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Nanoporous filters covering large areas and exhibiting high strength are crucial for capturing small
particles, such as viruses. However, the direct capture of nanoparticles requires the layering of
numerous fibers, which significantly obstructs air flow. In this study, nanofiber-modified non-woven
fabrics are hybridized with two-dimensional porphyrin-based nanosheets. Obtained through the
interfacial reaction of a toluene/n-hexanol solution of 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin
with a CuCl, aqueous solution, the nanosheets feature regular nanopores of a few nanometres.
Hybridization is achieved by stamping nanofiber-modified non-woven fabrics onto large-area porphyrin-
based nanosheets, covering the mesoporous meshes of the nanofibers with nanopores. Moreover, this
coverage is optimized by using nanosheets compressed to different degrees. These hybridized filters
capture particles of several tens of nanometres, which are smaller than viruses in size, with a minimal
drop in the differential pressure. This study demonstrates not only the utility of molecular nanosheets
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1. Introduction

The global COVID-19 pandemic has highlighted the impor-
tance of filters, including face masks, for removing micro-
aerosol droplets containing viruses." Non-woven fabrics have
been widely used as filters owing to their cost-effectiveness and
ease of manufacturing. Nanofibers with cross-sectional dia-
meters ranging from tens to hundreds of nanometres have a
high area-to-volume ratio, and layering nanofibers produces fine
porous meshes. One of the versatile methods for manufacturing
nanofibers is electrospinning based on electrohydrodynamics.>?
Filters fabricated by layering electrospun nanofibers on non-
woven fabrics efficiently capture particles such as bacteria
(approximately 1 um) and PM2.5 (2.5 um)* owing to the sub-
micrometre pores of the nanofiber layers. Consequently, these
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but also a new approach for hybridizing nanofiber-modified non-woven fabrics.

nanofibers can remove um-sized fine particles without obstruct-
ing air flow. However, to directly capture small particles such as
viruses, including COVID-19 (60-140 nm),” numerous additional
layers are required. This results in a significant drop in the
differential pressure, which in face masks, can be a source of
discomfort to the wearer.

Nanosheets based on two-dimensional metal-organic fra-
meworks have attracted considerable attention for their
potential application in gas separation, energy conversion and
storage, catalysis, sensors, and biomedicine.®® Porphyrins
featuring a rigid, m-conjugated planar structure with four-fold
symmetrical ligands are promising candidates for constructing
grid structures. Makiura et al. used the Langmuir-Blodgett (LB)
method to prepare highly ordered porphyrin nanosheets in
which the free-base or metal(u) 5,10,15,20-tetrakis(4-carboxy-
phenyl)porphyrins (MTCPP, M = H,, Co, and Pd) is bridged by
paddle-wheel linkages to two Cu(u) ions and four carboxylate
groups.”™? To prepare cobalt porphyrin-based nanosheets, a
chloroform-methanol solution containing CoTCPP and pyri-
dine is spread on a CuCl, aqueous solution, resulting in a
regular two-dimensional structure with well-defined nanopores
on the water surface.”'® The same group also prepared free-
base porphyrin nanosheets by spreading a toluene/ethanol
solution of the porphyrin on a CuCl, aqueous solution."* The
nanosheets are layered on silicon, quartz, and gold substrates
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Fig. 1 Schematic illustration of a porphyrin-based nanosheet (H atoms
are omitted for clarity) and scanning electron microscopy (SEM) image of
electrospun polyurethane nanofibers.

to form highly crystalline nanofilms. These nanosheets have
regular nanopores of a few nanometres (Fig. 1 and Fig. S1,
ESIt),>™* and thus they are promising filters for removing nm-
sized particles. However, their limited mechanical strength is a
disadvantage in high-stress environments such as filtration
systems.

Herein, to develop filters capable of capturing nano-
particles without restricting airflow, we hybridized elec-
trospun polyurethane nanofibers on wet-laid polyethylene
terephthalate non-woven fabrics with porphyrin-based nano-
sheets (Fig. 1). The porphyrin-based nanosheets provide nano-
pores that are permeable to air (Fig. S2, ESIt). Hybridization
was conducted to reinforce the porphyrin-based nanosheets
as well as to add nanopores to the mesoporous meshes
of the nanofiber-based layers. First, we prepared large-area
porphyrin-based nanosheets, which were subsequently
assembled onto nanofiber-modified fabrics, affording rein-
forced nanosheet filters on the scale of centimetres. We used
scanning electron microscopy (SEM) to show that porphyrin-
based nanosheets covered the mesoporous meshes of the
nanofiber-based layers. Measurements of the pressure differ-
ential and particle filtration efficiency showed that the hybri-
dized non-woven fabrics captured nanoparticles (100 nm)
smaller than typical viruses with a minimal drop in the
differential pressure.

