9.90E+11
6.54E+12
1.06E+13
9.90E+11
6.54E+12
1.06E+13
9.90E+11
6.54E+12
1.06E+13

Rr

Rr

Rr

nr
1.00E-03
1.00E-03
1.00E-03
1.00E-03
1.00E-03
1.00E-03
1.00E-03
1.00E-03
1.00E-03

1.00E-03
1.00E-03
1.00E-03
1.00E-03
1.00E-03
1.00E-03
1.00E-03
1.00E-03
1.00E-03

1.00E-03
1.00E-03
1.00E-03
1.00E-03
1.00E-03
1.00E-03
1.00E-03
1.00E-03
1.00E-03

up
4.47E-08
4.47E-08
4.47E-08
4.47E-08
4.47E-08
4.47E-08
4.47E-08
4.47E-08
4.47E-08

4.47E-08
4.47E-08
4.47E-08
4.47E-08
4.47E-08
4.47E-08
4.47E-08
4.47E-08
4.47E-08

4.47E-08
4.47E-08
4.47E-08
4.47E-08
4.47E-08
4.47E-08
4.47E-08
4.47E-08
4.47E-08

20 Volts
200 kPa

Rem

Rer Rec

40 Volts
200 kPa

Rem

Rer Rec

60 Volts
200 kPa

Rem

Rer Rec

E
8.16E+01
8.16E+01
8.16E+01
8.16E+01
8.16E+01
8.16E+01
8.16E+01
8.16E+01
8.16E+01

1.63E+02
1.63E+02
1.63E+02
1.63E+02
1.63E+02
1.63E+02
1.63E+02
1.63E+02
1.63E+02

2.45E+02
2.45E+02
2.45E+02
2.45E+02
2.45E+02
2.45E+02
2.45E+02
2.45E+02
2.45E+02

Ry

Ry

Ry

‘I’]FRF/TMP C REF

9.92E+03 1 9.55E+11
6.55E+04 1 5.28E+12
1.06E+05 1 7.64E+12
496E+03 1 9.72E+11
3.28E+04 1 5.84E+12
531E+04 1 8.88E+12
3.31E+03 1 9.78E+11
2.18E+04 1 6.06E+12
3.54E+04 1 9.39E+12
9.92E+03 1 9.23E+11
6.55E+04 1 4.42E+12
1.06E+05 1 5.97E+12
496E+03 1 9.55E+11
3.28E+04 1 5.28E+12
5.31E+04 1 7.64E+12
3.31E+03 1 9.67E+11
2.18E+04 1 5.64E+12
3.54E+04 1 8.42E+12
9.92E+03 1 8.93E+11
6.55E+04 1 3.81E+12
1.06E+05 1 4.90E+12
496E+03 1 9.39E+11
3.28E+04 1 4.81E+12
5.31E+04 1 6.70E+12
3.31E+03 1 9.55E+11
2.18E+04 1 5.28E+12
3.54E+04 1 7.64E+12
300 kPa
Rem Rer Rec

1.16E+12 9.78E+11 2.09E+13
1.20E+12 6.06E+12 4.26E+13
1.22E+12 9.39E+12 6.42E+13

300 kPa
Rem Rer Rec
1.18E+12 9.67E+11 1.92E+13
1.26E+12 5.64E+12 4.30E+13
1.31E+12 8.42E+12 7.02E+13

300 kPa
Rem Rer Rec
1.19E+12 9.55E+11 1.55E+13
1.33E+12 5.28E+12 5.33E+13

120 8.32E+12 1.25E+12 4.90E+12 2.16E+12 3.99E+13 1.28E+12 6.70E+12 3.19E+13 9.98E+13 1.42E+12 7.64E+12 9.07E+13
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Ry = TMP /Jns ne = 0.001002 Pa s
I= 05A
Ultrafiltration
Voltage = 20 volts Time (min) Rr(m™)
TMP = TMP Ne 100000 Pascal
J = 100000 0.001002  0.000011 m*m?Zs™ 120 9.1E+12 5.6E+12
100000 0.001002  0.000010 m*m?s™ 3600 1.0E+13 2.1E+13
100000 0.001002  0.000009 m*m?s™ 7200 1.1E+13 3.6E+13
TMP = 200000 Pascal
J = 200000 0.001002  0.000014 m®m?s™ 120 1.4E+13 9.0E+12
200000 0.001002  0.000007 m*m?s™ 3600 2.9E+13 3.3E+13
200000 0.001002  0.000005 m*m?s™ 7200 4.0E+13 6.0E+13
TMP = 300000 Pascal
J = 300000 0.001002 0.000013 m®m?s™ 120 2.3E+13 1.2E+13
300000 0.001002  0.000006 m*m?s™ 3600 5.0E+13 4.6E+13
300000 0.001002 0.000004 m®*m?2s™ 7200 7.5E+13 8.4E+13
Voltage = 40 volts Time (min)
TMP = 100000 Pascal
J = 100000 0.001002  0.000010 m*m?Zs™ 120 9.0E+12
100000 0.001002  0.000010 m*m?Zs™ 3600 9.1E+12
100000 0.001002  0.000008 m*m?s™ 7200 1.1E+13
TMP = 200000 Pascal
J = 200000 0.001002  0.000014 m*m?s™ 120 1.4E+13
200000 0.001002  0.000007 m*m?s™ 3600 2.9E+13
200000 0.001002  0.000005 m*m?s™ 7200 4.0E+13
TMP = 300000 Pascal
J = 300000 0.001002  0.000014 m®m?s™ 120 2.1E+13
300000 0.001002  0.000006 m*m?Zs™ 3600 5.0E+13
300000 0.001002  0.000005 m®m?s™ 7200 8.0E+13
Voltage = 60 volts Time (min)
TMP = 100000 Pascal
J = 100000 0.001002  0.000015 m*m?s™ 120 6.7E+12
100000 0.001002  0.000013 m*m?s™ 3600 7.7E+12
100000 0.001002  0.000012 m*m?s™ 7200 8.3E+12
TMP = 200000 Pascal
J = 200000 0.001002 0.000018 m®*m?2s™ 120 1.1E+13
200000 0.001002 0.000008 m®m?2s™ 3600 2.5E+13
200000 0.001002  0.000005 m*m?s™ 7200 4.0E+13
TMP = 300000 Pascal
J = 300000 0.001002  0.000017 m®m?s™ 120 1.8E+13
300000 0.001002  0.000005 m*m?s™ 3600 6.0E+13
300000 0.001002  0.000003 m*m?s™ 7200 1.0E+14
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Total Resistance, Ry (m™1)

Total Resistance, Ry (m?)

1.1E+14

1.0E+14 -

9.0E+13
8.0E+13
7.0E+13
6.0E+13
5.0E+13
4.0E+13
3.0E+13
2.0E+13
1.0E+13
0.0E+00

1.0E+14

m100kPa @ 20 V
m100 kPa @ 40 V
Em100kPa @ 60 V
0200 kPa@ 20V
0200 kPa @ 40V
0200 kPa @ 60 V
1300 kPa @ 20 V
£1300 kPa @ 40V
1300 kPa @ 60 V

]

-
1
1
1
1
1
1
1
1
1
1
1
1

3600

Time (s)

7200

9.0E+13

8.0E+13
7.0E+13
6.0E+13
5.0E+13
4.0E+13
3.0E+13
2.0E+13
1.0E+13
0.0E+00

QUF @ 100 kPa

OUF @ 200 kPa

W

BUF @ 300 kPa

120

3600

Time (s)
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Appendix 6.3: Calculations of the forces acting on particles suspended in the beverage

production wastewater

Particle Sizes
(nm)

15.7
18.2
21.0
24.4
28.2
32.7
37.8
43.8
50.8
58.8
68.1
78.8
91.3
105.7
122.4
141.8
164.2
190.1
220.2
255.0
295.3
342.0
396.1
458.7
531.2
615.1
7124
825.0
955.4
1106.0
1281.0
1484.0
1718.0
1990.0
2305.0
2669.0
3091.0
3580.0
4145.0
4801.0
5560.0
6310.0

Particle Sizes
(m)
Dp

1.6E-08
1.8E-08
2.1E-08
2.4E-08
2.8E-08
3.3E-08
3.8E-08
4.4E-08
5.1E-08
5.9E-08
6.8E-08
7.9E-08
9.1E-08
1.1E-07
1.2E-07
1.4E-07
1.6E-07
1.9E-07
2.2E-07
2.6E-07
3.0E-07
3.4E-07
4.0E-07
4.6E-07
5.3E-07
6.2E-07
7.1E-07
8.3E-07
9.6E-07
1.1E-06
1.3E-06
1.5E-06
1.7E-06
2.0E-06
2.3E-06
2.7E-06
3.1E-06
3.6E-06
4.1E-06
4.8E-06
5.6E-06
6.3E-06

Viscosity of Feed
(Pas)

Nr

1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03
1.002E-03

25ms?

61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
61720.8
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Pressure Drop
(Pa)
AP

31ms?

87851.4
878514
87851.4
87851.4
87851.4
878514
87851.4
87851.4
878514
87851.4
87851.4
87851.4
878514
87851.4
87851.4
878514
878514
87851.4
87851.4
878514
87851.4
87851.4
878514
878514
87851.4
87851.4
878514
87851.4
87851.4
878514
878514
87851.4
87851.4
878514
87851.4
87851.4
878514
87851.4
87851.4
87851.4
878514
87851.4

36ms?

122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2
122524.2

Internal Diameter of
ceramic membrane

(m)
Dem

0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007

Length of ceramic

membrane
(m),
Lem

0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25



i i Fluid Densi
FVD Permeation Flux or permeate velocity F ED ty

-1, -3
(Newtons) (sz ) (Newtons) (kgm™)
= (2.55pAP@cy Dp2)/AL oy = 3pnDpd Pr
25ms*  31ms' 36ms’ 100 kPa 200 kPa 300 kPa 100 kPa 200 kPa 300 kPa

