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ABSTRACT: The global spread of COVID-19 as well as the
worsening air pollution throughout the world have brought tremendous
attention to the development of materials that can efficiently capture
particulate matter. We suggest that the high porosity of electrospun
filters composed of nanofibers could provide minimal obstruction to air
flow, while their high tortuosity and surface area-to-volume ratio
present an excellent platform to capture particulates. In this study, the
removal of nanoscale particles via in-house fabricated cellulose
nanofilters is significantly enhanced by chemically functionalizing the
fibers’ surface via the deposition of the bioinspired glue polydopamine
(PDA) or the polycation poly(diallyldimethylammonium chloride)
(PDADMAC). The effects of filter packing density, layering thickness,
and chemistry on their performance, ie., their filtration efficiency, most penetrating particle size (MPPS), particle fractional
penetration percent, and performance in a high relative humidity environment, were investigated. When evaluated in an extremely
hazardous environment (PM concentration ~ 2000 yug m™), the filtration efficiency, pressure drop, and quality factor for the
cellulose nanofilters were measured to be >98.0%, <200 Pa, and ~0.03 Pa™", respectively. When we evaluated the performance of a
composite hydrophobic/hydrophilic filter in an 80% relative humidity environment, a 99.8% filtration efficiency was achieved. We
have demonstrated that the removal of nanoscale particulates can be effectively captured using cellulose-based nanofilters, even in a
nonideal high humidity environment. These fundamental investigations into the structure—property-chemistry relationships of in-
house electrospun nanofilters on nanoscale particulate removal hold the potential to help drive the future engineering of nanofilters
for air purification applications, which is a timely and extremely important concern.

il Metrics & More | @ Supporting Information

Improved Removal

L 1 1 - ]
25 50 75 100

Downloaded via UNIV OF MASSACHUSETTS AMHERST on October 29, 2021 at 01:39:05 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

B INTRODUCTION

According to the World Health Organization (WHO), ~91%
of the world’s population is breathing polluted air, and more
than 8 million deaths annually are caused by ambient and
household air pollution.”” Additionally, to date, the global
spread of the Severe Acute Respiratory Syndrome Coronavi-
rus-2 (SARS-CoV-2) has caused ~200 million reported cases
of COVID-19 and 4 million deaths.>* The urgent need for air
filters, as well as face masks, has brought tremendous attention
to the development of eficient filtration technologies.”
Filters are a promising technology to reduce human
exposure to particulate matter (PM) and especially to
particulates that have an aerodynamic diameter smaller than
2.5 um (PM,;), which pose the greatest threat to human
health. Studies have shown that PM, 5 can easily penetrate into
human lungs and the bloodstream and that long-term exposure
to PM, s increases both morbidity and mortality.z’é_8 PM,
chemical components include inorganic matter (SiO,, SO,>,
NO;7), organic matter (elemental carbon, carbon black),
bacteria, and viruses, that result from diverse sources, such as
diesel engine combustion, soil dust, coal, and agricultural field
burning,” Unfortunately, with the exception of N95 respirators,
most common filters, composed of fabric, glass fibers, or melt
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blown fibers, exhibit low efficiency at removing these
submicrometer and nanoscale particles, especially in nonideal
environments, such as high temperature and high humid-
ity.'”"" While it is possible to improve the particle removal
efficiency by using a thicker filter, this results in a trade-off of
having a larger pressure drop and increased energy
consumption.m

Electrospinning is a simple, scalable, and well-studied
technique for producing randomly accumulated nano- and
microscale diameter fibers.'”'>"> The manufactured fiber
meshes have a large surface-to-volume ratio and high porosity,
which can be used as filters for aerosol'*™"” and particulate
matter removal ::1pplications.18_24 Previously, numerous
researchers have explored the effect of fiber morphology (..,
uniform fiber, beaded fiber, composite fiber) and nanofiber
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chemistry on filtration quality factors (QFs).'*'”**7>° Addi-
tionally, the structure—property relationships between electro-
spun filters and their filtration efficiency (E, see eq 1) have
been studied by relating four physical parameters, fiber
diameter, filter thickness (Z), basis weight (W, see eq 2),
and packing density (o, see eq 3), to filter performance, such as
quality factor (QF, see eq 4)." "' Ineq 1, C,p and Cy,, are
the number of particle counts at the filter upstream and
downstream, respectively, whereas in eq 3, py is the density of
the filter material. In eq 4, AP is the pressure drop across the
filter.
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For example, when Leung et al.>’ investigated the relation-
ship between the basis weight, filter thickness, and packing
density on the filtration efficiency of poly(ethylene oxide)
nanofibers, they found that the filtration efficiency increased
with basis weight, while the most penetrating particle size
(MPPS) decreased with increasing packing density. In a
different study, featuring nylon nanofibers,” it was determined
that the filtration efficiency was positively associated with filter
thickness and negatively associated with fiber diameter.
However, there was no clear correlation between packing
density and filtration efficiency. Furthermore, since most
existing air filters identify a MPPS at around 300 nm, recent
studies have focused on the removal of PM, ; and even PM,,
to further evaluate filter performance.’** For instance, both
Liu et al.>" and Chen et al.** were able to manipulate polymer
solution phase separation to fabricate nanofiber/net filters with
a decreased pore size and increased surface potential. This
enabled the electropsun nanofilters to have an improved ability
to remove particles less than one micron with a minimal
pressure drop, while also providing their light structure and
greater optical transmittance.

