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Abstract

In this study, activated carbon fiber (ACF) nonwovens were fabricated using a wet-laid nonwoven process to produce the gas
removal layer for a face mask. Two types of polyethylene terephthalate fibers were used as binding fibers. The ammonia gas
removal efficiency, mechanical properties, and particulate filtration performances of the fabricated ACF nonwovens were
evaluated. The binders did not inhibit the ammonia gas removal efficiency of the ACF. The mechanical properties of the ACF
nonwoven fabric could be adjusted based on the amount and composition of the binders. The composite nonwoven, including
the ACF nonwoven layer, showed gas adsorption and excellent particulate filtration performances even after exposure to a
moist environment. The composite nonwovens seemed to have the potential for a face mask with gas removal characteristics

and excellent filtration performances.
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1 Introduction

Personal protective equipment (PPE) is often used to protect
people from infection or injury. PPE may include various
items such as gloves, safety shoes or glasses, respirators,
body suits, etc. Among them, a facial mask is one of the
PPEs to prevent the respiratory system from dust and harm-
ful gasses [1, 2]. Facial masks can be classified into N95/
N99/N100 or FFP1/FFP2/FFP3 depending on their particle
filtration efficiencies (PFE). Although gas removal efficiency
may be very important to facial masks as much as PFE, it
has not received sufficient attention. Recently, some facial
masks that satisfy both PFE and gas adsorption have been
developed using activated carbon powder (ACP) [3, 4].
Activated carbon materials have been used as chemical
adsorbents owing to very high specific surface areas and
high microporous volumes [5]. Activated carbon materials
are available in various forms, such as granules, powders,
and fibers. Each type has advantages and disadvantages in
terms of cost, production, and adsorption properties [6].
In addition to their macroscopic morphology, ACP and
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activated carbon fiber (ACF) differ in their adsorption
mechanisms because of their different pore structures. In
ACP, gas molecules must first pass through the macropores
(widths larger than 50 nm) and then through the mesopores
(widths between 2 and 50 nm) before reaching the micropo-
res (widths smaller than 2 nm) due to the hierarchical
pore structure. In contrast, numerous micropores of ACF
are directly exposed to the surface, and gas molecules are
adsorbed rapidly. Therefore, ACF has a faster adsorption
rate than the granular and powder form [7-9]. ACF also
exhibited superior adsorbent performance compared with
zeolites and silica gels [10-16].

Gas adsorbent nonwovens were prepared by scattering
ACPs to the needle-punched nonwoven [17, 18] or by car-
bonizing polyacrylonitrile or cellulose nonwoven to obtain
ACF nonwoven fabrics [19]. However, these fabrics are
inappropriate for a mask layer because they are thick or
because ACP may fall out of the nonwovens. Although ACF
has several advantages when used as a thin gas adsorption
layer for a face mask, it is not easy to obtain the ACF non-
woven by carding and needle-punching processes due to its
fragility and short fiber length.

Nonwovens can be fabricated by various processes, such
as wet laid, spunbond (SB), air laid, needle punched, spun-
lace (SL), and melt-blown (MB). Among the fabricating
methods of nonwovens, the wet-laid process is a modified
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papermaking process and is characterized by obtaining a
product with more uniform pore distribution, enhanced
strength, and thin structure compared with other nonwovens
[20, 21].

In the case of manufacturing a wet-laid nonwoven with
ACEF, it is important to select an appropriate bonding method
because ACF itself does not have the sufficient self-bonding
capability. Binders such as latex and adhesive fibers are usu-
ally used to impart mechanical strength to wet-laid nonwo-
ven. Hotmelt adhesive fibers can be used for manufacturing
an ACF wet-laid nonwoven because they are partially melted
by the heating. Examples of hotmelt adhesive fibers include
polyolefins, modified polyesters, and copolyamides [22].
Among them, sheath/core bicomponent fibers are popularly
used due to the uniform distribution of adhesive, adding
integrity by the remained fiber structure, or cost-effective
bonding. A representative sheath/core-type bicomponent
fibers are the low-melting polyethylene terephthalate fiber
(LMF). The LMF is composed of a core component in poly-
ethylene terephthalate (PET) and a sheath component in a
copolyester that has a lower melting point than regular PET.

