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Abstract

The COVID-19 pandemic has resulted in significant changes in our daily lives, including the 

widespread use of face masks. Face masks have been reported to reduce the transmission of 

Corresponding Authors Vesselin N. Shanov — Department of Chemical and Environmental Engineering, University of Cincinnati, 
Cincinnati, Ohio 45221, United States; Department of Mechanical and Materials Engineering, University of Cincinnati, Cincinnati, 
Ohio 45221, United States; shanovvn@ucmail.uc.edu; Hodon Ryu — United States Environmental Protection Agency, Office of 
Research and Development, Cincinnati, Ohio 45268, United States; ryu.hodon@epa.gov; Soryong Chae — Department of Chemical 
and Environmental Engineering, University of Cincinnati, Cincinnati, Ohio 45221, United States; chaesg@ucmail.uc.edu.
Author Contributions
CRediT: Hyunsik Kim formal analysis, investigation, writing-original draft; Yanbo Fang investigation; Yoontaek Oh methodology, 
writing-original draft; Vesselin Shanov supervision, writing-review & editing; Hodon Ryu supervision, writing-review & editing; 
Soryong Chae supervision, writing-original draft, writing-review & editing.

Supporting Information
The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acsestengg.3c00365.
Inactivation of virus at various Joule heating temperatures; inactivation of virus at various Joule heating times; fabrication procedures 
of an electrically heatable carbon veil layer; pressure drop measurement system; Joule heating performance of a CNT sheet; pressure 
drops of ASTM Level 3 masks with Joule heating (PDF)

The authors declare no competing financial interest.

EPA Public Access
Author manuscript
ACS ES T Eng. Author manuscript; available in PMC 2024 December 30.

About author manuscripts | Submit a manuscript
Published in final edited form as:

ACS ES T Eng. 2024 January 04; 4(2): 401–408. doi:10.1021/acsestengg.3c00365.E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

https://pubs.acs.org/doi/10.1021/acsestengg.3c00365


viral infections by droplets; however, improper use and/or treatment of these masks can cause 

them to be contaminated, thereby reducing their efficacy. Moreover, regular replacement of face 

masks is essential to maintaining their effectiveness, which can be challenging in resource-limited 

healthcare settings. The initial scarcity of face masks during the early stages of the pandemic 

led to the development of reusable face mask solutions. This research aimed to design a porous, 

standalone electrically heatable carbon veil (CV) layer that can be applied to commercial face 

masks without compromising their breathability. The main objective of this study is to directly 

inactivate aerosolized viruses using CV heaters powered by a direct current (DC). Prototype face 

mask samples with the CV were produced and tested using the aerosolized MS2 bacteriophage. 

After contamination of the face mask with the MS2 bacteriophage, the mask was treated by 

applying a direct current of 6 V and 1.17 A, which caused the surface temperature of the CV 

layers to reach over 70 °C within 10 s. This rapid temperature increase through Joule heating 

effectively inactivates the captured MS2 bacteriophage, with an average inactivation efficiency 

exceeding 99%. The findings of this study provide valuable insights into the potential application 

of engineered carbon layers for the decontamination of face masks and air filters from aerosolized 

viruses, thereby potentially enabling their reuse.

Graphical Abstract
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1. INTRODUCTION

The COVID-19 (SARS-CoV-2) pandemic has had a profound impact on human life, 

necessitating widespread adoption of face masks as a preventive measure. Viruses, including 

SARS-CoV-2, can be transmitted through various means such as direct contact, respiratory 

droplets, and aerosol.1-3
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Numerous studies have investigated the effectiveness of wearing masks in reducing the 

transmission of viruses.3,4 Masks serve as physical barriers that help protect users from 

potential virus exposure.5 More specifically, the filtration performance of face masks is 

primarily attributed to the presence of electrostatically charged nonwoven fibers. Coulombic 

forces attract positively and negatively charged particles, while neutral particles can be 

polarized and subsequently captured by a bipolar electric field created by the reverse-

charged layers of face masks.6

The high demand for face masks has led to shortages7-9 and has exposed vulnerabilities in 

the supply chain for face masks,10 further exacerbating the COVID-19 pandemic situation. 