8.5E-13 1.2E-12 1.7E-12 7.631E-06 1.456E-05 2.166E-05 1.1E-15 2.2E-15 3.2E-15 9.982E+02
1.1E-12 1.6E-12 2.3E-12 7.631E-06 1.456E-05 2.166E-05 1.3E-15 2.5E-15 3.7E-15 9.982E+02
1.5E-12 2.2E-12 3.0E-12 7.631E-06 1.456E-05 2.166E-05 1.5E-15 2.9E-15 43E-15 9.982E+02
2.1E-12 2.9E-12 4.1E-12 7.631E-06 1.456E-05 2.166E-05 1.8E-15 3.3E-15 5.0E-15 9.982E+02
2.8E-12 3.9E-12 5.5E-12 7.631E-06 1.456E-05 2.166E-05 2.0E-15 3.9E-15 5.8E-15 9.982E+02
3.7E-12 5.3E-12 7.3E-12 7.631E-06 1.456E-05 2.166E-05 2.4E-15 4.5E-15 6.7E-15  9.982E+02
5.0E-12 7.1E-12 9.8E-12 7.631E-06 1.456E-05 2.166E-05 2.7E-15 5.2E-15 7.7E-15 9.982E+02
6.6E-12 9.5E-12 1.3E-11 7.631E-06 1.456E-05 2.166E-05 3.2E-15 6.0E-15 9.0E-15 9.982E+02
8.9E-12 1.3E-11 1.8E-11 7.631E-06 1.456E-05 2.166E-05 3.7E-15 7.0E-15 1.0E-14 9.982E+02
1.2E-11 1.7E-11 2.4E-11 7.631E-06 1.456E-05 2.166E-05 4.2E-15 8.1E-15 1.2E-14 9.982E+02
1.6E-11 2.3E-11 3.2E-11 7.631E-06 1.456E-05 2.166E-05 4.9E-15 9.4E-15 1.4E-14 9.982E+02
2.2E-11 3.1E-11 4.3E-11 7.631E-06 1.456E-05 2.166E-05 5.7E-15 1.1E-14 1.6E-14 9.982E+02
2.9E-11 4.1E-11 5.7E-11 7.631E-06 1.456E-05 2.166E-05 6.6E-15 1.3E-14 1.9E-14 9.982E+02
3.9E-11 5.5E-11 7.7E-11 7.631E-06 1.456E-05 2.166E-05 7.6E-15 1.5E-14 2.2E-14 9.982E+02
5.2E-11 74E-11 1.0E-10 7.631E-06 1.456E-05 2.166E-05 8.8E-15 1.7E-14 2.5E-14 9.982E+02
7.0E-11 9.9E-11 1.4E-10 7.631E-06 1.456E-05 2.166E-05 1.0E-14 19E-14 29E-14 9.982E+02
9.3E-11 1.3E-10 1.9E-10 7.631E-06 1.456E-05 2.166E-05 1.2E-14 2.3E-14 3.4E-14 9.982E+02
1.3E-10 1.8E-10 2.5E-10 7.631E-06 1.456E-05 2.166E-05 1.4E-14 2.6E-14 3.9E-14 9.982E+02
1.7E-10 2.4E-10 3.3E-10 7.631E-06 1.456E-05 2.166E-05 1.6E-14 3.0E-14 45E-14  9.982E+02
2.3E-10 3.2E-10 4.5E-10 7.631E-06 1.456E-05 2.166E-05 1.8E-14 3.5E-14 5.2E-14  9.982E+02
3.0E-10 4.3E-10 6.0E-10 7.631E-06 1.456E-05 2.166E-05 2.1E-14 4.1E-14 6.0E-14  9.982E+02
4.0E-10 5.8E-10 8.0E-10 7.631E-06 1.456E-05 2.166E-05 2.5E-14 4.7E-14 7.0E-14 9.982E+02
5.4E-10 7.7E-10 1.1E-09 7.631E-06 1.456E-05 2.166E-05 2.9E-14 5.4E-14 8.1E-14  9.982E+02
7.3E-10 1.0E-09 1.4E-09 7.631E-06 1.456E-05 2.166E-05 3.3E-14 6.3E-14 9.4E-14 9.982E+02
9.8E-10 1.4E-09 1.9E-09 7.631E-06 1.456E-05 2.166E-05 3.8E-14 7.3E-14 1.1E-13  9.982E+02
1.3E-09 1.9E-09 2.6E-09 7.631E-06 1.456E-05 2.166E-05 4.4E-14 8.5E-14 1.3E-13  9.982E+02
1.8E-09 2.5E-09 3.5E-09 7.631E-06 1.456E-05 2.166E-05 5.1E-14 9.8E-14 15E-13  9.982E+02
2.4E-09 3.4E-09 4.7E-09 7.631E-06 1.456E-05 2.166E-05 5.9E-14 1.1E-13 1.7E-13  9.982E+02
3.2E-09 4.5E-09 6.3E-09 7.631E-06 1.456E-05 2.166E-05 6.9E-14 1.3E-13 2.0E-13  9.982E+02
4.2E-09 6.0E-09 8.4E-09 7.631E-06 1.456E-05 2.166E-05 8.0E-14 15E-13 2.3E-13  9.982E+02
5.7E-09 8.1E-09 1.1E-08 7.631E-06 1.456E-05 2.166E-05 9.2E-14 1.8E-13 2.6E-13  9.982E+02
7.6E-09 1.1E-08 1.5E-08 7.631E-06 1.456E-05 2.166E-05 1.1E-13 2.0E-13 3.0E-13  9.982E+02
1.0E-08 1.5E-08 2.0E-08 7.631E-06 1.456E-05 2.166E-05 1.2E-13 2.4E-13 3.5E-13 9.982E+02
1.4E-08 2.0E-08 2.7E-08 7.631E-06 1.456E-05 2.166E-05 1.4E-13 2.7E-13 4.1E-13  9.982E+02
1.8E-08 2.6E-08 3.7E-08 7.631E-06 1.456E-05 2.166E-05 1.7E-13 3.2E-13 4.7E-13  9.982E+02
2.5E-08 3.5E-08 4.9E-08 7.631E-06 1.456E-05 2.166E-05 1.9E-13 3.7E-13 5.5E-13  9.982E+02
3.3E-08 4.7E-08 6.6E-08 7.631E-06 1.456E-05 2.166E-05 2.2E-13 4.2E-13 6.3E-13  9.982E+02
4.4E-08 6.3E-08 8.8E-08 7.631E-06 1.456E-05 2.166E-05 2.6E-13 4.9E-13 7.3E-13  9.982E+02
5.9E-08 8.5E-08 1.2E-07 7.631E-06 1.456E-05 2.166E-05 3.0E-13 5.7E-13 8.5E-13  9.982E+02
8.0E-08 1.1E-07 1.6E-07 7.631E-06 1.456E-05 2.166E-05 3.5E-13 6.6E-13 9.8E-13  9.982E+02
1.1E-07 1.5E-07 2.1E-07 7.631E-06 1.456E-05 2.166E-05 4.0E-13 7.6E-13 1.1E-12 9.982E+02
1.4E-07 2.0E-07 2.7E-07 7.631E-06 1.456E-05 2.166E-05 45E-13 8.7E-13 1.3E-12 9.982E+02
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F

(Newtons)
=0.216p@p Vo’ / 12

24ms™ 28ms* 32ms™

1.930E-23 2.627E-23 3.431E-23
3.495E-23 4.757E-23 6.213E-23
6.242E-23 8.495E-23 1.110E-22
1.122E-22 1.527E-22 1.994E-22
2.017E-22 2.745E-22 3.586E-22
3.628E-22 4.939E-22 6.450E-22
6.530E-22 8.888E-22 1.161E-21
1.174E-21 1.598E-21 2.088E-21
2.113E-21 2.876E-21 3.756E-21
3.800E-21 5.172E-21 6.755E-21
6.834E-21 9.302E-21 1.215E-20
1.229E-20 1.673E-20 2.185E-20
2.211E-20 3.010E-20 3.931E-20
3.976E-20 5.411E-20 7.068E-20
7.149E-20 9.730E-20 1.271E-19
1.288E-19 1.753E-19 2.289E-19
2.315E-19 3.151E-19 4.116E-19
4.159E-19 5.662E-19 7.395E-19
7.488E-19 1.019E-18 1.331E-18
1.347E-18 1.833E-18 2.394E-18
2.422E-18 3.297E-18 4.306E-18
4.357E-18 5.931E-18 7.746E-18
7.840E-18 1.067E-17 1.394E-17
1.410E-17 1.919E-17 2.507E-17
2.536E-17 3.452E-17 4 .508E-17
4 .559E-17 6.206E-17 8.105E-17
8.204E-17 1.117E-16 1.458E-16
1.475E-16 2.008E-16 2.623E-16
2.654E-16 3.612E-16 4.718E-16
4.766E-16 6.487E-16 8.472E-16
8.576E-16 1.167E-15 1.525E-15
1.545E-15 2.103E-15 2.746E-15
2.775E-15 3.777E-15 4 933E-15
4.995E-15 6.799E-15 8.880E-15
8.991E-15 1.224E-14 1.598E-14
1.616E-14 2.200E-14 2.873E-14
2.907E-14 3.957E-14 5.169E-14
5.232E-14 7.121E-14 9.301E-14
9.402E-14 1.280E-13 1.671E-13
1.692E-13 2.303E-13 3.008E-13
3.044E-13 4.143E-13 5411E-13
5.049E-13 6.873E-13 8.976E-13

=AP QCM /4L

4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02
4.320E+02

ty

6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
6.150E+02
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8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02
8.577E+02

FL
(Newtons)
=0.761 t,°@p° P>l e
25ms*t 31ms? 36ms*
8.3E-16 1.4E-15 2.3E-15
1.3E-15 2.2E-15 3.6E-15
2.0E-15 3.4E-15 5.6E-15
3.1E-15 5.3E-15 8.7E-15
4.8E-15 8.2E-15 1.4E-14
7.5E-15 1.3E-14 2.1E-14
1.2E-14 2.0E-14 3.3E-14
1.8E-14 3.1E-14 5.1E-14
2.8E-14 4.8E-14 7.9E-14
4.4E-14 7.4E-14 1.2E-13
6.8E-14 1.2E-13 1.9E-13
1.1E-13 1.8E-13 3.0E-13
1.6E-13 2.8E-13 4.6E-13
2.5E-13 4.3E-13 7.1E-13
4.0E-13 6.7E-13 1.1E-12
6.1E-13 1.0E-12 1.7E-12
9.5E-13 1.6E-12 2.7TE-12
1.5E-12 2.5E-12 4.1E-12
2.3E-12 3.9E-12 6.4E-12
3.6E-12 6.1E-12 1.0E-11
5.5E-12 9.4E-12 1.6E-11
8.6E-12 1.5E-11 2.4E-11
1.3E-11 2.3E-11 3.7E-11
2.1E-11 3.5E-11 5.8E-11
3.2E-11 5.5E-11 9.0E-11
5.0E-11 8.5E-11 1.4E-10
7.8E-11 1.3E-10 2.2E-10
1.2E-10 2.1E-10 3.4E-10
1.9E-10 3.2E-10 5.3E-10
2.9E-10 5.0E-10 8.2E-10
4.5E-10 7.7E-10 1.3E-09
7.0E-10 1.2E-09 2.0E-09
1.1E-09 1.9E-09 3.1E-09
1.7E-09 2.9E-09 4.7E-09
2.6E-09 4.5E-09 7.4E-09
4.1E-09 7.0E-09 1.1E-08
6.4E-09 1.1E-08 1.8E-08
9.9E-09 1.7E-08 2.8E-08
1.5E-08 2.6E-08 4.3E-08
2.4E-08 4.0E-08 6.7E-08
3.7E-08 6.3E-08 1.0E-07
5.4E-08 9.2E-08 1.5E-07



4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10
4.000E-10

1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20
1.000E-20

I:VDW
(Newtons)

=hv @p/ 32pa’

9.8E-12
1.1E-11
1.3E-11
15E-11
1.8E-11
2.0E-11
24E-11
2.7E-11
3.2E-11
3.7E-11
4.2E-11
4.9E-11
5.7E-11
6.6E-11
7.6E-11
8.8E-11
1.0E-10
1.2E-10
1.4E-10
1.6E-10
1.8E-10
2.1E-10
2.5E-10
2.9E-10
3.3E-10
3.8E-10
4.4E-10
5.1E-10
5.9E-10
6.9E-10
8.0E-10
9.2E-10
1.1E-09
1.2E-09
1.4E-09
1.7E-09
1.9E-09
2.2E-09
2.6E-09
3.0E-09
3.5E-09
3.9E-09

3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
3.142E+00
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R*=R,
(m)

7.8E-09
9.1E-09
1.1E-08
1.2E-08
1.4E-08
1.6E-08
1.9E-08
2.2E-08
2.5E-08
2.9E-08
3.4E-08
3.9E-08
4.6E-08
5.3E-08
6.1E-08
7.1E-08
8.2E-08
9.5E-08
1.1E-07
1.3E-07
1.5E-07
1.7E-07
2.0E-07
2.3E-07
2.7E-07
3.1E-07
3.6E-07
4.1E-07
4.8E-07
5.5E-07
6.4E-07
7.4E-07
8.6E-07
1.0E-06
1.2E-06
1.3E-06
1.5E-06
1.8E-06
2.1E-06
2.4E-06
2.8E-06
3.2E-06

e, dielectric

permittivity

of water @
20°C

8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01
8.02E+01

€o,
permittivity
of vacuum
(C*N-m?)

8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12
8.85E-12

A, inverse
Debye
Length

(960 nm)

1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06
1.04E+06

4pR*/
eecA

1.13E-14
1.31E-14
1.52E-14
1.76E-14
2.04E-14
2.36E-14
2.73E-14
3.16E-14
3.67E-14
4.24E-14
4.92E-14
5.69E-14
6.59E-14
7.63E-14
8.84E-14
1.02E-13
1.19E-13
1.37E-13
1.59E-13
1.84E-13
2.13E-13
2.47E-13
2.86E-13
3.31E-13
3.84E-13
4.44E-13
5.15E-13
5.96E-13
6.90E-13
7.99E-13
9.25E-13
1.07E-12
1.24E-12
1.44E-12
1.66E-12
1.93E-12
2.23E-12
2.59E-12
2.99E-12
3.47E-12
4.02E-12
4.56E-12



hmembrane

(m)

2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01
2.50E-01

I-R-membrane

(m)

7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03
7.00E-03

Asphere
(m?), 4pr®

7.73E-16
1.04E-15
1.39E-15
1.86E-15
2.50E-15
3.35E-15
4.50E-15
6.03E-15
8.09E-15
1.09E-14
1.46E-14
1.95E-14
2.62E-14
3.51E-14
4.71E-14
6.32E-14
8.47E-14
1.14E-13
1.52E-13
2.04E-13
2.74E-13
3.67E-13
4.93E-13
6.61E-13
8.86E-13
1.19E-12
1.59E-12
2.14E-12
2.87E-12
3.84E-12
5.16E-12
6.92E-12
9.27E-12
1.24E-11
1.67E-11
2.24E-11
3.00E-11
4.03E-11
5.40E-11
7.24E-11
9.71E-11
1.25E-10

Ainside cyl
(m?), 2prh

1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02
1.10E-02

Charge
(Coulumb)

le =1.602E-19C

1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
1.60E-19
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S
(C/m?),
q/Asphere

2.07E-04
1.54E-04
1.15E-04
8.59E-05
6.41E-05
4.78E-05
3.56E-05
2.66E-05
1.98E-05
1.48E-05
1.10E-05
8.21E-06
6.12E-06
4.56E-06
3.40E-06
2.54E-06
1.89E-06
1.41E-06
1.05E-06
7.84E-07
5.85E-07
4.36E-07
3.25E-07
2.42E-07
1.81E-07
1.35E-07
1.00E-07
7.49E-08
5.59E-08
4.17E-08
3.11E-08
2.32E-08
1.73E-08
1.29E-08
9.60E-09
7.16E-09
5.34E-09
3.98E-09
2.97E-09
2.21E-09
1.65E-09
1.28E-09