Here, we systematically investigated the structure—property
relationships of in-house electrospun nanofibers on filtration
performance. The base nanofilter chemistry selected for this
work was cellulose because it is sustainable and commonly
used in environmental applications.”® By controlling the filter
thickness, we investigated the relationship between the filter
packing density and the overall filter performance. Also,
previous literature does not commonly discuss the MPPS and
particle size fractional penetration (P%). Here we investigated
this parameter to further evaluate its importance in the ability
of the nanofilters to remove < PM, (i.e., particulate ranging
from 20 to 900 nm). Cellulose’s affinity for further chemical
modification is another reason why the biopolymer was
selected as the base.”* > We compared the performance of
cellulose nanofilters to those coated with poly-
(diallyldimethyammounium chloride) (PDADMAC), a poly-
cation, as well as with polydopamine (PDA), a bioinspired
glue. Particle size fractional penetration was further analyzed to

better characterize the ability to remove nanoparticles using a
functionalized nanofilter. The performance of a composite
filter that featured both hydrophilic cellulose and hydrophobic
cellulose acetate nanofibers was also investigated in a high
humidity environment. Overall, this study shows the impact of
packing density and nanofilter chemistry on filter performance.

B EXPERIMENTAL SECTION

Materials and Chemicals. All chemicals were used as-
received. Cellulose acetate (Mw = 30000 Da by GPC, >97%),
dopamine hydrochloride (>98%), and a poly-
(diallyldimethylammonium chloride) solution (PDADMAC,
20 wt %, Mw = 200000—350000 Da) were purchased from
Sigma-Aldrich (St. Louis, MO). Tris base (molecular biology),
tris hydrochloride (molecular biology), acetone (histological
grade), sodium hydroxide (NaOH, ACS), and ethanol
(absolute anhydrous) were obtained from Fisher Scientific
(Fair Lawn, NJ). Deionized (DI) water was obtained from a
Barnstead Nanopure Infinity water purification system
(Thermo Fisher Scientific, Waltham, MA).

Fabrication of Electrospun Cellulose Acetate and
Cellulose Nanofilters. The procedure used to electrospin
cellulose was based on the literature where cellulose acetate is
electrospun and regenerated into cellulose nanofibers.”’
Cellulose acetate (2.25 g) was mixed with 15 mL of acetone
(15% w/v) for 24 h at 20 rpm using an Arma-Rotator A-1
(Bethesda, MA) in ambient conditions. The solution was
loaded into a 5 mL Luer-Lock tip syringe capped with an 18-
gauge needle, which was then mounted on a PHD Ultra
syringe pump (Harvard Apparatus, Plymouth, PA). A high
voltage supply (Gamma High Voltage Research Inc., Ormond
Beach, FL) was connected using alligator clips to the needle
and a copper plate wrapped with aluminum foil. The
electrospinning apparatus parameters were as follows: a
constant flow rate of 3 mL/h, an applied voltage of 25 kV,
and a separation distance of 10 cm. Fibers were electrospun for
30 min within an environmental chamber (CleaTech, Santa
Ana, CA); a desiccant unit (Drierite, Xenia, OH) was used to
maintain a temperature of 22 + 1 °C and a relative humidity of
22%. After deposition, the cellulose acetate nanofiber filters
were removed from the aluminum foil and sandwiched
between Chemical-Resistant Slippery Teflon PTFE Sheets
(32 mm X 101.6 mm X 152.4 mm, McMaster-Carr,
Robbinsville, NJ). To convert the filters from cellulose acetate
to cellulose, the fibers were thermally treated at 208 °C for 1 h
before being submerged in a 0.1 M NaOH solution (4:1 v/v of
water/ethanol) for 16 h. Next, the nanofilters were rinsed with
deionized water 3 times before being placed in a desiccator
overnight at room temperature. All nanofilters were punched
into 2.54 cm diameter disks using a Spearhead 130 Power
Punch MAXiset (Fluid Sealing Services, Wausau, WI) before
further functionalization and performance evaluation.