Moreover, the extensive use of face masks has resulted in increased plastic waste, primarily 

composed of materials such as polypropylene (PP), polyethylene terephthalate (PET), and 

polyethylene (PE).11-13

This surge in plastic waste has become a new environmental concern. In addition, used 

masks may contain potentially infectious materials, posing a risk to public health and safety 

by increasing the potential for exposure to infectious viruses.14,15 Thus, these factors have 

driven the urgent need for the mass production of both single-use and reusable masks as well 

as the development of effective decontamination methods for used masks.

Existing literature has extensively focused on conducting comprehensive experiments to 

develop reusable face masks, explore various decontamination methods, and assess their 

effects on masks granted emergency use authorization (EUA) for safe reutilization. Various 

approaches have been investigated, including steam treatment,16-20 heat treatment,18,20-24 

ultraviolet (UV) irradtion,17,18,22,25 chemical treatments (e.g., hydrogen peroxide, ethanol, 

and chlorine-based solutions)17,18,22, and others (microwave, hot water, ozone).17,26,27

Steam treatment is widely recognized for its efficacy in face mask decontamination. Ma et 

al. conducted decontamination experiments on face masks using avian infectious bronchitis 

virus H120 and found that subjecting the masks to steam treatment through boiling water 

for 5 min led to complete inactivation of the avian viruses.16 He et al. reported that steam 

treatment within the temperature range of 90–100 °C for durations of 30 and 90 min, 

respectively, resulted in complete inactivation of Escherichia coli and Bacillus subtilis, 

demonstrating greater than 4 log-reductions.17

UV irradiation, particularly using short-wave ultraviolet-C (UV–C), is another established 

decontamination method applied to various mediums. UV–C functions as a germicidal 

agent, causing damage to the deoxyribonucleic acid (DNA) of microorganisms and 

rendering them nonviable.28 A recent study demonstrated that UV irradiation at a dosage 

of 0.12 J/cm2 could achieve nearly 100% inactivation for E. coli.17 Furthermore, a separate 

investigation focused on the decontamination of N95 masks contaminated with H1N1 

influenza. It revealed a significant log reduction (≥3 log) between the contaminated and 

treated N95 masks, achieved through UV irradiation at 1.1 J/cm2.29

Hydrogen peroxide (H2O2) was employed to assess the effectiveness of viral inactivation on 

face masks. Research revealed that vaporized H2O2, utilizing a 59% liquid concentration, 

proved effective in decontaminating porcine respiratory coronavirus (PRCV) from 
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contaminated masks, resulting in a reduction in viral infectivity by more than 3 orders 

of magnitude.30

Nevertheless, steam treatment, UV irradiation, and chemical treatments demand specialized 

equipment for disinfection and might result in the generation of hazardous chemical waste. 

In response to the challenges presented by current face mask decontamination methods, 

a novel approach has been developed, incorporating electrically heatable carbon nanotube 

(CNT) films onto filter surfaces. This innovative technology has demonstrated significant 

efficacy in disinfecting microorganisms, as observed in prior studies,31,32 and showcasing 

remarkable efficiency in deactivating waterborne bacteria such as Escherichia coli (99%) 

and Legionella pneumophila (>99.99%). However, scaling the manufacturing of electrically 

heatable masks without the use of expensive CNT material that can satisfy the requirements 

for mass production of a carbon-based, breathable, lightweight, and flexible heater is 

currently uncertain.

In our initial tests, applying CNT layers to the surface of ASTM Level 3 face masks resulted 

in a significant increase in airflow resistance, compromising the masks’ breathability. 

Specifically, the airflow resistance measured in our preliminary tests exceeded the standard 

limit of 58.8 Pa/cm2 for the ASTM Level 3 masks (unpublished data).

