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Abstract

Under the background of COVID-19 global pandemic, personal protective equip-
ment (PPE), especially masks, has been highly demanded. Also, this high require-
ment has resulted in ocean pollution since the main material, polypropylene, is
non-biodegradable and expensive. The producing processes are also complicated.
To solve the scarcity of PPE and the environmental risks caused by commercial
masks, people have been concerned to use environmentally friendly and inexpensive
materials. Wood-pulp-based filter media have been studied for years. This thesis
developed a novel filter material bleached chemi-thermo-mechanical pulp. Filter
papers were made from two grades of wood pulp separately. Basis weight of them
was half of that of the N95 mask middle layer (filter layer). Morphology of pulp
filters was analysed by digital and scanning electron microscope (SEM). Filtration
efficiency and pressure drop of pulp filters were measured and compared with com-
mercial N95 masks. To simulate ultra-fine particles, activated carbon powder and
candle smoke were used. Both traditional N95 masks and novel filter media showed
satisfying performance on carbon powder collection, while pulp filters performed
better on candle smoke tests. The only problem for pulp filters is the high pressure
drop, which reflects the breathing resistance. Hence, from the filtration efficiency
side, wood pulp has the potential to be a raw material of masks. However, the high
pressure drop as well as filters with basis weight close to middle layer of N95 masks

need further studies.
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Chapter 1

Introduction

1.1 Background

Under the background of COVID — 19 pandemics, the personal protective equipment
(PPE) is essential for both healthcare workers and the general people to lower the
possibility to be infected and limit the spread of coronavirus. Wearing a mask or
face covering is suggested by World Health Organization guideline. This results in a
scarcity of face masks and other personal protective gears all over the world. How-
ever, it is not a big problem since it can easily be solved by producing more. During
the pandemic, many companies have volunteered to produce healthcare equipment,
such as surgical masks, hand sanitizer. The most serious challenge is the efficiency
of the face masks on filtering coronavirus, in other words, ultra-fine particles, dis-
tributing in liquid droplets or aerosols. It has been proved that the commonly used
medical face masks only provide protection to some specific extent, such as when
combining with social distancing. This is because the surgical mask only performs
as a barrier between the wearer and other people by changing the exhaled airflow
distribution. Physically the surgical masks or simple mouth-and-nose covers con-
vert the jet like airflow with high exit velocity from the mouth to an indirect air
movement with low velocity coming outside the mask [1]. Consequently, wearing a
mask during normal face-to-face conversation may be helpful to limit the transition
of infectious viruses via aerosols. This has also been proved by previous reports
during SARS outbreak [2]. However, the surgical mask does not work sufficiently

in highly contaminated environment, specifically in hospitals. This is because it



can only restrain large particles, while the ability of capturing sub-micro particles
is limited. Therefore, it may not provide complete protection from germs or other
contaminates, let alone the improper use, such as loose fitting. Only N95 respirators
have the ability to block fine particles down to 0.3 um with a at least 95% efficiency,
if properly used.

Besides the low filtration efficiency of medical masks, materials and the processes
of producing them contribute to the fact that surgical masks are not the most proper
equipment during the pandemic. Surgical as well as N95 masks are usually made
of polypropylene using spun-bond and melt-blown technology [3], which are not
only time consuming but also cumbersome to set up. Given the inconvenience of
producing processes and the low filtration efficiency on ultra-fine particles, some
studies have been focusing on using novel materials to improve masks’ performance.

Another problem that masks facing is raising environmental pollution risks. The
raw materials of masks are plastic polymers, especially polypropylene. These ma-
terials are highly liquid-resistant and non-biodegradable and may carry infectious
viruses [4]. The only method to treat them is the landfill and the polymer ends
up as microplastic and/or nanofiber contaminants in the literring and water system
[5]. The existence of ultra-fine plastics in the aquatic environment is easy to be
mistaken as food and eaten by marine animals and may affect the food chain and
marine ecosystem eventually [4]. Since the enormous usage of masks, this risk will
extend to the future and continuously do harm to marine life. It is estimated that
approximately 0.15 million tons to 0.39 million tons of plastic debris will end up
in global ocean within a year [6]. And this is more severe in low-income countries
because of the lack of waste treatment facilities.

Concerning the air quality and environment people are in as well as the scarcity of
PPE, some researchers are trying to extract contaminates from used masks so that
masks can be used multiple times. Another method is to produce more healthcare
gears with environmentally friendly, biodegradable and inexpensive materials. Many
researchers have claimed that wood pulp has the potential to be raw materials of

high efficient filters.
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Figure 1.1: Plastic waste in the ocean [7]

1.2 Literature Review

1.2.1 Standard N95 masks and filtration testing procedures

Commercial N95 masks

NIOSH certifies the N95-class filters for Not-resistant to oil series with a filtra-
tion efficiency no less than 95% [8]. Besides collection efficiency, pressure drop,
which reflects breathing resistance, is another important factor to determine filtra-
tion performance. The initial inhalation and excalation resistance should not exceed
35mmH,0 (343Pa) and 25mmH,0 (245Pa), respectively [9].

Standard N95 masks mainly consist of polypropylene (PP) fibers spun by different
technologies, such as spun-bound and electrostatic non-woven technology [10]. The
middle layer, the filter layer, is made of polyester/cellulose. The filtration layer
is also filled with metal ions, which create an ionic field, to improve the filtration

efficiency without increasing breathing resistance [11].
Filtration performance testing

According to NIOSH [12] testing procedures, filters should be challenged by a NaCl
aerosol at 25 & 5°C' and a relative humidity of 30 & 10%. The aerosol should be
neutralized to the Boltzmann equilibrium state before passing through tested filters.

The particles have a size distribution with a count median diameter of 0.075 +



0.020 pm and a geometric standard deviation not exceeding 1.86. The aerosol
concentration applied to each unit of filters should not exceed 200 mg/m?3. Filters
should be tested at a flow rate of 85 L/min. Based on the surface of standard N95
masks that the wearer would breathe, the face velocity can be calculated by dividing
the flow rate against effective area [13]. The determined area is approximate 175
cm?, thus the face velocity is 8.1 ecm/s [14]. Considering different wearing situations,
Huang et al. [15] used face velocities at 4,8, and 12 em/s for light, moderate, and

heavy workloads, respectively.

1.2.2 Depth filters

The commonly used medical masks or high efficiency respirators, such as N95 res-
pirators, contain at least three layers, which produce a filtration system or a depth
filter. Each layer in this system has different properties, working processes and
filtration mechanisms.

These three layers are always thermal-bond layer, staple fibers, and melt-blown
layer from the outer to the inner layer [16]. The sequence of layers are based on
their properties, which provide them different functions. The outer layer is always
the lightest and has the largest pore size, while the middle and inner layers are
heavier and have smaller pore size. Thus, the particles or aerosols or suspension will
experience a decreasing pore size during filtration [16]. Since the first layer is more
porous, the function of it is to collect large particles and reduce particles loading on
the surface of the filter system. Besides, the thermal-bond layer has lower melting
point, therefore, it can stiffen the filter media, especially when the operating pressure
decreases. The second layer, the staple fibers, is used to capture large number of
particles due to the inner connected pores and torture paths. The final layer, the
melt-blown layer, exhibits the lowest porosity and smallest fiber diameter, therefore,
the function of it is to collect ultra-fine particles in high efficiency [17]. Normally a
depth filter has four filtration processes, namely surface straining, depth straining,

depth filtration and cake filtration [18].



1.2.3 Mechanisms of depth filters

There are five commonly believed mechanisms, namely size exclusion, inertial im-
paction, interception, diffusion and electrostatic attraction [19] [20] [21]. Different
mechanisms work for different size ranges of particles. Size exclusion mainly works
for large particle filtration. Surface restraining and depth filtration are based on
this mechanism. Inertial impaction works for particles with diameter larger than 1
pm.

