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ABSTRACT

A depth filter is a porous filtration medium that is used for clarification of suspensions including
food and beverage process streams as well as pharmaceuticals streams. Depth filters are typically
composed of cellulose fibre, a type of filter aid and a charged polymer, and they receive significant
attention in industrial applications thanks to their advantages over membrane filtration. Depth
filters are capable of retaining contaminants throughout the thickness which avoids rapid surface
fouling. Furthermore, the filtration process is governed by two crucial mechanisms, size-based and
adsorption-based separation. This functionality makes filters even more efficient by producing a
high contaminant holding capacity. Although depth filters are used in many industrial purification
processes, the use of depth filters is not fully explored and adapted to different applications.
Particularly, the extent of performance improvement that could be obtained from depth filters is
not investigated. Therefore, the focus of this doctoral thesis is to expand the range of functionalities
that could be imparted to depth filters. The initial focus of this thesis is understanding the concept
of depth filtration with each of the individual components involved. This is followed by adding
impact and innovation to depth filters by engineering new state-of-the-art structures. In the last
section of the thesis, new materials as filter components are explored for creating a sustainable and

more environmentally-friendly depth filter concept.

Understanding the contribution of each component to depth filtration is a crucial step to improve
the performance further. Filters were prepared by embedding perlite particles into the cellulose
fibre matrix with a commonly used, charged, wet strength polymer polyamideamine-
epichlorohydrin (PAE) to investigate the role of each component. Perlite was selected as the
inorganic filler since perlite is one of the widely used filter aids for depth filters. Following
fabrication, filters were tested with a dead-end filtration unit for separation performances. The role
of increased fibrillation in nanofibrillated cellulose (NFC) along with other individual components
were examined. The outcome is that the structural properties, such as pore size distribution, can be
altered by increased NFC content and addition of perlite particles. Increased NFC fibrillation doubled
the removal of a cationic contaminant; it however decreased the removal of an anionic contaminant

by 75%. PAE addition decreased the adsorption of the cationic contaminant, while also significantly
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increasing the adsorption of the anionic contaminant. This study demonstrates that each

component is important and has a role to tailor the filter structure and properties.

Furthermore, the lack of new developments in filter structures is limiting the use of depth filters.
The range of achievable properties could be improved by creating innovative structures. Therefore,
multi-layered filter structure and top barrier layer coating of the filters were investigated separately.
Filters were prepared by multi-layers and single layer with the same overall basis weight and
compared for separation performance. Adsorption capacity increased up to 118% by increasing the
number of layers, while holding the basis weight constant. Additionally, barrier layers made from
NFC were coated onto filters at a range of different grammages. The size of contaminants that could
be separated by the filters expanded with a barrier layer and rejection of 600 and 5,000 kDa
polyethylene glycol molecules reached up to 84% with 30 gsm coating. These two studies indicate
that the depth filter performance can be significantly improved by engineering new structures in

the filters.

Reducing the impact of filters on environment was investigated in the last part of this thesis. NFC as
an emerging material was explored further for substitution of toxic component, PAE, in the filters.
Filters with different NFC composition were prepared while gradually decreasing the quantity of
PAE. The results showed that PAE could be reduced by 95% using NFC substitution without changing
wet strength properties. Retention of cationic contaminants was further improved by the reduced
use of PAE; however; a small quantity of non-toxic, positively charged polyelectrolyte addition was
required to retain the overall positive charge of the filter, to allow the retention of negatively
charged contaminants. The highlight of this study is that we could replace the toxic wet strength
chemical, PAE, with a biodegradable and renewable material, NFC, without sacrificing any of the
filter properties.

All of the works mentioned above show that depth filters can be successfully engineered to improve
the separation performance. This can be done by fine-tuning the quantity of different components
and introducing new structures that could add a wide range of new functionalities. Moreover,
nanoscale biopolymers like nanofibrillated cellulose can be used for wet strength development as a

substitute for the toxic components contained in depth filters.
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1.1. INTRODUCTION

Liquid filtration is a very commonly used technique for the removal of suspended particles and
solute molecules from a fluid. The purpose of filtration could be for the recovery of any valuable
components from the effluent as well as purification of the main product streams in industry. The
majority of liquid filtration processes are performed by membranes which usually do the separation
by surface filtration. However, surface filtration results in membranes being very prone to fouling
which restricts the efficiency of the process. Additionally, the production of conventional membrane
products mainly relies on petroleum-based materials with cost-intensive methods that does not
really match with the sustainable and cost-effective production concepts. Therefore, these
inadequacies and challenges in membrane technology have led to the development of depth filters.
Depth filters are fabricated in a relatively easy and inexpensive way and separation of contaminants
is commonly performed throughout the thickness of the filter rather than with surface filtration.
Separation is controlled by two main mechanisms: adsorption by surface interactions and

mechanical entrapment.

Depth filters are commonly made of cellulose fibres and an inorganic adsorbent. Additional
polymers are also added to modify the charge characteristics of the filter media to further improve
the contaminant removal by physical interactions. Depth filters contribute to more
environmentally-friendly, eco-friendly and sustainable product development with biodegradable
and renewable cellulose fibres obtained from naturally occurring biomass. These industrial
cellulose-based depth filters are used in a variety of food and beverage applications. 3M Company
is currently manufacturing depth filter products Zeta Plus™ SP Series filter cartridges that are
composed of high surface area adsorbents embedded in a cellulose fibre matrix. Even though these
filters are commercially available, there is still need to improve these existing filter products.
Therefore, the aim of this doctoral thesis is to address the limiting issues of depth filters to enhance

the performance of the filters.

Depth filters are studied in the literature; however, there are still information about depth filters
that are not covered. Firstly, understanding each components’ contributions to structural changes

as well as separation performance is a crucial step. Therefore, our first objective is to develop filters
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with cellulose, perlite and wet strength polymer similar to commercial depth filters and investigate
the effect of each component on filtration performance. Furthermore, potential benefits that could
be received from nanofibrillated cellulose in depth filters have not been researched. Nanofibrillated
cellulose could provide improvement in filter performance by its outstanding properties of
increased surface area and wet strength and reduced pore size, compared to conventional cellulose

fibres. Therefore, nanofibrillated cellulose is a crucial material to investigate.

Structure-property relationship is another area that needs to be explored in depth filters.
Engineering new structures will enable us to understand how the properties change and will allow
us to expand the range of properties available with these filters. This is currently a challenge in
membrane technology and there are plenty of studies in literature to address this challenge and
initiate new developments in membrane structures. However, none of these improvements have
been adapted to depth filters. Therefore, introducing new and innovative structures to our depth
filters and characterising their separation performance is the second objective. With the aid of new
state-of-the-art structures, such as multi-layered depth filters and coating a barrier layer on top of

depth filters, other functionalities will be imparted to filters.

The current filter products inevitably contain some positively charged polymers to achieve the
required wet strength and overall charge. However, the most widely used of these polymers has
some toxic by-products and their use is restricted by regulation to a very limited concentration.
After developing a deep understanding about depth filter preparation and the extent of
improvements could be introduced to the filters with new structures, the third objective is to
replace the wet strength polymer with nanofibrillated cellulose for a reduced impact on the
environment. This would also contribute to the food grade filter production for food and beverage

applications.

Chapter 1 presents a critical review of cellulose fibre depth composites to identify the current gaps
in literature. This information leads us directly to the specific research objectives of this doctoral
thesis. This chapter has four main parts: Literature Review, Gaps in Knowledge, Research Objectives
and Thesis Outline, which are given in sections 1.2, 1.3, 1.4 and 1.5, respectively. In the Literature
Review (Section 1.2), principles of liquid filtration, types of materials used in filters and depth filters

are reviewed in Subsection 1.2.1. Cellulose, different sources of cellulose, nanofibrillated cellulose;
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production methods, characterization methods and applications are reviewed in Section 1.2.2.

Filter aids and their role, properties and applications in filter products are reviewed in Section 1.2.3.

Polyelectrolytes, their properties and applications in filters are reviewed in Section 1.2.4. These
sections are followed by cellulose fibre composite preparation methods in Section 1.2.5 and
characterisation techniques for the composites in Section 1.2.6. The final Subsection (Section 1.2.7.)
gives the perspective and conclusion about cellulose fibre composites as depth filters that has been
gained from the literature. The next section (Section 1.3) identifies the significant gaps in knowledge
which helps determining the specific research objectives in Section 1.4. Finally, the last section

provides the organization of this thesis (Section 1.5).

1.2. LITERATURE REVIEW

This review focuses on development of novel structured cellulose fibre-inorganic composites as a
depth type filter product in liquid filtration applications. The project was conducted under 3M
industry partnership and it was based on 3M’s Zeta Plus depth type filters. The objective of this
review then is to examine cellulose fibre-inorganic composites as a depth type filter medium for
liquid filtration in order to identify the latest developments as well as gaps in knowledge and
opportunities. The review begins with a general discussion of liquid filtration, then reviews depth
filters as a sub-class of filters and then focuses on the materials used for fabrication of filter

products. Then, it continues with the commercially available depth filter products from 3M.

Currently, depth filters are made with conventional cellulose pulp fibres, inorganic adsorbents and
polymeric additives for wet strength and charge control. The work of this thesis has focussed on
understanding the effect of each component on filter performance, structural modification of filters
for improved performance and substituting toxic wet strength polymer with nanofibrillated
celullose to reduce the impact on environment. The review of the cellulose fibres starts with the
definition of cellulose, sources of cellulose pulp fibres and the properties of refined and unrefined
cellulose pulp fibres. One of the focuses of the thesis has been to use nanofibrillated cellulose to
enhance the functionality of depth filters. Therefore, the review also covers nanofibrillated cellulose
production, characterisation and applications of nanofibrillated cellulose. Furthermore, polymeric

additives are discussed in the next section. Industrial type filter aids and absorbents are briefly
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mentioned, although it should be noted that this has not been a major focus of the thesis. The
following section covers the preparation and characterisation methods of cellulose fibre-inorganic
particle composites. Finally, the last section includes future perspective and conclusions reached by

critically analysing the use of composites as depth filters in liquid filtration applications.
1.2.1. Liquid filtration

Liquid filtration is a separation process of removing suspended solid particles and dissolved solute
molecules from fluids by depositing them on or within a filter medium [1]. The filter medium is
required to be permeable only to the fluid phase of the mixture whereas particles and any dissolved
molecules in the liquid phase are trapped either at the surface of the filter medium and/or within
its depth. Liquid filtration is usually employed for two main applications. The first use is to recover
any valuable suspended solids in the fluid in a concentrated form for further use [2]. The other use
for filtration is to clarify the fluid by separating solid particles from the filtrate [3]. Although,

achieving both purposes is usually desirable.

Filtration is a key process for product recovery in industry because it is more economic to remove
particles by size-based separation or adsorption mechanisms rather than any thermally driven
processes such as evaporation. These two mechanisms of mechanical entrapment and adsorption
are the most commonly used principles in filtration and membrane processes. Detailed information
about the principles of filtration is given in the next section (Section 1.2.1.1). Filtration process can
be divided into the two main groups of depth filtration and surface filtration. Depth filtration uses
a porous filtration medium to retain particles throughout the medium combining both adsorption
and mechanical entrapment, whereas surface filtration retains molecules or particles on the surface
of the filter medium by using mainly mechanical capture [4]. This doctoral thesis has studied depth

filtration and this has been discussed in detail in section 1.2.1.2.

1.2.1.1. Principles of filtration

Separation processes can be classified based on the physical and chemical properties of the
components to be separated. Separation of any substance can be accomplished by differences in

molecule size, vapour pressure, freezing point, affinity, charge, density and chemical nature of the
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components [5]. All those differences in physical/chemical properties correlate with the selection
of separation process. Microfiltration and ultrafiltration processes are generally used in size-based
separation while extraction, adsorption and absorption rely upon the affinity between substances.
In our project, separation was performed by both mechanical entrapment (size-exclusion based
separation) and adsorption (surface interactions-based separation) on a porous material. Both

principles are explained thoroughly below.
1.2.1.1.1. Pressure driven size-based filtration process

When a liquid on one side of a porous material is exposed to pressure, it will begin flowing through
the porous medium as the opposite side has a lower pressure. The pressure is the driving force for
the filtration. The initial solution that is fed to filter media is often called the feed solution and the
liquid which passes through the media is commonly referred to as filtrate or permeate. Figure 1

shows the general principle of feed and filtrate/permeate through a porous material.

Feed
'i'[ l e \J .-:
PFU‘:J \'\u' /. \.'-. \'u /..
e 5 Porous material
membrans
PP‘urmuel".l_: ] P =1
. . .:"'" b -
. . .
Filtrate / permeate
Figure 1: General principles on flow through a porous material. When Pteed > Ppermeate, flow

will occur through the porous material (Reprinted from Biopharmaceutical
Processing, 1° edition, Jakob Liderfelt, Jonathan Royce, Filtration Principles, 279-

293, Copyright © 2018, with permission from Elsevier [6]).

There are two modes of operation that can be used in filtration: normal flow filtration, also called
dead-end filtration, and cross-flow filtration that is also called tangential flow filtration. In dead-end
filtration (Figure 2), all flow is passed directly through the filter and filtrate is accumulated on the
membrane surface or within the membrane thickness. In cross-flow filtration (Figure 2), the flow is

passing across, or tangential to the membrane. The flow that is permeating through the membrane
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is called the permeate flow. Cross-flow filtration prevents the build-up contaminants on the
membrane surface by the sweeping action of the cross-flow and can be advantageous thanks to this
feature. In this thesis, dead-end filtration is used as operation mode as it is more suitable for

laboratory scale experiments. The schematic illustration of both modes is shown in Figure 2.

Feed flow Cross flow
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(A) Filtrate flow (B) Permeate flow
Figure 2: The two most common filtration modes: (A) dead-end filtration and (B) cross-flow

filtration (Reprinted from Biopharmaceutical Processing, 1% edition, Jakob
Liderfelt, Jonathan Royce, Filtration Principles, 279-293, Copyright © 2018, with

permission from Elsevier [6]).

Filtration processes can be operated either under constant flux or constant pressure conditions. In
constant flux operations, flux will be constant while pressure drop across the membrane will be
increasing as the materials build up on surface or within the pore structure. In constant pressure
mode, pressure will be constant while the permeate flux will be decreasing in time. In either case,
the non-constant parameter is being monitored, and the recorded changes are used to assess the
filter performance. The constant pressure condition is mainly used for the work in this thesis.
However, constant flux condition is also employed and the effect on separation performance is
described. More information about evaluation of filtration performance can be found in section

1.2.6.

1.2.1.1.1.1. Application of pressure-driven membrane processes

Pressure-driven membrane processes can serve a variety of applications. Membrane types can be
categorised depending on their pore size distribution and intended application. Figure 3 below

shows the various application areas according to different membrane types.
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Figure 3: Application scope of pressure-driven membrane processes: microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) (Reprinted from
Fundamental Modelling of Membrane Systems, 1%t edition, Bart Van der Bruggen,
Microfiltration, ultrafiltration, nanofiltration, reverse osmosis, and forward

osmosis, 25-70, Copyright © 2018 with permission from Elsevier [7]).

These membranes can be classified into polymeric (organic) membranes and ceramic (inorganic)
membranes. The typical polymers used are cellulose acetate (CA), polyamide (PA), polysulfone (PS),
polyethersulfone (PES), polyvinylidene fluoride (PVDF), and polypropylene (PP) [8]. From
microfiltration to reverse osmosis the pore size of the membranes is reducing significantly, and this
requires increasing operating pressures. Permeate flux of each membrane type is a function of
operating conditions as well as function of feed and membrane properties. Numerous different

models are used to predict the permeate flux [8].

Microfiltration (MF) is applied to remove any of non-dissolved matters with a pore size rating of 0.1
to 5 um [8]. This includes suspended solids, blood cells, large macromolecules and large bacteria.
Microfiltration is commonly used as a pre-treatment to significantly reduce the quantity of
particulate material with a resulting permeate, free of turbidity, for subsequent operations. The
purpose is to improve the efficiency of downstream processes by removing contaminants which
could produce fouling. Microfiltration has intensively been used in food processing for clarification

of fruit juices and beverages [9-12]. Microfiltration is also used in oil-water separation [13, 14] and

11
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membrane bioreactors [15, 16]. The operation pressure for microfiltration is typically around 1 bar
[7].

Ultrdfiltration (UF) is a cost effective and efficient method of removing suspended solids and
bacteria [17]. Considering the disinfection effect which is generally an important consideration for
some applications such as water treatment, ultrafiltration seems to be superior to microfiltration.
This is particularly the case when the water reuse is targeted; ultrafiltration is preferred since viruses
can also be efficiently removed with ultrafiltration as well as bacteria. Ultrafiltration membrane pore
sizes range between 10 to 100 nm and this reduced pore size requires increased pressures in the
range of 1 to 10 bar to operate [8]. Other applications of ultrafiltration are the separation of
macromolecules [18], the colour removal [19], the pre-concentration of milk [20], the recovery of

vaccines from fermentation [21], and the concentration of fruit juices [22].

Nanofiltration (NF) and Reverse Osmosis (RO) processes can be considered almost the same
process as they have the same principle. They are used to separate low molecular weight solutes,
such as inorganic salts or small organic compounds, from the solvent. However, nanofiltration
membranes tend to perform this separation to a lower extent than reverse osmosis membranes.
They have pore size rating between 0.5 to 10 nm and operating pressure is between 10 to 30 bar
[8]. Nanofiltration membranes are made in the same way as reverse osmosis membranes, which is
by the addition of an interfacially polymerized thin polyamide layer on top of an asymmetric phase
inversion membrane [7]. Nanofiltration membranes are used in applications where a complete
rejection of salts (specifically monovalent salts) is not necessary or expected. Desalination of
seawater is not a target application. However, it can be used for modifying the concentration of
multivalent ions and organic compounds for producing other water sources, such as drinking water.
The combination of natural organic matter and hardness removal from water is one of the key
applications [23]. RO is intensively being used in desalination applications [24] as well as for the
production of ultrapure water [25]. Moreover, it can also be employed for water recycling directly
from wastewater [26, 27]. The pore size of RO membranes are less than 0.5 nm and the required

pressure to operate RO membranes is between 35 and 100 bar [8].
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1.2.1.1.2. Adsorption-based separation

Adsorption process includes the separation of a substance from one phase accompanied by its
accumulation or concentration on or within the surface of another [28]. The material adsorbed at
the surface is the adsorbate, whereas the adsorbing material is referred as adsorbent. Adsorption
occurs as a result of binding forces between the individual atoms, ions, or molecules of an adsorbate
and the surface of an adsorbent [28]. Adsorption might occur by electrostatic attachment of the
ionic species to sites of opposite charge at the surface of an adsorbent or by physical adsorption
which is caused by van der Waals forces [28]. Furthermore, chemical adsorption is likely to happen
when a reaction between adsorbent and adsorbate results in a change in the chemical form of the
adsorbate [28]. There is a wide range of porous adsorbents used in adsorption processes such as
activated carbon, clay, zeolite, silica gel, activated alumina and perlite. Adsorbents can be selected
for specific component separation based on their functionality. The types of adsorption-based filter
aids that are used in this doctoral thesis are discussed comprehensively in the following sections of

this review.

1.2.1.2. Depth filtration

Depth filtration involves the separation of suspended particles and solute molecules throughout the
thickness of filter medium. Depth filters usually have a graduated pore size that becomes smaller
through the thickness in the direction of the fluid flow. The decreasing pore size give the filters their
high dirt-holding capacity. The coarser layers will act as pre-filter that traps the larger particles, while

the smaller particles will be retained in the finer layers [29].

There are two types of depth filter: the deep bed (or sand) filter and the thick filter medium. Deep
bed filters involve vertical filtration through a packed bed of granular or fibrous material and the
height can be significantly larger than even the thickest filter media [30, 31]. The other form of depth
filters is the filter cartridges that are made of thick porous material [32, 33]. They are usually in the

form of cylindrical cartridges fitted into a cylindrical filter housing.

Depth filter sheet thicknesses range from 3 to 4 mm and they are usually composed of cellulose

fibres and a number of filter aids, commonly diatomaceous earth or perlite [34]. These filter media

13
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can be further modified to possess a cationic charge to enable electrokinetic adsorption. Therefore,

two separation principles can be combined into one medium.

Thick media filters are used in many different industrial applications such as treatment of ventilation
air, for engine air intakes, and increasingly for vehicle cabin air filtration. They are also used to
maintain the integrity of hydraulic and pneumatic systems, and for cleaning machine tool coolant.
The most common application is to remove contaminants in food and beverage [35], and in fine

chemicals production [36].

1.2.1.3. Types of materials used in filter production

A filter media is made of any material that is permeable to one or more components of a mixture,
solution or suspension, and is impermeable to the remaining components under the operating
conditions of the filtration process. The filter medium’s performance and whether the particles and
solute molecules are being captured on the surface or within the thickness of a filter is determined

by the structure and properties of the materials used in the filter.

The polymer choice for the membrane-based filters affects the surface properties, such as
hydrophilicity or adsorptive abilities, as well as strength and chemical stability. Very often, it is
desirable to have an inert polymer material that has no interaction with the material being filtered.
Production of membrane-based filters is commonly performed by phase inversion method as this

method gives relatively homogenous pore structures [37, 38].

On the other hand, nonmembrane-based filters are typically employed for coarse separation and
usually solids content is high where pre-filtration or recovery is targeted. These filters are produced
based on woven media, such as glass fibre, polypropylene (PP) or cellulose fibres. Using a charged-
depth filter in food & beverage and biopharmaceutical applications is an example of nonmembrane-

based filtration.

Table 1 shows the summary of the types of materials that are used for filtration purposes in
biopharmaceuticals. Both membrane-based and nonmembrane-based filters are shown together
with the properties of the filters. Different filter characteristics, such as pore size and porosity,
mechanical strength or chemical stability, can be achieved by material selection. For instance, pH

tolerance is very limited when cellulose acetate is used in membrane-based filters, whereas
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polymers like polysulphone (PS), polyether sulphone (PES) and PP give a broad range of pH
tolerance. This would expand the tolerance of filters to different process conditions. Furthermore,
membrane-based filters will provide a sharper size cut-off whereas nonmembrane-based filters
mainly perform prefiltration and clarification with a much broader cut-off range. Similarly,
nonmembrane-based filter sheets, which are produced by wet laying technique, are also employed
to clarify beverages such as beer, whisky and wine. These filter sheets resemble thick filter paper

and are made of cellulose fibres and diatomaceous earth [39].
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Table I:

Typical polymer materials used in liquid filtration for biopharmaceuticals and their properties (Reprinted from Biopharmaceutical

Processing, 1 edition, Jakob Liderfelt, Jonathan Royce, Filtration Principles, 279-293, Copyright © 2018, with permission from

Elsevier [6]).

Name

Non-membrane based

Non-woven

Depth

Membrane-based

Cellulose

Synthetic

Polypropylene
Glass fiber

Cellulose-diatomaceous
earth

Cellulose acetate
Regenerated cellulose
Nylon

Polysulphone (PS)
Polyether sulphone (PES)
Polypropylene (PP)

Polyvinylfluorodyne
(PVDF)

PTFE (Teflon)

Hydro-phobic

-

+i—

—

Thermal
Tolerance

oo
ot

++

-
++
++

-

+-+

Solvent
Resistance

+=+

-

-

+=+

Protein
Adsorption

+-

+H+
+HH+
+-
-

+-

+t

+—+

pH Tolerance

+++
-

++

Application

Prefiltration
Prefiltration

Recovery

MF/UF
MF/UF
MF/RO
MF/UF
MF/UF
MF

MF/UF

MF-gas
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As can be seen in Table 1, a cellulose fibre-diatomaceous earth composite is classified under
nonmembrane-based depth filtration. Depth filters are being produced by a variety of
manufacturers. Although 3M is well known as a producer of depth filter products, Millipore and Pall

Corporation are the other major manufacturers of depth filter products.

Millipore Corporation is offering Millistak+® depth filter media [40] for a variety of primary and
secondary clarification applications, including cell cultures, yeast and Escherichia coli (E. coli) lysates
post centrifuge, E. coli refolds, media, vaccines, plasma proteins and sera. It is in a scalable,
disposable format. These filters are available in three different series of media grades to meet the
different application needs. Pall Corporation is offering Stax™ disposable depth filter systems [41]
for prefiltration and clarification in biopharmaceutical applications. Furthermore, SUPRApak™

depth filter modules [42] are also manufactured by Pall Corporation for food and beverage filtration.

This PhD thesis has focused on a 3M depth filter product and therefore the next section gives an

overview of 3M’s depth filter products.

1.2.1.4. 3M’s Zeta Plus™ filter cartridges

3M offers a broad range of stackable filter elements. Zeta Plus™ series filter medium is a rigid depth
type filter which is positively charged [34]. Added positive charges enhance the filters’ ability to trap
oppositely charged materials that cannot be held by size exclusion through the filter medium. Zeta
Plus™ S series depth filters are comprised of cellulose fibres, perlite and diatomaceous earth. 3M
also has Zeta Plus™ Activated Carbon cartridges that consists of activated carbon in addition to
cellulose fibres and a positively charged resin. Zeta Plus™ series filters can be used for
pharmaceuticals, chemicals, cosmetics and food and beverage products for the removal of trace
organic contaminants as well as decolourisation. 3M Zeta Plus™ S series and Zeta Plus™ Activated

Carbon cartridges are shown in Figure 4.
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Figure 4: Zeta Plus™ S series (the two on the right) and Zeta Plus™ Activated Carbon
cartridges (on the left) (Reprinted from Handbook of Nonwoven Filter Media, 2™
edition, Irwin M. Hutten, Liquid Filter Applications, 409-450, Copyright © 2016 with

permission from Elsevier [34]).

Additionally, the Zeta Plus™ Encapsulated system [43] is a single-use depth filtration system for cell
culture clarification applications for biopharmaceutical customers. They are designed to make a fast,
easy and clean cell clarification by depth filtration. They are available in a variety of formats for
research and development activities, process development and commercial large-scale production.

The Zeta Plus™ encapsulated series is shown in Figure 5.
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Figure 5: Zeta Plus Encapsulated Holders (Reprinted from Filtration & Separation, 50/6,
Anthony Bennett, Pharmaceuticals and fine chemicals: Filtration and separation in
the diverse fine chemical sectors, 30-33, Copyright © 2013, with permission from

Elsevier [36]).

With the knowledge obtained until this section regarding depth filters and 3M’s depth filter
products, we now know that the main components of depth filter products are cellulose fibres, an
inorganic filler and a charged polymer. Now, the next section will give a brief review about the
properties and role of each component used to make these depth filters. The review starts with

cellulose fibres, after which charged polymers and filter aids are discussed.

1.2.2. Cellulose

Cellulose is the most abundant polymer on Earth. It is biodegradable, natural, renewable, non-toxic
and the major component of paper [44], wood [45], cotton [46], bamboo [47, 48], agricultural
residues such as straw [49]. The empirical formula of cellulose is [CeH100s] n [50]. It is a linear
polysaccharide which is derived from long linear chains of B-linked anhydro-glucopyranose units
[50]. The basic chemical structure of repeating unit of cellulose is given in Figure 6 and Figure 7
shows the hierarchical structure of a tree with a breakdown through cellulose microfibril and

cellulose molecule.

Nonreducing end Cellobiose Reducing end

Figure 6: Molecular structure of cellulose (Reprinted from Nanocellulose as a natural source
for groundbreaking applications in materials science: Today’s state, 21/7, Dieter
Klemm, Emily D. Cranston, Dagmar Fischer, Miguel Gama, Stephanie A. Kedzior,
Dana Kralisch, Friederike Kramer, Tetsuo Kondo, Tom Lindstrém, Sandor Nietzsche,
Katrin Petzold-Welcke, Falk Rauchful}, 720-748., Copyright © 2018, with permission

from Elsevier [51]).
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7 ] Bundle of Cellulose Cellulose
Tree Fibers Cellulose fiber cellulose fibrils  microfibril molecule

Fiber surface

Width 20-30 pm Width > 15 nm Width ~3 nm Width 0.4 nm
Length 1-3 mm Length > 2 pm Length -500 nm

Crystallinity 70-90%

Figure 7: Hierarchical breakdown of the tree to cellulose molecule (Reprinted from TEMPO
oxidized cellulose nanofibers, 3/1, Akira Isogai, Tsuguyuki Saito and Hayaka
Fukuzumia, 71-85., Copyright © 2011, with permission from Royal Society of
Chemistry [52]).

The most important function that is ascribed to wood and other lignocellulosic materials are their
impressive mechanical properties. These materials provide high mechanical strength and high
strength to weight ratio, as well as providing flexibility against changes due to shrinking and swelling
[53]. Tensile strength of cellulose fibres obtained from wood is ascribed to its ability to form both
amorphous and crystalline regions and its uniformity. Cellulose molecules, which are held together
very rigidly in crystalline region, show stiffness and elasticity, while the molecules in amorphous
region contribute to the flexibility and plasticity of the material. By controlling the ratio between
crystalline and amorphous regions, some improvements on mechanical properties would be
achievable [54]. Cellulose is abundant, renewable, biodegradable, eco-friendly and has been

developed for many applications, particularly in the last 150 years [55].

In this thesis, different aspects of cellulose fibres is researched to improve depth filter performance
and properties. First, cellulose fibres help development of dry strength by hydrogen bond formation.

However, wet strength still remains very poor as the hydrogen bonds can be easily disrupted by
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water. For materials requiring wet strength, such as depth filters, a wet strength agent is added to
crosslink the fibres and protect the bonds. However, the toxic nature of wet strength agents means
that new methods for wet strength development are required. Cellulose nanofibres (the nanometre
diameter bundles of cellulose fibrils shown in Figure 7) with increased surface area and bonding
could help achieving the required wet strength for filters without resins. Therefore, nanofibrillated
cellulose is one of the research focuses of this thesis. However, changing surface area, fibre
dimension and surface charge of cellulose fibres could change the filter performance completely.
Wood pulp fibre diameter ranges from 10-50 um thus pore sizes between fibres will also be in this
range [56]. As discussed previously in section 1.2.1.1.1.1, this size range will only allow for very
coarse contaminants to be removed by filtration. However, controlling fibre dimension of cellulose
fibres and in turn the pore size of filters could reduce the size of contaminants that can be filtered.
Furthermore, increased surface area of cellulose fibres could change the charge and selective
adsorption of particular contaminants. Cellulose fibres from wood have relatively low surface area
and charge is negative due to positive charges dissolving from surface [57]. This sharply limits
adsorption of negatively charged particles. The poor adsorption capacity on negatively charged
contaminants is a distinct drawback that needs to be tackled. To sum up, the application of
nanofibrillated cellulose in depth filters has been little explored; therefore, it is one of the significant

areas of investigation of this thesis.

1.2.2.1. Sources of cellulose

Although cellulose can be extracted from a variety of resources, wood pulp remains the primary raw
material for cellulose and most of the cellulose extracted from wood is used for the production of
paper and paperboard; more than 50% of the average global paper furnish uses virgin wood-based

pulp [58].

Cellulose can be synthesized in a rather pure form, for example in the seed hairs of the cotton plant
[59]. However, it is mostly combined with lignin and other polysaccharides (e.g. hemicelluloses) in
the cell wall of woody plants [60]. Although wood is the primary resource of cellulose, it can be
obtained from other sources as well, such as agricultural residues [61], grasses [62], and other plant

substances [63, 64]. These resources also contain hemicelluloses, lignin, and small quantities of
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extractives [65]. The extensive use of wood-based materials in many industries (the building,
furniture, pulp and paper industries, etc.) creates a demand for other sources of cellulose.
Therefore, the interest in other sources of cellulose has been increasing. Particularly, agricultural
crops and their by-products offer lower energy consumption during the processing of cellulose
compared to wood-based materials [66]. Cellulose micro fibrils from agricultural fibres are easier to

separate from the primary wall [67], therefore the fibrillation of this pulp demands less energy.

Cellulose can be also produced by several bacteria. Acetobacter, Agrobacterium, Sarcina, Rhizobium
are some of the important bacteria for cellulose production [68]. Bacterial cellulose (BC) generally
does not contain any other components, such as lignin and hemicelluloses. They have a highly

crystalline structure with a high degree of polymerization.

As stated above, fibres from wood are the most abundantly used cellulose fibres in paper [69] and
natural fibre composite materials [70]. This is due to excellent mechanical properties of wood fibres,
particularly the high strength to weight ratio [56]. In this thesis, softwood fibre is used and
mechanically treated by refining process to make the fibres flexible and start to break down the
fibres to microfibrils. Refining process, which also refers to beating, is one of the widely used stock
preparation stage in papermaking and is used to fibrillate the cellulose fibres. It describes the
mechanical treatment of pulps by using special equipment, refiners, to develop optimum fibre
properties for the end-use of fibres, such as papermaking or filter manufacturing. In the refining
process, fibres are exposed to various forces, including compression and shear forces, which
improves the quality of fibres by affecting their structure [71]. The first effect of refining is partially
delaminating the cell wall, which introduces water into the cell wall, which makes fibres much more
flexible. The second effect is fibrillation of fibres that increases the surface area of fibres, thereby
improving fibre—fibre bonding in the final sheet. The third effect is delamination of the cell wall,
such as between the primary and secondary layers, and delamination increases the fibre flexibility
[72]. Thus, refining overall increases the sheet density and the bonding as the fibres pack together
better. It also increases the sheet surface area by fibrillating fibres, reducing the pore between the
fibres with the fibrils while increasing the bonded area. The decrease in pore size will reduce the
size cut-off in filtering and the increased bonding helps both dry and wet strength development.

However, refining process makes individual fibres shorter due to cutting action which is an
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undesired effect in most cases [72]. Consequently, refining is generally a trade-off between
improving fibre-to-fibre bonding and decreasing the strength of individual fibres. However, most
strength properties of paper increase with pulp refining since they mainly rely on fibre-to-fibre
bonding. In this thesis, refining of cellulose fibres is a fundamental step to prepare the fibres for
depth filter development and also employed as the initial treatment before producing

nanofibrillated cellulose with high aspect ratio.

1.2.2.2. Nanofibrillated cellulose

Nanocellulose (NC) is a generic term that refers to any material obtained from cellulose which has
at least one of its dimensions in nanometre range. There are different terms used in literature for
nanocellulose: including micro fibrillated cellulose (MFC) and nanofibrillated cellulose (NFC). MFC
and NFC are typically referring to fibres which have diameters between 20-50 nm and are several
micrometres in length [73]. NFC or MFC is formed by bundle of elementary fibrils (microfibrils) of
which diameter is around 5 nm [73]. In this thesis, we have used the term “nanofibrillated cellulose
(NFC)” for a nanocellulose fibre network containing microfibrils and bundle of cellulose microfibrils.
In addition to that, the cellulose nanofibre (CNF) term was used in literature review for fibres that

are completely separated into individual microfibrils or nanofibres.

NFC has many advantages which are favouring its usage, such as high aspect ratio, high surface area
and a web-like entangled structure [74]. In addition, its largely crystalline nature and the ability to
form dense percolating network of NFC will result in low permeability [53]. There are many reasons
for the increasing usage of NFC. The recent advances in nanotechnology field has drawn attention
towards nanomaterials and nanofibres obtained from cellulose is a promising raw material as it can
be produced from the renewable and abundant ligno-cellulosic biomass. NFC has a great potential
to be used as a new bio-based nanomaterial. The table 2 below shows the differences between NFC
and unrefined softwood pulp properties. Dimensions and Young’s modulus of unrefined and

nanofibrillated wood pulp are presented in the table.
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Table Il: Properties of unrefined and nanofibrillated wood pulp.
Fibre Surface area Young’s
Diameter Length
material (m?/g) modulus (GPa)
Unrefined
softwood 0.97 20-40 um 2-6 mm 18-40
[56]
Several
NFC 100-200 [73] | 20-60 nm [73] | micrometres 100 [53]
[73]
1.2.2.2.1. Production methods of nanofibrillated cellulose

Applying mechanical shearing to cellulose fibres lead to the formation of individual microfibrils.
Before formation of microfibrils, there are some pre-treatment processes involved subjecting
cellulose fibres through various treatment to remove the primary cell wall, exposing the secondary
cell wall for further processing. These are disintegration in waring blenders, beating and refining in

either a PFI mill or a disk refiner [75].

Even though pulp refining is a fundamental step as explained in previous section 1.2.2.1, excessive
refining has some changes in the fibre structure that are not desirable, such as fibre shortening.
Excessive fibre shortening is not desirable as we would like to have as high aspect ratio NFC as
possible in further applications to be able to benefit from highly entangled and web-like structure
of fibres. In this thesis, we used refined pulp supplied from 3M Australia and further homogenised

the pulp in homogeniser that would mainly fibrillate the fibres to produce high aspect ratio NFC.

After pre-treatment, different mechanical treatments are being applied to obtain NFC.
Homogenization [76], grinding [77] and cryocrushing [67] are amongst the methods used, with
homogenization and grinding being the widely used methods. However, each method is energy

intensive. The consumption required for homogenization is as high as 70,000 kWh/t [78]. Also,
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Zimmermann et al. estimated the energy consumption of 8.5 kWh for processing 10 L cellulose pulp

(1-2 wt%) with 4 passes in microfluidizer [79].

To decrease the energy consumption during these mechanical treatments, some chemical, physical
and enzymatic pre-treatments are proposed to reduce the fibre stiffness and cohesiveness prior to
mechanical treatment. In that way, the energy required for fibrillation will be reduced. Enzymatic
pre-treatment [80], TEMPO mediated oxidation [81] and carboxymethylation and acetylation [82]
are some of the pre-treatments, where TEMPO oxidation might be considered as the most

commonly used method.