In this study, ACF nonwovens were prepared by a wet-
laid process to obtain a face mask with gas removal effi-
ciency as well as PFE equivalent to an N95 mask. The effect
of binders on the properties of the ACF nonwoven, includ-
ing gas removal efficiency, was thoroughly investigated. In
addition, the performances as a face mask were evaluated by
examining the characteristics of the composite nonwovens
with various ACF nonwovens.

2 Experimental
2.1 Materials

Viscose rayon-based ACF was purchased from Korea
Activated Carbon Fiber Ltd. The average fiber length,

specific area, and micropore diameter of ACF were
2.25+1.64 mm, 1700 m*/g, and 18.8 +0.11 A. respec-
tively. Binding fibers such as LMF short-cut fibers (2
denier, 6 mm) and PET short-cut fibers (0.7 denier, 5 mm)
were purchased from Huvis Ltd. PET SL nonwoven (Baik-
san Lintex Co., Ltd., 45 g/m?), polypropylene MB nonwo-
ven (Sun Jin Industry Co., Ltd., 35 g/mz), and PET thermal
bonding (TB) nonwoven (Younatech Co., Ltd., 18 g/mz)
were used to fabricate the composite nonwoven.

2.2 Preparation of ACF Nonwoven and Composite
Nonwoven

ACF nonwovens were fabricated using a hand-sheet former
with ACF, LMF, and PET at various blend ratios. The ACF
and binding fibers were weighed and dispersed in water.
Nonwovens were formed on the screen mesh through filtra-
tion of the dispersed fibers in water.

The dimension of the wet-laid nonwovens was
20 cm X 20 cm. The weight of the ACF was fixed at 0.8 g,
which is equivalent to 20 g/m?, for each nonwoven. Bind-
ing fibers weighing 0.4/0.8/1.2 g were added to ACF
to obtain ACF nonwoven of 30/40/50 g/mz, which are
referred to as B30, B40, and B50, respectively. The blend
ratios of LMF/PET as a binding material were 30/70,
50/50, and 70/30 (w/w), which were named L3P7, L5P5,
and L7P3, respectively (Table 1).

After the dewatering process, the wet specimens were
dried in a convection oven at 150 °C for 60 min and the
thermal bonding process was followed. Thermal bonding
was performed using a laminating machine (RPS-L 600 K,
MEYER GmbH) at 120 °C and 39 N/cm?.

The composite nonwovens having a multi-layered struc-
ture for a face mask were fabricated by sequentially stack-
ing SL nonwoven, ACF nonwoven prepared, MB nonwo-
ven, and TB nonwoven (Fig. 1).

Table 1 Blend ratio and basis

. Sample Weight of ACF  Weight of binders (g) Blend ratio of binders Basis
weight of ACF nonwoven () (Wt%) weight
(g/m?)
LMF PET LMF PET

L3P7B30 0.8 0.12 0.28 30 70 30

L5P5B30 0.8 0.20 0.20 50 50 30

L7P3B30 0.8 0.28 0.12 70 30 30

L3P7B40 0.8 0.24 0.56 30 70 40

L5P5B40 0.8 0.4 0.4 50 50 40

L7P3B40 0.8 0.56 0.24 70 30 40

L3P7B50 0.8 0.36 0.84 30 70 50

L5P5B50 0.8 0.6 0.6 50 50 50

L7P3B50 0.8 0.84 0.36 70 30 50
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Fig. 1 Cross-sectional image of the composite nonwoven

2.3 Morphological Characterization

The morphology of the ACF nonwovens was evaluated using
field-emission scanning electron microscopy (FE-SEM;
Hitachi SU-8010, Hitachi High Technologies Co., Japan).
The ACF nonwovens were sputter-coated with gold for 200 s
with a current of 15 mA prior to imaging and microstructure
analysis.

The pore characteristics were measured using a capil-
lary flow porometer (CFP-1500AEX, Porous Materials
Inc.). Pore size analysis was performed according to ASTM
F316-01. For the wet samples, we used Galwick™ solution
with a surface tension of 15.9 dyne/cm to fill the pores of
the nonwovens. The mean and bubble pore sizes of the three
samples were determined.