Interception is for particles with diameter ranging from 0.1 to 1 gm. Diffusion
is one of the most important mechanisms for depth filter. It only works for small
particles (smaller than 0.1 pm). The last mechanism, electrostatic attraction, is
another important mechanism. It can be applied to collect ultra-fine particles with
diameter in the range of 0.15 to 0.5 pm, which is difficult for other mechanisms.

Fig. 1.2 shows three of filtration mechanisms and the efficiency of them [22].
Inertial impaction

This mechanism happens when the particles are too large to change their route
following the airstream, due to inertia. They continue their original path and finally

hit and stick to the filter fibers. (see Fig.1.2a)
Interception

Interception occurs when the particles are close enough to the fiber surface, usually
within particle diameter. Then the particles will be captured by the fiber surface.
(see Fig. 1.2b)

Diffusion

Diffusion applies to particles that are small enough comparing to the space around
them. Therefore, there are enough space to zigzag around before being attracted to

filter fibers. (see Fig. 1.2¢c)



Electrostatic attraction

Electrostatic force between fibers and particles plays a significant role in the filtration
process. It has been applied to various HEPA filters (high efficiency particle air
filters), such as N95 respirators. PAE (Polyamide-amine-epichlorohydrin) has been
used to provide positive charges to fiber surface [23]. This can be achieved by

charging particles or fibers or applying externally electric field.

Air Streamline

%&

End

View p‘”‘“‘{’
of Fiber o =
T

(a) Inertial impaction (b) Interception (¢) Dif fusion

Figure 1.2: Filtration mechanisms [22, 24]

1.2.4 Filtration processes

Different size ranges of particles have different filtration mechanisms, similarly, the
filtration processes of them are also different. The filtration process is also related
to particle concentration deposited on the filter. At the beginning, particles are
more likely to be captured by fiber surface. As time goes, particles are collected
by other particles that have already stuck on the fiber surface. Particle dendrites
are formed. In addition, smaller particles, because of low Stoke number, still follow
the air streamline, penetrate through the dendrite structure, and go deep inside of
the fibrous filter [25]. Finally, there is a particle cake forming on the surface of the
fibrous filter. The particle cake also acts as a filter medium and block particles.
These three processes are called depth filtration, cake formation and cake filtration,
respectively. Fig.1.3a shows the modelling of filtration processes with dimensionless
time with a fiber diameter of 15 um and an SVF (Solid Volume Fraction) of 19%
[26]. For dual filters, an internal cake will form between two layers. Fig. 1.3b models

this process [27].
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Figure 1.3: Filtration process models [26, 27]

1.2.5 Parameters affecting filtration performance

Performance of depth filters is directly related to two properties, pressure drop and
filtration efficiency. Better filtration performance requires a relatively low pressure
drop and a relatively high filtration efficiency. Large pressure drop makes it difficult

to breathe and consumes more energy when using in building ventilation systems.



To easily express the relation between these two properties, a new parameter, filter

quality(QF), has been introduced [28] (see eq. 1.1 & 1.2).

QF = —“A_PE) (1.1)
E = (%) £ 100% (1.2)

, where E represents collection efficiency, AP is pressure drop, C,, C; are concen-

tration of upstream and downstream, respectively.
Theoretical pressure drop evaluation

The pressure drop of fibrous filters can be separated into two processes: initial pres-
sure drop, which is the air resistance of a clean filter, and the pressure drop of the
filter deposited with particles. During different filtration processes and mechanisms,
the estimation methods are different. Davies [29] provided a mathematical predic-
tion of clean filters (see eq. 1.3). Bergam [30] took particle size into consideration
and modified Davies’s model (see eq. 1.4), when it comes to filters deposited with
particles. The pressure drop of a loaded filter also can be regarded as the pressure
drop both a clean filter and the deposit. Thomas et al. [27] developed a new model
based on this. The theoretical equations of initial pressure drop (eq. 1.3) and filters

loaded with particles (see eq. 1.4 and eq. 1.5) are shown below:

AP a”?(1 + 56a3)

, where AP is the pressure difference between the upstream and downstream of the
clean filter (Pa), Z is the total fiber thickness (m), u is the gas dynamic viscosity,
Up is face velocity (m/s), « is the packing density, which is defined by the ratio of
volume of fibers to the total fiber volume, d¢ is the mean equivalent filter diameter

(m) [31].

1/2
[0} (87 e} (07
AP —64u U,z | & 4% e L% 1.4
# o (d§+d;> <df+d,,) (1.4)



, where d,, is the particle diameter, a,, represents the particle volume fraction.

1/2 ap 1/2
sm () o ()
AP = T o (1.5)

l—ar—a,

, where o represents fiber packing density, «, represents particle packing density
(volume of collected particles/volume of fibrous filter), a4 represents deposit density
(volume of collected particles/volume if the deposit), AP, is the initial pressure
drop, which can be predicted from Davies’ equation (eq. 1.3). AP, is the pressure

drop of deposit [27] (see eq. 1.6)

apl/2(1 4 56a5)

2
dppC' Upp

AP, = 64

, where d,, is the primary particle diameter, Cu,, is the slip correction factor (cal-
culated with d,,), a4 is depositing packing density, which can be calculated from
the equation below [see eq. 1.7]. In this expression, Pe is the Peclet number, which

is a function of count median diameter of particle size distribution [27] .

1+ 0.438Pe 4
ag=1— .
d 1.019 4 0.464Pe
MD
Pe = % (1.8)

, where CMD is the count median diameter (m), D is the diffusion coefficient
(m?/s).

However, Bergan’s model did not consider cake filtration and surface filtration
processes. When the filter is getting almost saturated, a filtration cake will form on
the filter surface, which contributes to an increase in the pressure drop and collection
efficiency. The pressure drop of the cake has a different prediction model [27] (see
eq. 1.9)

APy — 64E, -2 7 1, (1.9)

,where Z. is the cake thickness, F, is the correction factor and equals to 1.5.



Theoretical collection efficiency prediction

Based on filtration mechanisms, the total collection efficiency (Ey, ,) is related to
single fiber efficiency due to mechanical force (£,,) and electrical force (E. ,). For
air-cleaning equipment, penetration of a particle with n elementary charges (P,) is
more commonly used. It is the ratio of number or mass concentration that entering

and exiting the filter [32].

Ern=1-(1—-E.)(1-E..,) (1.10)
—4OCXE2 n

P, = cap | —2XE8n 1.11

| 1)

By assuming all mechanisms work independently and particles are at Boltzmann
charge equilibrium, Hinds [32] gave the relationship between total collection effi-

ciency and efficiency of each mechanism, see eq.(1.12).

Bsn=1—(1—-E)(1— E)(1— Ea)(1— E)(1—E,) (1.12)

Esn = E, + Ei + Eg+ Eqr + E, (1.13)

,where E, represents the single fiber efficiency for interception[33], E; is that for
impaction[34], E, is that due to diffusion[29, 33|, Epg is the efficiency due to in-
terception and diffusion [35], E, is for gravitational settling [32]. Thus, this may
overestimate the efficiency, because different mechanisms are competing for the same
particle and its capture could be counted twice [32].

Fig. 1.4 shows the collection efficiency against particle diameters for different
mechanisms and total efficiency. The most penetrating particle size (MMPS), which

is about 0.3um is also shown in the figure.

