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Abstract: A laboratory study was conducted to evaluate 11 vehicular cabin filters (including electro-
static filters) in removing fine particles. Two filters with charcoal were also evaluated to understand
their usefulness in removing five common volatile organic compounds, including benzene, toluene,
ethylbenzene, and xylene isomers (BTEX). Filters were found to show considerably different particle
filtration efficiencies (FE). Electrostatic filters were found to provide 20-60% better FE across all
particle diameters (6-520 nm). For 6 nm particles, FE from 78 to 94% were observed (from the worst
to the best filters), while at 520 nm, FE varied from 35 to 60%. The best group of filters provided
44-46% FE for capturing the most penetrating particles (100-300 nm), while the worst group of filters
provided only 10-11% FE. The filtration behavior of nominal filters was typically stable (with respect
to particle number, black carbon, and particulate matter mass) over the course of 1-2 years of usage.
The benefits of the electrostatic filters were significant, but such advantages were observed to gradu-
ally dissipate over the course of about 1 year; by then, the electrostatic filter becomes no different
compared to a nominal filter in terms of filtration behavior. Charcoal filters showed variabilities in
removing BTEX, and removal efficiencies varied from 11 to 41%.

Keywords: in-cabin air quality; PM; black carbon; VOC; BTEX; filter efficiency

1. Introduction

Toxicological and epidemiological studies showed that the short- and long-term
exposure of various levels of particulate matter (PM) and black carbon (BC) is linked to
acute respiratory system responses (e.g., allergy, asthma, and inflammation) and even
mortality [1-5]. In addition, various volatile organic compounds (VOCs), such as benzene,
are known human carcinogens [6,7]. Diesel and gasoline vehicles are known sources of PM,
BC, and VOCs, and they contribute significantly to air quality and climate issues in urban
areas as well as regions downwind of urban areas [8,9]. Canadians spend approximately
4-7% of their daily time in, on, or near-road locations, which is mainly associated with
being in a vehicle [10]. Commuters who are riding on public transportation, driving in
personal vehicles, or even walking or cycling in the vicinity of urban areas are exposed to
various degrees of pollutants [11-13]. In-cabin exposure to particles and gaseous pollutants
is a concern, particularly during rush hours on congested freeway or local roads.

A fibrous filter is a cost-effective means for removing airborne PM. Cabin filters in
modern vehicles are typically designed to reduce concentrations of any incoming sub-
stances, such as pollen, mold spores, and road dust, preventing them from entering the
heating ventilation air conditioning (HVAC) system of the vehicles. Studies showed that
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cabin filters are also effective for removing smaller particles by applying the vehicle recir-
culation ventilation setting [14—17]. At the filter, solid materials, such as PM and BC, can be
removed by different filtration mechanisms depending on the size of the particles. Particles
smaller than 0.1 um are light enough that they do not follow air streamline when traveling.
Instead, these particles undergo different degrees of random Brownian motion due to the
thermal energy they process. The Brownian motion of these small particles is referred to
as diffusion. When these particles pass through a filter, their random movements cause
them to be removed by the filter fiber through interception. Particles larger than 1 um
are removed by impaction or interception because these particles are heavy enough that
the momentum of the particles does not allow them to follow the air streamline through
sharp turns [18,19]. Particles with diameter from 0.1 to 1 um are too large to be efficiently
removed by diffusion and too small to be effectively removed by impaction. These particles
easily follow the air streamlines and are the most difficult to be removed by fibrous filters
under most typical operating conditions, particularly for particles with 0.1-0.3 um diameter.
These particles are generally referred to as the most penetrating particles [20], and the filter
FE are typically referred to the FE for removing these challenging particles.

