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ARTICLE INFO ABSTRACT

With the wide applications of graphene nanoplatelets (GNPs) in the industries, more concerns are raised about
the effectiveness of filtration technology to control GNPs release during manufacturing and handling processes.
Accurate prediction of the capture efficiency of airborne GNPs is significant to avoid occupational exposure.
Herein, the aerodynamic property and filtration mechanisms of airborne GNPs with plate-like shape and folded
structure were studied. Different equivalent diameters of GNPs (aerodynamic diameter d,, mobility diameter dy,)
were derived and used to describe diverse mechanisms in the filtration model. The capture efficiency of plate-
like GNPs and sphere-like NaCl particles was measured with Nuclepore membranes and nanofibrous membranes
to assess the particle shape effect during filtration. The plate-like GNPs showed higher capture efficiency due to
the larger interception length. SEM measurement showed that not only planar GNPs, GNPs with folded structure
also occurred due to the large lateral size to thickness ratio and strong mechanical stimulation in the atomization
process. For GNPs with aerodynamic diameter of 0.5 — 0.9 um, the capture efficiency for folded GNPs decreased
by 20 — 30% according to the analytical calculation. In addition, the effects of membrane structural parameters
(Nuclepore membrane pore radius, fiber diameter, solidity) on the quality factor (Q) were systematically ana-
lyzed to evaluate the overall filtration performance. This study not only elucidates the effect of plate-like shape
and folded structure on the aerodynamics of airborne GNPs, but also contributes to better design of Nuclepore
and nanofibrous membranes to improve the filtration performance of plate-like particles.
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1. Introduction

Graphene nanoplatelets (GNPs) are promising nanomaterials and
widely used in commercial products attributed to the rapid develop-
ment of nanotechnology in the past decades. With wide applications in
electronics [1], sensors [2], composite materials [3] and biotechnology
[4], a growing concern about possible GNPs release and potential ad-
verse human health effect has been raised. GNPs can be released into
the environment in various phases of products life time, including
production, service life and disposal [5,6]. Available data indicate that
nanoparticles could be released during abrasion [7,8], drilling [9],
exposure to UV light [10] and combustion of nanoparticle composite
materials [11]. There are some studies about GNPs transportation in
aquatic or soil environment [12,13], however, researches about the

transport and deposition of airborne GNPs are far from adequate. Re-
leased GNPs can be inhaled and deposit in the respiratory tract of
human, and the failed engulfment of large GNPs by the macrophage
cells would result in frustrated phagocytosis and inflammation [14].
Filtration is one of the primary technologies that can effectively remove
nanoparticles from air and minimize the detriment to human health
[15-20]. Precise prediction of airborne GNPs capture efficiency is very
significant to avoid occupational exposure during manufacturing and
handling processes.

The filtration performance of filters is usually characterized by
challenging with sphere-like particles such as sodium chloride (NaCl)
and dioctylpthalate (DOP). However, the particle shape is a significant
parameter which strongly affects the particle transportation and de-
position in filters [21]. Compared to spherical particles, GNPs exhibit
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Fig. 1. SEM images of (a) graphene nanoplatelets, (b) Nuclepore membrane with pore diameter of 3 um, (c) PAN electrospun membrane.

unique aerodynamic properties due to the plate-like shape. However,
researches about how the plate-like shape affects GNPs filtration are far
from adequate. There are some studies about filtration of high aspect
ratio fiber-like particles, such as asbestos and carbon nanotubes (CNTs).
Feigley [22] modified the classic filtration theory to develop a model
for the deposition of asbestos in fibrous membranes. Chen et al. [23]
investigated the CNTs filtration mechanisms using the modified capil-
lary tube model and found that the penetration of CNTs was closely
related to the particle effective length, mobility diameter and density.
Previous researches [24-26] indicated that the major difference be-
tween fiber-like particles and spheres was caused by the interception
mechanism, for which the geometric diameter played a key role for
elongated particles. However, up to now, studies on the filtration of
airborne two-dimensional GNPs are scarce, the details about the de-
position mechanisms and the plate-like shape effect have not been in-
vestigated.

GNPs tend to fold due to the large lateral size to thickness ratio and
out-of-plane flexibility [27,28]. Several studies investigated the folding
and aggregation of graphene nanomaterials in aquatic and soil en-
vironment [12,13,29]. The effects of solution chemistry (such as pH,
ionic strength, salt type) and soil properties (such as surface area,
charge status) on the stability of graphene nanomaterials were pre-
sented. Folding transforms GNPs into more intricate shapes and influ-
ences particle aerodynamic property. However, studies about how the
folded structure influences airborne GNPs transportation and deposi-
tion are scarce. It is significant to take folding into consideration for
better aerodynamics analysis and more accurate prediction of the
capture efficiency of plate-like GNPs.