The basic principle of TEMPO oxidation pre-treatment is subjecting fibres to oxidative treatments in
aqueous cellulose fibre suspensions with 2,2,6,6,-tetramethylpiperidine-1-oxyl (TEMPO) catalyst.
The C6 primary hydroxyl groups of cellulose are selectively being converted to sodium carboxylate
groups via the C6 aldehyde groups [83]. As a result, the nanofibrils within the fibres have lower
cohesive forces among the ionized carboxylate groups, reducing the energy required to separate

the fibrils [84].

Enzymatic pre-treatment combines the disintegration of cellulosic wood fibre pulp by increasing its
swelling in water, which makes fibrillation process easier. The other chemical pre-treatment is
carboxymethylation. This pre-treatment facilitates the increase in the quantity of anionic charges in

the formation of carboxyl groups on the surface of the fibres.

Even though mechanical treatments require high energy consumption, these are major methods
used for NFC production and still worth considering as there are significant research efforts to
reduce the energy consumption during NFC production. Recently, Cavitron® developed by the
Papiertechnische Stiftung (PTS) in Germany as part of the project SUNPAP (2009) and the GEA Niro
Soavi ARIETE NS3075H, which was used for CNF sample preparation by Centre Technique du Papier
(CTP) in France, developed as part of the same project SUNPAP (2009) are commercially available
processes for CNF production with reduced energy [73]. However, there is still need for more
research to increase the efficiency of these processes and all these efforts should allow the

production of CNF with much lower energy consumption in the coming years.
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1.2.2.2.2. Characterisation of nanofibrillated cellulose

The efficiency of fibre fibrillation process and the dimensions and structure of the produced NFC
can be characterised by a set of different techniques. SEM, TEM, field-emission SEM (FE-SEM),
atomic force microscopy (AFM) [85, 86], small-angle neutron scattering (SANS), small-angle X-ray
scattering (SAXS), and dynamic light scattering (DLS) techniques [87] provide a useful platform for
the determination of width distribution of NFC. Even though these image analysis techniques can
provide a useful information regarding the width of the fibrils, it is difficult to determine the length
due to the entanglement and difficulties of observing both ends of the individual fibres [53].
Recently, sedimentation technique is used in literature to estimate an average fibre aspect ratio and
an average fibre length from the width measurements [88-90]. Sedimentation measurements can
be used to obtain the gel point, which is the lowest solids content at which a fibre suspension forms
a continuously connected network. The gel point is also known as the connectivity threshold, ¢,
which is defined as the boundary between the dilute and semi-dilute region of a fibre suspension.
The gel point obtained by sedimentation is used to calculate aspect ratio with either the effective

medium theory (EMT) or the crowding number theory (CN) [91].

Other characterization techniques for further characterisation on other properties of NFC include
solid state *3C cross polarisation magic angle spinning nuclear magnetic resonance (CP-MAS NMR)

[92] and wide-angle X-ray scattering (WAXS) [93] that are used to measure width and crystallinity.

Turbidity measurements have also been used by researchers for the evaluation of NFC quality. It is
an easy and fast measurement tool as opposed to complex and demanding imaging techniques
explained above. Japanese researchers has shown that thickness of the fibres can be calculated from
turbidity measurements according to the theory of light scattering of thin and long particles [94].
They have also shown the consistency between fibre diameters obtained by turbidity and AFM

measurement for a wide range of NFC [94].

Another relatively easy and fast method is centrifugation. Several research groups have used
centrifugation to estimate the fraction of nanomaterial content in NFC suspensions [95-97].
Furthermore, characterisation on surface area and electrokinetic properties of NFC can be easily

linked to performance of final filter products. For example, zeta potential of NFC suspension could
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give an approximate idea about adsorption of oppositely charged compounds onto NFC and NFC
composites. The specific surface area of NFC would also affect both available surface area for
adsorption and increase negative charges on the surface of NFC. Surface area of NFC can be analysed
by mercury porosimetry [98] and gas adsorption techniques [99]. Additionally, charge
characteristics of NFC can be determined by zeta potential measurements [100]. Zeta potential gives
the potential at the slip plane in the electric double layer [101] and this technique is further

explained in section 1.2.6.

All these characterisation techniques provide valuable information about NFC quality that is closely
related to the final product performance. A particular property of final product could be achieved
by fine tuning the NFC quality. For example, zeta potential measurements of NFC or NFC composite
suspensions would make it possible to estimate the adsorption characteristics of filter products. In
NFC composites, other charged additives can be added to achieve the aimed charge and adsorption

properties.
1.2.2.2.3. Application of nanofibrillated cellulose

NFC has been recently used to engineer new materials as it combines important cellulose properties
with the features of nanomaterials. Shatkin et al. has recently reviewed comprehensively the variety
of applications where NFC is currently or potentially employed [102]. The largest potential volume
of cellulose nanomaterial applications is in paper and paper packaging, textiles, cement, and
automobile parts. Other promising technical applications include gels/foams and
thickeners/stabilizers in pharmaceuticals [103, 104]. Other possible applications are in the areas of
cosmetic products [105], wound dressings [106], drug carriers [107], medical implants [108], tissue

engineering [109], food [110] and composites [111].

NFC has also been considerably researched in the fields of energy harvesting and electronic
applications. In the energy field [112], the research effort is on energy storage devices such as
lithium ion batteries, supercapacitors, and solar cells [113, 114]. Such features as low surface
roughness, transparency, low thermal expansion, and strong mechanical properties are desirable
properties in NFC films that enhance suitability of NFC for various electronic smart materials,

sensors, and various electronic devices in printed electronics [115]. Additionally, the suitability of
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orientation and alignment to form ordered structures of NFC materials allows them to be used in

sensors and optical devices [116].

The interest in NFC application as an additive in papermaking has also recently emerged. Even
though it is quite recent, the use of NFC is expected to increase in the near future as a sustainable
reinforcement material [117, 118]. One interest in papermaking applications is using NFC as a
coating material to improve barrier properties of the paper and packaging materials. [119, 120]. The
environmental problems possessed by non-biodegradable and petro-chemical based food
packaging materials have attracted attention towards the use of renewable and biodegradable bio-
based materials. NFC has emerged as a promising material for packaging [121, 122]. The aim with
NFC is to produce transparent and biodegradable packaging films with high barrier properties
against water vapour and oxygen, which prevents or delays the decaying of food. However, the most
likely initial application is using NFC as a wet-end additive as dry and wet strength agent for
improved mechanical properties [123, 124]. The NFC boosts the load-bearing capacity of the
materials as it acts as an adhesion enhancer by increasing the fibre to fibre bonding with highly
increased surface area. Kose et al. showed that addition of NFC by 10% increased dry tensile index

of paper products by 40% without any other additives [125].

NFC has been investigated for its potential in various water treatment technologies thanks to its
high specific surface area, high strength, ease of functionalization, environmental-friendliness,
stability in a range of pH and resistance to contaminants. It has been used as contaminant
adsorbents for metal ions, as well as in membrane technologies for water filtration [126-128].
Additionally, it has been explored as a potential material in the manufacture of thin-film nanofibrous
composite (TFNC) membranes [129]. Ma et. al [130, 131] showed the use of ultra-fine cellulose
nanofibres as a top layer to achieve high-flux membranes with high retention and high durability.
The conventional polymers used for the top barrier layer are very limited and have some
disadvantages such as their hydrophobic nature which causes a decrease in water permeability
during filtration. When ultra-fine cellulose nanofibres were used as barrier layer, they yielded two
to ten times higher permeation flux in comparison with commercial membranes for ultrafiltration
of oil and water emulsions, at a similar separation efficiency [130]. Ma et al. studied CNF top layer

and achieved a very high rejection ratio of the microsphere with 0.10 + 0.01 um diameter (>99.9%)
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with 5 times higher permeate flux than that of commercial UF membranes (e.g., PAN10) produced
with the same polymer components but without cellulose nanofibre barrier layer [131]. Another
concept was to develop a thin-film composite (TFC) membrane with directed water-channels in the
barrier layer, which shows significantly higher water permeability than those of conventional TFC

while providing the same rejection capability for nanofiltration and desalination applications [132].

Even though NFC has been investigated for water treatment, the use of NFC in depth filters is very
limited. A study was recently published [33] and is presenting nanoparticle capture by tortuous
depth filter structure that is created by NFC. However, there are other potential benefits of using
NFC in depth filters. One possibility could be adding NFC as a barrier layer on top of the depth filter
layer. Although barrier layers have been researched in TFNC membranes, it is not used in depth
filters. Another potential application could be using NFC as a wet strength agent in depth filters.
Currently, depth filters contain a well-known wet strength resin, PAE. As discussed in section 1.2.2,
this resin produces toxic by-products. Therefore, an additive that is chemically-inert and
environmentally-friendly is of interest for depth filters. However, it is not known how NFC will work
in depth filters in terms of filtration performance. In this thesis, the use of NFC in depth filters is

explored both by substituting for wet strength agent and forming a barrier layer on top of filters.

1.2.3. Adsorbents

Filter aid is the term that is used in depth filters for the adsorbent phase. A filter aid is a finely divided
solid material, consisting of strong hard and incompressible particles. They are used to improve the
filtration processes and the most common filter aids include diatomaceous earth (DE) [133, 134],

perlite [135], cellulose [136] and activated carbon [137].

In depth filters, filter aids can also act as an adsorbing agent to retain contaminants by electrostatic
interactions [138, 139]. This is usually performed in depth filters where the contaminants are smaller
than the pore size of filters and not really available to be retained by size exclusion. Adsorption is
an effective process for the removal of trace quantities of some contaminants. In principle, any solid
material with a microporous structure can be used as an adsorbent. All the filter aids mentioned
above can be used as adsorbents. Additionally, bone char [140], clays [141], iron oxides [142],

synthetic zeolites [143] and natural zeolites [144] have also been used as adsorbents. The most
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important property of any adsorbent is the internal and external surface area and structure, as well
as the chemical nature and polarity, which determines, together with the adsorbate, the interaction

force between the adsorbent and adsorbate [145].

In this thesis, only expanded perlite has been used as the absorbent to fabricate the depth filters
and is comprehensively discussed. However, the following section briefly reviews diatomaceous
earth and zeolites as well which are also widely used in depth filters and composites, respectively.
Zeolite is a recognized adsorbent, while diatomaceous earth is a very commonly used food grade

filter aid in beverage purification.
1.2.3.1. Perlite and expanded perlite

Perlite is a hydrated volcanic glass mainly composed of amorphous silica (65-75% SiO), with 10-
18% aluminum oxide (Al>O3z), lesser amounts of the potassium and sodium oxide (6—9% K;O + Na,O)
and minor amounts of iron oxide (1-5% Fe,03), magnesium and calcium oxide (2-6% MgO +Ca0)
[146, 147]. It is the water content of 2-5% that makes it a commercially valuable material. Unlike
other volcanic glasses, perlite will expand to 5 to 20 times its original volume when quickly exposed
to a temperature of 900°C to 1200°C [148]. Exposure to heat results in simultaneous softening of
the glass matrix and volatilization of the water content, which expands perlite grains by forming
small bubbles within glass matrix and decreasing bulk density by up to 90% [146]. Parameters such
as size and quality of perlite feed and the design and operation of the furnace can be used to control
and maximize the desired product specifications. After expansion, any unexpanded particles and
fines are removed by air classification. The particles are hollow and porous with many shapes [148]
and Figure 8 shows the irregular shapes of expanded perlite particles in scanning electron

microscopy image at 1000 x magnification.
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Figure 8: Scanning electron microscopy image of expanded perlite.

The resultant low-density particles with cellular interiors are used for their acoustical and thermal
insulating properties, chemical inertness, physical resilience, fire resistance, water retention ability

and low bulk density [146].

Perlite products are usually categorised according to whether it is expanded or unexpanded. Most
of the commercially used perlite is in expanded form. The specific surface area of expanded perlite
is around 1-3 m?/g [149-153] with a pore size distribution reported as having a maximum peak at 3
nm [151]. Interestingly, this is sharply different from the pore size distribution of the expanded
perlite used in this thesis, which was measured as a BJH Adsorption average pore diameter of
around 14 nm. As discussed before in section 1.2.2.2, gas adsorption is used for surface area and
porosity measurements. Besides NFC, gas adsorption techniques are also widely used for adsorbent
materials and these methods are discussed more in detail in section 1.2.6. The size of perlite used
in this thesis is largely between 5 to 10 um; however, it is also possible to find other size distributions

of perlite in literature [154].

The surface chemistry of perlite is the main contributor to the adsorption capacity. In the surface
hydroxyl groups, the silicon atoms at the surface tend to maintain their tetrahedral coordination
with oxygen. They complete their coordination at room temperature by attachment to monovalent
hydroxyl groups, forming silanol groups [138]. The different types of silanol groups (a) and the
hydrous oxide surface groups in alumina (b) are shown in Figure 9 and these are the ones that give

perlite its adsorption capacity [138, 155].
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Figure 9: Surface chemistry of expanded perlite with a) different types of silanol groups b)

hydrous oxide surface groups in alumina (Reprinted by permission from Springer
Nature, Water, Air and Soil Pollution, Adsorption of Methylene Blue from Aqueous
Solution onto Perlite, Mehmet Dogan, Mahir Alkan, Yavuz Onganer, Copyright ©
2000 [138]).
Adsorption onto perlite is governed by electrostatic interactions and perlite can be used as an
adsorbent for heavy metals [156], dyes [138] and oil spills [157]. Positively charged contaminants
are adsorbed onto negatively charged sites of perlite given in the Figure 9. However, opposite
charge adsorption is also possible by altering the surface charge of perlite. For example, positively
charged polymers in a suspension can adsorb onto the perlite surface and promote negatively
charged contaminant adsorption onto perlite. Even though perlite has been studied widely as an
adsorbent, its surface area is very limited as stated above. In this thesis, the function of perlite is
also forming a porous structure by preserving open channels through the filter media besides its

contribution to adsorption.

Expanded perlite is used in a variety of applications. The most important market is for formed
insulation products [158], followed by filter aid [159], horticultural products [160] and filler
applications [161]. Expanded perlite as a filter aid is widely used in the processing of food and

beverage products [162] as well as of chemical products and industrial effluents.
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1.2.3.2. Diatomaceous earth

Diatomite (SiO2:nH,0), or diatomaceous earth (DE), which has amorphous SiO, as the primary
content, is a siliceous, soft and lightweight rock available in large deposits around the world [163].
It contains up to 80-90% voids [163] and the density is around 1.9-2.3 g/cm?3[164]. Diatoms have
high porosity, good hydrophilicity, and high chemical stability [163] and are negatively charged in
water in the pH range 2-12 [164, 165]. Diatomite is composed of the fossilised remains of diatoms,
a class of unicellular algae found in both fresh and sea water [146]. These skeletons can be in a
variety of sizes and shapes such as spheres, disks, wheels, needles, ladders and they all possess a
porous, lace-like structure [166]. Diatomite is particularly used for depth filters in beverage
purification. Beverage products such as beer and wine mainly rely on agricultural raw materials
which can show significant variation. Therefore, besides many other important properties,
diatomite is also found to be highly adaptable to varying conditions with its variety of size and shape
for depth filters in food and pharmaceutical applications. The size of individual skeletons (called
frustules) can typically range from 10 to 150 um [146]. Scanning electron microscopy image of

diatomaceous earth is shown in Figure 10.
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Figure 10: Scanning electron microscopy image of diatomite (magnification is 1960x)
(Reprinted from Remediation of wastewater containing heavy metals using raw
and modified diatomite, 99/2, Majeda A.M. Khraisheh, Yahya S. Al-degs, Wendy
A.M. Mcminn, Copyright © 2004, with permission from Elsevier [163]).

Diatomite can be categorised by their size and the further processing applied. They can be in natural,

calcined and flux calcined states [146]. Due to their low cost, environmentally friendly nature,
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chemical inertness as well as high surface area and porosity, diatomite has been widely used as filter
aid [167], adsorbent [168, 169] and catalytic support [170]. It is used in various industrial
applications such as filtration media for different beverages and inorganic and organic chemicals,

and as an adsorbent for pet litter and oil spills [171].
1.2.3.3. Zeolites

Zeolites are crystalline, hydrated aluminosilicates of alkali elements such as sodium, potassium,
magnesium, calcium, strontium and barium [172]. Due to the channels and pores in the structure,
they have a high internal surface area which makes them heavily used in adsorption processes [173].
Tetrahedra of silicon and aluminium (SiO4 and AlO4) are the primary structural unit of zeolites and
these structures assemble and construct secondary polyhedral building units [174]. Structurally, the
final framework is based on an assemblage of the secondary building units in a three-dimensional
crystalline framework. The framework also has interconnected voids and channels which are
occupied by cations and water molecules. Those voids and channels enable any molecules inside to

move around. Figure 11 shows the structure of zeolite with three dimensional channels and cages.
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Figure 11: (a) The schematic view of the crystal structure of zeolite 4A and (b) typical zeolite
structure showing three dimensional cages and channels. (Reprinted by permission
from Springer Nature, Fly Ash Zeolites, Basics of Zeolite, Bhagwanjee Jha, Devendra

Narain Singh, COPYRIGHT © 2016 [174]).
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The main feature of zeolites that distinguishes them from other porous material is their great variety
of pore sizes and shapes [173]. Furthermore, high internal and external surface areas [175], and
chemical and mechanical stability [176] are also the other important characteristics of zeolites that

make them recognized as an excellent adsorbent material.

Zeolites are mainly classified by framework structures which define the connectivity (topology) of
tetrahedrally coordinated atoms in the highest possible symmetry. There are more than 135
different structures [177]. The framework type describes the structure family that a zeolite belongs
to. Each type has an assigned three letter code such as Linde type A (LTA) and Faujasite (FAU).
Zeolites, which have the same framework type, can also vary with chemical composition (Silicon
Aluminium ratio (Si/Al)), type of extra framework cations and distribution, possible Si-Al ordering in
tetrahedral sites and different guest species [174]. Si/Al ratio is a relatively important parameter to
describe the composition of a zeolite. Different properties such as hydrophilicity and acidity will
change with the difference in Si/Al ratio [172]. Zeolite A, Y and X are some of the zeolites which
have industrial importance. Moreover, zeolites are more importantly categorised into inexpensive

naturally occurring zeolites [178] and more expensive synthetic ones [179].
1.2.4. Polyelectrolytes

Polyelectrolytes are charged polymers that are carrying either positively or negatively charged
ionizable groups [180, 181]. These ionizable groups can dissociate into a highly charged polymeric
molecule in polar solvents, such as water, and leave their charges on the polymer chain while
releasing the counter ions into solution [182]. Polyelectrolyte morphologies can be divided into
linear and branched/cross-linked and they can further be classified into anionic and cationic
polyelectrolytes according to the nature of ionic groups they possess. Polyelectrolytes can either be
natural or synthetic [183] and synthetic commercial types are usually produced by
polycondensation and polyaddition processes [184]. Further information about types of
polyelectrolytes is given in the review done by Meka et al. [185]. The functionality of
polyelectrolytes is determined by the polymer backbone structure as well as the functional groups
attached to the backbone. Predominant polyelectrolytes are polyacrylamide copolymers of

acrylamide and acrylate, or monomers containing ammonium groups [186].
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Polyelectrolytes are characterised firstly by polydispersity index, which is the ratio of the weight
average and number average molar masses. Most of the synthetic polyelectrolytes have a
polydispersity index larger than 1, which refers to a broader molar mass distribution [187]. The
second important variable is the charge density of polyelectrolytes, which measures the total charge
of the polyelectrolyte. It is measured by titration with an oppositely charged polyelectrolyte until

the zero electrokinetic potential is achieved and usually given in meg/g.

Polyelectrolytes in an uncharged state act like normal macromolecules, however their properties
can significantly change with even a small dissociation of the ionic groups. Electrostatic interactions
could arise due to the partial or complete dissociation of ionic groups, and this could lead to
deviations of polymer behaviour [185]. When a polyelectrolyte interacts with an oppositely charged
surface, it is adsorbed onto surface by various sites, usually not covering the whole surface. The
process of polyelectrolyte adsorption onto a surface includes the following steps: transport of the
polyelectrolytes in solution to the surface, attachment of polyelectrolytes on the surface and
reconformation of the polyelectrolytes on the surface [188]. The adsorption of linear polymers onto
a surface can also produce tails and loops, which can protrude from the surfaces. The equilibrium

conformation of an adsorbed linear polymer is shown in Figure 12.

Tail Tail

Train

Figure 12: Train, loop and tail segments of a polymer chain adsorbed onto a surface
(Reproduced from Direct measurements of polymer-induced forces, Dzina
Kleshchanok, Remco Tuinier and Peter R Lang, 20/7, Copyright © 2008, with

permission from IOP Publishing [189]).

There are three different segments in the typical configuration of an adsorbed polymer at a surface.
The parts that are interacting with the surface are referred to as trains, the connection between the

trains are loops which have no contact with the surface; non-adsorbed chain ends that do not touch
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the surface are called as tails. The adsorbed polymer conformation model was proposed by Jenkel

and Rumbach in 1951 [190].

Polyelectrolytes are used in various fields such as pharmaceutical industry [191], medicine [192],
water plantation [193], cosmetics [194], food [195] and paper industries [196, 197]. Cationic
polyelectrolytes have been commonly used in papermaking industry as retention aids, as well as dry
and wet strength agents to control the structure of paper, pore size and porosity, and to improve

papermaking process.

Cellulose-polyelectrolyte interactions have been extensively studied [198-203]. In this thesis,
polyelectrolytes are employed to provide dry and wet strength to the filters as well as to engineer
the adsorption performance through charge modification. Polyamideamine-epichlorohydrin is the
predominantly used polymer for both wet strength and charge modification. Cationic
polyacrylamide and polyethylenimine are further investigated for both purposes. The types of

polyelectrolytes used are explained in the following section.
1.2.4.1. Polyamideamine-epichlorohydrin

Polyamideamine-epichlorohydrin (PAE) is one of the most common additives to manufacture wet
strengthened papers [204-207]. It is synthesized by the reaction of polyamideamine chains with
epichlorohydrin and the resulting polymer has an amideamine repeating unit together with partial
cross-linking between polyamideamine chains through 2-hydroxypropane bridges originating from
the attached epichlorohydrin [208]. Therefore, the commercial PAE/water solutions are cross-linked
and highly dense polymers. Average weight and number molecular mass values of these polymer

could be around 1,140,000 and 27,000, respectively, with polydispersity index of 42 [209].

Wet strength is developed through a water-soluble three-dimensional network. This network is
formed by the crosslinking of cationic azetidinium groups present in the polymer structure with
carboxyl groups of cellulose when heated. The reinforcement and protection mechanisms

generated by PAE [210] are shown in Figure 13.
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Figure 13: Ester bond formations between azetidinium groups (highlighted) of PAE and either
carboxyl groups of cellulose fibres or carboxylate groups of PAE molecules
(Reprinted from The mechanism of wet-strength development of cellulose sheets
prepared with polyamideamine-epichlorohydrin (PAE) resin, 302/1-3, Takao
Obokata, Akira Isogai, 525-531., Copyright © 2007, with permission from Elsevier

[211]).

The reaction between azetidinium groups of PAE and carboxyl groups of cellulose fibres is the
predominant mechanism that contributes to wet strength. The protection mechanism is the
reaction of azetidinium groups through the amine groups of resin molecules to create a homo-
crosslinked network. These reactions generate a partial water-proof barrier around the fibre-to-
fibre contact point, which restrict water from hydrolysing hydrogen bonds and ionic bonds of

cellulose sheets when they are re-wetted. PAE also provides positive charges to the filter medium

Formation of ester bond
between PAE molecules

Possible, but nearly no
contribution to wet-strength
development
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through the positively charged site of azetidinium group highlighted in Figure 13. When PAE added
into a filter suspension, it is adsorbed onto negatively charged surfaces and creates available
positively charged surfaces for adsorption of negatively charged species. In this work, PAE is
employed as a wet strength agent as well as for charge modification of the filter medium. However,
this polymer has some major problems as a material in depth filters. Firstly, PAE contributes to AOX
(adsorbable organic halogen) content of waste streams by generating some toxic by-products [204].
This is usually a problem during PAE manufacturing step. However, PAE in paper and paperboard
products as an indirect food additive is also limited by food regulations since any uncrosslinked PAE
can be toxic for food products. Secondly, PAE has a short shelf life as it can homo-crosslink with
itself [204]. Thus, making depth filters with the same properties while minimising the use of toxic
PAE remains as the main issue. As discussed previously in section 1.2.2, nanofibrillated cellulose can
be a promising substitute for wet strength resin as a sustainable reinforcement material. However,
substituting PAE for NFC results in a complete change in the charge characteristics of filters and it
would no longer be possible to adsorb negatively charged contaminants. Accordingly, addition of
non-toxic cationic polymers would be essential. Therefore, the branched polymer polyethylenimine
and the linear polymer cationic polyacrylamide are considered for charge modification of filters.
Their contribution to wet strength is also investigated. The next two sections are dedicated for

discussion of these two polymers.
1.2.4.2. Cationic polyacrylamide

Polyacrylamide is the basis of many commercial flocculants [212] and it can be easily synthesized up
to very high molecular weights. Cationic polyacrylamide (CPAM) is a synthetic macromolecule made
from copolymers of acrylamide and various cationic derivatives of acrylic acid. CPAM is available in
branched and linear forms however linear CPAM is the type that is commonly used in the paper
making industry. Cationic polyacrylamide can be prepared by co-polymerization of acrylamide with
a cationic monomer, such as DDMAC [213] or by modifying the initial polyacrylamide chain. The

chemical structure of CPAM is given in Figure 14.
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Figure 14: The chemical structure of CPAM (Reprinted from The role of cationic

polyacrylamide in the reverse flotation of diasporic bauxite, 20/13, Guangyi
Liu,Hong Zhong,Yuehua Hu,Shenggui Zhao, Liuyin Xia, 1191-1199, Copyright © 2007,

with permission from Elsevier [214]).

CPAM has been used as a dry strength agent [215] and a retention aid [216] in the papermaking
industry. CPAM is available in a range of molecular weights up to 13 MDa [217] and charge density
up to 80% [218]. The efficiency of CPAM in some applications (e.g. flocculant) is usually dependent
on the molecular weight, charge density and molecular conformation [219, 220]. In this thesis, we
will investigate incorporating positively charged CPAM into filters for removal of charged

contaminants as well as investigating its contribution to wet strength development.
1.2.4.3. Polyethylenimine

Polyethylenimine (PEIl) is a cationic polyelectrolyte which is typically used in a highly branched form,
which can be modelled as a rigid particle [221]. PEI has long been employed to improve drainage
and retention [222, 223]. This polymer is produced from cationic polymerisation of aziridine
(ethylenimine) in an aqueous or alcoholic solution in the presence of an acid catalyst [224, 225]. The
weight average molecular weights (Mw) achieved with this synthesis are typically in the range
20,000-50,000 g/mol [226]. The effectiveness of the polymer increases with the increasing molar
mass. However, there would be a risk of forming an insoluble gel if the molar mass of the branched
form s too high, due to the branched characteristics of polyethylenimine chains [225]. The structure

of branched and linear PEl is shown in Figure 15.
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Figure 15: The chemical structure of branched (upper) and linear (lower) PEI (Reprinted from

Advances in Genetics, 53, Barbara Demeneix,Jean-Paul Behr, Polyethylenimine

(PEIl), 215-230, Copyright © 2005, with permission from Elsevier [227]).

The adsorption conformation of PEl is different than CPAM. PEl is adsorbed onto oppositely charged
surfaces as large rigid bridges, maintaining its shape without any reconformation and flattening
[228]. Unlike PEI, CPAM is adsorbed onto surfaces with a tails and loops conformation as shown in
Figure 12. PEl is a strong polyelectrolyte, with 20 to 40% of its amino groups protonated [229]. These

protonated amino groups associate with the oppositely charged surfaces [230].

In this thesis, PEIl is investigated as a charge modifying agent in our filter media. Additionally, the
effect of PEl on wet strength contribution is studied as there are some studies indicating that it
improves wet strength [231, 232]. PEIl particularly helps us understanding the effect of polymer

morphologies on the properties mentioned above.

One of the questions here is to investigate whether the adsorption of these cationic polyelectrolytes

onto fibres and adsorbents affects the adsorption capacity of the filters by blocking the pores.
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1.2.5. Cellulose based membrane/filter preparation techniques

This section briefly reviews preparation methods of cellulose fibre-based membranes and filters.
Phase inversion is the most widely used technique for polymeric membrane fabrication. However,
this method is not suited for making depth filters. Papermaking technique serves as a simple and
quick technique compared to traditional membrane fabrication techniques and is widely used for
depth filter production. There are also other techniques used for cellulose based membrane
preparation, even though they are not being used on a larger scale, such as electrospinning [233-
235], layer-by-layer deposition [236], solvent casting [237], spray deposition [238] and the sol-gel

process [239]. Phase inversion and standard papermaking techniques are explained in detail below.
1.2.5.1. Phase inversion

Majority of commercially available membranes are prepared by phase inversion method. This is a
process by which a polymer is transformed from a liquid or soluble state to a solid state [240]. Phase
inversion can be done by a number of techniques: solvent evaporation, precipitation from vapour
phase, thermal precipitation and immersion precipitation or dry—wet phase inversion [241-249].
The majority of phase inversion membranes are prepared by immersion precipitation [250-253].
Even though phase inversion has almost entirely been used for membranes prepared from fossil-
based polymers, increasing environmental restrictions have led to a demand for membrane
production from more environmentally sustainable polymers. Cellulose is one of the strong

alternatives as a bio-based membrane material [254].

Bio-based membranes are commonly produced in a similar way to the traditional fossil-based
membranes. Phase inversion technique still remains as the most widespread process for the
preparation of bio-based membranes [254]. Cellulose acetate (CA) membranes derived from the
acetyl substitution of the cellulose, have been widely used in industrial applications to reduce the
microorganism content in raw water as well as RO and UF processes [255-258]. A variety of raw
materials such as cotton, recycled paper or wood cellulose have also been used to produce cellulose

ester biopolymers [259].
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However, the performance of both petroleum and bio-derived polymer-based membranes still
needs to be improved further. Composite membrane materials formed by blending nanosized
inorganic and organic materials are attractive for the purpose of creating new materials with new
or enhanced properties such as high permselectivity, good hydrophilicity and excellent fouling
resistance compared with single organic or inorganic membranes [260]. Incorporating nanosized
organic/inorganic materials into polymer matrix has been widely studied in petroleum-derived

polymeric membrane fabrication [261-265].

The same blending approach has been studied in cellulose based membranes as well. Goetz et al.
[266] coated CA membrane surface with chitin nanocrystals. 5% self-assembled chitin nanocrystals
coating increased the strength of membrane by 131% and stiffness by 340%. The resulting
environmentally friendly membrane mixture has high hydrophilicity that significantly reduced
membrane fouling. Kanagaraj et al. [267] investigated the effect of incorporating hydrophilic surface
modifying macromolecules (SMMs) into CA matrix on the membrane flux, selectivity and antifouling
properties. Surface modified ultrafiltration (UF) membranes were prepared by phase inversion and
tested for protein and humic acid removal. The study showed that addition of SMMs to CA
membrane could reduce fouling from 40.6% to 25.6% showing that novel SMM modified filters play

an important role in water treatment by UF.

The phase inversion method requires the use of hazardous solvents during fabrication which can
pose some environmental problems. Therefore, other synthesis methods with lower impact are
sought. Furthermore, phase inversion cannot be used for depth filter preparation as the fabricated
layer by phase inversion is typically continuous with uniform pore size throughout the entire
thickness. However, depth filters are targeted to have a density gradient through the thickness with
a large variety of pore size, i.e., the upper layers remove the large particle from the fluid where the
fine particles are removed through the thickness. Such a structure cannot be obtained by a phase
inversion technique. Another drawback of the phase inversion method is that blending nanosized
materials with polymeric solution is also a challenge [268]. Adding high loading of nanomaterials

can cause particle aggregation, and in turn produce macrovoids [268].
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1.2.5.2. Papermaking

Paper media is a special sub-category of non-woven filer media and this paper-based filter media is
commonly made by wet laying of cellulose fibres onto a woven wire band [39]. In an industrial
papermaking process, the major sections of a paper machine consist of the forming section, press
section, and dryer section [269, 270]. The water in the suspension filters through the wire or forming
fabric driven by gravity or vacuum, which allows fibres to settle to produce a continuous sheet on
the forming section of a paper machine [270]. Commonly, the pulp slurry is made of cellulose fibres
and other additional components (inorganic fillers and polymers), if used, evenly fed onto the woven
fabric. The fibres settle randomly to form the sheet. In the press section, further dewatering of
sheets is performed by mechanical pressure applied through press or rotating rolls [269]. The next
step is drying section where the remaining water is evaporated. In this section, the web contacts a
series of internally steam-heated cylinders. These dryers are hollow, revolving and steam-filled
drums, applying heat to the web by contact [269]. This describes how a large-scale paper media
production is conducted. Applications of papermaking for filters can be found in various types of
laboratory filter papers, industrial filter papers, coffee filter and depth filters [271]. However,
standard papermaking is not used for membrane preparation as the random settlement of fibres
does not provide an absolute cut-off value. There will almost certainly always be larger pore sizes
than the nominal rating and random larger particles may pass through the filter. This limits the
suitability of paper elements for ultrafine filtering. However, they can be made of nominal cut-offs

in the range of 10-20 um or larger [39].

Standard papermaking method has been employed for decades as a rapid preparation method for
paper-based filter medium. Additionally, this method can be practised easily in laboratories as well.
In a laboratory scale filter preparation, sheet mixture is prepared in a slurry form and sheets are
formed on a small mesh by draining water. The time requires for water drainage and paper forming
can be greatly reduced by applying variable vacuum [90]. Once the sheets are formed, they are dried
by using different methods such as oven drying [272], hot pressing [273], air drying [274] and drying
under vacuum followed by a sheet dryer [275]. Filter sheet preparation by this method followed by

drying has been extensively studied in literature [44, 275, 276].
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Ichiura et al. reported a series of works [277-282] which address the preparation of cellulose-zeolite
filter sheets via papermaking technique. They tested adsorption performance of composite sheets
on gaseous compounds. In one of their study [281], they reported the use of a dual polymer system
to achieve high retention of the stock components. Their process involved mixing pulp slurry and
cationic polymer (polydiallyldimethylammonium chloride) (PDADMAC), followed by the addition of
inorganic suspension (Zeolite Y, kaolin and glass fibre) and anionic polymer (anionic polyacrylamide)
(A-PAM) respectively. The sheets were prepared in a hand sheet making machine according to TAPPI
method-205. The wet sheets were pressed under 350 kPa for 5 minutes and then dried in the oven
for 30 minutes at 105°C. They showed that these composite papers can be used as adsorbents for

the removal of gaseous compounds, such as volatile organic compounds (VOCs).

However, there are some drawbacks involved in papermaking process. Firstly, papermaking is a one-
sided filtration process. This leads to non-uniformities and agglomeration of fibres and inorganic
adsorbents in the sheet. The effect of this defect on depth filtration performance is unknown. Also,
depth filters have very high loading of inorganic adsorbents and the sheet structure with high levels
of inorganic adsorbents is another gap in knowledge. Retention of inorganic particles in cellulose
fibre matrix is a major issue in papermaking techniques, therefore, retention aids are often used to
bridge the particles to the fibre network. Retention can also be controlled by size of both fillers and

fibres. Higher aspect ratio fibres can entangle more and act as a mesh to retain the particles.

There are a few studies addressing the preparation of nanofibrillated cellulose membranes by this
technique [111, 283-286]. Varanasi et al. [111] prepared biodegradable and recyclable ultrafiltration
(UF) membranes from NFC, silica nanoparticles and polyamideamine-epichlorohydrin (PAE).
Membranes were made using a standard British hand sheet maker, which is reported as a simple
and rapid technique [287]. Silica nanoparticles were used to control the pore size of the NFC fibre
network by filling the largest pores. Silica nanoparticles have been employed as fillers in many
different applications because they can promote adhesion between materials. Additionally, they are
favourable due to their high mechanical strength and high thermal stability. However, one of the
challenges regarding nanoparticle addition to NFC fibre network is retention of those nanoparticles.
Therefore, PAE was added to increase the retention of negatively-charged nanoparticles in the fibre

network and also to improve the wet strength of the membrane. Pure NFC membranes were also
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fabricated as control samples. These membranes showed high flux but low rejection due to large
pore size of the membranes. In contrast, composite membranes showed greatly improved rejection
of 300 kDa PEG at the same thickness membrane, thanks to the controlled pore size provided by the
silica nanoparticles. These results demonstrate the potential of NFC composite membranes in
ultrafiltration. The produced membranes can also be recycled with a conventional paper recycling
process. While there have been several studies addressing membranes from nanofibrillated
cellulose, it is not clear how depth filters will perform when NFC is added as part of a papermaking
process. There are some studies on adding NFC to conventional pulp fibres to make paper [78, 288-
290]. However, application of NFC in depth filter manufacture, as mentioned in section 1.2.2, is a

significant gap in knowledge.

