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Abstract

Abstract

In this PhD study, three-dimensional (3D), robust and highly-porous aerogels were
employed as air filters because their large internal volume could promote higher
removal efficiency of particulate matter (PM), especially for ultrafine particles,
while their ultrahigh porosity could facilitate relatively low pressure drops (APS).
This synergistic behavior of aerogel filters could effectively address the efficiency-
AP trade-off of conventional fibrous filters. The aerogels can be categorized as
fibrous and non-fibrous, and they can be fabricated via two separate different
methods: (1) freeze-drying in a mold or (2) ice-crystals-induced templating method.
Apart from the intrinsic structures of the starting materials, the fabrication method
adopted would determine the final microstructure of the aerogels. In short, the
aerogels prepared in this work would possess either isotropic or aligned porous
architectures. Nevertheless, a potential drawback of highly porous 3D aerogels is
their relatively poor structural stabilities, which hinders their practical applications
as air filters due to the constant compressive force exerted by the airflow in the
filtration process. This problem may be overcome by employing chemically- or
physically-induced cross-linking to reinforce the aerogel structure. Hence, the
structures and morphologies of the aerogels would greatly affect the filtration
performance of these aerogel filters. Thus, the aim of this thesis is to prepare highly
robust 3D aerogel air filters and investigate the effects of the microstructures on the
filtration performance as well as the respective underlying filtration mechanisms of
the different as-prepared aerogels.

Three aerogel systems were adopted in this thesis study; (1) PLLA/PDLA blend
stereocomplex nanofibers, (2) biomass-based lignin with graphene as reinforcement
agent (3) lignin reinforcement agent and cellulose nanofibers. We report that highly-
robust aerogels, both fibrous and non-fibrous, with either isotropic or preferably
aligned pores are successfully fabricated via different facile cross-linking

approaches; spontaneous inter-fiber stereocomplexation-induced cross-linking for



Abstract

the PLLA/PDLA blend system while thermal treatment was adopted for the other
remaining systems. For each system, it is demonstrated that the extent of cross-
linking can be easily controlled by adjusting the microstructures and macroscopic
shapes of the aerogels, which could influence the filtration performance of the
various aerogels. Furthermore, as compared to conventional compact fibrous filters,
all the as-prepared aerogel filters demonstrated higher overall filtration efficiency
accompanied with a significantly lower AP. Through this work, it is believed that the
understandings derived can serve as a guideline to facilely fabricate highly-robust

and efficient filters for various air filtration applications.
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Chapter 1
Introduction

1.1 Background and Problem Statement

Air pollution poses as a severe threat, with the atmospheric release of particulate
matter (PM) comprising organic and inorganic compounds with trace amounts of
metals, which can be detrimental to human health ®. Studies have revealed that the
exposure to PM, consisting of large amounts of micrometer- and nanometer-sized
particles, can give rise to adverse health problems such as respiratory and
cardiovascular diseases 2. Current filtration technologies are targeted at removing
micron- and submicron-sized particles. Studies have, however, shown that ultrafine
particles, i.e., the ones with sizes smaller than 0.1 um (PMog 1) have higher reactivity
due to their smaller sizes, which can penetrate the respiratory system much more
easily and enter the blood stream 23. Hence, strategies to remove these smaller
particulate matters also need to be formulated in order to create a healthier living

environment.

Considerable efforts have been focused on the development of air filtration
technologies that are economic and energy efficient, especially in the area of
conventional fibrous mats or membranes due to low-cost, large specific surface area
for adsorption and ease of fabrication 4. Air filtration via fibrous media is governed
by four main mechanisms known as sieving, inertial impaction, interception and
diffusion. The first three mechanisms are, however, not effective for removal of
ultrafine particles. Capture of ultrafine particles mainly relies on diffusion, i.e.,
Brownian motion of these tiny particles can cause them to collide and adhere onto
fibers if their residence time in the fibrous medium is long enough. Nevertheless, the
tradeoff between filtration efficiency and pressure drop (AP) remains a challenge;
high efficiency can be achieved by increasing fiber packing density but at the same

time leads to a surge in AP, which increases energy consumption. Currently,
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commercial high-efficiency particulate arrestance (HEPA) filters are able to achieve
high removal efficiency of 99.97% for particles with sizes down to 0.3 pm but their
AP is still considerably high.

Various approaches have been reported for improving the filtration efficiency for
ultrafine particles. In particular, much focus have been placed on the development
of nanofibrous membranes/mats (NFMs) due to their much larger specific surface
areas that could increase diffusion and interception capture* 1. Theoretical studies
have also shown that nanofibers display significant slip flow phenomenon, which
may lower airflow resistance to some extent, resulting in a smaller pressure drop
across the filter'*14, However, in NFMs, the nanofibers are packed in roughly
parallel planes. Thus, the high efficiency removal of ultrafine particles is still
accompanied with a surge in air resistance across the filters due to their high fiber
packing densities, which is not energy-efficient for filtration applications. Owing to
their much smaller pores, NFMs typically give a much larger pressure drop than their
microfiber counterparts’>®, Previous studies also suggest that the addition of a
nanofibrous layer onto microfibrous filters significantly reduce the most penetrating
particle sizes (MPPS) of the microfibrous filters'®'®. However, the improved
efficiency is often accompanied with a surge in air resistance and many challenges
remain to strike a good balance between filtration efficiency and pressure drop.
Moreover, when in use, the filtration area of these dense and compact filters are
rapidly deposited with particles, followed by cake formation on the filter surface,
which may greatly alter the filter performance; AP will increase and filtration
efficiency is often reduced, limiting the filter service life 20?2, Therefore, besides
addressing the trade-off between filtration efficiency and AP, there is an urgent need
to develop a new kind of filter with anti-clogging features that could make the filters

more durable.

More recently, three-dimensional (3D) aerogels, endowed with ultrahigh porosity
and large volumes of voids, have also been employed as air filters. Unlike

conventional fibrous filters, the unique features of these 3D aerogels such as
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ultrahigh porosity exhibit potential to achieve greater capture efficiency of ultrafine
particles that undergo Brownian motion (longer residence time), while at the same
time, the ultralow material packing density could reduce the drag force. Additionally,
these aerogel filters possess a larger internal surface where particle adsorption is
dominated by depth filtration rather than cake filtration ! 2% 23 making the filters
more clog-resistant. Notably, in the field of 3D aerogels, nanofibrous aerogels
(NFAs), which consist of loosely packed nanofibers in random orientations, have
emerged as a popular choice due to their high specific surface area, low fiber packing
density, slip flow effect and ease of fabrication?*?®. Furthermore, simulation studies
of NFAs as deep-bed filters also revealed the synergistic effects of ultrahigh porosity
and ultralow density of NFAs can promote much higher dust loadings NFMs without
compromising the filter performance, which extends the service life of these three-
dimensional filters 2°. However, the poor structural stabilities of these highly porous
aerogels restrict their application as air filters due to the constant compressive force
exerted by the air flow, which may be overcome by introducing chemical and/or
physical cross-links to improve the robustness of NFAs?* 272 Nevertheless,
conventional choices of polymeric nanofibers and/or the cross-linking agents
employed are typically made of petrochemicals or synthetic chemicals generated
from non-renewable precursors that are harmful to the environment, which hampers
their practical applications. Therefore, the need to identify a more economically
viable and environmentally benign cross-linking agent that could make 3D NFA

filters more robust or even reusable.

Besides NFAs, it was reported that 3D non-fibrous aerogels with aligned pore
channels also displayed promising results as filter materials for the removal of PM
291t was reported that the aligned micrometer-sized hollow channels could help to
significantly reduce the air resistance across the aerogel filter, which is dissimilar to
that of fibrous filters made of randomly entangled fibers. Moreover, the hollow
through-pores may render the aerogel with clog-resistant properties. In addition,
recent works on cross-flow filtration has shown that aligned channels with open ends

could result in a pressure drop of only one-fifth of that of conventional filtration
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mode 3!, Simulation studies also suggested that cross-flow filtration removed
particles based on size-dependent trajectory segregation, where smaller particles are
deposited on the filter media while the larger ones travel continuously along the air
flow 2. Although these unconventional non-fibrous aerogels have been explored as
alternatives to fibrous filters, the filtration mechanism of these materials have not
yet been investigated and the starting materials used stem from non-renewable
resources. Thus, besides addressing the issue of material renewability, it is crucial to
conduct a systematic study on the filtration mechanism of aerogels with aligned pore

channels to further assess the potential of these materials in the field of air filtration.

1.2 Hypotheses

To address the aforementioned issues, three new designs have been put forward in
this thesis work, which will be elaborated in the subsections below. To fabricate eco-
friendly aerogel filters, biodegradable polymeric electrospun nanofibers produced
from renewable resources and biomass-based materials have been chosen as the
starting materials to fabricate the aerogels. Freeze-drying method was adopted
because this technique could allow water to be sublimated from the frozen aerogel
without entering the liquid state, which could effectively avoid the collapse of the
3D structure. In order to realize cross-linking methods that are environmentally-
benign, spontaneous physical cross-linking methods via self-assembly (NFAs), and
low-temperature annealing (non-fibrous aerogels) have been adopted to endow the
aerogel-based filters with robust mechanical properties, while at the same time,
maintaining a high yield of product. Furthermore, the loosely packed and oriented
structure of the 3D aerogel filters can help to enhance the diffusion capture of
ultrafine particles via depth filtration, while simultaneously maintain a low air

resistance across the filters.
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1.2.1 Design 1: Robust NFA Filter and the Concept of 3D Filtration

Polylactic acid (PLA), a polymer derived from renewable resources, is capable of
forming a polymer stereocomplex that is a stable composite of two stereoregular
polymers with complementary helical conformations, which interlock each other by
stereoselective interactions 33 Therefore, in this work, we used a
stereocomplexation approach to spontaneously induce inter-fiber agglutination in
highly porous 3D nanofibrous aerogels (NFAs) formed by poly-L-lactic acid
(PLLA)/poly-D-lactic acid (PDLA) blend nanofibers without thermal or other form
of stimuli. Different from some reported works %26, PLLA/PDLA-SC inter-fiber
agglutination points were spontaneously formed in the NFA fabrication process,
which, combined with the favorable mechanical properties of the PLLA/PDLA
blend fibers 3, could enhance the compression resistance of the highly porous
NFAs and prevent them from collapsing in applications. We also hypothesized that
the extent of inter-fiber stereocomplexation may be related to the number of free
chain ends on the nanofiber surface because with free ends, chain segments on a
fiber surface could adjust their conformations more easily to form stereocomplex
with appropriate chain segments on a neighboring fiber surface. Since lower-
molecular-weight polymer (shorter chains) has more chain ends per unit mass than
the corresponding higher-molecular-weight polymer, this implies that the extent of
inter-fiber stereocomplexation may be influenced by the molecular weights of the
two stereoisomers. To demonstrate the usefulness of our 3D filter, a highly porous
PLLA/PDLA-SC NFA was combined with a HEPA filter to assess the filtration
performance of ultrafine particles, where the loosely packed structure of the
PLLA/PDLA-SC NFA could help to enhance the filtration efficiency of ultrafine
particles accompanied by a small increase in AP. The scheme of the design is shown
in Figure 1.1. In chapter 4, the related verification results will be presented and

discussed.
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Figure 1.1 The schematic illustrations of the spontaneous inter-fiber cross-linking
and the particle residence of NFA filters.

1.2.2 Design 2: Non-Fibrous Aerogel Filter with Aligned Solid Channels and the

Mechanism

Recently, besides NFA filters, non-fibrous honeycomb-like aerogels have also
emerged as attractive alternatives to replace conventional fibrous filters 2. However,
the filtration mechanism of non-fibrous aerogels was not explored, which restricts
the practical applications of these materials. Thus, in the new design of the study,
the issues of material renewability and a systematic study of the filtration mechanism
are addressed simultaneously. Specifically, we design a new type of lignin-based
wood-like aerogel filters composed of aligned micrometer-sized pores, prepared via
a facile unidirectional ice-crystal-induced self-assembly from an aqueous solution.
Furthermore, low-temperature annealing and a very small amount of graphene was
added to reinforce the mechanical stiffness, thermal stability and humidity/water
resistance of the aerogels. Different from typical NFAs, the high porosity and large
internal volume could enhance the diffusion capture of ultrafine particles via depth
filtration while adsorption along the aligned hollow pores will not disturb the air
flow significantly, rendering the filters more clog-resistant. Moreover, the abundant
functional groups retained from lignin could improve PM adsorption via favourable
dipole-dipole interations. The scheme of the design is shown in Figure 1.2. The

related verification results will be presented and discussed in Chapter 5.
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Air Flow

Figure 1.2 The schematic illustrations of the aligned pore structure of the lignin-
based aerogel and the respective particle flow regime.

1.2.3 Design 3: Biodegradable NFA Filters with Aligned Fibrous Channels

Lately, a new kind of 3D NFA filter have been reported that consists of aligned
nanofibrous channels prepared via unidirectional freezing and thermal cross-linking,
which exhibited much lower AP while maintaining a high filtration efficiency.
Compared with other reinforcement methods, thermal cross-linking has emerged as
a more facile and cheaper method. However, by adopting this method, many
researchers have also reported annealing-induced shrinkage of the porous materials,
especially at relatively high heat treatment temperatures (> 500°C), which could
induce pore size reduction or even pore structural change of the porous materials >
#2_To minimize such unfavourable morphological change, a plausible approach is to
introduce hyperbranched macromolecular cross-linking agents into the system,
which could act as spacers between the fibers to prevent highly porous 3D NFAs
from collapsing into much denser structures. In addition, since the contacting area
between adjacent nanofibers are expected to be small in general, the contact of
hyperbranched macromolecules with nanofibers may also boost cross-linking
reactions. Nevertheless, so far the cross-linking agents employed are typically linear
polymers 446, Therefore, in this work, we employed lignin (also a hyperbranched
natural macromolecule) as an effective cross-linker for fabrication of
lignin/cellulose-based 3D NFAs with preferably aligned pores and hierarchical
porous structures. Unlike recently reported cellulose-based aerogels %0, by

subjecting the as-prepared lignin/cellulose NFAs to low-temperature annealing, the
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material shrinkage could be largely minimized, and hence the initial morphology of
the NFAs could be largely retained after the annealing, minimizing the negative
effect of thermal annealing on porosity and pore structures, which are essential for
high filtration efficiency and low AP. The scheme of the design is shown in Figure

1.3. The related verification results will be presented and discussed in Chapter 6.
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Figure 1.3 The schematic illustrations of the inter-fiber cross-linking with and
without lignin.

1.3 Objectives

The PhD work in this thesis is focused on the design and fabrication of robust 3D
aerogel filters that are capable of achieving high filtration efficiency of ultrafine
particles with low air resistance and to investigate their respective filtration

mechanism. The objectives include the following:

1. The first objective is to verify the spontaneous inter-fiber stereocomplexation
within the NFA, correlate the extent of cross-linking to the molecular weight (Mw)

of the polymer, as well as demonstrate the concept of 3D air filtration.
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2. The second objective is to fabricate a robust lignin-based aerogels with aligned
micrometer-sized channels, demonstrate that the hollow pores channels can promote
high filtration efficiency of ultrafine particles via diffusion capture while
maintaining a low AP, and investigate the underlying filtration mechanism of non-

fibrous aerogel filter.

3. The third objective is to verify that hyperbranched macromolecular cross-linking
agents can give rise to a larger extent of cross-linking compared to that of inter-fiber
cross-linking, demonstrate that lower AP can be achieved after thermal annealing

and investigate the respective filtration mechanism.

1.4 Dissertation Overview

In Chapter 1, the background on air pollution and its adverse health impacts are
briefly introduced. The current issues of conventional two-dimensional (2D) fibrous
filters used to tackle air pollution problems are also discussed. The concept of 3D air
filtration is also presented as well as the potential applications of aerogel as 3D air
filters. Motivation leading up to the study is also addressed, followed by the
proposed hypotheses and the detailed objectives of this study. Subsequently, the

major findings and outcomes derived from this study are highlighted.

In Chapter 2, the key performance parameters of air filters are provided with
emphasis on the filtration performance and operational costs. The effectiveness of
current air filtration technologies are discussed, with the advantages of conventional
2D fibrous filters being highlighted. The filtration mechanism of fibrous media is
explained, followed by the discussion on the developments and drawbacks of micro-
and nanofibrous filters. The detailed concept of 3D air filtration is elaborated
together with the latest advancement in 3D aerogel-based air filters being reviewed.

Finally, the direction of this study is presented in an attempt to bridge the research

gap.
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In Chapter 3, the rationale on material selection for the three designs of this thesis
study is discussed and elucidated. Reasons for choosing electrospinning and
unidirectional freezing as the main NFA fabrication methods are provided and
rationalized. For the filtration test, the motivation for the selection of the model haze
particles is provided and the underlying principles of the particle detection
techniques are explained. Finally, the theories and working principles of the material
characterization techniques carried out in this study are elaborated and justified as to

why they are necessary for the study.

In Chapter 4, the spontaneous cross-linking phenomenon of PLLA/PDLA blend
electrospun nanofibers is reported, and the morphological structures and the fiber
agglutination process are revealed. It is found with SEM that the extent of cross-
linking and the molecular weights of the polymer are correlated. NFA reinforcement
is verified via tensile and compression tests. Two types of model haze particles are
used to evaluate the filtration performance of the NFA filters and the results obtained

verified the concept of 3D air filtration.

In Chapter 5, the fabrication of robust graphene-oxide-reinforced lignin aerogels
with unidirectional porous architectures is reported, and the morphology of the
hierarchical pores are revealed. After subjected to annealing, the changes in
mechanical properties, morphology and chemical compositions are discussed and
justified, with emphasis on the benefits of the addition of a small amount of GO.
Subsequently, the filtration performance of the aerogel filters are evaluated using the
model haze particles. Along with studies done in the literature, the results obtained

are used to elucidate the possible filtration mechanism.

In Chapter 6, the fabrication of robust lignin-assisted cross-linked electrospun
cellulose-based NFAs with preferably aligned pores and hierarchical porous
structure is reported. The positive influence of hyperbranched macromolecular lignin
as cross-linking agents on the annealing-induced-shrinkage and mechanical

properties are discussed and verified. The possible cross-linking mechanisms that

10
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occurred during annealing are deduced from TGA-IR results in conjunction with
studies reported in the literature. For the filtration test, DEHS model haze particle
was used to evaluate the filtration performance of the NFA filter and the results

obtained are used to derive the possible filtration mechanism.

In Chapter 7, all the findings in Chapter 4, 5 and 6 are drawn together. The
conclusions of these chapters are summarized and associated back to the initial
hypotheses and objectives of the thesis study. The significant findings and novel
outcomes of this study are emphasized and their potential implications on future
work are discussed. Some preliminary studies that lack sufficient data to be written
into a complete chapter are also briefly covered. Finally, some suggestions on the

direction for future research are proposed.
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Chapter 2

Literature Review

In this chapter, the adverse health impacts of airborne particulate matter
on human health is firstly discussed, and the severe consequences of
exposure to ultrafine particles is also highlighted. The key performance
parameters for air filters are then presented, and current filtration
technologies are also reviewed based on these key parameters, with the
attention drawn towards two dimensional (2D) fibrous filters. To
highlight the superior filtration performance of fibrous filters, the
filtration mechanism that governs fibrous media is also discussed, with
emphasis on the main capture mechanism for ultrafine particles.
Subsequently, a review on conventional 2D microfibrous filters and
recent research on nanofibrous mats are presented, followed by pointing
out the efficiency-pressure drop trade-off as the main issue of such
fibrous filters with 2D compact structures. The concept of 3D air
filtration is then introduced, and how 3D aerogel filters (fibrous and
non-fibrous) can address the trade-off problem is also explained. A
review on the aerogel air filters reported in the literature is also
provided. Based on the literatures being reviewed, it is found that the
issues of mechanical robustness, material renewability and production
costs need to be addressed in order for these aerogels to be potentially

explored as 3D air filters.
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2.1 Key Performance Parameters of Air Filters

The main purpose of air filters is to regulate the airborne particulate concentrations
and maintain high air quality of the environment. Thus, it is important to understand
the size compositions and surface chemistries of particulate matter (PM), to
effectively develop filters that are capable of obtaining high filtration efficiency. In
fact, studies have shown that ultrafine particles (diameter < 0.1 um) contribute
significantly to the number concentration of airborne pollutants, generated mainly
from industrial, agricultural and domestic emissions 1. However, most research on
air filtration are geared towards the remediation of particles in the size range of PM1o
(diameter < 10 um) and PM2s (diameter < 2.5 um). Furthermore, conventional PM
measurement methods are focused on the particle mass concentration and do not
precisely reflect the actual particle numbers of the various particle sizes, which
undermines the effects of ultrafine particles . Moreover, studies have also revealed
that the reactivity of particles increases with decreasing size; ultrafine particles are
more likely to possess stronger biological interactions within the human respiratory
tract, giving rise to adverse health impacts such as cardiovascular and respiratory
diseases >°. Additionally, according to the World Health Organization (WHO) in
2016, 91% of the global population are still residing in environments where the air
quality exceeds the WHO air quality guidelines, resulting in at least 8 million deaths
annually. Therefore, besides placing emphasis on PM1o and PM_ 5, current filtration
technologies should also be engineered towards the efficient removal of ultrafine

particles, in order to create a healthier living environment.

Current filtration technologies can be tailored for the removal of ultrafine particles
by optimizing the key performance parameters depending upon the applications and
requirements. Air filters are mainly categorized as physical and non-physical air
filters 7. Physical air filters are the most common type of air filters, which can clean
the air by acting as physical barriers to obstruct the movement of particles. Else,
other types of air filters would be classified under non-physical filtration methods.

Generally, the filtration performance is governed by the filtration efficiency,
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pressure drop (AP) and quality factor (QF). Filtration efficiency is a measurement of
the filter’s ability to remove particles from the air stream. In fact, the removal
efficiency varies with different particle sizes; larger particles tend to be trapped much
more easily due to their larger size and inertia, while smaller particles are more
difficult to be retained due to their much smaller size and erratic behavior. Filters
with different filtration efficiencies serve different purposes; lower efficiency filters
can be used to remove larger particles such as the removal of fine dust (diameter >
1 um) in circulating filters of air conditioning systems while higher efficiency filters
can be used as end filters in hospitals, pharmaceutical laboratories or food industry
where stricter air quality is preferred 8, Essentially, the operational cost increases
rapidly with cleanliness. On the other hand, AP is a measure of an air filter’s
resistance when air is moved through it, and this impediment of the air flow is
directly related to the energy consumption; the higher the pressure drop, the more
energy is required to drive the air across the air filter. Usually in the case of physical
air filters, there exists a trade-off between efficiency and AP 8; high efficiency is
accompanied with a surge in AP due to higher material packing density. Therefore,
the quality factor (QF) comes into place, taking both the efficiency and AP into
consideration, which gives an overview of the filtration performance. QF is defined
as —In (E)/AP, where E is the filtration efficiency and AP is the pressure drop. Higher
QF values indicate better filtration performance of the filter. Meanwhile, for easier
maintenance of the air filters, other key performance parameters such as lifetime,
loading capacity, mechanical property, and thermal stability would also need to be
considered, depending on the type of filtration technology. A filter’s lifetime refers
to the effective service period before the filter is replaced with a new one, which is
one of the main contributors to the operating cost. The loading capacity of a filter
determines how much PM the filter can contain while maintaining its specified
efficiency or within its rated AP. At large, the loading capacity determines the
operating lifetime of a filter. The mechanical property is a crucial factor that
determines the reusability of an air filter; robust filters can undergo washing to
regenerate a clean filter. In addition, for physical filters, the robustness of a filter is

also important to withstand the compressive forces of the air flow. The thermal
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stability is important to prevent the decomposition of material at high temperature
applications such as exhaust systems of buildings and vehicles ®°. On top of the key
parameters mentions, the issue of material renewability and biodegradability is also
important to reduce the carbon footprint of humans. Therefore, in order to fabricate
a multifunctional filter that is both highly efficient and sustainable for the removal

of ultrafine particles, the aforementioned key parameters should be addressed.