2.4 Mechanical Properties
2.4.1 Dimensional Stability

The dimensional stability was evaluated by measuring the
extent of shrinkage during the drying process. The areas of
the ACF nonwoven were measured before and after the dry-
ing process. The shrinkage ratio (%) was calculated using

Eq. (1).
Shrinkage ratio (%) = (A, —A,) /A, x 100, 1)

where A, and A, are the areas of the specimen before
(Ap=20 cm X 20 cm) and after drying, respectively. Three
samples of each ACF nonwoven were used for the dimen-
sional stability tests.

2.4.2 Tensile Strength

The tensile strengths were measured using a tensile tester
(Instron 3343, Illinois Tool Works Inc., USA). The ACF
nonwoven was cut to dimensions of 2 cm (width) X 10 cm
(Iength). The test was performed with a gauge length of

50 mm and a constant elongation rate of 50 mm/min. Five
samples of each nonwoven were used for the tensile strength
tests.

2.4.3 Stiffness

The stiffness was evaluated using a Gurley stiffness tester
based on the Test Method TAPPI T 543 om-11. A sample
(2.5 cm X 2.5 cm) was attached to a clamp such that 6.4 mm
of the sample, held in the jaws, overlapped the top of the
pendulum pointer. The clamp arm brought the sample into
contact with the top of the pendulum, and the bending resist-
ance was measured at the point where the sample cleared
the pendulum.

2.4.4 Ammonia Gas Removal Efficiency

The ammonia gas removal efficiency was measured based
on JIS K 0804:2014 (gas detector tube measurement sys-
tem) using ACF in a polyethylene teabag [23, 24]. Re-dried
ACF (r-ACF) specimens were prepared by drying the wet
ACF; ACF was immersed in distilled water for approxi-
mately 5 min and the wet ACF was dried in a convection
oven at 150 °C for 60 min. For the ACF nonwoven and
composite nonwoven fabrics, wet nonwovens were cut into
10 cm x 10 cm pieces before the drying process. Thermal
bonding was carried out before the ammonia gas removal
test was performed.

To assess the ammonia gas removal efficiency, specimens
were placed into a 2 L test chamber under the following
test conditions: temperature of 23.0+2.0 °C and humidity
of 65+20% RH. To adjust the concentration to 100 ppm,
10 pL of 10 v/v% ammonia solution was injected into the
2 L test chamber. After predetermined periods (30, 60, 90,
or 120 min) following the injection of ammonia solution,
50 mL of gas from the 2 L test chamber was drawn into the
gas detection tube (GASTEC, 3La) using a gas detection
pump (GASTEC, GV-110S). The concentration of ammonia
gas was calculated based on the color change of gas detec-
tion tube.

A control test was performed without a sample by follow-
ing the same process as described above. The concentrations
of ammonia gas in the 2 L test chambers were measured
after 120 min and the removal efficiency of ammonia gas
was calculated using Eq. (2).

Ammonia gasremoval efficiency (%) = (C, — Cs)/C, % 100,
@
where C, is the gas concentration in the control chamber
after 120 min, and Cg is the gas concentration in the sample
chamber after 120 min. Three samples of each specimen
were tested to measure the removal efficiency of the gas.
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2.4.5 Filtration Performances

The particle filtration efficiency (PFE) and airflow resist-
ance of the ACF nonwovens and composite nonwovens were
measured using an automated filter tester (TSI 8130, TSI
Inc., USA) based on 42 CFR(Code of Federal Regulations)
84 of the National Institute for Occupational Safety and
Health (NIOSH) standard [25]. After fixing the test fixture,
the PFE and airflow resistance were measured at an airflow
rate of 85 L/min. A neutralized polydisperse solid NaCl
aerosol with a mass median diameter of 0.26 pm and count
median diameter of 0.075 pm was used as the test aerosol.