To address concerns related to CNT layer breathability, we have developed a porous and 

freestanding heating layer using a commercialized carbon veil (CV). The CV layer possesses 

electrical heating capabilities and is specifically designed for inactivating viruses that may 

adhere to face masks. The objective is to investigate whether the CV layer can provide 

effective viral inactivation without significantly compromising the breathability and the 

generation of (bio)chemical waste.

The surface morphology, electrothermal properties, and breathability performance of the 

CV heater were comprehensively analyzed. Subsequently, the CV layer has been integrated 

into commercial face masks, and the electrical heating capability of the CV layer has been 

assessed for its effectiveness in inactivating airborne pathogens using a surrogate virus.

This study involves designing and fabricating heatable and reusable face mask samples that 

can capture and neutralize aerosolized viruses present on mask surfaces, thus preventing 

their entry into the human respiratory system. This is achieved through resistive heating, 

raising the temperature above the virus’s lethal threshold, approximately 70 °C.33 A thin and 

breathable CV heater can be retrofitted or applied to the outer surface of any commercial 

face mask to facilitate resistive heating.

2. EXPERIMENTAL SECTION

2.1. Face Mask and the CV Layer.

The base material for this study comprised commercial ASTM Level 3 face masks 

(Vaxxen Laboratories, USA). CV and face mask composites were manufactured using a 

commercialized CV (ACP Composites, USA), which contained chopped carbon fibers and 

utilized a nonwoven process with a small amount of polyester (refer to Table 1).
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2.2. Engineering Design of an Electrically Heatable Face Masks.

An electrically heatable CV was combined with commercial face masks after a simple 

modification process (Figure S1). First, the CV layer was cut into 7.5 cm by 7.5 cm section. 

Acetone (>99.5%, Alfa Aesar) was then employed to remove the polymeric binders present 

in the CV sheet. Cu foils (0.15 mm thickness, 1 cm × 7.5 cm, Yodaoke, China) were 

attached to the CV layer using conductive silver paint (Ted Pella, Inc.), then copper wire was 

soldered onto each copper foil. Lastly, the engineered CV layer, with an active heating area 

measuring 5.5 cm by 7.5 cm, was positioned on the outer layer of commercial face masks 

for subsequent testing.

2.3. Characterization of Electrically Heatable Face Masks.

2.3.1. Breathability Test.—To assess the airflow resistance caused by the CV layer, the 

pressure drops of face masks coupled with the CV layer were measured using a vacuum 

pressure system in accordance with ASTM F2100-19 and EN 14683:2019 standards, as 

illustrated in Figure S2a. The vacuum pressure system comprises a digital manometer 

(475-2-FM, Dwyer), a sample holder (KF25, Advantech), and a mass flow controller 

(MCR-100 SLPM, Alicat Scientific).

The components of the sample holder are depicted in Figure S2b. Coupons of face masks, 

CV sheets, or CV/face mask composites with diameters of 2.54 cm were prepared to fit 

the sample holder with an effective surface area of 3.8 cm2. The breathability procedures 

outlined in EN 14683:2019 suggest using a velocity of approximately 1632.7 cm/min 

(equivalent to 8 L/min airflow) with an effective area of 4.9 cm2 for the sample holder. 

To ensure consistency with the specified effective area of 3.8 cm2 for our setup, the airflow 

was maintained at 6.2 L/min throughout all breathability tests, aligning with the prescribed 

velocity. The net pressure drop of the test samples was calculated by subtracting the pressure 

drop of the sample holder (i.e., control) from the total pressure drop of the sample holder 

with the test samples. The net pressure drop was then normalized by the effective area in 

accordance with ASTM standard.

2.3.2. Surface Morphologies and Elemental Analysis of Electrically Heatable 
Face Masks.—A scanning electron microscope (SEM) (APREO C, ThermoFisher) 

equipped with energy dispersive X-ray analysis (EDX) was used to examine the surface 

morphologies and the elemental composition of the face masks and CV sheets. Prior to SEM 

analysis, the samples were sputter-coated using a Desk V coating system (Desk V, Denton 

Vacuum).