In this thesis, papermaking technique is used to form the cellulose fibre composite filters. A mixture
of cellulose fibre, perlite particles and PAE is prepared as a slurry before papermaking. Perlite
particles are easier to retain than nanoparticles as they are in micrometre range. However, PAE also
helps to retain the perlite particles. Following the preparation, sheets were characterised in terms
of both structural characteristics and filtration properties. The next section reviews the different

characterisation techniques to analyse the performance of filters.
1.2.6. Characterization techniques for cellulose based filters/ membranes

Characterisation of the filters with different techniques is the most crucial part after the fabrication
process. As the overall goal of this thesis is to improve the current filter products, structural and
performance-based characterisation is essential to have a deep understanding about them. There
are three important aspects that need to be characterised. Firstly, the filter structure must be
measured by imaging and porosimetry techniques. Secondly, the surface chemistry must be
characterised. Thirdly, the separation performance must be quantified as this is the main purpose
of the filter production. The next sections cover the different techniques that are used to

characterise the filters in this thesis.
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1.2.6.1. Imaging techniques

Imaging techniques are one of the primary tools to observe the structure of the membranes and
filters. Optical microscopy is mainly used for biological samples [291]. However, it can also do
surface and cross-sectional imaging in paper like materials down to 1 um resolution. It only provides
two-dimensional characterisation; imaging in the z-dimension is not possible. Due to the wavelength
of visible light which limits the magnification, the use of optical microscope is limited in the
characterisation of nanomaterials and composites. The limitations in optical microscopy have led to
use of advanced microscopic techniques to produce highly magnified images of nanomaterial

surfaces.

Electron microscopy (EM) techniques such as transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) are widely used as advanced imaging techniques. Both SEM and TEM
can image morphological characterization (shape, size, roughness, etc.) and can also have an
analytical mode for chemical information (elemental analysis by X-ray energy dispersive
spectroscopy, EDS) [292]. SEM is most commonly used to understand sample morphology. It gives
only a two-dimensional (x- and y-) image of the sample, while the z-dimension cannot be observed
directly [293]. In SEM, electron beams are traversed over each point of a specimen surface. Then,
the reflected electrons from each point on the specimen, resulting from the interaction between
electrons and sample, are collected by a detector and converted into images [294]. The resolution
of SEM is limited to 5 nm, which can only be achieved under vacuum [293]. However, SEM is limited
to a very small area and it is a continual question as to whether images are representative of the
whole sample. Also, it is not possible to estimate the pore size distribution and porosity throughout

the sample only with surface visualisation by SEM.

TEM is used to visualise atomic structures in samples. This is achieved by an interaction between a
high-energy beam of electrons and the sample [293]. The basic principle of TEM is based on
transmitted electrons through the specimen to form the sample image. This is different from SEM
where backscattered and secondary electrons emitted from specimen surface are used for image
construction. TEM can be used to structurally and chemically characterise particles at high spatial
resolution close to 0.1 nm [295]. For example, TEM images can be used to show the distribution and

dispersion of nanoparticles in polymer matrices of nanocomposite materials [293]. It is capable of
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imaging at a significantly higher resolution and producing high-quality images. However, it requires
a special sample preparation to obtain a good contrast. Furthermore, the specimen thickness in TEM
is generally limited to a few hundred nanometres to be able to have a proper image formation

[296].

X-ray computed 3D tomography is another tool which is used to assess the three-dimensional
structure of the composites. It is a non-destructive method that uses X-rays to produce cross-
sectional images, or virtual slices of specimens, allowing users to see inside the object without
cutting [297]. The basic principle is based on a set of images of beam transmitted through the
sample while the sample is rotated to different positions in small increments for each image taken
[298]. The 3D structure is then reconstructed from these images. X-ray microtomography allows 3D
imaging of most paper grades at a high resolution of approximately 1 um [298]. This resolution is
sufficient for observing most features of the fibre network and having a structural assessment.
However, it is not sufficient to detect all fine fibres and inorganic particles. Although, it is not
sufficient to observe everything, we can still obtain both a quantitative and a qualitative analysis on
the internal structure of composites showing how the fibre network can build up to form the
composite. It is possible to quantify length, diameter and orientation distributions of fibres as well
as void ratio of the composites from the reconstructed 3D images [299]. No specific sample
preparation is required for this technique and the sample dimension used for the analysis is usually

in mm range. However, the small dimensions might not be representative for the entire sample.

In this thesis, the composite depth filters are characterised using SEM and 3D X-ray tomography
techniques. SEM is used to image the surface and cross section of the composites, as well as
measure fibre diameter and particle size distribution, while X-ray tomography is used to observe

the void formation in the composites.

1.2.6.2. Pore size distribution and porosity

Pore size and porosimetry are also important to characterise. They are particularly significant to
identify the extent of size exclusion that can be performed by a filter. The overall porosity, together
with pore size, would also have an effect on the flux of the filters. Pore size and porosity can be

estimated by mercury porosimetry for cellulose fibre composites [300] and other porous samples
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[301, 302]. A small specimen is first dried to empty the pores from any existing fluids or
contaminants and then tested by applying increasing pressure to the sample immersed in mercury.
The size of the pore that the mercury can enter decreases, as the pressure increases. Mercury
porosimetry can be used to measure pore sizes between 3.5 nm to 500 um [111, 303-305]. However,
this technique has some limitations. One of them is that it usually estimates the largest entrance of
the pores, not the actual inner pore size. Any closed pore would remain unanalysed [303]. Also, this
calculated pore size assumes a cylindrical pore geometry, which might not be the case for each pore
[303]. However, mercury porosimetry is still an extremely useful technique that provides important

information about porosity of samples [303].

Gas adsorption is a technique that can performed with gases such as nitrogen (Nz), Krypton (Kr) and
Argon (Ar), for surface area and pore size characterisation of porous materials. Gas adsorption
allows assessment of a wide range of pore sizes (from 0.35 nm up to > 100 nm) [306]. This range
includes the complete range of micropores (less than 2 nm) and mesopores (2-50 nm) and even
some macropores (greater than 50 nm) [306]. Additionally, gas adsorption techniques are
convenient to use, non-destructive and are not as costly as mercury porosimetry. Therefore, this
technique is very useful to analyse the pore size characteristics of mesoporous industrial adsorbents

such as zeolite and perlite [151, 307, 308].

In this thesis, mercury porosimetry is used to estimate the pore size distribution and porosity of the
final composites as the composites’ pore size is in the range of applicability of mercury porosimetry.
Also, N3 adsorption is used to analyse the surface area and porosity of the inorganic filler, perlite,

used in the filter preparation.

Table 3 below presents a summary of particular size-based features of filters along with the imaging
and porosimetry techniques that are used to measure them. The features are given based on perlite
particles and refined cellulose fibres. Features on the final filter products are given based on a widely

prepared reference filter sample that can be found in the following chapters.
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Table llI: Particular features of filter and filter components with the characterisation

techniques used.

Feature Method Approximate value
Mercury
Filter pore size distribution . Pore size: 1-3 um
porosimetry
Expanded perlite surface area Gas adsorption | BET surface area: 3.3372 m?/g
and porosity (3Flex) BHJ adsorption average pore diameter: 14 nm
Perlite particle and Perlite particle size distribution: 5-10 um
nanofibrillated cellulose size SEM Nanofibre size distribution: 50-55 nm
distribution
Cross section imaging and 3D X-ray

Void Fraction: 14%
porosity of the filter tomography

1.2.6.3. Surface chemistry

Surface chemistry is an important parameter which can impact the membrane and filter
performance. Surface chemistry in filters and membranes can be described as the physical and
chemical phenomena that occur between filter medium and the surrounding medium. These
interactions are important as they may affect membrane flux, rejection and fouling. So,
characterisation of membrane surface properties is essential, and it can be performed via
spectroscopic techniques, microscopic techniques and characterisation of surface charge [309].
Surface modification is a very widely used method to increase interactions between
membrane/filter surfaces with the surrounding molecules that will increase the retention of
contaminants. First, these chemical modifications can be investigated through Fourier Transform
Infrared (FTIR) spectroscopy that uses electromagnetic radiation. The FTIR uses a beam of IR light
that is passed through the sample and the transmitted energy is detected and used to produce the
resultant spectrum [309]. FTIR is one of the most commonly used spectroscopy techniques. When
used in Attenuated Total Reflectance (ATR) mode, FTIR can be used to assess the functional groups

present in membrane surfaces [310-312].
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Raman spectroscopy is a complementary method to IR spectroscopy. It is possible to obtain both
gualitative and quantitative information on polymer functional groups and structure and also their
conformation and orientation [313, 314]. It uses a beam of monochromatic laser light, with a
frequency range varying from the visible to near UV, passing through a sample. This technique is
sensitive to molecular vibrations, rotations and other low frequency modes and in turn, can provide
useful information on the crystalline structure of polymers and other macromolecules [315, 316].

Membrane fouling can also be investigated by Raman spectroscopy [317].

Other spectroscopic techniques that are used for membranes can be listed as follows. Nuclear
Magnetic Resonance (NMR) can be used to investigate polymer blend miscibility in membrane
fabrication [318, 319]. Electron spin resonance (ESR) gives absorption spectra of a particular
material which can provide information about the chemical and structural properties of a material
[320]. X-ray photon spectroscopy (XPS) is a quantitative surface analytical technique and provides
information on the surface elemental composition [321, 322]. Small angle scattering spectroscopic
techniques using neutron (SANS) and X-rays (SAXS) are used for the characterisation of membrane

structures at length scales typically in nanometre range [323].

Additionally, SEM and TEM can provide information about the elemental composition of
membrane/filter surfaces by using a technique called energy dispersive X-ray (EDX) spectroscopy

[324, 325].

Contact angle measurements are conducted to understand surface wetting which controls
interaction between fluids and solid surfaces. The degree of wetting is controlled by surface
morphology, surface energy and charge, liquid pH and temperature [326]. The wettability or
hydrophilicity is measured by contact angle formed by a droplet of a fluid, commonly water, on the
surface of a material [309]. Wettability is important as it affects water flux, solute rejection as well
as fouling behaviour [309] and there are numerous studies that measure wettability by contact

angle [312, 327, 328].

Lastly, surface charge measurement is of great importance to membrane characterisation.
Membrane surface charge mediates the separation properties of the membrane, the extent of
fouling as well as concentration polarisation [329]. As the actual membrane surface charge is very

difficult to quantify, zeta potential estimation is more extensively used as a representative for
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electrical potential of the membrane surface. The interactions between charged species and the

membrane surface lead to an arrangement of charged species on the membrane surface called the

electrical double layer (EDL) [330]. Charge in the EDL is highest close to the membrane surface and

steadily decreases with increasing distance from the membrane surface [329, 331]. Counterion

concentration is higher near the membrane surface than in the bulk solution to neutralize the charge

of membrane surface. Figure 16 below shows the distribution of ionic species in the EDL as a

function of distance from the surface.

Figure 16:
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18 - Electrokinetic Phenomena for Membrane Charge, 405-422, Copyright © 2017,

with permission from Elsevier [329]).

The layer where ions are close to the membrane surface is the Stern layer. Beyond the Stern layer,

where ions are free to move by thermally driven motion, is the shear plane. Zeta potential (7) is
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defined at the shear plane. Zeta potential measurement has been used in many studies to

characterise the surface charge [332-336].

1.2.6.4. Filtration performance

Filtration performance of composites is the primary characteristic of the filters that needs to be
investigated. Filtration performance is measured from the molecular weight cut-off (MWCO) and
particle size cut-off that give retention rates of contaminants by a filter. These performance
measures are important for all types of membranes and filters. For depth-type adsorption filters,
the breakthrough curve is also important. These curves show how the concentration of a
contaminant increases with time as the adsorbent becomes saturated. Flux and pressure drop are
the other key performance parameters for all types of membranes and filters. These parameters
are all linked to each other while filtration is performed. For example, for constant pressure
operations, increased pressure will result in a quicker filter fouling and a decrease in flux. Also,
adsorption capacity will decrease due to the decreased contact time of feed solution with the filter

material. All these parameters are explained in detail below.

Commonly, a dead-end stirred cell filtration unit is used to assess the performance of filters and
membranes [284, 285, 337]. A dead-end stirred cell filtration unit has detachable parts which consist
of a top part with a lid connected to pressurised gas, a middle cylindrical cell body with a constant
volume and a lower grooved base where the filters are placed [338]. Various device sizes are
available with different volumes. The flow is usually generated by gas pressure while the feed
solution is inside the cell. However, there is also a different type of setup which involves small filter
housings where the feed solution is pumped through the housings by a peristaltic pump [339]. The
stirred cell unit is working with constant pressure mode, while the filter housings with peristaltic
pump are working with constant flow rate. Both filtration processes are characterised by monitoring
the non-constant variable across the membrane. The difference between these two operating

modes is explained in section 1.2.1.1.1.

Even though dead-end stirred cell filtration unit is the most commonly used device for
characterisation of filters and membranes at the laboratory scale, most industrial applications use

cross flow filtration [340, 341]. Cross flow filtration is used to enhance the filter performance and
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service life. This type of filtration is used industrially in depth filters as well as RO, NF and MF
applications as it allows continuous feed while reducing clogging [341, 342]. The difference between

dead-end and cross flow filtration is explained previously. (Section 1.2.1.1.1.)

At the end of each filtration process, permeate solution is analysed further to calculate the rejection
rates of species involved. Particle rejection can be simply calculated by measuring the concentration
of particles in feed and permeate. Membranes can also be characterised by their molecular weight
cut-off (MWCO). MWCO is the smallest molecular weight of solute species, of which the membrane
could achieve more than 90% rejection [8]. The separation mechanism is mainly the size exclusion

and nominal ratings of membranes are correlated with the pore size of a membrane.

Adsorption-based separation involves the surface and electrostatic interactions between solutes
and membranes, which are highly depended on the surface and physiochemical properties of solute
molecules and membranes. Breakthrough curves are very commonly used to assess adsorption
performance [343-345]. These curves show the concentration of an adsorbate in the filtrate as a
function of time. Therefore, it allows us to identify the time that adsorbent reaches saturation point
and replacement is required. Furthermore, adsorption capacity can be easily calculated from the

curves.

Permeate flux is another important parameter to measure. Flux is defined as the volume that is
flowing through the membrane per unit area per time. It is usually expressed in Litres per square
Meter per Hour (LMH) at a given pressure. Flux is also an indication of the pore size of a membrane.
Furthermore, monitoring the change in flux can provide a good indication of fouling. Decreasing flux

indicates the increased fouling in membrane in time.

In this thesis, we perform separation by two mechanisms: rejection of particulate materials and
adsorption of solute molecules. Therefore, a setup which can assess both aspects is required. We
used a dead-end stirred cell filtration unit with a gas cylinder under constant pressure mode. In our
case, an additional micro flow cell is connected between the cell body and UV-Vis (Ultraviolet
Visible) spectrometer. This is done to obtain a continuous flow of permeate through UV-Vis
spectrometer to continuously measure particular contaminants in the permeate. Therefore, we

could obtain dynamic breakthrough curves for the evaluation of adsorption performance, while

54



CHAPTER 1

particle rejection is calculated by measuring the concentration of species in permeate by either UV-

Vis spectrometer or by a total carbon analyser (TOC).
1.2.7. Perspective and conclusion

Depth filters made of cellulose fibre composites are mainly of interest for industrial applications.
Depth filtration uses a combination of size exclusion and adsorption-based separation. This concept
brings some advantages to the filtration process, such as larger surface area for separation in the
core of the filters, which makes it attractive for industrial use. The use of depth filters is mainly in
food and beverage and pharmaceutical industries. In literature, Sehaqui et al. [33] reported the
nanoparticle (NP) capture by depth filters prepared only from NFC fibres by water-based
cationisation and freeze-drying. Separation of NPs were performed by surface interaction and
tortuous structure that is built by the NFC network. They concluded that the NFC depth filters offer
an alternative to the current membrane technology by allowing the retention of NPs in its interior
area. Retention of NPs was analysed both in terms of adsorption with surface interactions and size-
exclusion. In another study, commercial depth filters were tested for use in DNA retention [339] and
found to be very effective. Even though there are studies about depth filters in literature [346-349],
there are only limited studies of cellulose fibre-based depth filters. Therefore, more research efforts
are required to engineer and improve the performance of depth filters by new concepts with
reduced impact on the environment. The potential areas to explore in depth filters are defined

throughout this review, and now they are summarised as gaps in knowledge in the next section.

1.3. GAPS IN KNOWLEDGE

This critical review has highlighted the principles of liquid filtration, depth filters, preparation of
cellulose fibre composites as depth filter products including the detailed review of each component
and followed by the emerging use of cellulose based materials in the filters and membranes field.
The review has shown us that depth filter provides more efficient contaminant capture as compared
to surface type membranes. However, this review has also identified a number of significant gaps

in the literature.
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There are studies on depth filters in literature; however, these are mainly covering conventional
depth filters. There are not many studies which have researched new concepts in depth filters to
improve the performance. Firstly, the impact that can be added to filters by nanofibrillated cellulose
addition to improve filter functionality remains unknown. Secondly, the role of inorganic fillers and
charged polymers is not fully explored. Depth filters are composites combining cellulose with an
inorganic filler and a charged polymer. Therefore, the role of each component must be investigated

and identified properly in terms of both structural changes and separation performance.

The need for new developments in membrane technology is already a well-known fact and there is
intensive research in this field. However, there is much less research on depth filters, even though
they are commonly used in industrial applications. The extent of performance improvement that
can be provided by structural changes has not been investigated. Therefore, new state-of-the-art

structures are required for depth filters to produce high filtration performances.

Lastly, current depth filter products still use PAE to produce the required wet strength, which
generates some toxic by-products. Filters must be produced with more environmentally benign
components to be sustainable. Therefore, the other gap that clearly appears here is the need for

cleaner production with environmentally-friendly filter components.

The critical issues identified as significant gaps in knowledge are:

1) The effect of perlite particles, charged polymer as well as increased fibrillation of cellulose fibres
on the depth filter structure and depth filtration performance
e What is the effect of perlite loading and charged polymer concentration on the structure
of filters and their separation performance?
e What is the effect of increased mechanical treatment of the fibres on the structural
properties of the final filter product?
e Does the changing fibre morphology and filter structure have an impact on the
adsorption and size exclusion characteristics of the filters?
2) Engineering new innovative structures for depth filters with improved functionalities
e What impact does single layer versus multi-layer formation have on the adsorption and

size exclusion performance?
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e What effect does single versus multi-layered structure have on flux?

e How does coating nanofibrillated cellulose top barrier layer onto depth filters affect the
adsorption and size exclusion performance?

3) Development of cleaner filter products

e Would it be possible to fully or partially replace the toxic wet strength resin (charged
polymer) with nanofibrillated cellulose without changing the properties?

e How does eliminating wet strength resin affect the charge characteristics of the filters?

e What s the overall effect of reducing the charged polymer component on the adsorption

properties of the filters?

These gaps in knowledge have then been addressed by the research objectives of this thesis, which

are discussed next.

1.4. RESEARCH OBIJECTIVES

This doctoral thesis has three crucial research objectives. The first objective is to understand the
effect of each filter component, as well as increasing fibrillation of cellulose fibres, on structural
characteristics and filtration performance. This is done to have a better understanding about
structure-property relationship of these cellulose-fibre composites as filter products. The second
objective is engineering new filter structures and subsequently characterising their separation
performance to develop an innovative approach in the filter production. The production of cleaner
filter products to have a reduced impact on the environment is the third objective. Our research

aims are as listed below.
The specific research aims are:

1. Quantify the effect of each component in filters and increased mechanical treatment on
cellulose fibres on structural changes as well as adsorption and particle filtration characteristics
of the filters.

2. Quantify the effect of introducing multi-layers and multi-interfaces within and between the

filters on adsorption and size and molecular weight cut-off characteristics.
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3. Quantify the effect of coating nanofibrillated cellulose top barrier layer on top of the filters to
improve overall filtration performance.
4. Develop cleaner filters by using nanofibrillated cellulose as a substitute for the toxic wet strength

agent, PAE, and adjust the filter charge with other cationic polymers.

1.5. THESIS OUTLINE

This thesis consists of four experimental chapters of which three of them are already published and
one is under final review. All published papers are reformatted for a consistent presentation whilst
the content remains unchanged. The original publications are provided in Appendix II.

A chapter-by-chapter outline based on the research aims, the conducted research studies and the

successful outcomes are presented.
e Chapter 1 - Introduction and Literature Review

This chapter reviews the preparation of cellulose fibre composites as depth filters along with a
detailed review of each component of the filters. The preparation and use of composites in filtration
processes are reviewed further and the current understanding and gaps in knowledge are identified

from literature review. The research objectives are defined in order to address the gaps identified.

e Chapter 2 - Engineering Cellulose Fibre Inorganic Composites for Depth Filtration and

Adsorption

Aysu Onur, Aaron Ng, Gil Garnier, Warren Batchelor. Engineering cellulose fibre inorganic

composites for depth filtration and adsorption, Sep. Purif. Technol. 203, 2018, 209-216.
Impact factor: 3.927

Depth type composite filters are porous materials heavily loaded with adsorbents and can remove
contaminants from liquids by combining mechanical entrapment and adsorption. There is still a
need for developing high performance filters by controlling the internal structure at micro and nano
level. In this study, highly fibrillated cellulose fibres with increased surface area was used as partial
substitute for the fibre matrix to tailor the filter structure as well as the adsorption and filtration

performance. Polyamideamine-epichlorohydrin (PAE) was added both to adjust the charge of
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medium and provide wet strength. Filters were fabricated by embedding perlite particles into the
cellulose fibre matrix by papermaking technique. The structure of composites was characterised for
pore size distribution and surface morphology. Adsorption and filtration characteristics were
guantified using two model dyes and silicon dioxide particles. Adsorption was found to be
electrostatically controlled and dependent on the charge of the dye molecules and the filter
medium. The addition of NFC doubled the removal of a cationic dye by increasing the surface area
and the available negative charges; it however decreased the removal of an anionic dye by 75%.
PAE addition decreased the adsorption of the cationic methylene blue dye, while increasing the
adsorption of the anionic metanil yellow dye. Rejection by filtration of 1 um particles was over 90%
for all filters. This study demonstrates that highly fibrillated cellulose fibres combined with a cationic

wet strength polyelectrolyte can be used to tailor the filter structure and properties.

e Chapter 3 - Multi-Layer Filters: Adsorption and Filtration Mechanisms for Improved

Separation

Aysu Onur, Aaron Ng, Warren Batchelor, Gil Garnier. Multi-Layer Filters: Adsorption and filtration

mechanisms for improved separation, Front. Chem. 6, 2018, 417.
Impact factor: 4.115

The aim of this chapter is to quantify the effect of different filter configurations on filtration and
adsorption properties. Even though there are many studies regarding improvement of membrane
processes, the literature is still lacking in how depth filter structure and in turn the performance can
be engineered. In our study, we investigated the effect of introducing multi-interfaces on structure

of filters as well as liquid filtration performance.

Filters made of cellulose fibre and perlite particles were prepared using a wet laying papermaking
technique. Polyamideamine-epichlorohydrin (PAE) was added to provide wet strength. Filters were
prepared at two different total basis weights of 200 and 400 grams per square metre (gsm). Single
and multi-layered filters were structured for each total basis weights. The effect of total basis
weights and multi-layered structure on methylene blue adsorption and silicon dioxide (SiO3) particle
filtration was investigated. Methylene blue adsorption was performed either under constant

pressure or constant flow rate. In both operational modes, the adsorption capacity of multi-layered
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filters was 16 to 100% higher than for single-layer filters at the same overall weight. The effect of
layer separation was also characterised using polypropylene separators and tested under constant
flow rate operation. Separators provided more effective methylene blue adsorption by generating
a well distributed flow. Filtration performance was quantified with 0.5 um silicon dioxide particles
under constant pressure conditions, in order to mimic bacteria rejection. Filtration capability of SiO2
particles was reduced slightly (12%) with decreasing individual filter layer thickness regardless of
the multi-layered structure. Filtering polyethylene glycol (PEG) molecules with two different
molecular weights was performed; however, no rejection was recorded. The filter internal pore
structure was visualised by 3D-X ray computed tomography and the void fraction was quantified.
400 gsm single layer presented areas of low fibre density forming pores, while the pore volume

decreased for thinner filter layers.

e Chapter 4 - Cellulose Fibre-Perlite Depth Filters with Nanofibrillated Cellulose Top Coating for

Improved Filtration

Aysu Onur, Kirubanandan Shanmugam, Aaron Ng, Gil Garnier, Warren Batchelor. Cellulose Fibre-
Perlite Depth Filters with Cellulose Nanofibre Top Coating for Improved Filtration (Manuscript is

under final review with Cellulose)

Impact factor: 3.809

Depth type composite filters are used to remove contaminants from liquids by combining
mechanical entrapment and adsorption. Commonly, adsorption of one type of charged
contaminants and micro particle filtration are successfully performed with depth filtration.
However, it is not fully possible to obtain multiple functionalities in one type of depth filter, such as
adsorption of oppositely charged contaminants as well as ultrafiltration. Therefore, there is still a
need of new techniques to improve the existing filter performances with small modifications made
on filters. In this study, we investigate the effect of adding a top barrier layer on imparting additional
functionalities to the filters. The original depth filters remain unchanged in terms of composition
and preparation and the nanofibrillated cellulose fibre layer that is coated on top of the filters
becomes the primary area to explore. Depth filters were prepared with cellulose, perlite and PAE

via papermaking technique with a set composition and used as base sheet. Nanofibrillated cellulose
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fibre barrier layers were coated onto base sheets by spray coating technique. Different thicknesses
were investigated in terms of water flux, adsorption of a positively charged contaminant and
rejection of two different molecular weights of a polymer. Additionally, barrier properties were

analysed according to air permeability.

In summary, NFC barrier layers added functionalities in filters that were not previously available.
NFC top coating enabled us performing rejection up to more than 80% of two different molecular
weights of PEG, 600 and 5000 kDa. Furthermore, removal of positively charged contaminants
increased significantly after adding NFC layer. The coating of the layers was done by a technique
that is as simple as a spray coating. This technique is also robust in terms of getting an adequate
internal strength at the interface of base sheet and top layer. However, the major drawback was
the reduced flux caused by NFC layers. Our study shows that the concept of top barrier coating is a
promising and easy method to improve the filter performance and increase the depth filter

functionality.

o Chapter 5 - The Use of Nanofibrillated Cellulose to Reduce the Wet strength Polymer Quantity

for Development of Cleaner Filters

Aysu Onur, Aaron Ng, Gil Garnier, Warren Batchelor. The use of cellulose nanofibres to reduce the

wet strength polymer quantity for development of cleaner filters, JOCP, 215, 2019, 226-231.

Impact factor: 5.651

Polyamideamine-epichlorohydrin resin (PAE) is one of the most commonly used wet strength agents
in the papermaking industry. However, adsorbable organic halogens (AOX) are known to be a toxic
side product of the PAE manufacturing process; therefore, the use of PAE is restricted by regulations
for food and medical applications. In this study, we investigated partially replacing the indirect food
additive, PAE, with a renewable, biodegradable material, nanofibrillated cellulose (NFC), in order to
drastically reduce the amount of PAE used while maintaining the same wet tensile strength
properties. The concept is to replace covalent bonds by hydrogen bonds and to drastically increase
bonding area. Depth-type filters were prepared with cellulose (30%), perlite (70%) and lesser
amounts of PAE via papermaking technique. A small fraction of cellulose fibre composition was

substituted with NFC while the PAE amount was gradually decreased. The substitution of positively

61



CHAPTER 1

charged PAE for negatively charged nanofibrillated cellulose switched the overall charge of the
system from cationic to anionic. Therefore, two cationic polyelectrolytes, CPAM or PEIl, were

investigated to control the overall charge and adsorption performance of the filter system.

The substitution of NFC enabled PAE dosage to be reduced by over 95% while retaining the wet
strength properties of the filters. The wet strength obtained from the small quantity of wet strength
polymer could be further maximised by increasing the curing temperature to 150°C with a much
shorter curing period. The filters with reduced PAE dosage have also improved adsorption of
positively charged contaminants. However, for negatively charged contaminants a very minor
amount (around 25 mg) of cationic polymer addition would be required to maintain the
performance. Our study shows that partial replacement of fibre composition with nanofibrillated
cellulose allows us to reduce the quantity of wet strength polymer remarkably and achieve a
sustainable and environmentally-friendly concept for filter manufacturing or for any paper-products

requiring wet strength.

e Chapter 6 — Conclusion and Perspective
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PREFACE

Although depth filters have been studied in the literature, it is not clear how we can improve the
performance of depth filters further. In particular, the contribution of each component in depth
filters must be investigated to identify the role of each one of them much clearly. This is because
they can be delivering different functionalities to the filters with their own unique properties,
resulting in an enhanced filter performance. Therefore, this chapter explores the preparation of
depth filters comprised of cellulose fibres, perlite and a charged wet strength polymer,
polyamideamine-epichlorohydrin (PAE). Following filter preparation, the structural properties were
obtained by mercury porosimetry and scanning electron microscopy. Separation by surface
interactions and size-exclusion was investigated with a dead-end stirred cell. The effect of perlite

and PAE as well as increased fibrillation in cellulose fibres was investigated on these properties.

This chapter follows the first objective.
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2.1. ABSTRACT

Depth type composite filters are porous materials heavily loaded with adsorbents. They are
intended to remove contaminants from liquids by combining mechanical entrapment and
adsorption. There is still a need for developing high performance filters by controlling the internal
structure at micro and nano level. In this study, highly fibrillated cellulose fibres with increased
surface area was used as partial substitute for the fibre matrix to tailor the filter structure as well as
the adsorption and filtration performance. Polyamideamine-epichlorohydrin (PAE) was added both
to adjust the charge of medium and provide wet strength. Filters were fabricated by embedding
perlite particles into the cellulose fibre matrix by papermaking technique. The structure of
composites was characterised for pore size distribution and surface morphology. Adsorption and
filtration characteristics were quantified using two model dyes and silicon dioxide particles.
Adsorption was found to be electrostatically controlled and dependent on the charge of the dye
molecules and the filter medium. The addition of nanofibrillated cellulose (NFC) doubled the
removal of a cationic dye by increasing the surface area and the available negative charges; it
however decreased the removal of an anionic dye by 75%. PAE addition decreased the adsorption

of the cationic methylene blue dye, while increasing the adsorption of the anionic metanil yellow
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dye. Rejection by filtration of 1 um particles was over 90% for all filters. This study demonstrates
that NFC combined with a cationic wet strength polyelectrolyte can be used to tailor the filter

structure and properties.

2.2. KEYWORDS

Depth filter; adsorption; filtration; nanofibrillated cellulose; composite

2.3. INTRODUCTION

Liquid filtration is used in a vast range of applications such as water treatment, beverage and juice
filtration, pharmaceutical and industrial chemical filtration as well as medical purposes such as
blood filtration [1]. Membrane technology plays an important role in liquid filtration applications
and polymeric membranes made of polyamide, polysulfone and polyimide are widely used [2] due
to their mechanical and chemical resistances. However, these membranes suffer environmental
drawbacks as they are petroleum based, non-biodegradable and large quantities of solvents and
chemicals [3] are required for their production. These membranes perform separation only by
filtration/size exclusion and remain inefficient for the separation of small charged molecules. In
addition, membrane technology mainly relies on separation at the surface which is very susceptible
to fouling [4]. There is a need for environmentally benign products with improved functionalities
that can be reprocessed, recycled or will biodegrade at the end of their life. Depth type composites
using cellulose fibres provide a solution. Depth filters are porous materials heavily loaded with
adsorbents. These filters retain molecules not only on the surface but also within the media [5].
They can remove contaminants from liquids by combining mechanical entrapment with adsorption,

resulting in a higher removal capacity.

Nanofibrillated cellulose (NFC) has widely been explored as an alternative polymer in
membranes/filters due to unique properties such as high surface area, high strength, wettability,
ease of chemical functionalization and low environmental impact [6]. Cellulose is the most abundant
polymer and can be used in the form of fibres and derivatives in a vast range of products [7-10]. NFC
technology has significantly progressed in the last decade; the applications of NFC were reviewed

by Salas et al. [11]. The potential of NFC in filtration applications and its excellent adsorption
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capacity due to its high surface area-to-volume ratio have long been identified [12-18]. Even though
NFC performance for water treatment was demonstrated, most studies have focused on
functionalized NFC fibres with a variety of chemistries, improving pollutants binding efficiency [13,
19, 20]. This functionalization often requires expensive and toxic chemical treatments and can be
difficult to scale up, limiting industrial applications. Also, regulations for some applications, such as
food and beverage, often restrict filters’ chemical modification. The filters should be as chemical

modification free as possible.

Some studies have quantified adsorption with NFC based adsorbents using static experiments [13,
16, 18]; however, very few have reported particle rejection with dynamic experiments [14, 15]. This
is unfortunate as industry typically operates filters in a continuous mode instead of in a batch mode.
NFC composites with nano-ranged pore sizes have been explored for separation applications [21].
Keshavarzi et al. [22] investigated odour elimination with NFC-zeolite composites in separation
processes. However, limited number of studies have quantified NFC composite performance in
liquid filtration/adsorption. The following section gives an overview of dynamic studies of liquid

filtration or adsorption with NFC composites.

Varanasi et al. [23] reported the preparation of NFC composite membranes and showed their
potential in ultrafiltration. Silica nanoparticles were used to control the pore size of the nanofibre
network. The pure NFC membranes had high flux but the rejection of polyethylene glycol (PEG) was
low because of the large pores. Composite membranes showed better rejection performance as the
pore size was controlled by the silica nanoparticles. Control of composite pore size by nano particles
addition is a promising avenue in ultrafiltration. However, this study focused on molecular weight

cut off (MWCO) and ignored composite adsorption capability.

Karim et al. [24] investigated cellulose nano composites with functional cellulose nanocrystals
added on a supporting layer of micro-sized cellulose fibres for adsorbing heavy metal ions from
waste water. Nanocrystals promoted adsorption and the membranes showed excellent removal of
metal ions. However, particle filtration was ignored, and the cellulose nanocrystals used in
membrane preparation were isolated from a cellulose sludge using sulphuric acid hydrolysis. This a

tedious process requiring chemical treatment.
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There is a lack of fundamental separation understanding in terms of combining adsorption and size
exclusion for NFC composites under dynamic conditions. However, separation combining both
adsorption and size exclusion is needed for some applications. In beer and wine filtration, for
instance, it is necessary to remove bacteria and yeast particles to eliminate haziness [25] as well as

removing some ionic compounds to avoid bitter taste [26-28].

This study aims developing microporous filters with mechanically-treated NFC fibres and perlite, a
low-cost inorganic adsorbent. Composite filters combining adsorption and filtration are prepared
with a simple and scalable papermaking process. The performance of NFC as a partial substitute for
the fibre matrix of the filters is studied. Polyamideamine-epichlorohydrin (PAE), a cationic and cross-
linking polyelectrolyte, is selected to provide wet strength and control the charge of the medium;
PAE is food grade when fully crosslinked. Filtration and adsorption performances are evaluated
dynamically with two model dyes and silicon dioxide particles and analysed in the context of food

and pharmaceutical applications.

2.4. MATERIALS AND METHODS

2.4.1. Materials

The cellulose fibres used for the composites are unrefined northern softwood NIST RM 8495
bleached kraft pulp (with a typical fibre length of around 2.5-4 mm and 30 um wide) and bleached
radiata pine softwood kraft pulp refined to 400 Canadian standard freeness (CSF) in a disk refiner.
NFC fibres were prepared by processing refined pulp in a GEA Niro Soavi homogenizer at 800 bar at
both 1 pass and 3 passes.

Expanded perlite supplied by Dicalite Minerals Corp was used as an inorganic adsorbent.
Commercial PAE provided from Nopcobond Paper Technology Pty Ltd was used as wet strength
resin.

Methylene blue (MB) and metanil yellow (MY) dyes supplied from Sigma Aldrich were used to test
adsorption. 1 um monodisperse silicon dioxide particles from Sigma Aldrich were used to test

filtration capability of the composites.
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2.4.2. Methods

2.4.2.1. Preparation of filters

Prior to sheet preparation, dry pulp was soaked in 2 L deionised water overnight and then
disintegrated by a model MKIIC, Messmer Instruments Ltd for 75,000 revolutions. Following
disintegration, sheet suspensions were prepared by adding perlite suspensions to the pulp
suspensions. PAE (0.22% w/v) was then added at a rate of 100 mg/g fibre and the mixtures were
hand mixed before sheet making. 5 different composites and a control cellulose sheet were
prepared; the fibre component was varied as described with only 1/3 of the cellulose fibre
component. Composites were labelled based on the fibre composition and presence of perlite and

polymer as follow:
1) Refined -100% Fibre (1/3 refined pulp + 2/3 unrefined pulp)
2) Refined/Per/PAE -30% Fibre (1/3 refined pulp + 2/3 unrefined pulp) + 70% Perlite + 120 mg PAE
3) Unrefined/Per/PAE — 30% Fibre (3/3 unrefined pulp) + 70% Perlite + 120 mg PAE
4) Homogenized(1pass)/Per/PAE—
30% Fibre (1/3 homogenized (1 pass) + 2/3 unrefined pulp) + 70% Perlite + 120 mg PAE
5) Homogenized(3pass)/Per/PAE—
30% Fibre (1/3 homogenized (3 pass) + 2/3 unrefined pulp) + 70% Perlite + 120 mg PAE

6) Homogenized(3pass)/Per — 30% Fibre (1/3 homogenized (3 pass) + 2/3 unrefined pulp) +

70% Perlite

The cellulose component was always kept constant at 60 grams per square metre (gsm). For the

composites with perlite, the target total gsm was 200 gsm- assuming full retention.