2.4.6 Humidification

Humidification of the ACF nonwovens and composite non-
wovens was performed in a climate chamber (SH-CTH-
1200SCR2, Samheung Energy Co., Korea) under the con-
ditions of 38 +2.5 °C, 85+ 5% RH, for 24 h.

3 Results and Discussion

3.1 Effect of ACF Content on Removal Efficiency
of Ammonia Gas

ACF nonwovens as a gas removal layer for a face mask were
prepared using a wet-laid nonwoven process. The relation-
ship between the amount of ACF and ammonia gas removal
efficiency was evaluated to determine the appropriate ACF
content in the nonwovens. During the wet-laid nonwoven
process, the ACF is dispersed in water and subsequently
dried. Therefore, it is necessary to investigate the effect of
the wetting procedure on the gas adsorption of ACF.

Figure 2 shows the ammonia gas removal efficiency
depending on the amount of ACF in the dry ACF (d-ACF)
and r-ACF; the latter denotes a specimen that undergoes the
wetting and subsequent drying procedures, thus simulating a
wet-laid nonwoven process. As shown in Fig. 2, the ammo-
nia gas removal efficiency increased up to 60 min, and after
which equilibrium was reached. The d-ACF sample consist-
ently exhibited a higher value than the r-ACF sample for the
same amount of ACF even after reaching equilibrium. Addi-
tionally, the ammonia gas removal efficiency also tended to
increase as the amount of ACF increased.

Fabrics with more than 70% ammonia removal efficiency
are regarded after 120 min as deodorant fabrics [26]. In the
case of d-ACF, the removal efficiency was >70% when eval-
uated with a specimen with ACF content of >0.06 g. In con-
trast, in the case of r-ACF, the removal efficiency was >70%
when the amount of ACF was > 0.2 g. Therefore, it seemed
preferable to use 0.2 g of ACF in the case of ACF nonwo-
vens produced by the wet-laid process. This corresponds to

@ Springer

20 g/m? based on 100 cm? of the nonwoven area used for
testing the ammonia gas removal efficiency.

Figure 3 shows the effect of drying time on the ammonia
gas removal efficiency of the r-ACF specimens. Wet ACF
nonwovens were dried at 150 °C for 10, 30, 60, 120, and
180 min after the wet-laying process (wetting and dewater-
ing) using 0.2 g of dry ACF. The ammonia gas removal
efficiency increased until 60 min, after which no further
increase was observed with a prolonged drying time.

A decrease in the ammonia gas removal efficiency of
the r-ACF implies that a change in the micropores occurred
during the wetting process, because gas adsorption occurs
primarily in the micropores of the ACF. During the 60 min
of the drying stage, the evaporation of water from the ACF
seemed to increase the ammonia gas removal efficiency.
However, despite prolonged drying for 180 min, the ammo-
nia gas removal efficiency did not increase to its original
level (d-ACF). It seemed that the moisture in the micropores
of ACF inhibited the physical ammonia gas adsorption and
also affected the surface chemical characteristics of ACF
relating to its affinity to ammonia gas [27-29]. Further stud-
ies are needed to clarify this more accurately. Based on the
relationship between drying time after the wetting process
and gas removal efficiency, the drying conditions for the
wet-laid nonwoven process were fixed at 150 °C for 60 min.

3.2 Morphologies of ACF Nonwovens

In this study, wet-laid nonwovens composed of ACF, LMF,
and PET were prepared. Figure 4 presents the representa-
tive surface and cross-sectional SEM images of the ACF
nonwoven. The ACF and binder fibers seemed to be dis-
persed well. In the case of ACF(i), unique wrinkled sur-
face characteristics appeared because a viscose rayon-based
ACF was used in this study. PET(i1) and LMF(iii) showed a
smooth surface, and intra-fiber bonding, formed by partial
melting of LMF (iii) during the drying step, was observed.
LMEF(iii) fiber used in this study is composed of PET, melt-
ing at high temperature of 250 °C, as a core component and
copolyester with a broad melting point of approximately
110-170 °C as a sheath component. Therefore, the partial
melting could occur at the sheath part of LMF without a
remarkable change in the core component during the drying
step of 150 °C, which seemed to induce an intra-fiber bond-
ing instead of film formation by complete melting of LMF.