While a typical cabin filter was expected to be ineffective for inorganic gases, re-
search showed that activated charcoal filters are useful for removing various inorganic
gases and hydrocarbons, which are often linked to symptoms and discomfort caused by
diesel exhaust [14,21]. During recirculation mode, cabin air is forced through the vehicle
cabin filter, while outdoor air intake is minimized. Although recirculation ventilation is
effective in reducing in-cabin PM concentration, it quickly leads to an accumulation of
passenger-exhaled carbon dioxide (CO;) in the vehicle cabin. Current occupational expo-
sure limits set for North American workplaces (e.g., ACGIH or NIOSH) for an 8 h weighted
average is 5000 ppm. Meanwhile, the American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE) standard on ventilation for acceptable indoor air
quality recommends indoor CO; levels should not be greater than the ambient CO; level by
700 ppm, suggesting that the CO, level should be kept below 1000 ppm [22,23]. Depending
on the in-cabin volume, fan speed, and number of passengers, in-cabin CO, concentration
can easily build up to half of the current occupational exposure limit (i.e., 2500 ppm) in just
20-40 min under recirculation mode [24,25]. Therefore, while the maximum PM reduction
inside a vehicle can be achieved by air recirculation, passengers cannot fully benefit from
this in reality.

The filtration efficiency (FE) of the cabin filter changes over time depending on the
nature of the filter and the loading amount captured by the filter. Theory predicts that the
FE of a filter could increase over time due to the formation of dendrites [26,27]. When the
first particle deposits on a filter fiber, there is an increased probability that other particles
will impact this attached particle and be captured. This process eventually builds a chain-
like structure called dendrites. The formation of dendrites changes the microstructure of
the fibers, extending the fiber structure, and it provides an additional capture mechanism
and thus improves the FE over time. Even though loaded filters could have a better FE than
a new filter, eventually, continuously loading materials to a filter leads to filter clogging,
increases the pressure drop across the filter, and reduces FE.

Other factors that influence filter FE include particle size and composition, and the
filter nature. Emissions from diesel vehicles or the new direct injection gasoline vehicles
contain a significant amount of BC particles, and these fine particles are in aggregate form.
Depending on the operating condition of the vehicle, combustion particles could vary from
10 to 100 nm, but majority of the BC particles are about 60-80 nm [28-34]. Particles that are
produced during a combustion process could pick up charges that are generated during
the combustion process and become electrically charged when they are released into the
atmosphere [35-37].

Electrically active cabin fibrous filters are becoming more common than the traditional
non-electrostatic cabin filters. These filters are embedded with fibers that carry a perma-
nent electric charge, providing an additional electrostatic filtration mechanism for both
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neutral and charged particles and offering improved filtration efficiency in the clean state
without the increase in pressure drop compared to similar filters without the electrostatic
fibers [19,38-40].

In this study, a combustion burner was used to generate particles that simulate ve-
hicular emission particles, and laboratory experiments were performed to evaluate the
effectiveness of various vehicle cabin filters, including those embedded with electrostatic
fibers, in filtering ultrafine BC particles. The laboratory evaluation simulated an extended
period of filter usage approximating a real-life scenario. In addition, charcoal cabin fil-
ters were also evaluated to determine its effectiveness for removing the five common
volatile organic compounds (VOCs), including benzene, toluene, ethylbenzene, and xylene
isomers (BTEX).

2. Methodology
2.1. Vehicle Selection and Laboratory Setup

The cabin filter system in the Dodge Grand Caravan was selected in this study for
evaluation based on the vehicle popularity and planned for use in a commuter health study.

The cabin filter housing unit used in a Dodge Grand Caravan, including the original
blower motor, was installed and set up in the laboratory (Figure Ala; Appendix A).
Figure 1 shows a simplified schematic diagram of the setup of the experiment. Before
entering the cabin filter housing unit, air first passed through a 6-inch flexible aluminum
duct. Two turbulence mixing blades were installed inside the duct in order to create the
needed turbulence for incoming air flow, enhancing air mixing for both gases and particles.
Downstream of the two turbulence mixing blades is a mesh for allowing the well-mixed
air flow through the cabin filter housing uniformly.
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Figure 1. Schematic diagram of the experiment setup.