The filtration performance not only depends on particle properties,
but also the filter structure. There are two most important types of
filters: porous membrane filters and fibrous filters. One type of com-
monly used porous membrane is Nuclepore membrane which has mi-
croscopic holes with uniform diameter perpendicular to the filter sur-
face. Nuclepore filters with well-defined and homogenous
microstructure, which can be accurately described by the capillary tube
model, facilitate the study of particle deposition mechanisms. Fibrous
filters are mats composed of randomly orientated fibers. In recent years
nanofibrous membranes have become one of the most promising can-
didates in the filtration industry. On one hand, the filtration efficiency
is significantly enhanced as the fiber diameter decreases to the nan-
ometer-scale [30]. On the other hand, the slip flow effect diminishes the
friction between air molecules and nanofibers and led to the decreased
resistance [31,32]. However, most of the researches are focused on the
capture of spherical particles or fiber-like particles, studies about how
the plate-like shape influences particle transportation through porous
and fibrous membranes are still scarce.

In the present work, the aerodynamic property and filtration me-
chanisms of airborne GNPs with plate-like shape and folded structure
were studied. The capture efficiencies of GNPs and NaCl particles by
Nuclepore membranes and nanofibrous membranes were compared to
evaluate the particle shape effect. Different equivalent diameters
(aerodynamic diameter d,, mobility diameter d,,, geometrical diameter
dg) of GNPs were derived and used to account for diverse mechanisms

in the filtration model. Besides planar GNPs, GNPs with folded structure
also existed due to the powerful mechanical stimulation during the
atomization process. Analytical models based on the capillary tube
theory and single-fiber theory were used to predict the penetration
difference among planar GNPs, folded GNPs and spheres with the
particle aerodynamic diameter from 0.07 to 10 um. In addition, the
effects of Nuclepore membrane pore radius, nanofiber diameter and
solidity on the quality factor (Qp) were systematically investigated for
better membrane design with optimized filtration performance for
plate-like particles.

2. Materials and experiments
2.1. Materials

The graphene nanoplatelets (GNPs) were purchased from XG
Science Inc., USA. They were grade M GNPs consisting of short stacks of
graphene sheets with plate-like shape. The average lateral size was
about 5 um (Fig. 1a). The true density was 2.2 g cm ~* and surface area
was 120 to 150 m? g~ . The Nuclepore filters with pore diameter of
3 um (WHA-111112, Whatman International Ltd., UK) were used to
collect the GNPs for SEM characterization. Nuclepore filters were
membrane filters with microscopic holes of uniform diameter, ap-
proximately perpendicular to the membrane surface (Fig. 1b). The
particles could be captured on the filter surface, on the pore opening or
on the walls of the pore. The porosity and thickness of the Nuclepore
membrane were 0.14 and 9.9 um, respectively. Polyacrylonitrile (PAN,
M,, = 150000), sodium chloride (NaCl) and N,N-dimethy(formamide)
(DMF) were purchased from Sigma Aldrich.

2.2. Fabrication of electrospun membranes

The electrospinning setup was similar to Kuo et al. [33]. 9 wt% PAN
solution was prepared by dissolving PAN in DMF and continuously
stirred for 8 h. The solution was loaded into a 10 mL syringe with a
metal needle possessing inner diameter of 0.41 mm. The solution was
fed at a controllable flow rate of 0.8 mL h™! by a syringe pump (NE-
300, New Era Pump Systems Inc., USA). A 20 kV voltage was applied to
the needle and nanofibers were collected on the aluminum foil with tip-
to-collector distance of 20 cm. All electrospinning experiments were
conducted at 20 *+ 2 °C and 45 * 5% relative humidity. The mor-
phology of PAN electrospun membranes was characterized by Scanning
Electron Microscopy (SEM, Nova NanoSEM 230, Thermo Fisher Scien-
tific, USA) and shown in Fig. 1c. The nanofibers were randomly or-
iented with the average diameter of 447 * 54 nm.

2.3. Gnps filtration tests with Nuclepore and nanofibrous membranes

Fig. 2 shows the experimental setup for filtration tests. Firstly, GNPs
were dispersed in water with concentration of 0.02 wt% and ultra-
sonicated for 30 min to avoid agglomeration. Airborne GNPs were
generated by atomizing the GNPs suspension using a Collison type
atomizer. Then the atomized aerosols went through a diffusion dryer to
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Fig. 2. Experimental setup for airborne particles filtration tests.

remove the water vapor. A neutralizer (Kr-85) was used to minimize the
electrostatic effect on filtration. The aerodynamic size distribution and
concentration of GNP aerosol were measured by an Aerodynamic Par-
ticle Sizer (APS). By adjusting the three-way valve located in front of
the APS inlet, the upstream particle concentration C,;, and downstream
particle concentration Cg,,, Were measured, and the filtration effi-
ciency was calculated as E = 1 — Cyown/Cyp. The face velocity during
filtration was 5 cm s™. In addition, in order to compare the capture
efficiency between GNPs and sphere-like particles, airborne NaCl par-
ticles were also generated by atomizing 0.1 wt% NaCl solution. The
experimental data and model results of the capture efficiency between
GNPs and NaCl particles were compared.