Figure 5 shows the mean pore sizes and bubble point pore
sizes of the various ACF nonwovens. Both the mean and
bubble point pore sizes tended to decrease with an increase
in the basis weight. An increase in the basis weight indi-
cated an increase in the number of fibers per unit area. This
increase in the nonwoven density could result in a decrease
in the pore size. Additionally, a decrease in pore size was
also observed when the proportion of LMF in the binder
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increased. It seemed to be caused by the partial melting that
happened only in the sheath component of LMF, as shown in
Fig. 4. It was because the drying and bonding temperatures
were much lower than the melting point of the core com-
ponent of LMF, and were in the middle of a broad melting
point of the sheath component of LMF. The partial melting
of the LMF flattened it a little, and the melted part seemed
to penetrate the space between the fibers of the nonwoven,
which resulted in a decrease in the pore size. However, there
was no dramatic change in the mean pore size depending on
the LMF portion of the binders. It seems to happen because
the sheath part of LMF was a small portion of the total ACF
nonwoven.

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

ACEF content (g)

Ad-ACF _ or-ACF |

3.3 Dimensional Stability of ACF Nonwovens

ACEF is short and fragile, which makes it difficult to convert
it into a sole component nonwoven fabric. It can be resolved
by consolidating nonwoven structures with the use of bind-
ing fibers. However, shrinkage can occur owing to heat dur-
ing the drying or thermal bonding step.

Figure 6 shows that the shrinkage ratio increased pro-
portionately with an increase in the LMF content. As
the basis weight increased, the shrinkage ratio tended to
increase. It implies that the amount of LMF had a signifi-
cant effect on the shrinkage of the ACF nonwoven while the
PET binder contributed to the dimensional stability of ACF
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Fig.3 Ammonia gas removal efficiency of r-ACF against drying time

nonwoven. In the case of LMF binder, the sheath compo-
nent is a copolyester with a low melting point of approxi-
mately 110-170 °C; it is prone to shrinkage when heated,
as the oriented structure turns into a random coil structure.
In contrast, PET binder was expected to be affected to a sig-
nificantly lesser extent by the drying temperature because it

KITECH 5.0kV 7.7mm x100 LM(UL)

has a much higher melting point than the drying or thermal
bonding temperature.

3.4 Tensile Strength and Stiffness of ACF
Nonwovens

Mechanical properties are one of the criteria in face masks.
Tensile strength is important because it could affect the
resistance to external stimuli and processability. Stiffness
is closely related to the improvement of wearing comfort
by securing an internal space of the mask. The effects of
the binders on the tensile strength and stiffness of the ACF
nonwovens were investigated. Figure 7 shows that the ten-
sile strength and stiffness of the ACF nonwovens increased
with increase in the LMF content in the binders or the basis
weight. As the LMF content increased, the partial melting
of LMF during the heating process seemed to enhance the
bonding strength between the fibers.

In general, the weakest layer of a face mask is the fil-
ter layer. The tensile strength of the MB nonwoven used
for preparing the composite nonwoven in this study was
6.98 +0.07 N/20 mm. At 30 g/mz, the tensile strength of
the ACF nonwoven was lower than that of the MB nonwo-
ven, regardless of the blend ratio of the LMF and PET. In
addition, the L3P7B40 nonwoven (40 g/m2 nonwoven with

1 1
SOI, Oum

Fig.4 Surface (A and B) and cross-sectional (C and D) SEM images of L5SP5B40 nonwoven. Arrows indicate (i) ACF (ii) PET (iii) LMF
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Fig.6 Shrinkage ratio of ACF 25.0

nonwovens according to the
fraction of LMF in binder
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30% LMF in the binder) also showed lower tensile strength
than that of the MB nonwoven. Weaker strength than MB
nonwoven may restrict the process applicability. It seemed

50
LMF content in binder (%)

70

that the proportion of LMF, significantly contributing to
the bonding strength, in L3P7B40 nonwoven was too low
to impart sufficient bonding strength. The ACF nonwoven
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Fig.7 Mechanical properties of ACF nonwovens according to LMF
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with more than 50% binder content seemed to be appropri-
ate for air filtration materials from the point of mechanical
strength.

