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Abstract Air pollution has become a serious
threat to human health; hence, it is highly desirable
to develop high-efficiency air filters. In this paper,
porous cellulose nanofibril (CNF)-implanted air fil-
ters with hierarchical structures consisting of LC/
PET/CNF composites were prepared using pressur-
ized filtration. The frame of the composite was made
of fibrillated lyocell fibres (LC), while polyethylene
terephthalate (PET) fibres acted as spacers between
the fibrillated LC fibres. CNFs serving as functional
fillers were implanted in the LC/PET composite to
decrease pressure drop. The results showed that the
overall filtration efficiency of the LC/PET compos-
ite (50%:50%) with a basis weight of 30 g/m* for
particulate matter (PM) was only 52.69%, while the
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pressure drop was 56.50 Pa. However, after implanta-
tion of CNFs in the LC/PET composite with a weight
concentration of only 0.5 g/m?, the overall filtration
efficiency significantly improved to 98.22% with an
acceptable pressure drop of 145.50 Pa (P5oW;,t;Nj 5).
The study provides a new way to achieve high-effi-
ciency fabrication of air filters with high performance
for PM removal.
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Introduction

Air in certain areas is highly polluted by particulate
matter (PM), gases (e.g., carbon dioxide, CO,; car-
bon monoxide, CO; formaldehyde, HCHO) (White
et al. 2019; Wang et al. 2022a), and microbial pol-
lutants, which strongly affect air quality and human
health (Ma et al. 2018). Among the various types of
air pollutants, PM has been shown to have harmful
effects on human health. It is well known that PM
is classified into PM, s (PM with size <2.5 pm) and
PM,, (PM with size <10 pm) based on size (Sou-
zandeh et al. 2017). PM,, can enter people’s lungs
through inhalation because it is small, leading to
potential health risks (Ren et al. 2021). PM, 5 is one
of the most hazardous pollutants because it can per-
meate bronchi, extrapulmonary organs and possibly
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the central nervous system through the bloodstream,
causing premature death (Zhang et al. 2016). Effi-
cient removal of hazardous materials from the
environment has become an important issue from
biological and environmental perspectives. Air pol-
Iution not only poses risks to public health but also
severely limits the sustainable development of soci-
eties (Wu et al. 2018). Hence, air pollution remedia-
tion has become an important issue.

Air filters show great potential for the remedia-
tion of air pollution because they can effectively
remove PM. Electrospinning technology for pre-
paring air filters has attracted intensive attention.
Polymers such as polyacrylonitrile (PAN) (Wang
et al. 2020a, b, c), polyimide (PI) (Gu et al. 2017),
poly(vinyl alcohol) (PVA) (Watanabe et al. 2018),
polypropylene (PP) (Kiss et al. 2020), polysty-
rene (PS) (Park et al. 2022), poly(vinyl alcohol)
(PVA) (Wang et al. 2021), and cellulose (Han et al.
2008; Balgis et al. 2017; Long et al. 2018) have
been used in air filters by electrospinning technol-
ogy, through which fibrous filters can be developed
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with micrometre-sized diameters, high specific sur-
face areas and tuneable porous structures such as
spider-like fibrous filters (Pant et al. 2013), lotus-
leaf fibrous filters (Shi et al. 2022), tubular fibrous
filters (Xu et al. 2021) and tree-like fibrous filters
(Maiti et al. 2013). Owing to their special hierarchi-
cal structures with submicron and nanosize fibres,
filters manufactured by electrospinning usually pos-
sess high filtration efficiency and low pressure drops
(Avossa et al. 2021; Wang et al. 2022b). Although
some advances have been realized in developing
high-efficiency electrospun air filters, the electro-
spinning method has limitations in achieving large-
scale production because it requires a high voltage
input. Due to their abundant pores and light weight,
aerogels fabricated by freeze-drying or supercritical
drying have also been considered an efficient way
to develop air filters (Nata et al. 2014; Lavoine and
Bergstrom 2017) (Wang et al. 2022b). The hierar-
chical porous structure of an air filter prepared by
freeze-drying can be readily regulated by changing
fabrication conditions. Qin et al. reported a dual ice-
templating assembly method to govern the assembly
of CNFs (Qin et al. 2021). CNFs were first assem-
bled into submicron fibres at — 196 °C, followed by
construction of a hierarchical lamellar fibrous struc-
ture at —20 °C. The obtained lamellar fibrous aero-
gel demonstrated great promise in the air filtration
field. However, freeze-drying is a high-energy fab-
rication method, and thus, the preparation of many
aerogels is limited to the laboratory scale. Recently,
classical paper-making, vacuum, and pressurized
filtration strategies for the fabrication of air filter
composites have been widely employed owing to
their great potential in commercialization (Wang
et al. 2022b). However, the main drawback of this
preparation method is poor filter permeability. Sub-
stantial efforts need to be made to improve the per-
meability of air filters while maintaining high filtra-
tion efficiency.