2. Experimental
2.1. Materials

All chemicals and solvents were used without further purifica-
tion unless otherwise stated. 5,10,15,20-Tetrakis(4-carboxy-
phenyl)porphyrin (H,TCPP) (Sigma-Aldrich, St Louis, MO,
USA) and CuCl, (FUJIFILM Wako Chemicals, Osaka, Japan)
were reagent grade. Toluene (KANTO Chemicals, Tokyo, Japan)
and n-hexanol (FUJIFILM Wako Chemicals, Osaka, Japan) were
special grade.

2.2. Surface morphology

The surface morphologies of bare and hybridized fabrics were
investigated using SEM (VE-9800, KEYENCE, Osaka, Japan).
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2.3. Preparation of porphyrin nanosheets using CucCl,
(H,TCPP-Cu) for transmittance and evanescent wave
absorption spectroscopy

First, 250 uL of 0.2 mM H,TCPP in a mixed solvent of toluene
and n-hexanol (3:1 v/v) was added to 100 mM CuCl, aqueous
solution (250 mL) in a petridish (¢ 20 c¢cm) using a micro-
syringe. The resulting layer was allowed to stand for 30 min to
evaporate the organic solvents. The CuCl, aqueous solution was
replaced with MilliQ water (total 2.5 L) to remove an excess of
CuCl,, because they form precipitates when porphyrin-based
nanosheets were transferred onto glass substrates. A glass
substrate (76 x 26 mm) was immersed in the water surface
on which the H,TCPP-Cu nanosheet had been formed, and
then slowly lifted up to transfer the nanosheet onto the glass
substrate. Transmittance absorption spectra of the nanosheets
were measured at room temperature with a spectrophotometer
(V-570, JASCO, Tokyo, Japan). Evanescent wave absorption
spectra of the nanosheets were measured as described in a
previous report.”> A halogen lamp (FHL-102, Asahi Spectra,
Tokyo, Japan) equipped with a polarizer (Sigmakoki, Tokyo,
Japan) was used to provide s-polarized light with an electric
field perpendicular to the glass substrate and p-polarized light
with an electric field parallel to the glass substrate. A multi-
channel spectrophotometer (MSP-1000, Unisoku, Osaka, Japan)
was used as the detector.

2.4. Surface pressure-molecular area (n-A) isotherm
measurements

First, 2 L of 100 mM CuCl, aqueous solution was put in a
trough whose surface area is movable (50 x 5 x 8 cm, Filgen,
Nagoya, Japan). Subsequently, 60 pL of 0.2 mM H,TCPP in a
mixed solvent of toluene and n-hexanol (3:1 v/v) was slowly
spread on the CuCl, aqueous solution at three spots in the
trough. The resulting layers were allowed to stand for 1 h to
evaporate the organic solvents, and then, surface pressure-
molecular area isotherms were acquired at room temperature

using a two-barrier continuous pressing speed of 15 mm min .

2.5. Preparation of nanofiber-modified fabrics

Polyurethane nanofibers (0.5 ¢ m™?) were directly spun onto
30 g m~? wet-laid polyethylene terephthalate non-woven fabrics
using a multi-nozzle electrospinning device (NafiaS, Nagano,
Japan).® Before electrospinning, the fabrics were treated by
heat-pressing to decrease irregularities. The spinning solution
of polyurethane nanofibers was prepared by dissolving polyur-
ethane resin in a mixed solvent of N,N-dimethylformamide
(DMF) and methyl ethyl ketone at a ratio of 7:3 and concen-
tration of 10 wt% with stirring for 24 h at room temperature.

2.6. Hybridization of nanofiber-modified fabrics with
porphyrin-based nanosheets

For hybridization with uncompressed nanosheets, 700 mL of
100 mM CucCl, aqueous solution was put in a polyvinyl chloride
(PVC) pad (20 x 25 cm). Then, 600 pL of 0.2 mM H,TCPP in a
mixed solvent of toluene and n-hexanol (3:1 v/v) was added