The change in stiffness according to the LMF content
and basis weight showed a similar trend to that of the tensile
strength. With the increase of LMF content or basis weight,
the stiffness increased linearly. Intra-fiber bonding by partial
melting of LMF seemed to restrict the mobility of fibers,
which induced the increase of stiffness. It is advantageous
to secure a large area of the mask which is not in contact
with the face for better breathability as a duckbill face mask.
The outer layer of a face mask, protecting the filter layer,
is generally stiffer than the filter layer but the stiffness is
not sufficient to secure the shape of a mask. A stiff layer
such as high-denier PP spunbond is occasionally adopted
to prevent the collapse of the mask shape during breath-
ing. Except for L3P7B30, all the ACF nonwovens showed
much higher stiffness than SL (7.3 +3.0 mgf) and TB layer
(7.4 +4.1 mgf). The ACF nonwovens having high stiffness

@ Springer

with a high content of LMF are expected to ensure the shape
of the face masks remains stable while wearing a face mask.

3.5 Ammonia Gas Removal Efficiency of ACF
Nonwovens

The binders used in this study do not have gas adsorption
capability, and the melting of binders may cause clogging
of the micropores of ACF. It may induce a reduction in the
ammonia removal efficiency of ACF. To evaluate the effect
of the binders on the gas removal efficiency, the amount of
ACF was fixed at 0.2 g per 100 cm? and the binder content
and blend ratio of the binder were selected as variables. As
shown in Fig. 8, the ammonia gas removal efficiencies of the
ACF nonwovens ranged between 80 and 87%, regardless of
the binder content or binder blend ratio, which is similar to
the value of the r-ACF 0.2 g specimen. It means that partial
melting of LMF did not occur enough to significantly reduce
the micropores of ACF to impair the ammonia gas removal
efficiency.

While wearing a face mask, the mask is exposed to mois-
ture coming out from a mask wearer. One of the crucial
requirements for face masks as PPE is maintaining perfor-
mance after humidification. For that reason, the effect of
moisture on ammonia gas removal was investigated with
LMF/PET 5/5 ACF nonwovens after the humidification. The
humidification conditions are specified in the test procedure
of NIOSH against N95 series filters. As shown in Fig. 9,
the ammonia gas removal efficiency of the humidified ACF
nonwovens was slightly lower than that of the ACF non-
wovens not subjected to humidification. Interestingly, the
difference in the ammonia gas removal efficiency before and
after humidification tended to decrease as the basis weight
increased. It was estimated that as the content of the hydro-
phobic binders increased, the thickness and hydrophobicity
of the nonwoven ACF increased, which made it difficult for
moisture to penetrate the nonwoven fabric.

3.6 Filtration Performance of ACF Nonwovens

To evaluate the ACF nonwovens as a component of the face
mask, the filtration performances of the ACF nonwovens
were investigated. As shown in Fig. 10a, the PFE of the
ACF nonwovens tended to increase with the increase in the
binder content, but the blend ratio of the binders did not
have a significant effect on the PFE of the ACF nonwovens.

It is known that aerosol particles are removed from the
air stream by fibers through interception, diffusion, inertial
impaction, electrostatic deposition, etc. [30]. In the case
of filtration mechanism of nonwoven media, the quantity
of fibers or the density of the nonwoven in the direction of
airflow is likely to affect the PFE. It can be inferred that
the number of fibers is affected by the basis weight than
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by the LMF content in the binders. Therefore, the increase
in the basis weight appeared to increase the number of
fibers in the direction of the airflow, which resulted in an
increase in the PFE through the interception or impaction
mechanism. In contrast, the LMF content in the binder had
little effect on the PFE.

The airflow resistance of the ACF nonwovens increased
with increase in the basis weight and LMF content in the
binders (Fig. 10b). The airflow resistance is also closely
related to the mean pore size. As explained in Fig. 5, an
increase in the basis weight or the proportion of LMF in
the binder resulted in the decrease of mean pore size. It
seemed to induce an increase in the airflow resistance.