CNFs represent a new generation of biopolymers
that show favourable biodegradability (Thakur and
Thakur 2014) and sustainability (Tu et al. 2021). Cur-
rently, CNFs are attractive for many applications,
such as filters (Xiong et al. 2022), packaging mate-
rials (Wang et al. 2020a, b, c¢), food stabilizers (Li
et al. 2021), oil drilling fluids (Heggset et al. 2017),
and coatings and paintings (Hoeng et al. 2016),
because of intrinsic properties such as high specific

surface area (Wang et al. 2020a, b, c), good mechani-
cal strength (Farooq et al. 2019) and surface modifi-
ability (Navarro et al. 2016, 2020; Beaumont et al.
2018). In this study, a porous air filter based on an
LC/PET composite was constructed using a pressur-
ized filtration method, and CNFs were subsequently
embedded in the composite to achieve highly efficient
PM removal. Lyocell fibres were fibrillated by blend-
ing in a blender, and the effect of blending condi-
tions on the morphologies and sizes of the fibrillated
fibres was explored. The PET fibres were mixed with
a fibrillated LC fibre suspension to construct air fil-
ter composites to reduce the pressure drop. The effect
of various levels of fibrillated fibres, basis weight of
composites and fibrillated LC fibres/PET fibres ratio
on filtration efficiency and pressure drop of air fil-
ter composites was revealed. In an effort to improve
filtration efficiency and reduce pressure drop, CNFs
were embedded in the LC/PET composite to con-
struct a hierarchical structure. The objective of this
study is to demonstrate a method to build an air filter
composite with high PM removal efficiency as well as
relatively lower pressure drop. This study may offer
an efficient and promising method for the develop-
ment of air filer composites.

Materials and methods
Materials

Lyocell fibres with a diameter of 14.86 pm and
polyester fibres with 0.8%  polyoxyethylene
(PEO) were provided by Changnuo New Material
Technology Co., Ltd. (Shandong, China). The
polyester fibres have excellent physical and
mechanical properties. They have a chemical
formula of (C,yHgO,),, and the chemical structure is
shown in Fig. S5. Anionic polyacrylamide (APAM,
AR) with a molecular weight of 1.2x 10" Da was
purchased from Zhiyuan Chemical Reagent Co.,
Ltd. (Tianjin, China). Sodium hydroxide (AR) was
obtained from Aladdin Co., Ltd. (Shanghai, China).
Polypropylene microporous membranes with 0.45 pm
pore diameters and 200 mm diameters were provided
by Sanqing Filtration Equipment Manufacturing Co.,
Ltd. (Jiangsu, China). Isopropanol (IPA, AR) was
produced by Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Samples of CNFs were purchased
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from ScienceK Ltd. (Shanghai, China) and were
prepared using TEMPO-mediated oxidation. The
primary hydroxyls on the surface of cellulose were
oxidized to carboxylate groups. Bleached softwood
pulp was used without pretreatment as the raw
material for CNF production. The diameter of the
CNFs ranged from 5 to 20 nm, while their length
was between 1 and 3 um. All chemicals were used as
received without further purification.

