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Abstract

Disposable filtering facepiece respirators (FFRs) include a wide range of products that
may be certified or non-certified. Many of these respirators are being produced with activated
carbon claiming nuisance level organic vapor (OV) relief. OV includes a wide range of volatile
organic compounds (VOCSs) which have been linked to major and minor health discomfort such
as headaches, upper extremity discomfort, nausea, respiratory irritation, asthma nervous system
complications, hearing loss, cancer, and death. Common industries that have been identified that
may expose employees to nuisance level OV, resulting in minor symptoms, include beautician
salons, dry cleaning operations, and pesticide applications. FFRs with activated carbon (FFR-
AC) may provide a more convenient alternative for reusable respirators which could also protect
employees from OV exposure.

This study investigated the adsorption capabilities of one certified respirator (3M) and
two alternatively designed respirators (RZ Hunting Mask, Surgical Mask) with activated carbon
filtering media. The three FFRs were tested to determine the 50% breakthrough time for two
hydrocarbons and one non-carbon-based vapor. 50% breakthrough was chosen because we felt
that reducing nuisance level exposures by half would still be protective. Non-certified respirators
were exposed to 15 parts per million (ppm) and 50 ppm for all three vapors. Concentrations of 15
ppm and 50 ppm were standardized to achieve similar mass per time exposures across all
contaminants and because these values represented the range of nuisance level exposure
documented in literature.

The 3M respirator was exposed to 15 and 50 ppm of acetone and ammonia, and
perchloroethylene was evaluated at 50 ppm. Perchloroethylene was not evaluated at 15 ppm

because breakthrough was longer than 8 hours. 3M respirators were also evaluated at 95%



relative humidity using 50 ppm of acetone, ammonia, and perchloroethylene. The total number of
trials was 43 (n=43). These contaminants and concentrations were chosen based on published
data on occupational exposures.

The non-certified respirators, (RZ Hunting Mask and Surgical Mask), were ineffective for
all vapors and offered less than 10 minutes of protection before 50% breakthrough occurred.
Respirators performed poorly, when exposed to ammonia, with breakthrough less than 5 mins at
50 ppm and 10 minutes at 15 ppm. The 3M respirator had the longest breakthrough times for all
trials. Acetone breakthrough occurred at 121 minutes for 50 ppm and 233 minutes at 15 ppm.
Perchloroethylene took over 400 minutes to achieve 50% breakthrough at 50 ppm. When acetone
at 50 ppm and perchloroethylene at 50 ppm were evaluated with 95% R.H. breakthrough times
decreased to 39 and 144 minutes respectively, a nearly 70% decrease in time for both vapors.

The results of this study show that non-certified respirators advertised as nuisance level
relief may not offer protection for OV. Certified respirators show much more promise, but their
performance is highly dependable upon the characteristics of the vapor and environment the
respirators are being used in. Additional research is needed to increase our understanding of

FFR-ACs performance under more conditions.



Public Abstract

There are many types of disposable respirators available on the market and recently there
has been an increase in disposable respirators with carbon-based filter material. This carbon
material is used to remove chemicals from the air and prevent health effects due to chemical
exposure.

Industries such as nail salons, agriculture, and dry cleaning have been found to expose
employees to chemicals of concern, but employees in these industries often do not wear
respiratory protection or use respirators with activated carbon. This study evaluated 3 respirators
with activated carbon to determine if the carbon layer was able to protect employees from
chemical exposure. Three different respirators were exposed to three different chemical vapors at
two different concentrations and two levels of humidity (n=43).

This study found that respirators with less carbon material were unable to provide
protection for any of the vapors tested. Respirators with more carbon material were able to offer
different levels of protection based on the concentration of the vapor, the volatility of the vapor,
and the humidity. The most protection occurred when volatility was low, humidity was less than
50%, and concentration was low.

Disposable respirators with carbon layers several millimeters thick should be able to
protect people from chemical exposure when concentrations are below exposure limits, but more

research is needed to better understand carbon’s effectiveness under different conditions.
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Chapter 1: Literature Review
Overview

Disposable filtering face piece respirators (FFRs) are not a new concept and have
been implemented in a wide variety of workplaces where employees are exposed to
particulates. Likewise, activated carbon has been used for decades to purify volatile
organic compounds (VOCs) from water and air. As a result, manufacturers have begun
making a wide variety of FFRs with activated carbon (FFR-AC). These respirators are
marketed to protect users from nuisance level organic vapors such as, acetone,
perchloroethylene, benzene, and toluene. FFR-ACSs could increase the ability and ease by
which people are protected from organic vapors, but only if the carbon layer is effective
at removing the contaminants from the air. There have been many studies evaluating
employee exposure to acetone in nail salons, perchloroethylene in dry-cleaning
operations, and ammonia in livestock operations, so this study will evaluate the
effectiveness of FFR-ACs to remove these compounds from air.