2.2 Air Filtration Technologies

As mentioned above, air filters are commonly categorized as physical and non-
physical air filters. The most commonly employed physical air filters include fibrous
filters and activated carbon adsorbents. Meanwhile, other non-physical filtration
methods consist of ultraviolet (UV) irradiation and electronic air cleaners, which
operate under different mechanisms . Despite the wide range of available
technologies, fibrous filters have emerged as the more popular choice due to their
low cost, high filtration performance, ease of fabrication, large specific surface area
and tunable surface chemistry 114, It is also widely known that fibrous filters are the
most efficient filters for trapping particles of different diameters "8 15, Although
other filtration technologies are also employed in the industry, these technologies are
not as efficient as fibrous filters in terms of their overall filtration efficiency and
environmental sustainability. For example, the use of activated carbon is only
targeted at the removal of odor, volatile organic compounds (VOCs) and gases via
surface adsorption %17, Moreover, activated carbon adsorbents typically possess low
loading capacity (short lifetime) and are often used in conjunction with a pre-filter
to reduce saturation of the pores. In addition, the air resistance across activated
carbon adsorbents are known to be very large. Meanwhile, UV irradiation involves
the use of UV light to deactivate microbiological pollutants but are generally
ineffective in the removal of PM 81° Furthermore, electronic air cleaners, which
encompass the use of high voltages to generate an electric field to capture particles,
produces ozone as a by-product and the filtration efficiency is much lower than that

of fibrous filters 2?1, Thus, among all the available filtration technologies, fibrous
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filter proves to be more environmentally sustainable and highly efficient for a wide

range of particle sizes including ultrafine particles.

2.3 Two-Dimensional (2D) Fibrous Media
2.3.1 Filtration Mechanism of Fibrous Media

Air filtration in a fibrous medium is governed by four main mechanisms known as
sieving, inertial impaction, interception and Brownian diffusion 222, The particle
capturing effectiveness of each mechanism is mainly influenced by the particle size
and face velocity. The sieving method allows for the removal of particles with sizes
larger than the pore size. When the filter pore sizes are smaller than the particle
diameters, large particles will be captured and adsorbed onto the fiber surface. As
illustrated in Figure 2.1, removal via interception happens when flowing particles
experience van der Waals forces when nearing a fiber, causing them to deviate from
the airflow streamlines and contact the fiber surface 23. Interception is the main
capture mechanism for particles with sizes between 0.1-1.0 um, and becomes more
dominant with increasing size. When approaching a fiber, inertial impaction occurs
when particles impinge and deposit onto nearby fiber surfaces when they are unable
to follow the curving contours of the air stream under the action of inertia 2*. This
mechanism prevails for particles in the range of 0.3-1.0 um, and becomes more
pronounced for larger particle sizes and at higher face velocities. Diffusion capture
is based on the Brownian motion of air particles 2°. The longer the mean free path of
the particles, the chances of the particles getting adsorbed onto the fiber surface will
be greater. Brownian diffusion is the main capture mechanism for ultrafine particles,
and becomes more significant with decreasing particle size under low face velocities.
Therefore, to enhance the capture efficiency of ultrafine particles, the filter should

be endowed with features that can promote diffusion capture of these particles.
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Figure 2. 1 The particle flow regime in a fibrous medium.

Besides particle size and face velocity, the single fiber diameter also has some
influence on the particle capturing effectiveness of each mechanism?* 2°, Figure 2.2
shows the typical trend of the capture efficiency curves of fibrous filters as a function
of particle size and fiber diameter, where the minimum of each curve corresponds to
the most penetrating particle size (MPPS) of each filter. Studies have shown that
reducing the fiber diameter could enhance the interception and diffusion capture of
smaller particles, shifting the MPPS to smaller sizes and improving the overall
efficiency, which may be beneficial for the capture of ultrafine particles . Thus,
smaller fiber diameters should be incorporated into the fabrication of fibrous filters
to improve the overall filtration efficiency, including that of ultrafine particles.
Nonetheless, it is worthy to mention that excessively small fiber diameters may also
shift the MPPS towards the ultrafine region, which could eventually reduce the
filtration efficiency of ultrafine particles despite attaining higher overall efficiency.
Hence, the balance between ultrafine filtration efficiency and fiber diameter should

also be addressed.
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2.3.2 Conventional Fibrous Filters

Conventional fibrous filters generally consist of non-woven microfibrous (few
microns to tens of microns) membranes made of fiberglass or polymers such as
polypropylene (PP) and polyesters, which are extensively used in applications that
require air quality control, especially in industrial and residential HVAC systems,
hospitals, automotive cabins and breathing apparatus 8. These filters are usually
classified into four categories: primary, mid efficiency, mid-high efficiency and high
efficiency particulate arrestance (HEPA) filters (Table 2.1). The first three types of
filters usually demonstrate lower filtration efficiencies and are generally used to
remove larger dust particles in the range of 1-10 um & 28; they are, however, not
effective for the removal of submicron particles including ultrafine particles.
Alternatively, HEPA filters, which possess smaller fiber diameters (few microns)
and higher fiber packing density, are able to achieve at least 95-99.97 % filtration
efficiency for both micron and submicron particles 2. Nonetheless, the high fiber

packing density would significantly increase the resistance of the medium to airflow,
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causing higher energy consumption (Table 2.1). Thus, the trade-off between

filtration efficiency and AP still remains a challenge in the air filtration industry.

Table 2. 1 Classification of the different types of commercial air filters %,

o Initial AP
Efficiency o
_ under Corresponding air
Particle under ) _ )
Class ) ) working filter type in
size working

) velocity European standards
velocity (%)

(Pa)
PM1o 0-20
Primary filter ~ PM2s 0-12 Below 30 Gl, G2, G3
PM1o 0-10
PMz1o 20-40
Mid efficienc
| Y PMes 12-30 Below 50 G4, M5, M6
filter PMio 10-15
PMz1o 40-70
Mid-high
o i_l PM: 5 30-65 Below 100 F7, F8, F9
efficiency filter PM1o 15-60
High efficiency  PMio  70-about 100
particulate PM2s  65-about 100 Above H10 (H10
Below 300 )
arrestance included)

_ PMio  60-about 100
(HEPA) filter

2.3.3 Development in Nanofibrous Mat (NFM) Filters

To address the trade-off between filtration efficiency and AP, many researchers have
proposed the addition of a thin layer of nanofibrous mat (NFM) to significantly
improve the ultrafine filtration performance of microfibrous filters. Nanofibers,

which are commonly produced via melt-blowing or electrospinning, are endowed
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with finer fiber diameters and larger specific surface area that could greatly enhance
the filtration efficiency with a slight increase in AP when combined with a
microfibrous filter ¥ 2932 Furthermore, the nanometer-size fibers could help to
enhance the diffusion and interception capture of ultrafine particles while the slip
flow effect of nanofibers may lower airflow resistance to some extent, resulting in a
smaller increase in pressure drop of the composite filters 3326, For example, Wang
et. al demonstrated that the addition of poly(lactic) acid (PLA) nanofibers to PLA
microfibers could greatly enhance the filtration efficiency (98.64% to 99.999%) for
75 nm particles with a significantly large AP of 683.2 Pa at a face velocity of 14.1
cm/s *°. Tang et. al also revealed that a thin laminated nanofibrous layer on a MERV
14 electret filter could help to improve the filtration efficiency of 50 nm particles
from 60% to 80%, which is accompanied with a relatively high AP of 175 Pa at a
high face velocity of 25 cm/s 3. Nevertheless, the improved efficiency of ultrafine
particles is often achieved via the addition of more nanofibers on the microfiber
substrate (higher fiber packing density), which would often result in the elevation of
AP, offsetting the benefits of the high filtration efficiency.

Besides adopting the composite filter approach, several other methods that solely
employ NFMs as filters have also been reported for improving the filtration
efficiency for ultrafine particles. For example, Zhang et. al. reported a polyamide-6
nanofiber/net membrane filter that can achieve 99.995% filtration efficiency for
ultrafine particles, which is accompanied with a high AP of 101 Pa at a relatively
low face velocity of ~5.3 cm/s *". Li et. al also fabricated poly(ether sulfone) hollow
nanofibers for capturing ultrafine particles, and they attained the PMo 1 efficiency of
> 99.995% but simultaneously encountered a relatively high pressure drop of 55-56
Pa at a low face velocity of 2.6 cm/s ®. In general, nanofibrous filters could exhibit
higher filtration efficiency than their microfibrous counterparts due to their much
larger specific surface area that increase diffusion and interception capture 112 39-40,
However, in NFMs, the nanofibers are packed in roughly parallel planes. Thus, the

high efficiency removal of ultrafine particles is still accompanied with a surge in air
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resistance across the filters due to their high fiber packing densities, which is not

energy-efficient for filtration applications.

Apart from the trade-off between filtration efficiency and AP, the rapid deposition
of particles on the NFM filter is more pronounced than that of microfibrous filters,
owing to the finer diameters and smaller pore size of the 2D mats/membranes #*. Due
to the compact and dense structures of fibrous mats/membranes, the effective
filtration area typically occurs only on the surface and the adsorbed particles will
eventually accumulate to form a thick layer, a process known as cake filtration %2, In
other words, depth filtration does not occur effectively within the filter, limiting the
loading capacity of NFMs. The formation of the cake would eventually clog up the
pores of the filter, reducing the filtration efficiency and causing the AP to increase
significantly, which diminishes the lifetime of NFM filters. Therefore, besides
addressing the trade-off between filtration efficiency and AP, there is an urgent need
to develop a new kind of filter with anti-clogging features that could make the filters

more durable.

2.4 Three-Dimensional (3D) Air Filtration
2.4.1 Concept of 3D Air Filtration

More recently, to address the aforementioned issues, three-dimensional (3D)
aerogels have also been employed as air filters. This new kind of 3D filter possesses
superior qualities such as ultrahigh porosity and ultralow density. Unlike
conventional filters that are compact and dense, the ultrahigh porosity of 3D aerogels
could facilitate lesser drag force experienced by the filter while the large internal
volume could promote diffusion capture of ultrafine particles (longer residence
time), alleviating the trade-off between filtration efficiency and AP. Furthermore, the
highly porous structure of aerogels could improve the clogging issues experienced
by conventional mat/membrane-based fibrous filters. Rather than undergoing
surface filtration, the large volume of voids within the aerogel structure can provide

for depth filtration of particles, which could make them more clog-resistant and
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increase the loading capacity, thus extending the lifetime of these filters*®. Generally,
aerogel filters can be classified under two categories: fibrous aerogels and non-

fibrous aerogels.

2.4.2 Development in Nanofibrous Aerogel (NFA) Filters

To overcome the tradeoff between filtration efficiency and pressure drop, the
concept of three-dimensional (3D) nanofibrous filters, in which the nanofibers are
more loosely packed and oriented more randomly than that in the 2D NFMs, has
been proposed based on simulation studies 3 444, The larger internal volume of the
“3D” filter could provide longer residence time to ultrafine particles, increasing the
probability of diffusion capture on nanofibers, while the higher porosity of the 3D
filter, combined with the slip flow effect for nanofibers 3¢, could lead to a smaller
pressure drop across the filter. Various methods have been reported for fabrication
of 3D nanofibrous macrostructures for different applications *’. Some of these
reported “3D” nanofibrous macrostructures have pseudo 3D morphologies
consisting of several layers of 2D nanofibrous mats, and hence are still fairly denser
4850 Some electrospinning techniques, such as liquid collection followed by freeze-
drying and self-assembly of fibrous stacks are able to achieve highly porous 3D
macrostructures 553, which could, however, easily collapse due to the absence of
strong inter-fiber interactions, making them unsuitable for practical applications. In
the case of air filtration, airflow-induced compression force may cause highly porous
3D filters to collapse into much denser ones, restricting their application as air filters.

In response to the poor structural stabilities of these highly porous NFAs, many
researchers have reported various approaches to introduce inter-fiber chemical
and/or physical cross-links to improve the robustness of NFAs. For instance, Qian
et. al reported a novel polyimide (PI) aerogel filter with thermally induced cross-
links, which demonstrated no deformation even after 1000 loading-unloading fatigue
cycles. Moreover, the PI NFA filter exhibited 99.9% filtration efficiency for PM2s,

accompanied with a reasonable AP of 177 Pa, at a high face velocity of 20.5 cm/s °,
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Feng et. al also reported a kymene-assisted cross-linked cellulose aerogel with
improved robustness and flexibility >, In addition, Deuber et. al also used a thermal
cross-linking procedure to render their pullulan/poly( vinyl alcohol) (Pul/PVA)
blend 3D NFA filters with improved mechanical stability. They also attempted to
investigate the potential of NFASs as deep-bed filters, revealing the synergistic effects
of ultrahigh porosity and ultralow density of NFAs can promote much higher dust
loadings than nanofibrous membranes (NFMs) without compromising the filter
performance, which extends the service life of these 3D filters 3. However, it is also
worth noting that although thermal cross-linking has emerged as a more facile and
cheaper method, many researchers have also reported annealing-induced shrinkage
of the porous materials, especially at relatively high heat treatment temperatures (>
500°C), which could induce pore size reduction or even pore structural change of the
porous materials °>°7. In addition, conventional choices of polymeric nanofibers
and/or the cross-linking agents employed are typically made of petrochemicals or
synthetic chemicals generated from non-renewable precursors that are harmful to the
environment, which hampers their practical applications. Therefore, there is a need
to identify a more economically viable and environmentally benign cross-linking
agent or process that could make 3D NFA filters more robust and durable, while at
the same time largely reduce the negative effect of the cross-linking process on the
morphology of the NFAs so that high filtration efficiency and low AP can be

achieved simultaneously.

2.4.3 Development in Non-Fibrous Aerogel Filters

On the other hand, non-fibrous aerogels have also emerged as potential alternatives
to replace conventional fibrous filters. Differently from NFAs, the reported non-
fibrous aerogel consists of aligned micrometer-sized hollow channels, which are
typically prepared via unidirectional freezing of the precursor solution/suspension
followed by freeze-drying 8. In brief, a temperature gradient is created between the
bottom and top of the solution/suspension, inducing the upward spurt of ice-crystals

that could act as templates to generate the aligned hollow pores. The larger the
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temperature gradient, the faster the growth of the ice-crystals, facilitating the
formation of smaller pores. Similar to NFAs, the large internal volume of the non-
fibrous aerogel could promote diffusion capture of ultrafine particles while the
hollow through-pores could facilitate a smaller drag force experienced by the filter.
For example, Zhang et. al prepared a graphene-oxide/modified tourmaline
nanoparticle aerogel with aligned porous architectures (40-100 um) that exhibited
high PM2s efficiency of incense particles (95.1%) with a low AP < 40 Pa, which
further confirms the synergistic benefits of such porous structures to overcome the
trade-off between efficiency and AP °°. Furthermore, recent works on cross-flow
filtration also demonstrated that aligned hollow channels could achieve much lower
AP values that are only one-fifth of that of normal filtration mode %%, In addition,
simulation studies have also suggested that cross-flow filtration removed particles
based on size-dependent trajectory segregation, where smaller particles are deposited
on the walls of the filter media while the larger ones travel continuously along the
air flow, thereby signifying that the diffusion capture of ultrafine particles could be
enhanced by introducing hollow channels ®2. However, since the reported aligned
hollow fibers possess relatively large inner diameters (> 500 um), the filtration
efficiency calculated based on the before and after test concentrations at two ends of
the hollow fibers were fairly low. Therefore, although these unconventional non-
fibrous aerogels have been explored as alternatives to fibrous filters, the filtration
mechanism of these materials have not yet been investigated and the starting
materials used stem from non-renewable resources, which are not environmentally
sustainable. Thus, besides addressing the issue of material renewability, it is crucial
to conduct a systematic study on the filtration mechanism of aerogels with smaller
aligned pore channels to further assess the potential of these materials in the field of

air filtration.

On top of all the benefits that aligned hollow through-pores can offer, it is also
important to highlight the potential of the concomitant clog-resistant feature of these
non-fibrous aerogels. Since the pores are hollow and significantly larger than that of

fibrous filters®, it may take a longer time for particles to accumulate and block the
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pores entirely, which could render the filters a longer service life and higher loading
capacity. So far, there is no reported work on the anti-clogging features of non-
fibrous aerogels. Hence, it is also crucial to assess the extent of anti-clogging
properties that could be offered by such unique aligned porous architectures.

2.5 Bridging the Gap

In summary, 3D aerogel filters (fibrous and non-fibrous) exhibit great potential to
be used as the next generation of air filters for ultrafine particles due to the
synergistic effect of their ultrahigh porosities and ultralow densities that may
overcome the trade-off between efficiency and AP. Nonetheless, several key
performance parameters such as the mechanical robustness, material renewability,
biodegradability and production cost still remain a challenge, which could hamper
their practical applications. Furthermore, the filtration mechanism and clog-resistant
properties of non-fibrous aerogels are not well understood, with only one reported
work thus far. Hence, this PhD study will focus on the preparation of sustainable
robust aerogel filters through more environmentally benign fabrication methods and
adopt the use of renewable materials as well as investigate the respective filtration
mechanism through the designs introduced in Chapter 1.
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Chapter 3

Experimental Methodology

In this chapter, the selection of all the materials used in this thesis study
Is presented, and the rationale for choosing these materials is
elaborated. The methods used to fabricate the aerogels (i.e.,
electrospinning and unidirectional freezing) are explained, and why
these methods are appropriate for the fabrication of aerogels for air
filtration applications are justified. For the filtration test, the reasons
for selecting the model haze particles are rationalized, and the
underlying principles of conventional particle detection techniques used
to detect the model haze particles are explained. Fundamental theories
and working principles of all the characterization techniques carried out
in this PhD study are also presented, and how these techniques are

relevant for the respective studies are explained.
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3.1 Rationale for Material Selection

In the previous chapter, the concept of 3D filtration was introduced to address the
trade-off relationship between filtration efficiency and AP of fibrous filter media. In
order to realize 3D air filtration, aerogels, which are three-dimensional porous
materials, have been introduced to be potential 3D air filter materials in the form of
NFAs (fibrous) or aerogels with aligned micrometer-sized channels (non-fibrous).
Therefore, in this PhD study, poly(lactic) acid stereocomplex (PLLA/PDLA-SC) and
regenerated cellulose from cellulose acetate (CA) were chosen as the main starting
materials to fabricate the NFAs, while lignin was chosen as the building blocks of
the non-fibrous aerogels. To improve the mechanical robustness of the aerogels,
graphene in the form of graphene-oxide (GO) and lignin were used as reinforcement
agents for designs 2 and 3, respectively, as introduced in Chapter 1. The rationales
behind choosing the above mentioned materials for the aerogel preparations are

elaborated below.

3.1.1 PLLA/PDLA-SC Nanofibers

Poly(lactic) acid (PLA) is a commonly used bioplastic * and could be easily
electrospun into nanofibers #®. Furthermore, PLA is an environmental-friendly
biodegradable polymer that is generated from renewable resources. Besides, the L
and D stereoisomers of PLA - poly(L-lactic acid) (PLLA) and poly(D-lactic acid)
(PDLA) — possess complementary helical conformations that could interlock each
other by stereoselective interactions, forming a stable composite known as a
stereocomplex (PLLA/PDLA-SC). It has been widely reported that PLLA and
PDLA are able to crystalize in SC form 7. Its trigonal unit cell of R3c contains 3
formula units per chain, and in the unit cell there are totally 3 pairs of parallel PLLA
and PDLA chains with 31-helix conformation. Such packing structure facilitates the
formation of the three-dimensional network of intermolecular non-conventional
hydrogen bonding, leading to its excellent mechanical properties 1. Thus, the

spontaneous stereocomplexation between PLLA/PDLA blend electrospun
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nanofibers have been employed to agglutinate the fibers at touching points, which

could enhance the robustness of the 3D NFAs.

3.1.2 Lignin/GO

Lignin is a typical by-product from the paper industry and bio-refineries, which is
low cost and widely available in nature *3, It is one of the main structural
components of terrestrial plants and is one of the most abundant biomass, thus
making it a suitable precursor for fabricating aerogels with potentially minimal
environmental footprint. Moreover, studies have shown that lignin lacks cytotoxicity
towards living cells, positioning them as environmentally benign materials that could
be transformed into value-added products 1418, In the experiment, lignin is used as
building blocks to fabricate aerogels with aligned hollow pores, providing the
aerogels with reasonable structural rigidity. Furthermore, the abundant functional
groups present in lignin could facilitate cross-linking reactions to take place during
thermal treatment, which may enhance the overall robustness of the aerogel. Besides,
the various functional groups present in lignin may promote particle adsorption due
to favorable dipole-dipole interactions. However, thermal treatment is known to
introduce shrinkage of material 118, which may cause the pore size to reduce and
increase the AP of the aerogel filter. Therefore, a small fraction of graphene could
be introduce into the cell walls to reduce the volume shrinkage of the aerogels during
the cross-linking process. Graphene normally consists of large stacks of sheets 1°,
which may facilitate the anchoring of graphene layers along the cell wall during
freezing. The anchored graphene sheets could effectively reinforce the cell walls and
prevent shrinking when subjected to heat. Hence, the size of the aligned pores could
be maintained to ensure low AP. In order to incorporate graphene layers into the
aerogel cell walls, graphene-oxide (GO) aqueous suspension was used followed by
reduction via thermal treatment during the aerogel annealing process. Therefore,
both lignin and GO are employed to prepare robust and highly efficient aerogel

filters.
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3.1.3 Cellulose/Lignin

Cellulose, an important structural component found mainly in plants, is a popular
choice of raw material in various applications (e.g. coatings, textiles, papers and
sorbents) 2°-23 due to its low cost, high abundancy, renewability and biodegradability.
It is a biopolymer that typically exists in the form of microfibrils, nanocrystals,
nanowhiskers or interconnected networks of nanofibers 24, In particular, cellulose
can also be electrospun into uniform and continuous nanofibers with various desired
diameters 226, which could offer high specific surface area for PM adsorption.
Moreover, the ether and hydroxyl functional groups may also promote strong dipole-
dipole or hydrogen bonding interactions with polar organic compounds. However, it
remains a challenge to directly electrospin cellulose due to its poor solubility in most
electrospinning solvents. Nonetheless, the problem of electrospinnability can be
solved through the derivatization of cellulose, which greatly improves the solubility
of cellulose in good electrospinning solvents and eventually regenerated cellulose
nanofibers can be obtained through a simple hydrolysis step 2°. Thus, in the
experiment, cellulose acetate (CA) is first electrospun into nanofibers and
subsequently deacetylated to form cellulose nanofibers, which are then used to
fabricate the NFAs. Meanwhile, since lignin is also a type of hyperbranched natural
macromolecules, a very small amount of lignin was also employed as a molecular
cross-linking agent to further reinforce the NFA structure and minimize the aerogel
shrinkage during the thermal annealing treatment. As such, the smaller pore
contraction could help to minimize the increase in AP. Furthermore, with current
emphases placed on sustainable living, the work based on cellulose and lignin as the
starting materials may prove to be more economically viable and environmentally

benign.

3.2 Rationale for the Selected Aerogel Fabrication Methods

In this study, there are two methods adopted to fabricate the aerogels. The first

method is to electrospin the nanofibers into a liquid collector and freeze-dry the
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fibers in a mold to create the 3D structure 2. The second method is to prepare a
solution/suspension of the starting materials and use the unidirectional freezing
method to self-assemble the materials into 3D structures with oriented pores 262,
followed by freeze-drying. This section will cover the rationales behind choosing
these two methods and how are they appropriate to prepare aerogels for air filtration

applications, as well as the basic working principles of these methods.

3.2.1 Electrospinning

In the previous chapter, it was revealed that nanofibers could enhance the filtration
efficiency of PM as well as the slip flow effect. There are several ways to prepare
nanofibers such as template-assisted synthesis %, phase separation !, melt spinning
32 multicomponent spinning 3 and electrospinning 2" **. Amongst these methods,
electrospinning has emerged as the more popular choice due to its ease of processing,
simplicity, versatility and low-cost. Especially, electrospinning is also capable of
producing uniform and continuous nanofibers, which is vital for the spontaneous
formation of fiber entanglements that lead to an interconnected porous
macrostructure. Such porous macrostructures create tortuous channels and, when
combined with the high specific surface area of nanofibers, could enhance the PM
adsorption and achieve high filtration efficiency. Furthermore, for the PLLA/PDLA
blend system, in order to fabricate a thin nanofibrous layer, electrospinning offers a
good and accurate control over the layer thickness. Thus, in this study,
electrospinning is the ideal nanofiber fabrication method to tailor the filtration

performance of NFAs for various filtration applications.