Fibrillation of lyocell fibres

Sodium hydroxide was employed to swell the lyocell
fibres to facilitate its subsequent fibrillation. In detail,
2 wt% sodium hydroxide solution was added to 0.1
wt% lyocell fibres suspended in deionized water.
Then, the fibres were placed in a water bath (HH-4,
China) at 60 °C for 24 h. Next, the fibres and sodium
hydroxide solution were separated using a 250 mesh
screen. The obtained samples were washed with
deionized water repeatedly until they were neutral.
The obtained lyocell fibres were labelled S,, with S
representing the sodium hydroxide treatment and x
being the sodium hydroxide concentration.

The swollen lyocell fibres were then mechanically
treated by a Broken Wall Cooking Machine blender
(HX-901, Jincai Electrical Appliance Factory, China)
for different amounts of time under various blending
rates. APAM (0.2 wt%) was added as a surfactant
to improve the dispersion of lyocell fibres in water.
The fibre concentration was 0.1 wt% or 0.4 wt%.
The obtained fibrillated lyocell fibres were denoted
S,CRt,, with C being the concentration of lyocell
fibres in y wt%, R representing the blending rate at
a revolutions and ¢ standing for mechanical treatment
time over b min. For the revolution term a, the values
of 1, 2 and 3 represent 12,000, 24,000 and 36,000 r/
min, respectively.

Fabrication of LC/PET composites

PET fibres were suspended in deionized water at a
concentration of 0.05 wt% under stirring at 400 r/min
for 5 min. Then, they were mixed with fibrillated lyo-
cell fibres under stirring at 400 r/min for 30 min. The
well-dispersed mixtures obtained were used to con-
struct LC/PET composites using the pressurized fil-
tration equipment shown in Fig. S1 (SQ-200, Sanqing
Filtration Equipment Manufacturing Co., Ltd, China).
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The composites were filtered through a polypropyl-
ene microporous membrane with a pore diameter of
0.45 pm. The composites were labelled P W it,, with
¢ being the percentage of fibrillated lyocell fibres in
the composites, d representing the basic weight of the
composites and e representing the blending time. The
preparation of fibrillated lyocell fibres and fabrication
of composites are schematically shown in Fig. 1.

Spray coating of CNFs on LC/PET composites

The suspension of CNFs at a 0.05 wt% concentration
was sprayed on the selected LC/PET composites that
served as the substrate using a spray nozzle. The
spraying conditions were controlled by controlling
the distance between the nozzle and the composite.
Then, the acquired samples were immersed in liquid
nitrogen for 2 min and subsequently placed in a
freeze-dryer (CTFD-10S, China) for 48 h to obtain
LC/PET/CNF composites that were denoted as
P.W N, with N representing the addition of CNFs
at a dose of f g/m%

Characterization of the morphology of fibres and the
pore size distribution and density of composites

Optical microscopy (OM, BXS5SI1TF, Japan) was
employed to characterize the morphology of the
lyocell fibres and PET fibres. The diameters of the
lyocell and PET fibres were measured based on 3 to
5 optical microscopy images using Nanomeasurer
software (Shanghai, China), and each set of
approximately 100 measurements was used to count
the average diameter. The surface of the composites
was observed with scanning electron microscopy
(SEM, Zeiss, Germany) at an accelerating voltage
of 15 kV. The composite was first cut into 4 x4 mm?>
pieces and then attached to the conductive adhesive
on a sample platform. The surface of the composites
was gold-coated prior to SEM observation. The pore
size distribution of the composites was quantitatively
determined using a pore size distribution instrument
(PSM165 TOPAS, Germany), and three replicates
were prepared for each group of tests. IPA was used
as a test fluid to determine the pore size distribution.
The thickness of the composites (§) was measured
using a thickness tester (CHY-C2A, Labthink, China).
Ten points were randomly selected and measured.
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Fig. 1 Schematic illustration of the preparation of fibrillated lyocell fibres and the fabrication of composites

The volume (V) of the composites was determined
according to Eq. (1),

V = pR?s 1)

where R is the radius of the composite, and
R=90 mm.

The density (p) of the composites was calculated
according to Eq. (2),

p=m/v @

where m is the dry mass of the composite.

BET

The N, adsorption—desorption isotherms were
determined with an ASAP 2460 automated
instrument (Micromeritics, USA). The specific
surface area of composites of PsyWjts,
PsoW;tsNy,5 and PsgWitsNys was  obtained
based on the BET method, while their pore size

distribution and pore volume were calculated
according to the BJH method. The composites were
degassed at 299 K for 6 h prior to measurements.