3. Theoretical models
3.1. Equivalent diameters derivation using analytical expressions

For non-spherical particles, the drag force and settling velocity not
only depended on particle size but also particle shape [34]. Different
equivalent diameters were needed to account for different mechanisms
(interception, impaction, diffusion) during filtration. Additionally, the
equivalent diameters of folded GNPs were also derived by assuming
that a totally folded GNP was a particle with half surface area and
doubled thickness of planar GNP.

Aerodynamic diameter d, is a key parameter for characterizing
particle deposition by inertial impaction. The oblate spheroid has been
widely used in the aerodynamics calculation for plate-like particles in
previous research [35-38]. Cheng et al. [36] studied the aerodynamic
properties of plate-like talc particle and established the relationship
between aerodynamic diameter and projected area diameter. Tomb
et al. [37] derived the correlation between Stokes diameter and volume
diameter of plate-like mica particles. The above studies showed that the
shape factor of plate-like particle was in good agreement with experi-
mentally determined shape factor for oblate spheroid, indicating oblate
spheroid was a good approximation for the aerodynamic analysis of
plate-like particles. In addition, particle random orientation should be
considered during calculation. In our study the drag force of GNPs was
calculated based on the drag force model [39] determined for an oblate
spheroid (z—z + ﬁ—i + ;—z = 1). In addition, the aerodynamic drag force
was also influenced by the orientation of particles. Under the assump-
tion that the thickness of the particle was infinitely thin, the drag force
Fp; of a GNP perpendicular to the direction of motion was calculated as:

Fp = 8uVd, (€]

The drag force Fp, of a GNP parallel to the direction of motion was
calculated as:

16
Fpy = ?ﬂVdg @

with dg: GNPs geometrical diameter, V: velocity of GNPs, u: gas visc-
osity.

For a spherical particle with unit density, the drag force Fps was
calculated as Fps = 37uVd,. The aerodynamic diameter is the diameter
of a unit density sphere that has the same settling velocity as the par-
ticle under consideration. Therefore, by equaling the settling velocity of
a sphere with that of a GNP, the aerodynamic diameter d,; of GNP with
perpendicular orientation and the aerodynamic diameter d,, of GNP
with parallel orientation were calculated as:

09ﬂppdgtp

da = | ———
16p, 3

\/277rppdgtp

PN E—
a 32, &)

with t,: thickness of GNPs, p,: density of GNPs (2.2 g cm™®), Po: unit
density (1 g cm™).

For a GNP with random orientation, the aerodynamic diameter d,
was calculated as:

dy = dgisin? ¢ + dgycos® @ (5)

with sin?p = 2/3 and cos’p = 1/3, which were derived by Fuchs [40]
by neutralizing the resistance in all directions of the polar axis.

The mobility diameter d,, is important for evaluating particle mo-
tion due to diffusion. The mobility diameter is the equivalent diameter
of a spherical particle that has the same terminal electrostatic velocity
in the electric field as the particle under consideration. When a charged
particle with n elementary units of charge is placed in an electric field
with field intensity E, it is acted upon by the electrostatic force Fg
calculated asFp = neE.The particle reached terminal electrostatic velo-
city as the electrostatic force balanced the drag force. By equaling the
terminal electrostatic velocity of sphere with that of GNP, the mobility
diameter d,,; of GNP with perpendicular orientation and the mobility
diameter d,,» of GNP with parallel orientation were calculated as:

4o = 8d,
"™ 3 (6)

16d

dpmz = £

Tom )
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Fig. 3. SEM images of (a) airborne GNPs collected on the Nuclepore filter, (b) a planar GNP and (c) a folded GNP captured at the pore entrance of Nuclepore

membrane.

For a GNP with random orientation, the mobility diameter d,, was
calculated as:

dp = dysin? @ + d,pc08? @ (8)

3.2. Capillary tube filtration model for Nuclepore membranes

For Nuclepore filters with microscopic circular holes with uniform
diameter, the capillary tube model was used to predict particle collec-
tion characteristics [41]. Collection efficiencies due to four filtration
mechanisms were considered: impaction on the filter surface ¢;, inter-
ception on the pore opening ¢z, diffusion on the walls of the pore ¢p,
and diffusion on the front surface of the filter eps. Different equivalent
diameters relevant to each deposition mechanism was used in the ca-
pillary tube model to account for particle shape effect. The aero-
dynamic diameter d,, geometric diameter d, and mobility diameter d,,
were used to calculate the filtration efficiencies attributed to impaction,
interception and diffusion, respectively. The detailed analytical ex-
pressions for efficiencies calculation were shown in the Supplementary
Information. The total filtration efficiency er attributed to the above
mechanisms was calculated as:

g=1-1-g1 - -e) - eps) ©)]
The pressure drop across the Nuclepore membrane was calculated

by the Hagen-Poiseuille equation [41]:

utly

Ap=p, —p;. |1 —5093
P nrN, (10)

with p;: gas pressure upstream of the membrane, y: air dynamic visc-
osity, t: membrane thickness, Up: face velocity, ro: pore radius, N:
number of pores per unit surface area.