Sz
(C/m?),
q/Ainside cyl

1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17
1.46E-17

S1S2

3.02E-21
2.24E-21
1.68E-21
1.25E-21
9.34E-22
6.96E-22
5.19E-22
3.87E-22
2.88E-22
2.15E-22
1.60E-22
1.20E-22
8.92E-23
6.65E-23
4.96E-23
3.69E-23
2.76E-23
2.06E-23
1.53E-23
1.14E-23
8.52E-24
6.35E-24
4.74E-24
3.53E-24
2.63E-24
1.96E-24
1.46E-24
1.09E-24
8.14E-25
6.07E-25
4.53E-25
3.37E-25
2.52E-25
1.88E-25
1.40E-25
1.04E-25
7.78E-26
5.80E-26
4.32E-26
3.22E-26
2.40E-26
1.87E-26

0.5%(51° +55°)

2.15E-08
1.18E-08
6.63E-09
3.69E-09
2.05E-09
1.14E-09
6.34E-10
3.53E-10
1.96E-10
1.09E-10
6.06E-11
3.37E-11
1.87E-11
1.04E-11
5.79E-12
3.22E-12
1.79E-12
9.96E-13
5.53E-13
3.07E-13
1.71E-13
9.50E-14
5.28E-14
2.94E-14
1.63E-14
9.08E-15
5.05E-15
2.81E-15
1.56E-15
8.69E-16
4.83E-16
2.68E-16
1.49E-16
8.29E-17
4.61E-17
2.56E-17
1.42E-17
7.92E-18
4.40E-18
2.45E-18
1.36E-18
8.20E-19



(2]

4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09
4.0E-09

Distance between sphere & membrane wall

5nm

5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09
5.0E-09

6 nm

6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09
6.0E-09

7nm

7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09
7.0E-09

8 nm

8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09
8.0E-09

9nm

9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09
9.0E-09

10 nm

1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
1.0E-08
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4 nm

4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03
4E-03

5nm

5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03
5E-03

6 nm

6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03
6E-03

7nm

7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03
7E-03

8nm

8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03

9nm

9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03
9E-03

10 nm

1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02



8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03
8E-03

5nm

1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02

6 nm

1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02

1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02
1E-02

2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02

9nm

2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02

10 nm

2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
2E-02
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4 nm

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

5nm

1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01

6 nm

1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01

Ac

1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01

1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01

9nm

1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01

10 nm

1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01



1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01

1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01

1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01

2Ac

1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01

1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02

9nm

1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02

10 nm

1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02

Feou (Newtons) = 4pR*/ eeoA [ s12/e ¢+ 0.5 (s,%+s,7) [ €229

4nm

2.4E-22
1.5E-22
1.0E-22
6.4E-23
4.1E-23
2.7E-23
1.7E-23
1.1E-23
7.1E-24
4.6E-24
3.0E-24
1.9E-24
1.2E-24
7.9E-25
5.1E-25
3.3E-25
2.1E-25
1.4E-25
8.7E-26
5.6E-26
3.6E-26
2.3E-26
1.5E-26
9.6E-27
6.2E-27
4.0E-27
2.6E-27
1.7E-27
1.1E-27
6.9E-28
4.4E-28
2.8E-28
1.8E-28
1.2E-28
7.6E-29
4.9E-29
3.2E-29
2.0E-29
1.3E-29
8.4E-30
5.4E-30
3.7E-30
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5nm

2.4E-22
1.5E-22
1.0E-22
6.4E-23
4.1E-23
2.7E-23
1.7E-23
1.1E-23
7.1E-24
4.6E-24
2.9E-24
1.9E-24
1.2E-24
7.9E-25
5.1E-25
3.3E-25
2.1E-25
1.4E-25
8.7E-26
5.6E-26
3.6E-26
2.3E-26
1.5E-26
9.6E-27
6.2E-27
4.0E-27
2.6E-27
1.7E-27
1.1E-27
6.9E-28
4.4E-28
2.8E-28
1.8E-28
1.2E-28
7.6E-29
4.9E-29
3.1E-29
2.0E-29
1.3E-29
8.4E-30
5.4E-30
3.7E-30

6 nm

2.4E-22
1.5E-22
1.0E-22
6.4E-23
4.1E-23
2.7E-23
1.7E-23
1.1E-23
7.1E-24
4.6E-24
2.9E-24
1.9E-24
1.2E-24
7.9E-25
5.1E-25
3.3E-25
2.1E-25
1.3E-25
8.7E-26
5.6E-26
3.6E-26
2.3E-26
1.5E-26
9.6E-27
6.2E-27
4.0E-27
2.6E-27
1.7E-27
1.1E-27
6.9E-28
4.4E-28
2.8E-28
1.8E-28
1.2E-28
7.6E-29
4.9E-29
3.1E-29
2.0E-29
1.3E-29
8.4E-30
5.4E-30
3.7E-30

7nm

2.4E-22
1.5E-22
9.9E-23
6.4E-23
4.1E-23
2.7E-23
1.7E-23
1.1E-23
7.1E-24
4.6E-24
2.9E-24
1.9E-24
1.2E-24
7.8E-25
5.0E-25
3.2E-25
2.1E-25
1.3E-25
8.7E-26
5.6E-26
3.6E-26
2.3E-26
1.5E-26
9.6E-27
6.2E-27
4.0E-27
2.6E-27
1.6E-27
1.1E-27
6.8E-28
4.4E-28
2.8E-28
1.8E-28
1.2E-28
7.6E-29
4.9E-29
3.1E-29
2.0E-29
1.3E-29
8.4E-30
5.4E-30
3.7E-30

8nm

2.4E-22
1.5E-22
9.9E-23
6.4E-23
4.1E-23
2.6E-23
1.7E-23
1.1E-23
7.1E-24
4.5E-24
2.9E-24
1.9E-24
1.2E-24
7.8E-25
5.0E-25
3.2E-25
2.1E-25
1.3E-25
8.6E-26
5.6E-26
3.6E-26
2.3E-26
1.5E-26
9.6E-27
6.2E-27
4.0E-27
2.6E-27
1.6E-27
1.1E-27
6.8E-28
4.4E-28
2.8E-28
1.8E-28
1.2E-28
7.5E-29
4.9E-29
3.1E-29
2.0E-29
1.3E-29
8.3E-30
5.4E-30
3.7E-30

9nm

2.4E-22
1.5E-22
9.9E-23
6.4E-23
4.1E-23
2.6E-23
1.7E-23
1.1E-23
7.0E-24
4.5E-24
2.9E-24
1.9E-24
1.2E-24
7.8E-25
5.0E-25
3.2E-25
2.1E-25
1.3E-25
8.6E-26
5.5E-26
3.6E-26
2.3E-26
1.5E-26
9.5E-27
6.1E-27
4.0E-27
2.5E-27
1.6E-27
1.1E-27
6.8E-28
4.4E-28
2.8E-28
1.8E-28
1.2E-28
7.5E-29
4.8E-29
3.1E-29
2.0E-29
1.3E-29
8.3E-30
5.4E-30
3.7E-30

10 nm

2.4E-22
1.5E-22
9.9E-23
6.4E-23
4.1E-23
2.6E-23
1.7E-23
1.1E-23
7.0E-24
4.5E-24
2.9E-24
1.9E-24
1.2E-24
7.8E-25
5.0E-25
3.2E-25
2.1E-25
1.3E-25
8.6E-26
5.5E-26
3.6E-26
2.3E-26
1.5E-26
9.5E-27
6.1E-27
4.0E-27
2.5E-27
1.6E-27
1.1E-27
6.8E-28
4.4E-28
2.8E-28
1.8E-28
1.2E-28
7.5E-29
4.8E-29
3.1E-29
2.0E-29
1.3E-29
8.3E-30
5.4E-30
3.7E-30



Particle
Density

(kg m?)
Pp

1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03
1.250E+03

(kg m™®)
PF

9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02
9.982E+02

Fluid Density Gravitatiopal
Acceleration

(ms™)
g

9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00
9.810E+00

Fo

(Newtons)
= 1/6pdd,*(pp -
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PHY

5.0E-21
7.8E-21
1.2E-20
1.9E-20
2.9E-20
4.5E-20
7.0E-20
1.1E-19
1.7E-19
2.6E-19
4.1E-19
6.3E-19
9.8E-19
1.5E-18
2.4E-18
3.7E-18
5.7E-18
8.9E-18
1.4E-17
2.1E-17
3.3E-17
5.2E-17
8.0E-17
1.2E-16
1.9E-16
3.0E-16
4.7E-16
7.3E-16
1.1E-15
1.7E-15
2.7E-15
4.2E-15
6.6E-15
1.0E-14
1.6E-14
2.5E-14
3.8E-14
5.9E-14
9.2E-14
1.4E-13
2.2E-13
3.2E-13



Deposition Inhibiting Depostion Promoting

Foir = (Fup + FL)>° Fop = Fyvow + Fo + Fep - Fept
25ms™ 31ms* 36ms* 100 200 300
8.5E-13 1.2E-12 1.7E-12 9.8E-12 9.8E-12 9.8E-12
1.1E-12 1.6E-12 2.3E-12 1.1E-11 1.1E-11 1.1E-11
1.5E-12 2.2E-12 3.0E-12 1.3E-11 1.3E-11 1.3E-11
2.1E-12 2.9E-12 4.1E-12 1.5E-11 1.5E-11 1.5E-11
2.8E-12 3.9E-12 5.5E-12 1.8E-11 1.8E-11 1.8E-11
3.7E-12 5.3E-12 7.3E-12 2.0E-11 2.0E-11 2.0E-11
5.0E-12 7.1E-12 9.8E-12 2.4E-11 24E-11 2.4E-11
6.6E-12 9.5E-12 1.3E-11 2.7E-11 2.7E-11 2.7E-11
8.9E-12 1.3E-11 1.8E-11 3.2E-11 3.2E-11 3.2E-11
1.2E-11 1.7E-11 2.4E-11 3.7E-11 3.7E-11 3.7E-11
1.6E-11 2.3E-11 3.2E-11 4.2E-11 4.2E-11 4.2E-11
2.2E-11 3.1E-11 4.3E-11 4.9E-11 49E-11 4.9E-11
29E-11 4.1E-11 5.7E-11 5.7E-11 5.7E-11 5.7E-11
3.9E-11 5.5E-11 7.7E-11 6.6E-11 6.6E-11 6.6E-11
5.2E-11 7.4E-11 1.0E-10 7.6E-11 7.6E-11 7.6E-11
7.0E-11 9.9E-11 1.4E-10 8.8E-11 8.8E-11 8.8E-11
9.3E-11 1.3E-10 1.9E-10 1.0E-10 1.0E-10 1.0E-10
1.3E-10 1.8E-10 2.5E-10 1.2E-10 1.2E-10 1.2E-10
1.7E-10 2.4E-10 3.3E-10 1.4E-10 1.4E-10 1.4E-10
2.3E-10 3.2E-10 4.5E-10 1.6E-10 1.6E-10 1.6E-10
3.0E-10 4.3E-10 6.0E-10 1.8E-10 1.8E-10 1.8E-10
4.0E-10 5.8E-10 8.0E-10 2.1E-10 2.1E-10 2.1E-10
5.4E-10 7.7E-10 1.1E-09 2.5E-10 2.5E-10 2.5E-10
7.3E-10 1.0E-09 1.4E-09 2.9E-10 2.9E-10 2.9E-10
9.8E-10 1.4E-09 1.9E-09 3.3E-10 3.3E-10 3.3E-10
1.3E-09 1.9E-09 2.6E-09 3.8E-10 3.8E-10 3.8E-10
1.8E-09 2.5E-09 3.5E-09 4.4E-10 4.4E-10 4.4E-10
2.4E-09 3.4E-09 4.7E-09 5.1E-10 5.1E-10 5.1E-10
3.2E-09 4.5E-09 6.3E-09 5.9E-10 5.9E-10 5.9E-10
4.2E-09 6.0E-09 8.4E-09 6.9E-10 6.9E-10 6.9E-10
5.7E-09 8.1E-09 1.1E-08 8.0E-10 8.0E-10 8.0E-10
7.7E-09 1.1E-08 1.5E-08 9.2E-10 9.2E-10 9.2E-10
1.0E-08 1.5E-08 2.1E-08 1.1E-09 1.1E-09 1.1E-09
1.4E-08 2.0E-08 2.8E-08 1.2E-09 1.2E-09 1.2E-09
1.9E-08 2.7E-08 3.7E-08 1.4E-09 1.4E-09 1.4E-09
2.5E-08 3.6E-08 5.0E-08 1.7E-09 1.7E-09 1.7E-09
3.4E-08 4.8E-08 6.8E-08 1.9E-09 1.9E-09 1.9E-09
4.5E-08 6.5E-08 9.2E-08 2.2E-09 2.2E-09 2.2E-09
6.1E-08 8.9E-08 1.3E-07 2.6E-09 2.6E-09 2.6E-09
8.3E-08 1.2E-07 1.7E-07 3.0E-09 3.0E-09 3.0E-09
1.1E-07 1.6E-07 2.4E-07 3.5E-09 3.5E-09 3.5E-09
1.5E-07 2.2E-07 3.1E-07 3.9E-09 3.9E-09 3.9E-09
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Force (N)

1.0E-08

1.0E-09

1.0E-10

1.0E-11

1.0E-12

1.0E-13

1.0E-14

1.0E-15

—deposition-inhibiting @ CFV=2.5m/s

==-deposition-inhibiting @ CFV=3.1 m/s
deposition-inhibiting @ CFV = 3.6 m/s

=—=deposition-promoting
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Particle Size (nm)
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Appendix 6.7: Calculations for the model fitting using Hermia’s fouling equations

Cake filtration

100 kPa

Js, 20°c

Time (msjl:;] s

(sec) @25m

ot

300 0.000005
600 0.000005
900 0.000005
1200 0.000005
1500 0.000005
1800 0.000005
2100 0.000005
2400 0.000004
2700 0.000004
3000 0.000004
3300 0.000004
3600 0.000004
3900 0.000004
4200 0.000004
4500 0.000004
4800 0.000004
5100 0.000004
5400 0.000004
5700 0.000004
6000 0.000004
6300 0.000004
6600 0.000004
6900 0.000004
7200 0.000004
7500 0.000004
7800 0.000004
8100 0.000004
8400 0.000004
8700 0.000004
9000 0.000004
9300 0.000004
9600 0.000004
9900 0.000004
10200 0.000004

Filtrate
Volume,
V (m?)