A British hand sheet maker was used to form the composite filters. A wet strengthened qualitative
filter paper was deposited over the 150 micron size mesh and the suspension was poured into the
chamber and then drained through the filter paper to form the sheets uniformly. After sheet
formation, the wet sheet was separated from the mesh, placed between dry blotting papers and

pressed under 345 kPa for 5 minutes. The composites containing PAE were heated 30 minutes at
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105°C for curing and then air-dried in a humidity room (23°C, 50% relative humidity) overnight. The
sheets without PAE were air-dried in the humidity room for at least 24 hours without any oven

treatment.

2.4.2.2. Mercury porosimetry

Composite pore size distribution was measured with a Micromeritics’ AutoPore 1V 9500 series. This
technique quantifies a material’s pore size distribution and porosity by applying increasing
pressures (up to 60,000 psia) to a sample immersed in mercury and recording the volume of mercury
intruded into pores. Samples were cut into approximately 5 mm x 5 mm small pieces and degassed
for at least two days prior to characterization. A penetrometer with 0.412 mL stem volume was used
to carry out the measurements. After degassing, approximately 0.1 g of sample was placed in the
penetrometer and the analysis conducted. The volume of mercury intruded into pores is converted

to equivalent pore sizes using the instrument software [29].

2.4.2.3. Scanning electron microscopy

A FElI Nova NanoSEM 450 FEG SEM and a FEI Magellan 400 FEG SEM were used to characterize
surface and bulk morphology of composites and estimate fibre diameter. Samples were mounted
onto a metal substrate using carbon tape and coated with a thin layer of Iridium. Secondary electron
images of composites were captured. 2kV of accelerating voltage was applied for magnification up
to 100,000. For fibre diameter measurement, silicon chips were used to cast the fibres and iridium

coating was applied.

2.4.2.4. Adsorption and filtration

A Merck Millipore, model UFSC40001 dead-end stirred cell was used for adsorption and filtration
experiments. The stirred cell is pressure driven with a 0.00418 m? effective membrane area and 400
mL working volume. Samples were placed on the membrane holder at the bottom and the cell body
was filled with the prepared solution. The system was closed and pressurized by a compressed air
gas cylinder. Filtrate was passed through a quartz micro flow cell with 10 mm optical path length
sitting in an ultraviolet-visible (UV-Vis) absorption spectrometer and transferred to a beaker on a
balance. Both instantaneous absorbance and weight of the filtrate were measured every 10 seconds.

The schematic system is illustrated in Figure 1.
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Figure 1: Schematic illustration of the stirred cell experimental setup.

Preliminary adsorption experiments, performed at pressures ranging from 1 to 3 bar, identified the
optimum inlet pressure as 1.5 bar; data is provided in the supplementary section (Figure S1).
Adsorption results were determined at 1.5 bar with 400 mL of 5 ppm dye solution. 5 ppm dye
solutions were prepared by dissolving 5 mg of dye in 1 litre deionized water. Breakthrough curves
were obtained by plotting the instantaneous concentration (normalized by the initial concentration)
as a function of time. The calibration curves are provided in supplementary information (SI) (Figure

S2). Dye removal was measured from the concentration of initial feed solution and filtrate:

Initial dye concentration—filtrate dye concentration

Dye removal (%) = x 100 (1)

Initial dye concentration

Adsorption capacity of each filter was calculated with the following equation. The integral was
calculated from the area over the curve by trapeze method. Methylene blue and metanil yellow

adsorption capacities of the filters were given in Sl (Table Sl and SlI).

_ CrXxQ tend _ Cout
~ 1000xm Jo (1 Cr ) dt (2)
Where:

q: Capacity of the adsorbent (mg/g)
Cout: Concentration of MB in the filtrate (mg/g)
Cr: Concentration of MB in the feed (mg/g)

Q: Volumetric flow rate (cm3/s)
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tend: Time (s)
ms: Weight of adsorbent (g)

Filtration efficiency was measured with a 0.05wt % suspension of 1 um silicon dioxide particles.
Experiments were also conducted at 1.5 bar and concentration of silicon dioxide in suspension was

measured before and after filtration by UV-Vis spectroscopy to calculate filter rejection:

. . Initial feed concentration—Filtrate concentration
Rejection (%) = x 100 (3)

Initial feed concentration

Flux was calculated from the time to filter all of the suspension as:

Volume of filtrate (L)
area(m2)xtime (h)

FLUX (LMH) = (4)

Water was passed through the filters to remove any contaminants prior to adsorption and filtration

experiments.

2.5. RESULTS

2.5.1. Filter structure

2.5.1.1. Fibre size distribution

Fibre diameter size distribution of refined and homogenized pulps was measured from SEM images.
High magnification images (Figure 2) from completely different points of samples were acquired
with at least 100 individual fibres in total and the diameter of every individual fibre in standard
pictures was measured by image J, image processing software. The effect of increased fibrillation by
mechanical treatment is seen on Figure 2a-c. Low magnification images show that large fibres are
still present even after homogenization (SI, Figure S4). Histograms present fibre diameter size

distributions estimated from the high magnification images in Figure 3.
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L ——
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Figure 2: High magnification SEM images of: a) Refined pulp, b) Homogenized pulp by 1 pass

and c¢) Homogenized pulp by 3 passes.

The majority of the refined fibres in the high magnification images have a diameter centred between
45 nm and 50 nm and the diameter is decreasing with the intensity of homogenization treatment.
The average fibre diameters measured in these images fall to 25 nm to 40 nm after 1 pass and 20nm-

25nm after 3 passes homogenization.

Additionally, particle size distribution of perlite particles was measured by the same technique and

can be found in SI (Figure S5).
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Figure 3: Fibre size distribution of a) Refined pulp b) Homogenized pulp by 1 pass c)
Homogenized pulp by 3 passes.
2.5.1.2. Pore size distribution

Filter pore size distribution was measured by mercury porosimetry (Figure 4). The distribution of
pore size ranges from 1 to 3 um. Substitution of fibre composition with homogenized pulp resulted

in smaller pore sizes.

The cellulose sheet (Refined) has a smaller pore size distribution compared to composite combining
refined pulp, perlite and PAE (Refined/Per/PAE) even though the fibre content is identical. Perlite
addition increased the composite pore size by adsorbing between fibres. The peak intensity is also

significantly smaller which reflects that the number of pores at a specific pore size is lower.

The slight difference between pore sizes of composites Homogenized(3pass)/Per and
Homogenized(3pass)/Per/PAE demonstrates the effect of PAE addition. The sample with PAE

(Homogenized(3pass)/Per/PAE) has a slightly smaller pore size.
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Pore size distributions of filters measured by mercury porosimetry; effect of

homogenization intensity and addition of perlite and PAE.

Surface morphology

SEM images of filters made with different pulps homogenized to different intensities are shown in

Figure 5. Connectivity between fibres and perlite particles increases with the entangled network

created by NFC addition (Figure 5a-d). This connectivity results in a smoother, more closed surface

and a decrease in composite porosity.
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Figure 5: SEM images of composites: a) Unrefined/Per/PAE, b) Refined/Per/PAE, c)
Homogenized(1pass)/Per/PAE and d) Homogenized(3pass)/Per/PAE.

The arrows in Figure 5 highlight the changes in surface morphology. Arrows (i) and (ii) show the
perlite particles with sharp edges which became blurred with homogenized pulp addition in arrows
(iv). Addition of NFC smooths the edges and binds the perlite particles. Arrow (iii) shows the

presence of some remaining large fibres in sample Homogenized(1pass)/Per/PAE.
2.5.2. Adsorption and filtration

2.5.2.1. Adsorption with breakthrough curves

The breakthrough curves measured at 1.5 bar for all samples with MY and MB dye solutions are
shown in Figure 6a and 6b, respectively. Breakthrough curves present the normalized
concentrations as a function of time or effluent volume. They usually show a characteristic S shape

with varying degrees of steepness. All outlet concentrations are presented normalized with the inlet
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concentration: C/Co ranges from 0, for full adsorption, to 1, for no adsorption. Initially, the dye
molecules are adsorbed very effectively on the fresh adsorbent and the outlet concentration equals
zero. As the filters start to saturate, the outlet concentration gradually approaches the inlet

concentration and the normalized concentration (C/Co) increases to eventually level-off at one.

a)

0.8 -
——>Refined

g’ 0.6 Refined/Per/PAE
© 04 e Homogenized(1pass)/Per/PAE
Homogenized(3pass)/Per/PAE
0.2 e e o e Homogenized(3pass)/Per

0 200 400 600 800 1000 1200 1400 1600
Time (s)

5 ppm MB adsorption onto a) Homogenized(3pass)/Per and b)
Refined/Per/PAE
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Figure 6: Adsorption breakthrough curves for a) Metanil yellow and b) Methylene blue at 1.5

bar for filters of different charges and extent of mechanical treatment.

The two oppositely charged dyes showed two opposite adsorption behaviours onto the composites
(Figure 6a and 6b). Basically, no adsorption was recorded for the cationic MY dye onto cellulose
sheet (Refined) or composite made with homogenized fibres (3 passes) with no PAE
(Homogenized(3pass)/Per) (Figure 6a). By contrast, the cationic MB showed some affinity and
retention onto these same composites (Figure 6b). Here, Homogenized(3pass)/Per presents the
straightest breakthrough curve which indicates very strong attractive forces with MB- in the absence
of positively charged PAE. The very intense blue colour of the saturated filter after adsorption
(Figure 6b) indicates more MB adsorbed onto the composite with highly fibrillated pulp content

(Homogenized(3pass)/Per).

Adsorption occurs slightly differently for composites made only with refined pulp and those made
with two different homogenized pulps treated at different intensities. As fibre fibrillation increases
(homogenization or more passes in homogenization), composites increasingly repel the anionic dye-
metanil yellow and attract the cationic dye (MB). From Refined/Per/PAE through
Homogenized(3pass)/Per/PAE sample, attraction with MB (Figure 6b) and repulsion with MY (Figure

6a) increases with the fibrillation and increased surface area.
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Flux and total dye removal were measured (Figure 7). A maximum of 94% MB removal was achieved
with composites made with highly fibrillated cellulose but without PAE (Homogenized(3pass)/Per);
the maximum removal of MY was around 28% for the composites with refined fibres and PAE
(Refined/Per/PAE). Flux remained identical for both dyes for all composites. Flux remarkably
decreases with addition of homogenized pulps. The flow rates for each sample and both dyes are

reported in SI (Figure S3a-d).
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Figure 7: Flux and total dye removal (%) of samples with a) Metanil yellow and b) Methylene
blue dye solutions.
2.5.2.2. Filtration

The rejection rate of suspensions with 1 um SiO; particles was determined for the four different

filters at an inlet pressure of 1.5 bar. 1 um particles were selected as model bacteria (1 um and
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bigger) to be removed from food streams such as beer, wine or juice [27]. The effect of
homogenization, filter medium charge, inlet pressure and suspension pH on filtration performance
was measured. The rejection rate and flux are presented at pHs of 5.8 and 7.2 in Figure 8. The effect
of pH was tested as it is an important variable in applications such as food and pharmaceutical; pH
can affect cellulosic fibre pore structure and porosity through swelling and modifying bond strength.
Filters have more than 90% particle rejection rate at both pH; pH had no effect on rejection. Charge
of filter medium and inlet pressure also did not affect filtration efficiency. Rejection is around 99%
for the negatively charged cellulose composites made with homogenized fibres (3 pass)
(Homogenized(3pass)/Per). The same rejection rate of around 99% was measured for the
composites treated with PAE (Homogenized(3pass)/Per/PAE) at 2 different pressures (1 and 2 bar)

(Figure 8a).

(Figure 8b) Flux decreased remarkably after only 1/3 of the fibre fraction substituted with

homogenized fibres. Filtration flux decreased by 30% to 70% compared to dye solution adsorption

flux.
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Figure 8: a) SiO; particle rejection rate (%) of Refined/Per/PAE, Homogenized(1pass)/Per/PAE,

Homogenized(3pass)/Per/PAE, Homogenized(3pass)/Per at 1.5 bar and
Homogenized (3pass)/Per/PAE at 1 and 2 bar b) Adsorption and filtration flux of
Refined/Per/PAE, Homogenized(1pass)/Per/PAE, Homogenized(3pass)/Per/PAE at
1.5 bar.

2.6. DISCUSSION

The adsorption of dye onto the perlite-cellulose composites is electrostatically controlled. The major
effect of homogenization on adsorption is to increase surface area which also increases the surface
and density of accessible charges. An increase in negatively charged sites contributes either to
stronger repulsive or attractive forces between filter medium and dye depending on the system.
The effect of surface area is revealed by the breakthrough curves of composites made with refined
and homogenized pulps. Composites with refined pulp (Refined/Per/PAE) have less repulsive forces
with negatively charged dye (MY, Figure 6a) and less attractive forces with the cationic dye (MB,
Figure 6b) compared to other PAE treated composites. As homogenization is applied and the extent
of homogenization increases, increasing accessible negative charges on surface remarkably changes

the adsorption behaviour of dye molecules onto the composites.

Adding the cationic PAE both modifies the filter charge which changes its adsorption capacity and

improves the composite wet strength by cross linking cellulose fibres. For the cationic dye (MB), the
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electrostatic interactions, maximized by the elimination of PAE, yield higher adsorption capacity. In
contrast, PAE triggers higher adsorption of anionic dye (MY) onto the composites. The addition of
negatively charged perlite particles also changes the adsorption behaviour significantly; this is
similar to the effect of mechanical treatment of fibres and cationic polymer. The remarkably
improved breakthrough curve of Homogenized(3pass)/Per (Figure 6b) is attributed to perlite acting

as an excellent filter aid [30].

Nanofibrillated cellulose addition, achieved by fiberizing a fraction of cellulose fibres (1/3), did not
affect the filtration performance significantly. (Figure 8a). The slight decrease in SiO; rejection rate
by composites made of highly homogenized fibres (Homogenized(3pass)/Per/PAE) at 1.5 bar) is
within experimental error. Increasing fibrillation through mechanical treatment intensity did not

increase filtration performance.

Homogenization on refined pulp creates a dense and highly fibrillated NFC network with a decrease
in fibre diameters. The filters made with a small fraction of nanofibres have a more compact and
connected structure. The pore size distribution changed remarkably by only substituting 1/3 of the
pulp by homogenized fibres. This is due to the web like entangled structure of NFC. The more
fibrillated the fibres are, the denser the structure is and the less and the smaller the voids developed
between fibres are. Composite porosity and pore size distribution can be controlled by modifying
fibre diameters. As the homogenization forms smaller pores with denser fibre packing, liquid flux
through the composites filters decreases with homogenized pulp addition.

The presence of inorganic particle in the filters also affects porosity and pore size distribution. Pure
cellulose sheet has the lowest flux value (Figure 4a and b). This is due to two phenomena: low
porosity as there is no settlement of particles between fibres; decreasing flow rate in time as the
fibres compress under pressure (Figure S3a-d). This compressibility of fibres is well known [31] and
leads to poor flux. High loading of inorganic particles prevents this compression so the composites

retain high flow rates with very slight change over time.

There is only a weak relation between flux and dye removal capacity — as measured with both dyes
(Figure 7). While less adsorption generally occurs at high fluxes, adsorption is mostly affected by the

charge of the filter medium and the solute molecules (Figure7a), regardless of flux. Similarly, there
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was no correlation between rejection rate of 1 um particles and flux. Homogenized(3pass)/Per/PAE

successfully removed 99% of the particles at both 1 and 2 bar.

The high filtration rejection of 1 um particles achieved by the nanofibrillated cellulose/perlite depth
composites is important to the pharmaceutical, food and beverage industry. This brings a new
perspective in cold pasteurization to remove microorganisms ranging from 1 to 2 um [26] and
remove ionic compounds [32] (acids and phenolic compounds) without heat treatment which
affects taste or denaturing active ingredients. The concept is to rely on the inorganic particles for
the selective adsorption of organic molecules, PAE treatment for the retention of colloids- based on
charge and filtration for the pasteurization. Nanofibrillated cellulose-inorganic depth composites

can easily be engineered for specific liquid stream purification.

2.7. CONCLUSION

Cellulose fibre-perlite composites were prepared using a papermaking technique for liquid filtration
and adsorption applications. Perlite content was maintained at 70wt % and the fibre composition
was varied with partial substitution of pulp homogenized to different intensities; this was to control
fibre structure by increased bonding area and decreasing porosity. A well-known wet strength agent,
polyamideamine-epichlorohydrin (PAE), was used for two purposes; first to provide wet strength;
second, to control charge and capacity of filter medium. Additionally, PAE acts as a retention aid by
holding small particles on the surface of cellulose during papermaking process. Two oppositely
charged dyes were investigated as models to characterize the adsorption behaviour. The adsorption
of dye is electrokinetically controlled and selective adsorption can be achieved by engineering the
attractive and repulsive forces. The presence of NFC increased the surface area and also the amount
of negative charges accessible in the medium. Increase in negatively charged sites contributed to
attractive/repulsive forces depending on the type of dye. Homogenized pulp also yielded smaller
pore sizes which decreased flux. PAE addition controls and can reverse the charge of filters which
substantially affected adsorption performance, but it had no effect on filtration efficiency. The
composites were efficient in filtration with 90% rejection rate of 1 um particles. The high filtration
capability of the composites at high flux is promising for cold pasteurization in which bacteria (1 um)

are removed at higher than 99% efficiency. Nanofibrillated cellulose-depth composites provide new
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purification opportunities in pharmaceutical and food product stream by combining adsorption and

filtration to remove interfering elements and colloids.
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PREFACE

New developments in membrane structures have long been studied for membrane technology to
improve the efficiency of membrane processes. Even though new membrane structures have been
found to be promising for producing high performance membranes, none of these innovative
developments has ever been adapted to depth filters. However, engineering new structures would
potentially allow us to impart additional functionalities to the filters. Therefore, this chapter
presents a new concept in filter structures. Multi-layered filter structure was engineered to control
the structural properties as well as separation performance of the filters. Filters were prepared from
the same total quantity of components (cellulose, perlite and polyamideamine-epichlorohydrin)
either as one thick single layer or as a pile of equal multi-layers. Structural properties were obtained
by 3D X-ray tomography imaging technique. Adsorption capacity was quantified with methylene
blue dye molecules, while size-based rejection rates were quantified with silicon dioxide (SiO) and
polyethylene glycol (PEG), respectively in a dead-end filtration unit. Furthermore, the effect of

constant flow rate and constant pressure operations was analysed on adsorption performance.

This chapter follows the second objective.
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3.1. ABSTRACT

Filters made of cellulose fibre and perlite particles were prepared using a wet laying papermaking
technique. Polyamideamine-epichlorohydrin (PAE) was added to provide wet strength. Filters were
prepared at two different total basis weights of 200 and 400 grams per square metre (gsm). Single
and multi-layered filters were structured for each total basis weight. The effect of total basis weights
and multi-layered structure on methylene blue adsorption and silicon dioxide (SiOz) particle
filtration was investigated. Methylene blue adsorption was performed in two modes: constant
pressure and constant flow rate. In both operation modes, the adsorption capacity of multi-layered
filters was significantly higher (16 to 100%) than for single-layer filters at the same overall weight.
The effect of layer separation was also characterized using polypropylene separators and tested
under constant flow rate operation. Separators provided more effective methylene blue adsorption
by generating a well distributed flow. Filtration performance was quantified with 0.5 um silicon
dioxide particles under constant pressure conditions; this is to mimic bacteria rejection. Filtration
capability of SiO; particles was reduced slightly (12%) with decreasing individual filter layer thickness
regardless of the multi-layered structure. Filtering polyethylene glycol (PEG) molecules with two
different molecular weights was performed; however, no rejection was recorded. The filter internal

pore structure was visualised by 3D-X ray computed tomography and the void fraction was
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quantified. 400 gsm single layer presented areas of low fibre density forming pores, while the pore

volume decreased for thinner filter layers.

3.2. KEYWORDS

Composite; multi-layer; adsorption; filtration; cellulose fibre, channelling

3.3. INTRODUCTION

Depth filters [1] are porous filtering mediums composed of cellulose fibres and inorganic absorbents.
Unlike surface filtration, they can retain contaminants through the thickness as well as on the
surface during liquid filtration. These composite structures combine two different separation
principles and technologies in a single medium. Filtration by particle rejection is provided by forming
an intricate mesh, where selective adsorption is achieved by a functional inorganic particle.
Separation can further be improved by combining other additives, such as charged polyelectrolytes
in the network [2]. The medium can be modified with a cationic polymer adsorbing the common
negatively charged dissolved contaminants significantly smaller than the average pore size.
However, depth filtration analysis reported in literature has mostly focused on the modelling of
membrane separations [1, 3-7]; there is a lack of experimental studies optimizing depth type filter

operation especially in terms of membrane structure.

Filtration performance can be tailored in many ways by controlling filter structure/composition and
operation mode. Two efficient modes of operation are dead-end filtration and cross-flow filtration,
where the flow is passed directly through the filter in dead-end and tangential to the filter in cross-
flow filtration [8], respectively. Furthermore, these processes can be controlled under modes of
constant pressure or constant flow rate. In either case, the non-constant parameter is being
monitored, and the extent of filter fouling or clogging is assessed by the recorded parameters [3, 9].
Filtration performance can also be altered by modifying the structure and configuration of filters.
Multi-layer structured filters with varying pore sizes stacked on top of another offer a simple way of
sequentially separating cells or particles [10, 11]. In a recent study by Griffiths et al. [12], filtration
was modelled on a multi-layered membrane structure with each layer having varying pore sizes

stacked on one another. The efficiency of multi-layered filter structure was analysed by developing
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a model simulating the transport and filtration of particles through a multi-layer structure. This
model characterizes the filter and offers optimal design requirements in terms of number of filter

layers, pore size in each layer and pore interconnectivity between layers.

Filtering bacteria with multi-layered filters to provide a greater capture of bacteria was also reported
[13]. The study aimed at achieving higher bacteria rejection by mechanically attaching a layer to
another, which contains a bacteria-destroying material. In another study [14], a nano fibre layer was
attached to the initial layer of a fibrous filter. Filter media having a first layer and a nanofibre layer

adhered onto exhibited advantageous properties including increased dust holding capacity.

Although multi-layered filters are well known in industry, very few studies have systematically
guantified their adsorption and filtration mechanisms, and even less have characterized the effect
of multi-layered structure on depth filter performance. In this study, we developed multi-layered
and single-layered filter structures made from the same amount of filter media. Depth filter layer
processing was inspired from papermaking technique and characterized for adsorption and particle
rejection capability. The adsorption and filtration mechanisms behind the performance of single and
multi-layered filters were analysed in terms of chemical engineering and internal filter structure

using an advanced image technique and colloids and surface concepts.

3.4. MATERIALS AND METHODS

3.4.1. Materials

Cellulose fibres used for the composites are unrefined northern softwood NIST RM 8495 bleached
Kraft pulp and bleached radiata pine softwood Kraft pulp refined to 400 Canadian standard freeness
(CSF) in a disk refiner. Expanded perlite was provided by Dicalite Minerals Corp. Commercial PAE
was provided from Nopcobond Paper Technology Pty Ltd.

Methylene blue (MB) in powder form and 0.5 pm monodispersed silicon dioxide (SiO;) particles of
density 1.8 g/cm3 were purchased from Sigma Aldrich. Polyethylene glycol (PEG) of two molecular
weights (600 and 5,000 kDa) was provided by Dow Chemical. Polypropylene separators with 0.45

pum pore size and diameter of 47 mm was purchased from CUNO Inc. Meriden, USA.
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3.4.2. Methods
3.4.2.1. Fabrication of filters

The dry northern softwood NIST pulp was wetted by soaking in deionized water overnight. The pulp
was transferred to a disintegrator (Model MKIIIC, Messmer Instruments Ltd.) and disintegrated for
75,000 revolutions. Filters were prepared using a standard British hand sheet maker at three
different total basis weights: 100, 200 and 400 gsm. The step by step preparation method was
published in a previous study [15]. The filter chemical composition is similar to that of standard
industrial filters: it consists of 30% Fibre (1/3 refined pulp + 2/3 unrefined pulp) and 70% perlite with
PAE (0.22% w/v) added at a rate of 100 mg/g fibre on top of the suspension (0.26 wt%) before
papermaking. Composites were prepared either as one single layer or in the form of stacked equal
multilayers that is equivalent to the total targeted basis weight. 5 different filters prepared
according to different layer configurations and different total basis weights are shown in Figure 1.
Samples were coded with the corresponding labels. The criteria for material selection are based on
industrial filters for food and beverage applications; food grade filters usually contain these

materials.

PAE is used to provide wet strength to the filters. It crosslinks with the carboxyl group of cellulose
and itself to create an irreversible covalent bond network and provides some waterproof barrier
around fibres [16]. However, in our case the major crosslinking is provided by self-crosslinking of
PAE as our source of cellulose does not contain much carboxyl groups. PAE also adsorbs onto the
fibres and particles of the suspension which introduces positive charges to the anionic surfaces of
cellulose fibres and perlite particles. Addition of PAE to the suspension results in the partial surface
coverage of perlite and cellulose fibres by positively charged polymer. This induces electrostatic
interactions between negatively charged contaminants and the filter medium. Using PAE is allowed
by food regulations at low concentrations (up to 2.5 wt. % of the dry sheet); it is considered an

indirect food additive and the concentration of PAE of this study is around this limit [17].

Perlite is a low cost adsorbent made from a glassy volcanic rock; it is known as an excellent filter aid
[18]. Perlite is an anionic adsorbent of zeta potential ranging between -40 to -50 mV [19]. The
particle size distribution of perlite and its effect on the structure and porosity of filters was reported

in a previous study [15].
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200 gsm-1x 100 gsm-2x 400 gsm-1x 5 gsm-2x 100 gsm-4x
Figure 1: Schematic representation of the different filter configurations investigated at two

different basis weights.
3.4.2.2. Adsorption and filtration with constant pressure

Adsorption and filtration experiments under constant pressure mode were performed with a dead-
end stirred cell from Merck Millipore Australia. The closed setup has 400 mL of working volume and
is pressurized by a compressed air gas cylinder. Samples were placed on the membrane holder at
the bottom of the cell body with an O—ring. For multilayers, the O-ring pressed layers from the edges
so the interlayer gap was negligible. The cell body was filled with the desired solution following
sample placement. Filtrate that passes through filters was transferred to an ultraviolet-visible (UV-
Vis) absorption spectrometer via a quartz micro flow cell with 10 mm optical path length.
Instantaneous absorbance was measured here every 10 seconds at a specific wavelength. After
measurement in UV-Vis, filtrate was transferred to a beaker on a balance. Before conducting any
experiments, water was flushed through samples to ensure equilibration. After equilibrium has
been reached, either 5 ppm MB solution or 0.05 wt. % SiO; suspension were passed through the
filters at 1.5 bar. Two replicates of filters were tested for both adsorption and filtration. Here,
adsorption corresponds to the accumulation of model cationic or anionic molecules onto a surface
by electrostatic attraction, while filtration is measured as the rejection of particles in suspension by
size exclusion. MB preferentially adsorbs onto negatively charged surfaces; it can also diffuse
through the pores of the negatively charged perlite particles. However, there is no electrostatic
attraction between MB molecules and the positively charged filter medium after adsorption of the
PAE cationic polymer. MB was therefore selected as standard dye to quantify improvement in

breakthrough curves due to the multi-layered filter structure as unable to adsorb.
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Mass flux for the effective membrane area (0.00418 m?) was calculated by measuring the volume
of permeate per unit area and time; Litre per Square Metre per Hour (LMH). Mass flow rate of
filtrate as a function of time was also continuously recorded by a computer. Total flux was calculated

with equation 1.

Volume of filtrate (L)
area(m?2)xtime (h)

FLUX (LMH) =

(1)

Adsorption experiments were run with 400 mL MB dye solution at a concentration of 5 ppm at pH
5.8 (This is the characteristic pH of MB). Breakthrough curves were plotted by normalized
concentrations as a function of time. Additional solution was added for filters that did not reach
saturation with 400 mL solution. Area over the curve was calculated for each filter to determine the
adsorption capacity of filters. Capacity was calculated based on equation 2 [20]. The integral was

calculated from the area over the curve using the trapezoidal method.

— CFXQ tend (1 _ ﬂ) dt (2)
1000xmg 70 Cr
Where:

q: Capacity of the adsorbent (mg/g)

Cout: Concentration of MB in the filtrate (mg/g)
Cr: Concentration of MB in the feed (mg/g)

Q: Volumetric flow rate (cm3/s)

tena: Time (s)

ms: Weight of adsorbent (g)

Rejection of 0.5 um SiO, particles was determined by filtering 0.05 wt. % SiO; suspension at the
same pH value as dye molecules (pH=5.8) through the filters. pH of 5.8 is desirable as increasing pH
would dissociate carboxylic acids leading to repulsive forces between charged groups. These
repulsive forces also lead to swelling of the cellulose fibre with collapse of the filter pore structure.
SiO2 concentration of suspension before and after filtration was estimated by UV-Vis absorption

spectroscopy and the equation 3 was used to calculate rejection capability of filters. UV-Vis
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spectroscopy calibration curves of MB dye molecules and SiO, particles are shown in the

supplementary information (Figure S5).

Filtrate concentration

Rejection (%) = 1 — ( ) x 100 (3)

Initial feed concentration

PEG molecules were also filtered through the composites to quantify their microfiltration capability.
The MWCO range for microfiltration applications usually starts from 500 kDa up to big particle
filtration such as yeast and bacteria; the filtration spectrum can be found in the study [21]. Total
carbon analyser was used to measure the concentration of PEG molecules in the suspension before

and after filtration.
3.4.2.3. Adsorption with constant flow rate

Adsorption performance was additionally tested using 47 mm (corresponds to diameter of filter
housings) stainless steel filter housings with 0.00132 m? effective membrane area to verify the
performance under constant flow rate operation mode. A peristaltic pump was used at a constant
flow rate (12 mL/min) such that the same total flux as the constant pressure experiments for the
same sample was obtained. Experiments were performed with and without presence of
polypropylene separators. Separators are used to provide a well distributed and uniform flow
through a filter; they do not adsorb MB. Separators were placed in the housings as previously
described (2.2.2.). The only gap created between multilayers is the thickness of the separator which
is well below 1 mm. 47 mm separators were placed between the layers as well as on top of initial
layers. Filtrate was transferred to UV-Vis spectroscopy via quartz micro flow cell to obtain the
concentration at a regular time interval. Total mass flux and flow rate as a function of time were
recorded by the same setup as constant pressure mode. Adsorption capacities were calculated form
the experimental breakthrough curves as explained above. The experimental setup for constant

flow rate operation is shown in Figure 2.
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Figure 2: Experimental setup shown for 47 mm filter housings under constant flow rate mode.
3.4.2.4. 3D X-ray tomography

X-ray computed 3D tomography was used to make a quantitative and qualitative analysis on the
internal structure of filters about how the fibre network differently built up to form a sheet
according to different basis weights. This technique provides a non-destructive 3D imaging. The
basic principle is based on the set of images of beam transmitted through the sample while the
sample is rotated to different positions for each image taken [22]. Samples with 2 mmx8 mm of size
were visualized by Zeiss Xradia 520 Versa. The X-ray source was operated at 30 kV. Distance from
source to sample and sample to detector was set to 15 mm. The number of images taken per scan
was 1601 and the image resolution was 2022x2022 pixels. Avizo and Image J software were used to
reconstruct images and to quantify the total void fraction and void fraction distribution through the
thickness (Sl). Thresholding is done by comparing grayscale and thresholded image with a
judgement. The threshold was meticulously selected with trial and error such that we do not lose
any materials. Detailed information on scanning settings can be found in supplementary materials
(Figure S6).Void structure and how the void structure is changing through the thickness were

analysed qualitatively as well.
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3.5. RESULTS

Cellulosic membranes of two different thicknesses (200 and 400 gsm) were tested under different
filter configurations. The filters were examined under two operating conditions: at a constant flow
rate (12 mL/min) or at a constant pressure (1.5 bar). The effect of polypropylene separators
between the layers on adsorption performance was tested with 400 gsm single layer (400 gsm-1x)
and four layers of 100 gsm filters (100gsm-4x) under constant flow operation. Filtration of 0.1 wt. %
PEG molecules of molecular weight of 600 and 5,000 kDa was performed under constant pressure
(1.5 bar) mode for each filter configuration. Filters were also tested with suspensions of 0.5 um SiO;
particles (0.05 wt.%) under constant pressure (1.5 bar). Finally, the internal structure of 400 gsm
filters made of single and multiple layers was analysed by 3D X-ray tomography combined with

image analysis.
3.5.1. Methylene blue adsorption under constant pressure

Methylene blue was used as a model for the cationic organic dissolved contaminants. Constant
pressure adsorption testing identifies filter compaction and saturation by measuring flowrate.
Breakthrough curves were recorded under constant pressure (1.5 bar) for different filter
configurations using two types of cellulose filters differing in thickness (gsm) (Figure 2a). The
adsorption capacity for each configuration was calculated using the breakthrough curves. The

adsorption capacity of each filter is shown in Figure 2b.

Multilayer filters provided improved breakthrough curves and higher adsorption capacities than
single layer filters as tested under constant pressure (Figure 3). Adsorption capacity of 400 gsm filter
drastically increased by 54% and 118% by forming two layers (200gsm-2x) and four layers (100gsm-
4x), respectively (Figure 3b), all at the same filter weight. Adsorption capacity of 200 gsm filter also

increased significantly by forming two layers of 100 gsm (100gsm-2x).
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Figure 3: Effect of filter configuration and number of interfaces on the a) methylene blue
breakthrough curves and b) methylene blue adsorption capacities. Tests were

performed at 1.5 bar and 22°C.
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The effect of filter configuration, including number and basis weight of layers, on filtration flux and
filter thickness is shown in Figure 4 under constant pressure mode. At a given basis weight or
amount of filter media, filter thickness increases slightly with multi-layered configuration. Flux
decreased with increased gsm and the number of layers at a given gsm. Flux decreased from 682 to
600 LMH (Litres per Square Metre per Hour) for 200 gsm filters by introducing two layers of 100
gsm. However, flux slightly dropped for 400 gsm filters from 574 to 569 LMH for 4 layers of 100 gsm.
For multi layered filters, an increased flux is expected according to Kozeny-Carman and Darcy [23].
These equations provide the mathematical relationships describing the flow of a fluid in a uniform
porous media. Pressure loss between the layers might lead the flow travelling in the planar direction
to find the path of least resistance through the next layer, resulting in an increased flux. However,
this analysis does not fully apply to the space between layers. Once the stirred cell is pressurized by
compressed air, the layers are being compressed and the flow is somewhat forced to flow through
the next layer with little chance to flow in the planar direction. However, it might still have an impact,

considering the low pressure used in the experiments, and result in lower flux values.
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Figure 4: Effect of filter configuration and number of interfaces on the flux and thickness under

1.5 bar, 22°C.

143



CHAPTER 3

3.5.2. Methylene blue adsorption under constant flow rate

Methylene blue adsorption breakthrough curves of 400 gsm filters comparing single layer
configuration with four layers are presented in Figure 5. Breakthrough curves were obtained under
constant flow rate with and without polypropylene separators between layers and on top of the
first layer. Flow rate was set such that the flux is matching the flux values from constant pressure

experiments for the same samples (12 mL/min).

Adsorption capacity is also much higher with multilayered filters under constant flow mode. The
saturation occurred much quicker for both filters without separators. However, adsorption capacity
decreased for both type of filters without separators. The capacity decreased by almost 15% for
multilayered filter (100gsm-4x) and 29% for single layer filter (400gsm-1x) by removing separators.

Adsorption capacities are found in Table I.

The offset at the beginning of the curves without separators needs further study to better

understand the phenomenon involved.

1
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L 06
S 0
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0.4
= 100gsm-4x-without separators
0.2
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0
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Time (s)
Figure 5: Methylene blue breakthrough curves of 47 mm 100gsm-4x and 400gsm-1x filters in

a single filter housing with and without separators at 12 mL/min, 22°C.
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Table I: Methylene blue adsorption capacities of single layer and multi-layered filters with

and without separators under constant flow rate (12 mL/min).

Filters Adsorption capacity (mg/g)
100gsm-4x-with separators 0.51+0.04
400gsm-1x-with separators 0.44 +0.01
100gsm-4x 0.43 £0.05
400gsm-1x 0.31+0.05

3.5.3. 3D X-ray tomography

3D X-ray tomography image analysis was conducted on single layer 400 gsm (400gsm-1x), two layers
of 200 gsm (200gsm-2x) and four layers of 100 gsm (100gsm-4x). Grayscale and thresholded cross
section images of 400gsm-1x are given in Figure 6. 3D images of all filters are shown with
intersection of three different planes (Figure 7). The white sections represent voids in thresholded
images. Animations on voids change locations through thickness are provided for all samples in

supplementary information.
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Figure 6: 3D X-ray reconstituted images of 400 gsm sample (400gsm-1x). a) Grayscale and b)

Thresholded cross section images.
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Figure 7: 3D X-ray images of a) 400 gsm sample b) 200 gsm sample and c¢) 100 gsm sample

presented with some of layers with intersection of three different planes.

The total void fraction of the composites calculated by image analysis is 20% for the 400 and 200
gsm filters and 14% for the 100 gsm filters. However, all void fractions are similar, as expected for
filters of identical composition. The main difference lies in the pore structure, which differs with
thicknesses, despite having a similar void fraction. The probability of forming bigger voids increases
with the composite thickness. There are some zones of low density, creating flow channels in the
400 gsm single layer sample (Figure 6 and 7). These channels appear to propagate through the
thickness and then to disappear. Channels are best observed in the animations provided in SI. These

massive void concentration decreases at lower basis weights, particularly in 100 gsm composites.