The schematic diagram of a typical electrospinning setup is shown in Figure 3.1,
which generally consist of a high voltage supply, spinneret, feed solution and a
grounded collector. In brief, the feed solution will be fed through a needle at a desired
feed rate, and an applied voltage connecting to the spinneret and grounded collector
will generate an electric field, which causes charge built-ups at the spinneret needle

tip, causing the solution droplet to form a Taylor cone °. When the applied voltage
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exceeds a certain threshold value, the electrostatic repulsion of the accumulated
charges overcomes the surface tension of the solution droplet, generating a charged
polymer jet that elongates towards the collector, evaporating the solvent in the
process and forming the nanofibers. The fiber diameter and morphology can be fine-

tuned simply by adjusting the solution, processing or ambient parameters 2" 34,

Voltage Supply E Polymer Solution
N[O
o0 |

L= E -

i —

Sty
—

Figure 3. 1 Schematic diagram and digital image of the electrospinning setup.

3.2.2 Unidirectional Freezing

In the previous chapter, besides employing 3D air filters with interconnected porous
structures, it was revealed that other novel microstructural designs may also prove
to be highly-efficient in promoting the capture of ultrafine particles. In particular,
Zhang et. al have shown that non-fibrous aerogels with preferably aligned
micrometer-sized pores could promote the diffusion capture of ultrafine particles .
Such microstructures are inspired by that of natural wood, which is comprised of
vertically aligned tubular channels, and there are several reported methods capable
of mimicking such highly-ordered spatial organization such as anodic etching */,
templating 38, extrusion *° and unidirectional freezing 2% 4°. Amongst these methods,
unidirectional freezing, also known as the ice-templating process, stands out due to

its ease of processing, high efficiency and applicability to a wide range of materials.
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Most importantly, the size of the pore channels can be tailored down to the
micrometer-scale, in which the size range is sufficiently small such that ultrafine
particles can be captured effectively via diffusion, while at the same time, large
enough to ease the airflow. Furthermore, the ice-templating method uses water as
the solvent, paving way for a more environmentally benign approach. In addition,
complex hierarchical nano/microstructures can also be realized through
unidirectional freezing simply by adjusting the material size/compositions of the
solution/suspension and freezing rate. Thus, unidirectional freezing is the most-
fitting method in order to facilely fabricate aerogels (fibrous or non-fibrous) with
preferably aligned pores that can achieve high filtration efficiency and low AP

simultaneously.

In this study, unidirectional freezing was adopted to fabricate the lignin/GO aerogels
(design 2) and cellulose/lignin NFAs (design 3). In brief, the formation of the aligned
micrometer-sized pores are due to the temperature-gradient-induced upward spurt of
ice crystals during the rapid freezing process followed by a suitable drying process
such as freeze-drying to remove the ice. The schematic diagram in Figure 3.2 depicts
the typical ice-templating process, which was used to prepare the non-fibrous lignin
aerogels. The typical coolant used is liquid nitrogen (-196°C) and the temperature
gradient is created by using a conductive metal base at the bottom while the solution

is casted in an insulated teflon cylindrical jacket.
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Figure 3. 2 Schematic diagram of the unidirectional freezing method to prepare

aerogels with aligned porous architectures.

3.3 Air Filtration Test

In order to assess the filtration performance of our aerogel filters, we designed a
filtration testing setup and the schematic diagram of the setup is shown in Figure 3.3.
In general, the model haze particles were generated and the PM2 s concentration was
controlled by diluting with air in the mixing chamber, down to a concentration
equivalent to a hazardous pollution level of ~300 pg/m® according to WHO
guidelines. The amount of particles are detected by particle sizer instruments and the
filtration efficiency can be calculated by comparing the upstream and downstream
particle number concentrations of the aerogel filters. The AP was measured by taking
the pressure difference before and after the filters using a pressure gauge meter. The
filtration tests were performed following the two international standards: GB/T
14295-1993, air filters, 2009-06-01; ANSI/ASHRAE standard 52.2-2012 — method
of testing general ventilation air-cleaning devices for removal efficiency by particle

size.
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Figure 3. 3 Schematic diagram of the filtration setup used.

Switching Valve

Flow Control Valve

3.3.1 Selection of Model Haze Particles

As mentioned previously in both Chapters 1 and 2, studies have shown that airborne
PM mainly consists of particles in the ultrafine region, consisting large amounts of
organic/inorganic compounds with trace amounts of metals #*. Therefore, in order to
provide a credible overview of the filtration efficiencies of the aerogel filters, the
model haze particles used should be carefully selected to accurately simulate the
haze particles in terms of the chemical composition and particle size. In this study,
we used two types of model haze particles: incense and di(2-ethylhexyl) sebacate
(DEHS) particles.

Incense

Studies have shown that incense smoke is comprised of quasi-liquid aerosol particles
consisting of volatile organic compounds (VOCs) such as toluene, benzene and
xylenes, as well as aldehydes and polycyclic aromatic hydrocarbons (PAHs) 2.
Since the types of organic/inorganic compounds found in incense smoke are closely
related to actual haze particles generated by the burning of biomass ** #, the
adsorption of incense smoke could provide a credible overview of the filtration
efficiencies of the filters investigated in this work. To generate incense model haze
particles, commercially available incense was burnt and the smoke released was
directly used in the filtration test. The mass and number size distributions are

presented in Figure 3.4. From the distribution curves, it is found that the particle size
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of incense smoke varies in a wide range with majority of the particles being smaller
than 0.5 um. Ultrafine particles (PMo., i.e., < 0.1 pum) constitute about 22-27% of
the total particle mass, whereas the number percentage of PMo.1 is approximately 60-
70%. This difference can be attributed to the very small mass of the ultrafine
particles, which does not contribute significantly to the total mass despite their large
quantity in terms of number. Thus, the number size distribution is also a good fit to

simulate the actual haze, which is also largely made up of ultrafine particles 444’
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Figure 3. 4 Mass and number size distribution of incense model haze particles.

DEHS

For the second model haze particle system, owing to its polar organic chemistry,
DEHS was chosen as the test aerosol. The DEHS particles can be generated using
an aerosol generator (TOPAS, SLG 250) with a monodisperse distribution and the
schematic diagram of the generator is shown in Figure 3.5a. In brief, NaCl droplets
are formed in an atomizer and then dried in a diffusion dryer to generate small NaCl
crystals (10-100 nm) that serve as condensation nuclei for vaporized DEHS aerosol
to re-condense in a controlled manner to yield monodisperse DEHS aerosols. The

size of the aerosol is dependent on the available DEHS vapor per NaCl nucleus,
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which can be controlled by simply adjusting the temperature of the saturator or
diluting the saturator flow. Depending on the droplet diameter, the lifetime of DEHS
particles can range from hours to days, exhibiting excellent stability. As shown in
Figure 3.5b, monodisperse distributions of 0.1, 0.3, 0.5 and 1.0 pm can be achieved

successfully.
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Figure 3. 5 (a) Schematic diagram of the aerosol generation process (image from
TOPAS). (b) The number size distributions of various particle sizes used in this

study.

3.3.2 Particle Detection Techniques

To detect the amount of particles, particle sizer equipment was employed to
accurately measure the number/mass concentration. In this study, two particle
counters with different particle detection techniques were used: an optical particle
sizer spectrometer that operates on the principle of single particle counting (OPS
3330, TSI Instruments Ld) and a condensation particle counter that incorporates the
scanning mobility particle size (SMPS) measurement technique (Nanoscan SMPS
3910, TSI Instruments Ld).

Figure 3.6 shows the typical sample flow path in the OPS. The sample is first passed
through the inlet and a sheath flow is generated from a pump to confine the sample

particles within the center stream as well as prevent contamination of the optics. The
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beam shaping optics then helps to focus and concentrate the laser beam onto the
particle beam, creating a viewing volume. Within this volume, particle pulses would
be picked up by an elliptical mirror and directed to the photodetector, and eventually
the particles will be sized and binned into 16 different channels accordingly.
However, since the OPS operates by counting individual pulses in the viewing
volume, large concentrations could result in coincidence, leading to poorer counting
efficiency and incorrect sizing of the particles. Hence, the particle number detection
of the OPS is limited to 3000 #/cm?. Furthermore, the particle size detection limits
of the OPS lies between 0.3 to 10 um, with only 50% detection efficiency for 0.3
pum particles. Therefore, in this study, the OPS is mainly employed to detect particles

with sizes > 0.3 pm.
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Figure 3. 6 Schematic diagram of the sample flow path in the OPS 3330 (image
from TSI).

To make up for the limitation of the OPS, the Nanoscan SMPS 3910 was employed
to detect particles with sizes between 0.01 to 0.42 um, especially for the ultrafine

particles. The schematic diagram in Figure 3.7 illustrates the particle detection
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process that occurs inside the Nanoscan. Differently, the Nanoscan detects particles
via the SMPS particle detection technique. The sample is first pass through the inlet
and into a unipolar charger that ensures the particles achieve a consistent charge
state. The particles are then introduced into the electric field of a radial differential
mobility analyzer (RDMA), where they are classified based on their electrical
mobility. Subsequently, the particles are directed into the condenser of a
condensation particle counter (CPC), where they are grown through the
condensation of isopropyl alcohol (IPA) to sizes large enough to be picked up by the
detector. The advantage of this particle detection technique allows for accurate
detection of particles at both high and low concentrations, with the particle number
detection limit ranging from 100 to 1000000 #/cm®. Nonetheless, concentrations of
larger particles (> 0.42 pm) cannot be measured via the SMPS technique due to
multiple charges per particle that may give rise to different particle sizes with the
same electrical mobility, resulting in inaccurate measurements. Hence, in this study,

the Nanoscan is largely used to detect particles with sizes < 0.3 pm.
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Figure 3. 7 Schematic diagram of the particle detection process of the Nanoscan
SMPS 3910 (image from TSI).
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3.4 Characterization Techniques

Several characterization techniques were adopted to characterized the 3 different
types of filter designs introduced in Chapter 1. This section will briefly cover the
basic working principles of the main techniques and justify why are they appropriate
for characterizing the various relevant materials. Although not covered in this

section, SEM, XRD and FTIR were also employed in this work.

3.4.1 Thermogravimetric Analysis (TGA)

For the lignin/GO and cellulose/lignin aerogels, thermogravimetric analysis (TGA)
was used to measure the weight change over time with increasing temperature, which
could provide information such as the thermal stability, phase transitions and the
amount of volatile components of the material. These information are vital in
determining the appropriate annealing temperature as well as understanding the
cross-linking mechanisms. Generally, the TGA test is performed by placing the
sample on a platinum pan and ramping up the temperature at a constant rate inside a
furnace to incur a thermal reaction. Depending on the type of chemical reaction,
different types of atmospheres can be employed such as synthetic air or inert gases.
In this work, in order to study the thermal stabilities and cross-linking mechanisms
of our aerogel materials, a supply of purified nitrogen (99.9995%) at a flow rate of

60 mL/min was used to maintain an inert atmosphere.

3.4.2 Differential Scanning Calorimetry

Since PLLA and PDLA would crystallize into SC-form with a melting temperature
50°C higher than that of the homopolymers, differential scanning calorimetry (DSC)
was used to confirm the presence of SC-form as well as to investigate the blending
efficacy of the two enantiomers. During the melting process, heat exchange would
take place between the polymers and the environment, causing enthalpy changes
within the polymer system. DSC is used to measure these enthalpy changes of the
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sample as a function of temperature, allowing the melting temperature (Tm) to be
accurately determined. This measurement can be achieved simply by determining
the difference in heat flow between the sample and a reference when the temperature
is increased at the same constant rate. Since the temperature of both the sample and
reference are kept the same, during the melting process, more heat will flow to the
sample as compared to the reference due to the occurrence of an endothermic

process.

3.4.3 Mechanical Test

In air filtration applications, the filters are constantly being subjected to compression
force from the air flow, hence it is important to design the aerogel material such that
the three-dimensional structure can be reinforced at inter-fiber junctions (NFAS). In
order to verify the reinforcement within the aerogel filters, tensile and compression
tests were performed using a mechanical tester. For the PLLA/PDLA blend system,
tensile tests were carried out with a 10N load cell, which was used to obtain the
apparent tensile stress-strain curves of electrospun mats as a result of the
stereocomplex formation and the strain rate was set at 9.5 x 10 /s. It is worth noting
that electrospun mats were chosen for the easy clamping of sample during the tensile
tests. Each mat was cut into a standard dumbbell shape according to the sample
dimensions stated in ASTM D638-V. The same mechanical tester was also used to
perform compression tests on cylindrical-shaped samples of the NFAs, and the
compression rate adopted was 1.9 x 1073 /s. The apparent compression moduli of the
aerogels could be estimated from the initial, relatively straight parts of the

compression curves (strain < 20-30%).
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Chapter 4

Highly porous polymer nanofibrous areogels cross-linked
via spontaneous inter-fiber stereocomplexation and their

potential for capturing ultrafine airborne particles

In this chapter, the fabrication of stable, highly porous PLLA/PDLA
blend nanofibrous aerogels (NFAs) cross-linked via spontaneous inter-
fiber stereocomplexation and their potential as air filters for capturing
ultrafine particles are reported. It is revealed that the extent of cross-
linking can be easily controlled by adjusting the molecular weights of
the polymers and their ratio. It was also verified via compression tests
that the PLLA/PDLA blend NFAs exhibit significantly higher
compressive resistance than their PLLA counterparts, demonstrating the
effectiveness of the cross-linking. When combined with a layer of HEPA
filter to form a composite filter, the NFAs show the potential to
significantly improve the filtration efficiency for ultrafine particles with
a slight increase in pressure drop (AP). The results suggest that the
small increase in AP is largely due to the high porosity of the NFAs and
the slip flow effect of nanofibers, while the enhanced filtration efficiency
could be attributed to the greater thickness of the NFAs that leads to
increased residence time of the ultrafine particles. This unique approach
to spontaneously cross-link electrospun nanofibers may also be applied
to other stereocomplex systems or used for applications in other fields.
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*This chapter was published substantially as reference: Ma, X. Y. D.; Ang, J. M.;
Zhang, Y.; Zeng, Z.; Zhao, C.; Chen, F.; Ng, B. F.; Wan, M. P.; Wong, S.-C.; Li, Z.,
Highly porous polymer nanofibrous aerogels cross-linked via spontaneous inter-
fiber stereocomplexation and their potential for capturing ultrafine airborne particles.
Polymer 2019, 179, 121649.
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4.1 Introduction

As introduced in Chapter 2, ultrafine particles make up a large portion of airborne
PM and their harmful impacts can be detrimental to human health 3. Thus, it is
necessary to develop air filtration technologies to improve the air quality of the
environment. 2D fibrous filters have emerged as the popular choice of air filters due
to their low production cost, high efficiency and ease of fabrication *°. It is widely
reported that ultrafine particles are trapped in fibrous media mainly via the diffusion
mechanism, which largely relies on the strong Brownian behavior of these small
particles to impinge onto the fiber surface . However, improved diffusion capture
of ultrafine particles is often achieved with higher fiber packing density %2, which
would give rise to a surge in AP that causes high energy consumption. Thus, there
exists a trade-off relationship between filtration efficiency and AP. In order to
address this problem, the concept of 3D air filtration using nanofibrous aerogel
(NFA) filters was introduced 14%%; the large internal volume of NFAs could enhance
the diffusion capture of ultrafine particles while at the same time, the high porosity
could ease the airflow and reduce AP. Several techniques have been reported in
attempts to fabricate “3D” nanofibrous macrostructures 1’22, Nonetheless, due to the
absence of strong inter-fiber interactions, such NFAs often have poor structural
integrity and weak mechanical properties that could result in the collapse of the
structure into denser ones when subjected to compressive forces of the airflow.
Therefore, it is necessary to develop a facile cross-linking approach to reinforce the
3D structure at fiber touching points, such that highly robust NFA filters can be

fabricated for the efficient removal of ultrafine particles.

In Chapter 3, we mentioned that polylactic acid (PLA) is a well-known synthetic
polymer capable of forming a polymer stereocomplex, which is a stable composite
of two stereoregular polymers (PLLA and PDLA) with complementary helical
conformations that can interlock each other by stereoselective interactions. Studies
have shown that the PLLA/PDLA stereocomplex (PLLA/PDLA-SC) exhibited

superior thermal and mechanical properties to their homopolymer counterparts 2%
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When L and D stereoisomers are present in the same system, stereocomplexation
may occur in solutions or molten state 26, Both solution-spun and melt-spun
PLLA/PDLA blend fibers 2°3! including electrospun nanofibers 323, have been
reported to show improved properties, such as significantly enhanced tensile strength
and Young’s modulus, compared with corresponding PLA fibers. Recently, Jing et.
al also reported that annealing electrospun PLLA/PDLA blend nanofibrous mats
below the melting temperature could induce the formation of fiber junctions, leading
to more robust nanofibrous mats 3. Since as-spun electrospun nanofibers are
frequently at a slightly wet state, an interesting question is whether the as-spun
nanofibers can form inter-fiber junctions spontaneously without thermal or other
form of stimuli. So far, the question has not been addressed although the spontaneous
formation of inter-fiber junctions may greatly improve the structural stability of

nanofibrous macrostructures, benefiting their applications in many fields.

To address the aforementioned issues, in this work, for the first time the
stereocomplexation approach was demonstrated to spontaneously create fiber
junctions in highly porous 3D NFAs formed by PLLA/PDLA blend nanofibers.
Differently, in this work PLLA/PDLA-SC fiber junctions were spontaneously
formed in the NFA fabrication process, which, combined with the favorable
mechanical properties of the PLLA/PDLA blend fibers, could enhance the
compression resistance of the highly porous NFAs and prevent them from collapsing
in applications. To demonstrate the usefulness of this approach, a highly porous
PLLA/PDLA-SC NFA, which could act as a 3D filter, was combined with a HEPA
filter. Herein, the composite filter was revealed to exhibit enhanced filtration
efficiency for ultrafine particles with only a slight increase in pressure drop. This
simple approach also provides a new generic route for fabrication of highly porous
yet stable NFAs.
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4.2 Experimental

4.2.1 Materials

PLLA with a weight-average molecular weight (Mw) of 9.12 x 10* g/mol was
purchased from Nature Works, Ltd., USA. PLLA with higher My (1.20 x 10° g/mol
and 1.50 x 10° g/mol) and PDLA with My, of 3.98 x 10* g/mol were purchased from
Changchun Foliaplast, Bio-Tech Co., Ltd, China. Dichloromethane and N,N-
dimethylformamide were obtained from Fisher Scientific, Singapore.
Tetrabutylammonium chloride and tertiary-butanol were purchased from Sigma-
Aldrich Pte Ltd, Singapore. All chemicals were used as received. High-efficiency air
filtration materials were supplied by Fushun Shunhua Auto Parts Manufacturing Co
Ltd, China.

4.2.2 Preparation of PLLA/PDLA Blend Solution for Optimization

PLLA (9.18 x 10* g/mol) and PDLA with a ratio of 1:1 was dissolved in
dichloromethane at various concentrations (8, 10, 13 wt%) and left to stir for 2 h
under room conditions, followed by the addition of N,N-dimethylformamide. The
DCM/DMF ratio was fixed at 8:2 for the 8 and 13wt% PLLA/PDLA blend solution
while the DCM/DMF ratio was varied from 6:4 to 9:1 for the 10wt% solution. PLLA
with higher My, (1.20 x 10° and 1.50 x 10° g/mol) were also used to prepare 10wt%
PLLA/PDLA blend solutions (ratio 1:1) to study the My, effect on the gelation time.

4.2.3 Fabrication of 3D Electrospun NFA

10 wt% PLLA/PDLA-SC solutions were prepared by first dissolving the blend of
PLLA/PDLA in dichloromethane with varied weight ratios (1:1, 3:7, 7:3). The
solutions were left to stir under room temperature for 2 h followed by the addition
of N,N-dimethylformamide with a fixed DCM/DMF ratio (8:2, w/w). 10wt% of
PLLA solution was also prepared as a reference. 0.5 wt% (relative to total polymer

weight) tetrabutylammonium chloride (TBAC) was added to each solution to
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improve the conductivity for electrospinning. The electrospinning was carried out at
the feed rate of 0.7mL/h, voltage of 17kV and working distance of 15 cm. The
electrospun fibers were collected on a wire mesh submerged in tertiary butanol and
then left to freeze in a refrigerator followed by freeze-drying to obtain thin layers of
3D NFAs. The electrospun fibers were also directly collected in ethanol and freeze-
dried in a mold to obtain cylindrical-shaped NFAs for density and mechanical
measurements. PLLA and PLLA/PDLA-SC nanofibrous mats were also electrospun

directly onto wire mesh as reference samples.

4.2.4 Characterization

The morphology of the nanofibrous filters was studied with a field emission scanning
electron microscopy (FESEM, JEOL 6340) at an acceleration voltage of 5kV. The
densities of the aerogels were estimated by evaluating the weighed mass and
measured dimensions of the cylindrical-shaped aerogels. Porosity was estimated
from the ratio between the densities of the NFAs and bulk PLA polymer (Porosity =
1-pnFa /ppolymer; pria = 1.210-1.430 g cm, pgass = 2.6 g cm™). A tensile tester
(Instron 5567) with a 10N load cell was used to obtain apparent tensile stress-strain
curves of as-spun PLLA and PLLA/PDLA-SC electrospun mats and the strain rate
was set at 9.5 x 103 /s. Each mat was cut into a standard dumbbell shape according
to sample dimensions stated in ASTM D638-V. The same Instron machine was also
used to perform compression tests on the cylindrical-shaped samples and the
compression rate adopted was 1.9 x 102 /s. An X-ray diffractometer (XRD, Bruker
D8 Discover) with Cu Ka (A = 0.15406 nm) radiation and differential scanning
calorimetry (DSC, TA instruments Q10) were used to verify the formation of
PLLA/PDLA-SC within the nanofibers.

4.2 .5 Filtration test

As mentioned in Chapter 3, in this study, the model haze particles were generated
and the PM2s concentration was controlled by diluting with air in the mixing
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chamber, down to a concentration equivalent to a hazardous pollution level of ~300
pg/m3. The model haze particles were created via two ways that is either through the
burning of incense or an aerosol generator (SLG 250, TOPAS), which utilizes
diethylhexyl sebacate (DEHS) as the aerosol particles. The particle concentration
was measured with an optical particle sizer (OPS 3330, TSI Instruments Ld) and a
condensation particle counter (NanoScan SMPS 3910, TSI Instruments Ld), while
the filtration efficiency can be calculated by comparing the upstream and
downstream particle number concentrations of the aerogel filters. The pressure drop
was measured using a differential pressure gauge (Digital Manometer, Bluewind
Laboratory Pte Ltd). The face velocity used in the filtration testing was 10 cm/s and
measured by an air velocity meter (Airflow instruments velocity meter TA430, TSI
Instruments Ld). Stability tests were carried out under a constant compressive force
(face velocity = 10 cm/s) for 24h at relative humidity (RH) of 60% and 90%. Unless

otherwise stated, the humidity was 60% RH for all filtration tests.

4.3 Results and Discussion

4.3.1 PLLA/PDLA Stereocomplexation in Blend Solution

Since stereocomplexation can occur in solution- or molten- states, in this work, it
can occur within the PLLA/PDLA blend and during the electrospinning process.
Under certain favorable conditions, the stereocomplexation could cause gelation of
the as-prepared PLLA/PDLA blend solutions 3+3°. Gelation would result in the
formation of non-uniform beaded fibers, which could lead to poor mechanical
properties. Hence, solution parameters of the PLLA/PDLA blend solution, such as
the solvent ratio and molecular weight of the polymers have to be optimized to

prolong the onset of gelation of the blend solutions.

Generally, the purpose of using a binary solvent in a PLLA/PDLA blend system is
to precipitate the stereocomplex and by doing so, promotes the intermolecular
interactions responsible for the formation of stable stereocomplex crystals *.

However, stereocomplexation would result in the gelation of the blend, which
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interferes with the electrospinning process. Therefore, the solvent ratio of the binary
solvent should be optimized to prepare a stable PLLA/PDLA blend solution for
electrospinning. To study the effects of solvent ratio on the gelation, DCM/DMF
ratio was varied from 6:4 to 9:1, while keeping the total PLLA/PDLA concentration
at 10 wt%. DCM is a good solvent for dissolving the PLLA/PDLA blend but a poor
solvent for electrospinning due to its poor conductivity and low boiling point. On the
other hand, DMF is a poor solvent to dissolve the blend but a good electrospinning
solvent (high conductivity and boiling point). Hence, the higher the DMF ratio used,
thinner and smoother nanofibers can be obtained. However, when the DCM/DMF
ratios of 6:4 and 7:3 were used, it was found that the gelation of PLLA/PDLA blend
solution occurred within tens of minutes to an hour (due to stereocomplexation),
which made it impossible to spin a substantial amount of fibers enough to fabricate
the NFAs. Alternatively, when DCM/DMF ratio of 9:1 was used, the onset of
gelation for the PLLA/PDLA blend solution took a much longer time (up to several
hours) but the spinneret needle tip often gets blocked due to the high evaporation
rate of DCM. Thus, the optimum DCM/DMF ratio was determined to be 8:2, at
which sufficient time for electrospinning is provided to obtain thin and smooth

nanofibers for fabricating the NFAs.