At the end of the cabin filter housing unit was the blower, which was electrically
connected to a 12 V car battery with specific resistors and a throw switch, allowing one
to replicate the operation of the actual fan as in the vehicle for a similar fan setting.
The fan drives the airflow actively through the housing unit from the inlet to the outlet.
Downstream of the fan is the cabin filter housing box, and air was forced through the cabin
filter before exiting the housing unit.

To verify the fan speed, the ventilation flow rate of a Dodge Grand Caravan was
measured by a hot wire anemometer and a pitot tube from one ventilation window (while
all other ventilation windows were closed) at a time. The linear flow rate was converted
to volumetric flow based on the estimated ventilation window area. In this case, the
maximum ventilation flow rate of the test vehicle was estimated to be about 66.5 L/s.
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During the experiment, the blower was set to about 38.4 L/s, which is close to a setting
that would be used during driving.

Two multi-hole sampling probes were installed: one located at the entrance of the
cabin filter housing unit and the other located behind the cabin filter. Multi-hole probes
were used to ensure a more representative sampling for both gases and particles from
the tunnel.

2.2. Automotive Cabin Filters

A total of 11 cabin filters, including the original equipment manufacturer (OEM) cabin
filter, were evaluated in this study (Table A1 in Appendix B). There are three categories
of cabin filters, including 6 standard filters, 3 electrostatic fiber filters, and 2 charcoal non-
electrostatic filters. The standard filters typically have a white appearance and paper-like
texture, similar to the typical high-efficiency particulate air (HEPA) filter (Figure A2a;
Appendix C). The charcoal filters have a similar surface texture compared to the standard
filter but are grayish in color (Figure A2e; Appendix C). Some of the filters are advertised
in the package to contain electrostatic fibers to improve the filtration efficiency of the filter.
It is not possible to differentiate between the electrostatic and standard filters by their
appearance alone (Figure A2¢c; Appendix C).

2.3. Generation and Measurement of BC Particles

The BC particle standards were generated by a miniature combustion aerosol standard
(miniCAST) burner [41,42]. The miniCAST uses a co-flow diffusion flame of hydrocarbon
to produce BC particles. The flame is quenched with dry nitrogen, which freezes the
combustion process and stabilizes the BC particles produced during the combustion process.
The diameter and concentration of the BC particles can be adjusted by changing the flow
rate of the fuel (propane), oxidant (compressed air), and quenching gas (nitrogen).

During the experiment, the miniCAST was adjusted to produce 70 nm particles,
approximating the diameter of observed vehicular BC particle emissions [28,33]. These
particles were introduced into the flexible aluminum duct containing two turbulence
mixing blades, which generated the necessary turbulence mixing. Then, particles passed
through a mesh to produce a uniform particle concentration airflow before entering the
cabin filter housing unit. Particles were alternatively sampled from either the pre- or
post-filter locations through two multi-hole probes, which directed sampled air to the
various particle instruments. Particle number size distributions (6-523 nm) were measured
by the TSI Engine Exhaust Particle Sizer (EEPS) [43]. Real-time BC mass was measured
by the Artium LII300 laser-induced incandescence (LII) [44,45], while particle mass was
estimated using the Dekati mass monitor (DMM) [46]. In this study, each particle filtration
experiment was done once on each filter.

The ambient concentration of BC and ultrafine particles observed from three Canadian
cities (Toronto, Montreal, and Vancouver) during traffic rush hours was reported from
the Urban Transportation Exposure Study (UTES) [47,48]. Median values of various
pollutants, including the ultrafine particles, BC, and PM, observed at Toronto were used
as target exposure concentration references (27,869 particles/cm> UFP, 1.4 pg/m? BC,
8.7 ug/m3 PM, 5, and 12.6 pg/m3 BTEX).