Factors affecting pressure drop and filtration efficiency

Pressure drop and collection efficiency are the most direct factors qualifying a high

filtration efficiency filter. Pressure drop reflects the air resistance or breathing re-
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Figure 1.4: Collection efficiency for single-fiber of particles with different diameters
and total efficiency [36]

sistance of the filter media. Lower resistance consumes less energy in ventilation
systems, and similarly people will find it more comfortable to wear.

There are some physical characteristics affecting pressure drop and collection
efficiency, such as particle size distribution, filter porosity, fiber diameter, filter ge-
ometry and thickness of the filter media. And operating conditions can also change

filter media performance.
Particle size

According to NIOSH standard test conditions [8], the count median diameter should
be 0.075 4+ 0.02um with the geometric standard deviation smaller than 1.86. And
the aerosol concentration should not exceed 200mg/m3.The loading target is 200 +
5myg. Besides NIOSH standards, another essential parameter is the most penetrating
aerosol size (MPPS) for mechanical filters. The most penetrating particles size is the
size of particles that are most likely to penetrate into filter media. It is commonly
believed to be 0.3um [8]. However, many studies have shown that it depends on
operating conditions, filter medium, particle’s shape and charge [37]. Therefore, the

MPPS can be expressed as the range of 100 to 300um [37].

11
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Figure 1.5: Particle size distribution of cigarette, candle and incense stick smoke
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Besides NaCl aerosol used by NIOSH, there are other particles in nano-size, such
as the smoke of cigarette, candles, incense sticks and anti-mosquito products. The
carbon emitted by burning candle, incense stick or anti-mosquito products has the
diameter of 35, 160 and 140 nm, respectively [40]. NE Klepeis et al. [41] believe
that the side-stream smoke of cigarette is roughly 200 nm, while cigarette smoke
size distribution is also related to time. C.H. Keith et al. [38] proved that particles
tend to coagulate over time to form relatively bigger particles, as shown in Fig.
1.5a. However, candle smoke is more complicated. Some studies claim that it has
a peak diameter of 11 nm firstly, the particles coagulate to form relatively bigger
particles of 27 nm. After about 30 minutes, much bigger particles, with a diameter
of 60 nm and above are formed. Correspondingly, the number of particles at smaller
diameters decrease [39]. There are some other researchers believing that particle size
distribution is linked to burning situations, complete and incomplete combustion.
Candles have different burning modes, including steady burning, sooting burning
and smouldering mode. Particle size distribution in each burning mode is different.
Steady burning only produces ultra-fine particles with the diameter approximate 25
nm, whereas sooting mode particles have the geometric mean diameter of 270 4+ 30

nm. The maximum diameter (335 4+ 30 nm) of particles were emitted from the

smouldering mode [42].
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Filter porosity

More porous media exhibit higher air permeability, in other words, lower pressure
drops, which leads to higher filter quality value, especially at the initial stage, how-

ever, this improvement does not show many advantages over time [43].
Fiber diameter

As fiber diameter reduces, aerosol penetration rate decreases, this can be explained
by the fact that thinner fibers contribute to larger surface areas, so that there are
more spaces for particles or aerosols to deposit, and for electret fibers, more charges
can be carried. This is also the reason the bottom layer in the depth filter has the
thinnest fiber. However, when it comes to filter performance, pressure drop must be
taken into consideration. For the same area of filter media, thinner fibers result in
high packing density, which contributes the increase in air resistance. The influence
is more significant than that in filtration efficiency. However, for large particles (> 1
pum), the mechanism interception dominates the whole process, where the collection

efficiency is proportional to the ratio of particle diameter to fiber diameter [44].

=] (a) Cross section of a pleated cartridge filter

R i (b) Geometry of a pleated cartridge filter

Y 50 t ]\ i o Center of pleated filter

- .........».~..;».-- ..-;»..-»»-.- By
- v =
— s
| e, =

Pleat height——>— R
[Pul B LT

Figure 1.6: Geometry of a pleated filter [45]

13



Filter geometry

The geometry also plays an important role in affecting filtration efficiency. Pleated
filters have been widely used in industry. This is because for filters with the same
dimensions, pleated filters have more active filtration area, so that the lifetime of
the depth filter can be prolonged [45]. To easily study the geometry of filters, a
dimensionless parameter, «, has been introduced. It is a function of pleat height
(Pg) and pleat pitch (Pp), and the optimum option of the index («) is 1.48 [45].
Py Prcos (g)

=2 =2 1.14
“= P, 2rR/N (1.14)
, where t Py, Pp, P, #, and R have been shown in Fig. 1.6, N is the number of

pleats.
Thickness

Higher thickness increases the depth of filters, which prolong the time particles
passing through filter media. Thus, particles are more likely to be captured by filter
fibers. However, thicker filters increase resistance at the same time. This may may
consume more energy for building ventilation system and make it more difficult to
breathe for personal protective equipment. It has been proved that thickness can
promote the filtration efficiency, but has few effect to filter quality [44] (shown in
Fig. 1.8b).

Face velocity

Face velocity is also responsible for filtration quality. Lower flow rate is recom-
mended, this is because for aerosol particles in size range < 1 um, the dominant
mechanisms are diffusion and electrostatic attraction [44]. Lower face velocity pro-
vides lower inertia and longer retention time so that bridges between particles can
form. In contrast, higher flow rate results in higher dragging force, therefore, the
particles tend to penetrate deep into channels and also increase the pressure drop
[43]. Normal nostril breathing can be regarded as a sinusoidal profile [46] shown in

Fig. 1.7. The highest breathing velocity reaches 5 m/s, which is much higher than
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Figure 1.7: Sinusoidal and realistic breathing profiles [46]
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Figure 1.8: Factors affecting filtration efficiency and filter quality for both charged
and uncharged filters, where d is particle size, « is packing density, V' is face velocity,
J is fiber charge density, x is filter media thickness [44]
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1.2.6 Methods of improving filtration performance

During a long time, people have been working on promoting the filtration perfor-
mance. There have been three widely used methods: the addition of separators
or filter aids or nano-fibers. Considering the global pandemic, to slow the spread
of infectious viruses, a bacterial-destroying material has also been added into filter

media [47].
The addition of separators

Separators can contribute to the uniform distribution of flow or aerosol between
layers (as shown in Fig. 1.9), which can effectively avoid local saturation [18]. This
is because the well-distributed flows or aerosols increase the possibility to follow
through the entire medium. In this case, the separators are usually put between

llllllllllllllll
M

[ A i A S A A A R A A Separator
W

B llllllllllllllll

A

Figure 1.9: Schematic illustration of flow through filter with (A) and without (B) a
separator [48]

The addition of filter ads

Filter aids can be mineral powders or organic fibrous materials, including diatoma-
ceous, perlite and cellulose. It has been proved to have the abilities of increasing dust

holding capacity, lowering particle releasing or shedding, but not increasing pressure

17



drop [49]. This explains why it has been applied to industry for over seventy years.
Currently, there are two technologies adding filter aids, such as pre-coating and
body-feeding. Pre-coating is to generate a thin filter aids layer, which helps to cap-
ture fine particles. Body-feeding is to blend the filter aids with the slurry and then
they are fed to the filtration system together so that the formed filter cake can be

more porous [50].
The addition of bacteria-destroying material

Koch et al. [47] added bacteria-destroying medication, such as an antibiotic or an

iodophore to achieve the bacteria inhibition.
The extra nano-fiber layer

Fiber diameter is an essential parameter affecting filtration quality. Thinner fibers
provide better filtration efficiency. Hence, nano-fibers have the potential to improve
collection efficiency. Nano-fibers are defined as fibers with diameter range from 50
nm to 500 nm and can be made by electro-spinning process [51]. Comparing to
conventional filter fibers, nano-fibers have higher surface area-to-weight ratio. Be-
sides, the nano-fiber net-structure may act as active reaction sites, for example, the
hygienic fictionalised filters, which are made from cationic polymers or incorporated
with silver to kill bacteria [51]. It has been proved that the face mask prepared with
nano-silver and an extra nano-fiber layer have the virus filtration efficiency (VFE)
of 99.9% [51]. Recently, to decrease the pressure drop of nano-fibers, beaded and
nano-fiber filters have been suggested. This is because the larger streamwire inter-
fiber distance promotes air permeability and maintain high filtration efficiency [52].