PDA- and PDADMAC-Functionalized Nanofilters. In
addition to testing cellulose nanofilters, we functionalized the
filters using (i) polydopamine (PDA) and (ii) polydiallyldi-
methylammonium chloride (PDADMAC) based on previous
literature.”® Nanofilter samples (2.54 cm diameter disks) were
placed into separate wells of a 6-well plate with S mL of desired
functionalization solution and agitated using a shaker plate at
150 rpm for 6 h. For PDA functionalization, a Tris buffer
solution (10 mM, PH 8.5) containing 2 mg/mL of dopamine
hydrochloride was used. For PDADMAC functionalization, 2
mg/mL of dopamine hydrochloride and 2 mg/mL of
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PDADMAC were used. After functionalization, samples were
rinsed with DI water 3 times and placed onto Teflon sheets to
dry overnight in a desiccator.

Characterization of Nanofilters. Scanning electron
micrographs (SEM) were obtained using an FEI Magellan
400 XHR-SEM (ThermoFisher Scientific, Hillsboro, OR).
Samples were sputter-coated (Cressington208 Sputter Coater,
Watford, UK) with 3 nm of platinum before imaging. The fiber
diameter distribution was determined by measuring 50 random
fibers from S5 micrographs using Image] software.’” A
PerkinElmer Spectrum 100 Fourier transform infrared
spectrometer (FTIR, Waltham, MA) was used to confirm the
regeneration and functionalization of the nanofilters. High-
Resolution X-ray Photoelectron Spectroscopy (XPS) scans
were acquired by a Thermo Fisher Scientific Nexsa XPS to
determine the chemical composition of functionalized nano-
filters. The bulk thickness (Z) of each electrospun nanofilter
was measured at three different locations on every electrospun
sample using a Mitutoyo 293-330 digital micrometer
(Toronto, Ontario, Canada).

Performance of Nanofilters to Remove Particulate
Matter. Commercial mixed cellulose ester (MCE) membranes
with a thickness of 150 pym were obtained from Zefon
International (Ocala, FL) and used as controls. To better
compare the performance of the in-house fabricated nanofilters
with control filters, three nanofilters (each electrospun for 30
min) were stacked to achieve a total thickness of 150 or 330
um. To mimic extreme hazardous air quality (PM concen-
tration >2000 yg m™?), particulate matter was generated by
simultaneously burning three Hem Precious Chandan incense
sticks (Hicksville, NY) in a custom-built chamber. Down-
stream particle concentration and particle size distribution
were measured using a Model 3775 Condensation Particle
Counter (CPC, TSI Incorporated, Shoreview, MN) and a
Series 3080 Electrostatic Classifier (TSI Incorporated, Shore-
view, MN) at a sample flow rate of 3.0 L m™, where the
particle size was analyzed from 20 to 900 nm. Combined, these
instruments operate together as a Scanning Mobility Particle
Sizer (SMPS) and quantify the particle number based on
discrete particle size ranges. The test filter was mounted on a
custom-built filter module in line with a vacuum pump that
had a face velocity of 15.1 cm/s using the choked flow induced
by a brass critical orifice (Size 4, O’Keefe Controls Co.,
Trumbull, CT). The differential pressure across the filter was
measured using a digital pressure gauge (SSI Technologies,
LLC, Janesville, WI). All flow streams were connected using
carbonized conductive tubing to reduce particle loss in the
inlet. The effective area of the filter was S cm?, and all filters
were tested for 20 min (after allowing the particle
concentration to stabilize for 10 min). Downstream particles
were analyzed during the last 10 min of the test to evaluate the
filter performance. Long-term filtration performance was
conducted for four consecutive cycles, where the nanofilters
were tested for 20 min for each cycle (80 min total). For the
experiments conducted in a high humidity environment, a
humidifier was placed in the chamber to increase the relative
humidity to 80%.

B RESULTS AND DISCUSSION

Chemical Characteristics of Cellulose and Function-
alized Nanofilters. Cellulose nanofilters were successfully
fabricated using electrospinning, and to explore the role of
chemistry on filter performance, we also performed two surface

chemical modifications. First, to manufacture the base material,
we electrospun cellulose acetate nanofilters and using an
alkaline treatment regenerated them into pure cellulose.”” The
FTIR spectra of the as-spun cellulose acetate and regenerated
cellulose are provided in Figure 1. The disappearance of the
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Figure 1. FTIR spectra for as-spun cellulose acetate and regenerated
cellulose nanofilters, as well as the PDA- and PDADMAC-function-
alized nanofilters.