2.4. BTEX Standard and VOC Analysis

In this study, 100 L standards of benzene, toluene, ethylbenzene, and xylene isomers
(BTEX) were prepared and stored in a 15 L pressurized Summa stainless steel canister
(Figure Alb; Appendix A). Table A2 (Appendix C) summarized the concentrations of the
BTEX standards. These concentrations were chosen based on the exposure measurements
obtained from Montreal during The Urban Transportation Exposure Study (UTES) [47,48]
and were adjusted higher by a factor of 2 in order to simulate the concentration expected
during rush hour on highly congested roads.
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Before the experiment, the canister of BTEX standards was placed upstream of the
aluminum duct, and the BTEX standard was released at 100 accm (actual cm? per min)
using a mass flow controller through a 60 cm long 1/8-inch diameter stainless steel tubing.
Then, the standards passed through two turbulence blades to ensure they well mixed
before entering into the cabin filter housing unit, without any filter installed. The BTEX
standard was evaluated twice prior to the actual BTEX experiment. During the experiment,
one of the three cabin filters (two charcoal filters and the OEM filter) was installed. Then,
samples were extracted from two multi-hole probes that were positioned before and after
the cabin filter simultaneously into two separated pre-vacuumed Summa stainless steel
canisters, and the flow rate was restricted by a pre-calibrated needle valve. The absolute
pressure inside the canister increased slowly over time as the BTEX was collected. When
the absolute pressure inside the sample canister reached about 600 torr, the valve on the
canister was shut and capped. Then, the canister was returned to the laboratory for VOC
analysis. In this study, the BTEX experiment was done twice on each charcoal filter.

In this study, an in-house method similar to the U.S. Environmental Protection Agency
(EPA) TO15 method was used to characterize the BTEX compounds, which is an automated
cryogenic concentration technique [49]. In brief, an aliquot of air was first drawn from the
Summa canister into a cryogenic pre-concentrator. Then, the trapped sample was released
stepwise through a series of different temperature-controlled traps to separate the target
VOCs from other air components (e.g., water, carbon dioxide, argon, methane), which
were also present in significant amounts. The procedure concentrates the samples and
improves the signal to noise ratio, allowing the ambient level VOCs to be detected with a
low detection limit. The concentrated BTEX compounds were analyzed by capillary gas
chromatography using low-resolution mass spectrometric detection.

3. Results and Discussion
3.1. Particle Standard Generation

The concentration and the size of the particles produced from the miniCAST were
reasonably stable during the course of the experiment, and Figure 2 provides a typical
time series of the particle number concentration, BC, and PM mass observed during one
typical experiment. When switching between the pre- and post-filter locations, the particle
number, BC, and PM mass concentrations all changed accordingly. Zeros on the EEPS
and DMM were checked by sampling through HEPA filters periodically during which the
particle number and mass both dropped to zero (top and bottom panels in Figure 2). This
shows no drifting in the electronics over time, ensuring measurements were correct and
consistent throughout the experiment.
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Figure 2. Example of the particle number concentration, black carbon (BC), and particulate matter (PM) mass time series

from a typical experiment.
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Experiments were performed on all 11 filters, and data were validated by reviewing
all measurements thoroughly. Then, all data within each steady-state period were averaged.
Figure 3a,b summarize the averaged particle number size distributions measured at the
pre- and post-filter locations at various steady-state periods during one typical experiment.
Figure 3a shows that the concentration and the size of the particles at the pre-filter location
were relatively stable over the course of the experiment, which typically lasted between
1 and 2 h. The size of the particles measured at the post-filter location was consistent,
but the particle number concentration pattern varied from experiment to experiment. In
some cases, the particle number concentration was stable; however, in other cases, there
was a progressive increase in the number concentrations over time (Figure 3b), indicating
a loss of particle FE over time. Research on the loading behaviors of electrically active
materials have observed that particle penetration through a filter may increase over time
(i.e., decrease in FE) from a new state as material is loaded before filtration efficiency begins
to improve [19,39]. More discussions on this will be given in Section 3.4.
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Figure 3. Example of the particle number size distribution measured at the (a) pre- and (b) post-cabin filter locations during

a typical experiment.