2.4. Direct Inactivation of Airborne Virus Surrogate on the Face Masks.

2.4.1. Preparation of a Virus Surrogate Suspension.—A stock suspension of the 

MS2 bacteriophage, which served as a virus surrogate, was prepared as follows: Stock MS2 

bacteriophage (ATCC 15597-B1) was added to 30 mL of tryptic soy broth (TSB) (Fisher 

Scientific). The bacteriophage suspension was then aseptically combined with 6 mL of a 

mid log growth phase E. coli Famp culture (ATCC 700891) and 90 mL of 0.7% tryptic soy 

agar (TSA) (Fisher Scientific) supplemented with antibiotics (0.015 mg each streptomycin 

and ampicillin per ml of agar for E. coli Famp). The mixture was thoroughly mixed, and 
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then 6 mL was overlaid onto 1.5% TSA supplemented with the same antibiotics in 100 mm 

plates. After the top agar set, the plates were incubated at 37 ± 0.5 °C for 24 h. The MS2 

bacteriophages were harvested by adding 5 mL of TSB to each plate and incubating at room 

temperature for 2 h. The plates were then swirled 20 times, and the broth from all of the 

agar plates was combined into a sterile 50 mL tube. The broth was centrifuged at 3000g for 

5 min, and the supernatant was sterilized using a 0.2 μm filter. The clarified supernatant was 

decanted in sterile containers and stored at 4 °C before use.

2.4.2. Aerosolization and Filtration of Airborne Virus Surrogate.—A system 

was set up to generate and capture aerosolized MS2 onto face masks, as shown in Figure 

1. Prior to the tests, the MS2 bacteriophage stock was diluted to a working concentration 

of approximately 1 × 109 PFU/mL. A test sample coupon with a diameter of 4.3 cm was 

placed on the sample holder, which was then connected to a commercial nebulizer (YS35, 

Meowyn). To generate aerosolized MS2, 8 mL of the diluted MS2 stock suspension was 

loaded into the nebulizer. The aerosolized MS2 was then captured onto face mask samples 

using vacuum suction at a flow rate of about 18 L/min. Once the capture of aerosolized MS2 

onto the test sample coupon was complete, the coupon was collected and dried for 2 h on a 

glass plate at room temperature in ambient air.

2.4.3. Joule Heating of the CV Heater.—Joule heating of the CV sheet was 

conducted by using DC power. A DC power supply (9111, BK precision) was used to 

provide electrical power to the 5.5 × 7.5 cm CV layer. The electrical power was controlled 

based on voltage, and the surface temperature of the CV layer and electrical current 

were monitored as the voltage increased. The performance of the prepared CV layer was 

evaluated by measuring the surface temperature of the CV layer by using an IR camera (C5, 

FLIR). After the Joule heating process, the two electrodes were removed from the CV layer. 

The electrically heated sample was then transferred into a 50 mL conical tube containing 

20 mL of Butterfield’s buffer solution. The sample was vortexed for one min to recover the 

MS2 bacteriophage from the test sample.

2.4.4. Virus Assay.—The recovered MS2 bacteriophages from the test samples were 

serially diluted and enumerated in duplicate following EPA Method 1601 (USEPA, 2001). 

To confirm the enumeration, 1 mL of each dilution using TSB was added to 3 mL of soft 

top agar consisting of 0.75% TSA containing the mid log growth phase host bacteria. The 

inoculated top agar was then poured over a 1.5% TSA bottom agar plate and allowed to 

solidify. The plates were inverted and incubated at 37 ± 0.5 °C for 16 to 24 h. The viral 

plaques formed on the plates were counted to determine the concentration of coliphage.

The log inactivation value (I) of the MS2 bacteriophage is defined by the following 

equation:

Log inactivation value, I = − log10
N
N0

where N is the MS2 bacteriophage concentration (PFU/mL) after Joule heating and N0 is the 

MS2 bacteriophage concentration (PFU/mL) before Joule heating.
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2.5. Statistical Analysis.