1750 cm™' peak in the cellulose nanofilter spectra after the
alkaline treatment indicates that the acetate groups have been
replaced with hydroxyl groups, supporting the successful
regeneration from cellulose acetate.

A representative SEM micrograph of the cellulose nanofilters
is provided in Figure 2(a). While an in-depth comparison of

Figure 2. Scanning electron micrographs of (a) cellulose, (b) PDA-
functionalized, and (c) PDADMAC-functionalized nanofilters. (d)
Micrograph of the commercial mixed cellulose ester (MCE) filter that
served as a control material in the filtration experiments.

the fiber morphology and its relevance for air purification will
be provided in the section Morphological Characteristics of
Cellulose and Functionalized Nanofilters, it is important to
note that the cellulose acetate and cellulose nanofilters were
easily electrospun into freestanding meshes that could be
handled and used in filtration tests or as a base material for
further chemical functionalizations. The Experimental Section
details the procedure used to functionalize the cellulose
nanofilters with the bioinspired glue, polydopamine (PDA), or
with cationic charges using poly(diallyldimethyammounium
chloride) (PDADMAC). Throughout the rest of the Results
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Figure 3. XPS spectra of (a) survey scans including cellulose, PDA, and PDADMAC nanofilters and a high-resolution scan of N, for (b) PDA and
(c) PDADMAC nanofilters as a function of binding energy (eV).

a b c
30 100
Control £956% % TThickness ~ 330pm’ Thickness ~ 150pm
20 ; |
£ ] | _ 099 :
= w |
< I < 0984 I
£ °T5iayer Celiose E 97.4%| 0024 : &
£ 204 "o | ]
2 a = o 097
& 104 1 1= 0.0204 = [ b
R e — e u ¢ 5 0984
E 1-Layer Cellulose E: 95.2%)| 0.0164 I'H E )
8 201 : 0951 4 ceul
& 104 W Cellulose ! ellulose
f. . 00124 ¢ Conrol ! _ < Control
Ot e perere———r—T , —_— — 0 T p T
50 100 150 200 250 300 350 400 008 012 016 020 024 028 032 010 012 0.14 0.16 0.18

Particle Size (nm) Packing Density {a) Facking Densily [a)

Figure 4. (a) Fractional penetration as a function of the particle electrical mobility diameter ranging from 20 to 400 nm for a single layer cellulose
nanofilter, multilayer cellulose nanofilter, and commercial MCE control. The overall filtration efficiency (E) is also displayed. (b) Quality factor
(QF) as a function of packing density for the cellulose nanofilters and MCE controls. The dotted line separates the filters that had a total bulk
thickness of 330 ym from those that were 150 ym thick. (c) Filtration efficiency (E) as a function of packing density for the cellulose nanofilters
and MCE controls. All samples had a total filter thickness of 330 ym.

and Discussion section, we will refer to these samples as PDA
and PDADMAC nanofilters, respectively.

FTIR peaks displayed in the spectra of PDA and
PDADMAC nanofibers around 1250 and 1500 cm™ indicate
the presence of aromatic rings from the deposition of
polydopamine.*”*' To further confirm the successful coating
of PDA and PDADMAC on cellulose nanofilters, elemental
data analysis via representative survey scans and high
resolution XPS for carbon, oxygen, and nitrogen were
obtained, see Figure 3. The elemental analysis data is also
summarized in Table S1. XPS narrow-scan analysis of the N
showed a signal at 399 eV for both functionalized nanofilters
that was not present on the bare cellulose nanofilter, which
confirms the presence of polydopamine, since the 399 eV
signal was due to the primary amine group.”” Another N,
signal around 402 eV is displayed in Figure 3(c) and indicates
the presence of the positively charged nitrogen atoms on
PDADMAC, which distinguishes the two functionalized
samples we synthesized.*’

Morphological Characteristics of Cellulose and
Functionalized Nanofilters. Scanning electron microscopy
(SEM) was utilized to analyze the morphology and the fiber
diameter distribution of the nanofilters, as displayed in Figures
2(a—c) and S1. The micrographs show that all filters exhibit
randomly accumulated and continuous fibers; no fiber ends are
displayed. Also, the micrograph suggests that the fibers are
interconnected and that the pores between the fibers are much
larger than the diameter of the nanofibers. The cellulose
nanofilters in Figure 2(a) had a smooth and cylindrical
morphology with an average fiber diameter of 0.9 + 0.3 ym,

consistent with our previous report.”> When functionalized
with PDA, the surface of the nanofilters was decorated with
small particles aggregated throughout the fibers, thus giving a
larger fiber diameter at 14 + 0.4 pm. The PDADMAC
nanofilters exhibited a smooth morphology and the largest
average fiber diameter of 1.7 + 0.7 um. Based on previous
studies,®®** we estimate that the pore size and specific surface
area of all the in-house fabricated nanofilters are 4—8 ym and
4.5 m?®/g, respectively, which strongly suggests that the
nanofilters do not remove particles by trapping or sieving
since the size of the incense particles investigated is in the
submicron and nanoscale range.