3.2. Estimation of BC and PM Mass

As part of the quality control procedure, the measured BC and PM masses were
validated by comparing to theory predictions. Combustion-generated soot particles have
fractal aggregate characteristics. The open structure of the particles creates extra drag on
the particles. This results in decreasing effective density (defined as the ratio of the actual
particle mass to the spherical volume of the particle calculated from mobility diameter)
with increasing mobility diameter. Studies show that the effective density of combustion
soot particles could vary from 2.5 g/cm3 (for 10 nm particles) to 0.24 g/cm? (for 300 nm
particles) [50-55]. Here, the mass of the BC particle, My, (in ug), was estimated according to
Park et al. [52]:

M, = 6.05 x 1072*.p*3* 1)

where D is the mobility diameter of the particle in nm. Figure 4a summarizes the variations
of the calculated BC mass (based on Equation (1)) against the measured BC mass from
the LIL. The majority of the data points are in good agreement and fall within the region
between the slope of 1 and 0.8. Part of the difference could due to the fact that the particles
produced from the current setting in this study are slightly different than those produced
from Park et al. [52], which leads to differences in the mass mobility exponent (or sometimes
referred to as fractal dimension), which affects the mass calculations. A study from Moore
et al. [42] showed that particles generated from the miniCAST under various conditions
contain different amounts of organic materials. Therefore, it is reasonable to expect that
some of the organic materials fill up part of the void space in the soot aggregates when the
aerosol stream is cooled, which also has an impact on the mass mobility exponent.
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Particle mass was estimated here using the assumption of spherical particle and unity
density (1 g/cm?), and the results are presented in Figure 4b. Observations in Figure 4b
show that the spherical particle assumption overestimates the particle mass by as much as
50% while a majority of the data points were overestimating by 20% due to the aggregate
nature of the BC particles.
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Figure 4. Comparison of the calculated (a) BC mass and (b) PM mass with the measured masses.

3.3. Particle Filtration Efficiency as a Function of Size

To determine the particle FE as a function of diameter, each individual averaged
number size distribution observed at pre- and post-filter locations (i.e., Figure 3) were
first fitted by a log-normal distribution to reduce measurement noise. Then, the pre- and
post-filter fitted log-normal distribution measured at the two closest time periods were
compared to determine the particle number (PN) FE over various diameters, FE(D), which

is defined as

FE(D) = 2Pl "PostDl s 100%, 2)
Npre,Di

where Ny, p; and Nyt p; are the number concentrations at diameter D; measured at the
pre- and post-filter locations, respectively.

Figure 5 summarizes the PN FE as a function of particle diameter for all 11 filters
in a box plot. In general, all FE curves possess a typical inverted V-shape, indicating the
minimum FE at about 100 nm. This is similar to what would be predicted from theory
and also consistent with the observations from other studies [38,56,57]. There were large
variations in filtration performance among different filters. For example, filters 2, 4, and 8
had substantially better filtration performance than other filters. These filters were capable
of removing 10 nm particles with close to 100% efficiency. They also provide FE up to 60%
for 520 nm particles. The smallest FE of about 40% was observed for 100 nm particles as
expected. Importantly, these filters had electrostatic properties, which also explain the high
initial collection efficiencies of these filters compared to the non-electrostatic filters and the
subsequent reduction in efficiency as the electrostatic charge was shadowed or reduced.
Filters 5 and 6 had the worst performance as they typically provided 0% FE at 100 nm-sized
particles. For all other sizes, the FE of these filters were typically 10-30% lower than the
rest of other filters. The FE for the rest of the filters (i.e., 1, 3,7, 9, 10, and 11) appears to fall
in between the FE for the electrostatic filters and the underperforming filers groups.