Mechanical properties

The mechanical properties of the air filters were
tested using a universal testing machine (3382,
INSTRON) with a 0.25 kN load cell. Rectangular
strips with dimensions of 15x40 mm? were cut from
the composite, and the crosshead speed was 100 mm/
min. The reported tensile strength and Young’s
modulus correspond to the average values of at least
5 measurements.

Filtration performance

Filtration tests were carried out using a filter
performance tester (AFC131 TOPAS, Germany) (Fig.
S6) at 24 °C and under different relative humidities
(RHs) of 20-90%. NaCl and DEHS aerosol particles
with diameters of 0.2-0.35 pm, 0.35-0.6 pm,
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0.6-1 pm, 1-2 pm, 2-3 pm, and 3-10 pm were
produced by a nebulizer. The aerosol particles of
NaCl and DEHS flowed through the composite at a
flow rate of 2.0 m*h. The total measurement time
was from 5 min to 12 h. The effective test area was
250 cm?. There were two replicates for each group of
tests. Filtration efficiency (E) was calculated based on

Eq. (3) (Zhang et al. 2020),
(C—C)
C

0

E(%) = x 100 3)

where C, and C, are the measured particle
concentrations before and after filtration as recorded
by an optical particle counter (LAP 322), respectively.

Fig. 2 Optical microscopy
images of original lyocell
fibres (a, ¢) S, and lyocell
fibres pretreated with 2 wt%
sodium hydroxide (b, d) S,
(scale bars for a, b=200 pm
and ¢, d=100 pm, respec-
tively), along with diameter
distribution of S, (a;) and
S, (b))

Quality factor (QF) is an indicator employed to
evaluate the performances of the filters in terms of
filtration efficiency and pressure drop. QF is defined
as (Liu et al. 2021):

OF = —In(1 — )/ AP

@

where 1 and AP are the filtration efficiency and
pressure drop of the composite, respectively.
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Results and discussion
Fibrillation of lyocell fibres

The original lyocell fibres had an average diameter of
14.86 pm, as shown in Fig. 2a, ¢ and al. Shear and
friction forces acted on the fibres during the blending
process (Wang et al. 2012; Wang et al. 2022a, b, ¢),
leading to successful fibrillation of the lyocell fibres.
During this process, 2 wt% NaOH was employed
to pretreat the lyocell fibres for 24 h, and the swol-
len fibres were then successfully fibrillated under
mechanical force. Fig. S2b shows peeling bundled
microfibrils from the backbone of the lyocell fibres as
well as splitting of the lyocell fibres into individual
microfibrils. As demonstrated in Fig. 2, the results
showed that the diameter of the pretreated lyocell
fibres slightly increased to 15.66 pm (S,) because
of swelling. After mechanical treatment, the mean
diameter of the fibrillated lyocell fibres pretreated
by NaOH was smaller than that without NaOH pre-
treatment, as shown by comparisons of Fig. S3a, and
S3d,, Fig. S3b, and S3e;, Fig. S3c; and S3f,, Fig.
S4a, and S4d,, Fig. S4b, and S4e,, and Fig. S4c, and
S4f,, which indicated that NaOH pretreatment has a
positive effect on the fibrillation of the lyocell fibres.
As displayed in Fig. S4a;-c;, with increasing
blending time from 3 to 9 min, the diameter distribu-
tion shifted to a smaller range, and the mean diam-
eter decreased from 15.22 pm (C;R,t;) to 13.62 pm
(C{Ryts) and 7.97 pm (C|Ryty) in the absence of
NaOH pretreatment. This demonstrated that blending
time also had a significant effect on the diameter of
the lyocell fibres. In contrast, when NaOH pretreat-
ment was employed, with increasing blending time,
the diameter variation of the lyocell fibres showed
a similar trend but decreased to a lower level (Fig.
S4d,-f,). The effect of blending rate on the diameter
of lyocell fibres was explored. The diameter of the
lyocell fibres pretreated with 2 wt% NaOH decreased
from 15.66 pm (S,) to 8.90 pm (S,C;R;tg), 7.49 pm
(S,CRyty) and 6.02 pm (S,C;Rsty) with increas-
ing blending rates of 12,000, 24,000 and 36,000 r/
min for 9 min, or by 43.17%, 52.11% and 61.56%,
respectively (Fig. S3d,-f;). A significant decrease in
diameter was observed after mechanical treatment. A
similar result was also observed for lyocell fibres not
treated with NaOH, but the diameter was higher than
that of the fibrillated fibres obtained from pretreated