A representative SEM micrograph of the commercial MCE
control filter is shown in Figure 2(d), which displays their lace-
like structure.” The manufacturer reports that the MCE filters
are one of the most widely used filters in both air monitoring
and analytical applications and that they are produced from a
mixture of cellulose acetate and cellulose nitrate with a porosity
of 82% and a pore size of 0.8 um.*® Next, we explored if the
greater interconnectivity of electrospun nanofibers could
effectively capture more particles than the commercial MCE
control filters.

Nanofilter Layering and Overall Filtration Perform-
ance. Our first goal was to determine the optimal thickness of
our in-house electrospun filters using the base cellulose
nanofilters. Using the same electrospinning apparatus con-
ditions, but different time durations, we produced consistent
morphology nanofibers with different total bulk thicknesses of
50 or 110 pum, which were used either as an individual layer or
as a multilayered filter. Figures 4(a) and S2 provide a
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schematic as well as summarize the packing density (a) of all
the cellulose nanofilters investigated in this work, as calculated
using eq 2. Given the nonuniform nature of the electrospinning
process (i.e, fibers randomly accumulate on the collector
plate), the packing density of the filters varied despite the
overall bulk thickness being equivalent. Notably, the packing
density of all ~150 pum thick cellulose nanofilters was higher
than that of the commercial control, whereas the packing
density of the thicker filters tended to be lower than the
control.

The performance of 110 um thick single-layered nanofilters
was compared to the 330 pm thick layered filters, and the
particle fractional penetration is shown in Figure 4(a).
Notably, the multilayer cellulose filters showed higher removal
efficiency (E: 97.4%) and displayed a greater particle selectivity
for particles over 50 nm in diameter than single layer and even
control filters. The benefit of stacking multiple filters was
consistent with previous work,”” which showed that there was
an improvement in filtration efficiency without altering the
quality factor (QF). The relationship between packing density
and quality factor is shown in Figures 4(b) and S3; filters with
a greater thickness and lower packing density exhibited a
higher quality factor, meaning a greater overall filter perform-
ance. Therefore, 3-layer nanofilters with a total thickness of
~330 pum were investigated throughout the remainder of this
work. Notably, the filtration efficiency of the cellulose
nanofilters was found to have a negative trend associated
with packing density, as displayed in Figure 4(c), whereas
increases in packing density were associated with a decrease in
filtration efficiency. In recent reports, filtration efficiency was
found to be greater for thicker mats; however, there was no
clear correlation between packing density and filtration
efficiency.””™>° A possible explanation for our observed trend
is that less packed filters exhibit a greater effective surface area
available for particle capture by diffusion and interception."*

Nanofilter Packing Density and Air Filtration Per-
formance. The relationship between packing density versus
filtration efficiency and pressure drop is summarized in Figures
S and S4, for multilayered filters that had a bulk thickness of
330 um. PDA- and PDADMAC-functionalized nanofilters
were also investigated where slight decreases in filtration
efficiency were observed for PDADMAC-functionalized nano-
filters compared to cellulose samples with similar packing
density. Due to the challenges of electrospinning filters with
precisely the same packing density, these plots are meant to
display the spread of data, instead of collapsing the data into an
average with error bars. No obvious trend was observed for
PDA-functionalized nanofilters. Since the average fiber
diameter increased after functionalization for PDA and
PDADMAC, the filtration efficiency was expected to decrease
based on previous studies.”’®*”*>*’ Notably, the surface
roughness of PDA fibers and positively charged PDADMAC
nanofilters can also improve the filtration performance either
by an enhancement of the surface-to-volume ratio or additional
electrostatic interactions.”****’

On the other hand, a pressure drop was found to have a
slight positive trend associated with the packing density for the
PDA- and PDADMAC-functionalized nanofilters, where no
trend was observed for the cellulose nanofilters. Additionally,
most of our thicker filters outperformed the commercial
control filters, in terms of their quality factor. Most
importantly, all nanofilters showed a much lower pressure
drop compared to the typical range for traditional commercial
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Figure S. (a) Filtration efficiency (E) and (b) pressure drop as a
function of packing density for MCE control, cellulose, PDA, and
PDADMAC nanofilters. All samples had a total filter thickness of 330
pum.