7.6E-06
1.5E-05
2.2E-05
2.9E-05
3.6E-05
4.3E-05
5.0E-05
5.6E-05
6.3E-05
6.9E-05
7.6E-05
8.2E-05
8.9E-05
9.5E-05
1.0E-04
1.1E-04
1.1E-04
1.2E-04
1.3E-04
1.3E-04
1.4E-04
1.5E-04
1.5E-04
1.6E-04
1.6E-04
1.7E-04
1.8E-04
1.8E-04
1.9E-04
2.0E-04
2.0E-04
2.1E-04
2.1E-04
2.2E-04

3.9E+07
4.0E+07
4.1E+07
4.1E+07
4.2E+07
4.2E+07
4.2E+07
4.3E+07
4.3E+07
4.3E+07
4.3E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.5E+07
4.5E+07
4.5E+07
4.5E+07
4.5E+07
4.5E+07
4.5E+07
4.6E+07
4.6E+07
4.6E+07
4.6E+07
4.6E+07
4.6E+07
4.6E+07
4.6E+07
4.6E+07
4.6E+07
4.7E+07

0.000006
0.000006
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
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Filtrate
Volume,
V (m?

8.5E-06
1.7E-05
2.5E-05
3.3E-05
4.1E-05
4.9E-05
5.6E-05
6.4E-05
7.1E-05
7.9E-05
8.6E-05
9.3E-05
1.0E-04
1.1E-04
1.1E-04
1.2E-04
1.3E-04
1.4E-04
1.4E-04
1.5E-04
1.6E-04
1.6E-04
1.7E-04
1.8E-04
1.8E-04
1.9E-04
2.0E-04
2.0E-04
2.1E-04
2.2E-04
2.2E-04
2.3E-04
2.4E-04
2.4E-04

3.5E+07
3.6E+07
3.6E+07
3.6E+07
3.7E+07
3.7E+07
3.7E+07
3.8E+07
3.8E+07
3.8E+07
3.8E+07
3.9E+07
3.9E+07
3.9E+07
3.9E+07
4.0E+07
4.0E+07
4.0E+07
4.0E+07
4.0E+07
4.0E+07
4.1E+07
4.1E+07
4.1E+07
4.1E+07
4.1E+07
4.1E+07
4.1E+07
4.2E+07
4.2E+07
4.2E+07
4.2E+07
4.2E+07
4.2E+07

0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005

Filtrate
Volume,
V (m?)

8.9E-06
1.8E-05
2.6E-05
3.4E-05
4.3E-05
5.1E-05
5.9E-05
6.7E-05
7.5E-05
8.3E-05
9.1E-05
9.8E-05
1.1E-04
1.1E-04
1.2E-04
1.3E-04
1.3E-04
1.4E-04
1.5E-04
1.6E-04
1.6E-04
1.7E-04
1.8E-04
1.9E-04
1.9E-04
2.0E-04
2.1E-04
2.1E-04
2.2E-04
2.3E-04
2.3E-04
2.4E-04
2.5E-04
2.5E-04

tv
(s/m?)

3.4E+07
3.4E+07
3.5E+07
3.5E+07
3.5E+07
3.5E+07
3.5E+07
3.6E+07
3.6E+07
3.6E+07
3.6E+07
3.7E+07
3.7E+07
3.7E+07
3.7E+07
3.8E+07
3.8E+07
3.8E+07
3.8E+07
3.8E+07
3.8E+07
3.9E+07
3.9E+07
3.9E+07
3.9E+07
3.9E+07
3.9E+07
3.9E+07
4.0E+07
4.0E+07
4.0E+07
4.0E+07
4.0E+07
4.0E+07



10500 0.000004 2.3E-04 4.7E+07 0.000004 2.5E-04 4.2E+07 0.000005 2.6E-04 4.0E+07
10800 0.000004 2.3E-04 4. 7E+07 0.000004 2.5E-04 4.2E+07 0.000005 2.7E-04 4.0E+07
11100 0.000004 2.4E-04 4. 7E+07 0.000004 2.6E-04 4.2E+07 0.000005 2.7E-04 4.0E+07
200 kPa
Filtrate . Filtrate N Filtrate "y
JS, 20°C V(zfl‘:g;]e (S/m 3) ‘JS, 20°C V(zl!'fl{lg;]e (S/m 3) ‘JS‘ 20°C V(zrl;\‘l:z;]e (S/m3)
Time (m°m?s (m*m?s (m*m?s
(sec) @25 Y @31 @
ms™ ms™ 36ms*
300 0.000006 9.1E-06 3.3E+07 0.000007 1.0E-05 3.0E+07 0.000008 1.3E-05 2.4E+07
600 0.000006 1.7E-05 3.4E+07 0.000006 1.9E-05 3.1E+07 0.000008 2.4E-05 2.5E+07
900 0.000005 2.5E-05 3.6E+07 0.000006 2.8E-05 3.2E+07 0.000008 3.6E-05 2.5E+07
1200 0.000005 3.3E-05 3.7E+07 0.000006 3.7E-05 3.3E+07 0.000008 4.7E-05 2.5E+07
1500 0.000005 4.0E-05 3.8E+07 0.000005 4.5E-05 3.3E+07 0.000008 5.9E-05 2.6E+07
1800 0.000005 4.7E-05 3.8E+07 0.000005 5.3E-05 3.4E+07 0.000007 7.0E-05 2.6E+07
2100 0.000005 5.4E-05 3.9E+07 0.000005 6.1E-05 3.5E+07 0.000007 8.1E-05 2.6E+07
2400 0.000005 6.0E-05 4.0E+07 0.000005 6.9E-05 3.5E+07 0.000007 9.2E-05 2.6E+07
2700 0.000004 6.7E-05 4.0E+07 0.000005 7.7E-05 3.5E+07 0.000007 1.0E-04 2.6E+07
3000 0.000004 7.4E-05 4.1E+07 0.000005 8.5E-05 3.5E+07 0.000007 1.1E-04 2.6E+07
3300 0.000004 8.0E-05 4.1E+07 0.000006 9.3E-05 3.5E+07 0.000007 1.2E-04 2.6E+07
3600 0.000004 8.7E-05 4.1E+07 0.000006 1.0E-04 3.5E+07 0.000007 1.4E-04 2.7E+07
3900 0.000004 9.4E-05 4.2E+07 0.000005 1.1E-04 3.5E+07 0.000007 1.5E-04 2.7E+07
4200 0.000004 1.0E-04 4.2E+07 0.000005 1.2E-04 3.6E+07 0.000007 1.6E-04 2.7E+07
4500 0.000004 1.1E-04 4.2E+07 0.000005 1.3E-04 3.6E+07 0.000007 1.7E-04 2.7E+07
4800 0.000004 1.1E-04 4.2E+07 0.000006 1.3E-04 3.6E+07 0.000007 1.8E-04 2.7E+07
5100 0.000004 1.2E-04 4.3E+07 0.000005 1.4E-04 3.6E+07 0.000007 1.9E-04 2.7E+07
5400 0.000004 1.3E-04 4.3E+07 0.000005 1.5E-04 3.6E+07 0.000007 2.0E-04 2.7E+07
5700 0.000004 1.3E-04 4.3E+07 0.000005 1.6E-04 3.6E+07 0.000007 2.1E-04 2.7E+07
6000 0.000004 1.4E-04 4.3E+07 0.000005 1.7E-04 3.6E+07 0.000007 2.2E-04 2.7E+07
6300 0.000004 1.5E-04 4.3E+07 0.000005 1.7E-04 3.6E+07 0.000007 2.3E-04 2.7E+07
6600 0.000004 1.5E-04 4.3E+07 0.000005 1.8E-04 3.6E+07 0.000007 2.4E-04 2.7E+07
6900 0.000004 1.6E-04 4.3E+07 0.000005 1.9E-04 3.6E+07 0.000007 2.5E-04 2.7E+07
7200 0.000004 1.7E-04 4.3E+07 0.000005 2.0E-04 3.6E+07 0.000007 2.6E-04 2.7E+07
7500 0.000004 1.7E-04 4.3E+07 0.000005 2.1E-04 3.6E+07 0.000007 2.7E-04 2.7E+07
7800 0.000004 1.8E-04 4.4E+07 0.000005 2.1E-04 3.6E+07 0.000007 2.8E-04 2.7E+07
8100 0.000004 1.9E-04 4.4E+07 0.000005 2.2E-04 3.6E+07 0.000007 2.9E-04 2.7E+07
8400 0.000005 1.9E-04 4.4E+07 0.000005 2.3E-04 3.6E+07 0.000007 3.1E-04 2.8E+07
8700 0.000005 2.0E-04 4.4E+07 0.000005 2.4E-04 3.6E+07 0.000007 3.2E-04 2.8E+07
9000 0.000005 2.1E-04 4.4E+07 0.000005 2.5E-04 3.7E+07 0.000007 3.3E-04 2.8E+07
9300 0.000005 2.1E-04 4.4E+07 0.000005 2.5E-04 3.7E+07 0.000007 3.4E-04 2.8E+07
9600 0.000005 2.2E-04 4.4E+07 0.000005 2.6E-04 3.7E+07 0.000007 3.5E-04 2.8E+07
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9900 0.000005
10200 0.000005
10500 0.000005
10800 0.000004
11100 0.000004

300 kPa
Js, 20c
Time (m°m?s
(sec) H@25
ms™
300 0.000006
600 0.000006
900 0.000005

1200 0.000005

1500 0.000005

1800 0.000004

2100 0.000004

2400 0.000004

2700 0.000004

3000 0.000004

3300 0.000004

3600 0.000004

3900 0.000004

4200 0.000004

4500 0.000004

4800 0.000004

5100 0.000004

5400 0.000004

5700 0.000004

6000 0.000004

6300 0.000004

6600 0.000004

6900 0.000004

7200 0.000005

7500 0.000005

7800 0.000005

8100 0.000005

8400 0.000005

8700 0.000004

2.3E-04
2.3E-04
2.4E-04
2.5E-04
2.5E-04

Filtrate
Volume
(m®)

9.3E-06
1.8E-05
2.5E-05
3.2E-05
3.9E-05
4.6E-05
5.2E-05
5.8E-05
6.5E-05
7.1E-05
7.7E-05
8.4E-05
9.0E-05
9.7E-05
1.0E-04
1.1E-04
1.2E-04
1.2E-04
1.3E-04
1.4E-04
1.4E-04
1.5E-04
1.6E-04
1.6E-04
1.7E-04
1.8E-04
1.8E-04
1.9E-04
2.0E-04

4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07

tv
(s/m?)

3.2E+07
3.4E+07
3.6E+07
3.7E+07
3.8E+07
3.9E+07
4.0E+07
4.1E+07
4.2E+07
4.2E+07
4.3E+07
4.3E+07
4.3E+07
4.3E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07

0.000005
0.000005
0.000005
0.000005
0.000005

0.000007
0.000007
0.000007
0.000007
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
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2.7E-04
2.8E-04
2.9E-04
2.9E-04
3.0E-04

Filtrate
Volume
(m?)