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dropwise onto the CuCl, aqueous solution. The resulting layer
was allowed to stand for 30 min to evaporate the organic
solvents. The CuCl, aqueous solution was replaced with MilliQ
water (total 5.1 L) using two peristaltic pumps (Front Lab, AS
ONE, Osaka, Japan). Wet-laid polyethylene terephthalate non-
woven fabrics (15 x 15 cm) covered by layers of polyurethane
nanofibers were stamped onto porphyrin-based nanosheets.
For hybridization with manually compressed nanosheets,
600 pL of 0.2 mM H,TCPP in a mixed solvent of toluene and
n-hexanol (3 :1 v/v) was added dropwise onto 700 mL of 100 mM
CuCl, aqueous solutions in PVC pads (20 x 25 cm). The
resulting layers were allowed to stand for 30 min to evaporate
the organic solvents. Porphyrin-based nanosheets were com-
pressed to 2/3 and 1/3 of their original horizontal length at a
speed of 1 cm min~'. Wet-laid polyethylene terephthalate non-
woven fabrics (5 x 5 cm) covered by layers of polyurethane
nanofibers were stamped onto porphyrin-based nanosheets.
For hybridization with nanosheets precisely compressed using
a trough, 2.0 L of 100 mM CucCl, aqueous solution was placed in
the movable range of a trough (50 x 5 x 8 cm). Subsequently,
60 pL of 0.2 mM H,TCPP in a mixed solvent of toluene and »n-
hexanol (3:1 v/v) was slowly spread on the CuCl, aqueous
solution at three spots in the trough. The resulting layer was
allowed to stand for 1 h to evaporate the organic solvents. The
layer was compressed until the molecular area was 200 A% and
then wet-laid polyethylene terephthalate non-woven fabrics
(4 x 4 cm) covered by layers of polyurethane nanofibers were
stamped onto porphyrin-based nanosheets on CuCl, aqueous
layers. The composite was immersed in pure water for 5 min to
leach out an excess of CuCl,, and then dried.

2.7. Measurements of differential pressure and particle
filtration efficiency

We conducted tests using a filter testing apparatus capable of
performing evaluations in accordance with the standard test
method for N95 filters. The differential pressure and filtration
efficiency were measured using the NaCl aerosol method with a
filter tester employed for particulate respirators (AP-632F,
Sibata Scientific Technology, Saitama, Japan). First, 2%
(wt/vol) NaCl solution was aerosolized, passed through the
convex side of a test sample, properly sealed, and placed into
a filter holder. The particle size ranged from 0.022 to 0.259 pm
with a count median diameter of 0.075 + 0.020 pm and
geometric standard deviation of less than 1.86. The concentra-
tions of the NaCl aerosol upstream and downstream of
the sample (area of 3 x 3 cm) were measured at a flow rate of
16.7 L min~' for 1 min. The filtration efficiency was estimated
using eqn (1):

Filtration efficiency (%)

N (Particle concentration downstream )
N (Particle concentration upstream )

<o) W

where N (upstream side particle concentration) and N (downstream
side particle concentration) are the concentration of particles
before and after filtering, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Preparation and characterization of porphyrin-based
nanosheets

Porphyrin-based nanosheets were prepared according to pre-
viously reported methods®"! with modification. Specifically, an
organic solution containing 0.2 mM H,TCPP was added to a
CuCl, aqueous solution using a micro-syringe, producing a
porphyrin-based nanosheet as a brown layer on the aqueous
solution. In previous methods, a mixture of chloroform
and methanol (3:1 v/v)° or a mixture of toluene and ethanol
(1:1 v/v)'* was used as the organic solvent. In the present
method, toluene and n-hexanol (3:1 v/v) was employed as the
mixed solvent to increase the area of porphyrin-based
nanosheets. Herein, H,TCPP does not dissolve in toluene
(chloroform), but is soluble in n-hexanol (methanol). Therefore,
the optimal combination of toluene, which does not sink in
water, and n-hexanol, which dissolves H,TCPP, enables the
organic layer to spread on the aqueous solution. Furthermore,
the concentration of CuCl, aqueous solution was increased
from 1 mM to 100 mM, to accelerate the interfacial reaction
between Cu(u) ions and the carboxylate moieties of H,TCPP. As
a result, the kinetics of interfacial complexation were controlled
to prepare cm-ordered porphyrin-based nanosheets.