lyocell fibres, as demonstrated in Fig. S3a;,-c;. It
is worth noting that NaOH pretreatment not only
reduced the diameter of fibrillated lyocell fibres but
also decreased the polydispersity of the diameter
distributions. For instance, the range of diameters
decreased from 6.63 pm for CR;ty to 6.02 pm for
S,C Rty as demonstrated in Fig. S3. Optical micros-
copy images and the diameter distributions of fibril-
lated lyocell fibres prepared by mechanical treat-
ment for varied solid concentrations are shown in
Fig. 3. Compared with samples prepared under the
same conditions except with different solid condi-
tions (Fig. 3al and d1, bl and el, cl and f1), it was
seen that a high solid concentration of 0.4 wt% facili-
tated a reduction in the diameter of fibrillated lyocell
fibres. Specifically, the mean diameter of S,C;R,t;
pretreated by 2 wt% NaOH solution was 13.28 pm
and decreased to 7.87 pm (S,C,R,t;3) after the solid
concentration was increased from 0.1 to 0.4 wt% with
a mechanical treatment of 24,000 r/min for 3 min
(Fig. 3al and dl). Similar results can be observed
for S,CR,tq and S,C Ryt and for S,C,R,ty and
S,C4Ryty as shown in Fig. 3. This is due to fibre—fibre
friction, which is improved with increasing fibre con-
sistency. The improved fibre—fibre friction and shear
force induce pronounced diameter reduction.

Properties of the LC/PET composites

Based on the above results, the fibrillated lyocell
fibres of S,C,R,t;, S,C,R,t¢ and S,C,R,t, were
selected for further study since the three samples have
relatively lower diameters, and the difference in their
diameters was distinct. The composites were fabri-
cated by filtering the mixed suspension of the lyocell
fibres and polyester fibres using a pressurized filtra-
tion device. The overall filtration efficiency, pressure
drop and QF of the as-prepared composites are dis-
played in Fig. 4. When the portion of fibrillated lyo-
cell fibres mechanically treated for 3 min was 100%,
the overall filtration efficiency of the composite with
a basis weight of 40 g/m? was 99.87% (P,0oW.ot3)-
However, the pressure drop reached 741.00 Pa, which
indicated the poor permeability of the composite. This
is because the fibrillation of the lyocell fibres resulted
in greater exposure of hydroxyl groups, which forms
hydrogen bonds. Hence, the structure of the compos-
ite was very compact, leading to poor permeability.
To decrease the pressure drop, PET fibres were mixed
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Fig. 3 Optical microscopy image of the lyocell fibres after scale of the optical microscopy image corresponds to 100 pm,
blending with different fibre concentrations: a S,C R,t;; b and the corresponding diameter distributions are (a;-f;)

S,C Ryt € S,C Ryto; d S,C,Rots: € S,C,Roty: £ S,C,Roty. The

as spacers between the fibrillated lyocell fibres. With is because the addition of PET fibres increased the

a decrease in the lyocell fibre proportion from 100 distance between hydrogen and oxygen atoms on the
to 20%, the pressure drop significantly decreased to hydroxyl groups of lyocell fibres, hindering the for-
17.50 Pa (P,,W 4t;3). However, the filtration efficiency mation of intermolecular hydrogen bonds. In addi-

was markedly decreased to 21.55% (Fig. 4a, c). This tion, PET does not have functional groups that can
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Fig. 4 Properties of different air filter composites. a—d Overall filtration efficiency and pressure drop and e, f QF

form hydrogen bonds with hydroxyl groups on the
surface of the lyocell fibres. Hence, the structure of
the composite became less compact. Inspection of
the thickness, density and pore diameter of the com-
posites confirmed the above results, as displayed in
Fig. 5 and Table 1. The thickness of the composites

gradually increased from 144.98 (P;qW,ot3) to
240.64 pm (P,yW,ot3), while the density decreased
from 0.26 (P,0oWots) to 0.15 g/em® (P,oWyot;). The
variation in the thickness and density of the compos-
ites validated that their structure became looser with
an increase in the proportion of PET fibres from 0 to