The effects of molecular weight of PLLA and PDLA on the gelation time was also
investigated. It was found that this polymer system is very sensitive to the change in
molecular weight and these changes can in turn affect the spinnability of the
PLLA/PDLA blend solution as well as the morphology of the nanofibers. When
PLLA with higher My are used (1.20 x 10° and 1.50 x 10° g/mol), the gelation time
of the solution, as a result of the stereocomplex formation, becomes too short and
there is insufficient time to collect a substantial amount of electrospun nanofibers.
Furthermore, the onset of gelation for the PLLA/PDLA blend solution increases with
increasing Mw, which could be attributed to the strong polymer chain entanglements.
On the other hand, by incorporating PLLA of lower molecular weight (9.18 x 10*
g/mol) into the blend solution, the onset of gelation can be delayed up to several

hours. Nonetheless, it is worthy to note that polymer with very low My would also
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lead to the formation of beaded fibers. Therefore, in the subsequent studies, PLLA
with My of 9.18 x 10% g/mol was chosen to prepare the PLLA/PDLA blend solution

for the electrospinning process.

4.3.2 Evidence for Inter-fiber PLLA/PDLA Stereocomplexation

With the optimized PLLA/PDLA blend solution parameters determined, highly
porous NFAs were fabricated by liquid collection of electrospun PLLA and
PLLA/PDLA blend nanofibers followed by feeze-drying (Figure 4.1). Since PLLA
and PDLA could form stereocomplex in solutions, we hypothesized that when wet
electrospun PLLA/PDLA blend nanofibers come into contact in fiber collection and
freeze-drying processes, spontaneous stereocomplexation would take place between
PLLA and PDLA chains on the neighboring fiber surface, resulting in the
agglutination of the nanofibers, as illustrated in Figure 4.2a. To verify this
hypothesis, morphologies of the NFAs were examined under FESEM (Figures 4.2b
and c¢). As seen in Figures 4.2b and c, no severe bundling of fibers was observed in
the PLLA NFA, although slight bundling was observed probably because the bio-
synthesized PLLA used in this work contained a very small amount of D-
stereoisomers and hence inter-fiber stereocomplexation may still occur to a small
extent. By contrast, the NFA made from the blend with PLLA/PDLA weight ratio of
5/5 (PLLA/PDLA-5/5) shows larger fiber junctions consisting of several fibers due
to the higher extent of inter-fiber stereocomplexation (Figures 4.2d and e). It is
expected that the fiber junctions could act as cross-linking points to improve
compression resistance of the NFA, which combined with the higher modulus of
PLLA/PDLA-SC crystals within the fibers (Figure 4.2a), could help highly porous
morphology of the NFA be better retained in applications. XRD and DSC studies
show that PLLA/PDLA-5/5 nanofibers exhibit distinct XRD and DSC melting peaks
corresponding to PLLA/PDLA-SC, whereas these peaks do not appear for PLLA
nanofibers (Figure 4.3). However, we are unable to distinguish between inter-fiber

stereocomplex and that formed within the fibers. Thus another strategy was designed
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to further verify the spotaneous inter-fiber stereocomplexation, which is elaborated

below.

=

Voltage Supply Polymer Solution

Freeze drying in a mold

PLLA/PDLA-SC aerogel

= * Ethanol

PLLA/PDLA-SCNFs

Figure 4. 1 Schematic diagram of the electrospinning setup used to fabricate 3D
PLLA/PDLA-SC NFA:s.
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Figure 4. 2 (a) A schematic illustrating inter-fiber stereocomplexation-induced
agglutination of nanofibers and the crystal moduli of PLLA, PDLA and
PLLA/PDLA-SC *, FESEM micrographs of (b, ¢) PLLA and (d, e) PLLA/PDLA-
5/5 NFAs. The insets in (b) and (d) are the digital pictures of PLLA and
PLLA/PDLA-SC NFAs supported on wire mesh, respectively.
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Figure 4. 3 Crystallinity behavior and thermal stability analysis of electrospun
PLLA and PLLA/PDLA SC nanofibrous structure by (a) XRD and (b) DSC.

The extent of inter-fiber stereocomplexation may be related to the number of free
chain ends on the nanofiber surface because with free ends, chain segments on a
fiber surface could adjust their conformations more easily to form stereocomplex
with appropriate chain segments on a neighboring fiber surface. Hence, if there are
more free chain ends available for cross-linking via stereocomplexation, the cross-
linking density will increase, which may enhance the robustness of the NFAs but at
the same time, reduce their specific surface area slightly due to fiber merging. A
lower-molecular-weight polymer (shorter chains) has more chain ends per unit mass
than the corresponding higher-molecular-weight polymer, implying that the extent
of inter-fiber stereocomplexation may be influenced by the molecular weights of the
two stereoisomers. Thus, to further verify the spontaneous cross-linking via
stereocomplexation, we mixed a high-molecular-weight (9.12 x 10* g molt) PLLA
with a low-molecular-weight (3.98 x 10* g mol) PDLA, and the PLLA/PDLA mass
ratio was varied from 7/3 to 3/7. The influence of the composition on the extent of
inter-fiber stereocomplexation is shown in Figure 4.4. The PLLA/PDLA-7/3 NFA
displays very limited agglutination of fibers (Figure 4.4a), which is due to its higher
content of high-molecular-weight PLLA and hence lower density of free chain ends,
giving rise to a smaller extent of inter-fiber stereocomplexation. By contrast, the
PLLA/PDLA-3/7 NFA, which is comprised of a higher content of lower-molecular-

weight PDLA, has higher density of free chain ends, resulting in a greater extent of
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inter-fiber stereocomplexation and strong inter-fiber junctions, i.e., larger bundles of
several fibers are formed (Figure 4.4b). This observation provides further evidence
for the formation of fiber junctions via inter-fiber complexation. Moreover, it allows
us to control the morphology of PLLA/PDLA blend NFAs easily.

Figure 4. 4 FESEM micrographs of (a) PLLA/PDLA-7/3, and (b) PLLA/PDLA-3/7
NFAs.

4.3.3 Effects of Inter-fiber Stereocomplexation on Mechanical Behaviors

In order to demonstrate that the inter-fiber stereocomplexation can lead to effective
cross-linking, tensile tests were carried out on as-spun PLLA and PLLA/PDLA-5/5
nanofibrous mats, which are much denser than NFAs, to facilitate easy clamping of
the samples. It should also be highlighted that the nanofibrous mats prepared for
tensile tests were electrospun without the addition of TBAC, such that the fiber
diameters are generally larger. The morphologies of the mats were observed under
FESEM before and after the tests, as presented in Figure 4.5. It is worth noting that
the tensile curves presented in Figure 4.5e could not provide the actual tensile
properties of the materials but rather the apparent tensile strength and elongation at
break, which were calculated based on the overall dimensions of the electrospun
nanofibrous samples. The poor inter-fiber interactions in the PLLA mats cause
initially 2D randomly oriented nanofibers to align along the tensile force applied
(Figure 4.5a and b), leading to a large apparent strain before fiber breakage (Figure
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4.5e, PLLA curve), and such morphological change is irreversible. On the contrary,
the strong fiber junctions due to inter-fiber stereocomplexation hinders the fiber
aligning along the tensile force, leading to the breakage of the PLLA/PDLA-5/5 mats
at a much smaller apparent elongation (Figure 4.5e, PLLA/PDLA SC curve) with
the random morphology well retained after the tensile test (Figure 4.5¢ and d). The
above results, although not quantitative, show that the fiber junctions formed via
inter-fiber stereocomplexation is sufficiently strong to retain the morphology of the
as-spun PLLA/PDLA-5/5 mats under tensile force.
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Figure 4. 5 FESEM micrographs of electrospun nanofibrous mats of (a, b) PLLA
and (c, d) PLLA/PDLA-5/5 before and after tensile tests. (e) Typical apparent tensile
curves of PLLA and PLLA/PDLA-5/5 electrospun nanofibrous mats. (f) Typical
apparent compression stress-strain curves of PLLA and PLLA/PDLA-5/5 NFAs.
The inset in (f) is the digital picture of the PLLA (left) and PLLA/PDLA-5/5 (right)
NFAs used in the compression tests.

Compression tests were also performed on the highly porous NFAs to evaluate their
compression resistance. The aerogel heights before compression are also provided
in Table 4.1 and all aerogels are subjected to 50 % strain. The apparent stress-strain
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curves in Figure 4.5f show that the apparent compression stress of PLLA/PDLA-5/5
NFA is much lower than that of PLLA NFA at relatively low strains (<50%). The
apparent compression moduli of the PLLA and PLLA/PDLA-5/5 NFA could be
estimated from the initial, relatively straight parts of the compression curves (strain
<20%). It shows that the apparent compression modulus of PLLA/PDLA-5/5 NFA
(~0.90 Pa) is much greater than that of PLLA NFA (~0.40 Pa). Since the PLLA and
PLLA/PDLA-5/5 NFA samples used in compression tests have similar fiber
diameters and porosities (Table 4.2), it is believed that both the stronger fiber
junctions formed via inter-fiber stereocomplexation and stiffer nanofibers caused by
stereocomplexation within the fibers contribute to the enhanced compressive
resistance of the PLLA/PDLA-5/5 NFA, demonstrating its potential for 3D air
filtration.

Table 4. 1 Dimensions of the tested cylindrical samples for compression tests.

Sample Height (mm)
PLLA NFA 10.43+ 0.86
PLLA/PDLA-5/5 NFA 10.91+1.35

Table 4. 2 The average fiber diameter, estimated density and porosity of PLLA and
PLLA/PDLA-5/5 NFAs, PLLA/PDLA-5/5 electrospun mats and the reference
HEPA filer.

Samoles Average fiber NFA density NFA Porosity
P diameter (nm) (mg/cm?) (%)
PLLA NFA 349489 3.29+0.35 99.8
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PLLA/PDLA-5/5 NFA 287193 2.48+0.15 99.8
PLLA/PDLA-5/5 Mats 236+83 96.00+7.54 92.1-93.3
HEPA 34001730 275.5 89.4

*PLLA/PDLA-5/5 mats are used for filtration test. The mats used for tensile test are
not listed in this table.

4.3.4 Performance in Capturing Ultrafine Airborne Particles and Pressure
Drop

The filtration efficiencies and pressure drops of the NFAs and reference samples
were studied using model haze particles generated via burning of incense. As
mentioned in Chapter 3, the reason for choosing incense as the model haze particles
is due to the comparable size distribution and chemical composition of incense to
the actual haze caused by biomass burning 1 *7-%. The overall concentration of the
pollutant particles (all < 2.5 pm) in the model gas is above 300 pg/m?, which lies in

the hazardous range under WHO guidelines.

Firstly, the filtration efficiency of a type of commercial HEPA filter material
(denoted as HEPA) composed of micron-sized fibers was tested as a reference. The
morphology of HEPA is presented in Figure 4.6, and the corresponding mean fiber
diameter and estimated density are given in Table 4.1. Figure 4.7a shows filtration
efficiencies of the filters composed of 1 layer (HEPA-1), 2 layers (HEPA-2), 3 layers
(HEPA-3) of the HEPA filter, respectively. Generally, the overall filtration
efficiency increases with the number of layers. HEPA-1 shows a low efficiency of
98.01% for PNo.1. It is also worth noting that the filtration efficiency that is based on
mass concentration tends to undermine the small particle size, hence the number

concentration will be be a more precise factor to determine the filtration efficiency.
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HEPA-2 and HEPA-3 display significantly higher PNo 1 efficiencies of 99.24% and
99.65%, respectively. However, this improvement in filtration efficiency is
accompanied by a proportional surge in pressure drop due to the amplified resistance
to airflow (Figure 4.7b).

100
———

Figure 4. 6 FESEM micrographs of a typical reference commercial filter.

In air filtration industry, thin layers of nanofibrous mats have been integrated with
commercial microfibrous filters. The purpose is to utilize their higher specific
surface area and smaller pore sizes of the nanofibrous mats to increase diffusion and
interception capture of sub-micron particles. Thus, in order to demonstrate the
potential of the highly porous PLLA/PDLA-5/5 NFA for capturing ultrafine particles
and overcoming the tradeoff between filtration efficiency and pressure drop, an
electrospun PLLA/PDLA-5/5 nanofibrous mat with roughly the same mass was also
prepared as a reference and the average basis weights are shown in Table 4.3. As
shown in Table 4.1, the PLLA/PDLA-5/5 NFA has much higher porosity than the
PLLA/PDLA-5/5 mat. The morphological difference between the two nanofibrous
materials is further investigated using FESEM and the representative images of
PLLA/PDLA-5/5 mat are shown in Figure 4.8. The nanofibers in the mats are
observed to be stretched out and there is not much contrast between the topmost and
bottom fibers due to their more compact packing. Differently, only the nanofibers
on top can be clearly observed in the NFA and the nanofibers beneath look slightly
fuzzy as their positions are significantly lower than the top layer, suggesting a looser
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morphology. HEPA-1 was combined with a layer of PLLA/PDLA-5/5 electrospun
mat and a layer of PLLA/PDLA-5/5 NFA, respectively, to form composite filters
(HEPA-1-PLLA/PDLA-5/5 mat and HEPA-1-PLLA/PDLA-5/5 NFA). In Figure
4.7a and Table 4.4, we can see that the PNo.1 and PNos filtration efficiencies of the
two composite filters are noticeably higher than that of HEPA-1 and HEPA-2, and
marginally higher than that HEPA-3. The typical average mass concentration (PM)
and number concentration (PN), before and after filtration for HEPA-1 can be found
in Table 4.5. It is intriguing that HEPA-1-PLLA/PDLA-5/5 NFA displays a higher
PNo.1 removal efficiency (99.83%) than HEPA-3 (99.65%), with pressure drop of the
former (74.67 Pa) is almost half that of HEPA-3 (139.00 Pa) at a relatively high face
velocity of 10 cm/s, which clearly shows that the 3D filter possesses superior
filtration performance for ultrafine particles without sacrificing much of the pressure
drop. The typical average PM and PN before and after filtration can be found in
Table 4.6. As compared with HEPA-1, the PMo.1and PNo.1 of the composite filter
are significantly lower than that of HEPA-1, with the PNo.1 value (9.79 x 102 #/cmq)
one tenth of the PNo1 of HEPA-1 (9.42 x 103 #/cm?®), which clearly demonstrated the
high removal efficiency of ultrafine particles of the composite filter. The relatively
low pressure drop exhibited by the PLLA/PDLA-5/5 NFA can be attributed to its
ultrahigh porosity and slip flow effect on the nanofibers. Interestingly, when HEPA-
1 is combined with the nanofibrous mat and highly porous NFA, the composite filters
exhibit different filtration performance. HEPA-1-PLLA/PDLA-5/5 NFA possesses
a higher removal efficiency for PNo.1 and lower pressure drop as compared to HEPA-
1-PLLA/PDLA-5/5 mat. This suggests significantly different filtration mechanisms
for the nanofibrous mat and highly porous NFA. Despite being nanoporous, the mats
are much denser, compromising the porosity, which results in large pressure drop
and hence high energy consumption across the filter. Differently, in the NFA, the
nanofibers are packed less compactly together, creating a highly porous filter and
hence significantly reducing pressure drop. As illustrated in Figure 4.7ci, assuming
that both the nanofibrous mat and highly porous NFA contain the same amount of
fibers with similar fiber diameters, the NFA possesses a greater thickness. This is

crucial in capturing ultrafine particles because residence time of these particles in
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the filter is greatly increased and therefore, the likelihoods of these particles being
adsorbed onto the fiber surface through Brownian motion will be greater, as

illustrated in the schematic diagram in Figure 4.7cii.
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Figure 4. 7 (a) Filtration efficiencies, (b) pressure drop of different layers of HEPA
filters and the combination of one layer of HEPA (HEPA-1) with PLLA/PDLA-5/5
mat and NFAs filters, respectively, using incense as aerosol particles (for HEPA-1-
PLLA/PDLA-5/5 NFA, the points for PNo.1 and PNo.s almost overlap). (c) Schematic
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diagrams of (i) filtration diffusion mechanism and (ii) particle residence within the
mat and NFAs filters. (d) Quality factor of different layers of HEPA filters and
composite filters for PNo.1 and PNos incense aerosol particles. (e) Relative change
in pressure drop of PLLA/PDLA-5/5 NFA filter over a duration of 24 h under 60%
and 90% RH conditions.

Table 4. 3 Average basis weight of the 1 layer commercial filter, PLLA/PDLA-5/5
Mat and PLLA/PDLA-5/5 NFA.

Sample Average basis weight (g/m?)

HEPA-1 102.62+0.84
PLLA/PDLA-5/5 Mat 1.65%0.26
PLLA/PDLA-5/5 NFA 1.75£0.02

10 nm

Figure 4. 8 (a, b) FESEM images of PLLA/PDLA-5/5 mat at different
magnifications. Inset in (a) is the digital picture of the PLLA/PDLA-5/5 mat
supported on wire mesh. Inset in (b) is the magnified image of agglutinated fibers of
PLLA/PDLA-5/5 mat.
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Table 4. 4 Filtration efficiencies and pressure drops of different layers of reference
commercial filters, PLLA/PDLA-5/5 mat and NFA. The face velocity employed is
10 cm/s.

] PNo.; filtration PNos filtration
Filter o o Pressure drop (Pa)
efficiency (%) efficiency (%)
HEPA-1 98.01+0.53 98.42+0.30 48.17+4.25
HEPA-2 99.24+0.11 99.43+0.08 91.25+7.04
HEPA-3 99.65+0.21 99.75+0.11 139.00+6.73
HEPA-1-
PLLA/PDLA-5/5 99.43+0.21 99.57+0.14 97.25+2.75
Mat
HEPA-1-
PLLA/PDLA-5/5 99.83+0.00 99.83+0.01 74.67+4.54
NFA

Table 4. 5 Typical average PM and PN values before and after filtration of 1 layer

commercial HEPA filter.

PM (ug/m?®) / PN (#/cm?) Before After
PM 0.1 6.38 x 10 1.32
PM 0.5 3.93 x 102 3.34
PM 1.0 3.94 x 102 3.34
PN 0.1 2.47 x 10° 9.42 x 103
PN 0.5 4.28 x 10° 1.14 x 10*
PN 1.0 4.28 x 10° 1.14 x 10*
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Table 4. 6 Typical average PM and PN values before and after filtration of HEPA-
1-PLLA/PDLA-5/5 NFA.

PM (ug/m) / PN (#/cmd) Before After
PM 0.1 8.02x 10 1.00 x 101
PM 0.5 3.77 x 102 4.25x 101
PM 1.0 3.79 x 102 4.35x 101
PN O.1 573 x 10° 9.79 x 102
PN 0.5 7.69 x 10° 1.32x 10°
PN 1.0 7.69 x 10° 1.32 x 103

The quality factors (QF) of the filters discussed above are further analyzed for
different particle sizes, as shown in Figure 4.7d. QF is defined as —In (1-E)/AP),
where E and AP denote the filtration efficiency and pressure drop across the filter,
respectively. This parameter is used to assess the overall filtration performance of
filters. With the synergistic combination of a high PNo.1 removal efficiency and low
pressure drop, the HEPA-1-PLLA/PDLA-5/5 NFA exhibits the highest QFo1
compared with the commercial filters (one, two and three layers, respectively) and
HEPA-1-PLLA/PDLA-5/5 Mat. It clearly demonstrates the potential of the NFA as
filter materials to overcome the tradeoff between filtration efficiency and pressure
drop for ultrafine particles. It is also worth noting that the PLLA/PDLA-5/5 NFA
layer in the composite filter has very low specific mass (1.75 g/m?) as compared with
that of the one-layer HEPA filter (HEPA-1, 106.62 g/m?), as shown in Table S1. For
0.5 um particles, the QFos of HEPA-1-PLLA/PDLA-5/5 NFA (85.4 x 102 Pa) is
marginally comparable to that of HEPA-1 (86.1 x 107 Pal).
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The PLLA/PDLA-5/5 NFA was further subjected to long-term stability test under
two different humidity conditions - 60% and 90% RH (Figure 4.7¢). The changes in
the relative pressure drop is minimal under both humidity conditions, implying that
the nanofibrous structure is very stable under damp conditions probably because the
inter-fiber stereocomplex is hydrophobic in nature. This shows diverse potential of
this nanofibrous macrostructure as filter materials. Additionally, HEPA-1-
PLLA/PDLA-5/5 NFA could achieve consistently high filtration efficiency
accompanied with a stable and low pressure drop despite being subjected to
relatively long-term filtration tests under relatively high concentrations (~600-800
ug m?3) of hazardous particles (incense aerosol). Over a duration of 24 h, the
filtration efficiency is only changed from the initial value of 99.83% to 99.78% at
the end.

To verify and understand the improved performance of HEPA-1-PLLA/PDLA-5/5
NFA composite filter, filtration tests were also carried out with 0.1 pm and 0.5 pm
DEHS aerosol particles generated using an aerosol generator (TOPAS SLG 250),
which simulate the organic haze particles generated by burning biomass ¥7-%. The
number distribution of these model particles are shown in Figure 4.9a. The curves
show reasonably sharp peaks, indicating relatively narrow size distributions around
the desired aerosol sizes. In Figure 4.9, it is evident that the filtration efficiency of
HEPA-1-PLLA/PDLA-5/5 NFA for 0.1 um DEHS particles is much higher than that
of HEPA-1, significantly higher than that of HEPA-2 but lower than that of HEPA-
3. This trend is slightly different from that of the filtration efficiencies for incense
particles. This may be due to the complex chemistry of the organic compounds
generated by burning incense 7, which may be more easily adsorbed on a filter
material comprising of organic material such as PLA-SC used in this work. A similar
trend is also observed for the filtration efficiency for 0.5 um DEHS particles. It is
interesting to note that the filtration efficiency of the composite filter for 0.5 pm
DEHS particles is significantly higher than that obtained from the tests carried out
with burning incense, which is due to significantly more DEHS particles having

diameters close to 0.5 pm, which increases the probability of being captured via
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impaction and interception. Additionally, as seen in Chapter 3 and Figure 4.9a, the
size distribution of incense particles tends to be broader than that of 0.1 um DEHS
particles, and from the distribution curves, it can be concluded that the aerosols
generated by incense burning consists of a larger proportion of ultrafine particles. As
a result, the higher removal efficiency of incense particles implies that the NFA has

great potential in the capture of ultrafine particles.
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Figure 4. 9 (a) Typical size distribution curves of the DEHS aerosol particles based
on number concentration. (b) Filtration efficiencies and (c) quality factors of the
filters made of different layers of HEPA and HEPA-1-PLLA/PDLA-5/5 NFA.

To further evaluate the performance of the HEPA-1-PLLA/PDLA-5/5 NFA
composite filter, the QF for 0.1 um and 0.5 um DEHS particles were calculated. The
results are presented in Figure 4.9c. It is evident that the composite filter outperforms
HEPA-1, HEPA-2 and HEPA-3 for both 0.1 pum (55.2 x 107 Pa!) and 0.5 pm (104.8
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x 10 Pal) particles. Therefore, the addition of the NFA layer to a HEPA filter

indeed provides significant benefits to the filter performance.

4.4 Conclusion

In this chapter, we have verified that when PLLA/PDLA blend nanofibers come into
contact, spontaneous inter-fiber stereocomplexation could take place, leading to the
formation of inter-fiber junctions. The cross-linking induced by the spontaneous
inter-fiber stereocomplexation could be easily controlled by adjusting the mass ratio
of high-molecular-weight PLLA to low-molecular-weight PDLA in the blend. The
cross-linked NFAs show significantly improved compression resistance. However,
the aerogels were still quite delicate to touch and deformed permanently when
compressed. Moreover, the limited working range of molecular weights further
restricts the use of PLA with higher molecular weights that could give rise to stronger
inter-fiber stereocomplexation due to stronger chain entanglements. Therefore, new
strategies to improve the inter-fiber cross-linking should be considered in order to
realize the potential of this approach to prepare robust NFAs. Nevertheless, this
simple strategy may also be applicable to other sterecisomer systems for fabrication

of highly porous yet stable NFAs.