1.1E-05
2.1E-05
3.1E-05
4.1E-05
5.1E-05
6.0E-05
7.0E-05
7.9E-05
8.9E-05
9.9E-05
1.1E-04
1.2E-04
1.3E-04
1.4E-04
1.5E-04
1.6E-04
1.6E-04
1.7E-04
1.8E-04
1.9E-04
2.0E-04
2.1E-04
2.2E-04
2.3E-04
2.4E-04
2.5E-04
2.6E-04
2.7E-04
2.8E-04

3.7E+07
3.7E+07
3.7E+07
3.7E+07
3.7E+07

tv
(s/m?)

2.8E+07
2.8E+07
2.9E+07
2.9E+07
3.0E+07
3.0E+07
3.0E+07
3.0E+07
3.0E+07
3.0E+07
3.1E+07
3.1E+07
3.1E+07
3.1E+07
3.1E+07
3.1E+07
3.1E+07
3.1E+07
3.1E+07
3.1E+07
3.1E+07
3.1E+07
3.1E+07
3.1E+07
3.1E+07
3.1E+07
3.1E+07
3.1E+07
3.1E+07

0.000007
0.000007
0.000007
0.000007
0.000007

J3s‘ 20°C
(m>m™*s’

36ms?

0.000009
0.000009
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000007
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007

3.6E-04
3.7E-04
3.8E-04
3.9E-04
4.0E-04

Filtrate
Volume
(m?)

1.3E-05
2.6E-05
3.9E-05
5.1E-05
6.4E-05
7.6E-05
8.7E-05
9.9E-05
1.1E-04
1.2E-04
1.3E-04
1.4E-04
1.6E-04
1.7E-04
1.8E-04
1.9E-04
2.0E-04
2.1E-04
2.2E-04
2.4E-04
2.5E-04
2.6E-04
2.7E-04
2.8E-04
2.9E-04
3.0E-04
3.1E-04
3.2E-04
3.4E-04

2.8E+07
2.8E+07
2.8E+07
2.8E+07
2.8E+07

tIv
(s/m?)

2.2E+07
2.3E+07
2.3E+07
2.3E+07
2.4E+07
2.4E+07
2.4E+07
2.4E+07
2.4E+07
2.5E+07
2.5E+07
2.5E+07
2.5E+07
2.5E+07
2.5E+07
2.5E+07
2.5E+07
2.5E+07
2.5E+07
2.5E+07
2.6E+07
2.6E+07
2.6E+07
2.6E+07
2.6E+07
2.6E+07
2.6E+07
2.6E+07
2.6E+07



9000
9300
9600
9900
10200
10500
10800
11100

t/\V (s m-3)

t/V (s m3)

0.000004
0.000005
0.000005
0.000004
0.000004
0.000004
0.000004
0.000004

5.0E+07

4 .5E+07

4.0E+07

3.5E+07

3.0E+07

2.5E+07

2.0E+07

1.5E+07

1.0E+07

5.0E+07
4.5E+07
4.0E+07
3.5E+07
3.0E+07

2.5E+07

2.0E+07
1.5E+07

1.0E+07 |

5.0E+06
0.0E+00

0.0E+00 1.0E-04

2.0E-04 4.4E+07 0.000006 2.9E-04 3.2E+07
2.1E-04 4.4E+07 0.000006 2.9E-04 3.2E+07
2.2E-04 4.4E+07 0.000006 3.0E-04 3.2E+07
2.2E-04 4.4E+07 0.000006 3.1E-04 3.2E+07
2.3E-04 4.4E+07 0.000006 3.2E-04 3.2E+07
2.4E-04 4.4E+07 0.000006 3.3E-04 3.2E+07
2.4E-04 4.4E+07 0.000006 3.4E-04 3.2E+07
2.5E-04 4.4E+07 0.000006 3.5E-04 3.2E+07

R2=0.9801

~OO0O%

Cake Filtration (n=0)
TMP =100 kPa <¢25m/s A3.1m/s 03.6m/s

V (m3)

R2=0.7388

R2=0.7159

R2=0.857

Cake Filtration (n=0)
TMP=200kPa <¢25m/s A31m/s O03.6m/s

V (m-3)
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0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007

0.0E+00 1.0E-04 2.0E-04 3.0E-04

2.0E-04 3.0E-04 4.0E-04 5.0E-04

3.5E-04
3.6E-04
3.7E-04
3.8E-04
3.9E-04
4.0E-04
4.1E-04
4.2E-04

2.6E+07
2.6E+07
2.6E+07
2.6E+07
2.6E+07
2.6E+07
2.6E+07
2.7E+Q7



tIV (s/m-3)

5.0E+07

4.5E+07
4.0E+07
3.5E+07
3.0E+07
2.5E+07 -
2.0E+07
1.5E+07 -
1.0E+07 |
5.0E+06

Cake Filtration (n=0)
TMP =300 kPa <©2.5m/s

A3.1m/s

R2=0.9127

03.6m/s

0.0E+00

0.0E+00 1.0E-04

Complete blocking

100 kPa
Js 20°c
Time  (m°m?®s
(sec) H@25m
et

300 0.000005

600 0.000005

900 0.000005
1200 0.000005
1500 0.000005
1800 0.000005
2100 0.000005
2400 0.000004
2700 0.000004
3000 0.000004
3300 0.000004
3600 0.000004
3900 0.000004
4200 0.000004
4500 0.000004
4800 0.000004
5100 0.000004
5400 0.000004

V (m3)
Filtrate
Q (m’™) Volume

(m?) Js 2e

(m>m™s

Y @31

ms™

2.5E-08 7.6E-06 0.000006
2.5E-08 1.5E-05 0.000006
2.4E-08 2.2E-05 0.000005
2.3E-08 2.9E-05 0.000005
2.3E-08 3.6E-05 0.000005
2.3E-08 4.3E-05 0.000005
2.3E-08 5.0E-05 0.000005
2.2E-08 5.6E-05 0.000005
2.2E-08 6.3E-05 0.000005
2.2E-08 6.9E-05 0.000005
2.2E-08 7.6E-05 0.000005
2.2E-08 8.2E-05 0.000005
2.1E-08 8.9E-05 0.000005
2.1E-08 9.5E-05 0.000005
2.1E-08 1.0E-04 0.000005
2.1E-08 1.1E-04 0.000005
2.1E-08 1.1E-04 0.000005
2.1E-08 1.2E-04 0.000005
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Q (m’™)

2.8E-08
2.8E-08
2.7E-08
2.7E-08
2.6E-08
2.6E-08
2.6E-08
2.5E-08
2.5E-08
2.4E-08
2.4E-08
2.4E-08
2.4E-08
2.4E-08
2.3E-08
2.3E-08
2.3E-08
2.3E-08

Filtrate
Volume
(m°)

8.5E-06
1.7E-05
2.5E-05
3.3E-05
4.1E-05
4.9E-05
5.6E-05
6.4E-05
7.1E-05
7.9E-05
8.6E-05
9.3E-05
1.0E-04
1.1E-04
1.1E-04
1.2E-04
1.3E-04
1.4E-04

2.0E-04 3.0E-04 4.0E-04 5.0E-04

Js, 20c
(m®m?s
Y @36

ms™t

0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005

Q (m’s™)

3.0E-08
2.9E-08
2.8E-08
2.8E-08
2.8E-08
2.8E-08
2.7E-08
2.7E-08
2.6E-08
2.6E-08
2.6E-08
2.5E-08
2.5E-08
2.5E-08
2.4E-08
2.4E-08
2.4E-08
2.4E-08

Filtrate
Volume
(m)

8.9E-06
1.8E-05
2.6E-05
3.4E-05
4.3E-05
5.1E-05
5.9E-05
6.7E-05
7.5E-05
8.3E-05
9.1E-05
9.8E-05
1.1E-04
1.1E-04
1.2E-04
1.3E-04
1.3E-04
1.4E-04



5700 0.000004
6000 0.000004
6300 0.000004
6600 0.000004
6900 0.000004
7200 0.000004
7500 0.000004
7800 0.000004
8100 0.000004
8400 0.000004
8700 0.000004
9000 0.000004
9300 0.000004
9600 0.000004
9900 0.000004
10200 0.000004
10500 0.000004
10800 0.000004
11100 0.000004
200 kPa
Js, 20°c
Time (M’m®s
(sec) h@25
ms™
300 0.000006
600 0.000006
900 0.000005
1200 0.000005
1500 0.000005
1800 0.000005
2100 0.000005
2400 0.000005
2700 0.000004
3000 0.000004
3300 0.000004
3600 0.000004
3900 0.000004
4200 0.000004
4500 0.000004
4800 0.000004

2.1E-08
2.1E-08
2.1E-08
2.1E-08
2.1E-08
2.1E-08
2.1E-08
2.1E-08
2.1E-08
2.0E-08
2.1E-08
2.0E-08
2.0E-08
2.0E-08
2.0E-08
2.0E-08
2.0E-08
2.0E-08
2.0E-08

Q (m’™)

3.0E-08
2.8E-08
2.6E-08
2.4E-08
2.4E-08
2.3E-08
2.3E-08
2.3E-08
2.2E-08
2.2E-08
2.2E-08
2.2E-08
2.2E-08
2.2E-08
2.2E-08
2.2E-08

1.3E-04
1.3E-04
1.4E-04
1.5E-04
1.5E-04
1.6E-04
1.6E-04
1.7E-04
1.8E-04
1.8E-04
1.9E-04
2.0E-04
2.0E-04
2.1E-04
2.1E-04
2.2E-04
2.3E-04
2.3E-04
2.4E-04

Filtrate
Volume
(m)

9.1E-06
1.7E-05
2.5E-05
3.3E-05
4.0E-05
4.7E-05
5.4E-05
6.0E-05
6.7E-05
7.4E-05
8.0E-05
8.7E-05
9.4E-05
1.0E-04
1.1E-04
1.1E-04

0.000005
0.000005
0.000005
0.000005
0.000005
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004

0.000007
0.000006
0.000006
0.000006
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000006
0.000006
0.000005
0.000005
0.000005
0.000006
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2.3E-08
2.3E-08
2.3E-08
2.3E-08
2.3E-08
2.2E-08
2.2E-08
2.2E-08
2.2E-08
2.2E-08
2.2E-08
2.2E-08
2.2E-08
2.2E-08
2.2E-08
2.2E-08
2.2E-08
2.1E-08
2.1E-08

Q (m%™)

3.3E-08
3.1E-08
3.0E-08
2.8E-08
2.7E-08
2.6E-08
2.7E-08
2.7E-08
2.7E-08
2.7E-08
2.8E-08
2.8E-08
2.7E-08
2.7E-08
2.7E-08
2.8E-08

1.4E-04
1.5E-04
1.6E-04
1.6E-04
1.7E-04
1.8E-04
1.8E-04
1.9E-04
2.0E-04
2.0E-04
2.1E-04
2.2E-04
2.2E-04
2.3E-04
2.4E-04
2.4E-04
2.5E-04
2.5E-04
2.6E-04

Filtrate
Volume

(m®)

1.0E-05
1.9E-05
2.8E-05
3.7E-05
4.5E-05
5.3E-05
6.1E-05
6.9E-05
7.7E-05
8.5E-05
9.3E-05
1.0E-04
1.1E-04
1.2E-04
1.3E-04
1.3E-04

0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005

0.000008
0.000008
0.000008
0.000008
0.000008
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007

2.4E-08
2.4E-08
2.4E-08
2.4E-08
2.4E-08
2.3E-08
2.3E-08
2.3E-08
2.3E-08
2.3E-08
2.3E-08
2.3E-08
2.3E-08
2.3E-08
2.3E-08
2.3E-08
2.3E-08
2.3E-08
2.3E-08

Q (m%™)

4.2E-08
4.0E-08
3.8E-08
3.8E-08
3.8E-08
3.7E-08
3.7E-08
3.7E-08
3.6E-08
3.7E-08
3.6E-08
3.7E-08
3.6E-08
3.6E-08
3.6E-08
3.6E-08

1.5E-04
1.6E-04
1.6E-04
1.7E-04
1.8E-04
1.9E-04
1.9E-04
2.0E-04
2.1E-04
2.1E-04
2.2E-04
2.3E-04
2.3E-04
2.4E-04
2.5E-04
2.5E-04
2.6E-04
2.7E-04
2.7E-04

Filtrate
Volume
(m°)

1.3E-05
2.4E-05
3.6E-05
4.7E-05
5.9E-05
7.0E-05
8.1E-05
9.2E-05
1.0E-04
1.1E-04
1.2E-04
1.4E-04
1.5E-04
1.6E-04
1.7E-04
1.8E-04