filters, as noted by the horizontal purple highlighted area in
Figure S(b); these commercial filters have been reported to
have a 99.58% removal efficiency.'”'®** Srikrishnarka et al.
reported that chemically treated electrospun fibers with
increased surface charge, either negative or positive, showed
improved filtration efficiency for a particle size smaller than
300 nm."® These data suggest that greater filter performance
can be achieved by electrospinning a filter with a lower packing
density. We next investigate the effect that additional
functional groups introduced by PDA and PDADMAC
functionalization have on particle fractional penetration.
Selectivity and Particle Fractional Penetration of
Nanofilters. According to classical filtration theory, there are
five capture mechanisms; Brownian diffusion, electrostatic
interaction, interception, inertial impaction, and gravity
settling, -based on the fluid dynamics of a particle with the
air stream and the ratio of various forces acting on the particles,
which will dominate in different particle size ranges.'”' >~
Brownian motion and electrostatic interaction are significant as
the particle size decreases (<0.1 ym), which make them the
primary capture mechanisms for nanoscale particles. If particles
on the order of 0.3—1.0 ym follow the streamline well, they
will only intercept the fibers within the filter if they are within
one particle radius from a fiber. For particles larger than 1.0
and 10 pm, inertial impaction and gravity settling dominate,
respectively. We have provided this breakdown of removal
mechanisms to clarify that there is no single capture
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Table 1. Summary of the Nanofilter Properties and Air Filtration Performance for Samples Exhibiting over 97.0% Overall

Filtration Efficiency

filter fiber diameter (ym) E% (%) AP (Pa) QF (Pa™!) MPPS (nm) P’ (%)
cellulose 09 + 0.3 984 + 0.5 167 + 17.9 0.025 + 0.003 142.1 + 7.5 212 + 5.1
PDA 14 + 04 989 + 0.3 162 + 36.3 0.029 + 0.004 147.5 + 10.3 134 £ S8.5
PDADMAC 1.7 £ 0.7 979 £ 0.5 153 + 158.3 0.027 + 0.004 164.2 + 8.8 395 + 1.52
MCE control NA 95.7 + 0.9 190 + 17.3 0.017 + 0.001 153.3 + 11.3 16.7 + 0.87

“Particulates ranging from 20 to 900 nm were studied in this work. bPenetration of 41.4 nm particles.

mechanism that dominates for 0.1—0.3 um diameter particles
and to note that this size range is where commercial filters
usually demonstrate the lowest overall collection efficiency, i.e.,
the most penetrating particle size (MPPS).'”*” Normally, the
MPPS is about 0.3 ym for air filters, and its corresgonding
filtration efficiency is used to classify air filters."”"" For
instance, a High-Efficiency Particulate (HEPA) filter captures
at least 99.97% of particles as small as 0.3 ym.

To further investigate the particle size selectivity of all filters,
we tested the ability to remove downstream particles with
diameters ranging from 20 to 900 nm using a scanning
mobility particle sizer (SMPS). Figure 6(a) shows the
normalized distribution of the upstream aerosolized particles
and downstream particles collected by the SMPS. Notice that
only nanofilters with over 97.0% overall filtration efficiency are
displayed in Figure 6 and Table 1. The MPPS for control,
cellulose, PDA, and PDADMAC nanofilters was 162.5, 140.7,
168.5, and 174.7 nm, respectively. As stated in the
literature,””*> MPPS decreases with a decreasing fiber
diameter, which corresponds with our results, since the average
fiber diameter for cellulose, PDA, and PDADMAC was 0.9,
1.4, and 1.7 pm, respectively. As a note, determining the
average fibril diameter for the commercial controls was not
possible due to their lace-like structure, see Figure 2(d).

The fractional penetration for different particle sizes was
calculated by determining the ratio of particles downstream to
those upstream of the filter, as displayed in Figure 6(b and c).
The overall filtration efficiency for each sample is displayed in
the upper right-hand corner of the figure, and the fractional
penetration is plotted in the range of 0—40%. Only particles
smaller than 400 nm are shown in Figure 6(b), since at least
98% fractional removal was achieved for particle sizes larger
than 400 nm for cellulose, PDA, and PDADMAC nanofilters.
Based on our results, we note that the nanofilters demonstrated
an outstanding ability to remove particles larger than 70 nm
compared to the control filter. Given that the nanofilter and
control filter have a similar chemical composition, we