Breakthrough is defined as the penetration of challenge material(s) through a gas
or vapor air-purifying element and can be expressed as a fraction (concentration in the
respirator/challenge concentration) or percent (concentration in the respirator/challenge
concentration)*100 [1]. Regulations have been published on proper bench testing
methods for cartridge based respirators to assess breakthrough times [2]. 42 Code of
Federal Regulations par 84, subpart L, titled “Bench tests; gas and vapor tests; minimum
requirement; general” states that testing must be conducted at 50% relative humidity,
+5% and approximately 25°C. Before a test begins, the cartridges are to be equilibrated
by passing 25% relative humidity through the cartridges for 6 hours with a flow rate of 25

liters per minute (LPM) [2]. If cartridges are not equilibrated, the cartridges must be
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tested at a flow rate of 64 LPM, instead of 32 LPM, for an equilibrated cartridge. Testing
conditions are shown in Table 1 below, retrieved from the 42 Code of Federal
Regulations par 84, subpart L [2]. According to this regulations, organic vapor cartridges
are exposed to a test atmosphere of 1,000 ppm of carbon tetrachloride. Minimum life
occurs when five ppm penetrates the cartridge. Five ppm is half a percent of
breakthrough when the test concentration is 1,000. Ammonia is tested with 1,000 ppm of
ammonia and minimum life occurs at 50 ppm of penetration. This would be five percent
breakthrough [2]. However, procedures for testing FFR-ACSs for organic vapor removal
are not published. Furthermore, there are no specifications for when FFR-ACs fail a
bench test for vapors or gases.

Many people work in environments with low, nuisance level, concentrations of
organic vapors. Since exposure limits are not exceeded for general job tasks, the
employees may not be required to wear a respirator even if the employer has a respiratory
protection program. Data suggests that even low concentration exposures to different
vapors can cause a range of adverse health symptoms. These symptoms may include
irritation, headaches, and mental stress from the fear of exposure [3-5]. By evaluating the
effectiveness of FFR-ACs, it may be possible to provide a convenient protective device to

help eliminate the symptoms associated with nuisance level vapors.

Key Organic Vapors and Hazards

Volatile organic compound (VOC) is a term used to classify a wide range of
chemicals and compounds that develop vapors in the atmosphere when they evaporate.
By convention, an organic vapor must contain carbon, but to be classified as a VOC the

compound must have a high vapor pressure at room temperature, or a boiling point less



than 482 °F [6]. VOCs can also contain varying levels of hydrogen, oxygen, fluorine,
chlorine, bromine, sulfur or nitrogen[7]. Many VOCs are produced as a result of
combustion, or evaporation from solvents, paints, and glues. Depending on the structure
and composition of VOCs, VOCs can elicit symptoms from minor irritation to cancer,
and even react in the atmosphere to produce hazardous secondary pollutants; such as
ozone. Classic examples of VOCs include gasoline, benzene, formaldehyde, toluene and
perchloroethylene [6]. Several common occupational exposures to VOCs include acetone
from nail salons and perchloroethylene from dry-cleaning operations (Table 2). The EPA
splits VOC:s into three categories; very volatile, volatile, or semi-volatile. Very volatile
VOCs have a boiling point range of less than 212 °F. Volatile organic compounds have a
boiling range between 212-500 °F and semi-volatile organic compounds have a boiling
range from 500-752 °F [6, 8].

According to the PubChem Compound Summary for acetone, acetone is a
colorless, volatile, and flammable organic liquid solvent [9]. Acetone has a molecular
weight of 58.08 g/mol and a vapor pressure of 180 mm Hg at 68 °F. The mechanism of
action for adverse health effects occurs when ketone body production exceeds the
degrading capacity of the body. The accumulation of ketone species in the body may
cause pH imbalances. In 2005 the United States produced 1,991 metric tons/year of
acetone. The ACGIH TLYV for acetone is 250 ppm, and the lethal inhalation concentration
for 50 percent of rats is 76 mg/l. Acetone is not listed by IARC, or any other agency, as a
carcinogen. Acute and delayed symptoms include headache, dizziness, tiredness, nausea,