3.3. Single-fiber filtration theory for fibrous membranes

The single-fiber filtration model with slip effect was used for ana-
lytical calculation of the filtration efficiency of fibrous membranes.
Three different mechanisms (interception, impaction and diffusion)
were considered in the filtration model, and the detailed calculation
equations were shown in the Supplementary Information. The total
single-fiber efficiency Er was the summation of efficiency due to in-
terception, impaction and diffusion:

ET=ER+E[+ED (11)

The penetration of the membrane was calculated as:

4aErt ]

P = exp| ———=1t
P ( d; (1 — )

(12)
with a: membrane solidity, ds: fiber diameter, t: membrane thickness.
In order to accurately predict the pressure drop of nanofibrous
membranes, the fiber random distribution and slip effect should be
considered [42]. One widely used equation for pressure drop of fibrous
membranes at continuum regime Ap. obtained from empirical data and

including the effects of fiber random orientation and neighboring in-
terference, was given by Davies [43]:

Ap, = uUpt [64a> (1 + 56a%)]/ds*for(0.006 < a < 0.3) 13)

with w: air dynamic viscosity, Up: face velocity, t: membrane thickness,
dg fiber diameter.

For nanofibrous membrane, as the nanofiber diameter d; was com-
parable with the mean free path of air molecules A, the slip effect on the
fiber surface became significant and a correction was needed. We used
the correction derived by Pich [44] in the slip flow regime, then the
pressure drop was calculated as:

Ap

c

Ap = s
1+ 0.998 * K, * (m)/(—OJS — 0.5lna)

14

with K,: Knudson number K, = 24/dy, p: the ambient pressure, p.: the
pressure drop at continuum regime and we used equation (13) for Ap,.
After considering the slip correction the pressure drop decreased by 10
- 30% depending on the fiber diameter and solidity. For example, for
the membrane with fiber diameter d; of 0.2 um and solidity a of 0.01
the pressure drop calculated by equation (14) is 70.2% of that calcu-
lated by equation (13).

4. Results and discussion
4.1. Aerodynamic property and equivalent diameters of plate-like GNPs

The airborne GNPs produced by atomizer were collected on the
Nuclepore membranes and characterized by SEM. It could be seen that
airborne GNPs still maintained the plate-like shape (Fig. 3a). The
aerodynamic diameter distribution of GNPs was between 0.54 and
1.40 pym measured by APS and well fitted by the lognormal distribution
(Fig. S1). As the APS minimum threshold of particle size determination
was 0.54 um (APS could detect particles smaller than 0.54 pm, but their
sizes were not determined), thus the measured aerodynamic diameter
started from 0.54 pm in the experiment. The thickness of GNPs was
measured from SEM images (Fig. S2). The thickness distribution was
fitted to a Gaussian distribution and the expectation of the thickness
was about 66 nm (Fig. S3). According to the high-resolution SEM
images, both of planar GNPs and folded GNPs could be observed
(Fig. 3b-c). The folded structure was attributed to the large lateral size
to thickness ratio and out-of-plane flexibility of GNPs. The folding be-
havior could be initiated by mechanical stimulation [45] or liquid
evaporation [46], and stabilized by virtue of van der Waals forces.
During the atomization process compressed air was used to break up
GNPs suspension into aerosol. To investigate the effect of atomization
on folding, the GNPs were collected on a silicon wafer close to the
atomizer outlet and compared with the GNPs dispersed in the suspen-
sion. The airborne GNPs showed more folded configuration compared
with the planar structure in the suspension (Fig. S4), indicating that the
powerful mechanical stimulation during atomization could induce the
folding behavior. Folded structure resulted in decreased geometric
diameter and influenced particle penetration during filtration process.
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membranes and (b) nanofibrous membranes.

The shape of a particle influenced its drag force and settling velo-
city, thus affecting the particle transportation and deposition. For plate-
like GNPs, not only the geometrical diameter dg, different equivalent
diameters (aerodynamic diameter d, and mobility diameter d,,,) were
also significant as they were adopted to describe diverse mechanisms in
the filtration model. The equivalent diameters comparison between
GNPs and spheres as a function of the aerodynamic diameter d, is il-
lustrated in Fig. 4. Three basic mechanisms were considered for aerosol
filtration, including impaction, interception and diffusion. Impaction
mechanism occurred as the particle was unable to adjust quickly en-
ough to the curved stream lines and hit on the fiber due to the particle
inertia. As impaction was affected by the particle aerodynamic beha-
vior, the aerodynamic diameter d, was used in the analytical model to
calculate the efficiency due to impaction. Compared with the aero-
dynamic diameter d,, the geometrical diameter d; was a better ap-
proximation of the interception length due to the plate-like shape of
GNPs. For small GNPs (d, < 0.29 um) the geometric diameter d, was
smaller than that of spheres, while for larger GNPs (d, > 0.29 pym) d,
was much larger than spheres (Fig. 4a). The value of d, was influenced
by particle shape and density. The lateral size of small GNPs was not big
enough to compensate the density effect, while for bigger GNPs the
geometric diameter was much larger than spheres due to the large
lateral size to thickness ratio. As the geometrical diameter d; of GNPs
was proportional to the square of aerodynamic diameter d, (Equations
(3) and (4)), dg of GNPs increased with a faster rate than spheres. The
geometric diameter disparity between GNPs and spheres became more
obvious with the increment of particle size, suggesting that the platelet-
shape effect was more pronounced for bigger particles. Diffusion me-
chanism contributed significantly to the collection of submicrometer-
sized particles, and was governed by the mobility diameter d,, rather
than the aerodynamic diameter d,. According to the calculation results
of Equations (6)-(8), d,, of GNPs (d, < 0. 39 um) was smaller than
spheres, while d;,, of GNPs (d, > 0. 39 um) was larger than spheres
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(Fig. 4b). In addition, the geometrical diameter d; and mobility dia-
meter d,,, were also compared between planar GNPs and folded GNPs to
evaluate the folding effect. We proposed an assumption that the totally
folded GNP was a particle with half surface area and twofold thickness
of the planar GNP. Therefore, the geometrical diameter d, and mobility
diameter d,, of folded GNPs were smaller than those of planar GNPs due
to the reduced lateral size to thickness ratio. More analysis about the
folding effect on the capture efficiency of GNPs is discussed in Section
4.2.