A basic statistical analysis was conducted employing a one-way analysis of variance 

(ANOVA) using Microsoft Excel. The surface temperature of CV and Joule heating time 

of CV were treated as individual variables to analyze their respective impacts on MS2 

inactivation. A statistical significance level of α = 0.05 was established. The study’s 

ANOVA design will be elaborated upon in section 3.3.

3. RESULTS AND DISCUSSION

3.1. Characteristics of Electrically Heatable Face Masks.

Figure 2a shows the schematic diagram of an electrically heatable face mask with a CV 

layer on the mask outer surface. SEM images reveal that the CV layer exhibits a nonwoven 

structure with stacked carbon fibers (Figure 2b). Typical disposable masks comprise two 

outer layers, usually spun-bond polypropylene (depicted as the top and bottom layers in 

Figure 2a), and a melt-blown layer (the middle layer in Figure 2a), primarily composed of 

polypropylene.34-36 All layers of the face masks are composed of nonwoven fabric (Figure 

2c-e). The filter layer, situated in the middle layer, shows a denser surface morphology 

(Figure 2d) compared to the top and bottom layers (Figure 2c and e). EDX analysis 

confirmed the presence of carbon (C) and smaller amounts of oxygen (O) on the CV layer 

(Figure 2f).

Pressure drop measurements were performed on randomly selected mask samples. The 

normalized net pressure drop was calculated considering the effective area of mask coupons 

(i.e., 3.8 cm2). The breathability tests revealed that the normalized net pressure drop for the 

commercial ASTM Level 3 mask and the mask coupled with the CV layer were determined 

to be 46.8 ± 2.86 and 48.1 ± 3.30 Pa/cm2, respectively. These results indicate that the 

additional CV layer does not compromise the breathability performance of commercial 

ASTM Level 3 masks, as depicted in Figure 3. This is further supported by the measurement 

of the net pressure drop of the free-standing CV layer, which was determined to be 0.1 ± 

0.03 Pa/cm2 (Table 1).

3.2. Joule Heating Performance for the Electrically Heatable CV Layer.

An electrically heatable CV layer was positioned on a thermally insulated plate (Figure 4a), 

and the surface temperature of the CV layer was measured using an IR camera (Figure 4b 

and c). By applying DC power to the CV layer in air, heat was generated on the surface 

(Figure 4d). The average surface temperature (averaged over 60 s) of the CV layer ranged 

from 26.9 ± 0.19 to 105.7 ± 0.94 °C, with an increase in the applied DC power from 

0.2 to 11.9 W. It is noteworthy that the surface temperature of the CV layer exhibited a 

proportional relationship with the applied power, following Joule’s law (Figure 4e). Similar 

observations have been reported for other carbon-based materials and metals.37,38 Joule 

heating performance of a CNT sheet was demonstrated in Figure S3.

3.3. Direct Inactivation of MS2 on an ASTM Level 3 Mask Using Joule Heating.

To investigate the inactivation of MS2, direct inactivation tests were conducted by using 

Joule heating at various surface temperatures and heating times. Figure 5 represents the 
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log-concentrations of active MS2 in the control (without Joule heating) and thermally 

treated samples using Joule heating at three different temperatures for 5 min. The log-

concentrations of active MS2 are as follows: 7.0 ± 0.10 (control), 3.8 ± 0.63 (joule heating 

at 70 °C), 4.9 ± 0.04 (joule heating at 80 °C), and 4.3 ± 0.02 (joule heating at 90 °C). It 

is evident that the highest inactivation efficiency occurred with Joule heating at 70 °C for 5 

min, resulting in an inactivation efficiency of 3.2 ± 0.72 (Table S1).

The effects of different heating times on the inactivation efficiency were also investigated. 

Joule heating was performed at 70 °C for different durations, ranging from 5 to 15 min. 

The log-concentrations of active MS2 under different conditions are as follows: 6.9 ± 0.76 

(control), 3.3 ± 0.85 (Joule heating for 5 min), 4.2 ± 0.85 (Joule heating for 10 min), and 3.4 

± 1.90 (Joule heating for 15 min) (Figure 6).