Fig. 1.10 show the smooth (a) and beaded (b) nanofibers [52].
Hybrid filter fiber structures

Hybrid fiber webs with multi-components have been studied [53]. Zhang et al. [54]
developed binary structure fibrous filters, which combine advantages of micro- and
nabo-fibers and enhance filtration performance. Fig. 1.11a shows the fabrication

process and components of the binary structure filter. Liu et al. [55] also produced
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Figure 1.10: Comparison of smooth nanofibers (a) and beaded nanofibers (b)[52]

air filtration products with ultra-high dust holding capacity and low resistance using
bicompontent spunbond materials. Fig. 1.11 shows schematic processes of producing
bicomponent filtration membranes using electrospinning and spunbond technology,

respectively.
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1.2.7 Bleached chemi-thermo mechanical pulping (BCTMP)

As stated earlier, most commercial masks are made of polymers, such as polypropy-
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waste in the environment [56]. In this case the low cost and environmentally friendly
materials are more attractive.

Paper-based masks have been used to prevent the spread of infectious viruses be-
fore [57]. However, due to low efficiency and easiness of getting wet with saliva, such
masks were not recommended as a precaution against droplets. On the other hand,
wood pulp filters have some potential advantages, for example, they are inexpensive,
environmentally friendly and easy to dispose of by incineration as a carbon-neutral
fuel [58]. Besides, these days PAE (polyamide-amine-epichlorohydrin) has been used
to provide wet strength to the filters [48]. PAE cross-links with the carboxyl group
of cellulose and create stable covalent bonds, which provide the waterproof property
[59].

Wood pulp fibers consist of fibrils, whose diameter ranges from a few microns
to tens of nano-meters [58]. The nano-scale fibrillar structure has large specific
surface, which makes it possible to capture small particles [60]. What is more, the
fibrils can stable the filter structure. This property can be explained by the certain
fibril angle, at which fiber-to-fiber bonds are formed [61]. These bonds prevent the
accumulation of fibrous network, which may increase the pressure drop [58]. Many
studies have forced on retaining pulp fibrillation by different drying processes, such
as freeze-drying [62] and wet-beaten treatment [60]. Fibrillation happens in the
refining processes. Fibrillar segments attached to fibers are also called fibrillation.
It is of great importance because they are flexible and able to interact with other
fibrils or neighboring fibers [53]. It has been proved that double disc refining results
in the increase in fines formation, which is accompanied by the increase in fibrillation
[53]. However, there has been no research using either chemi-thermo or mechanical
or bleached chemi-thermo mechanical pulping (BCTMP) pulp to produce fibrous
filters. Therefore, it may be possible to produce high efficiency air filters from
BCTMP pulp.
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1.3 Research objectives

Previous research mainly focused on developing novel treatment methods, for ex-
ample mechanical treatment to expose the pulp fiber specific surface fibrils of wood
pulp fibers, so that particle collection efficiency will improved. However, there is
no research using pulp after being treated by multiple treatment to produce high
efficiency air filters.

In this case, the objectives are firstly to produce pulp filters from pre-treated
wood pulp and to characterize properties of different grades of pulp and pulp filters.
For the pulp filter properties, pressure drop, which reflects breathing resistance, and
particle collection efficiency. We also expect to study the morphology information

of filters layers to see if particles are collected and how they are captured.
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Chapter 2

Experiments

2.1 Experiment materials

Table 2.1: Experimental materials and information

Experimental materials Information
Softwood pulp Product # 625-75-00-10; Lot # 1C0372
Hardwood pulp Product # 400-80-100-11; Lot # 2K9140

Whatman filter papers CAT # (a) 1821-090 & (b) 1450-090

Produced by 3M; Lot # B18365
Product # TC-84A-0006

Candles Watson’s candles bought in Dollarama

Activated carbon powder Cas # 7440-44-0

Commercial N95 masks

Incense sticks
90.25% Ethanol
Airbags 1 & 5L

Experimental materials and equipment include table 2.1, air, a vacuum pump and

a digital manometer.

2.2 Experimental setups

The pulp filter producing setup consists of following units: a blender, a pulp suspen-
sion container, a funnel, and a conical flask connected to a vacuum pump, shown in
Fig. 2.1a. The blender on the top is used to stir pulp slurry in the container. There

is a valve on the bottom of the container, where the pulp suspension can be released
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to the funnel below. The funnel is sealed to a conical flask so that water can be
collected after separating from the mixture. There is also vacuum pump connected
to the conical flask on the right (not shown in the picture) to shorter the drainage

time.

1. Blender

2. Container

3. Funnel

4. Conical flask

| 1. Filter media 2. Manometer 1 Filtermedia 2. Airflow carrying particles

(b) Pressure drop measurement (c) Particle deposition

Figure 2.1: Experimental setups for filter producing (a), pressure drop measurement
(b), and filter capacity testing (c)
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The experimental setups for pressure drop measurement and filter capacity com-
parison are similar. For the pressure drop measurement, there are two vertical and
horizontal tubes. Filter media are put between the big horizontal tubes on the top.
The pressure drop values were read from the manometer connected parallel to fil-
ter media. Airflow carrying particles goes through the vertical tubes, the upstream
tube, filter media and downstream tube. (shown as the white arrow in Fig. 2.1b).
For filtration efficiency tests, when particles are activated carbon powder, the pow-
der is put at the bottom of the vertical tube in Fig. 2.1b. Airflow goes through
the carbon powder, upstream of the horizontal tube and filter media to downstream
tube. When using candle smoke, the bottom-side of the vertical tube is replaced by
a burning candle. Air carrying candle smoke is exhausted by a vacuum pump con-
nected to the other side of the burning candle so that candle smoke can be sucked
and pass through filter media located between the horizontal tubes, as shown in
Fig. 2.1c. The candle is put on an adjustable stage so that as it gets shorter during

burning, the flame could stay on the same position.

2.3 Experimental methods

2.3.1 Pulp filter production
Initial fabrication of pulp filters

Wood pulp filter pads were produced by draining different volumes or mass con-
centrations of pulp slurry and dried in an oven at 95°C for at least 24 hours after
separated from Whatman filter papers. Then thickness of each sample was recorded.
When releasing slurry from the container, the valve was widely open until the funnel
was nearly 90% full. Then the valve was widely opened when the funnel was around
70% fulfilled with suspension. After that the valve was closed until the funnel was
90% full again so that the left suspension layer could be a protection of the filter pad
surface from the impact of the flow. This process was repeated until the expected
volume of suspension was drained.

The mass concentrations were 0.3 and 0.4% consistencies. And volumes were 0.5,

0.75 and 1 L, respectively. They were controlled by two methods: a) a specific
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volume of suspension was made and drained; b) 2 L of suspension was made and
put in the container, after that a specific volume of slurry was released from the
container after stirring well, and the filter pad was removed. This process was
repeated until all slurry was released. The filter papers used while draining were
two grades of Whatman filter papers depending on filtration rates. For hardwood
pulp, filter paper (b) was used because of smaller particle retention diameter, which
provides pulp filter pads enough time to settle down evenly, while filter (a) was used
to drain hardwood pulp. Whatman filter paper (a) & (b) have different filtration
materials such as cellulose and glass microfibers, respectively. Particle retention
diameters are 2.7 and 10 pum for filter paper (a) & (b). Lower drainage rate gives
relatively smooth and homogeneous filter pads. This rate could also be controlled

by opening or closing the vacuum pump.
Advanced development of pulp filters

The advanced pulp filters were provided by the cooperated company, Millar Western
Forest Products Limited, to improve physical properties of pulp filters. Lab-made
filter pads were fragile, especially being cut into small pieces. The advanced pro-
duced pulp filters are more flat, smooth and homogeneous. These filter samples

include pressed and unpressed softwood and hardwood pulp filter sheets.