4.2. Filtration experiments and model results

The capture efficiencies of airborne plate-like GNPs and sphere-like
NaCl particles were measured with Nuclepore membranes and nanofi-
brous membranes to evaluate the particle shape effect. Firstly, the
capture efficiency was measured using Nuclepore filters with 3 um pore
size at 5 cm s~ 1. The experimental data indicated the capture efficiency
of GNPs was much higher than that of NaCl particles (Fig. 5a). With the
particle aerodynamic diameter increasing from 0.54 to 0.96 pm, the
capture efficiency of NaCl particles increased from 35.5% to 55.1%, and
for GNPs the efficiency increased from 66.7% to 82.5%. The difference
became more obvious with the increase of particle size, suggesting that
the shape effect was more pronounced for bigger particles. For GNPs
with aerodynamic diameter between 0.54 and 1.4 pm, the corre-
sponding geometric diameters were between 1.0 and 6.7 pum. In this
particle size range, filtration was dominated by interception and im-
paction mechanisms. The platelet-shaped GNPs had larger geometric
diameter (about 2 — 4 times) than NaCl particles with the same aero-
dynamic diameter. Particles with larger lateral dimension were more
prone to be intercepted during filtration process. Therefore, intercep-
tion was the main mechanism that resulted in the efficiency difference
between GNPs and NaCl particles. Instead of the aerodynamic diameter
d,, the geometric diameter d; was a better approximation of the
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interception length of GNPs and was used to calculate the interception
efficiency in the capillary tube model. The analytical model results
agreed well with the experimental data for NaCl particles, indicating
that the capillary tube model was suitable for predicting the filtration
efficiency of Nuclepore membranes. The experimental data were
slightly lower than the model results for GNPs, the folded structure of
GNPs observed from SEM might be the reason that led to this dis-
crepancy. SEM images showed that not only planar GNPs, GNPs with
folded structure also occurred owing to the large lateral size to thick-
ness ratio and strong mechanical stimulation in atomization process.
Due to the folding effect, the geometric diameter used in the model was
larger than the actual interception length and resulted in an over-
estimation of the capture efficiency. To further consider the folding
effect, the filtration efficiencies of planar GNPs and totally folded GNPs
were analytically calculated. For GNPs with the aerodynamic diameter
from 0.5 to 0.9 um, the capture efficiency for folded GNPs decreased by
20 - 30% compared to planar GNPs due to the reduced particle geo-
metric diameter. For small GNPs the experimental data were close to
the model results of planar GNPs, while for bigger GNPs, the experi-
mental data were closer to the model results of folded GNPs. As the
particle lateral dimension influenced the torque generated by the drag
force, larger GNPs were more deformable than smaller GNPs, thus the
folding fraction raised with increasing GNPs size. This unique folding
behavior resulted in higher penetration and should be given adequate
attention for GNPs filtration.

Moreover, the capture efficiency of airborne GNPs and NaCl parti-
cles was measured using nanofibrous membranes. The nanofibrous
membranes exhibited higher filtration efficiency than Nuclepore
membranes for both GNPs and NaCl particles due to the nanoscale fiber
diameter (Fig. 5b). The capture efficiency of GNPs was also higher than
NaCl particles attributed to the larger interception length. For GNPs
with the aerodynamic diameter of 0.54 pum, the capture efficiency was
80%, which was 50.1% higher than that of NaCl particles. The model
results were consistent with the experimental data for NaCl particles
implying that the single-fiber theory with slip effect consideration was
suitable for predicting the filtration efficiency of nanofibrous mem-
branes. The experimental efficiency was slightly lower than the model
results for plate-like GNPs. Folding resulted in smaller geometrical
diameter and lower capture efficiency than the planar GNPs. The ex-
perimental efficiency of GNPs was between the model results of planar
GNPs and totally folded GNPs, indicating that not only planar GNPs, but
also folded GNPs existed. Similar to Nuclepore membranes, the capture
efficiency of GNPs with nanofibrous membranes was also higher than
NaCl particles, further confirming that particle shape was a significant
factor influencing particle transportation during filtration.