Additionally, a composite filter with high filtration efficiency for ultrafine particles
and relatively low pressure drop was fabricated by combining a HEPA filter with a
thin layer of the cross-linked NFA. This shows the potential to improve the PNo 1
filtration efficiency of conventional HEPA filters with only a slight increase in
pressure drop. It is believed that nanofibers may play a part in enhancing the slip
flow effect, whereas the pressure drop is further reduced due to the high porosity of
the NFA. Meanwhile, at the same mass the highly porous NFA possesses a greater
thickness than electrospun nanofibrous mats, giving ultrafine particles longer
residence time in the NFA and hence the probability of these particles being adsorbed
onto the fiber surface through Brownian motion is much larger. It shows that highly

porous NFAs exhibit great potential to be used as an auxiliary layer on HEPA filters
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for the high-efficiency removal of ultrafine particles in various applications. The
cross-linked 3D NFAs may also find applications in many other fields, such as for

biomedical applications.
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Chapter 5

Robust Lignin-Based Aerogel Filters: High-Efficiency
Capture of Ultrafine Airborne Particulates and the

Mechanism

In this chapter, a new type of lignin-based honeycomb-like aerogel
filters and their air filtration-related properties are reported. The
aerogel filters are composed of aligned micrometer-sized pores and
cross-linked lignin-based cell walls, prepared via a facile unidirectional
ice-crystal-induced self-assembly from an aqueous solution followed by
annealing at 300°C. It is verified that with the cross-linking of lignin and
reinforcement with a very small amount of graphene, the mechanical
stiffness, thermal stability and humidity/water resistance of the aerogels
could be significantly enhanced. The filtration results suggest that the
abundant functional groups retained from lignin and the aligned pore
channels could lead to high filtration efficiency for ultrafine particles
accompanied with fairly low pressure drop. Moreover, these low-cost
and renewable biomass-based filters also exhibit outstanding long-term
filtration efficiency. Filtration tests with various particles sizes also
revealed that the filtration mechanism of such aerogel filters is
dominated by diffusion rather than impaction or interception
mechanism. It is believed that the findings from this work would offer a

new avenue for the design of novel high-performance air filters.
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*This chapter was published substantially as reference: Zeng, Z.; Ma, X. Y. D.;
Zhang, Y.; Wang, Z.; Ng, B. F.; Wan, M. P.; Lu, X., Robust Lignin-Based Aerogel
Filters: High-Efficiency Capture of Ultrafine Airborne Particulates and the
Mechanism. ACS Sustainable Chemistry & Engineering 2019, 7 (7), 6959-6968.

**The first and second authors contributed equally to this work.
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5.1 Introduction

The work presented in Chapter 4 has revealed the usefulness of reinforcing the 3D
structure of NFAs via spontaneous inter-fiber stereocomplexation, which could
greatly enhance the compressive resistance of the aerogel filter. The concept of 3D
air filtration was also demonstrated to be effective in addressing the trade-off
between filtration efficiency and AP. However, the overall mechanical integrity of
the NFA is still relatively weak, which hampers their practical use. Furthermore, the
gelation problem of the PLLA/PDLA blend restricts the range of polymer molecular
weights that can be used. Such high sensitivity to molecular weight changes makes
it slightly challenging to prepare and control the extent of cross-linking in the NFA.
Additionally, despite PLA being a renewable resource, the production costs is also
known to be relatively more expensive than that of conventional petrochemical-
derived polymers. Filtration wise, though the NFA composite filter exhibit lower AP
(74.67 Pa) than that of the NFM composite filter (97.25 Pa), the overall AP is still
relatively high. Thus, the aforementioned issues should be addressed for the facile

development of highly-efficient 3D filters that are more economically viable.

For instance, the limitations of stereocomplex-induced cross-linking could be
overcome by employing a more facile and straightforward cross-linking method. It
is widely known that cross-links are realized through the formation of covalent bonds
or weak intermolecular interactions, which can be generally initiated via heat,
pressure, pH changes, UV-irradiation, addition of chemicals or self-assembly®.
Notably, compared with other cross-linking methods, thermal cross-linking has
emerged as a more facile and cheaper method to reinforce the structures of aerogels
by simply inducing chemical reactions at elevated temperatures * 8. However, by
adopting this method, many researchers have also reported annealing-induced
shrinkage of the porous materials, especially at relatively high heat treatment
temperatures (> 500°C), which could induce pore size reduction or even pore

structural change of the porous materials > %0, Thus, to adopt this cross-linking
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method for the fabrication of aerogel filters, there is a need to introduce some

reinforcing agent to minimize or even eliminate this shrinking phenomenon.

To keep production costs low, cheaper alternatives such as low-cost biomass-based
products could be considered as the aerogel starting material. In Chapter 3, lignin,
which is one of the most abundant biomass product, is introduced. Due to its low-
cost and wide availability, lignin exhibits great potential to be employed as building
blocks of aerogels. Additionally, the various organic functional groups of lignin may
also promote the adsorption of PM, which could enhance the filtration efficiency of

the 3D aerogel filter.

On the other hand, in order to keep AP low, the macro/microstructures of the aerogel
could be designed such that the pores would not disrupt the airflow significantly,
while at the same time, maintain a high filtration efficiency for ultrafine particles.
As introduced in Chapter 2, a new type of non-fibrous honeycomb-like aerogel with
aligned micrometer-sized channels has been reported . Unlike the NFA filter that
depends on the interconnected fibrous network to create tortuous channels for
capturing PM, the honeycomb-like aerogel offers a large volume of aligned channels
for the diffusion capture of ultrafine particles, while the hollow nature of the
channels would ease the airflow and lead to significantly lower AP. This novel design
of 3D filters could essentially alleviate the trade-off between filtration efficiency and
AP. Simulation studies also suggest that the filtration mechanism of such aligned
tubular structures would function on the principle of size-dependent trajectory
segregation 2. Nonetheless, so far only one work has been reported and there is still
a lack of a systematic study to fully understand the underlying filtration mechanism.
Furthermore, the materials employed are expensive and stems from non-renewable

resources.

In this Chapter, building on from the suggestions raised above, we design a new type
of lignin-based honeycomb-like aerogel filters with aligned micrometer-sized pores,

prepared via a facile unidirectional ice-templating method. The results obtained
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revealed that low-temperature annealing together with the addition of a small amount
of graphene in the form of graphene oxide (GO) could help reinforce the 3D structure
of the aerogel, minimizing the thermally-induced shrinkage. Our results suggest that
the reduced volume shrinkage could be attributed to the sheet-like nature of GO that
may facilitate the anchoring of GO onto cell walls of the honeycomb-like structure.
Herein, we demonstrate that such honeycomb-like aerogels also exhibit excellent
filtration efficiency for ultrafine particles at a low AP, as well as good long-term
filtration performance, which outperform commercial fibrous filters including high-
efficiency particulate arrestance (HEPA) filters. The unique filtration behavior for
our honeycomb-like aerogels is also revealed based on the results of filtration tests
using model particles of various sizes, which provides useful guidelines for further

studies.

5.2 Experimental

5.2.1 Materials

Alkali lignin was purchased from Tokyo Chemical Industry Co. (USA, L0082, soft

lignin). Graphene oxide was synthesized using the modified Hummer’s method >
14

5.2.2 Preparation of Cross-linked Lignin-Based Aerogels

Lignin aqueous solutions of various concentrations were prepared by dissolving the
alkali lignin in deionized water via magnetic stirring. The solutions were cast in a
Teflon container with a metal base immersed in a cold source, such as liquid nitrogen
or refrigerator (-20 °C), for unidirectional freezing. Unless specifically mentioned,
the cold source is the liquid nitrogen with a temperature of -196 °C. In the freezing
process, the temperature gradient between the top and bottom side of the solutions
in the mold led to the formation of ice crystals at the bottom side and unidirectional

growth of the crystals towards the top. Subsequently, the frozen samples were freeze-
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dried in a freeze-drying vessel (-80 °C and 10 Pa) for around 24 h, and honeycomb-
like lignin aerogels with aligned micron-sized pore channels and cell walls were
obtained. The acrogels were then heated at a rate of 5 °C/min in a tube furnace and
annealed at the temperature of 300 °C for 2 h under argon atmosphere, leading to the
cross-link of the aerogels. The lignin-based aerogels doped with graphene were
prepared using the same procedure. In order to incorporate graphene layers into the
aerogel cell walls, a GO aqueous suspension (prepared by modified Hummer’s
method as shown in our previous work !4, and the average lateral size of GO is
around 10 um) was mixed with lignin solutions for further freezing-drying process.
The GO content in the lignin/GO mixture was fixed at 2.7 wt%. A wide range of
densities of the aerogels was achieved by simply adjusting the water fraction of the
initial aqueous suspensions. Also, various shapes or sizes of the honeycomb-like
aerogels could be achieved by using various molds, satisfying a variety of
application occasions. Unless mentioned, all the cross-linked samples were annealed
at a temperature of 300 °C and the tested data were originated from these aerogels.
The lignin-based aerogels were also annealed at 600 and 900 °C for 2 h, respectively,

to make a comparison with the aerogel filters annealed at 300 °C.

5.2.3 Characterization

Microstructural images of the honeycomb-like aerogels were obtained using a
scanning electron microscope (SEM, JSM-7600F). The mechanical compressive
curves were evaluated by a dynamic mechanical analyzer (DMA, TA Instruments
Q800), and at least five samples were tested for each component. A
thermogravimetric analyzer (TGA, TA Instrument Q500) was applied to realize the
TGA curves. The experiment was carried out in nitrogen atmosphere. X-ray
diffraction (XRD) patterns were attained by a specular reflection mode (Cu Ka
radiation, PANalytical) at room temperature. The functional groups of the aerogels
after drying treatment were characterized by FTIR (Spectrum One, PerkinElmer)
spectroscopy. The porosities of the aerogels were estimated from the measured

density of the aerogels and the corresponding bulk materials.
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5.2.4 Filtration Test

In the testing process, the model haze particles were generated by burning incense.
The PM particle concentration was controlled by diluting the incense smoke with air
in a mixing chamber, down to a hazardous pollution level equivalent (> 300 pg/m?3).
The particle concentration was measured simultaneously with a condensation
particle counter (NanoScan SMPS 3910, TSI Instruments Ld) that could detect PM
particles with sizes between 0.01 to 0.42 um and an optical particle sizer (OPS 3330,
TSI Instruments Ld) that could detect PM particle with sizes between 0.3 to 10 um.
The particle amount in airflow before and after the air inlet being covered by the
filters was recorded by the particle counters, and the filtration efficiency was
calculated through comparing the PM particle number before and after filters. The
pressure drop was measured using a differential pressure gauge (Digital Manometer,
Bluewind Laboratory Pte Ltd). The airflow to the filter was created by the use of an
air pump, and the wind velocity was measured by the air velocity meter (Airflow
instruments velocity meter TA430, TSI Instruments Ld). The wind velocity and
humidity in the mixing chamber could both be adjusted, and unless specially
mentioned, the face velocity and humidity used in the filtration testing was 5.3 cm/s
and 60 %, respectively. To further study the filtration mechanism of the aerogels,
aerosols of DEHS were generated with a Condensation Aerosol Generator (SLG 250,
TOPAS GmbH). DEHS is a colourless liquid that is insoluble in water and
commonly used for aerosol generation for filter testing. DEHS particles with size of

0.1,0.2,0.3, 0.5 and 1.0 um were produced respectively by the generator.

5.3 Results and Discussion

The preparation process for the honeycomb-like aerogels is illustrated in Figure 5.1a-
c. Briefly, unidirectional ice-crystal-induced self-assembly of lignin in an aqueous
suspension leads to aligned cell walls, and a small amount of GO can be conveniently
incorporated in the cell walls of the lignin-based aerogels (Figure 5.1a and b). By

low-temperature (300 °C) annealing, cross-linked cell walls, which are composed of
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annealed lignin (A-lignin) doped with a small fraction of GO-derived reduced
graphene layers as reinforcement, can be obtained (Figure 5.1c). This results in
excellent microstructural and macroscopic stabilities as well as outstanding
mechanical strength of the A-lignin/graphene (A-lignin/G) composite aerogels,
which can support a piece of metal of over two thousand times heavier without
suffering significant plastic deformation (Figure 5.1d and e, Figure 5.2). Moreover,
the lignin-based aerogels can be cross-linked at a low annealing temperature
compared with the commonly used annealing temperature (> 900 °C) in traditional
carbonization processes 1417, which is instrumental in further lowering the cost. The
assembly process leads to honeycomb-like texture formed by micrometer-sized
isotropic pores in the cross sectional plane (Figure 5.1f) and aligned pore channels
in the longitudinal direction (Figure 5.1g and h). The cross-linking process of the
aerogels has minimal effects on the aligned pore channels, but leads to rougher
surface and smaller thickness of cell walls (Figure 5.1g-j). Compressive stress-strain
curves of the aerogels show the significant roles of initial concentration, cross-
linking and the presence of graphene layers play in enhancing the mechanical
strength of the aerogels (Figure 5.1k). Obviously, higher lignin concentrations
contribute more building blocks to the resultant aerogels and hence give higher
modulus. The low-temperature annealing-induced cross-linking and incorporation of
a low fraction of graphene layers can also lead to significant mechanical
enhancement of the aerogels, respectively. Furthermore, the thermal stability of the
aerogels is also significantly enhanced via annealing, and it increases with the

annealing temperature, as shown in Figure 5.11.
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Figure 5. 1 Schemes showing the fabrication process of the honeycomb-like
aerogels: (a) unidirectional ice-crystal-induced self-assembly of the lignin/GO
suspension, (b) lignin-based aerogels prepared by freeze-drying, (c) cross-linked
lignin/graphene (A-lignin/G) aerogels obtained by low-temperature annealing.
Photographs of (d) lignin/GO aerogel and (e) A-lignin/G aerogel (the inset show that
lignin/GO aerogel is crushed and A-lignin/G aerogels is stable when they are
supporting a metal over 2000 times heavier). (f) A SEM image showing porous
microstructures of A-lignin/G aerogels with honeycomb-like texture in cross
sectional plane. Porous microstructures in longitudinal plane of (g) lignin/GO and
(h) A-lignin/G aerogels. Cell walls of (i) lignin/GO and (j) A-lignin/G aerogels. (k)
Compressive curves of the aerogels prepared from suspensions of various lignin
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concentrations. (I) Thermogravimetric analysis traces of the aerogels after annealing

at different temperatures.

Figure 5. 2 The (a) A-lignin/G and (b) lignin/GO aerogels supporting a metal that is
more than 2000 times heavier than the aerogels. The images show that the thickness
of the A-lignin/G aerogel is not changed after supporting the metal but the lignin/GO
aerogel is crushed, demonstrating the excellent mechanical strength of the cross-
linked lightweight aerogels.

The thermogravimetric analysis (TGA)/differential thermal gravity (DTG) curves,
X-ray diffraction (XRD) patterns, and Fourier transform infrared (FTIR) spectra of
the honeycomb-like aerogels provide further evidence for the occurrence of cross-
linking and its influence. Lignin consists of macromolecules with three-dimensional
links among their methoxylated aromatic units. The TGA/DTG curves of lignin-
based aerogels show three typical regions (Figure 5.11) 417, The first weight loss
stage in the temperature range from 40 to 100 °C corresponds to the evaporation of
the water absorbed, which also implies the presence of plentiful hydrophilic
functional groups in the aerogels. The weight loss at around 300 °C can be mainly
attributed to the cleaving of alkyl and methoxy groups in the pyrolysis process,

releasing methanol and phenolic compounds with hydroxyl group and alkyl groups.
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At the temperatures above 600 °C, the decarbonylation reaction of alkyl side chains
and significant reduction of functional groups could occur, facilitating the formation
of amorphous carbon. Therefore, XRD patterns of the A-lignin-based aerogels
annealed at 300 and 600 °C show a sharp peak at 26 = 22.5°, which is similar to that
of the lignin-based aerogels, while those annealed at 900 °C show a broad peak at
20 = ~24.5° that corresponds to amorphous carbon (Figure 5.3a). FTIR studies
(Figure 5.3b, Figure 5.4) further confirm the structural change of the lignin/GO
composites caused by annealing. After annealing at 300 °C, the intensity of the C-H
stretching band at around 2937 cm, which corresponds to aromatic methoxyl
groups as well as the methyl and methylene groups of side chains, is decreased
significantly. This can be attributed to the reduction reactions of these groups. The
bands at 1043-1073 cm%, which can be ascribed to C-O stretching, are also weakened,
indicating the breakage of some C-O bonds. By contrast, the annealing at 600 °C
results in the loss of many functional groups, causing a large intensity reduction of
many bands. The band at 1639 cm™ (C=C) indicates that there is still a significant
amount of the aromatic rings retained in the structure. However, the band at around
1736 cm™, which is ascribed to C=0 bonds, are not observed, implying that most of
the C=0 are cleaved. The FTIR spectrum of the aerogels after annealing at 900 °C
shows a relatively flat curve with no obvious band, indicating that most of the
functional groups have been converted to amorphous carbon. In short, the functional
groups that can interact with PM particles are reduced with increased annealing
temperature, and almost removed for the A-lignin-based aerogels annealed at 900 °C.
In addition, higher annealing temperatures also lead to much lower product yields,
and larger volume shrinkage of the aerogels because of the massive weight reduction
of the lignin in the annealing process. The shrinkage can lead to the reduction of the
filtration efficiency for ultrafine PM particles yet increase the AP (Figure 5.4c).
Without annealing, the lignin-based aerogels show a higher AP and relatively lower
filtration efficiency than the A-lignin-based aerogels annealed at 300 °C because the
former have a lower porosity (Table 5.1) and smoother cell walls that are not
beneficial for adsorption of PM particles. Furthermore, the uncross-linked lignin-

based aerogels are too fragile to be used for filtration, which often results in sample
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breaking down in the testing process. More importantly, the A-lignin-based aerogels
can well retain its integrity after being immersed in water for more than 20 hours,
while the lignin-based aerogels are dissolved immediately upon contacting with
water (Figure 5.3, Figure 5.5). Therefore, the A-lignin-based aerogels are able to
exhibit a stable AP in an extremely high-humidity environment of 95 % RH for over
20 hours. The excellent water/humidity resistance of the A-lignin-based aerogels

render the aerogels suitable for high-humidity filtration environments.
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Figure 5. 3 (a) XRD patterns and (b) FTIR spectra of the aerogels before and after
cross-linking at various temperatures; (c) filtration efficiency and pressure drop of
the 3.6 mm-thick 5.0 w% A-lignin/G aerogels after annealing at various
temperatures (the inset shows optical images of the samples annealed at various
temperatures); (d) relative pressure drop (AP at a certain time/initial AP) for the A-
lignin/G aerogels annealed at 300 ‘C under humidity of 95 % RH as a function of
time (the inset shows the pictures of the aerogels soaked in water and after soaking
for 20 hrs, demonstrating the water-resistance of the cross-linked lignin).
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Figure 5. 4 FTIR of the aerogels (a) the GO, lignin and lignin/GO aerogels, (b) the
A-lignin and A-lignin/G aerogels annealed at 300 °C, and (¢) the A-lignin, Graphene,
and A-lignin/G aerogels annealed at 900 °C.

Table 5. 1 Properties of the 5 wt% lignin-based aerogels. (Pore size is obtained from

the SEM images and refers to the gap between adjacent cell walls)

Materials type of o A-lignin  A-lignin/G  A-lignin
Lignin Lignin/GO

the aerogel (300) (300) (900)

Density (mg/cm®) 6522 65.44 59.26 50.09 78.9

Porosity (%) 9456 94.55 97.31 97.77 96.41

Pore size (um) 20~40 20~40 16~35 20~36 11~20
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Figure 5. 5 Photos of the aerogels soaked in the water: (a) lignin-based aerogel that
is dissolved in the water immediately and (b) A-lignin-based aerogel that keep stable

for a long period of time.

The morphology of the aerogel also plays an important role on the filtration
performance of honeycomb-like aerogels. Using the ice-templated freeze-drying
method, the porosity, pore size, and cell wall thickness of the lignin-based aerogels
can be easily adjusted by changing the processing parameters such as lignin
concentration, graphene reinforcement and freezing temperature. Higher lignin
concentration in the suspension can increase the amount of building blocks in the
aerogels, contributing to higher density and lower porosity. Interestingly, the
presence of a small amount of graphene leads to a lower density (higher porosity)
for the A-lignin-based aerogels, which can be attributed to the mechanical
enhancement of cell walls that result in a smaller volume shrinkage of the
macroscopic aerogels (Figure 5.6a). Higher initial lignin concentration, which causes
lower porosity of the aerogels, leads to higher filtration efficiency due to the presence
of more functional groups in the A-lignin-based aerogels. Differently, the presence
of graphene affects the filtration efficiency slightly but significantly reduces the AP
(Figure 5.6b). For example, the AP values are 16.5 Pa and 32.9 Pa, respectively, for
the A-lignin/G and A-lignin aerogels prepared from 5 wt% lignin-based suspension,
while both show similar filtration efficiencies values of above 90 %. In addition to
the smaller macroscopic shrinkage, the A-lignin/G aerogels with mechanically

enhanced cell walls also show more aligned and regular pore channels than those of
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the A-lignin aerogels (Figure 5.6¢-d, Figure 5.7), which is beneficial for the flow of
air molecules and the reduction of AP. Therefore, the AP can be lowered down to 5.5
Pa by adjusting the initial lignin concentration of the A-lignin-based aerogels, which
is accompanied by a relatively high filtration efficiency of over 70 % for ultrafine
particles. Moreover, it should also be mentioned that it may be possible to replace
the GO with other types of reinforcements, such as exfoliated clay or recycled
cellulose fibers, to improve the mechanical properties of the cell walls in the lignin
aerogels, further lowering the cost of the air filters as well as making them more
sustainable and biodegradable.

The filtration efficiency can also be increased significantly by increasing the
thickness of the filters, which gives a slight increase of the AP due to the aligned
pore channels (Figure 5.6e). The filtration efficiency reaches 96.5 %, an efficiency
level comparable to that of the reference HEPA filter (over 95 %), while the AP is
only 24 Pa for the honeycomb-like aerogels at a thickness of 4.2 mm. When the
thickness of the A-lignin/G aerogels prepared from 5.0 wt% lignin suspension is
increased to 8 mm, the efficiency reaches a value of 99.85 % at a low AP of 45 Pa.
By controlling the lignin concentration or thickness of the aerogels, the efficiency
and AP can be fine-tuned to satisfy various filtration applications. For example, the
efficiency of the A-lignin/G aerogels prepared from 3.6 wt% lignin suspension can

be adjusted to 99.97 % at a thickness of 12 mm and AP of 74 Pa.
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Figure 5. 6 (a) Density and porosity of the lignin-based aerogels prepared from

suspensions of various lignin concentrations before and after cross-linking (the inset

shows the optical images of the aerogels (from left to right: lignin, A-lignin, and A-

lignin/G aerogels). (b) Filtration efficiency and pressure drop of the 3.6 mm-thick

A-lignin and A-lignin/G aerogels prepared from suspensions of various lignin

concentrations. SEM images showing microstructures of (c) A-lignin/G and (d) A-

lignin aerogels. Filtration efficiency and pressure drop of (e) A-lignin/G (prepared
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from 5 wt% lignin suspension) with various thicknesses, and (f) 3.6 mm-thick A-
lignin/G aerogels prepared at different freezing temperatures. Microstructures of A-
lignin/G prepared from 5.0 wt% lignin suspension frozen at (g) -20 °C and (h) -
196 °C. (A-lignin and A-lignin/G aerogels are annealed at 300 °C).

Figure 5. 7 SEM images of A-lignin aerogels derived from 3.65 wt% lignin and 300°C

annealing treatment.