2.3.2 Initial pressure drop measurement and comparison

Flow rate and face velocity determination

The flow rate was controlled by adjusting the pressure settings and approximately
measured by recording time consumed to fulfill a 1 or 5 L airbag. The pressure
settings ranged from 30 to 50 psi with a 5 — psi interval. Face velocity is determined
by dividing flow rate by the effective exposed filter area, which is a circular place

with a diameter of 5 cm in our experiments.
Pressure drop of pulp filters and commercial N95 masks

The pressure difference between the upstream and downstream of filter media was

measured at different challenging face velocities (about 4, 10, 13, 17 em/s). It
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was conducted to single- and double-layer pulp filters as well as N95 masks for
comparison. At each face velocity, four values were recorded. Each experiment was
repeated 3 times. Graphs as a function of face velocity were plot with error bars

representing standard deviations.
Pressure drop of new combined filter media

Considering different functions of N95 layers, it would be more comparable if the
pulp filter sheet is a replacement of one layer of N95 masks. Therefore, a combination
of N95 layers and pulp filters was used. Novel multi-layer filter media consist of two
original layers of N95 masks and a single-layer of pulp filter. This filter sheet is
made of pressed soft- or hardwood pulp. The construction of filter media is shown
in table. 2.2. Other experimental situations were the same. Experiments were
repeated three times. Pressure drop graphs were plot against face velocities with

error bars representing standard deviations.

Table 2.2: Construction of all filter media (HW & SW represent hardwood & soft-
wood pulp filter, N95;, N955 & N955 mean the 1st, 2nd and 3rd layer of an original
N95 mask)

Name 1st layer 2nd layer 3rd layer
Filter (a) N95, N95, N954
Filter (b) Pressed HW N95, N95,
Filter (c) NO95, Pressed HW NO95;
Filter (d) N95, N95, Pressed HW
Filter (e) Pressed SW N95, N954
Filter (f) NO95, Pressed SW NO95;
Filter (g) N95, N95, Pressed SW

2.3.3 Filtration efficiency comparison

To compare the capture efficiency of different filter media, the experiments were
conducted by comparing the weight difference of filter layers pre- and post-exposed
to particles. Challenging particles were activated carbon, powder candle smoke and

incense stick smoke. The reason for choosing them is that the activated carbon
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powder has the diameter around 500 nm, which is close to the infectious aerosols

[63], and the candle smoke size is close to the MPPS (300 nm).

Particle selection, preparation and characterisation

A) Activated carbon powder

The activated carbon powder was mashed through a 20 pum sieve and collected
at different flow rates (2, 5, 12, 15 L/min) by two methods: 1) Particles were col-
lected consecutively without changing or adding new carbon powder while adjusting
pressure settings; 2) Carbon powder was captured at various flow rates separately.
Particles were removed after one collection and fresh particles were added. After
collections, particles were dispersed into 90.25% ethanol with mass concentration of
approximate 0.1% consistency. The particle size distribution (PSD) was analysed

by Zetasize Nano based on light scattering.
B) Candle and incense stick smoke

Some researchers believe that candle smoke diameter at incomplete combustion
mode is 270 4+ 30 nm, while steady burning produces particles at approximate 25

nm in diameter [42]. The incense stick smoke has the diameter of 160 nm [40].
Particle filtration tests

When using activated carbon powder, about 0.2 g particles were put at the bottom of
the vertical tube and blown to filter media at 5 & 12 L/min, for weight comparison
and filtration process analysis, respectively. Duration time was 40 s. After that
particles left in the vertical tube and the upstream tube were collected and weighed,
separately. When using candle smoke, a burning candle was kept at incomplete
combustion mode. Air and smoke were exhausted by a vacuum pump to the other
side of the burning candle. Duration time varies (5, 30 and 50 min) to make sure that
there was not too many particles captured by fibers, which results in the formation
of filter cake and filtration process could not be seen clearly under either digital or
scanning electron microscope. And there should be enough particles collected for

weight comparison. During the experiment, candle was put on an adjustable metal
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stage and moved up as burning so that the flame was at almost the same place and
smoke could be fully exhausted to filter media. Also almost the same amount air
was around the flame to keep candle at the same burning condition, the sooting
mode [42], so that smoke can be generated.

Experiments were done on multi-layer of pulp filters and all filter media mentioned
in table 2.2. Weight difference of each layer pre- and post-exposed to particles as
well as the candle and activated carbon powder weight loss were recorded. Optical
images and SEM images of filters with and without particle deposition were also
captured.

Considering the size of ultra-fine particles, incense stick smoke was also tried.
However, it was extremely hard to see the particles captured on all filter media

under either digital microscope or SEM.

2.3.4 Morphology information of filter media

The morphology of filter media was studied by taking optical and SEM images before
and after exposing them to particles. Images were taken by a digital microscope
(Keyence VHX-2000) and the scanning electron microscope (Zeiss Sigma 300 VP-
FESEM) at different magnifications and voltage settings. Lower voltage gives better
morphology information, while higher voltage provides composition of materials. In
SEM analysis, samples were coated with carbon or gold to make samples conductive.
The composition was determined by the energy dispersive X-ray spectroscopy (EDS)
analysis. To get clear morphology information, there should be enough but no too
many particles on samples, so that particle cake has not formed and particles can
be seen stuck on fiber surface. Therefore, for candle smoke deposition, the exposure
time was set as 5 min, and for activated carbon powder tests, the flow rate was 2
L/min with the opening time of 40 s.

In addition, visual pictures were also captured. The darkness shows the evidence
of collected particles. Though the evidence can be seen on visual pictures, it may

not be seen under either digital or scanning electron microscope.
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(b) Scanning electron microscope

Figure 2.2: Pictures of digital microscope (VHX-2000) and scanning electron micro-
scope (Zeiss Sigma 300 VP-FESEM)

30



Chapter 3

Results & Discussions

3.1 Characterization of commercial N95 masks and
pulp filters

Table 3.1 shows the information of commercial N95 masks, including thickness and
basis weight. All three layers have almost the same thickness but different basis
weights. The inner layer is the thickest and has largest basis weight. Basis weight
can to some extent reflect filtration performance. Larger basis weight increases both
filtration efficiency and pressure drop. It is attributed to the fact that larger mass
(or thicker) pulp filter sheets have larger surface area of fibers [58].

Table 3.1: Information of N95 masks

inner layer middle layer outer layer Total
Thickness (mm) 1.0 0.7 0.9 2.6
Basis weight (g/m?) 134.66 128.12 71.88 334.66

Fig. 3.1 shows initial and advanced produced pulp filter sheets. Pulp filter sheets
provided by the cooperated company include pressed and unpressed hardwood and
softwood pulp filters. They are smoother and more homogeneous. Information of
advanced produced pulp filter sheets is shown in table 3.2

Fig. 3.2 shows the approximate relationship between thickness, volume and con-
centration of softwood and hardwood pulp suspensions. Since the pulp cannot be
solved and the suspension is not exactly homogeneous, there is no linear relation-
ship. Pulp tends to be stirred to the surface of the suspension, stick to the container

wall, and cannot be released until all suspension is drained. Therefore, when a spe-
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(a) Initial softwood pulp filter pad (b) Initial hardwood pulp filter pad

(¢) Advanced softwood pulp filter (d) Advanced hardwood pulp filter

Figure 3.1: Pulp filter sheets produced in lab and provided by company: (a) & (b)
are made in our lab; (c¢) & (d) are provided by the company

cific volume of mixture being released from the whole suspension at a time, the last
sample is always thicker. Also at the beginning, the suspension at the bottom is
more condensed, the first circle sometimes gives thicker pulp filters.