hypothesize that the fiber interconnectivity of the nanofilter
leads to the better capture of particles by interception than the
commercial control. From Figure 6(c), particles around 42 nm
showed the highest fractional penetration at 19.0, 34.7, 5.26
and 2.32% for control, cellulose, PDA, and PDADMAC,
respectively. Since nanoparticle capture is mainly dominated
by diffusion and electrostatic interactions, the (nonstatistical)
difference in the fiber diameter likely had only a subtle effect.
The additional functional groups from PDA (ie., thiols and
amines>") and positively charged surfaces from the PDAD-
MAC coatings greatly improved the capture of particles from
30 to 60 nm compared to the bare cellulose nanofilters. The
physical properties and air filtration performance metrics of all
the filters analyzed are summarized in Table 1. Overall, the
PDADMAC nanofilters demonstrated the best particle
penetration resistance for all particle sizes among all samples.

Long-Term Filtration Performance. The long-term
performance of the cellulose nanofilters was also investigated
by conducting four consecutive filtration efficiency experi-
ments. After the four cycles, the pressure drop increased by just
5%, and a slight increase in filtration efficiency was observed.
The particle fractional penetration for each cycle is displayed in
Figure 7(a). The highest particle fractional penetration percent
and filtration efficiency for each cycle were determined to be
27.9, 12.5, 43.1, 17.9% and 97.0, 99.0, 99.0, 98.2%,
respectively. Filtration efficiency and pressure drop are both
expected to increase, since the pores will be obstructed by
particles.'®** The fluctuation of fractional penetration for
particles smaller than 50 nm likely resulted due to different
electrostatic interactions that resulted once the incense
particles were deposited on the filters. Notably, the filters
remained intact even after being used in multiple filtration
tests. SEM images of the cellulose nanofilters after the first and
fourth cycles are displayed in Figure 7(b and c), respectively.
As one would expect, there are more particles observed and
deposited on the fibers after the fourth filtration cycle, but the
pores remain available (i.e., not clogged). Additionally, the
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Figure 7. (a) Particle fractional penetration percent and filtration
efficiency (E) of cellulose nanofilters for each cycle of filtration. SEM
micrographs of cellulose nanofilters after (b) one and (c) four cycles.
After four filtration cycles, the pressure drop increased by less than
S%.

SEM images only displayed continuous fibers: even after being
used in testing conditions, no broken nanofibers were
observed. In conclusion, the in-house fabricated cellulose
nanofilters still perform effectively after 80 min of usage in
extremely high particle concentration environments. We have
provided a comparison of our nanofilter’s filtration properties
to recent studies, which is shown in Table 2.

High Humidity Cellulose Nanofilter Performance.
When moisture obstructs the pores within a filter, both the
filtration efficiency is reduced due to the dissipation of the
charges on the fibers and, also, the thermal-physiological
comfort is decreased, which is important if the filters are to be
utilized in personal protection masks. To improve the
applicability of the filters in a high humidity environment,
Zhao et al.>® proposed a composite superhydrophilic/hydro-
phobic gradient structure that increases the moisture-vapor
transmission rate (MVTR), which also offered an easy-to-clean
property. Hydrophilic nanofibers exhibit high water adsorption
and diffusion rate but tend to form capillary water films that
increase air resistance dramatically over time under high

wetting property, where cellulose acetate exhibited a non-
wetting property with a contact angle of 145°. A layer of a
hydrophobic cellulose acetate filter was stacked under two
layers of cellulose filters to form a composite filter; the
schematic of the filters is displayed in Figure 8(b).

We tested the performance of our cellulose/cellulose acetate
(hydrophilic/hydrophobic) composite filters in an 80% relative
humidity environment, and the results are shown in Figure
8(c). In this experiment, a large number of particles penetrated
the cellulose nanofilters along with water droplets, where we
observed a 78.8% filtration efficiency and a pressure drop of
27.6 Pa under these conditions. These data suggest that the
capillary film makes the hydrophilic filter much more
penetrable for both particles and water droplets while at the
same time decreasing the air resistance of the filter. By
introducing the composite structure, the filtration efficiency
dramatically increased to 99.8% with a pressure drop of 158 Pa,
which means the filter performance was comparable to
filtration conducted in a low humidity environment. SEM
micrographs of the cellulose nanofilters after testing in a high
humidity environment are displayed in Figure 8(d), where the
fiber morphology remains unchanged and particles were again
observed as being trapped within the filter. The composite
filter demonstrated a superior removal of particles across the
size from 20 to 900 nm in comparison to the cellulose and
control filters. Furthermore, after the first testing cycle
conducted on the commercial control filter, a 27% increase
in the pressure drop was observed, whereas the composite filter
remained unchanged.