@ Springer



6480

Cellulose (2023) 30:6471-6486

~
&

-’
re
it

Mean pore size (jum)

~
*

-’

oo

=
=
= 67
20
=
)
T 4
(—]
< J
A
a ]
S
>
~
*
0 0/ \O/..Q.'.‘./.\._'.h‘h“.%ﬂ
1 5 10 25 50

Pore diameter (nm)

~
-5
~
re
it

30+

20+

Mean pore size (um)

10

a3
.
5 ;
= 67
80
s
T 4
o
°
a P,
R / e
= ° . /.\0-"”’“-0
< 0. ®
/ o \
04 P *
T T

T T
1 5 10 25 50
Pore diameter (nm)

Fig. 5 a, b Mean pore size of different composites, the pore size distribution of ¢ PsoW;4t; and d PsoW3,t;N 5

Table 1 The thickness and density of the composites

Composites Thickness (mm) Density (g/cm?)
P1ooWaots 14498 +18.24 0.26+0.04
PsoW,ts 182.18 +25.89 0.22+0.04
P3W,ts 190.53 +17.67 0.20+0.02
PyoWots 240.64 +12.83 0.15+0.02
P5oW.te 146.04+13.14 0.27+0.03
PsoW 0ty 155.35+10.64 0.26+0.02
Py Wty 131.67+15.98 0.23+0.04
PsoW50t:N( 25 200.34+24.29 0.15+0.02
PsoW;0t:Nj 5 180.87 +24.14 0.17+0.03
P5,Wsts 316.65+56.41 0.16+0.03

@ Springer

80%. Furthermore, the mean pore size of the com-
posites increased markedly from 3.30 (P;y,W4t3) to
38.46 pm (P,,W,t3) (Fig. 5), indicating that the PET
fibres increased the spacing between the fibrillated
lyocell fibres.

The effect of the diameter of the fibrillated lyo-
cell fibres on the performance of the composite was
studied. The diameters of the obtained lyocell fibres
were 7.87 pm (S,C,R,ts), 5.82 pm (S,CR,ts) and
5.12 pm (S,C,R,ty) (Fig. 3). As the blending time
increased from 3 to 6 min, the overall filtration effi-
ciency of the composites with a basis weight of
40 g/m* (LC/PET =50 wt%:50 wt%) increased from
89.47% (PsuWyot3) to 98.96% (PssWyts), but the
pressure drop significantly increased from 195.67
to 454.50 Pa. Further extending the blending time
to 9 min slightly increased the overall filtration
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Fig. 6 a—c Filtration efficiency of different air filter composites for various particle sizes of PM, d mechanical properties of different
air filter composites, filtration efficiency and pressure drop of composite of PsW4t;N s under different RHs e and f times.

efficiency to 99.13%. However, the pressure drop
noticeably increased to 805.00 Pa. The diameter of
the lyocell fibres decreased, and the extent of fibril-
lation increased with increasing blending time, result-
ing in greater exposure of hydroxyl groups. There-
fore, more hydrogen bonding led to a more compact

structure in the LC/PET composites, which was
verified by measurements of the variations in thick-
ness, density and mean pore size. The thickness of
the composites decreased from 182.18 (P5oW 4t3) to
155.35 pm (P5qW,0tg) with increasing treatment time
from 3 to 9 min. In turn, the density improved from
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0.22 to 0.26 g/cm? (Table 1). The mean pore size of
the composites decreased from 7.96 (P5oW,4t3) to
3.59 pm (PsyWto) (Fig. 5, 6), indicating more coa-
lescence of the fibre network. This is the reason why
the filtration efficiency and pressure drop improved
with extended blending time. Upon increasing the
basis weight of the composites from 30 to 50 g/m?,
the overall filtration efficiency increased significantly
from 52.69% (PsoWit3) to 94.42% (P5oWsit;) with
a considerable increase in the pressure drop from
56.50 Pa to 237.00 Pa owing to the increased thick-
ness of the composites (Fig. 4).