Thickness of lab-made pulp filter pads varied from 2 to 5 mm depending on
concentration, volume and grade of wood pulp. Comparing to commercial masks,
pulp filters were too thick. To produce thin but not fragile filter pads, 0.5 L of
0.3% consistency slurry was used the most. Thickness could go down to 1.2 and 2
mm for hardwood and softwood pulp filters, respectively. It is certain that at the

same volume and consistency, hardwood pulp filters are thinner than softwood ones.
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Table 3.2: Information of pulp filter sheets

Unpressed Pressed Unpressed Pressed
softwood pulp softwood pulp hardwood pulp hardwood pulp
filter sheet filter sheet filter sheet filter sheet

Thickness (mm) 0.8 0.5 0.7 0.3
Basis weight (g/m?) 60 60 60 60
Relationship betweem volume and average Relationship betweem volume and average
thickness at 0.3% and 0.4% consistency thickness at 0.3% and 0.4% consistency
Thickness mm) (softwood) Thickness (mm) (hardwood)

6
6

5
5

4
4

3 //
3

1

025 05 075 1 125 0

0.25 05 0.75 1 1.25
Volume (L) Volume ()
'olume

—e— 0.3% consistency  —@—0.4% consistency —e—0.3% consistency  ——0.4% consistency

(a) Softwood pulp (b) Hardwood pulp

Figure 3.2: Relationship between thickness and suspension volume at different con-
sistencies

This trend is constant to pulp filter sheets provided by the Millar Western Forest
Products.

In comparison to company provided pulp filters, lab-made filters are thick, uneven
and fragile. This is because of different production processes. Basis mechanism of
producing filter papers from pulp is firstly draining the pulp and water mixture and
drying the wet filter pads. The lab-made filter pads are dried in the oven for at least
24 hours. However, since pulp could not disperse in water evenly it was difficult
to keep filter pads at a specific thickness. Besides, without pressing or modifying,
the filter pads were rough textured and unevenly dense, for example there are small
"hills” on filter pad surface. In comparison, the paper mill produces paper using
advanced paper-making machine. It contain four sections. Firstly, pulp solution
is injected at high pressure directly from the headbox into the space between two
continuously rotating wires. Water is mainly removed by the following two sections,
wet press section and dryer section. Water is squeezed out of the paper by pressure

and then absorbed and carried away by wet felts. In the dryer section, heated
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rollers are used to dry the paper. This process can also improve paper strength.
Finally, paper passes through two finely polished steel cylinders, which precisely
ensure the thickness is consistently even and then calenders make the paper surface
extra smooth and glossy. For the N95 masks, they are mainly made of polypropylene

fibers produced by spun bond and electro-spinning technologies [64].

3.2 Relationship between pressure setting, flow
rate and face velocity

Table 3.3 shows the relationship between pressure settings and approximate flow
rates. Flow rate is measured by recording the time to fulfill an airbag with a specific
volume at a pressure setting. Thus, the relationship can be figured out. The effective
exposed area in experiments was a circular area with a diameter of 5 ¢m. Based on
the definition, face velocities can be calculated by dividing the flow rate by exposed
area.

Table 3.3: Relationship between pressure setting, flow rate and face velocity

Pressure setting Flow rate Face velocity
(psi) (L/min) (cm/s)
30 2 1.70
35 5 4.25
40 12 10.19
45 15 12.74
50 20 16.99

However, the flow rate measurement method is not accurate, because it is hard
to tell whether the airbag is full or not. In other studies, airflow always comes from
air cylinder with a fixed pressure setting and the flow rate is controlled by a ball
valve and read from a flow meter, and there is also a bypass connected parallel to

the filter section [58, 62].
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3.3 Particle size distribution analysis

Table 3.4: Particle size distribution of carbon powder collected at different flow rates

by two methods

Flow rate (L/min)
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Figure 3.3: Size distribution of activated carbon powder collected at different flow
rates by different methods: (a) samples collected consecutively (method 1), (b)
samples collected separately (method 2); from top to bottom, collection flow rate

increases

Size distribution of carbon powder collected at various flow rates is shown in Fig.
3.3 and peak diameters are shown in table 3.4. In fig. 3.3, from top to bottom flow
rate increases. d; represents peak diameter of particles captured by method 1, which

is adjusting flow rates without replacing particles with fresh ones. ds is the peak
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diameter of particles collected by using new particles at each flow rate (method 2).
There was only one peak in each size distribution graph, shown in fig. 3.3. Particles
collected at 2 L/min by method 1 & 2 have the same peak mean diameter. When
using method 1, at higher flow rates larger particles were collected, though the
difference was not obvious. However, in method 2, where smaller particles have the
opportunity to be collected by higher flow rates, the trend in diameter was opposite.
5 L/min gave the largest peak mean diameter, 590 nm. As flow rate increased, peak
mean diameter decreased.

Theoretically, peak mean diameter increases as flow rate goes up. This trend
is seen in particles collected by method 1. However, there is an opposite trend
when using method 2. This might be because carbon powder could not dissolve in
ethanol, particles coagulated, settled, and formed bigger particles. Thus, the light
scattering results might be affected. This phenomenon is more likely to happen
to smaller particles because of higher specific area according to the DLVO theory,

which described particle-particle interaction mechanisms in detail [65].

3.4 Pressure drop comparisons

Graphs were plot as a function of face velocity with error bars. As face velocity
increases, pressure drop goes up linearly. Softwood pulp filters have a relatively low
pressure drop comparing to hardwood. Pressed filters experience higher pressure
drop than fluffy ones. Pressed hardwood pulp filters exhibit the highest pressure
drop, in contrast unpressed softwood pulp filters have the lowest pressure drop,
shown in Fig. 3.4. Pressed softwood and unpressed hardwood pulp filter have
similar pressure drop. The same experiments were also conducted on a double-layer
pulp filters. Pressure drops were twice more than those of single-layer filters. The
extra one layer of the same kind of filter doubles the pressure drop.

When one layer in an N95 mask was replaced by a pulp filter sheet, the new multi-
layer filter media have higher pressure drops comparing to the N95 mask itself. It
can be concluded that single-layer pulp filters are more air-resistant than every layer

in N95 masks. And the middle layer in N95 masks contributes the most pressure
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drop.

There
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Figure 3.4: Pressure drop of pulp filters and all seven new filter media as a function
of face velocity. (a) single-layer of pulp filter sheets; (b) double-layer of pulp filters;
(¢) new combined filter media and N95 masks

The results of pressure drop measurements agree with previous theories, wood
pulp filters have higher pressure drops, because the loose fibrils are likely to accu-
mulate [58]. And graphs also shows a linear relationship between pressure drop and
face velocity, although there are little errors.

However,according to NIOSH standards [9], the initial inhalation and exhalation

resistance should not exceed 245 and 343 Pa, respectively when the flow rate is 85
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L /min, corresponding to the face velocity of about 8 ¢m/s. Neither pulp filters or

combined filter media are qualified.