The void distribution through thickness of an individual layer (200gsm-2x) is shown in Figure 8. The
composite mesh side is at the high number (88) and the air side is at the origin. Void distribution of

200 gsm filter through the thickness is decreasing from top to bottom (Figure 8); this density
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gradient is inherent to the papermaking technique. The density gradient across filter thickness with
the highest composite density (lowest volume fraction) on the mesh side are expected from
papermaking. The void distributions for all composites are provided in supplementary information
(Figure S.1-S.4). However, it was not possible to visualize density gradient in all samples; this
suggests that the subtle differences in structure affecting density are below the resolution of the X-
ray tomography used. Sample properties based on different gsm were calculated using the
properties of fibre and perlite and are shown in supplementary materials (Table Ill). The calculated
porosities are comparable to the porosities measured by X-ray tomography. However, these

calculations suggest that the structure would be slightly denser with the increasing basis weights.
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Figure 8: Void fraction distribution through the thickness of an individual layer (200 gsm). The

composite mesh side is at the high number (88) and the air side is at the origin.

3.5.4. Filtration

The filtration ability of filters was quantified for the different configurations using polyethylene
glycol polymers (PEG) of two molecular weights (600 and 5,000 kDa) and 0.5 um SiO3 colloids. Both
PEGs passed through the filters without showing any cut off. Total organic carbon content (TOC) of

PEG solutions before and after filtration were identical and given in Sl (Table | and Il). These filters
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are unable to provide microfiltration. The particle rejection of 0.5 um SiO, particles was then
measured. Very high particle rejection was recorded for the 400 and 200 gsm single layer filters.
Particle rejection rate however dropped down for 100 gsm 2 layers (100gsm-2x) and 4 layers
(100gsm-4x) filters. This shows that the actual thickness of the layers plays an important role in
particle capture, regardless of the number of layers. SiO; particle rejection results are given in Table
Il. Besides, 100gsm-4x filter also shows higher variation in rejection results. This variance potentially
shows that multi-layered filters formed by low gsm layers cannot be relied upon for rejecting
particles. The better performance of single thick layers (200 and 400 gsm) might be explained by the
slightly denser structure that helps trap particles. However, further studies on filtration are needed

to fully characterize the mechanism behind the rejection capability of multi-layered filters.

Table lI: 0.5 um SiO; particle rejection of 400gsm-1x, 200gsm-1x, 100gsm-2x and 100gsm-4x
filters.
Filters SiO; rejection (%)
100gsm-4x 87+11
100gsm-2x 873
200gsm-1x 98 £ 0.9
400gsm-1x 99+0.2

3.6. DISCUSSION

3.6.1. Effect of operation modes: Constant pressure or constant flow

Under constant flow, pressure drop builds up across the filter to maintain the flow as fouling occurs
over time [3]. However, during constant pressure operations, flux decreases gradually as the filter
fouls [3] and initial high flux in constant pressure mode can result in severe fouling in processes with
suspended particles. High flux at the beginning of filtration causes much faster deposition of
particles on the membrane surface than are back transported, resulting in faster particle deposition
than in constant flow rate mode [24]. This reduces the overall capacity of the filter. Therefore,
industrial processes are mainly operated under constant flow mode to maximize the available filter

area by avoiding sudden fouling. However, filtering solute molecules can be different with constant
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pressure as there is no particle involved; our experiments are conducted with solute dye molecules

and the main mechanism for separation is by electrostatic adsorption.

During our constant pressure adsorption experiments with multilayer filters, flow rate decreased
compared to single layer as a result of the resistance created by multi-layers. Decreased flow rate
results in an increased residence time for liquid, which provides more time for dye molecules to
adsorb. In contrast, residence time does not change for multi-layers under constant flow as flow
rate is constant. This explains why adsorption capacities at a given basis weight is so dependent

upon layer configuration under constant pressure mode.
3.6.2. Effect of multi-layered filter structure

Heterogeneous composite filters combining fibres and adsorbent particles can develop
heterogeneity at small length scales, creating channels. This is accentuated by the agglomeration of
adsorbent particles and poor fibre distribution (formation). Liquid flows through such channels with
little resistance and saturates the surrounding filter medium of this preferential flow path; this

reduces the effectiveness of filters substantially.

By introducing multi-layers, tortuosity is increased and channelling mostly avoided as multi-layers
offsets the channel alignment between consecutive layers. This prevents preferential flow through
continuous channels across the entire filter medium. Multi-layers have also increased external

surface area maximizing filter-liquid contact (Figure 9).
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Figure 9: Schematic illustration of flow through a single layer (a) and two layers (b) filters.

Figure 9 shows liquid streams following the tortuous path of least resistance in a single layer
structure (a). This pattern is distorted between two stacked layers as liquid contacts the filtering
medium of the next layer (b). This explains the improved breakthrough curves as a result of

operating multi-layered filters for the same basis weight.

Analysis of 3D X-ray tomography images and animations (SI) reveals that a single thick layer of filter
(400gsm-1x) is more likely to contain macro voids than thinner filters; these massive gaps are absent
at lower basis weights. Macro voids are defects reported in literature mainly for membranes
prepared by phase-inversion methods. The presence of such macro voids results in compaction or
collapse of the membranes that reduces flux [25, 26]. In our case, these defects cause preferential
liquid flow through these gaps in single layer that results in a poor adsorption capacity. However,
the filtering efficiency decreases with multiple layers of thinner filter layers (100gsm-4x & 100gsm-
2x). Thicker depth filters can better hold particles and prevent any particle escape; filter density
gradient across the thickness can be an explanation. Usually, cellulosic fibre composites are formed
by wet papermaking laying technique with a density gradient across the thickness. The density

increases from top to bottom. The decreasing void fraction through the thickness can be seen in
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Figure 8. This is due to the preferential distribution of fines away from the mesh and their varying
degrees of compaction through the sheet thickness [27]. Thick single layer filters are expected to
have a higher density variance through thickness than smaller basis weights. Also, thick samples are
expected to have higher densities than low basis weight samples (the density and porosity
calculations based on thickness of the samples are given in the supplementary section.) Another

explanation could be the denser structure of thick samples better trapping particles.

3.6.3. Effect of separators

The improved adsorption capacity with separators under constant flow operation is attributed to a
uniformly distributed flow between the layers. Well distributed flow increases the probability of
liquid to follow through the entire filter medium instead of following some preferential pathway
and saturating local areas. The operations schematic is illustrated with and without separators in

Figure 10.

a)

l l l l l l Separator

Figure 10: Schematic illustration of flow of liquid through filters with (a) and without (b)

separators.
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3.7. PERSPECTIVE

A thermal process, pasteurization is usually used for food preservation in the food industry.
Treatment temperature ranges from less than one minute up to several minutes at temperatures
varying from 100 to 150°C, based on products [28]. However, this process can alter the organoleptic
characteristics and degrade the quality of food, specifically in heat-sensitive foods such as juices and
wine [28]. Removal of microbial spoilage from liquid foods at low temperatures through filtration is
a promising method for food and beverage industry [29]. In this work, we developed food grade
filters made from cellulose, a naturally abundant, biocompatible and low-cost material. These filters
can remove spoilage as small as 0.5 um (in the size range of bacteria [30]) by up to 98% with 200
gsm two layers and 400 gsm single layer and at least by 87% rejection rate with 100 gsm two and
four layers. Filtration can also serve as a preliminary step before any further treatment — including
pasteurization [31, 32]. The contaminants smaller than the pore size also retained through
adsorption combining electrostatic interactions; these interactions are further improved via multi-
layer filter configurations. Depth filters can provide a good alternative for “cold” pasteurization

process.

3.8. CONCLUSION

The effect of multi-ply and inter-ply spacing of novel inorganic-cellulosic depth filters was
investigated in terms of adsorption capacity and filtration efficiency. Cellulose fibre-perlite
composite layers were prepared at three different thicknesses (basis weights) using a papermaking
technique. Perlite and fibre content was maintained at 70 wt% and 30 wt%, respectively.
Polyamideamine-epichlorohydrin (PAE) was used for wet strength, filler retention and charge
control. Filters were constructed as single-layer and multi-layers for different total basis weights.
Methylene blue (MB) was selected as a cationic solute molecule to characterize adsorption under
constant pressure and constant flow rate modes for the different filter configurations. Filtration
efficiency was measured with PEG molecules of two molecular weights (600 and 5,000 kDa) and 0.5

um silicon dioxide (SiO2) particles. The filter structure was quantified by 3D X-ray tomography.

MB adsorption capacity increased by multi- layered filter structures at a given basis weight for both

operation modes (constant pressure/flowrate). The constant pressure mode is a better option for
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multi-layer filters as it maximizes adsorption capacity. The adsorption capacity of multi-layered
filters (over single layer) increased by preventing flow channelling by off-setting macro voids-
channels through the thickness of the filter; these local heterogeneities are often inherent to
papermaking. The probability of forming continuous macro voids-channels through the full
thickness of paper sharply decreases as the number of layers increases. Distorted channel alignment
by multi-layered structure results in an increase in contact surface area that provides a more
efficient adsorption. The presence of separators between layers increased adsorption capacity
thanks to a well distributed liquid flow in constant flow mode. Filters had no rejection capability for
PEG molecules. The thickest (400gsm-1x) and half thickness (200gsm-1x) filter structures filtered 0.5
pum particles at a very high rejection rate (98%). The rejection rate however decreased with multi-
layer structures. Multi-layered composites provide better adsorption performances while filtration
is best with single thick layers. This work highlights how engineering materials and operation can
improve and change filtration and adsorption performance in filters. A novel generation of multi-
layer depth inorganic-cellulose filters can provide new avenues for purification of temperature
sensitive suspensions such as food and pharmaceutical streams. However, further studies are still

required to fully characterize the filtration mechanisms of multi-layered filters.
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PREFACE

In the previous Chapter, multi-layered filter structure was investigated and improved adsorption
capacity was achieved. However, filters were still not capable of performing polyethylene glycol
(PEG) molecule rejection. Also, filters inherently do not adsorb positively charged molecules due to
the repulsive forces against positive charges of the filter medium. Therefore, there is still need for

new functionalities developed in filters with small modifications on the structure.

This chapter explores coating a nanofibrillated cellulose (NFC) barrier layer on top of depth filters to
achieve improved filtration performance. Depth filters were prepared as base sheets by cellulose
fibres, perlite and polyamideamine-epichlorohydrin (PAE), using a papermaking technique. NFC
barrier layers were coated on filters by spray coating technique. Different thicknesses of NFC layer
were investigated on different properties of filters. Water flux, PEG molecule rejection and
positively charged methylene blue (MB) dye adsorption were quantified with a dead-end filtration
unit in a model system with no additional salt. Scanning electron microscopy (SEM) was used to
characterise surface and cross-section morphologies. Air permeability of the filters was obtained to

investigate the air barrier properties.

This chapter follows the third objective.
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4.1. ABSTRACT

Depth type composite filters are used to remove contaminants from liquids by combining
mechanical entrapment and adsorption. Commonly, depth filters can adsorb either anionic or
cationic charged contaminants, but not both, as well as filter micron-sized particles. They can also
adsorb any charged particles where mechanical filtration is not efficient to trap them. Therefore,
there is still a need to improve the existing depth filter performance. In this study, we developed a
two-layer filters with enhanced functionality by spray coating an anionically charged nanofibrillated
cellulose (NFC) layer onto a cationically charged depth filter base sheet prepared via papermaking
technique from wood pulp fibres, perlite adsorbent and cationic polyamideamine-epichlorohydrin
(PAE) wet strength resin. The NFC coat weight ranged from 4 to 30 grams per square metre (gsm).
The two layer filters were proven to have triple functionality, capable of adsorbing anionic
molecules in the cationic depth filter layer, while the anionic NFC layer could adsorb cationic
molecules and was also a microfiltration membrane. Increasing NFC coat weight improved
performance but at the cost of lower flux. The optimum performance was found at an 8 gsm NFC
coat weight, where the membrane layer rejected 80% of 5,000 kDa molecular weight polyethylene
glycol, at a flux of 133 Litres per square meter per hour (LMH) under 1.5 bar pressure, while still

achieving a good breakthrough curve when adsorbing cationic methylene blue dye.
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4.2. KEYWORDS

Nanofibrillated cellulose; Spray coating; Depth filters; Filtration; Adsorption

4.3. INTRODUCTION

Depth filters are porous filtering mediums that are retaining contaminants throughout the thickness
by both size-based and adsorption-based separations [1]. These filters are composed of cellulose
fibres, a type of filter aid and a charged wet-strength polymer and they are mainly used for
clarification of food and beverages as well as pharmaceuticals [2, 3]. Even though they are
commercially available and used, there is still a need to improve the performance of the depth filters
due to some limitations. For example, these filters are able to adsorb either anionic or cationic
charged contaminants, but not both into one filter medium under very low salt concentrations [4].
Furthermore, the current depth filters still have unresolved challenges with the cost-effective
removal of relatively small molecules. These limitations particularly were identified in our previous
studies [5, 6]. Ideally, all these challenges should be addressed with the aid of renewable and
sustainable materials to reduce the impact on the environment. Recently, nanofibrillated cellulose

(NFC) is seen as a good candidate to meet these challenges.

The use of NFC in filters can particularly be seen in thin film nanofibrous composite (TFNC)
membranes [7-11]. TFNC membranes typically consists of a multi-layered fibrous structure; a thin
top barrier layer offering filtration function; a mid-layer fibrous scaffold made of electrospun
nanofibres with large porosity and uniform continuous void structure minimizing the resistance of
the membrane and giving a delicate support; and a bottom layer of a non-woven microfibrous
substrate such as polyethylene terephthalate (PET) providing an overall mechanical support to the
TFNC. However, the top barrier layer is the key component in these membranes for separation of
solute and permeates and here the use of NFC as a barrier layer has been widely researched. NFC
not only can have a similar performance to conventional materials as a top barrier layer, but also be
able to offer new opportunities in water purification [12]. For example, the ultrafine cellulose
nanofibres can be used as an adsorbent with a high adsorption efficiency to remove charged

molecules, such as positively charged contaminant adsorption [13]. TFNC membrane concept has
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been proven to be energy efficient for membrane filtration, and a nanocomposite cellulose barrier

layer could potentially further help in improving energy efficiency [14-17].

In a recent study, Roy et al. studied the NFC coating on top of a tissue paper to add excellent
membrane separation functionality to tissue paper [18]. Modified NFC was coated on tissue paper
by spray coating technique and they reported that coated tissue papers showed outstanding
separation performances towards a variety of oil/water mixtures. Additionally, coated tissue papers

exhibited improved dye absorption capacity from aqueous solutions.

Following that, the same top layer approach could be applied to depth filters to improve their
performance. Use of NFC as a barrier layer could be a route for the performance improvement with
a low impact on environment thanks to the biodegradable and renewable feature of cellulose.
Furthermore, an easy, rapid and eco-friendly technique, such as spray coating, should be employed
for the coating of barrier layer. Spray coating was recently shown to be a rapid and inexpensive
method for NFC film preparation [19, 20]. In this study, we spray-coated NFC barrier layers with
weights per unit area ranging from 4 to 30 g/m? onto depth filter base sheets and have investigated
water permeation flux, cationic and anionic dye adsorption and polyethylene glycol (PEG) rejection

to characterise the performance of the two layer filters.

4.4. MATERIAL AND METHODS

4.4.1. Material

Unrefined northern softwood NIST RM 8495 bleached Kraft pulp from Procter and Gamble and
Bleached radiata pine softwood Kraft pulp refined to 400 Canadian standard freeness (CSF) in a disk
refiner are used for the base sheet preparation. Microfibrillated cellulose (MFC) purchased from
DAICEL Chemical Industries Limited, Japan, (grade Celish KY-100S) was used as received for the top
barrier layer preparation. MFC has 25% solids content and an average aspect ratio of 142 + 28 with
mean fibre diameter of 73 nm as reported in Varanasi et al. [21]. The MFC suspension, containing
only cellulose and water, has a zeta potential of -22.3 mV [22]. Additionally, no chemical treatment

such as TEMPO was applied on any type of cellulose fibres in this study.
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Expanded perlite supplied by Dicalite Minerals Corp was used as inorganic fillers. Perlite is a low cost
and an excellent filter aid made from a glassy volcanic rock [23]. It is an anionic adsorbent; the zeta
potential is ranging between -40 to -50 mV [24]. The particle size distribution of perlite and its effect
on the structure and porosity of filters was reported in a previous study [5]. Commercial PAE
provided from Nopcobond Paper Technology Pty Ltd was used as a wet strength resin.

Positively charged methylene blue (MB) and negatively charged metanil yellow (MY) dyes supplied
from Sigma Aldrich were used to characterise the adsorption properties. Polyethylene glycol (PEG)
of two molecular weights (600 and 5,000 kDa) was provided by Dow Chemical for characterising the
ultrafiltration and microfiltration capabilities of the filters. Dye and PEG solutions for testing were

prepared using ultrapure water.

4.4.2. Methods

44.2.1. Preparation of base sheets

200 gsm base sheets were prepared by using a standard British hand sheet maker. A particular fibre
and perlite composition with a constant polymer (PAE) dosage was used to form the sheets. The

composition is given below.

- 30% Fibre (1/3 refined pulp + 2/3 unrefined pulp) + 70% Perlite + 120 mg PAE

This composition was used in our previous studies [5, 6]; however, due to its overall cationic charge
it does not adsorb positively charged MB [5]. Preliminary experiments were also unable to detect

any retention of PEG up to a molecular weight of 5,000 kDa.

To prepare the base sheet, the perlite suspension (1.4 wt%) was mixed with refined pulp suspension
(0.1 wt%). Following that, the mixture is added to the unrefined pulp suspension (0.08 wt%) and
PAE (0.22% w/v) was added at a rate of 100 mg/g fibre on top of the finished slurry. As the last stage,
the slurry was hand mixed and poured into British hand sheet maker chamber. A 150 micron size
mesh was used in the chamber with a wet strengthened qualitative filter paper deposited on top.
Filter paper is used to obtain uniformity and maximise the retention. The sheets were formed on
top of the filter paper by draining water. After sheet formation, the wet sheets were taken out from

the mesh and placed between dry blotting papers for pressing under 345 kPa for 5 minutes in sheet

168



CHAPTER 4

pressing machine. This is followed by curing for 5 minutes at 150°C. Cured sheets were further air-

dried in a humidity-controlled room (23°C, 50% relative humidity) for at least 24 hours.
4.4.2.2. Spray coating onto base sheets

NFC suspension for coating was prepared using MFC from DAICEL. 1 wt. % pulp suspension was
prepared and disintegrated by a model MKIIIC, Messmer Instruments Ltd for 15,000 revolutions.
Spray coating was performed using a Professional Wagner spray system (Model number 117) at a
pressure of 200 bar. Before coating, the base sheets were placed onto stainless steel circular plates
(diameter of 159 mm) and pre-wetted with water to improve the adhesion of the NFC layer. The
detailed description of experimental system for spray coating can be found in Shanmugam et al. [19,
20]. The spray nozzle used in this work is Wagner 415, producing a spray jet angle and a beam width
around 50° and 22.5 cm, respectively. The spray distance from spray nozzle to the circular steel plate
is 30.0 £ 1.0 cm. NFC suspension consistency was kept constant at 1 wt. % and deposited mass of
the NFC layer was controlled with varying conveyor speed levels which are 20, 40, 60, 80 and 100.
The measured actual speeds of each level are respectively 533, 1333, 2182, 2667, 3429 mm/min.
After spray coating, the filters were left on the circular plates and air-dried for 24 hours. Following
air-drying, samples were kept in the humidity-controlled room for another 24 hours before any

further testing.

4.4.2.3. Thickness and air flow testing

Thickness of the filters was measured before and after spray coating using L&W thickness tester.
Average thickness of ten points was used to calculate the thickness of each sample. The weight of
coated NFC layer was measured by weighing filters before and after spray coating. The grammage
of each coating was then measured by dividing the weight of NFC layers by surface area of the filters.
A L&W air permeance tester with an operating range from 0.003 to 100 um/Pa.S was used to

measure air permeance before and after coating. Two replicates were tested for each filter.

4.4.2.4. Scanning electron microscopy

FEI Magellan 400 FEG SEM were used to characterize surface and cross section morphology of filters.

Samples were mounted onto a metal substrate using carbon tape and coated with a thin layer of

169



CHAPTER 4

Iridium. Secondary electron images of composites were captured. 2kV of accelerating voltage was

applied for magnification up to 10,000 X.

4.4.2.5. Adsorption and filtration properties

Adsorption and filtration experiments were carried out with a dead-end stirred cell from Merck
Millipore Australia. For PEG filtration, TOC (Total Organic Carbon) analyser was used to analyse the
PEG content of the filtrate. Dye concentration was measured at 10 second intervals with an
ultraviolet-visible (UV-Vis) spectrometer with a quartz micro flow cell with 10 mm optical path
length. Mass flux for the effective membrane area (0.00418 m?) was calculated by measuring the
mass of permeate as a function of time. The experimental procedure with a comprehensive

schematic and flux equation can be found in our previous studies [5, 6].

The experiments were performed at 1.5 bar for both adsorption and filtration experiments. Before
any adsorption and filtration testing, water flux was measured on the sheets at 1.5 bar with 400 ml
ultra-pure water. Adsorption experiments were conducted with 400 mL of either 5 ppm MY or MB
dye solutions and PEG filtration was done with 50 ml of 0.1% (wt./v) of either 600 or 5,000 kDa PEG.
0.1% (wt./v) PEG solution was prepared by adding 1 gram of polymer into 1000 ml pure water and

stirring overnight. Two replicates were tested for each sample.

4.5. RESULTS

4.5.1. Nanofibrillated cellulose layer structure

4.5.1.1. Coated layer grammage

Figure 1 shows the different grammage of NFC layer coated on top of the base sheets as a function

of conveyor speed.

170



CHAPTER 4

35
30

25 r

15
10

Coated NFC layer / gsm

O | | |
0 1000 2000 3000 4000

Conveyor speed / mm min-?)

Figure 1: The grammage of top coating according to increasing conveyor speeds.

Figure 1 shows that we could get a 30 gsm NFC layer coated onto base sheet with the slowest speed
(533 mm/min). However, increasing speeds result in less material transfer onto base sheets, which
in turn decrease the total gsm of final products. The lowest gsm coated onto filters is around 4 gsm

with the highest speed (3429 mm/min).

The thickness of coated layers onto base sheets is shown is Figure 2 in mm according to different
coating grammages. The original base sheet thicknesses are ranging between 0.43 and 0.45 mm.
The coated layer thicknesses onto base sheets are in the range of 0.0112 to 0.0405 mm; these
thicknesses were obtained by NFC grammage between 4 and 30 gsm. The increase in thickness at 4
gsm is 28% of the increase in thickness at 30 gsm. The gradual increase indicates that NFC is not
likely to intrude into the base layer. This can be also seen from the cross-section SEM image in the
next section (Figure 4). Moreover, this is also consistent with measurements of the gel-point [21],
which show that at the sprayed solids content of 1 wt.%, the fibres in the suspension will form a

connected network, preventing them from adsorbing into the base sheet layer.
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Figure 2: Thickness of coated layers according to different grammages.
4.5.1.2. Surface and cross section scanning electron microscopy images

Figure 3 shows the surface morphology of base sheet and samples coated with different grammages
of NFC layer. The base sheet has a lot of perlite particles protruding from the surface. However, NFC
layer successfully provides almost full surface coverage from 8 gsm coating upwards; neither of the
high gsm coatings (13 and 30 gsm) show visible protruding through the coating. However, as the

NFC layer thickness decreases, perlite particles begin to visibly protrude from the surface.
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Figure 3: Surface SEM images of a) base sheet b) 4 gsm ¢) 6 gsm) d) 8 gsm e) 13 gsm f) 30 gsm
NFC layers.

Figure 4 shows a cross-section of the sample with 6 gsm NFC layer, with the NFC layer on the right
hand side of the image. The internal bonding between the NFC coating and base sheet can be seen
in the image; the NFC layer is connected to the base sheet with extensive amount of bonding

provided by high surface area of NFC. However, there is no evidence of fibres intruding into the base
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sheet. The fibres seem to form a discrete smooth surface providing a full surface coverage on the
base sheet. This is also in agreement with the gradual thickness increase of layers with increasing

grammages (Figure 2).
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Figure 4: Cross section images of 6 gsm coated sample.

4.5.1.3. Air flow testing

Air flow testing is done to investigate the air barrier properties of samples that might be potentially
improved by NFC coating. Figure 5 shows the air permeability of each filter in um/Pa.s. Base sheet
is quite porous with high permeability around 2.39 um/Pa.s. 4 gsm coating on top of base sheet
reduced the air permeability significantly by 83%. The thickest coating, 30 gsm, has a permeability
of less than 0.003 um/Pa.s, which is the lower measurement limit of the instrument. All these results
confirm that even the thinnest 4 gsm sprayed NFC layer has successfully formed a continuous barrier

layer.
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Figure 5: Air permeability of filters versus coating layer grammage.

4.5.2. Filtration performance

4.5.2.1. Water flux

Water flux of samples, as a function of coating layer grammage, is shown in Figure 6. The base sheet
without any NFC layer (0 gsm) has the highest flux around 690 LMH. Even the lowest coating
grammage (4 gsm) dropped flux by 51%. The gradual increase in the coating layer grammage
decreased the water flux gradually where the thickest coating layer (30 gsm) only has a flux of
around 15 LMH, which is a substantial decrease by 98% compared to base sheet. Our flux results

are in a similar range with NFC membranes reported by Varanasi et al. [25].
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Figure 6: Water flux of samples versus coating layer grammage.

4.5.2.2. Polyethylene glycol filtration

Separation experiments by molecular weight were conducted with two different molecular weights
of polyethylene glycol (PEG) (600 kDa and 5,000 kDa). The percentage rejected for each molecular
weight is given in Figure 7 as a function of the grammage of NFC coating. The highest rejection
achieved was 84% and 86% for 600 and 5,000 kDa PEG, respectively, at the thickest coating (30 gsm).
The rejection for 5,000 kDa PEG is slightly higher than 600 kDa for 6 and 8 gsm coatings. This is
expected as 5,000 kDa PEG molecules would be larger and more likely to be held by the filters.
However, there is no rejection obtained with the base sheets for any of these molecular weights;
these experiments were performed in our previous study [6]. Ultrafiltration membranes have
MWCO reported in Dalton, ranging from 1000 Da to 1 MDa [26]. MWCO refers to the lowest
molecular weight of a solute of which at least 90% can be retained by a membrane. 600 kDa can
easily fall under ultrafiltration, where 5,000 kDa is in the smaller size ranges of microfiltration.
Therefore, these results indicate that we could improve the rejection of different molecular weights
by spraying NFC layer on top of the base filters. The full set of TOC results for each sample are given

in Sl (Table S1).
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Figure 7: PEG rejection results with respect to different coating layer grammage and two

different molecular weights of PEG.
4.5.2.3. Methylene blue adsorption

MB adsorption breakthrough curves are shown in Figure 8. Base sheets originally have very steep
adsorption breakthrough curves which correspond to very poor adsorption. This can be attributed
to the positive charge characteristics of the filters due to the presence of positively charged polymer
PAE. As a result of repulsion between the filter media and positively charged methylene blue, very
little adsorption occurs onto filters. However, our filters are very successful in terms of adsorbing
negatively charged contaminants thanks to the presence of PAE. The negatively charged metanil
yellow adsorption breakthrough curve of base sheet can be found in our previously published work
[5]. In this study, we also aim to improve the positively charged contaminant adsorption onto filters
besides adding filtration capabilities. Figure 8 shows that with the increasing NFC layer thickness,
MB breakthrough curves are improving and more adsorption occurs onto filters. This can be also
seen with the pictures taken after adsorption onto filters (Figure 9a). The layers become darker from
left to right with increasing NFC thicknesses which indicates more MB adsorption on filters. On the
other hand, figure 9b demonstrates the back side of the filters after adsorption. The back side is the

base sheet and they all have the same very light intensity of blue colour; this proves that the
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adsorption is mainly dependent on the top layer coating. The poor base sheet MB adsorption

characteristics were not been impacted by the top coating in the manner suggested by the

hypothesis stated earlier.
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Figure 8: Methylene blue adsorption breakthrough curves as a function of NFC layer
thicknesses.
Figure 9: Pictures taken after methylene blue adsorption from a) the front side b) the back side

of filters with different thicknesses of NFC layer.
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Pictures of the sheet with 13 gsm NFC coating and the base sheet after MY adsorption are shown in
Figure 10a and 10b, respectively. There is no adsorption onto NFC layer; metanil yellow is adsorbed
onto the base sheet only.

a) b)

Figure 10: a) Composite sheet 13 gsm NFC layer after metanil yellow (MY) adsorption b) base

sheet after MY adsorption.

4.6. DISCUSSION AND FUTURE PERSPECTIVE

This new two-layer filter developed here shows remarkable performance. While the positively
charged cellulose-perlite depth filters are a well-established solution for adsorbing negatively
charged contaminants, we have previously established that they have no adsorption of positively
charged contaminants. In addition, the pore size distribution of our base sheet measured by
mercury autopore technique is around 1-3 um [5], which means that filtration by size exclusion is
restricted to very large particles. In this work, we have prepared a dual layer system by spraying a
second layer onto the previously developed depth filters. Spraying is a scalable and could readily be

adapted for the production of these materials on an industrial scale.

Furthermore, the sprayed NFC layer is naturally negatively charged. The performance achieved has
not required the use of any additional polyelectrolytes to control the charge. These negatively
charged NFC fibres have formed a layer that has effectively bonded to the depth filter layer due to
firstly, the small size of the fibres, which means that they are able to conform to the base layer.
Secondly, the electrostatic interaction between the positively charged base layer and the negatively

charged NFC layer provides additional bonding between the layers.

The new dual layer structure gives a highly promising triple functionality: microfiltration
performance to reject particles by size, adsorption of positively charged contaminants in the

negatively charged NFC membrane layer and adsorption of negatively charged contaminants in the

179



CHAPTER 4

depth filter layer. In addition, the membrane layer protects the depth filter layer from becoming
clogged from suspended particles. However, addition of such a barrier layer could also make the
system susceptible to fouling in some cases where micron-sized particles are being separated as
well. In this case, a NFC barrier layer might cause a rapid surface fouling. When using a barrier layer,

the decision should be made based on the contaminants that are contained in the suspension.

The performance trade-off is also in the reduction of flux. Selection of the appropriate barrier layer
grammage needs to be made. After consideration of all the results, the best grammage to balance
separation performance against flux would be an 8 gsm layer. While this layer has reduced the flux
at 1.5 bar pressure from 689 to 133 LMH, the two layer structure has achieved nearly 80% rejection

of 5,000 kDa PEG and has not been fully saturated when filtering the positively charged dye.

4.7. CONCLUSION

This study has focused on the development of new functionalities for depth type filters by coating
a top barrier layer. Depth filters were made by papermaking technique and used as base sheets.
Following this, NFC was coated on top of the base sheets by spray coating technique. Different
thickness of NFC layer was investigated for a variety of properties; water flux, adsorption and
rejection of molecules by molecular weight. NFC is advantageous as a top barrier layer thanks to its
highly connected network and smaller pore size distribution. This helps holding smaller molecules
that base sheets individually are not able to do. We could obtain around 84% cut-off for two
different molecular weights of PEG only with 30 gsm top coating. Moreover, negatively charged
nature of NFC helps attracting positively charged molecules. MB dye breakthrough curves showed
a remarkable improvement with increasing grammage of NFC layer. Surface and cross section
morphologies were observed by SEM images and they indicate that NFC provides a smoother and

more discrete surface coverage by increasing thickness of NFC.

Our study shows that NFC is a promising material to be used as a barrier layer on top of the filters.
NFC’s biodegradable and renewable nature also ensure that our filters are tailored without any

chemical impact on the environment.
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PREFACE

In the previous Chapters, function of each component was investigated and we gained an insight
into engineering internal structure and separation performance of the filters with different
components. Furthermore, new advanced filters were structured for developing high performance
filter products with additional functionalities. However, with the increasing demands towards
sustainability and green chemistry, filters need to be in agreement with the regulations more.
Current filters comprise the toxic wet strength chemical, polyamideamine-epichlorohydrin (PAE),
which creates a challenge for both environment and food grade applications. Therefore, there

should be more efforts to develop filters with greener components.

This chapter presents reducing the quantity of wet strength polymer, PAE, for a reduced impact on
the environment and food grade applications. Filters were prepared by cellulose fibres, perlite and
PAE. A very minor cellulose fibre composition was substituted for nanofibrillated cellulose (NFC),
while reducing the PAE quantity gradually. Wet tensile index of the composites was obtained by
Instron tensile testing system. Charge characteristics were investigated by zeta potential
measurements. Additional polymers, polyethylenimine (PEI) and cationic polyacrylamide (CPAM),
were used to recover any potential charge difference occurring in the composites. Adsorption was

investigated with methylene blue (MB) dye in a dead-end filtration unit.

This chapter follows the fourth objective.
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5.1. ABSTRACT

Polyamideamine-epichlorohydrin resin (PAE) is one of the most commonly used wet strength agents
in the papermaking industry. However, adsorbable organic halogens (AOX) are known to be a toxic
side product of the PAE manufacturing process; therefore, the use of PAE is restricted by regulation
for food and medical applications. In this study, we investigated partially replacing the indirect food
additive, PAE, with a renewable, biodegradable material, nanofibrillated cellulose (NFC), in order to
drastically reduce the amount of PAE used while maintaining the same wet tensile strength. The
concept is to replace covalent bonds by hydrogen bonds and to drastically increase bonding area.
Depth-type filters were prepared with cellulose (30%), perlite (70%) and lesser amounts of PAE via
papermaking technique. A small fraction of cellulose fibre composition was substituted with NFC
while the PAE amount was gradually decreased. The substitution of positively charged PAE for
negatively charged nanofibrillated cellulose switched the overall charge of the system from cationic
to anionic. Therefore, two cationic polyelectrolytes, CPAM or PEIl, were investigated to control the

overall charge and adsorption performance of the filter system.
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The substitution of NFC enabled PAE dosage to be reduced by over 95% while retaining the wet
strength properties of the filters. The wet strength obtained from the small quantity of wet strength
polymer could be further improved by increasing the curing temperature to 150 °C with a much
shorter curing period. The filters with reduced PAE dosage have also improved adsorption of
positively charged contaminants. However, for negatively charged contaminants a very minor
amount (around 20 mg/g) of cationic polymer addition would be required to maintain the
performance. Our study shows that partial replacement of conventional papermaking fibres with
nanofibrillated cellulose allows us to reduce the quantity of wet strength polymer remarkably and
achieve a sustainable and environmentally-friendly concept for filter manufacturing or for any paper

product requiring wet strength.

5.2. KEYWORDS

Nanofibrillated cellulose; Wet strength; Composite; Filter; Adsorption

5.3. INTRODUCTION

Wet strength is a critical property of certain paper products; it measures the ability of fibre network
to maintain its original strength when it is wetted with an aqueous solution. Wet strength is critical
for hygiene products such as paper towel and tissue paper [1, 2]. Moreover, cellulosic filters that
are used in liquid filtration require a substantial wet strength as well to remain robust during

operations.

Polyamideamine-epichlorohydrin (PAE) is by far the most common additive to manufacture wet
strengthened papers [3]. Wet strength is developed through cross-linking the azetidinium groups
with each other and with the cellulose [4]. These reactions generate a partial water-proof barrier
around the fibre to fibre contact point which restricts water from hydrolysing the hydrogen bonds

when the sheets are re-wetted.

However, epichlorohydrin-based products, such as PAE, have significant drawbacks. Both the
manufacture and use of epichlorohydrin can produce a high adsorbable organic halogen (AOX)
content in the process wastewater [5]. The toxic effects of AOX range from carcinogenic and

mutagenic effects to acute and chronic toxicity and can inhibit microorganism growth [6-9].
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A further problem with PAE strengthened products is that the majority of papers strengthened with
epoxy thermosets cannot be easily recycled due to their irreversible 3-D crosslinked networks [10].
The used epoxy thermosets can only be incinerated or landfilled, or degraded to small molecules

directly using strong acidic or basic agents [10].

An ideal solution from a broad cleaner production perspective would be one that retains the

required product performance while:

1. Replacing the epichlorohydrin resins, with their toxic by-products in manufacture and use,
with a non-hazardous alternative.
2. Facilitating recycling.

3. Using a locally sourced bio-derived alternative.

During the last two decades, nanofibrillated cellulose (NFC) have emerged as a promising alternative
that can meet all these requirements. Cellulose is the most abundant polymer on Earth; it is
renewable, biodegradable, non-toxic and chemically versatile [11]. Nanofibrillated cellulose is
formed by breaking down cellulose fibres into their nano-scale cellulose microfibril building blocks
[12]. NFC is thus fully chemically compatible with cellulose and can be recycled with the cellulose
fibres. Almost any source of cellulose can be used, including agricultural and food processing
residues [13] as well as the fibre degradation products from paper-mill processing [14], thus utilising

the principles of industrial ecology.

Furthermore NFC is an outstanding sustainable reinforcement material [15, 16]. Use of NFC has
emerged as a wet-end additive with potential applications as wet and dry strength agents as well as
a coating to improve the barrier properties [12]. The contribution of NFC to strength can be achieved
by two mechanisms [15]. Firstly, NFC promotes the bridging between fibres which increases the
fibre to fibre contact, and in turn increases the bonded area. Secondly, web-like entangled structure
of NFC brings larger fibres together creating a network, which boosts the load-bearing capacity of
the paper. As a result, the final paper strength is achieved by both fibre to fibre contact and the NFC

network.