The freezing temperature can also be controlled to adjust the microstructure of the
aerogels, which gives rise to different filtration performance (Figure 5.6f). Higher
freezing temperature such as -20 °C leads to less ice-crystal nuclei at the bottom of
the suspension and hence thicker ice crystals '8-°. The average pore size is obviously
larger and the cell walls are thicker (Figure 5.6g and h, Figure 5.8). Therefore, the
aerogels frozen at a higher temperature exhibit lower AP and filtration efficiency
owing to the reduced overall amount of functional groups on the surface of thicker
cell walls. It is also observed that aerogels prepared at a lower lignin concentration
and different freezing temperatures show smaller difference in their AP values,

which can be ascribed to their extremely high porosity. Moreover, it should be
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mentioned that the filtration efficiency of the aligned porous aerogel filters prepared
by freezing at -20 °C is still reasonably high with a fairly low pressure drop. This
implies that a much higher freezing temperature than -196 °C may also give desired
microstructures. In short, the high filtration efficiency for ultrafine particles and low
AP of the honeycomb-like aerogels, as well as their tailorability through facile
adjustment of porosity, pore size, cell wall thickness and filter thickness, make the

aerogels very attractive for filtration applications.

Figure 5. 8 SEM images of the wood-like A-lignin-based aerogels prepared from
different frozen temperature: (a) -20 °C and (b) -196 °C.

Testing condition such as the wind velocity in the testing system can also affect the
filtration performance, as shown in Figure 5.9a. Higher testing wind velocity results
in higher air flow resistance and lower filtration efficiency. The filtration efficiency
can be reduced from 99.85 to 99.62 % with a wind velocity increased from 5.3 to
14.1 cm/s due to the decreased residence time of air pollutants in the filters, and the

AP is increased from 45 to 132 Pa. Figure 5.9b shows the comparison of the filtration

performance in terms of filtration efficiency, AP, and calculated quality factor (QF)
of the honeycomb-like aerogels with those of commercial filters, including high-
efficiency air filters (H13 and H11), medium-efficiency filters (F7), and low-
efficiency filters (G4), tested under the same condition (wind velocity is 10.0 cm/s).
The quality factor (QF) is used to assess the overall filtration performance of the air
filters, which can be calculated using equestion QF = - (In(1-n))/AP, where 1 is the
filtration efficiency 2°2%. The specifications of these reference filters are given in
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Figure 5.10 and Table 5.2. Compared with G4, F7 and H11 filters, our aerogels can
be tuned to achieve a higher filtration efficiency with a similar AP or a comparable
filtration efficiency with a smaller AP, and hence a higher QF value. In comparison
with H13 filters with a relatively high filtration efficiency (99.67 %) and AP (91 Pa),
our aerogels exhibit filtration efficiency of 99.75 % at a AP of 90 Pa, thus a higher
QF value is achieved. In addition, despite the much larger thickness (8-12 mm) of
the honeycomb-like aerogels, their AP is significantly lower than or comparable to
those of commercial filters or most air filters reported in literature. As discussed
earlier, the aerogels with large thickness of 8 to 12 mm could exhibit AP of lower
than 40 Pa at a wind velocity of 5.3 cm/s, which is in contrast to some reported
fibrous filters such as thin polyacrylonitrile/silica nanofibrous membranes that has
AP of 117 Pa at the wind velocity of 5.1 cm/s 24, bead-on-string poly(lactic acid)
fibrous membranes with AP of 165 Pa at the wind velocity of 5.8 cm/s 2°, and a 20-
um-thick polyamide nanofiber membrane with AP of 111 Pa at the wind velocity of
1.92 cm/s %8, The excellent air permeability of our honeycomb-like aerogels can be

ascribed to their highly porous structure and aligned pore channels.
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Figure 5. 9 (a) Filtration efficiency and pressure drop of 5.0 wt% A-lignin/G
aerogels at a thickness of 8 mm under various wind velocities. (b) Comparison of
the filtration efficiency, pressure drop, and QF of A-lignin/G aerogels (the left data
is obtained from 1.1 wt% A-lignin/G aerogels at a thickness of 3.6 mm, and the right
one is obtained from 5.0 wt% A-lignin/G aerogels at a thickness of 8 mm) and
commercial air filters (H13, H11, F7 and G4) at wind velocity of 10.0 cm/s.
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Figure 5. 10 SEM images of (a-c) G4, (d-f) F7, (g-i) H11, and (j-k) H13 filters.

Table 5. 2 Characterization results and filtration efficiency to ultrafine PM particles
at a wind velocity of 10.0 cm/s.

Samples Average Density ~ Thickness Pressure =~ Measured
diameter (mg/cm®) (mm) drop filtration
(um) (Pa) efficiency

G4 22754320  28.8 3.6 7.5 59.5%
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F7 19.25+1.71 32.6 6.0 33.4 84.0 %
HI1 4.67£3.06 159.7 0.45 13.0 80.2 %
HI13 2.35+1.82 275.5 0.9 91.3 99.67 %

Figure 5.11a shows the filtration efficiencies of the honeycomb-like aerogel and H13
HEPA filters as a function of filtration time (up to 600 min). The unique
morphological and surface chemistry characteristics of the lignin-based aerogels
give rise to excellent filtration efficiency over a long period of time as the adsorption
on lignin-based cell walls is mainly dependent on the affinity of the cell walls to the
test particles that are composed of polar organic compounds. By contrast, although
HEPA filters exhibit high filtration efficiency initially, the efficiency decays fairly
fast, which is similar to that reported by Souzandeh et al ?”. The likely reason is that
the deposited particles diminish the electrostatic effects of the HEPA filters that are
made of glass fibers. Figures 5.11b and ¢ show the morphology of the aerogels after
the adsorption of the pollutant gas generated by burning incense. Apart from the well
retained pore channels and cell walls, abundant adsorbed particles with similar size
to that of the test particles are observed, showing the capability of the honeycomb-
like aerogels for efficient adsorption of fine and ultrafine particles. From Figure
5.11b, we can also deduce that the adsorption on cell walls would not easily cause
pore-clogging. By contrast, the high fiber packing density of HEPA filters may easily
cause clogging of small pores 8 2’. In short, the long-term filtration performance and
clogging-resistant potential of our honeycomb-like aerogels make them appealing to

high-capacity air filtration applications.
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Figure 5. 11 (a) The filtration efficiency of the aerogels and H13 filters as a function
of filtration time. The microstructure of the wood-like aerogels after adsorption of
model pollutant particles: (b) the well retained pore channels and cell walls and (c)

the adsorbed particles.

In order to better understand the filtration mechanism of this new class of aerogels,
model particles with dominant size of 0.1, 0.2, 0.3, 0.5 and 1.0 um are used in the
filtration tests (Figure 5.12a). Obviously, the filtration efficiency behavior of the
honeycomb-like aerogels is distinctly different from that of H13 HEPA filters
(Figure 5.12b), which are made of randomly entangled microfibers & 228, For the
HEPA filters, the dominant filtration mechanism for ultrafine particles with size of
< 0.1 pum is diffusion. The ultralfine particles show significant Brownian diffusion
(random motion caused by the collision with gas molecules), leading to its relatively
high capture efficiency. However, the particles with size of > 0.5 pm can also be
captured easily because of interception and inertial impaction (the particles directly
impinge onto the fibers instead of changing moving direction with the air flow). Thus
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the particles with size of around 0.3 pm are the most penetrating ones for the
conventional fibrous HEPA filters 2°-3L, This is in general consistent with our tested
results that the particles with sizes larger than 0.3 um show significantly higher
filtration efficiency than the 0.1-0.3 um particles for HEPA filters. The roughly
comparable efficiency for 0.1-0.3 um particles is probably due to the use of organic
model particles (less charged) in the tests. Unlike conventional fibrous filters that
have random pores (Figure 5.10), our lignin-based aerogels have aligned pore
channels with the lateral size of 20-40 pm. Thus, the filtration by the lignin-based
aerogel filters is more dependent on diffusion mechanism, while the inertial
impaction and interception play less important roles owing to the aligned pore
channels. 0.1 pum particles tend to make random motion due to their collision with
gas molecules, leading to a zig-zag motion path in the filter (Figure 5.12c). As a
result, the probability of these particles interacting with the cell walls is high and
therefore, the filtration efficiency for 0.1 pum particles is the highest. As the particle
size increases, the particle mass and inertia increase, and hence the particles exhibit
straighter and straighter motion path. Owing to the diminished diffusion mechanism,
the probability of adsorption of relatively large particles on the walls of the aligned
pores is lower, causing the decrease of filtration efficiency with increasing particle
size in the range of 0.1-1.0 um. Furthermore, it is observed that for the honeycomb-
like aerogels with a relatively large thickness the filtration efficiency decreases only
slightly with increasing particle size (in the range of 0.1-1.0 um). For example, the
filtration efficiency only reduce from 99.75 % for 0.1 um particles to 99.16 % for
0.5 um particles and 99.10 % for 1.0 um particles. This may be attributed to the
longer pore channels that could increase particle residence time and hence capture
more particles with a relatively small degree of Brownian motion. Therefore, it can
be concluded that excellent filtration efficiency for PM particles with a wide range
of particle size can be achieved by adjusting the processing parameters in the
preparation process. It is worth noting that the trend we observed for air filters with
aligned channels, i.e., efficiency decreases with particle size, is supported by
experimental and simulation work reported by Sibanda et al. for cross-flow filtration,

which showed that that finer particles have higher tendency to be deposited on the
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filter wall when the pore channels were “more opened” under low cross-flow ratios
12 Thus, our results also demonstrate that microstructures of the filters can affect the
filtration mechanism. The air filters with aligned channels can more effectively
capture smaller particles in Brownian motion at a low pressure drop, improving
quality factor of the filters. This work hence provides a new avenue for the design
of high-performance air filters for applications where the targeted pollutant particles
are smaller than 1 um. They may also be combined with HEPA filters for improving
filtration efficiency for ultrafine particles.
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Figure 5. 12 (a) Size distribution curves of model pollutant particles generated from
the aerosol generator with peaks at around 0.1, 0.2, 0.3, 0.5 and 1.0 um, respectively.
(b) Filtration efficiency of the wood-like aerogels (the thick and thin aerogels are 5.0

wt% A-lignin/G aerogels at a thickness of 8 and 3.8 mm, respectively) and HEPA
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filters (H13 and H11) for the particles. (c) Schematics illustrating filtration

mechanisms of the wood-like aerogels for particles of different sizes.

5. 4 Conclusion

In this chapter, a type of honeycomb-like aerogels with composite cell walls
composed of cross-linked lignin and a small fraction of graphene, and aligned
micrometer-sized pores are readily fabricated via facile unidirectional ice-crystal-
induced self-assembly followed by low-temperature annealing. The specially
designed aligned pore channels improve the ease of air flow, efficiently reducing the
AP of the aerogels in filtration. The low-cost, readily available and renewable
biomass, lignin, could be effectively cross-linked via annealing at 300 °C, which
significantly enhances mechanical strength, thermal stability and water/humidity
resistance of the aerogels, while retaining abundant functional groups for adsorption
of pollutant particles. Furthermore, the small amount of graphene layers doped in the
cross-linked lignin enhance stiffness of the aerogels, reduce the volume shrinkage of
the aerogels during the cross-linking process and improve the microstructures,
ultimately reducing the pressure drop of the honeycomb-like aerogels and making
the aerogels mechanically robust. In short, the microstructures of the aerogel filters,
including their porosity, pore size, cell wall constituent and thickness, as well as their
macroscopic shapes, can be easily adjusted to tune the filtration efficiency and
pressure drop. On a side note, it should also be mentioned that the production of GO
involves the use of expensive, harsh chemicals and that the lignin/G aerogel is not
made of entirely sustainable materials. Cheaper and renewable alternatives may be
considered in order to realize the potential of such aerogels for practical filtration
purposes. Nevertheless, the filtration test results show that the aerogel filters exhibit
a combination of outstanding long-term filtration efficiency for ultrafine particles
and low pressure drop, which are better than that of commercial HEPA filters.
Furthermore, through the filtration tests with particles of various sizes, a unique air
filtration behavior is demonstrated for the aerogels, offering a new avenue for design

of sustainable high-performance filters.
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Chapter 6

Robust Three-Dimensional Nanofibrous Aerogels with
Unidirectional Pores Bridged by Tangled Nanofibers as

Highly Efficient and Anti-Clogging Air Filters

In this chapter, NFAs, consisting of electrospun cellulose nanofibers and
lignin as cross-linking agent, endowed with preferably aligned
micrometer-sized fibrous channels, prepared via a facile unidirectional
ice-crystals-induced self-assembly and low-temperature annealing is
reported. It is verified that the hyperbranched macromolecular nature
of lignin could boost the extend of cross-linking, significantly enhancing
the mechanical strength and elasticity, while at the same time could
minimize the annealing-induced shrinkage to maintain a reasonably low
AP. The cross-linking mechanism of cellulose and lignin is also
discussed, with hydrogenation and dehydration reactions being
highlighted as the main contributing factors. The filtration results
suggest that the incorporation of nanofibers together with the aligned
fibrous channels promote outstanding filtration efficiency over a wider
range of particles accompanied with low AP, and heavy loading tests
also indicate anti-clogging features of such NFAs. This work provides a
new strategy to prepare robust and sustainable high-performing NFA

air filters.
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6.1 Introduction

The work presented in Chapter 5 showed that aerogels with unconventional
honeycomb-like morphology could attain comparable ultrafine filtration efficiency
to that of conventional HEPA-grade filters. Simultaneously, the highly porous
structure and aligned pore channels of these honeycomb-like aerogels would result
in excellent air permeability, leading to significantly lower AP. This remarkable
synergistic effect on the overall filtration performance could effectively address the
typical efficiency-AP trade-off problem of fibrous filters. In contrast to conventional
fibrous filters, using test particles with various sizes from 0.1-1.0 um, it was revealed
that the filtration mechanism of honeycomb-like aerogels depends largely on the
diffusion mechanism and particle size; ultrafine particles exhibits the strongest
Brownian behavior and hence, the probability of the particles impinging onto the cell
walls is higher, resulting in the highest filtration efficiency. Nevertheless, the large
thickness of the filter and declining filtration efficiency for larger particle sizes limit
the practical applications of such unconventional aerogels. Furthermore, even
though it was revealed that a small addition of graphene could reinforce the structural
rigidity and reduce thermally-induced shrinkage, the aerogel still lacks elasticity,
which restricts the reusability of such aerogel filters. In addition, the incorporation
of GO also raises some environmental concerns. Thus, aside from addressing the
elasticity and environmental impact of the material, there is also a need to design the
honeycomb-like aerogel such that the specific surface area for adsorption can be
increased and thinner samples can be used, while at the same time not compromising

too much on the ease of air flow to maintain a low AP.

In recent years, a different type of 3D NFA with aligned fibrous channels have been
reported in the literature . The high specific surface area of the nanofibers could
promote high filtration efficiency over a wide range of particle sizes, while the
aligned nanofibrous channels could give rise to a reasonably low AP. Such
hierarchical porous structure is a combination of the aerogel designs introduced in

Chapters 4 and 5, in which both designs could make up for their individual
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shortcomings. So far, only few works on such NFA structures have been explored as
air filters. For instance, Nemoto et. al reported a TEMPO-oxidized cellulose
nanofibril aerogel-containing filter capable of achieving a high filtration efficiency
(99.999%) with a AP of 348 Pa for 0.125 pum particles at a face velocity of 5.3 cm/s
2, Nevertheless, a potential drawback of highly porous 3D aerogels, no matter with
random or aligned pores, is their relatively poor structural stabilities, which hinders
their practical applications as air filters due to the constant compressive force exerted
by the airflow in the filtration process. This weakness may be overcome by
introducing chemical and/or physical cross-links to improve the robustness of NFAs.
For example, Qian et. al reported a novel polyimide (PI) aerogel filter with thermally
induced cross-links, which demonstrated no deformation even after 1000 loading-
unloading fatigue cycles °. Deuber et. al used a thermal cross-linking procedure to
improve the mechanical stability of their pullulan/poly(vinyl alcohol) blend 3D NFA

filters and rendered their NFAs water-insoluble 2

, While they also showed the
potential of the NFAs as deep-bed filters, which could accommodate much higher
dust loadings than nanofibrous membranes (NFMs) without compromising the filter
performance 3. As mentioned in Chapter 5, amongst various reinforcement methods,
thermal cross-linking has emerged as a more facile and cheaper method. However,
it is widely known that the major drawback of this method is the annealing-induced
shrinkage of the porous materials, especially at relatively elevated temperatures (>
500°C), which could induce pore size reduction or even pore structural change of the
porous materials ®8. To minimize such unfavorable morphological change, a
plausible approach is to introduce hyperbranched macromolecular cross-linking
agents into the systems, which could act as spacers between the fibers to prevent
highly porous 3D NFAs from collapsing into much denser structures. In addition,
since the contacting area between adjacent nanofibers are expected to be small in
general, the contact of hyperbranched macromolecules with nanofibers may also
boost cross-linking reactions. Nevertheless, so far the cross-linking agents employed
are typically linear polymers %%, In addition, most of them are expensive and/or
synthetic chemicals generated from non-renewable precursors, which hamper their

practical applications and raises some environmental concerns > 2, Therefore, there
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is a need to identify a more economically viable and environmentally benign cross-
linking agent that could make 3D NFA filters more robust and durable, while at the
same time largely reduce the negative effect of the thermal cross-linking process on
the morphology of the NFAs so that high filtration efficiency and low AP can be

achieved simultaneously.

In the previous chapter, we introduced lignin, a biomass-based product that could
potentially be used to fabricate high-efficiency aerogel filters. Another interesting
fact of lignin is that it is also a type of hyperbranched natural macromolecules. In
this chapter, we demonstrate that lignin could be used as an effective cross-linker for
fabrication of lignin/cellulose-based 3D NFAs with preferably aligned pores and
hierarchical porous structures, which exhibit both superior mechanical properties
and ultrahigh porosities (> 99 %). The lignin/cellulose-based NFAs were fabricated
via directional ice-templating and low-temperature annealing. The annealed NFAs
show promising potential for the filtration of airborne PM particles of various sizes
with remarkable filtration efficiency accompanied by low resistance to air flow.
Unlike recently reported cellulose-based aerogels 316, by subjecting the as-prepared
lignin/cellulose NFAs to low-temperature annealing, we revealed that the material
shrinkage could be largely minimized, and hence the initial morphology of the NFAs
could be largely retained after the annealing, minimizing the negative effect of
thermal annealing on porosity and pore structures, which are essential for high
filtration efficiency and low AP. Furthermore, our results also suggest that lower
annealing temperatures could reduce the extent of material decomposition, retaining
most functional groups for PM adsorption and also enabling a high yield of product.
The relationship between the NFA morphology and filtration mechanism was also
established, to further demonstrate the advantages of incorporating lignin. Long-
term loading tests were also performed to validate the anti-clogging properties of the
lignin-cross-linked NFAs. Through this work, it is believed that this facile cross-
linking approach offers a new generic route to prepare highly efficient and robust

NFA filters with clog-resistant properties.
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6.2 Experimental

6.2.1 Materials

Cellulose acetate (CA, Mn = 50,000 g mol™), Kraft lignin, N,N-dimethylacetamide
(DMAC, anhydrous, 99.8%), sodium hydroxide pellets were purchased from Sigma-
Aldrich (Singapore) and acetone (> 99.8%) was purchased from Fisher Scientific

(U.K.). All reagents were used as received without further purification.

6.2.2 Preparation of Cellulose Acetate Solution for Electrospinning

14 wt% CA solution was prepared in a mixed solvent of acetone and DMAC in a
ratio of 2:1 and left to stir overnight under room conditions. Then, the as-prepared
CA solution was subjected to electrospinning, using a self-assembled
electrospinning setup equipment, with an applied voltage of 15 kV, feed rate of 0.7
mL/h, working distance of 10 cm and the electrospun fibers were collected on a
conductive collector for further processing. The electrospinning was run under room
conditions with a relative humidity (RH) of 70-80%.

6.2.3 Fabrication of Cellulose/Lignin Aerogels

The as-spun nanofibers were then treated in a 0.5M NaOH solution to convert the
acetate functional groups to hydroxyl groups, regenerating cellulose nanofibers in
the process. Then, cellulose nanofiber suspension was prepared in deionized (DlI)
water and homogenized using an ultrasonic sonicator (Scientz-750F) to obtain a
slurry with short electrospun nanofibers. A measured amount of Kraft lignin was
also dissolved in DI water to prepare lignin aqueous suspension. Subsequently, the
slurry and lignin solution were used to prepare 2 wt% cellulose/lignin (C/L) mixture
in the ratio of 14:1. The C/L mixture was then casted in a cylindrical Teflon mold
with a metal base immersed in liquid nitrogen (-196°C) to facilitate unidirectional

freezing. Due to the insulating nature of the Teflon mold, the temperature gradient
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created between the upper and lower sides of the C/L mixture is the main driving
force for the unidirectional growth of ice crystals upwards. The frozen samples were
then placed in a freeze-drier for 48 h to obtain the cellulose/lignin NFAs endowed
with ice-crystal-induced aligned hierarchical porous channels and cell walls. The
NFAs were further subjected to low-temperature annealing at 250°C under inert
purified argon (99.9995%) atmosphere, in order to obtain robust cellulose/lignin
NFAs. 2 wt% pure cellulose NFAs were also prepared based on the same methods
to obtain annealed cellulose NFAs to be used as a reference for comparison. The
same lignin suspension was also used to prepare pure lignin aerogels as reported in
our previous work 17, which will be used as a reference for the thermogravimetric

analysis of the cellulose/lignin NFAs.

6.2.4 Characterization

The morphology of the NFAs was studied under a field emission scanning electron
microscopy (FESEM, JEOL 7600F) at an acceleration voltage of 5kV. The densities
of the aerogels were estimated by evaluating the weighted mass and measured
dimensions of the cylindrical-shaped aerogels. The porosities of the aerogels were
estimated from the measured apparent densities of the NFAs and the corresponding
bulk material (Porosity = 1-pnra/pcellutose; Peeliulose = 1.5 g/cm?®). The thermal stability
of the aerogels was analyzed using a thermogravimetric analyzer (TGA, TA
Instrument Q500). The functional groups involved with the cross-linking of NFAs
were investigated with Fourier Transform Infared Spectrometry (FTIR, Perkin Elmer
Spectrum One) in ATR mode. TGA-FTIR, using another TGA equipment (TA
Instrument Q50) coupled with FTIR (Thermo Scientific, Nicolet iS10), was also
conducted from room temperature to 300°C at a heating rate of 10°C/min using
purified nitrogen (99.9995%) at a flow rate of 90 mL/min to maintain an inert
atmosphere. All interferograms with adsorption spectra were collected during
pyrolysis, and the spectrum scope was in the range of 600-4000 cm™ with a

resolution factor of 1 cm™. A tensile tester (Instron 5567) with a 10N load cell was
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used to perform compression tests on the cylindrical-shaped NFAs and the

compression rate adopted was 1.9 x 103/s.

6.2.5 Air Filtration Test

In this work, the filtration tests were carried out in a similar method as reported in
our previous works 119, A schematic diagram of the testing facility is shown in
Chapter 3. Briefly, also explained in Chapter 3, the model PM particles were
generated by an aerosol generator (SLG 250, Topas), which utilizes diethylhexyl
sebacate (DEHS) as the aerosol particles and the PM concentration was controlled
by diluting the chamber with clean air down to a level equivalent to the hazardous
pollution standard set by WHO (PM25 > 300 ug m'®). The particle concentration was
measured using an optical particle sizer (OPS 3330, TSI Instruments Ld) and a
condensation particle counter (Nanoscan SMPS 3910, TSI Instruments Ld) before
and after filtration and the data obtained was evaluated with a normalization software
(MIM, TSI Instruments Ld) The pressure drop was measured using a differential
pressure gauge (Digital Manometer, Bluewind Laboratory Pte Ltd). The face
velocities adopted in the filtration testing were 5 cm/s, 10 cm/s and 14 cm/s,
calibrated using an air velocity meter (Airflow instruments velocity meter TA430,
TSI Instruments Ld). Stability tests were carried out under a constant compressive
force (face velocity = 5 cm/s) for 40 h at RH 60%.