3.5 Filtration efficiency tests on pulp filters

3.5.1 Weight change after particle deposition

Activated carbon powder as challenging particles

Table 3.5 shows weight change of pulp filter media and carbon powder weight loss
after filtration tests at two face velocities, 4.25 & 10.19 em/s. At low flow rates,
softwood pulp filters collected more particles than those made of hardwood pulp and
flufty filters blocked more carbon powder than pressed ones. While at a relatively

higher gas velocity, hardwood pulp filters collected more particles.

Table 3.5: Weight change of pulp filters before and after activated carbon passing
through and carbon powder weight loss

Face velocity

4.25 10.19
(cm/s)

Filter Carbon Filter Carbon
weight gain (g) loss (g) weight gain (g) loss (g)
Unpressed softwood 0.0381 -0.1558 0.0353 -0.0755
Pressed softwood 0.0261 -0.1217 0.0411 -0.1039
Unpressed hardwood 0.0235 -0.0788 0.0451 -0.0892
Pressed hardwood 0.0103 -0.0994 0.0414 -0.1207

This result is opposite to previous studies, which have proven that filters with
higher packing density or lower porosity have higher collection efficiency [43, 44].
The reason for this discrepancy can be explained by experimental errors. For exam-
ples, particles were not stably captured by filters. They were easy to fall off with a
little collision. And not all carbon powder could be weighted after each run. There

were some particles left in tubes.
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Candle smoke as challenging particles

Table 3.6: Weight difference of pulp filters after exposure to candle smoke for 50min

Ist layer (g) 2nd layer (g) 3rd layer (g) 4th layer (g) Total (g)

Unpressed

0.0072 0.0017 -0.0004 - 0.0085
softwood
Pressed 0.0662 0.0128 0.0093 0.0056 0.0939
softwood
Unpressed ) aqs 0.0043 0.0038 0.0071 0.0488
hardwood
Pressed 0.2136 0.0250 0.0193 0.0183 0.2768
hardwood

When particles were candle smoke (see table 3.6), pressed pulp filters collected more
particles, and hardwood performed better than softwood. Hence, pressed hardwood
pulp filters filtered the most smoke, followed by pressed softwood pulp filters. The
least particles were collected by the unpressed softwood pulp filter. First layers
were the dominated layer in capturing candle smoke. The deeper the fewer particles
collected, except the unpressed hardwood pulp filter. The last layer gained more
weight than the 2nd and 3rd layer.

This result is consist to the theory that higher packing density higher collection
efficiency. Hardwood has higher packing density than softwood. Pressed filters are
also more condense than fluffy filters. The reason for the consistent results may be
because candle smoke is more likely to be carried by airflow and the amount left
in the upstream tube would be similar in each filtration experiment and it have
no impact on candle weight loss. One of the experimental error avoided in these

filtration tests.
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3.6 Filtration efficiency tests on novel multi-layer
filter

3.6.1 Activated carbon powder as challenging particles

Weight change after exposure to particles

Table 3.7: Weight change of filter media after deposited with activated carbon
powder and carbon powder consumed

Ist layer (g) 2nd layer (g) 3rd layer (g) Total (g) (igf)igst?;)
Filter (a) 0.0245 0.0014 0.0004 0.0263 -0.1121
Filter (b) 0.0152 0.0005 0.0004 0.0161 -0.0909
Filter (c) 0.0282 -0.0039 0.0003 0.0246 -0.1100
Filter (d) 0.0201 0.0019 -0.0072 0.0148 -0.0758
Filter (e) 0.0355 0.0008 0.0002 0.0365 -0.1269
Filter (f) 0.0351 -0.0063 0.0007 0.0295 -0.0974
Filter (g) 0.0341 0.0017 -0.0084 0.0274 -0.1026

Table 3.7 shows weight change of each layer in novel filter media and carbon powder
weight loss after filtration tests. In each filter media, the 1st layer facing particles
dominated the whole filtration processes. Few carbon powder could penetrate into
deep layers. The most particles were collected by filter (e), where the pressed soft-
wood pulp filter sheet was used as the 1st layer. In contrast, filter (d) collected the
least particles. When comparing filter (e), (f) & (g) and filter (b), (c) & (d), filter

media containing softwood pulp layer captured more particles.
Photos of filter media pre- and post-exposure to particles

From photos, all filter media performed well on carbon powder filtration. Particles
barely penetrated deep into the 3rd layers. First layers dominated the filtration
processes in all filters. When comparing filter (a), (b) & (e), pulp filters played the
most important role in collecting carbon powder. Few particles reached to the 2nd
or 3rd layer. However, the middle layer in the N95 mask has been dark. When

pulp filters were used as the a replacement of the original 2nd layer, all filter media
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performed similarly, particles could barely seen on the last layer. This trend is also
seen in filter (d) & (g), all filter media performed well. Thus, all filter media showed
high filtration efficiency on activated carbon powder filtration. Pulp filters worked
a little better than N95 layers. It is difficult to tell whether hard- or softwood pulp
filters performed better. Combining the information in weight change of each layer

after exposure to particles, softwood pulp performed better.

(a) Filter (a)

(b) Filter (b)

(e) Filter (e) | (f) Filter (f) - (g) Filter (g)

Figure 3.5: Photos of novel multi-layer filter media with and without carbon powder
deposition

This result agrees with the filtration efficiency of pulp filters at relatively lower

flow rate, but is opposite to the theory that filtration efficiency is proportional to
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packing density. The reason for similar filtration efficiency may be because the con-
centration challenging particles was too low and did not reach filter media capacity,

although it has exceeded NIOSH standard (200 mg/m?) [8].

3.6.2 Candle smoke as challenging particles

Weight difference before and after particle deposition

Table 3.8: Weight difference of filter media pre- and post-exposed to candle smoke
and candle weight decrease

Ist layer (g) 2nd layer (g) 3rd layer (g) Total (g) Candle (g)

Filter (a) 0.0161 0.1006 0.0044 0.1211 -5.4092
Filter (b) 0.2801 0.0160 0.0144 0.3105 -5.5249
Filter (c) 0.0428 0.0178 0.0052 0.0658 -4.7500
Filter (d) 0.0336 0.0081 0.0016 0.0433 -3.8640
Filter (e) 0.0144 0.0087 0.0023 0.0254 -3.9318
Filter (f) 0.0101 0.0350 0.0046 0.0497 -4.9020
Filter (g) 0.0079 0.0353 0.0020 0.0452 -5.0614

Table 3.8 shows weight gain of filter media and candle weight loss after burning for
50 min. Filter (b) collected the most particles, 0.3105 g. It is about three times more
than that collected by the original N95 mask. When the 1st was the pressed softwood
filter sheet, the least particles were collected. Filter media containing a layer made
from hardwood pulp captured more particles than those with a softwood pulp filter
layer. Thus, hardwood pulp filers performed better on candle smoke filtration than
softwood. Wood pulp filters have higher collection efficiency than every layer in N95
masks. When comparing the weight gain of each layer in filter media, the middle
layer in the N95 mask collected the most dust. For filter media including hardwood
pulp filter layer, the 1st layer collected the most particles. When softwood pulp
filter was used, the most particles were collected by the 2nd layer except for filter
(e). Majority of candle smoke was collected by the 1st layer, the softwood pulp filter

layer.
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Photos of filter media with and without particles

Figure 3.6: Photos of filter media before and after candle smoke deposition

Fig.3.6 shows photos of all filter media in table 2.2 before and after exposure to
candle smoke. First rows from left to right are the 1st, 2nd and 3rd layers of clean
filter media. The second and third rows are the front and back of filters with candle
smoke deposition. In the commercial N95 mask, particles have penetrated to the
last layer. When hardwood pulp filter was used, few particles could pass through
or reach that layer. When softwood pulp filter was used, particles could barely
went through. While when it was used as the last layer, filter (g), more particles

penetrated into it.