While NFC is a promising alternative to resin-bonded products, it must still be demonstrated that

the product performance has been maintained. In this study, we investigated the development of
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cleaner food grade filters with the least amount of wet strength resin while delivering the same wet
strength and adsorption properties as original filters with high PAE dosage. To achieve this, a
particular fibre fraction was substituted with NFC without changing the total fibre composition.
Filters were prepared with a variety of PAE dosages. Performance of NFC was examined as a wet
strength agent, where effect of different variables such as curing conditions and addition order of
raw materials were investigated on wet strength development. Adsorption performance was
examined by two different oppositely charged dye molecules. Positively charged polyelectrolytes

were used to maintain the similar charge and adsorption characteristics of the filters.

5.4. MATERIAL AND METHODS

5.4.1. Material

The cellulose fibres used for the composites were:
e Unrefined northern softwood NIST RM 8495 bleached Kraft pulp from Procter and Gamble
e Bleached radiata pine softwood Kraft pulp refined to 400 Canadian standard freeness (CSF)
in a disk refiner
e NFC prepared by processing a 0.3 wt. % suspension of bleached radiata pine softwood Kraft
pulp, that had been refined to 400 Canadian standard freeness, in a GEA Niro Soavi

homogeniser at 800 bar pressure for 3 passes.

The fibre diameter distributions of homogenised and refined pulp were previously reported in our
study [17] and are almost 50 and 25 nm for the nanofibre fraction of the refined and homogenised
pulp, respectively. Expanded perlite supplied by Dicalite Minerals Corp was used as the inorganic
absorbent. Commercial PAE provided from Nopcobond Paper Technology Pty Ltd was used as wet

strength resin.

Negatively charged metanil yellow (MY) and positively charged methylene blue (MB) dyes supplied
from Sigma Aldrich were used to investigate adsorption characteristics. The cationic polyacrylamide
(CPAM) polymer was supplied by AQUA + TECH. The F1 grade with 13MDa molecular weight and 40%
charge density was used. Polyethylenimine (PEIl), branched with 10,000 Da molecular weight was

purchased from Sigma Aldrich.
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5.4.2. Methods

5.4.2.1. Preparation of filters

Filters were prepared by using a standard British hand sheet maker. Detailed step by step
explanation of sheet making procedure can be found in our previously published study [17]. Filter
suspensions were prepared by mixing pulp suspension with perlite and PAE (0.22 w/v %) or PAE &
CPAM (0.1 wt. %) or PAE & PEI (0.1 wt. %) combinations with a variety of compositions. Filters

prepared with different compositions and curing conditions were listed below.

1) 30% Fibre (1/3 refined pulp + 2/3 unrefined pulp) + 70% Perlite + 120 mg PAE-half an hour at
105°C (Reference sample)

2) 30% Fibre (1/3 NFC + 2/3 unrefined pulp) + 70% Perlite + (0-5-10-30-60-90-120 mg PAE) —half
an hour at 105°C

3) 30% Fibre (1/3 NFC + 2/3 unrefined pulp) + 70% Perlite + 5 mg PAE- one hour at 105°C

4) 30% Fibre (1/3 NFC + 2/3 unrefined pulp) + 70% Perlite + 5 mg PAE- 5 minutes at 150°C (tried
by two different order of addition methods)

5) 30% Fibre (1/3 NFC + 2/3 unrefined pulp) + 70% Perlite + 5 mg PAE & 25 mg CPAM-5 minutes
at 150°C

6) 30% Fibre (1/3 NFC + 2/3 unrefined pulp) + 70% Perlite + 5 mg PAE & 25 mg PEI-5 minutes at
150°C

Suspensions were mixed by the following the order of addition in Figure 1a. Figure 1b was only used
to investigate the effect of different order of additions on wet strength development by 5 mg PAE

added sample cured at 150°C for 5 min. Mixing procedures were shown in Figure 1.
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a)

PAE or PAE & CPAM or PAE & PEI

7

Perlite suspension NFC suspension NFC and perlite
mixture

Unrefined cellulose pulp
suspension

Unrefined cellulose pulp
suspension

Figure 1: Graphical representation of mixture preparation procedures.

In Figure 1a, perlite is added to NFC suspension first and then the perlite and NFC mixture is added
to unrefined cellulose pulp suspension. PAE or any other positively charged polymers used with PAE

for charge modification were added at the end on top of the entire suspension. Combination of PAE
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with other positively charged polymers was used to investigate the charge modification of the

composites along with adsorption and wet strength properties.

In Figure 1b, PAE is added to NFC mixture first and then this mixture is added to unrefined pulp

suspension. Perlite suspension was then added last.

All the filters were further air dried after oven treatment in a humidity controlled room for at least

24 hours prior to any further use.
5.4.2.2. Wet tensile strength measurements

Composites were conditioned in the humidity room at 23°C and 50% relative humidity at least for
24 hours prior to any mechanical testing. Thickness of the composites was measured using L&W
thickness tester after conditioning. Average thickness of ten points was used to calculate the
thickness of each sample. Following thickness measurements, each sample was cut into 15 mm wide
strips using a sheet cutting machine. Wet strength measurements were conducted on an Instron
model 5566 with a constant strain rate of 10 mm/min. At least 14 strips in total from two separately
formed sheets for each sample was measured with a 100 ms test span. Sample strips were
individually soaked in water for one minute before measurements. Tensile index for each sample

was calculated as tensile load per unit width divided by grammage.

5.4.2.3. Zeta potential

Nanobrook Omni from Brookhaven Instruments was used to measure the zeta potential of
suspensions. Small quantity of the suspensions was analysed in a cuvette cell at 25°C before
papermaking. The electrophoretic mobility was determined using laser Doppler velocimetry and

zeta potential was calculated based on the Smoluchowski equation.

5.4.2.4. Adsorption properties

A dead-end stirred cell working with constant pressure was used to carry out adsorption
experiments with 400 mL MY and MB dye solutions. The experimental procedure was explained
comprehensively in our previous study [17]. Effect of different compositions of charged polymers

and NFC on charged dye molecule adsorption was investigated.
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5.5. RESULTS

In this section, wet tensile index of the composites was measured as a function of critical variables:
PAE dosage, curing conditions and PAE adsorption methodology. Charge characteristics of the
composites were investigated by zeta potential measurements. Contaminant adsorption properties
were tested using an anionic (MY) and a cationic (MB) dye. Cationic polyelectrolyte addition was
also examined in terms of charge modification, adsorption characteristics as well as wet strength

improvement.

5.5.1. Wet tensile index

5.5.1.1. Effect of PAE dosage

Wet tensile strength properties of composites with varying PAE dosages and pulp content are
presented in Figure 2. The reference composite with refined pulp and 120 mg PAE has a wet tensile
index of 5.78 Nm/g. Simultaneously substituting NFC for the refined pulp and eliminating PAE
(Mixing procedure (a) in section 2.2.1 was used for sample preparation) reduced the wet tensile
index to 2.80 Nm/g, showing that it is not possible to fully replace the PAE. The optimum PAE dosage
with the NFC, which provides the reference wet strength, ranges between 5 mg and 7 mg under the

usual curing condition and preparation technique.

198



CHAPTER 5

NFC substituted samples
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Figure 2: Effect of PAE dosage on wet tensile index of the composites. (Curing at 105°C for 30
min).
5.5.1.2. Effect of curing conditions

The effect of curing condition was investigated with an addition level of 5 mg PAE. Samples were
prepared with the procedure (Figure 1a) given in section 2.2.1. The composites were treated at
105°C for one hour and 150°C for 5 minutes, differing from the normal curing conditions (Figure 3).
One hour treatment at 105°C and 5 minute curing at 150°C increased wet tensile index to 5.64 and
5.83 Nm/g, respectively. However, these differences are not statistically different from the
reference material with 5.78 Nm/g. (T-test is given in supplementary material). It shows that either
one hour treatment at 105°C or 5 minute treatment at 150°C can be selected with 5 mg PAE addition

to achieve the same wet strength as the reference filter.
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Figure 3: Effect of curing on wet tensile index of the composites (with 5 mg PAE dosage).
5.5.1.3. Effect of order of PAE addition

Here, PAE was added first to NFC and the mixture was then mixed to unrefined fibres (see section
2.2.1, Figure 1b); this differs from the previous method. Perlite suspension was added at the end
and the resulting suspension was gently mixed before papermaking. Curing was set at 5 minutes,

150°C. The order of addition of resin to the fibres has no statistically significant effect (Figure 4; with

T-test analysis in supplementary material).
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Figure 4: Effect of order of PAE addition on wet tensile index of the composites (Curing at 5

min., 150°C with 5 mg PAE).

5.5.2. Cationic polyelectrolyte addition: Zeta potential and wet strength

improvement
As the reduction in PAE amount also changes the charge of filter medium, charge modification was
investigated with two cationic polyelectrolytes, CPAM and PEl, differing in morphology to maintain
the electrostatic adsorption properties. Sheets with CPAM and PEI were prepared by the method
given in 2.1.1, Figure 1a. Zeta potential measurements of the critical composites are given in Figure
5. Results show that eliminating PAE dropped the electrical double layer net charge of the

suspended particles from +30 mV to —37 mV, while charge is controlled from -27 mV to -15 mV by

adding PAE up to 10 mg.

Substitution of 1/3 of the fibres by NFC decreased the zeta potential slightly, indicating an increase
in negative charges from the surface of fibres upon homogenisation. Adding 25 mg of either CPAM

or PEl with 5 mg PAE produced suspensions of zeta potential of +38 mV and +22 mV, respectively,

which is essentially in the range of the reference material.
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Figure 5: Zeta potential values of composites.

Addition of PEl or CPAM in combination with PAE was tested to investigate the contribution of
polyelectrolytes on wet strength development (Figure 6). Adding 25 mg PEl with 5 mg PAE doubles

the composite wet strength. However, CPAM did not improve the wet strength significantly.
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Figure 6: Wet tensile strength properties of composites with PAE & PEl and PAE & CPAM

polymer mixtures.

5.5.3. Adsorption properties

The effect of adsorbing 400 mL of anionic metanil yellow (MY) or cationic methylene blue (MB) was
qguantified on different composites. Figure 7a and b show the metanil yellow and methylene blue
adsorption breakthrough curves, respectively. The refined-120 mg PAE composite (reference
sample) has a higher adsorption capacity for MY molecules than the composite with NFC, 5 mg PAE
& 25 mg CPAM (Figure 7a). However, when CPAM is substituted for 25 mg PEI, the filter has a
remarkable capacity for MY, even higher than that of the reference sample. Even though the zeta
potential with combination of CPAM and PAE is similar to that of the reference sample, CPAM
cannot provide the same adsorption characteristics with anionic MY. PEI addition (25 mg or less)
combined with 5 mg PAE generates numerous positive charges, improving anionic contaminant

adsorption onto the composites.

No additional polymer is needed for adsorbing the cationic methylene blue (Figure 7b). The sample

with 5 mg PAE and NFC provides an improved adsorption capacity shown by the breakthrough curve.
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Composites combining 5 mg PAE with NFC provide a remarkable separation of any cationic

contaminant while retaining their original wet strength.
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Figure 7: Adsorption breakthrough curves of composites with (a) metanil yellow (b) methylene
blue.

5.6. DISCUSSION

Curing time and temperature are important variables affecting cellulosic composite wet strength at
a given resin dosage. Optimising temperature and curing time can maximize the curing and
crosslinking for the same amount of wet strength resin. The crosslinking of all PAE molecules on
cellulose also minimizes their possible diffusion into the filtrate, an important requirement of filters
in food or pharmaceutical applications. By efficient curing, either 5 min. at 150°C or 1 hour at 105°C,
and substituting the refined fibre for NFC, the desired wet strength level was maintained while
reducing the PAE usage by 95% (Figure 2 and 3). This is a substantial contribution from a broad
cleaner production perspective. As discussed in the introduction, NFC can be made from any

cellulosic material including agricultural waste and degradation products from paper-mill processing.
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The straight-forward mechanical treatment we used here to produce NFC, with mechanical refining
in a disk mill followed by homogenisation, does not require large factory floor area to implement

and can be readily designed to any required capacity, thus allowing for on-site manufacture and use.

Adsorption in our filters is driven by electrostatic attractions between negatively and positively
charged molecules. The original anionic charge of both cellulose and perlite favours the adsorption
of cationic contaminants onto filters. On the other hand, cationic polymers can be adsorbed onto
the fibres and perlite particles to promote anionic molecule adsorption onto filters. Charge
modification is one of the reasons that PAE is used in filters in addition to the wet strength
development. CPAM and PEIl are the cationic polymers used in our study after PAE reduction to
compensate for the loss of the positively charged PAE. Both polymers successfully helped regaining
the charge characteristics. However, there is a significant difference between the adsorption
behaviour of negatively charged molecules onto different samples prepared with either CPAM or
PEl. CPAM is a linear and high molecular weight polymer forming flexible random coil configurations,
whereas PEl is a highly branched polymer with a high charge density and much lower molecular
weight. These two polymers have been previously studied and the effect of polyelectrolyte
morphology on the adsorption and flocculation of micro fibrillated cellulose (MFC) was analysed
[18]. Polyelectrolytes adsorb onto surfaces of opposite charges by electrostatic attractions.
Equilibrium conformation of an adsorbed linear polymer chain is as a tails and loops configuration
[19]. The size of the loops can be reduced if the strength of the electrostatic interaction with the
surface increases. CPAM bridges with a flattened conformation onto cellulose resulting in a smaller
accessible area for negatively charged molecule adsorption. However, a branched polymer, such as
PEI, adsorbs onto fibres as large rigid bridges by maintaining its shape without reconformation and
flattening [20] and leaving both the polymer and the surface more accessible to interact with the
surrounding molecules. Anionic MY adsorbs onto PEl treated composites more efficiently than on
CPAM treated composites; this is because most of the charges remain accessible in contrast to
CPAM. PEl is a promising dendrimer to be used in conjunction with 5 mg PAE to retain adsorption
characteristics. PEIl also contributes to wet strength significantly (Fig. 6); a minute amount of PEI

alone should be enough for both negatively charged molecule adsorption as well as wet strength
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development. While the contribution of cationic polymers to paper strength was already reported

[21, 22], the significant effect of PElI on wet strength was unexpected.

In the work here, we have shown that we can almost entirely replace PAE wet strength resin with
NFC. That is, we are substituting a product with a long supply chain, a short shelf life and toxic by-
products in manufacture and use with NFC, a biodegradable, renewable material which can be

produced on-site from waste, thus promoting both industrial ecology and the circular economy.

This innovation also addresses the aspect of design for recycling. NFC, being composed only of
cellulose is thus fully chemically compatible with micron-diameter cellulose fibres that are used to
make paper. Infact, NFC has been widely investigated as a reinforcing fibre to improve the strength
of conventional paper sheets [23, 24], due to its outstanding web-like entangled structure, high
aspect ratio and high strength [25]. The achievement of the required wet-strength, largely using
only cellulose fibre-NFC hydrogen bonding and minimising cross-linking will allow re-dispersion in
water. Thus filters wet-strengthened with NFC should be recyclable within a conventional paper

recycling process, possibly with enhanced initial dispersion, because of the high wet strength.

5.7. CONCLUSION

This study investigated reducing the quantity of wet strength resin, PAE used in cellulosic filter
products by substituting a renewable, biodegradable material, nanofibrillated cellulose (NFC).
Substituting NFC for refined fibre allowed us to reduce PAE content by 95% while retaining full wet
strength. In addition, the use of PEIl to substitute for the cationic charge lost upon removal of the
PAE was found to allow for the adsorption of both negatively and positively charged contaminants,
in comparison to filters prepared with PAE, which only adsorbed negatively charged contaminants.
This substantial reduction in PAE usage is particularly interesting for cellulosic filters used in
beverage filtration applications. PAE is used as an indirect food additive in these type of filter
products and the allowed concentration is very limited. Therefore, NFC substitution is a promising
strategy for high performance cellulose fibre based filters while reducing PAE usage by 95%,
drastically reducing AOX generation in PAE production and application. NFC’s biodegradable and

renewable nature provides cleaner products by significantly reducing the chemical impact on the
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environment and should be further investigated for any paper product currently using PAE to

develop the required wet-strength.
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6.1. CONCLUSION

Even though depth filters have been widely used in industrial clarification processes and studied in
the literature, there is very little understanding on how to improve performance of depth filters.
Depth filters are commonly made of cellulose fibres, a filter aid and a charged polymer. However,
effect of each component on the final filter performance is not known. Therefore, understanding
the effect of different components on depth filter performance in separation as well as observing
structural changes is required. Moreover, there is another clear gap regarding applying the new
advances in the filter structures that could potentially add different capabilities to the filters.
Although membrane technology has been strongly developed, depth filter concept that combines
different separation principles has not been explored in this manner. Finally, the use of toxic
chemicals in the current depth filters is challenging due to the limited concentration allowed for
food grade applications and the environmental concerns surrounding the use of these chemicals.
Therefore, greener components are required for the development of a new generation of more

sustainable and less toxic depth filters.

This thesis has reported three main interrelated research topics that have addressed the three
current major gaps regarding depth filters. Firstly, the effect on separation performance of each
component used in the filters was investigated. Secondly, new advanced filter structures were
developed and the effect on filtration performance was quantified. Lastly, the performance of
nanofibrillated cellulose (NFC) was investigated as a potential partial substitute for the toxic wet

strength polymer, PAE.

6.1.1. Understanding depth filter concept with the role of each component

In Chapter 2, composite depth filters were prepared with refined and unrefined cellulose fibres,
perlite and a well-known wet strength agent, polyamideamine-epichlorohydrin (PAE). A
papermaking technique was used to prepare the composites. Different composites with a variety of
components and compositions were prepared to investigate the effect of each component. Effect
of fibre structure was also investigated by systematically substituting some of the pulp content for
homogenised pulp. Adsorption characterisation was conducted with two oppositely charged dye

molecules: methylene blue (MB) and metanil yellow (MY). Particle rejection experiments were
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carried out with 1 um silicon dioxide (SiO2) particles. Mercury porosimetry and scanning electron

microscopy (SEM) techniques were used to observe structural properties.

Increasing homogenisation intensity increased the fibrillation of NFC and reduced the fibre diameter.
The increased NFC fibrillation resulted in a higher surface area and a higher quantity of negative
charges accessible in the medium. Since adsorption is charge driven, an increase in accessible
negatively charged sites contributed to attractive or repulsive forces depending on the type of dye
tested and changed the adsorption properties accordingly. PAE has no impact on particle rejection
properties; however, it substantially affected the charge of filters, and in turn the adsorption
performance. The perlite content changed the structural properties such as pore size of filters
increased as perlite particles adsorbed between the fibres. Also, the perlite content improved the
dye adsorption due to the high surface area and highly porous structure of the perlite. Even though
different variations of composites resulted in different pore size distributions, the composites were

overall very efficient in particle rejection with at least 90% rejection rate of SiO; particles.

This study shows that each component contributes to the overall functionality of the depth filter.
The internal structure as well as filtration performance can be controlled by adding different

components.
6.1.2. Engineering new filter structures for improved filtration performance

With the understanding obtained through Chapter 2 on the role of different filter components, the
next two Chapters (Chapter 3 and 4) of this thesis aimed at engineering novel structured depth

filters, comprising all the components, for improved performance.

In Chapter 3, the effect of multi-layered and single-layered depth filter structures was investigated
in terms of adsorption capacity as well as size-based rejection. Filters were again prepared from
cellulose fibre, perlite and PAE, using a papermaking technique. The perlite and fibre content was
kept constant at 70 wt% and 30 wt%, respectively, along with 100 mg PAE per gram of fibre. Filters
were prepared at two different total basis weights; 200 and 400 gsm. Different configurations were
structured either as single layer or multi-layers within each of the total basis weight. In the case of
multi-layered filters, all individual layers were prepared from equal quantities and the final filters

were achieved by piling up all the individual layers on top of each other, resulting in the total basis
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weight. MB was used to characterise adsorption properties. Particle and polymer rejection rates
were measured with 0.5 um SiO; particles and PEG molecules of two molecular weights (600 and

5,000 kDa), respectively. The filter structure was quantified by 3D X-ray tomography.

MB adsorption capacity increased when using a multi-layered filter configuration. Higher adsorption
capacities were achieved by increasing number of layers within the same total basis weight. The
structural characterisation by 3D X-ray tomography revealed the presence of macro voids/channels
through the thickness of high basis weight single-layered filters. Macro-voids would lead a
preferential flow of liquid through the voids as they will offer path of least resistance. Structuring
multi-layers by piling up individual layers prevents these defects from aligning. Therefore, multi-
layered filter structure with less voids within the thickness results in higher adsorption capacities by
providing an increased contact surface area. None of the filters showed any rejection of PEG
molecules. However, SiO, particle rejection rates were more than 85% for each configuration in

each total basis weight without any improvement observed with the multi-layered filter structure.

In Chapter 4, NFC was explored as a barrier layer on top of depth filters. Depth filters were prepared
as base sheets by the usual preparation method and this is followed by NFC coating. NFC was spray-
coated on top of the filters with the grammage of the sprayed layer ranging from 4 to 30 gsm. With
a barrier layer concept, it was aimed to develop different functionalities which were not originally
possessed by the filters. MB and MY dyes were used as positively and negatively charged model
molecules to characterise the adsorption performance. PEG molecules with two different molecular
weights (600 and 5,000 kDa) were used to test the molecule rejection. Surface and cross section

morphologies were observed by SEM.

This study indicates that a barrier layer can be successfully added on to the existing filters to develop
new functionalities. With the barrier layer, 84% rejection for two different molecular weights of PEG
(600 and 5,000 kDa) was obtained by only 30 gsm top coating. MB dye adsorption onto top layer
increased significantly by increasing NFC layer thickness. The optimum performance was found at
an 8 gsm NFC coat weight, where we could achieve 80% rejection of 5,000 kDa molecular weight
PEG, while still achieving a good breakthrough curve, adsorbing cationic MB dye. The anionic MY
dye was absorbed in the depth filter layer. The results showed that the two layer structure was able

to achieve triple functionality, absorbing both positively and negatively charged dye molecules and
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rejecting PEG molecules by size. PEG molecule rejection and MB adsorption are the two
functionalities that were not achievable in the depth filters that were prepared in the previous

chapters of the thesis.

These two works highlight how engineering new advanced structures can improve and control the

filter performance by adding new functionalities.

6.1.3. Development of cleaner filters by partially replacing the toxic polymer with

nanofibrillated cellulose

The last study of this thesis focuses on reducing the impact of filter manufacture and use on the
environment and expanding filter functionality for food grade applications by reducing the quantity
of wet strength resin, PAE. A renewable and biodegradable material, NFC was investigated to
partially substitute the refined cellulose fibre component, while the quantity of PAE was gradually
reduced. Wet tensile index of the composites was obtained using an Instron tensile testing system.
Adsorption properties were again tested by two oppositely charged dye molecules: MB and MY.
Zeta potential of the composite suspensions was also measured to investigate charge characteristics.
Polyethylenimine (PEI) and cationic polyacrylamide (CPAM) were used to recover the overall

cationic charge loss as the PAE content was reduced.

The strength provided by the highly connected NFC network allowed us to reduce PAE content by
95% while retaining the same wet strength. However, the reduction in the quantity of PAE used
shifted the overall system charge from positive to negative. Adsorption capacity on positively
charged methylene blue increased tremendously with the reduction of PAE. It was possible to
restore the overall positive charge in the system using a small quantity of positively charged polymer
(around 5 mg per 1.2 gram of fibre) of either PEI or CPAM. The results showed that adsorption was
not only controlled by overall charge, but also by the conformation of the adsorbed polymer and
that the dendrimer PEl is more effective than the high molecular weight linear CPAM to attract the

negatively charged dye molecules onto composites.

This study indicates that 95% reduction in the quantity of PAE was obtained only by substituting the
refined fibres with NFC. This result shows that NFC is an outstanding material to create greener

filters.
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6.2. PERSPECTIVES

Even though dynamic filtration with a dead-end filtration unit provides us a detailed insight
regarding separation performance, this setup is limited to a certain volume. This usually prevents
us from continuing filtration until the actual saturation point is reached, something which is
particularly important to establish a full breakthrough curve. Since a constant pressure filtration unit
has a closed setup where the feed solution is transferred into cell before it is pressurised, they
commonly come with a set volume. Therefore, it is worthwhile to work with a constant flux setup
which commonly works with a peristaltic pump with the feed solution kept outside. Also, it is more
realistic as industrial applications are usually performed under constant flux conditions. Additionally,
experiments in this thesis were somewhat limited with respect to the variables, such as pressure

and volume. These variables should be further investigated in future work.

Additionally, we have shown that NFC is a remarkable reinforcement material for wet strength and
we could get 95% reduction in the amount of PAE by substituting NFC for the refined fibre
component. However, this study was limited to one type of mechanical treatment intensity. If we
increase the fibre fibrillation further with more treatment, we would expect to be able to have more
strength with the same quantity of NFC substitution. Also, PEl is shown to be very effective for wet
strength development in this thesis. A very small quantity of PEI could provide enough strength and
help in eliminating PAE completely. However, it should be noted that in our study PEl was used with
PAE and CNF resulting in a polymer complex. The behaviour of PEl alone could be completely
different in terms of wet strength. Future studies should be carried out on this topic, so as to be

able to completely remove PAE and to be able to manufacture cleaner filters.

Lastly, the barrier layer on top of depth filters is proven to improve microfiltration significantly. This
concept can be combined with the multi-layered filter structure where higher adsorption capacities
can be achieved. Therefore, it is also worthwhile to focus on combining both concepts in one depth
filter in a future work, in order to make filters with enhanced adsorption capacity of both positively
and negatively charged molecules, with superior breakthrough curves and with the ability to
microfilter larger contaminants. However, a NFC barrier layer should be used based on the size of

contaminants as filtering suspensions with micron-sized particles might lead to rapid surface fouling.
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A2: Flow rate of samples
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MY and MB flow rates - Homogenized(1pass)/Per/PAE
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Figure A2: Metanil yellow and methylene blue flow rate of samples.
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A3: Low magnification SEM images

Figure A3: Low magnification SEM images of a) Refined pulp b) Homogenized pulp by 1 pass c)
Homogenized pulp by 3 pass.

A4: Perlite particle size distribution
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Figure A4: a) SEM image and b) particle size distribution of perlite particles.
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A5: Methylene blue and metanil yellow adsorption capacity of the filters

Table Al. Methylene blue adsorption capacity of filters.

Sample MB Adsorption Capacity (mg/g)
Refined 0.3672
Refined/Per/PAE 0.0016
Homogenized(1pass)/Per/PAE 0.0072
Homogenized(3pass)/Per/PAE 0.0386
Homogenized(3pass)/Per 1.5280

Table All. Metanil yellow adsorption capacity of filters.

Sample MY Adsorption Capacity (mg/g)
Refined 0.0008
Refined/Per/PAE 0.3448
Homogenized(1pass)/Per/PAE 0.1861
Homogenized(3pass)/Per/PAE 0.1825
Homogenized(3pass)/Per 0.0024
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MULTI-LAYER FILTERS: ADSORPTION AND FILTRATION MECHANISMS
FOR IMPROVED SEPARATION
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B1: Void fraction distribution of samples through thickness
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Figure B1:

B2: Polyethylene glycol (PEG) filtration

d)
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Number of layers
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Void Fraction Distribution of a) 400gsm-1x b) 200gsm-2x (first layer) c¢) 100gsm-4x

(second layer) and d) 100gsm-4x (third layer).

Table B2-l: 600 kDa PEG Filtration TOC Results.
Sample Analysis Result
Control TOC TOC:51.92 mg/L TC:52.07 mg/L 1C:0.1465 mg/L
200gsm-1x-1 TOC TOC:48.98 mg/L TC:49.14 mg/L 1C:0.1632 mg/L
100gsm-2x-1 TOC TOC:51.92 mg/L TC:52.09 mg/L 1C:0.1725 mg/L
200gsm-2x-2 TOC TOC:51.59 mg/L TC:51.75 mg/L 1C:0.1581 mg/L
100gsm-2x-2 TOC TOC:50.57 mg/L TC:50.74 mg/L 1C:0.1684 mg/L
400gsm-1x-1 TOC TOC:49.18 mg/L TC:49.37 mg/L 1C:0.1936 mg/L
400gsm-1x-2 TOC TOC:52.46 mg/L TC:52.69 mg/L 1C:0.2297 mg/L
200gsm-2x-1 TOC TOC:53.05 mg/L TC:53.23 mg/L 1C:0.1872 mg/L
200gsm-2x-2 TOC TOC:49.29 mg/L TC:49.47 mg/L 1C:0.1843 mg/L
100gsm-4x-1 TOC TOC:52.59 mg/L TC:52.77 mg/L 1C:0.1759 mg/L
100gsm-4x-2 TOC TOC:50.76 mg/L TC:50.96 mg/L 1C:0.1971 mg/L
Table B2-1l: 5,000 kDa PEG Filtration TOC Results.
Sample Analysis Result
Control TOC TOC:53.97 mg/L TC:54.16 mg/L 1C:0.1851 mg/L
200gsm-1x-1 | TOC TOC:51.70 mg/L TC:51.91 mg/L 1C:0.2024 mg/L
200gsm-2x-2 | TOC TOC:49.80 mg/L TC:50.00 mg/L 1C:0.2013 mg/L
100gsm-2x-1 | TOC TOC:52.19 mg/L TC:52.41 mg/L 1C:0.2171 mg/L
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100gsm-2x-2 | TOC TOC:50.87 mg/L TC:51.12 mg/L 1C:0.2446 mg/L
400gsm-1x-1 | TOC TOC:51.76 mg/L TC:52.05 mg/L 1C:0.2954 mg/L
400gsm-1x-2 | TOC TOC:51.96 mg/L TC:52.20 mg/L 1C:0.2414 mg/L
200gsm-2x-1 | TOC TOC:52.62 mg/L TC:52.82 mg/L 1C:0.1989 mg/L
200gsm-2x-2 | TOC TOC:53.61 mg/L TC:53.80 mg/L 1C:0.1841 mg/L
100gsm-4x-1 | TOC TOC:52.41 mg/L TC:52.58 mg/L 1C:0.1728 mg/L
100gsm-4x-2 | TOC TOC:52.18 mg/L TC:52.32 mg/L 1C:0.1471 mg/L

B3: Calibration curves
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Figure B3: a) methylene blue and b) silicon dioxide calibration curves.
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B4: 3D X-ray computed tomography data acquisition recipe

200gsm_AIL2_ayers_4X_200gsm_Al_2_layers_4X.txm - Image 1 at -180.00 degrees
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E
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Figure B4: 3D X-ray scanning and image analysis settings of 200gsm-2x, 100gsm-4x and 400gsm-
1x, respectively.

B5: Properties of samples

Table B5: Properties of samples based on different basis weights (gsm).
100 gsm 200 gsm 400 gsm
Thickness (mm) 0.224 0.419 0.787
Weight (g) 0.470 0.930 1.87
Theoretical density (g/cm?) 0.555 0.555 0.555
Bulk density (g/cm3) 0.446 0.477 0.508
Porosity (%) 0.20 0.14 0.08
Flux (LMH) 711 683 574
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CELLULOSE FIBRE-PERLITE DEPTH FILTERS WITH NANOFIBRILLATED
CELLULOSE TOP COATING FOR IMPROVED FILTRATION
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C1: PEG filtration TOC results

Table C1:

PEG filtration: TOC analysis raw data.

Samples based on
conveyor speed level

Results

Control-1-600 kDa TOC: 53.54 mg/L  TC:53.79mg/L IC: 0.2428mg/L
60-1 TOC: 30.60 mg/L  TC:30.85mg/L  IC: 0.2447mg/L
60-2 TOC: 25.33 mg/L  TC:25.52mg/L  1C: 0.1965mg/L
80-1 TOC:34.96 mg/L  TC:35.21mg/L  IC: 0.2496mg/L
80-2 TOC:42.71 mg/L  TC:42.96mg/L  1C: 0.2456mg/L
100-1 TOC:37.20mg/L  TC:37.47mg/L  1C:0.2709mg/L
100-2 TOC: 45.93 mg/L  TC: 46.16mg/L  IC: 0.2346mg/L
20-1 TOC: 8.380 mg/L  TC:8.628mg/L  IC: 0.2428mg/L
Control-2-5,000 kDa TOC: 54.63 mg/L  TC:54.82mg/L IC: 0.1848mg/L
60-1 TOC: 11.05mg/L  TC:11.30mg/L IC: 0.2565mg/L
60-2 TOC: 11.15mg/L  TC:11.36mg/L  1C: 0.2128mg/L
80-1 TOC: 26.85 mg/L  TC: 27.06mg/L IC: 0.2108mg/L
80-2 TOC: 16.82 mg/L  TC:17.07mg/L  1C: 0.2468mg/L
100-1 TOC: 45.69 mg/L  TC:45.91mg/L  1C:0.2151mg/L
100-2 TOC: 43.19 mg/L  TC:43.39mg/L  IC: 0.1961mg/L
20-1 TOC:8.838 mg/L  TC:9.053mg/L  1C:0.2158mg/L
20-2 TOC:6.472 mg/L  TC:6.679mg/L  1C: 0.2077mg/L
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THE USE OF NANOFIBRILLATED CELLULOSE TO REDUCE THE WET
STRENGTH POLYMER QUANTITY FOR DEVELOPMENT OF CLEANER
FILTERS
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* Corresponding author at: Bioresource Processing Research Institute of Australia, Chemical

Engineering Department, Monash University, Clayton, Australia, 3800

Email address: warren.batchelor@monash.edu (W. Batchelor).

T-Test data analysis

D1: Comparison of different curing conditions

Comparison of 105°C & 1/2 hour vs 105°C & 1 hour
t-Test: Two-Sample Assuming Unequal Variances

Variable 1 Variable 2

Mean 4.406428571 5.074285714
Variance 0.058209341 0.12738022
Observations 14 14
Hypothesized Mean Difference 0
df 23
t Stat -5.800571994
P(T<=t) one-tail 3.27795E-06
t Critical one-tail 1.713871528
P(T<=t) two-tail 6.5559E-06
t Critical two-tail 2.06865761

[-19



APPENDIX | (D)

Comparison of 105°C & 1/2 hour vs 150°C & 5min
t-Test: Two-Sample Assuming Unequal Variances

Variable  Variable

1 2

Mean 4.406429 5.248571
Variance 0.058209 0.331873
Observations 14 21
Hypothesized Mean

Difference 0

df 29

t Stat -5.96062

P(T<=t) one-tail 8.87E-07

t Critical one-tail 1.699127

P(T<=t) two-tail 1.77E-06

t Critical two-tail 2.04523

Comparison of 105°C & 1 hour vs 150°C & 5min
t-Test: Two-Sample Assuming Unequal Variances

Variable
Variable 1 2

Mean 5.074285714 5.248571
Variance 0.12738022 0.331873
Observations 14 21
Hypothesized Mean
Difference 0
df 33
t Stat 1.104445229
P(T<=t) one-tail 0.13869411
t Critical one-tail 1.692360309
P(T<=t) two-tail 0.277388219
t Critical two-tail 2.034515297
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D2: Comparison of different order of additions

Comparison of PAE addition: PAE added to the fibres
first vs added on top of entire suspension at the end

t-Test: Two-Sample Assuming Unequal Variances

Variable
Variable 1 2

Mean 5.613333333 5.248571
Variance 0.86109697 0.331873
Observations 12 21
Hypothesized Mean
Difference 0
df 16
t Stat 1.232686824

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.117749458
1.745883676
0.235498915
2.119905299
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ARTICLE INFO ABSTRACT

Keywords: Depth type composite filters are porous materials heavily loaded with adsorbents and can remove contaminants
Depth filter from liquids by combining mechanical entrapment and adsorption. There is still a need for developing high
Adsorption performance filters by controlling the internal structure at micro and nano level. In this study, highly fibrillated
Filtration nanocellulose (NC) with increased surface area was used as partial substitute for the fibre matrix to tailor the
g(e)lrlnﬁzz;:amﬁbre filter structure as well as the adsorption and filtration performance. Polyamide-amine-epichlorohydrin (PAE)

was added both to adjust the charge of medium and provide wet strength. Filters were fabricated by embedding
perlite particles into the cellulose fibre matrix by papermaking technique. The structure of composites was
characterized for pore size distribution and surface morphology. Adsorption and filtration characteristics were
quantified using two model dyes and silicon dioxide particles. Adsorption was found to be electrostatically
controlled and dependent on the charge of the dye molecules and the filter medium. The addition of NC doubled
the removal of a cationic dye by increasing the surface area and the available negative charges; it however
decreased the removal of an anionic dye by 75%. PAE addition decreased the adsorption of the cationic me-
thylene blue dye, while increasing the adsorption of the anionic metanil yellow dye. Rejection by filtration of
1 um particles was over 90% for all filters. This study demonstrates that highly fibrillated NC fibres combined

with a cationic wet strength polyelectrolyte can be used to tailor the filter structure and properties.

1. Introduction

Liquid filtration is used in a vast range of applications such as water
treatment, beverage and juice filtration, pharmaceutical and industrial
chemical filtration as well as medical purposes such as blood filtration
[1]. Membrane technology plays an important role in liquid filtration
applications and polymeric membranes made of polyamide, polysulfone
and polyimide are widely used [2] due to their mechanical and che-
mical resistances. However, these membranes suffer environmental
drawbacks as they are petroleum based, non-biodegradable and large
quantities of solvents and chemicals [3] are required for their produc-
tion. These membranes perform separation only by filtration/size ex-
clusion and remain inefficient for the separation of small charged mo-
lecules. In addition, membrane technology mainly relies on separation
at the surface which is very susceptible to fouling [4]. There is a need
for environmentally benign products with improved functionalities that
can be reprocessed, recycled or will biodegrade at the end of their life.
Depth type composites using cellulose fibres provide a solution. Depth
filters are porous materials heavily loaded with adsorbents. These filters

retain molecules not only on the surface but also within the media [5].
They can remove contaminants from liquids by combining filtration/
mechanical entrapment with adsorption, resulting in a higher removal
capacity.