Based on this preliminary analysis, the cabin filters were categorized into three groups.
Group I represents the nominal filters (filters 1, 3, 7, 9, 10, 11), which represents what one
would expect for a typical standard cabin filter. Group II is the electrostatic filters (filter 2,
4, 8), which have better FE than normal FE when new. Group IlI is the underperforming
filters (filters 5, 6).
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Figure 5. (a—k) Particle number filtration efficiency (PN FE) as a function of particle diameter for
different cabin filters. Individual box represents the 30th, 50th, and 60th percentiles of the FE values
over the course of the experiment, 20th and 80th percentiles are represented by the bottom and top
whiskers, respectively. The dotted and solid curve represent the average PN FE at the beginning and
the end of the experiment.
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To understand the relative change in PN FE among Group II and Group III filters with
respect to Group I, all PN FE for the same group were combined together to obtain the
average PN FE as a function of sizes which are summarized in Figure 6. Results demonstrate
that the presence of electrostatic fibers (red top) clearly enhance the particle capture across
all sizes when compared to those without (black middle). For example, a 20% better FE
was observed for 6 nm particles (Figure 7). The FE improvement slowly increased with
particle size and reached 59% at 110 nm before it steadily declined to about 26% at 520 nm.
Particles with diameter of about 100 nm are typically the most penetrating particle size in
most typical sampling conditions because these particles are not heavy or light enough to
be effectively removed by impaction and diffusion, respectively. This study shows that the
electrostatic filtration mechanism can be an effective means to remove these particles from
ambient air.
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Figure 6. Average PN FE for the different filter groups. Each individual box represents the 30th,
50th, and 60th percentiles of the FE values over the course of the experiment, while the 20th and 80th
percentiles are represented by the bottom and top whiskers, respectively.
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Figure 7. Percentage difference in PN FE for the Group II (electrostatic filters) and Group III (under-
performing filters) with respect to Group I (nominal filters).
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In comparison, Group III filters showed much worse performance compared to the
Group 1 filters (Figure 6; blue bottom), especially for the most penetrating particle size
around 100-200 nm which the FE for Group III filters were in general 60% less than that for
Group I filters (Figure 7), or close to 0% in absolute FE (Figure 6). For the 520 nm particles,
FE for Group III filters were typically lower than Group I filters by 28%.

3.4. Particle FE Performance over Time

To determine the overall PN FE as a function of time, the particle number size dis-
tributions were integrated to obtain the total PN measured at both pre- and post-filter
locations at various time points, which were then compared to determine how PN FE
changed over time. The total accumulated particle number concentration introduced at
the pre-filter location at various time points in an experiment was scaled based upon the
on-roadway rush-hour exposure references from UTES, assuming 3 h of driving per day
and ignoring weekend and weekday driving pattern [47,48]. Particles generated from the
miniCAST contain a higher percentage of BC than ambient particles. Therefore, scaling the
experimental time using BC mass results in more than double the time coverage. Since the
deposited BC mass on the cabin filter still contributes to the overall deposited mass on the
filter, which will have an impact on FE, scaling the time with BC mass gives a more realistic
scenario. After scaling, a typical experiment in this study represents about 300-800 days of
filter usage.

Figure 8 summarizes the change in PN FE over time. Data are color coded based
on the filter categories identified from the size-dependent FE. Results in Figure 8 show
consistent behavior for different filters within the same group. Group I filters represent
typical nominal filters, showing relatively flat FE behavior over the course of about 2 years
of filter usage. Since observations in Figure 5 show that FE for different sizes did not
change dramatically over the course of the experiment, the results in Figure 8 suggest
that the relative FE for different sizes for Group I filters are stable over 2 years of usage
in real life. Generally, FE for Group I filters varied from 30% to 40%. The formation of
dendrites was expected to improve FE over time [27], but observations for Group I filters
did not show this behavior. Fibrous filters typically have very low packing density in the
range of 1-15% [19] to permit low pressure drop. Therefore, this also means that these
filters typically have rather high filter capacity, and the amount of PM generated from this
experiment obviously was not enough to significantly change any microstructure of the
filter fiber to illustrate the improved FE caused by the formation of dendrites.