4.3. Particle shape effect on GNPs theoretical penetration

In order to systematically evaluate the penetration difference be-
tween GNPs and spheres, the penetration of particles with aerodynamic
diameter from 0.07 to 10 pum was analytical calculated. The effects of
the membrane structural parameters (Nuclepore membrane pore radius
ro, nanofiber diameter d;, solidity a) on the penetration were also
evaluated. Firstly, the effect of pore radius rp of Nuclepore membrane
was evaluated with rp = 1.5, 2.5 and 4 um. The other parameters were
the same as the Nuclepore membrane used in the experiment with the
porosity P = 0.14 and the thickness t = 9.9 um, and face velocity
Uy = 5cm s~ ', The calculated penetration curves for GNPs and spheres
are shown in Fig. 6a. The penetration of GNPs was lower than spheres
with the particle aerodynamic diameter from 0.07 to 10 um. Different
mechanisms had diverse dependencies on particle size. For very small
particles, the dominant diffusion deposition was similar for GNPs and
spheres and the particle shape effect was not obvious. For particles with
the aerodynamic diameter > 2 pm, the penetration approached to zero
for both GNPs and spheres. In the intermediate size range, interception
mechanism played a significant role and the penetration disparity
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between GNPs and spheres was notable. The penetration difference
APenetration was calculated based on the equation derived by Wang
[47], and the corresponding particle aerodynamic diameter d, was re-
ferred to as the most differentiating particle size (MDPS):

APenetration(d,) = Penetration (sphere, d,) — Penetration (GNP, d,;)
(15)

The maximum APenetration and MDPS depended on the membrane
parameters such as fiber diameter, solidity, thickness; particle para-
meters such as particle shape and density; filtration parameters such as
face velocity. The maximum APenetration between planar GNPs and
spheres and corresponding MDPS are shown in Table S1. The maximum
APenetration increased with pore radius and reached 46.4% at
ro = 4 pm. The corresponding MDPS also rose from 0.844 um
(ro = 1.5 ym) to 1.378 um (rp = 4 pm). These results suggested that
small pore radius should be used to differentiate small GNPs and
spheres, and large pore radius should be used to differentiate big GNPs
and spheres. There also existed a particle size range where the particle
penetration was maximum, and the corresponding particle size was
termed as the most penetrating particle size (MPPS). The MPPS was
smaller than the MDPS on the penetration curves. The penetrations of
GNPs and spheres with aerodynamic diameter of 0.244 pm were ap-
proximately the same. For particles smaller than 0.244 um, GNPs had
more diffusion and less interception depositions than spheres due to the
smaller mobility diameter and geometric diameter. As diffusion was the
dominant deposition mechanism for small particles, the total penetra-
tion of GNPs was lower. With the increase of aerodynamic diameter, the
geometric diameter of GNPs increased much faster than spheres, re-
sulting in higher interception efficiency, thus the total penetration of
GNPs was still lower than spheres. To investigate the folding effect on
GNPs transportation, the penetration curves of planar and folded GNPs
were compared and the influence of ry was analyzed. The calculated
penetration curves with particle aerodynamic diameter from 0.07 to
10 pym are shown in Fig. 6b. Folded GNPs had lower penetration than
planar GNPs with the particle aerodynamic diameter smaller than
0.3 pm and higher penetration for particles > 0.3 um. Folding led to
smaller mobility diameter, resulting in enhanced diffusion deposition.
As diffusion mechanism was more important for smaller particles, the
penetration of folded GNPs with d, < 0.3 um was lower. Folded GNPs
also had smaller geometrical diameter resulting in decreased intercep-
tion efficiency. As interception was the dominant mechanism for bigger
particles, the penetration of folded GNPs with d, > 0.3 pm was higher.
The maximum APenetration between planar GNPs and folded GNPs and
corresponding MDPS are shown in Table S2. With the increase of ry
from 1.5 to 4 um, the maximum APenetration was kept at about 25%,
while the corresponding MDPS increased from 0.731 to 1.180 um. The
maximum APenetration between planar and folded GNPs was smaller
than that between planar GNPs and spheres, indicating that compared
with shape deformation caused by folding, the shape difference be-
tween plate-like and spherical particles was more significant and af-
fected maximum APenetration during filtration.

As the fibrous membrane has a different structure from the
Nuclepore membrane, the effects of fiber diameter d; and solidity a on
the capture efficiency of GNPs and spheres were also evaluated. Firstly,
the effect of d on particle penetration was investigated by analytical
calculation with df = 0.20, 0.45 and 1 pm. The other membrane
parameters were the same as the PAN electrospun membrane with the
solidity a@ = 0.03, thickness t = 6 um, and face velocity Uy = 5cms™ .
The calculated penetration curves are shown in Fig. 7a-b. The max-
imum APenetration between planar GNPs and spheres enhanced sig-
nificantly with increasing d; and reached 53.2% at df = 1 um. The
corresponding MDPS also increased obviously from 0.385 pm
(d¢ = 0.2 pm) to 1.491 pm (dy = 1 pm). The increased MDPS was due to
the fact that the interception deposition was significant when the par-
ticle size was comparable to the fiber diameter. If the interception
parameter R was too small, the effect of interception could hardly be
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Fig. 6. Penetration values from model calculation for Nuclepore membrane with pore radius rp of 1.5, 2.5 and 4 pm between (a) planar GNPs and spheres, (b) planar