Fig. 2 shows the transmittance absorption and evanescent
wave absorption spectra of porphyrin-based nanosheets trans-
ferred onto glass substrates. Here, to reduce light scattering
from precipitates of CuCl, (Fig. S3, ESI{), excess Cu(u) ions in
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p—polarized light

0.04 : ; : : : ;
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Fig. 2 (a) Transmittance absorption and (b) polarized evanescent wave
absorption spectra of porphyrin-based nanosheets on glass substrates.
The blue arrows indicate the four peaks in the Q band region.
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the aqueous solution were removed by replacing the CuCl,
aqueous solution with pure water. Subsequently, nanosheets
were transferred onto glass substrates, producing a pale-yellow
layer on them (inset of Fig. 2a). The UV-vis absorption spectrum
of a pale-yellow glass substrate (Fig. 2a) contained a Soret band
and four Q bands, indicating that the pale-yellow color was
derived from the H,TCPP chromophore. The sharp Soret band
indicated that the H,TCPP chromophore did not stack on the
glass substrate. Additionally, the four Q band peaks indicated
that few Cu ions were inserted into the porphyrin center during
the formation of nanosheets. The absorbance (0.035) of the
Soret band after subtracting the baseline (Fig. 2a) corresponds
to that of the monolayer, as reported in the literature.’* This
confirms that the nanosheets formed on the water surface are
the monolayer. The s- and p-polarized spectra were observed by
the lights whose electric fields were perpendicular and parallel
to the glass substrate, respectively.'®> As shown in Fig. 2b, the
Soret band clearly appeared only in the p-polarized absorption
spectrum, indicating that the H,TCPP plane of the nanosheets
was oriented parallel to the glass substrate.

To investigate the molecular orientation and coordination of
porphyrin-based nanosheets, surface pressure-molecular area
(m-A) isotherms were acquired (Fig. 3). The surface pressure
rose steeply at the molecular area of approximately 180 AZ
(equivalent to the planar area of H,TCPP), indicating that the
hydrophobic porphyrin rings were oriented horizontally relative
to the aqueous solution surface. As the control experiments,
H,TCPP-based layer was prepared on pure water. In the n-A
isotherms of this layer (Fig. 3 inset), the surface pressure rose
steeply at the molecular area of approximately 40 A (the cross-
sectional area of H,TCPP), which indicated that the porphyrin
plane was perpendicular to the water surface, thereby hiding
the hydrophobic porphyrin rings from the water surface. Even
when using a Ca(u) aqueous solution instead of a Cu(u)
solution, the same result as that with pure water was observed,
supporting that the nanosheets had a paddle-wheel type
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Fig. 3 Surface pressure—molecular area (n—A) isotherm of H,TCPP on

CuCl, (100 mM) aqueous solution. The inset shows the n—A isotherm of
H,TCPP on pure water.
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coordination of carboxylate groups to Cu(u) ions (Cu,(COO0),),
similar to previous reports.” "

When forming the porphyrin nanosheets, we observed inter-
esting dynamics just after the porphyrin solution was dropped
onto the CuCl, aqueous solution. When a droplet of toluene/
n-hexanol solution containing H,TCPP was placed on the sur-
face of 100 mM CuCl, aqueous solution, the droplet initially
spread out concentrically. After an induction period of a few
seconds, the spreading droplet suddenly exploded (Movie S1,
ESIT). This explosion required both H,TCPP and CuCl,. For
example, the following combinations resulted in a slow random
dispersion of the organic solution: (1) a droplet of toluene/n-
hexanol solution with (Movie S2, ESIt) or without (Movie S3,
ESIT) H,TCPP on pure water instead of CuCl, aqueous solution
and (2) a droplet of toluene/n-hexanol solution without H,TCPP
on 100 mM CuCl, aqueous solution. Additionally, the droplet
containing H,TCPP did not explode when 1 mM CuCl, aqueous
solution instead of 100 mM CucCl, aqueous solution was used.
This suggests that rapid complexation is necessary for the
explosion to occur. Rapid complexation between H,TCPP and
Cu(n) ions generates a gradient of surface tensions, ie., the
Marangoni effect,'>'> which enables interfacial explosion for
the formation of large-area porphyrin-based nanosheets.