Bl CONCLUSIONS

Surface functionalized nanofilters demonstrated improved
filtration efficiency for removing nanoscale particulate matter
compared to untreated and commercial control filters. The

Table 2. Comparison of Nanofilter Properties and Air Filtration

Performance from Recent Studies”

filter surface modification/other fiber diameter AP QF

chemistry characteristic (um) E (%) (Pa) (Pa7h) stability ref
cellulose 09 9847 167  0.025  99.8% (E) at 80% RH this work
cellulose PDA-functionalized 1.4 98.97 162 0.029 this work
cellulose PDADMAC-functionalized 1.7 97.94 153 0.027 this work
PI R-TENG enhanced 0.2 >979 180 >0.019 30

PAN oxygen plasma ~0.3 94.02° 18 0.16 1% (E), 1 Pa (AP) decrease after SO cycles 24

PS, PAN chemically charged 0.45 99.014 <60 >0.077  99.92% (E) after 24 h 48
PVDF fiber/net 2D networks 0.021 99.99" 93 0.11 no chaﬁlge in E%, 6 Pa (AP) increase after 31

100
TPU nanofiber/net <0.05 97.08 58 0.061 10% (E%) decrease after 24 h 32

“Filter chemistry abbreviations: PI: polyimide, PAN: polyacrzrlonitrile, PS: polystyrene, PVDF: polyvinylidene fluoride, TPU: thermoplastic
polyurethane, R-TENG: rotating triboelectric nanogenerator. "E (%) was measured for PM;. “E (%) was measured for PM, ;. 9E (%) was
measured for PM,.
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Figure 8. (a) Contact angle measurement for cellulose and cellulose acetate nanofilters. (b) Schematic diagram of cellulose, cellulose acetate, and
composite gradient filter structure. (c) Fractional penetration as a function of particle size ranging from 20 to 900 nm. (d) SEM micrographs of

cellulose nanofilters after one cycle of high humidity filtration.

improvement in filtration performance was due to the presence
of additional electrostatic interactions provided by the cationic
polymer, PDADMAC, and the bioinspired glue, PDA. Optimal
thickness of the nanofilters was determined by the packing
density and its corresponding overall filtration performance
(i, quality factor). Under extremely polluted sampling
conditions, untreated cellulose nanofilters and PDA- and
PDADMAC-functionalized nanofilters maintained a filtration
efficiency of 99.0%, 99.2%, and 98.6%, respectively, in
removing incense particles in the size range from 20 to 900
nm. This represents a substantial improvement in filtration
efficiency for each of our tested nanofibers over the
commercially available mixed cellulose ester control filters.
PDA- and PDADMAC-functionalized nanofilters greatly
improved the removal of the highest fractional penetration
particles, from 34.7% to 5.26% and 2.32%, respectively,
whereas PDADMAC showed the lowest pressure drop (138
Pa) and highest quality factors (0.031 Pa™"'). When long-term,
multicycle filtration tests were conducted using the cellulose
nanofilters, only a 5% increase in the pressure drop was
observed after 80 min of continuous filtration. By introducing a
cellulose (hydrophilic) and cellulose acetate (hydrophobic)
composite structure, we were able to achieve a 99.8% filtration
efficiency in an 80% relative humidity environment. We
suggest that the nanofilters used in this study can efficiently
remove nanoscale particulate matter, even when used in a high
humidity environment.
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Table S1. Summary of the elemental data analysis of the high resolution XPS that
provides surface chemical composition analysis of cellulose, PDA, and PDADMAC
electrospun nanofilters.

Nanofilter C (%) 0O (%) N (%)
Cellulose 59.1 38.6 0.1
PDA 64.0 334 25
PDADMAC 65.8 315 1.5




Average: 0.9 £ 0.3 um
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Figure S1. Fiber diameter distribution and average fiber diameter of (a) cellulose (b) PDA-
functionalized, and (c) PDADMAC-functionalized nanofilters.
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Figure S2. (a) Schematic diagram of single and multilayer electrospun nanofilters with
different thicknesses. (b) Packing density as a function of total thickness for MCE controls
and all cellulose nanofilters investigated in this work.
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Figure S3. (a) Filtration efficiency (b) Pressure drop and (c) Quality factor as a function
of packing density for the MCE control, and cellulose nanofilters. The dotted line
separates the filters that had a total bulk thickness of 330 ym from those that were 150

Mm thick.
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Figure S4. (a) Filtration efficiency (b) Pressure drop and (c) Quality factor as a function
of packing density for the MCE control, PDA and PDADMAC samples. All samples had a
total filter thickness of 330 um.
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