Improvement in the quality factor of composites by
impregnating CNFs in LC/PET composites

QF represents the comprehensive performance of air
filter composites. As shown in Fig. 4, the composites
of P5uW t; and P5gW,t; possessed a relatively high
filtration efficiency and acceptable pressure drop.
However, the QFs of Ps,W,t; and PsyWs4t; were
only 0.012 and 0.010 Pa™!, respectively. Hence, CNFs
were incorporated in the LC/PET composites to con-
struct hierarchical structures to improve filtration effi-
ciency as well as the QF. Figure 1 demonstrates the
process of incorporating CNFs into LC/PET compos-
ites. As displayed in Fig. 4, the composite of P5,Wt;
exhibited moderate filtration efficiency and a low
pressure drop. Hence, it was selected as the substrate
to build porous LC/PET/CNF composites. The results
showed that both composites PsaW;pt;Nj,5 and
P5yW3t3N 5 achieved remarkable filtration efficien-
cies of 92.80% and 98.22%, respectively, along with
excellent QFs of 0.021 and 0.028 Pa~! after incor-
poration of CNFs. This occurred possibly because
the LC/PET/CNF composites possess a more porous
network and smaller pores than the LC/PET com-
posites. During freezing in liquid nitrogen after was
suspension of CNFs was sprayed on the compos-
ite of P5uWt;, small ice crystals formed due to the
rapid freezing, yielding a porous structure with small
pores in the LC/PET/CNF composites after the ice
crystals sublimated (Qin et al. 2021). The mean pore
sizes of PsoWsot3N(,5 and PsgW3otsNj s were 9.04
and 7.87 pm, respectively, which were smaller than
that of P5yWiot; (16.39 pm), validating the successful
construction of the hierarchical structure of the LC/
PET/CNF composites. Most of the fibres observed
were on the micrometre scale before incorporation of
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CNFs (Fig. 7a and al). However, after implantation
of the CNFs, a fluffy network including both nano-
and micrometre-scale fibres was observed (Fig. 7b
and bl, ¢ and c;). The pore size in P5;yW;,t; was
larger than that in PsyW;tsNj,5 and PsyWstsNg s.
The smaller networks in the LC/PET composite of
P5 W3 t; facilitated the interception and adsorption
of PM, leading to a remarkable improvement in fil-
tration efficiency (Qin et al. 2021). In addition, the
pressure drops of PsyW;tsNj,5 and PsgWsotsN 5
were 129.50 and 145.50 Pa, respectively, which were
significantly lower than those of the composites with
similar filtration efficiencies. For instance, the over-
all filtration efficiency of PsyW,ots was 98.96%, with
a high pressure drop of 454.50 Pa. The pressure drop
of the LC/PET/CNF composites was lower because of
low density relative to that of the LC/PET compos-
ites (Table 1). Because of the high filtration efficiency
and low pressure drop, the LC/PET/CNF composites
achieved a high QF of 0.021 Pa™' for PsyW,t3N s
and 0.028 Pa™! for PsyW;t;N, 5. The filtration effi-
ciency of the composite of Ps,W;,t;Nj s was deter-
mined under different RHs (Fig. 6e). When the RH
reached 90%, the filtration efficiency of the air filter
declined dramatically. This may be because of the col-
lapse of the network structure of CNFs (Xiong et al.
2021). The filtration efficiency of the composite was
explored at 20% RH as a function of filtration time,
as displayed in Fig. 6f. The results showed that the fil-
tration efficiency remained almost unchanged for all
measurement times, indicating effective filtration of
PM. The tensile strength and Young’s modulus were
measured as displayed in Fig. 6d. As the concentra-
tion of CNFs increased from 0 to 0.25 and 0.5 g/m?,
the tensile strength of the air filter decreased from
4.43 MPa (P5,W;t3) to 2.67 MPa (P5yW;,t;N| »5) and
2.05 MPa (P5,W;,tsN; 5), while the Young’s modulus
significantly decreased from 251.80 MPa (P5yWt3)
to 158.80 MPa (Ps,W;ot;N(,5) and 149.89 MPa
(PsoW3ot;N ) (Fig. 6d), respectively. This is because
the structure of the air filter became looser and more
porous after implantation of CNFs, impacting the
bonding of the fibres.