5100  0.000004 2.2E-08 1.2E-04 0.000005 2.7E-08 1.4E-04 0.000007 3.6E-08 1.9E-04

5400 0.000004 2.2E-08 1.3E-04 0.000005 2.7E-08 1.5E-04 0.000007 3.5E-08 2.0E-04
5700 0.000004 2.2E-08 1.3E-04 0.000005 2.6E-08 1.6E-04 0.000007 3.5E-08 2.1E-04
6000 0.000004 2.2E-08 1.4E-04 0.000005 2.7E-08 1.7E-04 0.000007 3.5E-08 2.2E-04
6300 0.000004 2.2E-08 1.5E-04 0.000005 2.7E-08 1.7E-04 0.000007 3.5E-08 2.3E-04
6600 0.000004 2.2E-08 1.5E-04 0.000005 2.6E-08 1.8E-04 0.000007 3.5E-08 2.4E-04
6900 0.000004 2.2E-08 1.6E-04 0.000005 2.6E-08 1.9E-04 0.000007 3.5E-08 2.5E-04

7200 0.000004 2.2E-08 1.7E-04 0.000005 2.7E-08 2.0E-04 0.000007 3.5E-08 2.6E-04
7500 0.000004 2.2E-08 1.7E-04 0.000005 2.6E-08 2.1E-04 0.000007 3.5E-08 2.7E-04
7800 0.000004 2.2E-08 1.8E-04 0.000005 2.7E-08 2.1E-04 0.000007 3.5E-08 2.8E-04
8100 0.000004 2.2E-08 1.9E-04 0.000005 2.7E-08 2.2E-04 0.000007 3.5E-08 2.9E-04
8400 0.000005 2.3E-08 1.9E-04 0.000005 2.7E-08 2.3E-04 0.000007 3.5E-08 3.1E-04
8700 0.000005 2.3E-08 2.0E-04 0.000005 2.6E-08 2.4E-04 0.000007 3.5E-08 3.2E-04
9000 0.000005 2.3E-08 2.1E-04 0.000005 2.6E-08 2.5E-04 0.000007 3.4E-08 3.3E-04
9300 0.000005 2.3E-08 2.1E-04 0.000005 2.6E-08 2.5E-04 0.000007 3.5E-08 3.4E-04
9600 0.000005 2.3E-08 2.2E-04 0.000005 2.6E-08 2.6E-04 0.000007 3.5E-08 3.5E-04
9900 0.000005 2.3E-08 2.3E-04 0.000005 2.6E-08 2.7E-04 0.000007 3.5E-08 3.6E-04
10200 0.000005 2.3E-08 2.3E-04 0.000005 2.6E-08 2.8E-04 0.000007 3.5E-08 3.7E-04
10500 0.000005 2.3E-08 2.4E-04 0.000005 2.7E-08 2.9E-04 0.000007 3.5E-08 3.8E-04
10800 0.000004 2.2E-08 2.5E-04 0.000005 2.7E-08 2.9E-04 0.000007 3.5E-08 3.9E-04
11100 0.000004 2.2E-08 2.5E-04 0.000005 2.7E-08 3.0E-04 0.000007 3.5E-08 4.0E-04

300 kPa
Filtrate Filtrate Filtrate
Q (m’™) Volume Q (m’™) Volume Q (m’™) Volume
. Js.2e (m?) Js 2 (m?) Js. 20 (m)
Time (m>m™*s (m>m™*s (m>m™*s
(sec) H@25m ) @31 h @36
s™t ms™ ms*

300 0.000006 3.1E-08 9.3E-06 0.000007 3.6E-08 1.1E-05 0.000009 4.5E-08 1.3E-05

600 0.000006 2.8E-08 1.8E-05 0.000007 3.4E-08 2.1E-05 0.000009 4.3E-08 2.6E-05

900 0.000005 2.5E-08 2.5E-05 0.000007 3.3E-08 3.1E-05 0.000008 4.2E-08 3.9E-05
1200 0.000005 2.4E-08 3.2E-05 0.000007 3.3E-08 4.1E-05 0.000008 4.1E-08 5.1E-05
1500 0.000005 2.3E-08 3.9E-05 0.000006 3.2E-08 5.1E-05 0.000008 4.1E-08 6.4E-05
1800 0.000004 2.2E-08 4.6E-05 0.000006 3.2E-08 6.0E-05 0.000008 4.0E-08 7.6E-05
2100 0.000004 2.1E-08 5.2E-05 0.000006 3.2E-08 7.0E-05 0.000008 3.9E-08 8.7E-05
2400 0.000004 2.1E-08 5.8E-05 0.000006 3.2E-08 7.9E-05 0.000008 3.9E-08 9.9E-05
2700 0.000004 2.1E-08 6.5E-05 0.000006 3.2E-08 8.9E-05 0.000008 3.8E-08 1.1E-04
3000 0.000004 2.1E-08 7.1E-05 0.000006 3.2E-08 9.9E-05 0.000008 3.8E-08 1.2E-04
3300 0.000004 2.1E-08 7.7E-05 0.000006 3.1E-08 1.1E-04 0.000008 3.8E-08 1.3E-04
3600 0.000004 2.2E-08 8.4E-05 0.000006 3.1E-08 1.2E-04 0.000008 3.8E-08 1.4E-04
3900 0.000004 2.2E-08 9.0E-05 0.000006 3.1E-08 1.3E-04 0.000007 3.7E-08 1.6E-04
4200 0.000004 2.1E-08 9.7E-05 0.000006 3.2E-08 1.4E-04 0.000008 3.8E-08 1.7E-04

262



4500
4800
5100
5400
5700
6000
6300
6600
6900
7200
7500
7800
8100
8400
8700
9000
9300
9600
9900
10200
10500
10800
11100

0.000004 2.2E-08 1.0E-04 0.000006 3.1E-08 1.5E-04
0.000004 2.2E-08 1.1E-04  0.000006 3.1E-08 1.6E-04
0.000004 2.2E-08 1.2E-04 0.000006 3.1E-08 1.6E-04
0.000004 2.2E-08 1.2E-04  0.000006 3.2E-08 1.7E-04
0.000004 2.2E-08 1.3E-04 0.000006 3.2E-08 1.8E-04
0.000004 2.2E-08 1.4E-04  0.000006 3.1E-08 1.9E-04
0.000004 2.2E-08 1.4E-04 0.000006 3.2E-08 2.0E-04
0.000004 2.2E-08 1.5E-04  0.000006 3.2E-08 2.1E-04
0.000004 2.2E-08 1.6E-04 0.000006 3.1E-08 2.2E-04
0.000005 2.3E-08 1.6E-04  0.000006 3.1E-08 2.3E-04
0.000005 2.3E-08 1.7E-04 0.000006 3.1E-08 2.4E-04
0.000005 2.3E-08 1.8E-04  0.000006 3.0E-08 2.5E-04
0.000005 2.3E-08 1.8E-04 0.000006 3.0E-08 2.6E-04
0.000005 2.3E-08 1.9E-04  0.000006 3.1E-08 2.7E-04
0.000004 2.2E-08 2.0E-04 0.000006 3.1E-08 2.8E-04
0.000004 2.2E-08 2.0E-04  0.000006 3.1E-08 2.9E-04
0.000005 2.3E-08 2.1E-04 0.000006 3.0E-08 2.9E-04
0.000005 2.3E-08 2.2E-04  0.000006 3.0E-08 3.0E-04
0.000004 2.2E-08 2.2E-04 0.000006 3.0E-08 3.1E-04
0.000004 2.2E-08 2.3E-04  0.000006 3.0E-08 3.2E-04
0.000004 2.2E-08 2.4E-04 0.000006 3.1E-08 3.3E-04
0.000004 2.2E-08 2.4E-04  0.000006 3.1E-08 3.4E-04
0.000004 2.2E-08 2.5E-04 0.000006 3.0E-08 3.5E-04

3.5E-08

2.0E-08 Y~ XX Rz = 0.8942

R2=0.8977

1.5E-08 -

1.0E-08 -

5 0E-09 Comp_)lete Blocking (n=2)

TMP =100 kPa ©25m/s A3.1m/s 03.6m/s
0.0E+00 ‘ ‘
0.0E+00 1.0E-04 2.0E-04 3.0E-04

V (m3)
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0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007

3.8E-08
3.8E-08
3.8E-08
3.8E-08
3.8E-08
3.8E-08
3.8E-08
3.7E-08
3.7E-08
3.7E-08
3.7E-08
3.7E-08
3.7E-08
3.6E-08
3.6E-08
3.5E-08
3.5E-08
3.5E-08
3.5E-08
3.4E-08
3.5E-08
3.5E-08
3.5E-08

1.8E-04
1.9E-04
2.0E-04
2.1E-04
2.2E-04
2.4E-04
2.5E-04
2.6E-04
2.7E-04
2.8E-04
2.9E-04
3.0E-04
3.1E-04
3.2E-04
3.4E-04
3.5E-04
3.6E-04
3.7E-04
3.8E-04
3.9E-04
4.0E-04
4.1E-04
4.2E-04



4.5E-08
4.0E-08
3.5E-08
__ 3.0E-08
» 2.5E-08
E 20E08
1.5E-08
1.0E-08
5.0E-09
0.0E+00

Complete Blocking (n=2)
TMP=200kPa <¢25m/s A31m/s ©36m/s

R2=0.7033

0.0E+00 1.0E-04 2.0E-04
V (m?3)

5.0E-08
4.5E-08
4.0E-08
3.5E-08
3.0E-08
2.5E-08
2.0E-08
1.5E-08

Q (m®s)

3.0E-04 4.0E-04 5.0E-04

1.0E-08 -

5.0E-09
0.0E+00

Complete Blocking (n=2)

TMP = 300 kPa ©25m/s A3.1m/s O3.6m/s

" R2= 0.0767

0.0E+00 1.0E-04 2.0E-04

Intermediate blocking

100 kPa

JS, 20°C

Time  (m°*m?s

(sec) H@25m
S-l

3.0E-04 4.0E-04 5.0E-04

V (m3)
1/Q 1/Q 1/Q
‘JS, 20°C JS, 20°C
(m*m?s (m®*m?s
) @31 ) @36
ms* ms*
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300 0.000005
600 0.000005
900 0.000005
1200 0.000005
1500 0.000005
1800 0.000005
2100 0.000005
2400 0.000004
2700 0.000004
3000 0.000004
3300 0.000004
3600 0.000004
3900 0.000004
4200 0.000004
4500 0.000004
4800 0.000004
5100 0.000004
5400 0.000004
5700 0.000004
6000 0.000004
6300 0.000004
6600 0.000004
6900 0.000004
7200 0.000004
7500 0.000004
7800 0.000004
8100 0.000004
8400 0.000004
8700 0.000004
9000 0.000004
9300 0.000004
9600 0.000004
9900 0.000004
10200 0.000004
10500 0.000004
10800 0.000004
11100 0.000004
200 kPa
Js, 20°c

Time (M’m?s
(sec) H@ 25m

S|

3.9E+07
4.1E+07
4.2E+07
4.3E+07
4.3E+07
4.4E+07
4.4E+07
4.5E+07
4.5E+07
4.6E+07
4.6E+07
4.6E+07
4.7E+07
4.7E+07
4.7E+07
4.7E+07
4.7E+07
4.8E+07
4.8E+07
4.8E+07
4.8E+07
4.8E+07
4.8E+07
4.9E+07
4.8E+07
4.9E+07
4.9E+07
4.9E+07
4.9E+07
4.9E+07
4.9E+07
5.0E+07
4.9E+07
5.0E+07
5.0E+07
5.0E+07
5.0E+07

1/Q

0.000006
0.000006
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004

3.5E+07
3.6E+07
3.7E+07
3.8E+07
3.8E+07
3.9E+07
3.9E+07
3.9E+07
4.0E+07
4.1E+07
4.1E+07
4.2E+07
4.2E+07
4.2E+07
4.3E+07
4.3E+07
4.3E+07
4.3E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.5E+07
4.5E+07
4.5E+07
4.5E+07
4.5E+07
4. 5E+07
4.5E+07
4. 5E+07
4.6E+07
4.6E+07
4.6E+07
4.6E+07
4. 7E+07
4.7E+07

1/Q
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0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005

\]S, 20°C

(m®m?s’

@ 3.6
ms®

3.4E+07
3.5E+07
3.5E+07
3.6E+07
3.6E+07
3.6E+07
3.7E+07
3.7E+07
3.8E+07
3.9E+07
3.9E+07
4.0E+07
4.0E+07
4.1E+07
4.1E+07
4.1E+07
4.1E+07
4.1E+07
4.2E+07
4.2E+07
4.2E+07
4.2E+07
4.2E+07
4.3E+07
4.3E+07
4.3E+07
4.3E+07
4.3E+07
4.3E+07
4.3E+07
4.3E+07
4.3E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07

1/Q



300
600
900
1200
1500
1800
2100
2400
2700
3000
3300
3600
3900
4200
4500
4800
5100
5400
5700
6000
6300
6600
6900
7200
7500
7800
8100
8400
8700
9000
9300
9600
9900
10200
10500
10800
11100

0.000006
0.000006
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000004
0.000004