The experimental results demonstrate that there is no significant difference in the MS2 

inactivation efficiency as the heating time is increased during Joule heating. Regardless of 

the heating time, the MS2 inactivation efficiency was greater than 99% in all conditions 

(Table S2). This can be attributed to the rapid increase in the surface temperature of the 

CV layer from room temperature to the targeted temperature levels (as shown in Figure 4d), 

allowing for the efficient inactivation of most of the captured MS2 on the ASTM Level 3 

masks within a few minutes.

Considering the experimental conditions outlined in this section, one-way ANOVAs were 

performed to assess variations in two parameters: (1) surface temperature of CV ranging 

from 70 to 90 °C and (2) heating time ranging from 5 to 15 min. The results of 

statistical analysis indicate that increased heating time (5–15 min) and surface temperatures 

(70–90 °C) resulting from Joule heating do not have a statistically significant effect 

on the inactivation of captured MS2. This conclusion is drawn by rejecting the null 

hypothesis, which suggests a correlation between heating time, the surface temperatures, 

and the efficiency of MS2 inactivation. The obtained p-values for heating time and surface 

temperatures are 0.29 and 0.54, respectively.

To account for these unexpected findings, it is hypothesized that the surface roughness and 

the porous nature of the top layer of masks (depicted in Figure 2c) could potentially impede 

the dissipation of heat from the CV heaters to the middle layer (as shown in Figure 2d). This 

limitation may arise due to the relatively low thermal conductivity of the air trapped in the 

middle layer.

In terms of the reusability of face masks, it has been reported that steam decontamination 

can lead to the degradation of the static charge in the fibers, resulting in a substantial 

reduction of its filtration efficiency. For instance, Liao et al. observed that the efficiency 

of melt-blown material decreased from 96.5% to 85% after 5 cycles of decontamination 

using boiled water-assisted steam treatment for 10 min.18 Similarly, UV irradiation has the 

potential to cause material damage in face masks.18,39 Furthermore, careful consideration 

of face mask design is necessary when implementing UV irradiation, as mask materials can 

absorb UV light, possibly leading to inadequate disinfection.18,29,40,41
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To investigate the reusability of face masks equipped with CV heaters, we conducted 

pressure drop measurements during Joule heating using a custom-designed sample holder. 

Our observations revealed a significant increase in normalized net pressure drop, ranging 

from 69.2 to 77.4 Pa/cm2 (before Joule heating) to 108.9 to 118.9 Pa/cm2 (at a surface 

temperature of 65 °C with Joule heating), as depicted in Figure S4. This rise can be 

attributed to the expansion of air when passing through the heated CV layer. Notably, the 

normalized net pressure drop could be restored to its initial value upon discontinuing Joule 

heating. This indicates that no structural deformation of the face masks is expected because 

of Joule heating.

4. CONCLUSIONS

In this study, we developed and integrated a porous, electrically heatable layer into 

a face mask material using commercial CV to effectively inactivate aerosolized MS2 

bacteriophages. The results unequivocally demonstrate that the electrically heatable CV 

material preserved the breathability performance of the commercially available ASTM Level 

3 mask. Moreover, through the utilization of Joule heating facilitated by the CV heater, we 

successfully achieved the inactivation of MS2 particles that were captured on the masks. 

This process resulted in an average inactivation efficiency exceeding 99.9% at 70 °C, 

which represents approximately a 3.2–3.6-log reduction in MS2 viability. This outcome 

was attained using approximately 2.1 kJ of energy, necessary to initiate Joule heating and 

raise the surface temperature of the masks to 70 °C for a duration of 5 min. To further 

enhance the efficiency of inactivation, potential improvements lie in optimizing the design 

of the interface between CV and face masks. These findings underscore the potential of 

utilizing Joule heating via an electrically conductive CV material for decontamination and 

the potential reutilization of used masks.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic illustration of the vacuum system used to generate aerosolized MS2 