Group I filters had much higher FE (>60%) at the new state when compared to the
nominal filters (FE of 30-40%). The high FE was due to the presence of the electrostatic
charges on the filter fibers, which creates additional electrostatic attraction to help remove
PM. The charges on the fibers typically do not dissipate over time and could be retained
over years under favorable conditions. However, the charges could be lost for a number
of reasons, such as high temperature, high humidity, or the deposition of organic liquid
aerosol (e.g., oil or di(2-ethylhexyl)phthalate). The charges on the fibers can be neutralized
when exposed to ionizing radiation, such as fine charged particles. The accumulation of
dust on the fiber surface can mask the charges, creating a shadow effect and removing the
benefit of electrically charged fibers [18,19,38,39]. It is beyond the scope and limitations of
this study to determine the exact reason for the reduction of FE for Group II filters over
time. However, since the FE of Group II filters showed a gradual reduction and approach
to the typical FE of Group I filters, it is consistent with the expectation that FE reduction
could be due to the accumulation of dust. It is also possible that some of the BC particles
generated from the miniCAST could carry charges, which could remove charges from the
fibers. Once the charges from the filter fibers are neutralized or shadowed, the electrostatic
filters lose their advantage and become a nominal filter and thus have comparable FE. This
study suggests that the advantages of the electrostatic filters can be maintained for about
2 years of usage.
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Figure 8. Particle number filtration efficiency over time for Group I (electrostatic filters), Group II
(normal filters), and Group III (underperforming filters).

Group III filters are the underperforming filters. They have much lower FE that
typically varied from 5 to 15%. Overall, the FE of these filters stayed relatively constant
up to about one year time. The FE of one of the filters began to improve after about one
year of usage with the FE approaching the nominal FE of the Group I filters. The improved
FE was likely due to the accumulation of the dust and BC particles on the filter over time,
which may have enhanced the filtration media to filter incoming particles. Note that this
behavior only happened on one of the filters, and therefore, such improvement does not
necessarily occur for all underperforming filters in a reasonable time scale.

3.5. Black Carbon and PM FE Performance over Time

The overall BC FE was determined by comparing the averaged pre- and post-filter
BC concentrations (Figure 9). The overall patterns for all filter groups for BC are similar to
that for PN. It is interesting to see a rapid improvement in BC FE for Group I filters that
jumped from 20% at the new state to about 30% within a week in filter usage. BC particles
are known to be in aggregate form, and the deposition of BC particles on filter fibers could
enhance the formation of the dendrites, which could enhance the filtration of incoming
particles [27].

Group I filters show similar exponential decay in BC FE over time as for the PN FE.
This is due to the neutralization and shadowing of the charges on the filter fibers caused by
the deposition of the BC particles. Similar to the PN results, it is expected that the advantage
of the electrostatic filters will dissipate over about a year of usage. Group III filters show
similar underperforming BC FE behavior as for PN FE, and the same conclusions discussed
in PN FE can be applied in this case.

The overall PM FE was presented in Figure 10 and was calculated by comparing the
averaged PM mass measured by the DMM at pre- and post-filter locations. The PM FE
results in Figure 10 were similar to the BC FE results because the particles generated from
the miniCAST consisted primarily of BC. As such, the FE and related explanations also
apply to the PM data.
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Figure 9. Black carbon mass filtration efficiency over time for Group I (normal filters), Group II
(electrostatic filters), and Group III (underperforming filters).
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Figure 10. Particulate matter mass filtration efficiency over time for Group I (normal filters), Group II
(electrostatic filters), and Group III (underperforming filters).

3.6. BTEX Remouval Efficiency

Figure 11 shows the VOC concentration measured at the pre- and post-filter locations
without a cabin filter installed. The excellent repeatability between the two repeats demon-
strated the consistency in gas mixing created by the turbulence blades and the extraction
through the multi-hole probes. However, observations also show a consistent difference in
gaseous concentrations of 8—-17% between the pre- and post-filter locations. The difference
in gaseous concentration could be due to the sharp 90-degree bend in the filter housing
unit (Figure 1) which is located right before the cabin filter location. This could create some
eddies, but it also reflects the reality in an actual vehicle, which information will be taken
into account in evaluating the efficiencies in various filters for removing BTEX.
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Figure 11. Measured BTEX concentrations at pre- and post-filter locations without cabin filters.
Uncertainties are 95% confidence interval error estimates. Dotted lines indicate the reductions in
BTEX concentrations at the post-filter location for the different repeats.