3.3E+07
3.6E+07
3.8E+07
4.1E+07
4.2E+07
4.3E+07
4.4E+07
4.4E+07
4.5E+07
4.5E+07
4.5E+07
4.5E+07
4.5E+07
4.6E+07
4.6E+07
4.5E+07
4.6E+07
4.6E+07
4.6E+07
4.5E+07
4.6E+07
4.5E+07
4.6E+07
4.6E+07
4.5E+07
4.5E+07
4.5E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.4E+07
4.5E+07
4.5E+07

0.000007
0.000006
0.000006
0.000006
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000006
0.000006
0.000005
0.000005
0.000005
0.000006
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005

3.0E+07
3.2E+07
3.4E+07
3.5E+07
3.6E+07
3.8E+07
3.8E+07
3.7E+07
3.7E+07
3.7E+07
3.6E+07
3.6E+07
3.6E+07
3.6E+07
3.7E+07
3.6E+07
3.6E+07
3.7E+07
3.8E+07
3.8E+07
3.8E+07
3.8E+07
3.8E+07
3.8E+07
3.8E+07
3.7E+07
3.7E+07
3.7E+07
3.8E+07
3.9E+07
3.8E+07
3.9E+07
3.8E+07
3.8E+07
3.7E+07
3.7E+07
3.7E+07
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0.000008
0.000008
0.000008
0.000008
0.000008
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007

2.4E+07
2.5E+07
2.6E+07
2.6E+07
2.7E+07
2.7E+07
2.7E+07
2.7E+07
2.7E+07
2.7E+07
2.8E+07
2.7E+07
2.8E+07
2.8E+07
2.8E+07
2.8E+07
2.8E+07
2.9E+07
2.9E+07
2.9E+07
2.8E+07
2.9E+07
2.9E+07
2.9E+07
2.8E+07
2.8E+07
2.9E+07
2.9E+07
2.9E+07
2.9E+07
2.9E+07
2.9E+07
2.9E+07
2.9E+07
2.9E+07
2.9E+07
2.9E+07



300 kPa

Time
(sec)

300
600
900
1200
1500
1800
2100
2400
2700
3000
3300
3600
3900
4200
4500
4800
5100
5400
5700
6000
6300
6600
6900
7200
7500
7800
8100
8400
8700
9000
9300
9600
9900
10200
10500
10800
11100

% 208
(m>m™*s’

HY@25m
S—l

0.000006
0.000006
0.000005
0.000005
0.000005
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000005
0.000005
0.000005
0.000005
0.000005
0.000004
0.000004
0.000005
0.000005
0.000004
0.000004
0.000004
0.000004
0.000004

1/Q

3.2E+07
3.6E+07
4.0E+07
4.2E+07
4.4E+07
4.6E+07
4. 7E+07
4.9E+07
4.8E+07
4.7E+07
4. 7E+07
4.6E+07
4.6E+07
4.7E+07
4.6E+07
4.5E+07
4.6E+07
4.6E+07
4.6E+07
4.6E+07
4.5E+07
4.6E+07
4.5E+07
4.3E+07
4.3E+07
4.3E+07
4.3E+07
4.4E+07
4.5E+07
4.5E+07
4.4E+07
4.4E+07
4.5E+07
4.5E+07
4.5E+07
4.5E+07
4.5E+07

0.000007
0.000007
0.000007
0.000007
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006

1/Q

2.8E+07
2.9E+07
3.0E+07
3.0E+07
3.1E+07
3.1E+07
3.1E+07
3.2E+07
3.1E+07
3.1E+07
3.2E+07
3.2E+07
3.2E+07
3.1E+07
3.2E+07
3.2E+07
3.2E+07
3.1E+07
3.1E+07
3.2E+07
3.2E+07
3.2E+07
3.2E+07
3.2E+07
3.3E+07
3.3E+07
3.3E+07
3.2E+07
3.3E+07
3.3E+07
3.3E+07
3.3E+07
3.3E+07
3.3E+07
3.3E+07
3.3E+07
3.3E+07
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0.000009
0.000009
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000007
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007

1/Q

2.23E+07
2.33E+07
2.39E+07
2.42E+07
2.43E+07
2.51E+07
2.55E+07
2.55E+07
2.60E+07
2.60E+07
2.66E+07
2.62E+07
2.69E+07
2.67E+07
2.62E+07
2.61E+07
2.65E+07
2.65E+07
2.64E+07
2.66E+07
2.66E+07
2.68E+07
2.69E+07
2.69E+07
2.71E+07
2.70E+07
2.72E+07
2.74E+07
2.81E+07
2.82E+07
2.87E+07
2.89E+07
2.87E+07
2.90E+07
2.87E+07
2.86E+07
2.86E+07



1/Q (s m3)

1/Q (s m3)

6.0E+07

5.0E+07

4.0E+07

3.0E+07

2.0E+07

1.0E+07

0.0E+00

5.0E+07
4 5E+07
4.0E+07

3.5E+07 -

3.0E+07
2.5E+07
2.0E+07
1.5E+07
1.0E+07
5.0E+06
0.0E+00

Intermediate Blocking (n=1)
TMP =100 kPa <©25m/s A31m/s 0O3.6m/s

0

2000 4000 6000 8000 10000 12000 14000

time (s)

&W SooOoR: = 0:2296
()

I
>

AAAR? = 0.4305

000 R2=0.7371

Intermediate Blocking (n=1)
TMP = 200 kPa ©25m/s A3.1m/s 0O3.6m/s

0

2000 4000 6000 8000 10000 12000 14000

time (s)
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6.0E+07

5.0E+07 - 0,
&0 R, 2=0.0479
o ot

&~ 4.0E+07 -
e
L 3.0E+07 -
o
—

2.0E+07 -

1.0E+07 - Intermediate Blocking (n=1)

TMP=300kPa <¢25m/s A31m/s 0O3.6m/s
00E+00 T T T T T T
0 2000 4000 6000 8000 10000 12000 14000
time (s)
Standard blocking
100 kPa
t/v tv tv
Js, 20°c (s/m?) Js, 20c (s/m?) Js, 20c (s/m?)
Time (M’m?s (m®m?s (m*m?s
(sec) H@25m H @31 H @36
st ms™t ms™

300 0.000005 3.94E+07 0.000006 3.52E+07 0.000006 3.36E+07

600 0.000005 4.01E+07 0.000006 3.56E+07 0.000006 3.41E+07

900 0.000005 4.07E+07 0.000005 3.60E+07 0.000006 3.45E+07
1200 0.000005 4.12E+07 0.000005 3.64E+07 0.000006 3.48E+07
1500 0.000005 4.16E+07 0.000005 3.68E+07 0.000006 3.51E+07
1800 0.000005 4.20E+07 0.000005 3.71E+07 0.000006 3.52E+07
2100 0.000005 4.23E+07 0.000005 3.73E+07 0.000005 3.55E+07
2400 0.000004 4.26E+07 0.000005 3.76E+07 0.000005 3.57E+07
2700 0.000004 4.29E+07 0.000005 3.79E+07 0.000005 3.59E+07
3000 0.000004 4.32E+07 0.000005 3.82E+07 0.000005 3.62E+07
3300 0.000004 4.34E+07 0.000005 3.84E+07 0.000005 3.64E+07
3600 0.000004 4.37E+07 0.000005 3.87E+07 0.000005 3.67E+07
3900 0.000004 4.39E+07 0.000005 3.89E+07 0.000005 3.69E+07
4200 0.000004 4.41E+07 0.000005 3.91E+07 0.000005 3.72E+07
4500 0.000004 4.42E+07 0.000005 3.94E+07 0.000005 3.74E+07
4800 0.000004 4.44E+07 0.000005 3.96E+07 0.000005 3.76E+07
5100 0.000004 4.46E+07 0.000005 3.98E+07 0.000005 3.78E+07
5400 0.000004 4.47E+07 0.000005 3.99E+07 0.000005 3.79E+07
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5700 0.000004
6000 0.000004
6300 0.000004
6600 0.000004
6900 0.000004
7200 0.000004
7500 0.000004
7800 0.000004
8100 0.000004
8400 0.000004
8700 0.000004
9000 0.000004
9300 0.000004
9600 0.000004
9900 0.000004
10200 0.000004
10500 0.000004
10800 0.000004
11100 0.000004
200 kPa
Js, 20c
Time (M’m?s
(sec) H@25m
ol

300 0.000006
600 0.000006
900 0.000005
1200 0.000005
1500 0.000005
1800 0.000005
2100 0.000005
2400 0.000005
2700 0.000004
3000 0.000004
3300 0.000004
3600 0.000004
3900 0.000004
4200 0.000004
4500 0.000004
4800 0.000004

4.49E+07
4.50E+07
4.52E+07
4.53E+07
4.54E+07
4.55E+07
4.56E+07
4.57E+07
4.58E+07
4.60E+07
4.60E+07
4.61E+07
4.62E+07
4.63E+07
4.64E+07
4.65E+07
4.66E+07
4.67E+07
4.68E+07

tv
(s/m?)

3.30E+07
3.43E+07
3.55E+07
3.67E+07
3.77E+07
3.84E+07
3.91E+07
3.97E+07
4.02E+07
4.07E+07
4.11E+07
4.14E+07
4.17E+07
4.20E+07
4.22E+07
4.24E+07

0.000005
0.000005
0.000005
0.000005
0.000005
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004

0.000007
0.000006
0.000006
0.000006
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000006
0.000006
0.000005
0.000005
0.000005
0.000006

4.01E+07
4.03E+07
4.05E+07
4.06E+07
4.08E+07
4.09E+07
4.11E+07
4.12E+07
4.13E+07
4.15E+07
4.16E+07
4.17E+07
4.18E+07
4.19E+07
4.20E+07
4.22E+07
4.23E+07
4.24E+07
4.25E+07

tv
(s/m?)

3.02E+07
3.11E+07
3.20E+07
3.28E+07
3.35E+07
3.41E+07
3.46E+07
3.49E+07
3.51E+07
3.52E+07
3.53E+07
3.54E+07
3.55E+07
3.55E+07
3.56E+07
3.56E+07
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0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005

Js, 20c
(m*m?s
D) @3.6

ms

0.000008
0.000008
0.000008
0.000008
0.000008
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007

3.81E+07
3.83E+07
3.84E+07
3.86E+07
3.87E+07
3.89E+07
3.90E+07
3.92E+07
3.93E+07
3.94E+07
3.96E+07
3.97E+07
3.98E+07
3.99E+07
4.00E+07
4.01E+07
4.02E+07
4.03E+07
4.04E+07

tv
(s/m?)

2.38E+07
2.45E+07
2.50E+07
2.53E+07
2.56E+07
2.58E+07
2.60E+07
2.61E+07
2.62E+07
2.64E+07
2.65E+07
2.65E+07
2.66E+07
2.67E+07
2.68E+07
2.69E+07



5100 0.000004
5400 0.000004
5700 0.000004
6000 0.000004
6300 0.000004
6600 0.000004
6900 0.000004
7200 0.000004
7500 0.000004
7800 0.000004
8100 0.000004
8400 0.000005
8700 0.000005
9000 0.000005
9300 0.000005
9600 0.000005
9900 0.000005
10200 0.000005
10500 0.000005
10800 0.000004
11100 0.000004
300 kPa
Js, 20c
Time (M’m?s
(sec) H@25m
ot

300 0.000006
600 0.000006
900 0.000005
1200 0.000005
1500 0.000005
1800 0.000004
2100 0.000004
2400 0.000004
2700 0.000004
3000 0.000004
3300 0.000004
3600 0.000004
3900 0.000004
4200 0.000004

4.26E+07
4.27E+07
4.29E+07
4.30E+07
4.31E+07
4.32E+07
4.33E+07
4.34E+07
4.35E+07
4.35E+07
4.36E+07
4.36E+07
4.36E+07
4.36E+07
4.37E+07
4.37E+07
4.37E+07
4.37E+07
4.37E+07
4.37E+07
4.38E+07

tv
(s/m?)

3.21E+07
3.39E+07
3.57E+07
3.70E+07
3.82E+07
3.93E+07
4.03E+07
4.11E+07
4.18E+07
4.23E+07
4.27E+07
4.30E+07
4.32E+07
4.35E+07

0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005
0.000005

0.000007
0.000007
0.000007
0.000007
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006

3.57E+07
3.58E+07
3.59E+07
3.60E+07
3.61E+07
3.61E+07
3.62E+07
3.63E+07
3.63E+07
3.64E+07
3.64E+07
3.64E+07
3.65E+07
3.65E+07
3.66E+07
3.67E+07
3.67E+07
3.67E+07
3.68E+07
3.68E+07
3.68E+07

tv
(s/m®)

2.77E+07
2.84E+07
2.89E+07
2.92E+07
2.96E+07
2.99E+07
3.01E+07
3.02E+07
3.03E+07
3.04E+07
3.06E+07
3.07E+07
3.08E+07
3.08E+07
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0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007
0.000007

0.000009
0.000009
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000008
0.000007
0.000008

2.69E+07
2.70E+07
2.71E+07
2.72E+07
2.72E+07
2.73E+07
2.73E+07
2.74E+07
2.74E+07
2.75E+07
2.75E+07
2.75E+07
2.76E+07
2.76E+07
2.76E+07
2.77TE+07
2.77TE+07
2.77TE+07
2.78E+07
2.78E+07
2.78E+07

tv
(s/m?)