Nanocellulose (NC) has widely been explored as an alternative
polymer in membranes/filters due to unique properties such as high
surface area, high strength, wettability, ease of chemical functionali-
zation and low environmental impact [6]. Cellulose is the most abun-
dant polymer and can be used in the form of fibres and derivatives in a
vast range of products [7-10]. NC technology has significantly pro-
gressed in the last decade; the applications of NC were reviewed by
Salas et al. [11]. The potential of NC in filtration applications and its
excellent adsorption capacity due to its high surface area-to-volume
ratio have long been identified [12-18]. Even though NC performance
for water treatment was demonstrated, most studies have focused on
functionalized NC fibres with a variety of chemistries, improving pol-
lutants binding efficiency [13,19,20]. This functionalization often re-
quires expensive and toxic chemical treatments and can be difficult to
scale up, limiting industrial applications. Also, regulations for some

* Corresponding authors at: BioProcessing Research Institute of Australia (BioPRIA), Chemical Engineering Department, Monash University, 3800, Australia.
E-mail addresses: gil.garnier@monash.edu (G. Garnier), warren.batchelor@monash.edu (W. Batchelor).
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applications, such as food and beverage, often restrict filters’ chemical
modification. The filters should be as chemical modification free as
possible.

Some studies have quantified adsorption with NC based adsorbents
using static experiments [13,16,18]; however, very few have reported
particle rejection with dynamic experiments [14,15]. This is un-
fortunate as industry typically operates filters in a continuous mode
instead of in a batch mode. NC composites with nano-ranged pore sizes
have been explored for separation applications [21]. Keshavarzi et al.
[22] investigated odour elimination with NC-zeolite composites in se-
paration processes. However, limited number of studies have quantified
NC composite performance in liquid filtration/adsorption. The fol-
lowing section gives an overview of dynamic studies of liquid filtration
or adsorption with NC composites.

Varanasi et al. [23] reported the preparation of NC composite
membranes and showed their potential in ultrafiltration. Silica nano-
particles were used to control the pore size of the nanofiber network.
The pure NC membranes had high flux but the rejection of polyethylene
glycol (PEG) was low because of the large pores. Composite membranes
showed better rejection performance as the pore size was controlled by
the silica nanoparticles. Control of composite pore size by nano parti-
cles addition is a promising avenue in ultrafiltration. However, this
study focused on molecular weight cut off (MWCO) and ignored com-
posite adsorption capability.

Karim et al. [24] investigated cellulose nano composites with
functional cellulose nanocrystals added on a supporting layer of micro-
sized cellulose fibres for adsorbing heavy metal ions from waste water.
Nanocrystals promoted adsorption and the membranes showed ex-
cellent removal of metal ions. However, filtration was ignored and the
isolation of cellulose nanocrystals from cellulose sludge is a tedious
process requiring chemical treatment.

There is a lack of fundamental separation understanding in terms of
combining adsorption and size exclusion for NC fibre composites under
dynamic conditions. However, separation combining both adsorption
and size exclusion is needed for some applications. In beer and wine
filtration, for instance, it is necessary to remove bacteria and yeast
particles to eliminate haziness [25] as well as removing some ionic
compounds to avoid bitter taste [26-28].

This study aims developing microporous filters with mechanically-
treated NC fibres and perlite, a low cost inorganic adsorbent. Composite
filters combining adsorption and filtration are prepared with a simple
and scalable papermaking process. The performance of highly fi-
brillated NC as a partial substitute for the fibre matrix of the filters is
studied. Polyamide-amine-epichlorohydrin (PAE), a cationic and cross-
linking polyelectrolyte was selected to provide wet strength and control
the charge of the medium; PAE is food grade when fully crosslinked.
Filtration and adsorption performances are evaluated dynamically with
two model dyes and silicon dioxide particles and analysed in the con-
text of food and pharmaceutical applications.

2. Materials and methods
2.1. Materials

The cellulose fibres used for the composites are unrefined northern
softwood NIST RM 8495 bleached kraft pulp (with a typical fibre length
of around 2.5-4 mm and 30 pym wide) and bleached radiata pine soft-
wood kraft pulp refined to 400 Canadian standard freeness (CSF) in a
disk refiner. Highly fibrillated NC fibres were prepared by processing
refined pulp in a GEA Niro Soavi homogenizer at 800 bar at both 1 pass
and 3 passes.

Expanded perlite supplied by Dicalite Minerals Corp was used as an
inorganic adsorbent. Commercial PAE provided from Nopcobond Paper
Technology Pty Ltd was used as wet strength resin.

Methylene blue (MB) and metanil yellow (MY) dyes supplied from
Sigma Aldrich were used to test adsorption. 1 um monodisperse silicon
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dioxide particles from Sigma Aldrich were used to test filtration cap-
ability of the composites.

2.2. Methods

2.2.1. Preparation of filters

Prior to sheet preparation, dry pulp was soaked in 2L deionised
water overnight and then disintegrated by a model MKIIIC, Messmer
Instruments Ltd for 75,000 revolutions. Following disintegration, sheet
suspensions were prepared by adding perlite suspensions to the pulp
suspensions. PAE (0.22% w/v) was then added at a rate of 100 mg/g
fibre and the mixtures were hand mixed before sheet making. 5 dif-
ferent composites and a control cellulose sheet were prepared; the fibre
component was varied as described with only 1/3 of the cellulose fibre
component. Composites were labelled based on the fibre composition
and presence of perlite and polymer as follow:

(1) Refined — 100% Fibre (1/3 refined pulp + 2/3 unrefined pulp)

(2) Refined/Per/PAE - 30% Fibre (1/3 refined pulp + 2/3 unrefined
pulp) + 70% Perlite + 120 mg PAE

(3) Unrefined/Per/PAE - 30% Fibre (3/3 unrefined pulp) + 70%
Perlite + 120 mg PAE

(4) Homogenized(1pass)/Per/PAE — 30% Fibre (1/3 homogenized (1
pass) + 2/3 unrefined pulp) + 70% Perlite + 120 mg PAE

(5) Homogenized(3pass)/Per/PAE — 30% Fibre (1/3 homogenized (3
pass) + 2/3 unrefined pulp) + 70% Perlite + 120 mg PAE

(6) Homogenized(3pass)/Per — 30% Fibre (1/3 homogenized (3
pass) + 2/3 unrefined pulp) + 70% Perlite

The cellulose component was always kept constant at 60g per
square metre (gsm). For the composites with perlite, the target total
gsm was 200 gsm- assuming full retention.

A British hand sheet maker was used to form the composite filters. A
wet strengthened qualitative filter paper was deposited over the 150 pm
size mesh and the suspension was poured into the chamber and then
drained through the filter paper to form the sheets uniformly. After
sheet formation, the wet sheet was separated from the mesh, placed
between dry blotting papers and pressed under 345 kPa for 5 min. The
composites containing PAE were heated 30 min at 105 °C for curing and
then air-dried in a humidity room (23°C, 50% relative humidity)
overnight. The sheets without PAE were air-dried in the humidity room
for at least 24 h without any oven treatment.

2.2.2. Mercury porosimetry

Composite pore size distribution was measured with a
Micromeritics’ AutoPore IV 9500 series. This technique quantifies a
material’s pore size distribution and porosity by applying increasing
pressures (up to 60,000 psia) to a sample immersed in mercury and
recording the volume of mercury intruded into pores. Samples were cut
into approximately 5mm x 5mm small pieces and degassed for at least
two days prior to characterization. A penetrometer with 0.412 mL stem
volume was used to carry out the measurements. After degassing, ap-
proximately 0.1 g of sample was placed in the penetrometer and the
analysis conducted. The volume of mercury intruded into pores is
converted to equivalent pore sizes using the instrument software [29].

2.2.3. Scanning electron microscopy (SEM)

A FEI Nova NanoSEM 450 FEG SEM and a FEI Magellan 400 FEG
SEM were used to characterize surface and bulk morphology of com-
posites and estimate fibre diameter. Samples were mounted onto a
metal substrate using carbon tape and coated with a thin layer of
Iridium. Secondary electron images of composites were captured. 2kV
of accelerating voltage was applied for magnification up to 100,000.
For fibre diameter measurement, silicon chips were used to cast the
fibres and iridium coating was applied.
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Fig. 1. Schematic illustration of the stirred cell experimental setup.

2.2.4. Adsorption and filtration

A Merck Millipore, model UFSC40001 dead-end stirred cell was
used for adsorption and filtration experiments. The stirred cell is
pressure driven with a 0.00418 m? effective membrane area and
400 mL working volume. Samples were placed on the membrane holder
at the bottom and the cell body was filled with the prepared solution.
The system was closed and pressurized by a compressed air gas cy-
linder. Filtrate was passed through a quartz micro flow cell with 10 mm
optical path length sitting in an ultraviolet-visible (UV-vis) absorption
spectrometer and transferred to a beaker on a balance. Both in-
stantaneous absorbance and weight of the filtrate were measured every
10s. The schematic system is illustrated in Fig. 1.

Preliminary adsorption experiments, performed at pressures ranging
from 1 to 3 bar, identified the optimum inlet pressure as 1.5 bar; data is
provided in the supplementary section (Fig. S1). Adsorption results
were determined at 1.5 bar with 400 mL of 5 ppm dye solution. 5 ppm
dye solutions were prepared by dissolving 5 mg of dye in 1 L deionized
water. Breakthrough curves were obtained by plotting the in-
stantaneous concentration (normalized by the initial concentration) as
a function of time. The calibration curves are provided in supplemen-
tary information (SI) (Fig. S2). Dye removal was measured from the
concentration of initial feed solution and filtrate:

_ Initial dye concentration—filtrate dye concentration
Initial dye concentration

Dye removal (%)

(€8]

Adsorption capacity of each filter was calculated with the following
equation. The integral was calculated from the area over the curve by
trapeze method. Methylene blue and metanil yellow adsorption capa-
cities of the filters were given in SI (Table SI and SII)

X 100

_ CFxQ 1-Cout
1= J000%ms CF 2
where:

q: Capacity of the adsorbent (mg/g)
Cour: Concentration of filtrate (mg/g)
Cg: Concentration of feed (mg/g)

Q: Volumetric flow rate (cm®/s)

t: Time (s)

m,: Weight of adsorbent (g)

Filtration efficiency was measured with a 0.05wt% suspension of
1 um silicon dioxide particles. Experiments were also conducted at
1.5bar and concentration of silicon dioxide in suspension was mea-
sured before and after filtration by UV-vis spectroscopy to calculate
filter rejection:

Initial feed concentration—Filtrate concentration

Rejection (%) X 100

Initial feed concentration
3)

Flux was calculated from the time to filter all of the suspension as:

Volume of filtrate (L)

FLUX (LMH) = s
area (m2) X time (h)

4
Water was passed through the filters to remove any contaminants
prior to adsorption and filtration experiments.

3. Results
3.1. Filter structure

3.1.1. Fibre size distribution

Fibre diameter size distribution of refined and homogenized pulps
was measured from SEM images. High magnification images (Fig. 2)
from completely different points of samples were acquired with at least
100 individual fibres in total and the diameter of every individual fibre
in standard pictures was measured by image J, image processing soft-
ware. The effect of increased fibrillation by mechanical treatment is
seen on Fig. 2a—c. Low magnification images show that large fibres are
still present even after homogenization (SI, Fig. S4). Histograms present
fibre diameter size distributions estimated from the high magnification
images in Fig. 3.

The majority of the refined fibres in the high magnification images
have a diameter centred between 45 nm and 50 nm and the diameter is
decreasing with the intensity of homogenization treatment. The
average fibre diameters measured in these images fall to 25 to 40 nm
after 1 pass and 20-25 nm after 3 passes homogenization.

Additionally, particle size distribution of perlite particles was
measured by the same technique and can be found in SI (Fig S5).

3.1.2. Pore size distribution

Filter pore size distribution was measured by mercury porosimetry
(Fig. 4). The distribution of pore size ranges from 1 to 3 um. Substitu-
tion of fibre composition with homogenized pulp resulted in smaller
pore sizes.

The cellulose sheet (Refined) has a smaller pore size distribution
compared to composite combining refined pulp, perlite and PAE
(Refined/Per/PAE) even though the fibre content is identical. Perlite
addition increased the composite pore size by adsorbing between fibres.
The peak intensity is also significantly smaller which reflects that the
number of pores at a specific pore size is lower.

The slight difference between pore sizes of composites Homogenized
(3pass)/Per and Homogenized(3pass)/Per/PAE demonstrates the effect
of PAE addition. The sample with PAE (Homogenized(3pass)/Per/PAE)
has a slightly smaller pore size.

3.1.3. Surface morphology
SEM images of filters made with different pulps homogenized to
different intensities are shown in Fig. 5. Connectivity between fibres
and perlite particles increases with the entangled network created by
highly fibrillated NC addition (Fig. 5a-d). This connectivity results in a
smoother, more closed surface and a decrease in composite porosity.
The arrows in Fig. 5 highlight the changes in surface morphology.
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Fig. 2. High magnification SEM images of: (a) Refined pulp, (b) Homogenized pulp by 1 pass and (¢) Homogenized pulp by 3 passes.

Arrows (i) and (ii) show the perlite particles with sharp edges which
became blurred with homogenized pulp addition in arrows (iv). Addi-
tion of highly fibrillated NC smooths the edges and binds the perlite
particles. Arrow (iii) shows the presence of some remaining large fibres
in sample Homogenized(1pass)/Per/PAE.

3.2. Adsorption and filtration

3.2.1. Adsorption with breakthrough curves
The breakthrough curves measured at 1.5 bar for all samples with
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MY and MB dye solutions are shown in Fig. 6a and b, respectively.
Breakthrough curves present the normalized concentrations as a func-
tion of time or effluent volume. They usually show a characteristic S
shape with varying degrees of steepness. All outlet concentrations are
presented normalized with the inlet concentration: C/Co ranges from 0,
for full adsorption, to 1, for no adsorption. Initially, the dye molecules
are adsorbed very effectively on the fresh adsorbent and the outlet
concentration equals zero. As the filters start to saturate, the outlet
concentration gradually approaches the inlet concentration and the
normalized concentration (C/Co) increases to eventually level-off at
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Fig. 3. Fibre size distribution of (a) Refined pulp (b) Homogenized pulp by 1 pass (¢) Homogenized pulp by 3 passes.
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Fig. 4. Pore size distributions of filters measured by mercury porosimetry; effect of homogenization intensity and addition of perlite and PAE.

one.

The two oppositely charged dyes showed two opposite adsorption
behaviours onto the composites (Fig. 6a and b). Basically no adsorption
was recorded for the cationic MY dye onto cellulose sheet (Refined) or
composite made with homogenized fibres (3 passes) with no PAE
(Homogenized(3pass)/Per) (Fig. 6a). By contrast, the cationic MB
showed some affinity and retention onto these same composites
(Fig. 6b). Here, Homogenized(3pass)/Per presents the straightest
breakthrough curve which indicates very strong attractive forces with
MB- in the absence of positively charged PAE. The very intense blue
colour of the saturated filter after adsorption (Fig. 6b) indicates more

MB adsorbed onto the composite with highly fibrillated pulp content
(Homogenized(3pass)/Per).

Adsorption occurs slightly differently for composites made only
with refined pulp and those made with two different homogenized
pulps treated at different intensities. As fibre fibrillation increases
(homogenization or more passes in homogenization), composites in-
creasingly repel the anionic dye- metanil yellow and attract the cationic
dye (MB). From Refined/Per/PAE through Homogenized(3pass)/Per/PAE
sample, attraction with MB (Fig. 6b) and repulsion with MY (Fig. 6a)
increases with the fibrillation and increased surface area.

Flux and total dye removal were measured (Fig. 7). A maximum of

Fig. 5. SEM images of composites: (a) Unrefined/Per/PAE, (b) Refined/Per/PAE, (c) Homogenized(1pass)/Per/PAE and (d) Homogenized(3pass)/Per/PAE.
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Fig. 6. Adsorption breakthrough curves for (a) Metanil yellow and (b) Methylene blue at 1.5 bar for filters of different charges and extent of mechanical treatment.

94% MB removal was achieved with composites made with highly fi-
brillated cellulose but without PAE (Homogenized(3pass)/Per); the
maximum removal of MY was around 28% for the composites with
refined fibres and PAE (Refined/Per/PAE). Flux remained identical for
both dyes for all composites. Flux remarkably decreases with addition
of homogenized pulps. The flow rates for each sample and both dyes are
reported in SI (Fig. S3a-d).

3.2.2. Filtration

The rejection rate of suspensions with 1 um SiO, particles was de-
termined for the four different filters at an inlet pressure of 1.5 bar.
1 um particles were selected as model bacteria (1 pm and bigger) to be
removed from food streams such as beer, wine or juice [27]. The effect
of homogenization, filter medium charge, inlet pressure and suspension
pH on filtration performance was measured. The rejection rate and flux
are presented at pHs of 5.8 and 7.2 in Fig. 8. The effect of pH was tested
as it is an important variable in applications such as food and phar-
maceutical; pH can affect cellulosic fibre pore structure and porosity
through swelling and modifying bond strength. Filters have more than
90% particle rejection rate at both pH; pH had no effect on rejection.
Charge of filter medium and inlet pressure also did not affect filtration
efficiency. Rejection is around 99% for the negatively charged cellulose
composites made with homogenized fibres (3 pass) (Homogenized
(3pass)/Per). The same rejection rate of around 99% was measured for
the composites treated with PAE (Homogenized(3pass)/Per/PAE) at 2
different pressures (1 and 2 bar) (Fig. 8a).

(Fig. 8b) Flux decreased remarkably after only 1/3 of the fibre
fraction substituted with homogenized fibres. Filtration flux decreased
by 30-70% compared to dye solution adsorption flux.
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4. Discussion

The adsorption of dye onto the perlite-cellulose composites is elec-
trostatically controlled. The major effect of homogenization on ad-
sorption is to increase surface area which also increases the surface and
density of accessible charges. An increase in negatively charged sites
contributes either to stronger repulsive or attractive forces between
filter medium and dye depending on the system. The effect of surface
area is revealed by the breakthrough curves of composites made with
refined and homogenized pulps. Composites with refined pulp (Refined/
Per/PAE) have less repulsive forces with negatively charged dye (MY,
Fig. 6a) and less attractive forces with the cationic dye (MB, Fig. 6b)
compared to other PAE treated composites. As homogenization is ap-
plied and the extent of homogenization increases, increasing accessible
negative charges on surface remarkably changes the adsorption beha-
viour of dye molecules onto the composites.

Adding the cationic PAE both modifies the filter charge which
changes its adsorption capacity and improves the composite wet
strength by cross linking cellulose fibres. For the cationic dye (MB), the
electrostatic interactions, maximized by the elimination of PAE, yield
higher adsorption capacity. In contrast, PAE triggers higher adsorption
of anionic dye (MY) onto the composites. The addition of negatively
charged perlite particles also changes the adsorption behaviour sig-
nificantly; this is similar to the effect of mechanical treatment of fibres
and cationic polymer. The remarkably improved breakthrough curve of
Homogenized(3pass)/Per (Fig. 6b) is attributed to perlite acting as an
excellent filter aid [30].

Nanocellulose addition, achieved by fiberizing a fraction of cellulose
fibres (1/3), did not affect the filtration performance significantly.
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Fig. 7. Flux and total dye removal (%) of samples with (a) Metanil yellow and (b) Methylene blue dye solutions.

(Fig. 8a). The slight decrease in SiO, rejection rate by composites made
of highly homogenized fibres (Homogenized(3pass)/Per/PAE) at 1.5 bar)
is within experimental error. Increasing fibrillation through mechanical
treatment intensity did not increase filtration performance.

Homogenization on refined pulp creates a dense and highly fi-
brillated NC network with a decrease in fibre diameters. The filters
made with a small fraction of nano fibres have a more compact and
connected structure. The pore size distribution changed remarkably by
only substituting 1/3 of the pulp by homogenized fibres. This is due to
the web like entangled structure of NC. The more fibrillated the fibres
are, the denser the structure is and the less and the smaller are the voids
developed between fibres. Composite porosity and pore size distribu-
tion can be controlled by modifying fibre diameters. As the homo-
genization forms smaller pores with denser fibre packing, liquid flux
through the composites filters decreases with homogenized pulp addi-
tion.

The presence of inorganic particle in the filters also affects porosity
and pore size distribution. Pure cellulose sheet has the lowest flux value
(Fig. 4a and b). This is due to two phenomena: low porosity as there is
no settlement of particles between fibres; decreasing flow rate in time
as the fibres compress under pressure (Fig. S3a—d). This compressibility
of fibres is well known [31] and leads to poor flux. High loading of
inorganic particles prevents this compression so the composites retain
high flow rates with very slight change over time.

There is only a weak relation between flux and dye removal capa-
city — as measured with both dyes (Fig. 7). While less adsorption gen-
erally occurs at high fluxes, adsorption is mostly affected by the charge
of the filter medium and the solute molecules (Fig. 7a), regardless of
flux. Similarly, there was no correlation between rejection rate of 1 um
particles and flux. Homogenized(3pass)/Per/PAE successfully removed

99% of the particles at both 1 and 2 bar.

The high filtration rejection of 1 um particles achieved by the na-
nocellulose/perlite depth composites is important to the pharmaceu-
tical, food and beverage industry. This brings a new perspective in cold
pasteurization to remove microorganisms ranging from 1 to 2 um [26]
and remove ionic compounds [32] (acids and phenolic compounds)
without heat treatment which affects taste or denaturing active in-
gredients. The concept is to rely on the inorganic particles for the se-
lective adsorption of organic molecules, PAE treatment for the retention
of colloids- based on charge and filtration for the pasteurization. Na-
nocellulose-inorganic depth composites can easily be engineered for
specific liquid stream purification.

5. Conclusion

Cellulose fibre-perlite composites were prepared using a paper
making technique for liquid filtration and adsorption applications.
Perlite content was maintained at 70 wt% and the fibre composition
was varied with partial substitution of pulp homogenized to different
intensities; this was to control fibre structure by increased bonding area
and decreasing porosity. A well-known wet strength agent, polyamide-
amine-epichlorohydrin (PAE), was used for two purposes; first to pro-
vide wet strength; second, to control charge and capacity of filter
medium. Two oppositely charged dyes were investigated as models to
characterize the adsorption behaviour. The adsorption of dye is elec-
trokinetically controlled and selective adsorption can be achieved by
engineering the attractive and repulsive forces. The presence of highly
fibrillated NC increased the surface area and also the amount of nega-
tive charges accessible in the medium. Increase in negatively charged
sites contributed to attractive/repulsive forces depending on the type of
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Fig. 8. (a) SiO, particle rejection rate (%) of Refined/Per/PAE, Homogenized
(1pass)/Per/PAE, Homogenized(3pass)/Per/PAE, Homogenized(3pass)/Per at
1.5 bar and Homogenized (3pass)/Per/PAE at 1 and 2 bar (b) Adsorption and
filtration  flux of Refined/Per/PAE, Homogenized(1pass)/Per/PAE,
Homogenized(3pass)/Per/PAE at 1.5 bar.

dye. Homogenized pulp also yielded smaller pore sizes which decreased
flux. PAE addition controls and can reverse the charge of filters which
substantially affected adsorption performance but it had no effect on
filtration efficiency. The composites were efficient in filtration with
90% rejection rate of 1 um particles. The high filtration capability of the
composites at high flux is promising for cold pasteurization in which
bacteria (1um) are removed at higher than 99% efficiency.
Nanocellulose-depth composites provide new purification opportunities
in pharmaceutical and food product stream by combining adsorption
and filtration to remove interfering elements and colloids.
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Filters made of cellulose fiber and perlite particles were prepared using a wet laying
papermaking technique. Polyamide-amine-epichlorohydrin (PAE) was added to provide
wet strength. Filters were prepared at two different total basis weights of 200 and 400
grams per square meter (gsm). Single and multi-layered filters were structured for each
total basis weights. The effect of total basis weights and multi-layered structure on
methylene blue adsorption and silicon dioxide (SiO») particle filtration was investigated.
Methylene blue adsorption was performed in two modes: constant pressure and
constant flow rate. In both operation modes, the adsorption capacity of multi-layered
filters was significantly higher (16-100%) than for single-layer filters at the same overall
weight. The effect of layer separation was also characterized using polypropylene
separators and tested under constant flow rate operation. Separators provided more
effective methylene blue adsorption by generating a well-distributed flow. Filtration
performance was quantified with 0.5 wm silicon dioxide particles under constant pressure
conditions; this is to mimic bacteria rejection. Filtration capability of SiO» particles was
reduced slightly (12%) with decreasing individual filter layer thickness regardless of the
multi-layered structure. Filtering polyethylene glycol (PEG) molecules with two different
molecular weights was performed; however, no rejection was recorded. The filter internal
pore structure was visualized by 3D-X ray computed tomography and the void fraction
was quantified. 400 gsm single layer presented areas of low fiber density forming pores,
while the pore volume decreased for thinner filter layers.

Keywords: composite, multi-layer, adsorption, filtration, cellulose fiber, channeling

INTRODUCTION

Depth filters (Sutherland, 2011) are porous filtering mediums composed of cellulose fibers and
inorganic absorbents. Unlike surface filtration, they can retain contaminants through the thickness
as well as on the surface during liquid filtration. These composite structures combine two different
separation principles and technologies in a single medium. Filtration by particle rejection is
provided by forming an intricate mesh, where selective adsorption is achieved by a functional
inorganic particle. Separation can further be improved by combining other additives, such as
charged polyelectrolytes in the network (Dizge et al., 2011). The medium can be modified with
a cationic polymer adsorbing the common negatively charged dissolved contaminants significantly
smaller than the average pore size. However, depth filtration analysis reported in literature has
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mostly focused on the modeling of membrane separations
(Polyakov, 2008, 2009; Sutherland, 2011; Kuhn and Briesen, 2016;
Bedrikovetsky et al., 2017; Goldrick et al., 2017); there is a lack
of experimental studies optimizing depth type filter operation
especially in terms of membrane structure.

Filtration performance can be tailored in many ways by
controlling filter structure/composition and operation mode.
Two efficient modes of operation are dead-end filtration and
cross-flow filtration, where the flow is passed directly through
the filter in dead-end and tangential to the filter in cross-flow
filtration (Liderfelt and Royce, 2018), respectively. Furthermore,
these processes can be controlled under modes of constant
pressure or constant flow rate. In either case, the non-constant
parameter is being monitored, and the extent of filter fouling or
clogging is assessed by the recorded parameters (Iritani et al.,
2015; Goldrick et al., 2017). Filtration performance can also be
altered by modifying the structure and configuration of filters.
Multi-layer structured filters with varying pore sizes stacked on
top of another offer a simple way of sequentially separating cells
or particles (Saefkow, 1995; Rijn, 1998). In a recent study by
Griffiths et al. (Griffiths et al., 2016), filtration was modeled on a
multi-layered membrane structure with each layer having varying
pore sizes stacked on one another. The efficiency of multi-layered
filter structure was analyzed by developing a model simulating
the transport and filtration of particles through a multi-layer
structure. This model characterizes the filter and offers optimal
design requirements in terms of number of filter layers, pore size
in each layer and pore interconnectivity between layers.

Filtering bacteria with multi-layered filters to provide a greater
capture of bacteria was also reported (Koch, 1984). The study
aimed at achieving higher bacteria rejection by mechanically
attaching a layer to another, which contains a bacteria-destroying
material. In another study (Wertz and Guimond, 2014), a nano
fiber layer was attached to the initial layer of a fibrous filter.
Filter media having a first layer and a nanofiber layer adhered
onto exhibited advantageous properties including increased dust
holding capacity.

Although multi-layered filters are well-known in industry,
very few studies have systematically quantified their adsorption
and filtration mechanisms, and even less have characterized the
effect of multi-layered structure on depth filter performance.
In this study, we developed multi-layered and single-layered
filter structures made from the same amount of filter media.
Depth filter layer processing was inspired from papermaking
technique and characterized for adsorption and particle rejection
capability. The adsorption and filtration mechanisms behind the
performance of single and multi-layered filters were analyzed in
terms of chemical engineering and internal filter structure using
an advanced image technique and colloids and surface concepts.

MATERIALS AND METHODS

Materials

Cellulose fibers used for the composites are unrefined northern
softwood NIST RM 8495 bleached Kraft pulp and bleached
radiata pine softwood Kraft pulp refined to 400 Canadian
standard freeness (CSF) in a disk refiner. Expanded perlite

was provided by Dicalite Minerals Corp. Commercial PAE was
provided from Nopcobond Paper Technology Pty Ltd.

Methylene blue (MB) in powder form and 0.5pm
monodispersed silicon dioxide (SiO;) particles of density
1.8 g/cm® were purchased from Sigma Aldrich. Polyethylene
glycol (PEG) of two molecular weights (600 and 5,000 kDa)
was provided by Dow Chemical. Polypropylene separators with
0.45 pm pore size and diameter of 47 mm was purchased from
CUNO Inc. Meriden, USA.

Methods

Fabrication of Filters

The dry northern softwood NIST pulp was wetted by soaking
in deionized water overnight. The pulp was transferred to a
disintegrator (Model MKIIIC, Messmer Instruments Ltd.) and
disintegrated for 75,000 revolutions. Filters were prepared using
a standard British hand sheet maker at three different total basis
weights: 100, 200, and 400 gsm. The step by step preparation
method was published in a previous study (Onur et al., 2018).
The filter chemical composition is similar to that of standard
industrial filters: it consists of 30% fiber (1/3 refined pulp + 2/3
unrefined pulp) and 70% perlite with PAE (0.22% w/v) added at
a rate of 100 mg/g fiber on top of the suspension (0.26 wt.%)
before papermaking. Composites were prepared either as one
single layer or in the form of stacked equal multilayers that
is equivalent to the total targeted basis weight. Five different
filters prepared according to different layer configurations and
different total basis weights are shown in Figure 1. Samples
were coded with the corresponding labels. The criteria for
material selection are based on industrial filters for food and
beverage applications; food grade filters usually contain these
materials.

PAE is used to provide wet strength to the filters. It crosslinks
with the carboxyl group of cellulose to create an irreversible
covalent bond network and provides some waterproof barrier
around fibers (Obokata and Isogai, 2007). PAE also adsorbs
onto the fibers and particles of the suspension which introduces
positive charges to the anionic surfaces of cellulose fibers
and perlite particles. Addition of PAE to the suspension
results in the partial surface coverage of perlite and cellulose
fibers by positively charged polymer. This induces electrostatic
interactions between negatively charged contaminants and the
filter medium. Using PAE is allowed by food regulations at low
concentrations (up to 2.5 wt.% of the dry sheet); it is considered
an indirect food additive and the concentration of PAE of this
study is around this limit (CFR-Code of Federal Regulations
Title!).

Perlite is a low cost adsorbent made from a glassy volcanic
rock; it is known as an excellent filter aid (Dogan et al., 2000).
Perlite is an anionic adsorbent of zeta potential ranging between
-40 and -50 mV (Alkan et al., 2005). The particle size distribution
of perlite and its effect on the structure and porosity of filters was
reported in a previous study (Onur et al., 2018).

LCFR-Code of Federal Regulations Title 21. Available online at: https://www.
accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/cfrsearch.cfm?fr=176.170.
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FIGURE 1 | Schematic representation of the different filter configurations investigated at two different basis weights.
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Adsorption and Filtration With Constant Pressure
Adsorption and filtration experiments under constant pressure
mode were performed with a dead-end stirred cell from Merck
Millipore Australia. The closed setup has 400 mL of working
volume and is pressurized by a compressed air gas cylinder.
Samples were placed on the membrane holder at the bottom of
the cell body with an O-ring. For multilayers, the O-ring pressed
layers from the edges so the interlayer gap was negligible. The
cell body was filled with the desired solution following sample
placement. Filtrate that passes through filters was transferred
to an ultraviolet-visible (UV-Vis) absorption spectrometer via
a quartz micro flow cell with 10mm optical path length.
Instantaneous absorbance was measured here every 10s at
a specific wavelength. After measurement in UV-Vis, filtrate
was transferred to a beaker on a balance. Before conducting
any experiments, water was flushed through samples to ensure
equilibration. After equilibrium has been reached, either 5 ppm
MB solution or 0.05 wt.% SiO; suspension were passed through
the filters at 1.5 bar. Two replicates of filters were tested for
both adsorption and filtration. Here, adsorption corresponds
to the accumulation of model cationic or anionic molecules
onto a surface by electrostatic attraction, while filtration is
measured as the rejection of particles in suspension by size
exclusion. MB preferentially adsorbs onto negatively charged
surfaces; it can also diffuse through the pores of the negatively
charged perlite particles. However, there is no electrostatic
attraction between MB molecules and the positively charged filter
medium after adsorption of the PAE cationic polymer. MB was
therefore selected as standard dye to quantify improvement in
breakthrough curves due to the multi-layered filter structure as
unable to adsorb.

Mass flux for the effective membrane area (0.00418 m?) was
calculated by measuring the volume of permeate per unit area
and time; Liter per Square Meter per Hour (LMH). Mass flow rate
of filtrate as a function of time was also continuously recorded by
a computer. Total flux was calculated with Equation (1).

Volume of filtrate (L)

area (mz) x time (h)

FLUX (LMH) = (1)

Adsorption experiments were run with 400 mL MB dye solution
at a concentration of 5 ppm at pH 5.8 (This is the characteristic
pH of MB). Breakthrough curves were plotted by normalized

concentrations as a function of time. Additional solution was
added for filters that did not reach saturation with 400 mL
solution. Area over the curve was calculated for each filter
to determine the adsorption capacity of filters. Capacity was
calculated based on Equation (2) (Barros et al., 2013). The
integral was calculated from the area over the curve using the

trapezoidal method.
tend
<1 - C"“) dt 2)
0 Cr

q: Capacity of the adsorbent (mg/g)

Cout: Concentration of MB in the filtrate (mg/g)
Cr: Concentration of MB in the feed (mg/g)

Q: Volumetric flow rate (cm3/s)

teng: Time (s)

m;,: Weight of adsorbent (g)

_ Cr xQ
17 7,000 x m,

Where:

Rejection of 0.5 um SiO, particles was determined by filtering
0.05 wt.% SiO, suspension at the same pH value as dye molecules
(pH = 5.8) through the filters. pH of 5.8 is desirable as increasing
pH would dissociate carboxylic acids leading to repulsive forces
between charged groups. These repulsive forces also lead to
swelling of the cellulose fiber with collapse of the filter pore
structure. SiO, concentration of suspension before and after
filtration was estimated by UV-Vis absorption spectroscopy
and the Equation (3) was used to calculate rejection capability
of filters. UV-Vis spectroscopy calibration curves of MB dye
molecules and SiO, particles are shown in the Supplementary
information (Figure S5).

Filtrate concentration

Rejection (%) =1 —
J %) (Initial feed concentration

) x 100 (3)

PEG molecules were also filtered through the composites to
quantify their microfiltration capability. The MWCO range for
microfiltration applications usually starts from 500 kDa up to
big particle filtration such as yeast and bacteria; the filtration
spectrum can be found in the study (Pearce, 2007). Total
carbon analyser was used to measure the concentration of PEG
molecules in the suspension before and after filtration.
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FIGURE 2 | Experimental setup shown for 47 mm filter housings under constant flow rate mode.

Adsorption With Constant Flow Rate

Adsorption performance was additionally tested using 47 mm
(corresponds to diameter of filter housings) stainless steel
filter housings with 0.00132 m? effective membrane area to
verify the performance under constant flow rate operation
mode. A peristaltic pump was used at a constant flow rate
(12 mL/min) such that the same total flux as the constant pressure
experiments for the same sample was obtained. Experiments
were performed with and without presence of polypropylene
separators. Separators are used to provide a well-distributed and
uniform flow through a filter; they do not adsorb MB. Separators
were placed in the housings as previously described (Adsorption
and Filtration with Constant Pressure). The only gap created
between multilayers is the thickness of the separator which is
well below 1 mm. 47 mm separators were placed between the
layers as well as on top of initial layers. Filtrate was transferred
to UV-Vis spectroscopy via quartz micro flow cell to obtain the
concentration at a regular time interval. Total mass flux and flow
rate as a function of time were recorded by the same setup as
constant pressure mode. Adsorption capacities were calculated
form the experimental breakthrough curves as explained above.
The experimental setup for constant flow rate operation is shown
in Figure 2.

3D X-ray Tomography

X-ray computed 3D tomography was used to make a quantitative
and qualitative analysis on the internal structure of filters about
how the fiber network differently built up to form a sheet
according to different basis weights. This technique provides a
non-destructive 3D imaging. The basic principle is based on the
set of images of beam transmitted through the sample while the
sample is rotated to different positions for each image taken
(Holmstad, 2004). Samples with 2 x 8 mm of size were visualized
by Zeiss Xradia 520 Versa. The X-ray source was operated at
30 kV. Distance from source to sample and sample to detector

was set to 15 mm. The number of images taken per scan was
1,601 and the image resolution was 2,022 x 2,022 pixels. Avizo
and Image ] software were used to reconstruct images and to
quantify the total void fraction and void fraction distribution
through the thickness (SI). Thresholding is done by comparing
grayscale and thresholded image with a judgment. The threshold
was meticulously selected with trial and error such that we do not
lose any materials. Detailed information on scanning settings can
be found in Supplementary materials (Figure S6). Void structure
and how the void structure is changing through the thickness
were analyzed qualitatively as well.