3.2. Hybridization of nanofiber-modified fabrics with
porphyrin-based nanosheets

Similar to porphyrin-based nanosheets transferred onto glass
substrates, nanosheets transferred onto nanofiber-modified
fabrics were uniformly distributed, as indicated by the spread
of the pale-yellow layer. To optimize the hybridization of
nanofiber-modified fabrics with porphyrin-based nanosheets,
we acquired SEM images of a bare nanofiber-modified non-
woven fabric without hybridization (Fig. 4b) and a nanofiber-
modified non-woven fabric hybridized with a porphyrin-based
nanosheet (Fig. 4c). First, porphyrin-based nanosheets were
formed by dropping and spreading a H,TCPP solution on CuCl,
aqueous solution. Then, the layer of a porphyrin-based
nanosheet was transferred directly onto a nanofiber-modified
non-woven fabric. SEM images of this fabric showed many
defective holes. As the area was manually reduced to increase
the density of the nanosheet, films began to form on the
nanofibers. The compression process contributes to the for-
mation of a uniform membrane. Therefore, porphyrin-based
nanosheets were precisely compressed using the Langmuir-
Blodgett trough until the molecular area reached 200 A% After
confirming that the added porphyrin densely covered the water
surface, the nanosheets were transferred onto nanofiber-
modified fabrics (4 x 4 cm) using the stamping method."® As
a result, white nanofiber-modified fabrics were uniformly
colored in pale-yellow after hybridization with porphyrin-
based nanosheets (Fig. 4a). Furthermore, in contrast to bare
nanofiber-modified fabrics, which had pm-sized pores only
(Fig. 4b), hybridized fabrics had a uniform film covering the
nanofiber-based pores (Fig. 4c). For the first time, nanofiber-
modified fabrics were successfully hybridized with porphyrin-
based nanosheets, which covered the nanofiber-based pores.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4
and after (c) hybridization with a porphyrin-based nanosheet.

3.3. Filtration properties of nanosheet-hybridized nanofiber-
modified fabrics

To evaluate the filtration properties of nanosheet-hybridized
nanofiber-modified fabrics, the differential pressure was mea-
sured using a gas flow system. The differential pressure of

1G, > 200y BiE 6. Jam  1OKY

(a) Photograph of nanofiber-modified fabric hybridized with a porphyrin-based nanosheet. SEM images of nanofiber-modified fabrics before (b)

fabrics hybridized with porphyrin-based nanosheets was eval-
uated to be 285 Pa, which was similar to that (256 Pa) of bare
nanofiber-modified fabrics. Thus, the nm-sized pores of the
nanosheets contribute to this minimal drop in the differential
pressure. Furthermore, the filtration of NaCl particles in

Fig. 5 SEM images of nanofiber-modified fabrics without (a) and with (b) a porphyrin-based nanosheet after particle filtration tests. (c) Magnified view of

a film-like porphyrin-based nanosheet.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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flowing gas was examined. The particle filtration efficiency of
nanofiber-modified fabrics hybridized with porphyrin-based
nanosheets was evaluated to be 96.0 + 0.75%, which was larger
than that of bare nanofiber-modified fabrics (94.0 + 0.20%).
Although the increase was only 2%, this improvement was
considered to be significant because achieving such a value
typically requires numerous additional electrospinning pro-
cesses. Nanofiber-modified fabrics hybridized with porphyrin-
based nanosheets without compression had defective holes on
the film covering the nanofibers, and thus their particle filtra-
tion efficiency was similar to that of bare nanofiber-modified
fabrics. This demonstrates the importance of compression
using a Langmuir-Blodgett trough to produce a uniform film
covering large-area of the nanofibers for filtering particles. We
also formed double-layered nanosheets by laminating an addi-
tional compressed nanosheet onto the film formed using the
stamping method, thereby increasing the differential pressure
to 302 Pa and the particle filtration efficiency to 97.3%.

Fig. 5 shows the SEM images of nanofiber-modified fabrics
after the particle filtration tests. The number of captured NaCl
particles was larger in the nanofiber-modified fabric hybridized
with a porphyrin-based nanosheet (Fig. 5b) than in the bare
nanofiber-modified fabric (Fig. 5a). In particular, as shown in
Fig. 5c, fabrics hybridized with porphyrin-based nanosheets
captured particles (approximately 100 nm) that were smaller
than viruses, i.e., influenza A’ and COVID-19,> which are on
the order of 100 nm in size. Thus, hybridization of nanofiber-
modified fabrics with porphyrin-based nanosheets enabled the
capture of particles less than 100 nm in size, showing great
potential for the efficient capture of small particles such as
viruses.

4. Conclusions

We prepared large-area porphyrin-based nanosheets by adding a
mixed solvent of toluene and n-hexanol as the organic layer onto a
concentrated CuCl, aqueous solution. A droplet of the porphyrin
solution on the aqueous solution exploded after a short induction
time to form a large-area porphyrin-based nanosheet. Hybridiza-
tion of nanofiber-modified non-woven fabrics with porphyrin-
based nanosheets compressed to different degree was achieved
using the stamping method. Nanofiber-modified non-woven fab-
rics hybridized with porphyrin-based nanosheets captured particles
of less than 100 nm in size with a minimal drop in the differential
pressure. Thus, hybridization with nanosheets is a promising
approach for producing non-woven filters capable of removing
viruses and other small particles without a significant drop in the
differential pressure.
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