2.23E+07
2.28E+07
2.32E+07
2.34E+07
2.36E+07
2.38E+07
2.40E+07
2.42E+07
2.44E+07
2.46E+07
2.47E+07
2.48E+07
2.50E+07
2.51E+07



4500 0.000004 4.36E+07 0.000006 3.09E+07 0.000008 2.52E+07
4800 0.000004 4.37E+07 0.000006 3.10E+07 0.000008 2.52E+07
5100 0.000004 4.38E+07 0.000006 3.10E+07 0.000008 2.53E+07
5400 0.000004 4.40E+07 0.000006 3.10E+07 0.000008 2.54E+07
5700 0.000004 4.41E+07 0.000006 3.10E+07 0.000008 2.54E+07
6000 0.000004 4.41E+07 0.000006 3.11E+07 0.000008 2.55E+07
6300 0.000004 4.42E+07 0.000006 3.11E+07 0.000008 2.55E+07
6600 0.000004 4.42E+07 0.000006 3.11E+07 0.000007 2.56E+07
6900 0.000004 4.43E+07 0.000006 3.12E+07 0.000007 2.56E+07
7200 0.000005 4.42E+07 0.000006 3.12E+07 0.000007 2.57E+07
7500 0.000005 4.42E+07 0.000006 3.13E+07 0.000007 2.57E+07
7800 0.000005 4.41E+07 0.000006 3.13E+07 0.000007 2.58E+07
8100 0.000005 4.41E+07 0.000006 3.14E+07 0.000007 2.58E+07
8400 0.000005 4.41E+07 0.000006 3.14E+07 0.000007 2.59E+07
8700 0.000004 4.41E+07 0.000006 3.15E+07 0.000007 2.60E+07
9000 0.000004 4.41E+07 0.000006 3.15E+07 0.000007 2.60E+07
9300 0.000005 4.41E+07 0.000006 3.16E+07 0.000007 2.61E+07
9600 0.000005 4.41E+07 0.000006 3.16E+07 0.000007 2.62E+07
9900 0.000004 4.42E+07 0.000006 3.16E+07 0.000007 2.63E+07
10200 0.000004 4.42E+07 0.000006 3.17E+07 0.000007 2.63E+07
10500 0.000004 4.42E+07 0.000006 3.17E+07 0.000007 2.64E+07
10800 0.000004 4.42E+07 0.000006 3.17E+07 0.000007 2.65E+07
11100 0.000004 4.42E+07 0.000006 3.18E+07 0.000007 2.65E+07

5.00E+07
4.50E+07 -
4.00E+07 -
3.50E+07 | ARS0eC
3.00E+07 |
2.50E+07
2.00E+07 -
1.50E+07 |

R2=0.9167

R2=0.9631
A uamuuuuuuﬂﬁ
O 600000 R2= 0.9708

~OD

t/V (s m3)

1.00E+07 Standard Blocking (n=1.5)
5.00E+06 - TMP =100 kPa <©25m/s A3.1m/s O3.6m/s

0.00E+00

0 2000 4000 6000 8000 10000 12000 14000

time (s)
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t/V (s m3)

t/V (s m=3)

5.00E+07
4.50E+07
4.00E+07
3.50E+07

3.00E+07 -

2.50E+07
2.00E+07
1.50E+07

1.00E+07 -

5.00E+06
0.00E+00

5.00E+07
4.50E+07
4.00E+07
3.50E+07
3.00E+07
2.50E+07
2.00E+07
1.50E+07

1.00E+07 -

5.00E+06
0.00E+00

Standard Blocking (n=1.5)
TMP=200kPa <25m/s A31m/s 03.6m/s

0

2000 4000 6000 8000 10000 12000 14000

time (s)

R?=0.5833
gogw
<O

R2=0.7862

Standard Blocking (n=1.5)
TMP=300 kPa <¢25m/s A3.1m/s 03.6m/s

0

time (s)
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Appendix 7.1: Calculations for the membrane costs with reference to specific

wastewater streams

Treatment System

Ave. Volume of UF NF RO 0
Wastewater % of
Feed Source Company Generated wastewater
3 generated
(m*/day) Volume/hr Volume/hr
% Volume % Volume % Volume
Recover 3/d @18krs Recovel 3/d Recoven */d @rsins
y (m“/day) (mhr) ry  (m“/day) y (m/day) (m3hn)
Post ED rinse A 253 10.0% 25 1.4 10.0%
30.0% 76 4.2 30.0%
50.0% 127 7.0 50.0%
70.0% 177 9.8 70.0%
90.0% 228 12.7 90.0%
Oily wastewater A 578 10.0% 58 3.2 75.0% 43 2 7.5%
30.0% 173 9.6 130 7 22.5%
50.0% 289 16.1 217 12 37.5%
70.0% 405 225 303 17 52.5%
90.0% 520 28.9 390 22 67.5%
Metals wastewater A 144 10.0% 14 0.8 75.0% 11 7.5%
30.0% 43 24 32 22.5%
50.0% 72 4.0 54 37.5%
70.0% 101 5.6 76 52.5%
90.0% 130 7.2 97 67.5%
General wastewater A 14 10.0%
(combined with metals) 30.0%
50.0%
70.0%
90.0%
Beverage wastewater B 942 10.0% 94 52 75.0% 71 4 7.5%
30.0% 283 15.7 212 12 22.5%
50.0% 471 26.2 353 20 37.5%
70.0% 659 36.6 495 27 52.5%
90.0% 848 47.1 636 35 67.5%
Note:
Recirculating pump for UF
1-3 modules 1
4-6 modules 2
7-9 modules 3
10-12 modules 4
13-15 modules 5
16-18 modules 6
19-21 modules 7

1 recirculating pump 40 hp
1 feed pump 1hp
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Product Water
for Reuse
(m°lday)
Pall Clarisep 3
(2.4 m®/hr permeate)

25 $ 100,000.00
76 $ 200,000.00
127 $ 300,000.00
177 $ 400,000.00
228 $ 500,000.00
43 $ 200,000.00
130 $ 400,000.00
217 $ 700,000.00
303 $ 1,000,000.00
390 $ 1,200,000.00
UF + NF combined

PRO AP GE

(11 m*hr)

11 $90,000.00

32 $90,000.00

54 $90,000.00

76 $90,000.00

97 $90,000.00

Pall Clarisep 3

(2.4 m®/hr permeate)
71 $ 300,000.00
212 $ 700,000.00
353 $ 1,100,000.00
495 $ 1,600,000.00
636 $ 2,000,000.00

UF

Electricity cost
($AUD/yr)
@ 240 days

12,445.49
12,747.46
13,049.43
18,208.80
25,796.88

LR AR

12,747.46
25,494.92
38,544.34
51,593.77
52,197.71

LR AR

Electricity cost
(SAUD/yr) @ 240
days

12,143.52
12,143.52
12,143.52
12,143.52
12,143.52

@ h B h B

Electricity cost
($AUD/yr) @ 240
days

13,049.43
38,544.34
51,895.74
65,549.10
91,044.02

LR AR

Cost

Cleaning chemicals
($AUD/yr)
(@ 48 weeks)

3,120.00
3,120.00
3,120.00
6,240.00
6,240.00

LR R

3,120.00
6,240.00
9,360.00
12,480.00
12,480.00

L R

Cleaning chemicals
($AUD/yr)

(@ 12 months)
2,880.00
2,880.00
2,880.00
2,880.00
2,880.00

L R

Cleaning chemicals
($AUD/yr)
(@ 48 weeks)

3,120.00
9,360.00
12,480.00
18,720.00
21,840.00

L R
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RO

Electricity cost
($AUD/yr)
@ 240 days

6,071.76
6,071.76
12,143.52
12,143.52
12,143.52

LR AR

Electricity cost
($AUD/yr) @ 240
days

6,071.76
12,143.52
12,143.52
14,977.01
14,977.01

AR AR

Cleaning chemicals
($AUD/yr)
(@ 12 months)

1,440.00
1,440.00
2,880.00
2,880.00
2,880.00

R

Cleaning chemicals
($AUD/yr)
(@ 12 months)

1,440.00
2,880.00
2,880.00
2,880.00
2,880.00

R

L R

Total Equipment

Cost

(SAUD)

100,000.00
200,000.00
300,000.00
400,000.00
500,000.00

245,000.00
445,000.00
775,000.00
1,075,000.00
1,275,000.00

90,000.00
90,000.00
90,000.00
90,000.00
90,000.00

345,000.00
775,000.00
1,175,000.00
1,690,000.00
2,090,000.00

Total Operating

R A

® H B BB

L R

Cost per year
($AUD/yr)

15,565.49
15,867.46
16,169.43
24,448.80
32,036.88

23,379.22
39,246.68
62,927.86
79,097.29
79,701.23

15,023.52
15,023.52
15,023.52
15,023.52
15,023.52

23,681.19
62,927.86
79,399.26
102,126.11
130,741.03



Factor

5 % of
Equipment
Cost

0.05
0.05
0.05
0.05
0.05

0.05
0.05
0.05
0.05
0.05

0.05

0.05
0.05
0.05
0.05
0.05

Misc. Costs (Civil
works, connection
set-up, & freight)

5,000.00
10,000.00
15,000.00
20,000.00
25,000.00

© B B B B

12,250.00
22,250.00
38,750.00
53,750.00
63,750.00

LR R A

$ 4,500.00

$ 17,250.00
$ 38,750.00
$ 58,750.00
$ 84,500.00
$ 104,500.00

Freshwater savings

Cost per year
($SAUD/yr) @ 240
days

12,034.10
36,102.29
60,170.48
84,238.68
108,306.87

P P P P P

20,619.69
61,859.06
103,098.44
144,337.81
185,577.19

P B P B P

$ 5,137.08
$ 15,411.25
$ 25,685.42
$ 35,959.59
$ 46,233.76

$ 33,605.10
$ 100,815.29
$ 168,025.48
$ 235,235.67
$ 302,445.87

% of total
freshwater
consumption
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1.72%
5.16%
8.60%
12.04%
15.48%

2.95%
8.84%
14.73%
20.63%
26.52%

0.73%
2.20%
3.67%
5.14%
6.61%

4.46%
13.39%
22.32%
31.24%
40.17%

Wastewater reduction

Cost per year
($AUD/yr) @ 240
days

5,265.03
15,795.09
26,325.16
36,855.22
47,385.28

LR R A

9,021.31
27,063.93
45,106.54
63,149.16
81,191.78

LR R

2,247.52
6,742.57
11,237.62
15,732.66
20,227.71

LR R A

14,702.55
44,107.64
73,512.74
102,917.83
132,322.93

LR R O R

% of total
wastewater
generated

3.50%
10.51%
17.52%
24.53%
31.54%

6.00%
18.01%
30.02%
42.03%
54.04%

1.50%
4.49%
7.48%
10.47%
13.46%

7.50%
22.50%
37.50%
52.50%
67.50%

Factor

X % of wastewater
reduction cost/yr

0.2
0.2
0.2
0.2
0.2

0.2
0.2
0.2
0.2
0.2

0.2
0.2
0.2
0.2
0.2

0.3
0.3
0.3
0.3
0.3



LR O o

LR O o

©“ B B BB

L RO o o

Provision for increase in conc'n

TMCA (TDS)
SCH (BOD, TDS, SS)

1,053.01
3,159.02
5,265.03
7,371.04
9,477.06

1,804.26
5,412.79
9,021.31
12,629.83
16,238.36

449.50
1,348.51
2,247.52
3,146.53
4,045.54

4,410.76
13,232.29
22,053.82
30,875.35
39,696.88

Actual wastewater
Cost savings per

LR R R A

LR R R A

LR

¥ BB BB

year ($AUD/yr)

4,212.02
12,636.07
21,060.12
29,484.17
37,908.22

7,217.05
21,651.14
36,085.23
50,519.33
64,953.42

1,798.02
5,394.06
8,990.09
12,586.13
16,182.17

10,291.78
30,875.35
51,458.92
72,042.48
92,626.05
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@B BH BB P

L R

R R

@S R PP P

Actual Savings from
Freshwater &
Wastewater
($AUD/yr)

680.63
32,870.91
65,061.18
89,274.05

114,178.21

4,457.52
44,263.53
76,255.81

115,759.85
170,829.38

(8,088.42)
5,781.79
19,652.00
33,522.20
47,392.41

20,215.69
68,762.78
140,085.14
205,152.05
264,330.89
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Payback
Period

154.3
6.4
4.8
4.7
4.6

57.7
10.6
10.7
9.8
7.8

-11.7
16.3
4.8
2.8
20

17.9
11.8
8.8
8.6
8.3

yrs

NN B

months

10
10

months

11
10
10
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