6.3 Results & Discussion

6.3.1 Morphologies and Mechanical Properties of the NFAs

The general fabrication method for the cellulose/lignin nanofibrous aerogels
(CLNFAS) is shown in Figure 6.1a. In brief, the CLNFAs were first prepared via
electrospinning of cellulose acetate (CA) nanofibers followed by the alkaline
hydrolysis of the ester group to regenerate cellulose nanofibers and then

homogenized into shorter strands of nanofibers to create a uniform aqueous
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suspension. With the addition of a small amount of lignin suspension into the fiber
suspension, unidirectionally aligned fibrous channels with hierarchical porous
structures can be created via directional freezing with a temperature gradient
followed by freeze-drying to form the CLNFAs. Subsequently, the CLNFAs were
subjected to a low-temperature thermal treatment to obtain annealed CLNFAs (A-
CLNFAs). The morphologies of the CLNFA and A-CLNFA are illustrated in the
schematic diagram in Figure 6.1bi and shown in the FESEM images in Figure 6.1bii
to iv. The top views of the NFAs (Figures 6.1bii and iv) resemble that of a typical
honeycomb structure, while in the cross-sectional views we could observe aligned
fibrous channels (Figures 1biii and v), which are dissimilar to commonly reported
honeycomb-like nano- and micro-structured materials with solid cell walls 2022, At
a larger magnification, it could be clearly seen that apart from the primary pores (few
microns) formed simply due to fiber entanglement, the growth of ice-crystals during
freezing also generated aligned secondary pores with lateral size of 50-120 um
(Figure 1c). It is also interesting to note that within these secondary pores, there are
still loose fibers hanging from the cell walls, which intertwined and entangled to
form pores with sizes that lies between that of the primary and secondary pores. Such
hierarchically structured porosity of the NFAs could provide a larger specific surface
area for PM adsorption, while simultaneously keeping AP low owing to the low fiber

packing density in the preferably aligned secondary pores.
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(a)

Electrospinning
(b) (i)

Figure 6. 1 (a) Schematic diagram of the NFA fabrication process. (b) (i) Schematic
illustration of the as-prepared freeze-dried NFA. FESEM micrographs of the top
view and cross-section of NFA (ii & iii) before (CLNFA) and (iv & v) after (A-
CLNFA) annealing, respectively. The insets in b(ii) and (iv) are the digital photos of
CLNFA and A-CLNFA, respectively. (c) FESEM micrographs of the primary and
secondary pore structures of a single fibrous channel of the NFAs.

As mentioned in the introduction section, lignin was added in as a cross-linker to
improve the mechanical robustness of the material in order to withstand constant
compressive forces during air filtration. In order to validate this hypothesis,
cylindrical-shaped CLNFA and A-CLNFA were prepared and subjected to
compression tests. Similarly-shaped cellulose NFAs, in unannealed (CNFA) and
annealed (A-CNFA) forms, were also prepared to be used as references for the
compression tests. The resultant apparent stress-strain curves are shown in Figure
6.2a. The apparent compression moduli of the various NFAs could be estimated from
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the initial, relatively straight parts of the compression curves (strain < 30%). The
compression curves demonstrate that the compression moduli of the CLNFA (155
Pa) and A-CLNFA (61 Pa) are greater than that of CNFA (63 Pa) and A-CNFA (44
Pa), respectively, confirming that the addition of lignin does improved the robustness
of the NFAs. Since A-CNFA and A-CLNFA used in the compression test possess
similar fiber diameters and porosities (Table 6.1), it is obvious that the extent of
cross-linking in A-CLNFA is greater than that of A-CNFA. Nonetheless, the insets
in Figure 6.2a indicate material shrinkage as a result of the thermal cross-linking
treatment. The shrinkage could result in morphological changes within the material
such as the pore size and porosity, which may in turn affect the drag force across the
NFA filters. Thus, it is obvious that there exists a trade-off relationship between the
mechanical properties and AP of the NFA filters. Figure 6.2b-e shows the top view
and cross-sectional morphologies of CNFA and A-CNFA. Table 6.1 also
summarizes the average secondary pore sizes and porosities of CNFA, A-CNFA,
CLNFA and A-CLNFA. It is apparent that the addition of a hyperbranched
macromolecular cross-linking agent (lignin) can help to reinforce the structure of the
NFA (Figure 6.1bii-v), minimizing the pore shrinkage, which may be beneficial in
easing the air flow across the aerogel and hence, minimize the increase in AP.
Contrastingly, with the absence of lignin, it is evident that the pore size of A-CNFA
has shrunk significantly after the annealing process (Figure 6.2b-e and Table 6.1).
The details of the material shrinkage on AP will be further discussed under the
filtration performance in section 6.3.4. From the compression curves in Figure 6.2a,
it is also interesting to note that the thermal treatment resulted in a reduction of the
compression moduli of the NFAs, which could be attributed to the weight loss during
the annealing process that resulted in slight reduction of NFA densities (Table 6.1).
However, simultaneously, the elasticity of the NFAs is also improved greatly due to
the cross-linking, allowing the NFAs to possess higher flexibility and is more likely
to retain its initial shape when subjected to compressive forces. In order to further
verify this improved elasticity, A-CLNFA was further subjected to repeated
compressions by a 1509 calibration weight (Figure 6.2f), which is more than 5000
times the mass of the NFA and it demonstrated remarkable recovery of its original
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height. Thus, such superior mechanical integrity of the A-CLNFA further
demonstrate the potential of this material as durable air filters.

Apparent Compressive Stress (kKPa)

Figure 6. 2 (a) Typical apparent stress-strain curves of CNFA, CLNFA, A-CNFA
and A-CLNFA. The inset in (a) is the digital pictures of CNFA and CLNFA (top),
and A-CNFA and A-CLNFA (bottom) used in the compression tests before and after
annealing, respectively. FESEM micrographs of the top view and cross-section of
cellulose NFA (b, c) before (CNFA) and (d, e) after (A-CNFA) annealing,
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respectively. (f) The compression process of an A-CLNFA using a 150g calibration

weight.

Table 6. 1 Average fiber diameters, apparent densities, average secondary pore sizes

and porosities of the various NFAs used for compression test.

Average Average
] Apparent ] )
Fiber ) Secondary Porosity Height
Sample ) Density )
Diameter Pore Size (%) (mm)
(mg/cm?®)
(Hm) (Hm)
CNFA  0.362+0.116 17.9 50-120 98.81 11.73 £0.13
A-CNFA 0.186 £ 0.061 13.5 20-80 99.10 8.31 +0.16
CLNFA 0.318 £0.099 20.3 50-120 98.65 11.60 £0.21
A-CLNFA 0.229 +£0.092 13.5 40-110 99.10 10.37 £0.03

To further demonstrate the benefits of incorporating lignin, the extent of cross-
linking was further studied under FESEM and the results are presented in Figure 6.3.
Unlike the cross-linking that takes place only at fiber contacting points in A-CNFA
(Figure 6.3a and b), FESEM evidence also reveals that the lignin not only reinforce
at fiber agglutination points but also occupy the spaces within the voids of adjacent
fibers (Figure 6.3c and d), providing further evidence that the presence of
hyperbranched macromolecular lignin could boost the extent of cross-linking within
the NFA.
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Figure 6. 3 FESEM images of the nanofibers in (a, b) CLNFA (before annealing)
and (c, d) A-CLNFA (after annealing).

6.3.2 Cross-Linking Mechanism

Besides considering the effects of cross-linking on the morphology and mechanical
properties, it is also important to understand the fundamental mechanisms that lead
to the cross-linking process. In recent decades, extensive studies have been done to
understand the pyrolysis of lignocellulosic biomass due to their promising potential
as alternative energy sources (mainly bio-oil extraction) 26, Nonetheless, the
extraction of the different components in the biomass remains a challenge due to the
complexed chemical compositions and network, which greatly affects the yield and
purity of the products obtained. Although the quality of the pyrolyzed biomass
products can be predicted to some extent by a simple additive law based on the
individual conversion of each constituent, the reaction mechanisms that occur during
pyrolysis are still poorly understood. It is also reported in the literature that the
reactor temperature and heating rate, which determine the reaction pathways, are
correlated to the char production 2’2, Yu et. al mentioned that low heating rates
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facilitate cross-linking reactions to take place due to the longer reaction time,
indicating that the extent of cross-linking can be optimized by choosing an
appropriate heating rate during the annealing process 2. Many researchers have
attempted to explain the chemical interactions of the three main lignocellulosic
biomass components (lignin, hemicellulose and cellulose) individually and
combined as a mixture, but most mainly focused on pyrolysis at temperatures above
500°C to 1200°C with extremely fast heating rates, which may not be sufficient to
explain the cross-linking mechanisms that took place during the low-temperature
annealing of CLNFAs %% Furthermore, most literatures focused on the tar
formation rather than on char formation. Therefore, in this work, based on the
individual and combined pyrolysis of lignin and cellulose as well as reports from the
literature, an elucidation of the cross-linking mechanism was attempted.

This study adopts a low temperature (250-300 °C) for the annealing process, and also
a slow heating rate (2-5 °C/min) during the annealing process to maximize the extent
of cross-linking while maintaining a relatively high yield of product. The pyrolysis
of lignin and cellulose was investigated via thermogravimetric analysis (TGA)/
derivative thermogravimetry (DTG). In order to provide a more comprehensive
comparison, pure lignin aerogels were also prepared to be used as a reference. The
conditions of the TGA is set such that the environment emulates the annealing
process in the tube furnace; 5 °C/min ramp rate to 110 °C and maintaining for 1 h to
remove excess moisture, followed by ramping the temperature by 2 °C/min to 250
°C and maintaining for 2 h, then ramping the temperature to 300 °C at a rate of 2
°C/min. The TGA/DTG curves of the various aerogels are shown in Figure 6.4, in
which all of the aerogels demonstrated two distinctive weight loss phases. As
mentioned, the first weight loss from 50°C to 110°C is due to moisture evaporation.
The next significant weight loss occurs at the isothermal temperature of 250°C with
the CLNFA exhibiting the largest DTG peak, demonstrating that stronger chemical
interactions occurred between lignin and cellulose than that of the individual
components. It is also worth noting that some extent of cross-linking within the

CLNFA is initiated when temperature rises above 200°C. Nevertheless, as the
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temperature increases beyond 250°C, the decomposition of cellulose increased
sharply, while the CLNFA and lignin aerogel demonstrated relatively stable and low
weight changes, indicating higher thermal stability at elevated temperatures.
Intriguingly, the smaller DTG curve of CLNFA beyond 250°C implies that the
presence of lignin in CLNFA enhances the thermal stability of cellulose and
promotes a larger yield of CLNFA at higher temperatures. This implication is further
supported by the literature that lignin is known to melt and form agglomerates at
temperatures a little over 100°C, which can form char films that wrap around the
cellulose surface, acting as a heat barrier, limiting mass transfer and providing good
contact between pyrolysing components that promotes re-polymerization into gas
and secondary char formation 2% 3! Furthermore, it is found from our experiments
that the weight loss of cellulose is in fact much higher than that of the CLNFA, as
shown in the inset in Figure 6.2a. Thus, it is obvious that the actual temperature of

the tube furnace is in fact higher than 250°C but lies somewhere between 250-300
°C.
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Figure 6. 4 Thermogravimetric traces of lignin aerogel, CNFA and CLNFA.

139



Robust Biodegradable NFA with Unidirectional Pores Chapter 6

In order to identify the chemical species involved in the cross-linking process, the
functional groups present before and after annealing were studied using FTIR, and
TGA-FTIR have been performed to investigate the type of gaseous products that are
released during the pyrolysis. The FTIR spectra (Figures 6.5, 6.6 and 6.7) confirm
that most of the functional groups are retained even after the annealing process,
which is crucial for PM adsorption. Since the annealing temperature fluctuates
between 250-300°C, hence, the time-dependent 3D FTIR plot is provided within this

temperature range.

Cross-Linking Mechanism in Cellulose

As shown in Figure 6.5a, it can be observed that the C-O ether stretching bands
(1020-1061 cm™) and OH stretching band (3061-3636 cm™) are significantly
reduced at 250°C, indicating the cleavage of C-O and OH bonds. This observation is
in agreement with the literature as it was reported that depolymerization due to the
rupture of glycosidic ether bonds can occur before 300°C, leading to the formation
of levoglucosan, and dehydration reactions are the main driving force of thermal
cross-linking reactions with H.O molecules being released at temperatures as low as
200°C %', The new carbonyl peak of A-CNFA (1698 cm™) corresponds to the enol-
keto tautomers formed during the chemical elimination of water from inter- and
intra-molecular of cellulose chains 3. The 3D FTIR plot in Figure 6.5b further
confirms the release of H,O molecules (3400-3800 cm™) during the annealing
process. The C=0 peaks (1758-1791 cm™) can be ascribed to the thermal
degradation of the enol-keto tautomers, forming carboxyl groups, which can also
fragment to give CO2 (2308-2353 cm™) and CO (1072-1183 cm™) 3. Cross-linking
is define as the increase in the connection (physical/chemical interactions) within
networks, thus, the main driving force of the cross-linking reactions in cellulose is

dehydration as new covalent bonds are formed within and between cellulose chains.
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Figure 6. 5 (a) FTIR spectra of CNFA and A-CNFA. (b) 3D FTIR plot against

temperature of the gaseous products released during annealing of CNFA.

Cross-Linking Mechanism in Lignin

On the contrary, lignin undergoes a different mechanism as compared to cellulose.
The functional groups present before and after annealing at 250°C are presented in
the FTIR spectra in Figure 6.6a. The decline in the C-O ether bands at 1038 cm™ and
1220 cm! signifies the cleavage of the ether linkages within the three-dimensional
structure of lignin. Interestingly, it is also widely reported that the (B- and a-) alkyl
aryl ether linkages of lignin are the more reactive species within the complex three-
dimensional network, playing a key role in the primary pyrolysis reactions, which
resonates with our observation 2"-343¢_Shen et. al also reported that the cleavage of
the reactive aryl-alkyl-aryl ether bonds can give rise to side-chains with guaiacol-,
syringol-, cresol-, catechol- and phenol-type derivatives, that may also take part in
the cross-linking via dehydration reactions . The 3D FTIR plot of the gas products
released during the annealing process (Figure 6.6b) also indicates the loss of H2O
molecules (3429-3961 cm™), further reaffirming the occurrence of dehydration
reactions. Furthermore, the strong aromatic (700-900 cm™) and C=0 (1509-1541
cmt) bands can be attributed to the ether bond cleavage and phenolic-Cs alkyl side
chains, releasing small aromatic compounds and propanal respectively ** 7. The

CO2 band (2316-2378 cm-1) can be ascribed to the formation of oxygenated
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compounds during the rearrangement of chemical groups as a result of the ether
bonds cleavage 3* %, The weak broad band at 2878-2995 cm™ also reveals the
formation of methanol is being initiated from around 250°C-300°C onwards,
signifying possible hydrogenation of methoxyl groups (-OCHs) on the aromatic
rings. To conclude, other than the cleavage of ether and carbonyl bonds, the
elimination of water and hydrogenation of side chains appear to be the main cross-

linking reactions, forming new covalent bonds within the lignin structure.
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Figure 6. 6 (a) FTIR spectra of lignin before and after annealing. (d) 3D FTIR plot

against temperature of the gaseous products released during annealing of lignin.

Cross-Linking Mechanism Between Cellulose and Lignin

The information derived from the individual annealing of cellulose and lignin is
crucial in the comprehension of the cross-linking mechanisms of A-C/L NFAs. The
FTIR spectra in Figure 6.7a show the prevailing functional groups before (CLNFA)
and after (A-CLNFA) annealing, and the 3D FTIR plot in Figure 6.7b shows the
temperature-dependency of the formation of gaseous products. It can be observed
that the FTIR spectra of CLNFA and A-CLNFA are similar to that of cellulose
(Figure 6.5a) but are dissimilar to that of lignin (Figure 6.6a), which can be attributed
to the high cellulose-lignin ratio (14:1) in the CLNFA. Moreover, due to the presence
of many oxygen-containing functional groups in both cellulose and lignin, strong

142



Robust Biodegradable NFA with Unidirectional Pores Chapter 6

hydrogen bonds may be forged, over-shadowing the FTIR signals of lignin.
Therefore, likewise, the FTIR spectra of A-CLNFA (Figure 6.7a) revealed the
decline of both C-O (1033-1267 cm™*) and OH (3031-3668 cm™) bands, suggesting
similar fracturing of ether bonds and the occurrence of dehydration reactions;
glycosidic bonds in cellulose and (B- and a-) alkyl aryl ether bonds in lignin. The
supplementary 3D FTIR plot in Figure 6.7b also confirms the release of water vapor
(3500-3900 cm't). Additionally, the prominent band occurring at 2813 cm™ and 2899
cm™? can be ascribed to the emission of methane or methanol, which may be
attributed to the hydrogenation of the methoxyl (-OCH?3) group on the phenyl rings
of lignin or the cracking of methylene (-CH,-) side chains 34. Also, the lack of
aromatic peaks suggests that the reaction pathways have been altered significantly
when lignin and cellulose are annealed together at 250°C, indicating that most of the
benzene rings remain intact in the carbon backbone of lignin providing a more robust
network. Furthermore, the 3D FTIR plot of the gaseous products of A-CLNFA is
very much different compared to that of A-CNFA (Figure 6.5b) and A-PL (Figure
6.6b), suggesting that the dehydration and hydrogenation reactions also occur

between cellulose and lignin.
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Figure 6. 7 (a) FTIR spectra of CLNFA and A-CLNFA. (b) 3D FTIR plot against
temperature of the gaseous products released during annealing of CLNFA.
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Therefore, based on our study and the literature, a schematic diagram of the possible
cross-linking mechanisms that occur in the A-CLNFA during annealing at 250°C is
shown in Figure 6.8. Since the ether bonds in lignin will be broken during annealing,
it is assumed that the terminal side chains of lignin in the NFA will contain guaiacol-
, syringol-, cresol-, catechol and phenol-type groups that are rich in hydroxyl groups.
The scheme mainly depicts some possible dehydration and hydrogenation reactions
that may occur between a hydroxyl group and any H-donor that come from either
cellulose or lignin. Additionally, intra- and intermolecular dehydration of cellulose
are also illustrated in the scheme, further highlighting that the cross-linking does not
only occur between the two constituents but also within each constituent as well.
Although not illustrated in Figure 6.8, it is also worth noting that other than
dehydration and hydrogenation reactions, chemical transformations within the
structures and strong hydrogen bonding also exists within/between the cellulose and
lignin due to the large amount of hydroxyl, carbonyl and ether functional groups on

both constituents.
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Figure 6. 8 Schematic diagram of the possible reaction mechanisms that occur
during A-C/L NFA annealing at 250°C.
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6.3.3 Anti-Clogging Properties of the NFAs

It was hypothesized that the multi-scale hierarchical porous structure formed from
the ice-templates in the NFAs can introduce clog-resistant properties. In order to
verify this feature of the NFAs, two types of A-CLNFAs were prepared and
subjected to heavy loading test (Figure 6.9); one with isotropic morphology (iNFA)
and with aligned fibrous channels (AFNFA). The iNFA was fabricated simply by
freezing the sample at -20°C instead of using liquid nitrogen, in which the higher
freezing temperature would allow larger ice crystals to form slowly and randomly
within the NFA, causing the nanofibers to be randomly oriented in all directions
(Figure 6.9a). Differently, the morphology of AFNFA shows the presence of both
primary and secondary pores (Figure 6.9b). The apparent densities and filter
thickness are presented in Table 6.2. It is also worthy to note that the iINFA was
slightly denser and thicker than the AFNFA in order to achieve a comparable
filtration efficiency to that of AFNFA. These NFA filters were then subjected to a
continuous flow of 0.5 um DEHS particles for 40 h (face velocity = 5 cm/s). The
change in pressure drop and, the initial and final filtration efficiencies of AFNFA
and iINFA were recorded, and shown in Figure 6.9c, respectively. It is apparent that
the AFNFA does not clogged up as easily as the iNFA as seen in the FESEM
micrographs in Figures 6.9a and b, suggesting that the aligned secondary pores of
AFNFA allow for more deep-bed filtration, while the densely packed surface of
iNFA gets clogged up more easily due to the higher fiber packing density and smaller
pore sizes. Moreover, the greater amount of DEHS particles adsorbed (~39 g/m?)
further supports that AFNFA allows for a larger extent of depth filtration as
compared to that of iNFA (~23 g/m?). Additionally, due to such anti-clogging
properties, the pressure drop of A-CLNFA remains relatively consistent even after
40 h of particle loading while at the same time maintaining a high filtration efficiency
(Figure 6.9c). On the other hand, the pressure drop of iNFA significantly increased
after 40 h of particle loading. Thus, it is clear that the aligned porous architectures
could render the NFA filters with anti-clogging properties, which could extend the
lifetime of the 3D NFA filters.
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Figure 6. 9 FESEM micrographs of A-CLNFA with (a) isotropic morphology
(iNFA) and (b) aligned fibrous channels (AFNFA) after 40 h of DEHS particle
loading. (c) Long-term filtration performance of AFNFA and iNFA.

Table 6. 2 Thickness and apparent densities of the A-CLNFAs used for the heavy

loading test.
) Apparent Density
Sample Thickness (mm)
(mg/cm?)
AFNFA 5.44 16.7
INFA 6.47 37.8

6.3.4 Air Filtration Performance of the NFAs

The filtration efficiencies and pressure drops of the NFAs were explored using 0.1,
0.3, 0.5 and 1.0 um DEHS particles generated via an aerosol generator (SLG 250,
TOPAS), which simulates organic airborne particulate matter caused by biomass
burning *°-°, The number distributions of the generated DEHS particles are shown
in Chapter 3. From the sharp peaks in the distribution curves, it is apparent that the
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generated DEHS particles display a narrow size distribution around the desired
particle sizes. Besides exploring the filtration efficiency and pressure drop, the
quality factor (QF) of each NFA filter was also determined to assess the overall
filtration performance of the filters. QF is defined as — In (1-E)/ AP, where E and P

denote the filtration efficiency and pressure drop across the filter respectively.

To demonstrate the benefits of lignin, both A-CLNFA and A-CNFA with
comparable densities and thickness were prepared, with the latter acting as a
reference. The filter thickness and their apparent densities are provided in Table 6.3.
As shown in Figure 6.10, it is evident that the A-CLNFA possesses significantly
lower AP than that of A-CNFA at the various tested face velocities (5, 10, 14 cm/s),
with the AP amplifying proportionately with the surge of the face velocity. Besides
the marginally lower apparent density of A-CLNFA (Table 6.3), the significantly
lower AP could be attributed to the presence of a molecular cross-linking agent;
lignin is the molecular cross-linker employed in this work. In order to verify this
phenomenon, the cellulose/lignin (C/L) ratio was varied to investigate the effects of
molecular lignin on the cell wall morphology of the aligned fibrous channels and the
results are summarized in Figure 6.11a. The FESEM images show the morphologies
of the cross-section of various A-CLNFAs with decreasing C/L ratio from (i) to (iv);
lesser cellulose and more lignin within the NFA. It is apparent that the pores along
the cell walls become more congested when the composition of lignin starts to
dominate the NFA structure, creating more hollow fibrous channels in the process.
This is further supported by the decreased in AP as the amount of lignin content
increased (Figure 6.11b), demonstrating that the relatively hollow fibrous channels
could give rise to lesser air resistance across the A-CLNFA filters. This occurrence
could be ascribed to the molecular diffusion of lignin, which amplifies with the
increasing proportion of lignin content that helps to guide more cellulose nanofibers
towards the cell walls during the unidirectional freezing process. It is also interesting
to note that the larger material shrinkage of A-CNFA could also be a contributing
factor to the large AP as the smaller pore sizes (Table 6.1) could cause greater

obstructions to the air flow and result in larger air resistance across the NFA filter.
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Thus, owing to the presence of molecular lignin cross-linking agent, the larger and
hollower fibrous channels could help to ease the air flow, which in turn minimizes
the drag force across the A-CLNFA filter and hence reduce AP.

Table 6. 3 Average thickness and apparent densities of A-CLNFA and A-CNFA

used in filtration test.

) Average Apparent
Sample Average Thickness (mm) ]
Density (mg/cm?)
A-CLNFA 5.35+0.03 16.3+0.6
A-CNFA 5.70 £ 0.26 18.0+0.1
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Figure 6. 10 Pressure drop of A-CNFA and A-CLNFA at various face velocities (5

cm/s, 10 cm/s and 14 cm/s).

148



Robust Biodegradable NFA with Unidirectional Pores Chapter 6

I Filtration Efficiency (%)
0 Pressure Drop (Pa)
B Quality Factor (x 10°Pa”)

Figure 6. 11 (a) SEM images of the cross-section of the various NFAs with C/L ratio
of (i) 14/1, (i) 2/1, (iii) 1/2, and (iv) 0/1. (b) Filtration performance of the various
A-CLNFAs with different C/L ratios for 0.3 um DEHS model haze particles at face

velocity of 5 cm/s.