GNPs and folded GNPs.

observed. The MPPS of fibrous membrane increased with increasing dy,
which was consistent with the results in the literature. The MPPS could
also be calculated based on Equation (16) [48]. The calculated MPPSs
of fibrous membranes with d; of 0.20, 0.45 and 1 um were 0.098, 0.139
and 0.199 um, respectively.

d= 0.885[(11?05)(%)(3_]2) i

Additionally, the influence of df on the penetration of planar and
folded GNPs were evaluated. The maximum penetration of folded GNPs
was slightly lower than planar GNPs and the corresponding MPPS was
larger. The maximum APenetration between planar and folded GNPs
increased with the fiber diameter and reached 27.5% at df = 1 pm. The

(16)
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corresponding MDPS increased from 0.344 pym (df - 0.2 pm) to
1.142 ym (df = 1 pm), and the MDPS was larger than the MPPS. The
reason was that the maximum APenetration was achieved as the pe-
netration of folded GNPs began to reduce from the maximum pene-
tration, and at the same time the penetration of planar GNPs ap-
proached zero due to the high interception deposition. The maximum
APenetration between planar GNPs and spheres was larger than that
between planar and folded GNPs.

Furthermore, the effect of fibrous membrane solidity @ on GNPs
penetration was investigated with @ = 0.03, 0.05 and 0.1 (Fig. 7c-d).
The other parameters were the same as the PAN electrospun membrane
with fiber diameter d; = 0.45 um, thickness t = 6 um, and face velocity
Uy = 5 cm s~ '. The calculated MPPSs (Equation (15)) of fibrous
membranes with @ of 0.03, 0.05 and 0.1 ym were 0.139, 0.140 and
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Fig. 7. Penetration values from model calculation for fibrous membrane with fiber diameter d; of 0.2, 0.45 and 1.0 pm and solidity a of 0.03, 0.05 and 0.1 between

(a) (c) planar GNPs and spheres, (b) (d) planar GNPs and folded GNPs.
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0.142 pm, respectively, indicating that the solidity had minor effect on
the MPPS. The maximum APenetration between planar GNPs and
spheres was 23.5% at @ = 0.03 and decreased to 10.6% at a = 0.05.
The corresponding MDPS decreased from 0.689 to 0.545 pm. The
maximum APenetration between planar GNPs and folded GNPs was
20.7% (a¢ = 0.03) and decreases to 14.4% (a = 0.05). The corre-
sponding MDPS also decreased from 0.571 to 0.456 pm. The compar-
ison between the maximum APenetration by adjusting fiber diameter or
solidity indicated that fiber diameter was a more significant parameter
influencing the APenetration between GNPs and spheres.

4.4. Analysis for the Qs of Nuclepore and nanofibrous membranes

The adjustment of the membrane structural parameters causes the
change of both penetration P and pressure drop Ap. A useful criterion
for evaluating the filtration performance of various types of filters with
different parameters is the quality factor Q;; (also known as the figure of
merit) which is described as:

Qr = —In(P)/Ap a7)

The Qf depicts the ratio between filtration efficiency and pressure
drop, and larger Qs indicates better filtration property. It should be
noted that the comparison of Qs must be made at the same particle size
and face velocity. The relevant significance of efficiency and pressure
drop may be valued differently in different applications, thus there are
various ways to assess the comprehensive filtration performance of the
filter, and we focus on the Qy in this study.

Firstly, the effect of pore radius r, on the Qs of GNPs with Nuclepore
membrane was evaluated (Fig. 8a). As the geometric diameter d, of
GNPs (d;, = 1.63 um) was 9 um, the capture efficiency would be 100%
when the pore radius r, was smaller than 4.5 pum, therefore, the Q; of
GNPs (d, = 1.63 pm) in Fig. 8a started from r, = 5 pm. Increasing ro
resulted in lower efficiency and lower pressure drop. As the pressure
drop decreased at a faster rate and outweighed the decrease of effi-
ciency, the Qs enhanced with increasing r,. The Qf of GNPs
(d; = 0.24 pum) increased obviously from 0.011 Pa~! (r, = 3 um) to
0.086 Pa~! (r, = 6 um), which raised by about 6.8 times. The Qy for
GNPs (d, = 1.22 pm) enhanced by about 5.1 times with ry increasing
from 3 to 6 pum, at the same time the filtration efficiency only descended
by 27%. Appropriately increasing r, could improve the Qs while still
maintain the relatively high filtration efficiency. In addition, the Q
values of GNPs and spherical particles were also compared to evaluate
the particle shape effect. The Q; of GNPs was higher than spheres with
the same aerodynamic diameter, and the disparity was more obvious
for bigger particles. The Q; of GNPs with d, = 0.54 um was 1.6 times
that of spheres, and the Qs of GNPs with d, = 1.22 pm was 4.9 times
that of spheres at rp = 3 pm. On one hand, as the pressure drop was
only influenced by filtration parameters and membrane structural
parameters, the pressure drop was the same for GNPs and spheres. On
the other hand, the filtration efficiency of GNPs was higher than spheres
due to the larger interception length, thus the Q; of GNPs was higher
than spherical particles. In summary, with the increase of membrane
pore radius, the Qs of both GNPs and spheres showed ascendant ten-
dency, but the Q value of GNPs was much larger than spheres.