RESULTS

Cellulosic membranes of two different thicknesses (200 and
400 gsm) were tested under different filter configurations. The
filters were examined under two operating conditions: at a
constant flow rate (12 mL/min) or at a constant pressure (1.5
bar). The effect of polypropylene separators between the layers
on adsorption performance was tested with 400 gsm single
layer (400 gsm-1x) and four layers of 100 gsm filters (100 gsm-
4x) under constant flow operation. Filtration of 0.1 wt.% PEG
molecules of molecular weight of 600 and 5,000 kDa was
performed under constant pressure (1.5 bar) mode for each
filter configuration. Filters were also tested with suspensions of
0.5 m SiO; particles (0.05 wt.%) under constant pressure (1.5
bar). Finally, the internal structure of 400 gsm filters made of
single and multiple layers was analyzed by 3D X-ray tomography
combined with image analysis.

Methylene Blue Adsorption Under

Constant Pressure
Methylene blue was used as a model for the cationic organic
dissolved contaminants. Constant pressure adsorption testing
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FIGURE 3 | Effect of filter configuration and number of interfaces on the
(A) methylene blue breakthrough curves and (B) methylene blue adsorption
capacities. Tests were performed at 1.5 bar and 22°C.

identifies filter compaction and saturation by measuring flowrate.
Breakthrough curves were recorded under constant pressure
(1.5 bar) for different filter configurations using two types of
cellulose filters differing in thickness (gsm; Figure 3A). The
adsorption capacity for each configuration was calculated using
the breakthrough curves. The adsorption capacity of each filter is
shown in Figure 3B.

Multilayer filters provided improved breakthrough curves and
higher adsorption capacities than single layer filters as tested
under constant pressure (Figure 3). Adsorption capacity of 400
gsm filter drastically increased by 54% and 118% by forming two
layers (200 gsm-2x) and four layers (100 gsm-4x), respectively
(Figure 3B), all at the same filter weight. Adsorption capacity of
200 gsm filter also increased significantly by forming two layers
of 100 gsm (100 gsm-2x).

The effect of filter configuration, including number and basis
weight of layers, on filtration flux and filter thickness is shown
in Figure4 under constant pressure mode. At a given basis
weight or amount of filter media, filter thickness increases
slightly with multi-layered configuration. Flux decreased with
increased gsm and the number of layers at a given gsm. Flux
decreased from 682 to 600 LMH (Liters per Square Meter per

700 0.9
0.8
650 ‘g
’g =tr=Flux 07 g
= =O=Thickness 4
3 06 €
T 600 s
<=
-
0.5
550 0.4
200gsm-1x 100gsm-2x 400gsm-1x 200gsm-2x 100gsm-4x
Sample configurations
FIGURE 4 | Effect of filter configuration and number of interfaces on the flux
and thickness under 1.5 bar, 22°C.

Hour) for 200 gsm filters by introducing two layers of 100 gsm.
However, flux slightly dropped for 400 gsm filters from 574 to
569 LMH for four layers of 100 gsm. For multi layered filters,
an increased flux is expected according to Kozeny-Carman and
Darcy (Siegfried Ripperger, 2000). These equations provide the
mathematical relationships describing the flow of a fluid in a
uniform porous media. Pressure loss between the layers might
lead the flow traveling in the planar direction to find the path of
least resistance through the next layer, resulting in an increased
flux. However, this analysis does not fully apply to the space
between layers. Once the stirred cell is pressurized by compressed
air, the layers are being compressed and the flow is somewhat
forced to flow through the next layer with little chance to flow
in the planar direction. We believe that a slightly thicker layered
structure would create a resistance and result in lower flux
values.

Methylene Blue Adsorption Under

Constant Flow Rate

Methylene blue adsorption breakthrough curves of 400 gsm
filters comparing single layer configuration with four layers
are presented in Figure 5. Breakthrough curves were obtained
under constant flow rate with and without polypropylene
separators between layers and on top of the first layer. Flow
rate was set such that the flux is matching the flux values
from constant pressure experiments for the same samples
(12 mL/min).

Adsorption capacity is also much higher with multilayered
filters under constant flow mode. The saturation occurred much
quicker for both filters without separators. However, adsorption
capacity decreased for both type of filters without separators.
The capacity decreased by almost 15% for multilayered filter
(100 gsm-4x) and 29% for single layer filter (400 gsm-1x)
by removing separators. Adsorption capacities are found in
Table 1.

The offset at the beginning of the curves without separators
needs further study to better understand the phenomenon
involved.
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FIGURE 5 | Methylene blue breakthrough curves of 47 mm 100 gsm-4x and
400 gsm-1x filters in a single filter housing with and without separators at 12
mL/min, 22°C.

TABLE 1 | Methylene blue adsorption capacities of single layer and multi-layered
filters with and without separators under constant flow rate (12 mL/min).

Filters Adsorption capacity (mg/g)
100 gsm-4x-with separators 0.51 +£0.04

400 gsm-1x-with separators 0.44 + 0.01

100 gsm-4x 0.43 £ 0.05

400 gsm-1x 0.31 £0.05

3D X-ray Tomography

3D X-ray tomography image analysis was conducted on single
layer 400 gsm (400 gsm-1x), two layers of 200 gsm (200 gsm-2x)
and four layers of 100 gsm (100 gsm-4x). Grayscale and
thresholded cross section images of 400 gsm-1x are given in
Figure 6. 3D images of all filters are shown with intersection of
three different planes (Figure 7). The white sections represent
voids in thresholded images. Animations on voids change
locations through thickness are provided for all samples in
Supplementary information.

The total void fraction of the composites calculated by image
analysis is 20% for the 400 and 200 gsm filters and 14% for the 100
gsm filters. However, all void fractions are similar, as expected
for filters of identical composition. The main difference lies in
the pore structure, which differs with thicknesses, despite having
a similar void fraction. The probability of forming bigger voids
increases with the composite thickness. There are some zones
of low density, creating flow channels in the 400 gsm single
layer sample (Figures 6, 7). These channels appear to propagate
through the thickness and then to disappear. Channels are best
observed in the animations provided in SI. These massive void
concentration decreases at lower basis weights, particularly in 100
gsm composites.

The void distribution through thickness of an individual layer
(200 gsm-2x) is shown in Figure 8. The composite mesh side is
at the high number (88) and the air side is at the origin. Void
distribution of 200 gsm filter through the thickness is decreasing
from top to bottom (Figure 8); this density gradient is inherent

FIGURE 6 | 3D X-ray reconstituted images of 400 gsm sample (400 gsm-1x).
(a) Grayscale and (b) Thresholded cross section images.

to the papermaking technique. The density gradient across filter
thickness with the highest composite density (lowest volume
fraction) on the mesh side are expected from papermaking.
The void distributions for all composites are provided in
Supplementary information (Figures S1-S4). However, it was
not possible to visualize density gradient in all samples; this
suggests that the subtle differences in structure affecting density
are below the resolution of the X-ray tomography used. Sample
properties based on different gsm were calculated using the
properties of fiber and perlite and are shown in Supplementary
material in Table S3. The calculated porosities are comparable to
the porosities measured by X-ray tomography. However, these
calculations suggest that the structure would be slightly denser
with the increasing basis weights.

Filtration

The filtration ability of filters was quantified for the different
configurations using polyethylene glycol polymers (PEG) of two
molecular weights (600 and 5,000 kDa) and 0.5 pm SiO; colloids.
Both PEGs passed through the filters without showing any cut
off. Total organic carbon content (TOC) of PEG solutions before
and after filtration were identical and given in Supplementary
information (Tables S1, S2). These filters are unable to provide
microfiltration. The particle rejection of 0.5 wm SiO, particles
was then measured. Very high particle rejection was recorded for
the 400 and 200 gsm single layer filters. Particle rejection rate
however dropped down for 100 gsm two layers (100 gsm-2x)
and four layers (100 gsm-4x) filters. This shows that the actual
thickness of the layers plays an important role in particle capture,
regardless of the number of layers. SiO; particle rejection results
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FIGURE 7 | 3D X-ray images of (A) 400 gsm sample (B) 200 gsm sample and
(C) 100 gsm sample presented with some of layers with intersection of three
different planes.

are given in Table 2. Besides, 100 gsm-4x filter also shows higher
variation in rejection results. This variance potentially shows
that multi-layered filters formed by low gsm layers cannot be
relied upon for rejecting particles. However, further studies on
filtration are needed to fully characterize the mechanism behind
the rejection capability of multi-layered filters.

DISCUSSION

Effect of Operation Modes: Constant

Pressure or Constant Flow
Under constant flow, pressure drop builds up across the filter
to maintain the flow as fouling occurs over time (Goldrick

et al,, 2017). However, during constant pressure operations, flux
decreases gradually as the filter fouls (Goldrick et al., 2017) and
initial high flux in constant pressure mode can result in severe
fouling in processes with suspended particles. High flux at the
beginning of filtration causes much faster deposition of particles
on the membrane surface than are back transported, resulting in
faster particle deposition than in constant flow rate mode (Yoon,
2016). This reduces the overall capacity of the filter. Therefore,
industrial processes are mainly operated under constant flow
mode to maximize the available filter area by avoiding sudden
fouling. However, filtering solute molecules can be different
with constant pressure as there is no particle involved; our
experiments are conducted with solute dye molecules and the
main mechanism for separation is by electrostatic adsorption.

During our constant pressure adsorption experiments with
multilayer filters, flow rate decreased compared to single layer as a
result of the resistance created by the slightly increased thickness
of multi-layers. Decreased flow rate results in an increased
residence time for liquid, which provides more time for dye
molecules to adsorb. In contrast, residence time does not change
for multi-layers under constant flow as flow rate is constant.
This explains why adsorption capacities at a given basis weight is
so dependent upon layer configuration under constant pressure
mode.

Effect of Multi-Layered Filter Structure

Heterogeneous composite filters combining fibers and adsorbent
particles can develop heterogeneity at small length scales,
creating channels. This is accentuated by the agglomeration
of adsorbent particles and poor fiber distribution (formation).
Liquid flows through such channels with little resistance and
saturates the surrounding filter medium of this preferential flow
path; this reduces the effectiveness of filters substantially.

By introducing multi-layers, tortuosity is increased and
channeling mostly avoided as multi-layers offsets the channel
alignment between consecutive layers. This prevents preferential
flow through continuous channels across the entire filter
medium. Multi-layers have also increased external surface area
maximizing filter-liquid contact (Figure 9).

Figure 9 shows liquid streams following the tortuous path
of least resistance in a single layer structure (A). This pattern
is distorted between two stacked layers as liquid contacts the
filtering medium of the next layer (B). This explains the improved
breakthrough curves as a result of operating multi-layered filters
for the same basis weight.

Analysis of 3D X-ray tomography images and animations
(SI) reveals that a single thick layer of filter (400 gsm-1x) is
more likely to contain macro voids than thinner filters; these
massive gaps are absent at lower basis weights. Macro voids are
defects reported in literature mainly for membranes prepared
by phase-inversion methods. The presence of such macro voids
results in compaction or collapse of the membranes that reduces
flux (Paulsen et al., 1994; Kosma and Beltsios, 2012). In our
case, these defects cause preferential liquid flow through these
gaps in single layer that results in a poor adsorption capacity.
However, the filtering efficiency decreases with multiple layers
of thinner filter layers (100 gsm-4x and 100 gsm-2x). Thicker
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FIGURE 8 | \Void fraction distribution through the thickness of an individual layer (200 gsm). The composite mesh side is at the high number (88) and the air side is at

TABLE 2 | 0.5 um SiO» particle rejection of 400 gsm-1x, 200 gsm-1x,
100 gsm-2x, and 100 gsm-4x filters.

Filters SiO5 rejection (%)
100 gsm-4x 87 £ 11

100 gsm-2x 87 +3

200 gsm-1x 98 £ 0.9

400 gsm-1x 99 + 0.2

depth filters can better hold particles and prevent any particle
escape; filter density gradient across the thickness can be an
explanation. Usually, cellulosic fiber composites are formed by
wet papermaking laying technique with a density gradient across
the thickness. The density increases from top to bottom. The
decreasing void fraction through the thickness can be seen in
Figure 8. This is due to the preferential distribution of fines away
from the mesh and their varying degrees of compaction through
the sheet thickness (Rosenthal et al., 1977). Thick single layer
filters are expected to have a higher density variance through
thickness than smaller basis weights. Also, thick samples are
expected to have higher densities than low basis weight samples
(the density and porosity calculations based on thickness of
the samples are given in the Supplementary section). Another
explanation could be the denser structure of thick samples better
trapping particles.

Effect of Separators

The improved adsorption capacity with separators under
constant flow operation is attributed to a uniformly distributed
flow between the layers. Well-distributed flow increases the

probability of liquid to follow through the entire filter medium
instead of following some preferential pathway and saturating
local areas. The operations schematic is illustrated with and
without separators in Figure 10.

Perspective

A thermal process, pasteurization is usually used for food
preservation in the food industry. Treatment temperature
ranges from less than one minute up to several minutes at
temperatures varying from 100 to 150°C, based on products
(Lopes et al, 2016). However, this process can alter the
organoleptic characteristics and degrade the quality of food,
specifically in heat-sensitive foods such as juices and wine (Lopes
et al.,, 2016). Removal of microbial spoilage from liquid foods
at low temperatures through filtration is a promising method
for food and beverage industry (Papafotopoulou-Patrinou et al.,
2016). In this work, we developed food grade filters made
from cellulose, a naturally abundant, biocompatible and low-
cost material. These filters can remove spoilage as small as
0.5 m [in the size range of bacteria (Microbiological hazes and
deposits®)] by up to 98% with 200 gsm two layers and 400 gsm
single layer and at least by 87% rejection rate with 100 gsm
two and four layers. Filtration can also serve as a preliminary
step before any further treatment—including pasteurization
(Tomasula et al, 2011; Wray, 2015). The contaminants
smaller than the pore size also retained through adsorption
combining electrostatic interactions; these interactions are
further improved via multi-layer filter configurations. Depth

’Microbiological hazes and deposits. Available online at: https://www.
awri.com.au/industry_support/winemaking_resources/fining- stabilities/
hazes_and_deposits/microbiological/.)]
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FIGURE 10 | Schematic illustration of flow of liquid through filters with (A) and without (B) separators.

filters can provide a good alternative for “cold” pasteurization  of adsorption capacity and filtration efficiency. Cellulose

process. fiber-perlite composite layers were prepared at three different
thicknesses (basis weights) using a papermaking technique.
CONCLUSION Perlite and fiber content was maintained at 70 and 30 wt.%,

respectively. Polyamide-amine-epichlorohydrin (PAE) was used
The effect of multi-ply and inter-ply spacing of novel for wet strength, filler retention and charge control. Filters were
inorganic-cellulosic depth filters was investigated in terms  constructed as single-layer and multi-layers for different total
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basis weights. Methylene blue (MB) was selected as a cationic
solute molecule to characterize adsorption under constant
pressure and constant flow rate modes for the different filter
configurations. Filtration efficiency was measured with PEG
molecules of two molecular weights (600 and 5,000 kDa) and
0.5 um silicon dioxide (SiO) particles. The filter structure was
quantified by 3D X-ray tomography.

MB adsorption capacity increased by multi- layered filter
structures at a given basis weight for both operation modes
(constant pressure/flowrate). The constant pressure mode is a
better option for multi-layer filters as it maximizes adsorption
capacity. The adsorption capacity of multi-layered filters (over
single layer) increased by preventing flow channeling by off-
setting macro voids-channels through the thickness of the filter;
these local heterogeneities are often inherent to papermaking.
The probability of forming continuous macro voids-channels
through the full thickness of paper sharply decreases as the
number of layers increases. Distorted channel alignment by
multi-layered structure results in an increase in contact surface
area that provides a more efficient adsorption. The presence
of separators between layers increased adsorption capacity
thanks to a well-distributed liquid flow in constant flow
mode. Filters had no rejection capability for PEG molecules.
The thickest (400 gsm-1x) and half thickness (200 gsm-1x)
filter structures filtered 0.5pum particles at a very high
rejection rate (98%). The rejection rate however decreased
with multi-layer structures. Multi-layered composites provide
better adsorption performances while filtration is best with
single thick layers. This work highlights how engineering
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Polyamideamine-epichlorohydrin resin (PAE) is one of the most commonly used wet strength agents in
the papermaking industry. However, adsorbable organic halogens (AOX) are known to be a toxic side
product of the PAE manufacturing process; therefore, the use of PAE is restricted by regulation for food
and medical applications. In this study, we investigated partially replacing the indirect food additive, PAE,
with a renewable, biodegradable material, cellulose nanofibres (CNF), in order to drastically reduce the
amount of PAE used while maintaining the same wet tensile strength. The concept is to replace covalent
bonds by hydrogen bonds and to drastically increase bonding area. Depth-type filters were prepared
with cellulose (30%), perlite (70%) and lesser amounts of PAE via papermaking technique. A small fraction
of cellulose fibre composition was substituted with CNF while the PAE amount was gradually decreased.
The substitution of positively charged PAE for negatively charged cellulose nanofibres switched the
overall charge of the system from cationic to anionic. Therefore, two cationic polyelectrolytes, CPAM or
PEI, were investigated to control the overall charge and adsorption performance of the filter system.
The substitution of CNF enabled PAE dosage to be reduced by over 95% while retaining the wet
strength properties of the filters. The wet strength obtained from the small quantity of wet strength
polymer could be further improved by increasing the curing temperature to 150 °C with a much shorter
curing period. The filters with reduced PAE dosage have also improved adsorption of positively charged
contaminants. However, for negatively charged contaminants a very minor amount (around 20 mg/g) of
cationic polymer addition would be required to maintain the performance. Our study shows that partial
replacement of conventional papermaking fibres with cellulose nanofibres allows us to reduce the
quantity of wet strength polymer remarkably and achieve a sustainable and environmentally-friendly
concept for filter manufacturing or for any paper product requiring wet strength.
© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

(Obokata et al., 2005). Wet strength is developed through cross-
linking the azetidinium groups with each other and with the cel-

Wet strength is a critical property of certain paper products; it
measures the ability of fibre network to maintain its strength when
it is wetted with an aqueous solution. Wet strength is critical for
hygiene products such as paper towel and tissue paper (Zakaria,
2004; Bajpai, 2018). Moreover, cellulosic filters that are used in
liquid filtration also require a substantial wet strength to remain
robust during operations.

Polyamideamine-epichlorohydrin (PAE) is by far the most
common additive to manufacture wet strengthened papers

* Corresponding author.
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https://doi.org/10.1016/j.jclepro.2019.01.017
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lulose (Obokata and Isogai, 2007). These reactions generate a par-
tial water-proof barrier around the fibre to fibre contact point
which restricts water from hydrolysing the hydrogen bonds when
the sheets are re-wetted.

However, epichlorohydrin-based products, such as PAE, have
significant drawbacks. Both the manufacture and use of epichlo-
rohydrin can produce a high adsorbable organic halogen (AOX)
content in the process wastewater (Hagiopol and Johnston, 2011).
The toxic effects of AOX range from carcinogenic and mutagenic
effects to acute and chronic toxicity and can inhibit microorganism
growth (Miiller, 2003; Savant et al., 2006; Deshmukh et al., 2009;
Osman et al., 2013).

A further problem with PAE strengthened products is that the
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majority of papers strengthened with epoxy thermosets cannot be
recycled due to their irreversible 3-D crosslinked networks (Min
et al., 2015). The used epoxy thermosets can only be incinerated
or landfilled, or degraded to small molecules directly using strong
acidic or basic agents (Min et al., 2015).

An ideal solution from a broad cleaner production perspective
would be one that retains the required product performance while:

1. Replacing the epichlorohydrin resins, with their toxic by-
products in manufacture and use, with a non-hazardous
alternative.

2. Facilitating recycling.

3. Using a locally sourced bio-derived alternative.

During the last two decades, cellulose nanofibres (CNF) have
emerged as a promising alternative that can meet all these re-
quirements. Cellulose is the most abundant polymer on Earth; it is
renewable, biodegradable, non-toxic and chemically versatile
(Dufresne, 2013). Cellulose nanofibres are formed by breaking
down cellulose fibres into their nano-scale cellulose microfibril
building blocks (Lavoine et al., 2012). CNF is thus fully chemically
compatible with cellulose and can be recycled with the cellulose
fibres. Almost any source of cellulose can be used, including agri-
cultural and food processing residues (Varanasi et al., 2018) as well
as the fibre degradation products from paper-mill processing
(Gunawardhana et al., 2017), thus utilising the principles of in-
dustrial ecology.

Furthermore CNF (Cellulose Nanofibre) is an outstanding sus-
tainable reinforcement material (Boufi et al., 2016; Sanjay et al.,
2018). Use of CNF has emerged as wet-end additive with poten-
tial applications as both a wet and dry strength agent as well as a
coating to improve the barrier properties (Lavoine et al., 2012). The
contribution of CNF to strength can be achieved by two mecha-
nisms (Boufi et al., 2016). Firstly, CNF promotes the bridging be-
tween fibres which increases the fibre to fibre contact, and in turn
increases the bonded area. Secondly, web-like entangled structure
of CNF brings larger fibre together creating a network, which boosts
the load-bearing capacity of the paper. As a result, the final paper
strength is achieved by both fibre to fibre contact and the CNF
network.

While CNF is a promising alternative to resin-bonded products,
it must still be demonstrated that the product performance has
been maintained. In this study, we investigated the development of
cleaner food grade filters with the least amount of wet strength
resin while delivering the same wet strength and adsorption
properties as the original filters with high PAE dosage. To achieve
this, a particular fibre fraction was substituted with CNF without
changing the total fibre composition. Filters were prepared with a
variety of PAE dosages. Performance of CNF was examined as a wet
strength agent, where effect of different variables such as curing
conditions and addition order of raw materials were investigated
on wet strength development. Adsorption performance was
examined using two different oppositely charged dye molecules.
Positively charged polyelectrolytes were used to maintain the
overall positive charge and adsorption characteristics of the filters.

2. Material and methods
2.1. Material

The cellulose fibres used for the composites were:

e Unrefined northern softwood bleached kraft pulp (NIST Refer-
ence Material 8495) from Procter and Gamble

e Bleached radiata pine softwood Kraft pulp refined to 400 Ca-
nadian standard freeness (CSF) in a disk refiner

e CNF prepared by processing a 0.3 wt % suspension of bleached
radiata pine softwood Kraft pulp, that had been refined to 400
Canadian standard freeness, in a GEA Niro Soavi homogeniser at
800 bar pressure for 3 passes.

The fibre diameter distributions of homogenised and refined
pulp were reported in our previous study (Onur et al., 2018) and are
approximately 50 and 25 nm for the nanofibre fraction of the
refined and homogenised pulp, respectively. Expanded perlite
supplied by Dicalite Minerals Corp was used as the inorganic
absorbent. Commercial PAE provided from Nopcobond Paper
Technology Pty Ltd was used as wet strength resin.

Negatively charged metanil yellow (MY) and positively charged
methylene blue (MB) dyes supplied from Sigma Aldrich was used to
investigate adsorption characteristics. The cationic polyacrylamide
(CPAM) polymer was supplied by AQUA + TECH. The F1 grade with
13 MDa molecular weight and 40% charge density was used. Poly-
ethylenimine (PEI), branched with 10,000 Da molecular weight was
purchased from Sigma Aldrich.

2.2. Methods

2.2.1. Preparation of filters

Filters were prepared by using a standard British hand sheet
maker. A detailed step by step explanation of the sheet making
procedure can be found in our previously published study (Onur
et al,, 2018). Filter suspensions were prepared by mixing pulp
suspension with perlite and PAE (0.22 w/v %) or PAE & CPAM (0.1 wt
%) or PAE & PEI (0.1 wt %) combinations. Filters prepared with
different compositions and curing conditions are listed below.

1) 30% Fibre (1/3 refined pulp + 2/3 unrefined pulp) + 70%
Perlite + 120 mg PAE-half an hour at 105 °C (Reference sample)

2) 30% Fibre (1/3 CNF + 2/3 unrefined pulp) + 70% Perlite + (0-5-
10-30-60-90-120 mg PAE) —half an hour at 105 °C

3) 30% Fibre (1/3 CNF + 2/3 unrefined pulp) + 70% Perlite + 5 mg
PAE-1h at 105 °C

4) 30% Fibre (1/3 CNF + 2/3 unrefined pulp) + 70% Perlite + 5 mg
PAE- 5 min at 150 °C (tried by two different order of addition
methods)

5) 30% Fibre (1/3 CNF + 2/3 unrefined pulp) + 70% Perlite + 5 mg
PAE & 25 mg CPAM-5min at 150 °C

6) 30% Fibre (1/3 CNF + 2/3 unrefined pulp) + 70% Perlite + 5 mg
PAE & 25 mg PEI-5min at 150 °C

Suspensions were mixed using the order of addition shown in
Fig. 1a, except where the effect of mixing order on wet strength
development was investigated, which also used the scheme in
Fig. 1b. Only the sample with 5 mg PAE sample cured at 150 °C for
5 min was tested for the effect of mixing order.

In Fig. 1a, perlite is added to CNF suspension first and then the
perlite and CNF mixture is added to unrefined cellulose pulp sus-
pension. PAE or any other positively charged polymers used with
PAE for charge modification were added at the end on top of the
entire suspension. Combination of PAE with other positively
charged polymers was used to investigate the charge modification
of the composites along with adsorption and wet strength
properties.

In Fig. 1b, PAE is added to CNF mixture first and then this
mixture is added to unrefined pulp suspension. Perlite suspension
was then added last.

After initial air-drying, all the filters were then heated in an oven
and then stored in a humidity controlled room (23°C and 50%
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Fig. 1. Graphical representation of mixture preparation procedures.

relative humidity) for at least 24 h prior to any further use. The
standard oven treatment was half an hour at 105 °C, except where
otherwise noted.

2.2.2. Wet tensile strength measurements

Thickness of the composites was measured using L&W thickness
tester after conditioning. An average of ten points was used to
calculate the thickness of each sample. Following thickness mea-
surements, each sample was cut into 15 mm wide strips using a
sheet cutting machine. Wet strength measurements were con-
ducted on an Instron model 5566 with a constant strain rate of 10
mm/min. At least 14 strips in total from two separately formed
sheets for each sample was measured with a 100 mm test span.
Sample strips were individually soaked in water for 1 min before
measurement. Tensile index for each sample was calculated as
tensile load per unit width divided by grammage.

2.2.3. Zeta potential

A Nanobrook Omni from Brookhaven Instruments was used to
measure the zeta potential of each suspension used for making
samples. A small quantity of each suspension was analysed in a
cuvette cell at 25°C before papermaking. The electrophoretic
mobility was determined using laser Doppler velocimetry and zeta
potential was calculated based on the Smoluchowski equation.
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2.2.4. Adsorption properties

A dead-end stirred cell working with constant pressure was
used to carry out adsorption experiments with 400 mL of either MY
or MB dye solutions. The experimental procedure was explained
comprehensively in our previous study (Onur et al., 2018). Effect of
different compositions of charged polymers and CNF on charged
dye molecule adsorption was investigated.

3. Results

In this section, wet tensile index of the composites was
measured as a function of critical variables: PAE dosage, curing
conditions and PAE adsorption methodology. Charge characteristics
of the composites were investigated by zeta potential measure-
ments. Contaminant adsorption properties were tested using an
anionic (MY) and a cationic (MB) dye. Cationic polyelectrolyte
addition was also examined in terms of charge modification,
adsorption characteristics as well as wet strength improvement.

3.1. Wet tensile index

3.1.1. Effect of PAE dosage

Wet tensile strength properties of composites with varying PAE
dosages and pulp content are presented in Fig. 2. The reference
composite with refined pulp and 120 mg PAE has a wet tensile
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Fig. 2. Effect of PAE dosage on wet tensile index of the composites. (Curing at 105 °C
for 30 min)

index of 5.78 Nm/g. Simultaneously substituting CNF for the refined
pulp and eliminating PAE (Mixing procedure (a) in section 2.2.1 was
used for sample preparation) reduced the wet tensile index to 2.80
Nm/g, showing that it is not possible to fully replace the PAE. The
optimum PAE dosage with the CNF, which provides the reference
wet strength, ranges between 5 mg and 7 mg under the usual
curing condition and preparation technique.

3.1.2. Effect of curing conditions

The effect of curing condition was investigated with an addition
level of 5 mg PAE. Samples were prepared with the procedure
(Fig. 1a) given in section 2.2.1. The composites were treated at
105 °C for 1 h and 150 °C for 5 min, differing from the normal curing
conditions (Fig. 3). One hour treatment at 105 °C and 5 min curing
at 150°C increased wet tensile index to 5.64 and 5.83 Nm/g,
respectively. However, these differences are not statistically
different from the reference material with 5.78 Nm/g. (T-test is
given in supplementary material). It shows that either 1h treat-
ment at 105 °C or 5 min treatment at 150 °C can be selected with 5
mg PAE addition to achieve the same wet strength as the reference
filter.

3.1.3. Effect of order of PAE addition

Here, PAE was added first to CNF and the mixture was then
mixed with the unrefined fibres (see section 2.2.1, Fig. 1b); this
differs from the previous method. Perlite suspension was added at
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Fig. 3. Effect of curing on wet tensile index of the composites (with 5 mg PAE dosage).

the end and the resulting suspension was gently mixed before
papermaking. Curing was set at 5 min, 150 °C. The results showed
that the order of addition of resin to the fibres has no statistically
significant effect (Fig. 4; with T-test analysis in supplementary
material).

3.2. Cationic polyelectrolyte addition: zeta potential and wet
strength improvement

As the reduction in PAE amount also changes the charge of filter
medium, charge modification was investigated with two cationic
polyelectrolytes, CPAM and PEI, differing in morphology, to main-
tain the electrostatic adsorption properties. Sheets with CPAM and
PEI were prepared by the method given in 2.1.1, Fig. 1a. Zeta po-
tential measurements of the critical composites are given in Fig. 5.
Results show that eliminating PAE dropped the electrical double
layer net charge of the suspended particles from +30 mV
to —37 mV, while charge is controlled from —27 mV to —15 mV by
adding PAE up to 10 mg.

Substitution of 1/3 of the fibres by CNF decreased the zeta po-
tential slightly, indicating an increase in negative charges on the
surface of fibres upon homogenisation. Adding 25 mg of either
CPAM or PEI with 5 mg PAE produced suspensions of zeta potential
of +38 mV and +22 mV, respectively, which are similar to the
reference sample.

Addition of PEI or CPAM in combination with PAE was tested to
investigate the contribution of polyelectrolytes on wet strength
development (Fig. 6). Adding 25 mg PEI with 5 mg PAE doubles
composite wet strength. However, CPAM did not improve the wet
strength significantly.

3.3. Adsorption properties

The effect of adsorbing 400 mL of anionic metanil yellow (MY)
or cationic methylene blue (MB) solution was quantified on
different composites. Fig. 7a and b shows the metanil yellow and
methylene blue adsorption breakthrough curves, respectively. The
refined-120 mg PAE composite (reference sample) has a higher
adsorption capacity for MY molecules than the composite with CNF,
5mg PAE & 25mg CPAM (Fig. 7a). However, when CPAM is
substituted for 25 mg PEI, the filter has a remarkable capacity for
MY adsorption, which is even higher than that of the reference
sample. Even though the zeta potential with combination of CPAM
and PAE is similar to that of the reference sample, CPAM cannot
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Fig. 4. Effect of order of PAE addition on wet tensile index of the composites (Curing at
5min, 150 °C with 5 mg PAE).
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Fig. 6. Wet tensile strength properties of composites with PAE & PEI and PAE & CPAM
polymer mixtures.

provide the same adsorption characteristics with anionic MY. PEI
addition (25 mg or less) combined with 5 mg PAE generates
numerous positive charges, improving anionic contaminant
adsorption onto the composites.

No additional polymer is needed for adsorbing the cationic
methylene blue (Fig. 7b). The sample with 5 mg PAE and CNF
provides an improved adsorption capacity shown by the break-
through curve. Composites combining 5 mg PAE with CNF provide a
remarkable separation of any cationic contaminant while retaining
their original wet strength.

4. Discussion

Curing time and temperature are important variables affecting
cellulosic composite wet strength at a given resin dosage. Opti-
mising temperature and curing time can maximize the curing and
crosslinking for the same amount of wet strength resin. The
crosslinking of all PAE molecules on cellulose also minimizes their
possible diffusion into the filtrate, an important requirement of
filters in food or pharmaceutical applications. By efficient curing,
either 5 min at 150 °C or 1 h at 105 °C, and substituting the refined
fibre for CNF, the desired wet strength level was maintained while
reducing the PAE usage by 95% (Figs. 2 and 3). This is a substantial
contribution from a broad cleaner production perspective. As dis-
cussed in the introduction, CNF can be made from any cellulosic
material including agricultural waste and degradation products
from paper-mill processing. The straight-forward mechanical
treatment we used here to produce CNF, with mechanical refining
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in a disk mill followed by homogenisation, does not require large
factory floor area to implement and can be readily designed to any
required capacity, thus allowing for on-site manufacture and use.
Adsorption in our filters is driven by electrostatic attraction
between negatively and positively charged molecules. The original
anionic charge of both cellulose and perlite favours the adsorption
of cationic contaminants onto filters. On the other hand, cationic
polymers can be adsorbed onto the fibres and perlite particles to
promote anionic molecule adsorption onto filters. Charge modifi-
cation is one of the reasons that PAE is used in filters in addition to
the wet strength development. CPAM and PEI are the cationic
polymers used in our study after PAE reduction to compensate for
the loss of the positively charged PAE. Both polymers successfully
restored the overall positive charge. However, there is a significant
difference between the adsorption behaviour of negatively charged
molecules onto samples prepared with either CPAM or PEIL. CPAM is
a linear and high molecular weight polymer forming flexible
random coil configurations, whereas PEI is a highly branched
polymer with a high charge density and much lower molecular
weight. These two polymers have been previously studied and the
effect of polyelectrolyte morphology on the adsorption and floc-
culation of microfibrillated cellulose (MFC) was analysed (Raj et al.,
2016). Polyelectrolytes adsorb onto surfaces of opposite charges by
electrostatic attraction. Equilibrium conformation of an adsorbed
linear polymer chain is as a tails and loops configuration (Gregory
and Barany, 2011). The size of the loops can be reduced if the
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strength of the electrostatic interaction with the surface increases.
CPAM bridges with a flattened conformation onto cellulose
resulting in a smaller accessible area for negatively charged mole-
cule adsorption. However, a branched polymer, such as PEI, adsorbs
onto fibres as large rigid bridges by maintaining its shape without
reconformation and flattening (Blanco et al., 2009) and leaving both
the polymer and the surface more accessible to interact with the
surrounding molecules. Anionic MY adsorbs onto PEI treated
composites more efficiently than on CPAM treated composites; this
is because most of the charges remain accessible in contrast to
CPAM. PEl is a promising dendrimer to be used in conjunction with
5 mg PAE to retain adsorption characteristics. PEI also contributes
to wet strength significantly (Fig. 6); a minute amount of PEI alone
should be enough for both negatively charged molecule adsorption
as well as wet strength development. While the contribution of
cationic polymers to paper strength was already reported
(Rahmaninia et al., 2018; Rice et al., 2018), the significant effect of
PEI on wet strength was unexpected.

In the work here, we have shown that we can almost entirely
replace PAE wet strength resin with CNF. That is, we are substituting
a product with a long supply chain, a short shelf life and toxic by-
products in manufacture and use with CNF, a biodegradable,
renewable material which can be produced on-site from waste, thus
promoting both industrial ecology and the circular economy.

This innovation also addresses the aspect of design for recycling.
CNF, being composed only of cellulose is thus fully chemically
compatible with micron-diameter cellulose fibres that are used to
make paper. In fact, CNF has been widely investigated as a rein-
forcing fibre to improve the strength of conventional paper sheets
(Taipale et al., 2010; Su et al., 2013), due to its outstanding web-like
entangled structure, high aspect ratio and high strength (Li et al.,
2016). The achievement of the required wet-strength, largely us-
ing only cellulose fibre-CNF hydrogen bonding and minimising
cross-linking will allow re-dispersion in water. Thus filters wet-
strengthened with CNF should be recyclable within a conven-
tional paper recycling process, possibly with enhanced initial
dispersion, because of the high wet strength.

5. Conclusions

This study investigated reducing the quantity of wet strength
resin, PAE, used in cellulosic filter products by substituting a
renewable, biodegradable material, cellulose nanofibres (CNF).
Substituting CNF for refined fibre allowed us to reduce PAE content
by 95% while retaining full wet strength. In addition, the use of PEI
to substitute for the cationic charge lost upon removal of the PAE
was found to allow for the adsorption of both negatively and
positively charged contaminants, in comparison to filters prepared
with PAE, which only adsorbed negatively charged contaminants.
This substantial reduction in PAE usage is particularly interesting
for cellulosic filters used in beverage filtration applications. PAE is
used as an indirect food additive in these type of filter products and
the allowed concentration is very limited. Therefore, CNF substi-
tution is a promising strategy for high performance cellulose fibre
based filters while reducing PAE usage by 95%, drastically reducing
AOX generation in PAE production and application. CNF's biode-
gradable and renewable nature provides cleaner products by
significantly reducing the chemical impact on the environment and
should be further investigated for any paper product currently
using PAE to develop the required wet-strength.
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