In a typical fibrous medium, it is expected that a reduction in AP would ultimately
decrease the filtration efficiency of the filter as this alteration in the filtration
performance is often achieve via a smaller fiber packing density (smaller specific
surface area for adsorption). Contrarily, in this work, the approach to reduce AP
involves the manipulation of the positions and orientations of the cellulose
nanofibers within the NFA structure. Hence, it is worthy to note that the effects of
the molecular cross-linking agent on the NFA filtration efficiency and filtration
mechanism have not yet been established. Therefore, the filtration efficiencies of A-
CLNFA and A-CNFA for 0.1, 0.3, 0.5 and 1.0 um particles were also investigated
at various face velocities (5, 10, 14 cm/s) and the results are presented in Figure 6.12
and Table 6.4. It is evident that at face velocity of 5 cm/s, despite possessing a
significantly lower AP, A-CLNFA displays similarly high filtration efficiency for
0.1 um particles (99.86%) to that of A-CNFA (99.87%). Moreover, even though the
A-CLNFA have a marginally smaller thickness and lower apparent density (Table
S2), the filtration efficiencies for larger particles (0.3, 0.5 and 1.0 um) have been
demonstrated to be relatively higher than that of A-CNFA. The overall higher
filtration efficiency of A-CLNFA could be ascribed to the presence of lignin in A-
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CLNFA. Since lignin is commonly known to contain vast amounts of polar organic
functional groups, these chemical groups may be instrumental to the adsorption of
organic PM. On the other hand, from Figure 6.12, it is also obvious that the filtration
efficiencies of both A-CNFA and A-CLNFA are particle size-dependent. Typically,
in conventional fibrous filters with isotropic morphology (randomly oriented fibers),
the filtration efficiency generally increases with particle sizes, in which the most
penetrating particle size (MPPS) occurring around 0.3-0.5 um where efficiency is
the lowest 143, It is worthy to mention that although NFA filters with aligned fibrous
channels have been reported in the literature 3, the apparent density of the NFA is
significantly larger (48 mg/cm?®), and therefore the filtration mechanism strongly
resembled that of conventional fibrous filters. Differently, both A-CNFA and A-
CLNFA prepared in this work, exhibited increasing filtration efficiency with smaller
particle sizes, which is atypical of conventional fibrous filters. This anomaly could
be attributed to the change in filtration mechanisms due to the significantly lower
apparent densities (Table 6.3) and more hollow fibrous channels of A-CNFA and A-
CLNFA. Schematic diagrams of the particle flow regimes in typical isotropic NFA
filters (iNFA) and NFA with aligned fibrous channels (AFNFA) filters are illustrated
in Figures 6.13a and b, respectively. It is widely known that the three main filtration
mechanisms of fibrous filters for sub-micron particles are inertial impaction,
interception and diffusion (Figure 6.13a). Inertial impaction occurs when a particle
is so large (usually > 0.5 um) that it is unable to adjust to the abrupt changes in the
streamline direction, resulting in the collision onto nanofiber surface within a close
proximity. Interception ensues when a particle (0.1-0.5 pm) following along the
streamline comes within one particle radius from the nanofiber. Diffusion is the
result of the erratic zigzagging Brownian motion of very small particles (< 0.1 um)
that causes collision onto the nanofiber surface. This flow regime typically governs
the filtration mechanism of fibrous filters for sub-micron particles. Contrastingly, as
reported in our previous work comprising of lignin-based aerogels with aligned solid
channels Y/, particles travel through micrometer-sized hollow channels (20-40 um)
with non-porous cell walls, in which the most effective filtration mechanism of PM

is via the diffusion capture. Interception and impaction were otherwise demonstrated
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to be less dominant due to the hollow nature of the filter channels. Similarly, at face
velocity of 5 cm/s, both A-CNFA and A-CLNFA also demonstrated the highest
filtration efficiency for the smaller 0.1 um DEHS particles. Nonetheless, it is also
intriguing to note that the filtration efficiency is the lowest for 0.3 um DEHS
particles, demonstrating that the MPPS lies close to this particle size, which is a
characteristic feature of conventional fibrous filters. Since AFNFA possesses
distinctive traits from both conventional fibrous filters and aerogels with aligned
solid hollow channels, the filtration mechanism is a hybrid of that of these filters
(Figure 6.13b).
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Figure 6. 12 filtration efficiencies of A-CNFA and A-CLNFA at different face
velocities (5 cm/s, 10 cm/s and 14 cm/s) with 0.1 um, 0.3 pm, 0.5 pm and 1.0 pm

particles.

Table 6. 4 filtration efficiencies and pressure drop of A-CLNFA and A-CNFA for

various particle sizes at different face velocities.

Face Filtration Filtration Filtration Filtration Pressure Dro
Sample  Velocity  Efficiencyo. Efficiencyo. Efficiencyos Efficiency1.o (Pa) P
(cmi/s) (%) (%) (%) (%)
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Figure 6. 13 Schematic diagrams of the particle flow regime in (a) INFA and (b)
AFNFA.

The face velocity is also an important parameter that may alter the mean free path of
the airborne particles, which could eventually affect the AP and filtration efficiency
of the NFA with (A-CLNFA) and without lignin (A-CNFA) (Figures 6.10 and 6.12).
For A-CLNFA, it is obvious that the 0.1 um particle filtration efficiency decreased
significantly with increasing face velocity but the 0.3, 0.5 and 1.0 pum particle
filtration efficiencies show little influence by the increase in flow rate. This could be
ascribed to the much lighter mass of the ultrafine particles, which could take on a

significantly straighter mean free path when subjected to a higher face velocity,
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allowing the particles to penetrate through the aligned fibrous channels more easily.
Another possible reason could be attributed to the lower fiber packing density within
the secondary pores due to the addition of lignin, which creates slightly more hollow
fibrous channels as compared to that of A-CNFA. Owing to the slightly more hollow
structure, this would give rise to lesser obstruction to the flow of PM across the A-
CLNFA filter, allowing the larger particles to pass through the NFA filter more
easily. Since 0.5 and 1.0 um particles possess much greater mass and inertia than
ultrafine particles, the effect of face velocity on the mean free paths of these particles
are less dominant, which may explain why the filtration efficiency is almost
consistent even when face velocity was doubled or tripled. Hence, lower face
velocities are favored to achieve higher overall filtration efficiency over a wider
particle size range.

To further evaluate the overall filtration performance of the A-CNFA and A-
CLNFA, the quality factors (QF) of the NFAs for different particle sizes were also
tabulated and presented in Figure 6.14. It is evident that with the addition of lignin
to cellulose, there seems to be a synergistic effect on the overall filtration
performance; filtration efficiency increased simultaneously with the decrease in
pressure drop. Moreover, A-CLNFA exhibits higher QF values for all the various
tested particle sizes at all three face velocities adopted. Therefore, our results clearly
demonstrate the benefits of the incorporation of lignin in the NFA. Thus, these
unique aerogels exhibited remarkable filtration performance for ultrafine particles
(< 0.1 um) especially at lower face velocities. Although the addition of lignin is
beneficial towards the filtration performance, it is also worthy to note that there
exists an optimal C/L ratio that is crucial in achieving the optimal balance between
filtration efficiency and AP (Figure 6.11b). Thus, in this work, the optimal tradeoff
between efficiency and AP was determined to be C/L-14/1, which displays the
highest QF value of 0.103 Pa™ at face velocity of 5 cm/s.
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Figure 6. 14 Quality factors of A-CNFA and A-CLNFA for various particle sizes at

different face velocities.

In order to further highlight the remarkable filtration performance of A-CLNFA, the

filtration performance (filtration efficiency, AP and QF) of other aerogel filters

reported in the literature and this work are summarized in Table 6.5. At relatively

lower face velocities, the A-CLNFA filter shows a highly competitive filtration

performance with comparably high filtration efficiency for ultrafine particles and

much lower AP as well as the highest QF value. Therefore, this clearly demonstrates

the potential of A-CLNFAs as filter materials to overcome the tradeoff between

filtration efficiency and pressure drop especially for smaller particle sizes that are

relatively more harmful.
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Table 6. 5 Filtration performance of other aerogel filters reported in literatures and
the A-CLNFA filter reported in this work.

Filtration Face
Particle Size
Filter Type Efficiency AP (Pa) (em) Velocity
um
(%) (cm/s)
(Tempo)-oxidized
99.999 348 0.125 5.3

cellulose NFA 2
HAP nanowire-based PM, 5
_ _ ~99 200 3.35
inorganic aerogel 44 (Incense)
Polyimide NFA° 99.9 177 ~0.1 25
Pul/PVA NFA 3 99.998 550 0.208 1.5
A-lignin/G aerogel ' 99.75 90 0.1 53
A-CLNFA* 99.86 59.5 0.1 5.0

*This work

6.4 Conclusion

Using a facile directional ice-templating approach and low-temperature annealing,
robust, highly-efficient NFA air filters consisting of cellulose nanofibers and a small
amount of lignin as reinforcing agent with preferably aligned micrometer-sized pores
and hierarchical porous structures were successfully fabricated. Lignin, as a low-cost
and widely available hyperbranched type of macromolecules, was verified to boost
the extent of cross-linking, and when combined with thermal treatment would greatly
enhance the mechanical strength and elasticity of the NFA, demonstrating their

potential as durable air filters. The presence of lignin also effectively minimized the
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thermally-induced shrinkage of the NFA, avoiding significant pore size reduction
that may obstruct the air flow, leading to significantly lower AP. The filtration test
results demonstrate that the addition of lignin and the aligned fibrous channels
promote excellent long-term filtration efficiency over a wider range of particle sizes
with anti-clogging properties, which outperforms honeycomb-like aerogels with
solid cell walls. Thus, this work provides a more economically viable and
environmentally benign approach to prepare robust NFA filters with sustainable high

performance.
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Chapter 7

Conclusion and Outlook

In this chapter, the threads of this thesis are being drawn together. The
main conclusions of the works introduced in the previous chapters are
summarized and linked back to the respective objectives listed in
Chapter 1. The overall findings reveal that: (a) robust fibrous or non-
fibrous aerogels with random or aligned porous architectures are
fabricated successfully via different facile cross-linking approaches; (2)
the control of the extent of cross-linking have been demonstrated to
influence the structure, morphology and filtration performance of the
various aerogels; (3) the aerogel filters demonstrated high filtration
efficiency accompanied with a significantly lower AP as compared to
conventional 2D fibrous filters. The understandings derived from the
findings of this work can act as a guideline to design a facile approach
to fabricate robust, high-performing aerogel filters for various filtration
applications. Finally, based on the results obtained, some suggestions

on future work are discussed.
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7.1 Conclusions

In this thesis study, three types of macro/microstructural designs are employed to
prepare highly efficient 3D aerogel air filters with contrastingly different hierarchical
porous structures: nanofibrous aerogel (NFA) with random morphology and
honeycomb-like aerogels with solid or fibrous cell walls. The aerogel fabrication
method involves either freeze-drying directly in a mold or unidirectional freezing
followed by freeze-drying, which would endow the aerogels with ultrahigh porosity.
Since the structural properties of these highly porous materials tend to be weak,
different individual cross-linking methods were also selected to study the effects of
reinforcement on the mechanical properties of the respective aerogels and how the
cross-linking could influence the structures and morphologies of the aerogels. In
addition, selection of the starting materials is also leaned towards the fabrication of
sustainable high performance filters. The potential applications of these aerogels as
3D air filters were also demonstrated and based on these results, the filtration
mechanisms were elucidated. The key findings of each aerogel designs are

summarized below.

Firstly, electrospun PLLA/PDLA blend nanofibers were used to prepare highly
porous and isotropic NFAs via a facile freeze-drying step. It is verified that
spontaneous inter-fiber stereocomplexation could take place when the PLLA/PDLA
blend nanofibers come into contact, leading to inter-fiber agglutination such that the
NFAs exhibited significantly enhanced compression resistance. By adjusting the
mass ratio of high-molecular-weight PLLA to low-molecular-weight PDLA in the
blend, the extent of stereocomplexation-induced inter-fiber agglutination could be
easily controlled to achieve the desired microstructures. Filtration tests also showed
that a composite filter consisting of a HEPA filter combined with a thin layer of NFA
is capable of achieving higher filtration efficiency for ultrafine particles with only a
slight increase in pressure drop (AP) compared to that of a standalone HEPA filter.
Meanwhile, compared to a compact nanofibrous mat of similar mass, the larger

thickness of the NFA provides a longer residence time for PM adsorption, such that
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the probability of being adsorbed through Brownian motion is much larger, leading

to a higher filtration efficiency for ultrafine particles.

The focus of the second work is to further reduce the AP of the aerogel filter, employ
cheaper alternative starting materials and to adopt a more facile approach to prepare
highly robust and porous aerogel filters. Differently, a type of non-fibrous aerogel
with aligned porous channels is introduced and, the effects of cross-linking on the
aerogel structure, morphology and filtration performance were studied. Using a
facile unidirectional ice-crystal-induced self-assembly followed by low-temperature
annealing, honeycomb-like aerogels with composite cell walls composed of cross-
linked lignin and a small fraction of graphene, and aligned micrometer-sized pores
was fabricated. It is shown that the aligned pore channels could improve the ease of
air flow, which efficiently reduces the AP of the aerogels. The low-temperature
annealing of biomass lignin could significantly enhance the mechanical strength,
thermal stability and water/humidity resistance of the aerogels, while retaining much
of the functional groups essential for PM adsorption. Besides, directional-freezing-
induced self-assembly of graphene layers along the aerogel cell walls is also
demonstrated to enhance the aerogel stiffness, reduce the annealing-induced volume
shrinkage and facilitate the formation of more defined microstructures, which
ultimately reduces the AP and boosts the mechanical robustness of the honeycomb-
like aerogels. When used as air filters, the aerogels exhibit more superior long-term
filtration efficiency for ultrafine particles accompanied with significantly lower AP
as compared to conventional high-efficiency HEPA filters. In addition, the
honeycomb-like aerogel filters demonstrate a unique air filtration mechanism, which

is dissimilar to that of fibrous media.

Finally, the last part of this thesis study combines the two aerogel designs introduced
in the first and second parts. The high specific surface area of NFAs promotes high
PM adsorption accompanied with a AP that is still relatively high, while the
honeycomb-like aerogels demonstrated low AP but with declining filtration

efficiencies for larger particles. Thus, the combination of both designs could make
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up for their individual shortcomings, producing a synergistic effect on the aerogel
filtration performance. Similar to the second part, adopting a facile directional
freezing method followed by annealing, robust, highly-efficient NFA air filters
comprising of cellulose nanofibers and a small amount of lignin as cross-linking
agent with aligned hierarchical porous structures were fabricated. It is verified that
hyperbranched macromolecular lignin could act as spacers between the fibers and
boost the cross-linking within the NFA, and together with the annealing process
would greatly improve the mechanical strength and elasticity of the NFA. In
addition, it is proven that lignin could also reduce the annealing-induced shrinkage
of the NFAs, effectively minimizing the pore size reduction, leading to lower AP of
the NFA filters. Compared to the honeycomb-like aerogels with solid cell walls,
filtration tests reveal that the preferably aligned fibrous channels within the NFA
promote outstanding long-term filtration efficiency over a wider range of particle
sizes. In addition, such aligned microstructures of the NFA also give rise to anti-

clogging features, which would give rise to an extended service life.

In addition, a chart is given in Figure 7.1 to provide a better overall visualization of

the differences between the various filtration systems discussed in this work.
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Figure 7.1 Comparison of different systems developed in this thesis work.

7.2 Significant and Novel Outcomes

This thesis study has led to several major findings and outcomes such as:

1. It is verified for the first time that stereocomplex formation can occur
spontaneously at inter-fiber junctions of electrospun PLLA/PDLA blend
nanofibers, which serves as cross-links to reinforce the 3D structure of the

NFA. The correlation between the molecular weight of the homopolymer

(PLLA or PDLA) and the extent of inter-fiber stereocomplexation within the
PLLA/PDLA-SC NFA are also established, which will affect the final
morphology of the NFA. With the controlled tailoring of the NFA structure,
the concept of 3D air filtration was demonstrated successfully.

2. It is confirmed that aerogels with aligned micrometer-sized channels can

promote the diffusion capture of ultrafine particles, while at the same time
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the hollow pores would allow relatively low AP to be achieved. The tailoring
of aerogel pore size is demonstrated to be successful simply by adjusting the
concentration of lignin and GO, which can largely alter the overall filtration
performance of the aerogel filter. With the filtration test conducted using
different sizes of the model haze particles, the filtration mechanism of such
aerogel-based filters is also proposed, i.e., size-dependent filtration

efficiency with higher efficiency achieved for smaller particle size.

3. It is also verified that the presence of lignin, a hyperbranched
macromolecular cross-linking agent, can boost the extent of cross-linking
within a NFA with preferably aligned pores. The presence of lignin is also
proven to minimize the annealing-induced shrinkage of the NFA, which
could help to lessen the pore size reduction that would eventually affect the
AP of the NFA filter. The cross-linking mechanism is also proposed in this

study.

These research findings provide a good grasp of understanding on the aerogel cross-
linking mechanism and their effects on the filtration performance of the aerogel
filters, which will allow for the facile fabrication of aerogel-based filters for 3D air
filtration. Furthermore, the proposed filtration mechanism of aerogel filters with
preferably aligned pores can also set the foundation for the development of such

aerogel filters for 3D air filtration applications.

7.3 Future Work

7.3.1 Regeneration of Aerogel-Based Filters

The reusability of the filter material is an important feature to ensure that the aerogel
filter could offer an extended service life, which could effectively reduce the
operational costs of employing these filters for air filtration purposes. In order to

regenerate the filters after use, the filters have to be washed and dried, which would
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often lead to mechanical-stress induced permanent deformation and shrinking of the
material 1. Since the filter materials such as fibers are in the stretched state or may
contain some deformation during the fabrication process, the material have a
tendency to resume a more stable state during the washing process, which induces
material shrinkage. Upon washing, absorption of water also occurs, which causes
swelling of the material, leading to the expansion of the material cross-section.
Eventually, the material will remain in the shrunken state after the drying process.
This shrinking phenomenon would alter the structure and morphology, such that the
filter will no longer serve its intended purpose.

In order to investigate the reusability of our aerogels, the wash test was performed
on the cellulose/lignin NFA. Although the enhanced mechanical properties of the
NFA exhibited potential to be used as durable air filters, the material shrinkage was
still inevitable after the wash test. In order to overcome this material shrinkage, there
is a need to either release the stresses formed during the fabrication process, forge
stronger cross-linking bonds to resist the mechanical deformation during washing or
to reduce the swelling as a result of water absorption. Several strategies have been
reported to be effective in rendering polymeric materials with shrink resistance.
Yanai et. al reported a novel shrink-proof approach of cellulosic fibers via liquid
ammonia treatment to transform the crystalline structure to cellulose 111 type,
followed by a steam treatment to release the stresses within the fibers, improving the
material’s shrink resistance 1. Yang et. al and Haske-Cornelius et. al incorporated
glycerol as plasticizer to improve the shrinkage stabilities of their materials 2.
Ciolacu et. al exploited the reactivity of lignin and cellulose with epichlorhydrin to
form stable and covalently-cross-linked hydrogels 3. Alternatively, wu et. al also
demonstrated that low swelling ratio of PVA and lignin cross-linked with
epichlorohydrin can be achieved when smaller molecular weights are used or when
the phenolic hydroxyl content of lignin is reduced *. Meanwhile, other researchers
have also reported the use of lignin or cellulose reactive resin to reinforce the
material. Thus, by applying one or a combination of the aforementioned strategies,
the fabrication of aerogel-based filters with shrink-resistant properties may

potentially be realized. It is also worthy to note that while we address the issue of
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material reusability, efforts should also be devoted to investigate the degradation
process of the biodegradable materials used in this study, such that there is a balance
between these two properties in order for them to be potentially explored as reusable
air filters.

7.3.2 Refining the Filtration Test Conditions

In this work, the as-prepared aerogel filters were tested using a self-assembled
filtration testing setup under standard filtration testing conditions as mentioned in
Chapter 3. In order to further demonstrate the potential of our aerogels as filter
materials, efforts should also be devoted to test the aerogel filters under real-life
environments such as air-ducts of HVAC systems of buildings or vehicles. These
tests would provide a better assessment of our aerogels as potential filter materials

and gives a more practical overview on the filtration performance.

7.3.3 Investigation of Antibacterial Properties of Aerogel-Based Filters

Besides addressing the most common efficiency-AP trade-off of air filters, the
antibacterial activity of a filter is also an important issue. Although the removal of
PM pollutants is the major concern in air filtration, the challenge to simultaneously
eliminate airborne microorganisms, such as bacteria and viruses, is often neglected.
During air filtration, especially for indoors applications, airborne microorganisms
are also deposited onto the filter surface and with the appropriate amount of moisture
and dust nutrients, they can start to proliferate within the filter medium 56, which
could ultimately deteriorate the filter performance and air quality, or even cause
respiratory infectious diseases "°. To address this problem, many researchers have
attempted to incorporate antibacterial agents in the fabrication of filters but majority
focused typically on the use of CNTs %11 or metal/metal oxide nanoparticles such
as Ag and TiO2 as antibacterial agents 214, which could generate cytotoxic effects
to humans, hampering their practical applications. Moreover, these antibacterial
agents require an additional synthesis step during the filter fabrication process, which

often involves dangerous and/or expensive chemicals. Thus, the issue of adopting
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greener fabrication methods to prepare high efficiency filters with microorganism-

deactivating function should also be addressed.

Research have shown that green tea leaves, a material that can be easily obtained
from nature, contain cellulose (10-15%), flavonols (5-10%) and in particular, large
amounts of catechins (30-40%), which are known to exhibit antibacterial behavior
1517 The commonly studied catechins of green tea are catechin (C) epicatechin (EC),
epicatechin gallate (ECG), epigallocatechin (EGC), epigallocatechin gallate
(EGCG) and gallocatechin gallate (GCG). So far, there are no reported works in the
field of filtration, which explored the antibacterial activity of green tea. Hence, in
this study, we adopted a facile and straightforward fabrication method to prepare
spent green tea leaves (SGTL) derived NFAs with natural antibacterial function via
ultra-sonication, unidirectional freezing and low temperature annealing at 290°C
(Figure 7.2). 1t should be noted that green tea catechins are only moderately soluble
in water such that significant catechin content still remains in the tea waste 829,
which makes this recycled material suitable for the preparation of potentially

antibacterial aerogel-based filters.
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Natural Cellulose Nanofiber
Catechins

. Mainly Catechins & Flavonols

Figure 7. 2 (a) The schematic diagram of the fabrication process of SGTL NFAs.
FESEM micrographs of the (b, c) top view and (d, e) cross-sections of the SGTL
NFAs.

In this work, the antibacterial activities of the SGTL NFAs was investigated with
E.coli and the samples were cultured at 37°C for a duration of 24 h. As shown in
Figure 7.3, our preliminary results demonstrated obvious inhibition of bacteria
growth by both the annealed and unannealed samples of the SGTL NFAs. It is also
interesting to note that the annealed NFA (Figure 7.3a) exhibited stronger
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antibacterial activity than the unannealed one (Figure 7.3b). This phenomenon could
be attributed to the annealing process, which induces the epimerization of
epigallocatechin gallate (EGCG) to gallocatechin gallate (GCG) that is largely
responsible for the antibacterial activity of green tea 2022, Thus, to further
demonstrate the advantages of the antibacterial properties of green tea in filtration
applications, further tests could be performed using bacteria such as Staphylococcus
or Streptococcus that are commonly found in indoor air filters. Since the SGTL
NFAs is targeted to filter out bacteria-containing particles, it would be more
appropriate to investigate the bacterial inhibition activity on the effective filtration
area of the NFA. Furthermore, studies have shown that crude catechins, including
EGCG and GCG, exhibit bacterial inhibition activity that would increase with longer
incubation time when suspended in phosphate-buffered saline (PBS) solution 2,
which positions the green tea as potential material to be used as long-term indoor
filters. It is also reported that thermal treatment of green tea at different temperatures
can affect the antibacterial activity of green tea leaves due to the loss of catechins %,
Hence, it is also important to optimize the annealing temperature such that a balance
between the mechanical properties and antibacterial activity can be achieved.
Besides the bacteria inhibition activity, bacteria filtration tests should also be

conducted to assess the bacteria filtration efficiency of the SGTL NFAs.

Figure 7. 3 Antibacterial activities of (a) annealed and (b) unannealed 3 wt% SGTL
NFAs against E.coli.
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