3.7 Filtration Performances and Gas Removal
Efficiency of the Composite Nonwovens

In general, N95 masks are composed of an outer layer, a
filter layer, and an inner layer. ACF nonwoven showed too
low PFE to be used as a filter layer alone. The particulate fil-
tration performances of the composite nonwovens, including
the ACF nonwovens, were evaluated. The composite non-
wovens were prepared with SL nonwoven as an outer layer,
ACF nonwoven as a gas removal layer, MB nonwoven as
a filter layer, and TB nonwoven as an inner layer (Fig. 1).
Figure 11 showed the filtration performances of composite
nonwovens.
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Fig. 10 a PFE and b airflow

(a)

resistance of ACF nonwovens § 1| N Syt Ly
according to LMF content in
the binder
100 [---------- oo -
80 [------[NE- - - --- - - - - - - -
e
S
E 6.0 ___—I— _________ 030 g/m?
o @40 g/m?
mS50 g/m?
40 --[ | EN-----1 | -
20 - | EM-----{ | R -----
0.0 L
30
LM PET content in binder (%)
2.5
L (b)
2.0 ] i
8 ;
o
==
g 15
g
8 A30 g/m?
2 A )
g 1.0 é i J_ 940 g/m
‘@ W50 g/m?
9]
=2
0.5
0.0 1 1 L L L
20 30 40 50 60 70 80

The PFE of the composite nonwovens seemed not to be
deteriorated by the addition of ACF nonwoven layer because
the PFE of MB nonwoven was very high. It means that the
addition of ACF nonwoven layer did not affect the filtration
capacity of MB nonwoven layer. The airflow resistance of
the composite nonwovens tended to increase slightly with
the increase in the basis weight and LMF portion in the bind-
ers of the ACF nonwoven. The PFE and airflow resistance of
the composite nonwovens were >99.5% and 14-18 mm H,0,
respectively. These values were similar to those of composite
nonwovens without ACF layers (PFE of 99.7% and airflow
resistance of 15.8 mm H,0). This indicates that ACF non-
wovens do not impair the particulate filtration performance
of the materials.

@ Springer
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The effect of moisture on the particulate filtration per-
formance of composite nonwovens was also investigated.
The composite nonwovens comprising ACF nonwoven
with LMF/PET 5/5 binders were exposed to humidifica-
tion. As shown in Fig. 12, even when the ACF nonwoven
layer was added, humidification did not deteriorate the
particulate filtration performance. Figure 13 shows the
ammonia gas removal efficiency of the composite non-
wovens. All the composite nonwovens showed similar
ammonia gas removal efficiency to sole ACF nonwovens,
as shown at Fig. 9.
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Fig. 11 a PFE and b airflow
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4 Conclusion

ACF nonwovens were prepared using a wet-laid nonwo-
ven process to produce a gas adsorption layer for a face
mask. When ACF was immersed in water, the ammonia gas
removal efficiency was reduced, even after subsequent dry-
ing. Additionally, 0.2 g¢ ACF per 100 cm? was sufficient to
obtain an ammonia gas removal efficiency of >70%. The
addition of binders had no significant effect on the ammonia
gas removal efficiency. With the increase in the LMF con-
tent, the tensile strength and stiffness of the ACF nonwoven
increased, as did the shrinkage during the drying process.
Partial melting of the LMF caused a decrease in the pore
size increasing the airflow resistance, but had little effect

30 40 50 60 70 80

LMF content in binder (%)

on the PFE. As the total binder content increased, the pore
sizes of the ACF nonwovens decreased; however, the ten-
sile strength, shrinkage during the drying process, and PFE
increased. In addition, there were no meaningful changes
in ammonia gas removal efficiency and particulate filtra-
tion performances after the exposure to a moist environ-
ment requested for a face mask. Filtration materials for a
face mask with excellent ammonia gas removal efficiency
and PFE could be obtained by the combination of ACF non-
woven with MB nonwoven. Considering the ammonia gas
removal efficiency, mechanical properties, and particulate
filtration performance, LSP5B40 was the most effective gas
removal layer for face masks among the nonwovens assessed
in this study.
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