bacteriophages.
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Figure 2. 
SEM-EDX of an ASTM Level 3 face mask and a carbon veil (CV) sheet: (a) schematic of 

an ASTM Level 3 face mask with an electrically heatable CV layer; (b) CV layer; (c) top 

layer of the ASTM Level 3 face mask; (d) middle layer of the ASTM Level 3 face mask; (e) 

bottom layer of the ASTM Level 3 face mask; and (f) EDX analysis data of a CV layer.
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Figure 3. 
Normalized net pressure drops using commercial ASTM Level 3 masks without/with a CV 

layer. Effective surface area: 3.8 cm2. Air flow = 6.2 L/min. Group A: ASTM Level 3 mask. 

Group B: ASTM Level 3 mask with a CV layer. Each error bar means ± 95% confidence 

interval for a normalized net pressure drop. All measurements were performed in triplicate.
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Figure 4. 
Performance of Joule heating by using a CV layer in air. An effective heating area of the 

heater was 41.25 cm2 (5.5 × 7.5 cm). (a) Electrically heatable CV layer. (b) IR image at time 

= 660 s (applied DC power = 0 W). (c) IR image at time = 670 s (applied DC power = 7 

W). (d) Average surface temperature of the CV when increasing the applied DC power in a 

pulsed manner (on/off). (e) Correlation between the average surface temperature of the CV 

and electrical power.
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Figure 5. 
Log-concentration of active MS2 in eluant. Control: sample without Joule heating, 

Heating@70 °C: Joule heating at 70 °C. Heating@80 °C: Joule heating at 80 °C. Heating at 

90 °C: Joule heating at 90 °C. The Joule heating was conducted for 5 min. Each error bar 

means ± 95% confidence interval for log-concentration of active MS2. All experiments were 

duplicated.

Kim et al. Page 17

ACS ES T Eng. Author manuscript; available in PMC 2024 December 30.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Figure 6. 
Log-concentration of active MS2 in eluant. Control: sample without Joule heating, 5min 

heating: Joule heating conducted for 5 min. 10min heating: Joule heating conducted for 

10 min. 15min heating: Joule heating conducted for 15 min. The Joule heating using the 

CV layer was conducted at 70 °C. Each error bar means ± 95% confidence interval. All 

experiments were duplicated.
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Table 1.

Properties of the ASTM Level 3 Face Mask and the CV Layer

parameter face mask CV

areal density (g/m2) 85.0 ± 2.67b 16.95a

thickness (mm) 0.282 ± 0.0183b 0.127a

material polypropylene polyacrylonitrile (PAN) carbon fiber and polyester bindera

bacterial filtration efficiency (%) >98a not available

particle filtration efficiency (%) >98a not available

breathability (Pa/cm2) <49a 0.1 ± 0.03b

manufacturer Vaxxen Laboratories, USA ACP composites, USA

a
Details provided by the manufacturers.

b
To determine actual thickness for face masks, measurements were taken using an electronic outside micrometer (Schut Geometrical Metrology).

ACS ES T Eng. Author manuscript; available in PMC 2024 December 30.


	Abstract
	Graphical Abstract
	INTRODUCTION
	EXPERIMENTAL SECTION
	Face Mask and the CV Layer.
	Engineering Design of an Electrically Heatable Face Masks.
	Characterization of Electrically Heatable Face Masks.
	Breathability Test.
	Surface Morphologies and Elemental Analysis of Electrically Heatable Face Masks.

	Direct Inactivation of Airborne Virus Surrogate on the Face Masks.
	Preparation of a Virus Surrogate Suspension.
	Aerosolization and Filtration of Airborne Virus Surrogate.
	Joule Heating of the CV Heater.
	Virus Assay.

	Statistical Analysis.

	RESULTS AND DISCUSSION
	Characteristics of Electrically Heatable Face Masks.
	Joule Heating Performance for the Electrically Heatable CV Layer.
	Direct Inactivation of MS2 on an ASTM Level 3 Mask Using Joule Heating.

	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.