As shown in Fig. 6a—c, it is obvious that the
filtration efficiency of composites was higher for
larger particles than for smaller particles. For
particles with a size range of 1-10 pm, inertial
impaction dominated particle removal. Owing to
their large mass, large particles fail to follow the
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Fig. 7 SEM images of (a, a;) PsuWts3, (b, b)) P5sgW3t3N 55 and (¢, ¢;) PsyW3tsNj 5

curved paths of the air streamlines around fibres,
and they collide with the fibres. Hence, the particles
were captured by the fibres by inertial impaction,
which explains why the filtration efficiency for larger
particles with high inertial force is typically higher.
For particles with a size of 0.1-1 pm, mechanical
interception of the particles by filter fibres plays a
major role. Interception occurs when a particle flows
with the airflow and then hits a fibre. Therefore,

the particle binds to fibres and is removed from the
airflow. Diffusion caused by Brownian motion is the
dominant mechanism for particles at the nanoscale,
especially for particles smaller than 0.1 pm. A
particle deviates from its original streamline
randomly owing to Brownian motion, and the particle
can be caught immediately once the departure is
sufficient, which allows collision between the particle
and a fibre (Zhu et al. 2017; Tan et al. 2019; Konda
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et al. 2020). The filtration efficiency of P5yW;ut; for
particles with a size of 0.2—1 pm was in the range
of 51.75-53.63%, while the filtration efficiency was
noticeably improved to the range of 98.06-98.38%
after a suspension of CNFs was sprayed on PsyWt;.
This is because the presence of the CNFs resulted
in a more porous network with smaller pore sizes,
which increased the probability of particle deposition,
enhancing the mechanical interception of particles
with a size of 0.2—1 pm by fibres. The specific surface
area and pore volume of the composites of P, W3t,,
PsoWit3oNg,s and  PsgW,t;N, 5 were measured
(Table S3). As the concentration of CNFs increased
from 0 to 0.5 g/m?, the specific surface area of the air
filter composites increased from 1.53 m%/g (PsoWts)
to 5.24 m%/g (P5yWsot;Np5), while the pore volumes
improved from 0.0034 to 0.0164 cm?/g. This means
that the addition of CNFs increases the porosity of
the filter, improving its filtration performance.

Conclusion

In summary, hierarchically structured LC/PET/
CNF composites were constructed using pressurized
filtration followed by spraying. The size of the
fibrillated lyocell fibres used for the fabrication of
composites could be controlled by changing blending
conditions, including the blending rate, time and
solid concentration of the fibre suspension. The
filtration efficiency and pressure drop of the LC/
PET composites were regulated by altering the size
of the fibrillated lyocell fibres, basis weight of the
composites and LC/PET ratio. However, although the
overall filtration efficiency of the LC/PET composite
(P5soW 4t3) reached 89.47%, the pressure drop reached
195.67 Pa, with a low QF of 0.012 Pa™'. After a
suspension of CNFs was sprayed on the LC/PET
composite (P5yWst3), the subsequently freeze-dried
LC/PET/CNF composites displayed a hierarchical
porous structure with smaller pore sizes, which
greatly increased the possibility of interception of
small particles with sizes 0.1-1 pm and the inertial
impaction of particles larger than 1-10 pm. Thus,
the overall filtration efficiency of PsyW;ot;Nj s was
improved to 98.22% from 52.69% (Ps,Wt;). With
the support of the CNFs in the LC/PET composites,
P5,W;tsNy s exhibited a lower density and higher
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thickness than Ps,Wt,, resulting in a lower pressure
drop of 145.50 Pa and a high QF of 0.028 Pa~!, with
superhigh filtration efficiency. The study provides
new insights into the preparation of high-performance
air filter composites.
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