43



Photos gave the same conclusion as the weight change table, pulp filters showed
better performance than N95 layers and hardwood worked better than softwood.The
result is also consistent to collection efficiency tests on pulp filters and proves that
filters having higher packing density show higher collection efficiency.

To summary, when challenging particles were activated carbon powder, all filter
media performed higher filtration efficiency. This may be because the total amount
of dust was also lesser than candle smoke, and carbon powder has larger diameter
(about 500 nm) than candle smoke (about 300 nm), which is around the most pen-
etrating particle size (MPPS). Wood pulp based filters showed better performance
than N95 layers on ultra-fine particle filtration. This result agrees with the previous
research on pulp based filters for removal of sub-micrometer aerosol particles. It has
proved that pulp filters are capable to remove fine particles from air and for pressure

drop, they are also comparable to N95 masks [58].

3.7 Morphology and composition

3.7.1 Optical images
Pulp filters

0.0 ym@1411.1 7

500.0 1000.0 1500.0 1834.6 1000.0 1500.0 1831.2

(a) Before candle smoke deposition (b) After candle smoke deposition

Figure 3.7: Optical images of pressed softwood pulp filter with and without particle
deposition

Fig. 3.7 shows the pressed softwood pulp filter before and after exposure to candle
smoke for bmin. The magnifications are 500x. Comparing to the blank pulp filter

image, the black spots stuck in pores and between fibers in fig. 3.7b are believed to
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be captured particles. Since the exposure time was short, only few particles were
blocked and seen on fibers, and particle cake did not form, otherwise only a carbon
cake could be seen. For other challenging particles and pulp filters, images were
similar. However, filters that are too condense, for example the pressed hardwood

pulp filter, cannot be seen clearly using optical microscope.

N95 filters

i {‘i
1000.0 1500.0 1868.9 500.0 1000.0 1500.0 1858.4

(a) 1st layer of a clean N95 mask (b) 1st layer of an N95 mask with smoke

Figure 3.8: 1st layer of an N95 mask pre- and post-exposed to candle smoke for
dmin

Fig. 3.8 shows the inner layer of N95 masks before and after exposure to candle
smoke for only 5 minutes. Comparing to fig. 3.8a, black spots in fig. 3.8b are
believed to be collected particles. Similarly as pulp filters, particles were stuck on
fiber surface. Images of the 3rd layer look the same. While the middle layer could
not be seen clear under optical images. This is because it has thinner fibers and
is more condense. And the cap-shape of N95 masks make is more difficult to be

focused on. Thus, we moved on to scanning electron microscope.
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3.7.2 SEM images
N95 filters

(a) Inner layer (b) Middle layer (¢) Outer layer

Figure 3.9: SEM images of a clean N95 mask

Fig. 3.9 shows SEM images of each layer in an N95 mask. The 1st & 3rd layer
have similar structure and fiber diameter. Fiber diameters in the middle layer are
smaller. And this layer also looks condense than the other two layers. This is the

evidence showing that the 2rd layer is the filter layer, while other two layers are

support layer and also explains why it has relatively higher pressure drop.
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(a) Inner layer (b) Middle layer (c) Outer layer

Figure 3.10: SEM images of N95 filters with particle deposition

Fig. 3.10 shows each layer in an N95 mask with particle deposition. Particles
aggregate together and are captured on fiber surface. The bright spots are believed

to be particles.
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(c) Softwood pulp filter (with particles) (d) Hardwood pulp filter (with particles)

Figure 3.11: SEM images of pulp filters with and with particles

Pulp filters

3.7.3 Images of challenging particles
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(a) Candle smoke (b) Activated carbon
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Figure 3.12: SEM images of particles used in experiments

Fig. 3.12 shows images of candle smoke and activated carbon under SEM. Both of
them look fluffy. Candle smoke is more likely to coagulate together comparing to

activated carbon.
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By comparing SEM images of filter layers with and without particles as well as
challenging particles. Bright spots on fiber are believed to be collected particles.
This also can be proved by the EDX-analysis. It gives the composition of specific
areas. For example the inner layer consists of 65% carbon and 35% oxygen, the bright
spots and challenging particles contains at least 90% carbon. For pulp filters, the
carbon composition increased from 59% to 70% after exposure to particles. However,
this method does not work on the middle or 3rd layer of N95 masks. These layers
are made of polypropylene, which only composed of carbon and hydrogen.

The images also gives approximate information of packing density. Pulp filters
look more condense they every layer in N95 masks, and hardwood pulp filters also
have lower porosity than those made from softwood pulp. This explains why pulp

filters, especially hardwood pulp filters have quite high pressure drop.
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Chapter 4

Conclusions and future work

4.1 Conclusions

In this thesis, we characterized properties of different grades of wood pulp and pulp
based filters. For the pulp filters we focused on their pressure drop and particle
collection efficiency, and then made a comparison with commercial masks. After that
we studied the morphology information of pulp filters, N95 filters and challenging
particles used in this research, activated carbon powder and candle smoke.

Pulp filters show higher pressure drop than N95 layers. The one piece of pressed
hardwood pulp filter sheet has the pressure drop of about 3 kPa, and the smallest
value, approximate 200 Pa, belongs to the unpressed softwood pulp filter, when the
face velocity is about 10 ¢m/s. After comparing the ability of particle removal from
air using activated carbon powder and candle smoke, pressed filters show better
filtration efficiency. Thus, they have been chosen as the alternative layers, though
they have relatively higher pressure drop.

Novel multi-layer filters have been produced. They are composed of one piece of
pressed hard- or softwood pulp filter sheet and two original N95 layers. The same
pressure drop and collection efficiency tests were conducted on these novel filter
media. Filter media containing pressed hardwood pulp filter sheet and the N95
middle layer show higher pressure drops, about 3.5 kPa at 10 ¢m/s. The lowest
pressure drop value, about 500 kPa, belongs to filter (f), which contains the N95
inner and outer layer and the pressed softwood pulp filter sheet as the 2nd layer.

However, it is still larger than the NIOSH standard for commercial high efficiency
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air filters.

In the filtration efficiency test, pulp filters performed better than every layer
of N95 masks on both activated carbon powder and candle smoke. When pulp
filters were used, the last layer after exposure to particles were always clean. While
for the original N95 mask, there were plenty of particles on them, especially after
candle smoke filtration tests. And the most particles were collected by filters with
pulp filters as their 1st layer. Hardwood pulp filters performed better on candle
smoke filtration tests, while softwood showed higher capture efficiency when using
carbon powder. The later result needs more investigation since it is opposite to the
theoretical predictions.

For the morphology information studies, particles were collected by fiber surface
and seen under optical and scanning electron microscope. Particle dendrites have
formed.

Hence, pulp filters have the ability of removing particles from air and collecting
them by pulp fibers. Though they show higher pressure drop, they are a strongly
competitive material to the current used synthetic polymer. This is also because
pulp filters are biodegradable and inexpensive. Also comparing the spun-bond and
electro-spinning technologies, pulp filter production processes are much easier and

mature.

4.2 Future work

In the future work, it is essential to reduce the pulp filters pressure drop. Comparing
to NIOSH standard and considering the comfort of wearing, the pressure difference
between the upstream and downstream should be lower than 343 Pa [9]. This could
be achieve by adjusting weight density and/or thickness. We also need to improve
the experimental setups to accurately measured filtration performance. For example,
in candle smoke filtration test, it is necessary to keep candles at the same burning
condition so that the smoke concentration would be the same. Beside, during the
candle combustion, there are water and heat generated. The impact on filtration

performance caused by environmental situation change should be reduced. We also

20



expect to investigate incorporation of nano-carbon/nano-silver or some oxidizing

materials to kill bacteria or viruses.
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