Figure 12 summarizes the BTEX concentrations measured at the pre- and post-filter
locations for a charcoal filter (ATP or Fram) and a non-charcoal filter (OEM). Since there
is a consistent reduction in BTEX concentration between the pre- and post-filter locations
(Figure 11), the averaged reduction amount was subtracted from the total reductions in
BTEX concentrations for the all test filters in order to only reflect the change in BTEX
concentrations due to the presence of a cabin filter. For the non-charcoal filter, the typical
reductions in BTEX concentration were 3-5%. These changes are too small to be considered
statistically significant, and they demonstrate that the non-charcoal filters have no impact
on gaseous removal. In contrast, the two charcoal filters show significant removal of
BTEX concentration, with one showing reductions of 11-17% with the other one showing
reductions of 38—41%. These results suggest that even though there are variations in the
BTEX removal efficiencies (RE) among different charcoal filters, charcoal filters are indeed
useful in removing BTEX by typically more than 11%.
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Figure 12. Measured BTEX concentrations at pre- and post-filter locations for various cabin filters.
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4. Conclusions

Eleven vehicle cabin filters were evaluated to understand their FE in removing PM and
BC from vehicular exhaust. All tested filters exhibit an inverted V-shape of FE with sizes
(6-520 nm), and the most penetrating particle size was found to be 100-200 nm. Nominal
filters generally offer 28-30% FE for 100-200 nm particles, 80% FE for 6 nm particles, and
48% for 520 nm particles. Electrostatic filters provide better FE across all tested sizes,
showing 44-46% FE for 100—200 nm particles, 94% for 6 nm particles, and 60% for 520 nm
particles. Two filters were found to underperform, showing only 78% for 6 nm particles
and 35% for 520 nm particles. These filters only show 10-11% FE for 100-200 nm particles.
The FE characteristics of all nominal filters did not change considerably, and the FE (with
respect to PN, BC, and PM) remained relatively stable (at 30-40% overall) within the course
of the experiment, which can be translated to about 1-2 years of typical filter usage time.
Electrostatic filters offer a significant improvement in overall FE with 60% at new state. The
FE gradually declined over time and reaches the FE of nominal filters in about 1-2 years.
The reduction in FE over time is attributed to the accumulation of dust and BC particles
over time, which could shadow the charges on the fibers. The underperforming filters
only offer less than 20% FE during the course of its usage, and in one case, the FE slightly
improved after one year of usage likely due to the accumulation of dust and BC particles.

Experiments were also conducted to evaluate two charcoal cabin filters to understand
their effect on removing BTEX. Observations demonstrated that charcoal filters were useful
in removing BTEX compared to non-charcoal filters. One filter showed 11-17% of removal
efficiency for BTEX, while the second filter showed 38-41%. Although not performed, it is
expected that similar removal efficiencies could occur for similar VOCs. This study showed
that the presence of charcoal extends the function of a cabin filter to provide additional
gaseous removal ability in addition to PM removal.
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Appendix A

Figure Al. Photo on the left (a) shows the laboratory setup for the particle filtration efficiency
experiment, while the photo on the right (b) shows the BTEX removal efficiency experiment setup.

Appendix B

Table A1. A list of the vehicle cabin filters for evaluation in this study.

Filter No. Filter Brand Filter Type

1 Fram Fresh Breeze Charcoal

2 Denso Electrostatic fiber
3 Napa Standard

4 OEM Electrostatic fiber
5 Pronto Standard

6 Auto Extra Standard

7 Mahle Standard

8 Bosch Electrostatic fiber
9 WIX Standard
10 ATP Standard
11 ATP charcoal Charcoal
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Appendix C

g

W

Figure A2. Photos showing a comparison of the appearance of (a,b) a standard filter, (c,d) an
electrostatic fiber filter, and (e,f) a charcoal filter before and after the particle filtration efficiency
experiment.

Appendix D

Table A2. Average concentration of the BTEX compounds in the standard.

Compound Concentration in 100 Liter Air (ng/L)
Benzene 78,000
Toluene 229,000
Ethylbenzene 40,000
m,p-Xylene 118,000

o-Xylene 36,000
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