Secondly, the influence of nanofiber diameter d; on the Qy is illu-
strated in Fig. 8b. For smaller GNPs (d, = 0.24 um), the Q;decreased as
dy decreases. For larger GNPs (d, = 0.54, 1.22 and 1.63 pm), the Qf
increased with the decrease of dr. The calculation results of Equation
(13) showed that the pressure drop increased obviously when dy de-
creased from micrometers to nanometers. With the decrease of dy the
single-fiber efficiency owing to diffusion increased at a lower rate than
the pressure drop, resulting in the slightly descendent Qs for small
GNPs. For larger GNPs the combined filtration efficiency due to inter-
ception and inertial impaction raised faster than the pressure drop,
leading to the ascendant Q. The Qs of GNPs showed the similar trend as
spheres. Similar results regarding the effect of df on the Qs of fibrous
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Fig. 8. The quality factor Q; of GNPs and spheres with different aerodynamic
diameters d, with (a) Nuclepore membrane pore radius ry of 3, 4, 5 and 6 pm,
(b) fiber diameter df of 0.2, 0.45, 0.7 and 1 um (solidity a = 0.01), (c) fibrous
membrane solidity a of 0.01, 0.03, 0.05 and 0.07 (fiber diameter d; = 0.7 ym).

membranes with spherical particles were reported [49]. Hinds [34] also
indicated that with the decrease of dy the Qs declined for spherical
particles with d; < 100 nm, but enhanced for particles with
d, > 200 nm. Smaller fiber diameter brought out higher Qs for bigger
GNPs, nevertheless, during practical filtration applications, the aim was
usually to capture particles of a specific size, especially the MPPS. As
the MPPS of GNPs with nanofibrous membrane was about 0.2 — 0.3 pum,
decreasing fiber diameter did not improve the Qs for GNPs in this size
range. The Qy of fibrous membrane was not only influenced by fiber
diameter, but also affected by fiber morphology. Optimizing fiber
morphology also contributed to the improvement of Qy [50,51].

In addition, the influence of nanofiber membrane solidity a on the
Qs was also investigated (Fig. 8c). The Qs for smaller GNPs (d, = 0.24)
was observed to decrease as the solidity increased, whereas the Q; for
bigger GNPs (d, = 1.22 and 1.63 pm) first decreased at small solidity
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and then enhanced with increasing solidity. The reason was that at
small solidity with the increase of solidity the pressure drop increased
faster than filtration efficiency, resulting in the descend Q;. Then with
the further increase of solidity, the combined efficiency due to inter-
ception and inertial impaction for bigger particles overwhelmed the
increment of pressure drop and led to the improved Q. The Qs of GNPs
showed the similar trend as spheres, but the Qs of GNPs was much
larger than spheres especially for bigger particles. The reason might be
that the plate-like GNPs had larger geometrical diameter than spheres.
With the increase of particle size, the interception efficiency of GNPs
increased faster attributed to the larger geometrical diameter and out-
weighed the pressure drop augmentation.

5. Conclusions

In summary, the aerodynamics and filtration mechanisms of air-
borne GNPs with plate-like shape and folded structure were studied.
The equivalent diameters of GNPs were derived from the basic aero-
dynamic principles of oblate spheroids. For GNPs and spheres with the
same aerodynamic diameter d, (d; > 0.39 pm), the geometric dia-
meter d; and mobility diameter d,, of GNPs was much larger than
spheres due to the large lateral size to thickness ratio. Plate-like GNPs
showed higher capture efficiency than sphere-like NaCl particles due to
the larger interception length. Compared to planar GNPs, the capture
efficiency for folded GNPs with aerodynamic diameter of 0.5 — 0.9 ym
decreased 20 — 30% due to the reduced geometric diameter. In addition,
the effects of membrane structural parameters (Nuclepore membrane
pore radius, fiber diameter and solidity) on the particle penetration
were systematically evaluated by analytical calculation. The compar-
ison of the maximum APenetration by adjusting nanofiber diameter and
solidity indicated that nanofiber diameter was a more significant
parameter influencing the penetration disparity between GNPs and
spheres. Furthermore, the effect of membrane structural parameters on
the Qywas also investigated for better membrane design with optimized
filtration performance. With the given parameters in our experiments,
the analytical model calculation demonstrated that the Q; value of GNPs
was larger than spheres. This study not only reveals the unique aero-
dynamic property of plate-like GNPs and the effect on particle trans-
portation and deposition, but also provides a useful guide for better
Nuclepore and nanofibrous membranes structure design to optimize
filtration performance of plate-like particles.
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