vomiting, and possibly pulmonary edema. At high concentrations there is evidence of



environmental damage [9, 10]. The Comprehensive Environmental Response
Compensation and Liability Act lists acetone as a hazardous substance [11, 12].
Perchloroethylene is a colorless, nonflammable liquid, with a sweet scent.
Synonyms for Perchloroethylene include tetrachloroethylene, PCE, or “Perc”. Percis a
VOC with a molecular weight of 165.8 g/mol and a vapor pressure of 14 mmHg [13].
Perc is commonly used in dry cleaning and degreasing operations, as well as; an
intermediary agent to produce many other products, such as rubber and adhesives. Acute
exposure to Perc causes central nervous system depression, leading to unconsciousness or
death. Additional high concentration (>100 ppm) acute health effects include fluid build-
up in the lungs and eyes, respiratory irritation, breathing difficulty, sweating, nausea,
vomiting, headache, dizziness, sleepiness, confusion, difficulty speaking, walking, and
lightheadedness. Exposures to lower concentrations (<100 ppm) cause dizziness,
inebriation, sleepiness, and irritated eyes, nose, mouth, throat, and respiratory tract [14].
Perc is listed as a Group 2A — “Probably Carcinogenic to Humans” chemical. There is
limited evidence that Perc causes esophageal cancer, cervical cancer, and non-Hodgkin
lymphoma. Chronic exposure can damage liver and kidneys, cause respiratory failure,
memory loss, confusion, and dehydration of skin. There is evidence that Perc is a
teratogen. The OSHA PEL is 100 ppm with a maximum peak of 300 ppm and no NIOSH
REL [14]. In the environment Perc breaks down very slowly causing it to be transported
long distances. The half-life of Perc in the air is 100 days. Ground and water releases of

Perc are slowly degraded and evaporates readily [15].



Ammonia

Although ammonia is not a VOC it is a highly volatile occupational hazard that
effects people using fertilizers, cleaning products, and anywhere humans or animals are
concentrated in large numbers [16]. FFR-AC use in workplaces with ammonia could
extend protection to many employees in the agriculture industry. Ammonia’s low
molecular weight and high volatility would make it a difficult vapor to capture on
activated carbon, so ammonia serves as a worst-case vapor when using FFR-ACs.
Ammonia is also a polar compound and carbon is not so the ammonia will not dissolve
readily in carbon [17].

Ammonia is a colorless alkaline gas and is a product of metabolism. It is
composed of hydrogen and nitrogen, polar, and is characterized by a sharp, pungent odor.
Ammonia is irritating to the skin, eyes, nose, throat, and lungs. Ammonia is associated
with sinusitis, upper airway irritation, and eye irritation. It also causes diseases in the
lower airways. Ammonia is a neurotoxin that affects astrocytes, disturbs mitochondrial
function, and causes oxidative stress [16]. It is formed in most tissues of living organisms
and is the most common endogenous neurotoxin. Ammonia damages the glutamatergic
and GABergic neuronal system. Ammonia is the main agent in the pathogenesis of
hepatic encephalopathy and is produced in the body by splitting urea and other amino
acids, primarily glutamine [18]. Ammonia is stored in many parts of the body. Ammonia
IS associated with Alzheimer’s patients and it is the integral modulator of lysosomal
protein processing. Ammonia is corrosive, acutely hazardous to the aquatic environment,
and has specific target organ toxicity [18]. The molecular weight of ammonia is 17 g/mol
and has a vapor pressure of 115 mmHg at 68 °F [19]. The LDso is 350 mg/kg for rats.

Ammonia is readily degradable in the environment and must be disposed of separately
5



from normal garbage. The OSHA PEL is 50 ppm and the REL is 25 ppm. Under the toxic
substances control act (TSCA) and Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA) acetone is a hazardous waste, however; it is
not listed to cause cancer [12].

Since ammonia is not a VOC activated carbon is not the traditional method for
adsorption. According to OSHA’s Sampling and Analytical Method for ammonia,
ammonia should be sampled using carbon beads impregnated with sulfuric acid [20].
NIOSH methods require sulfuric acid-treated silica gel samplers for ammonia [21].
Sulfuric acid is effective at collecting ammonia because sulfuric acid reacts with
ammonia to form ammonium sulfate, which is collected by the media [20]. Since
ammonia and water have unshared electron they are very polar and dissolve in other polar

compounds [22].

Volatile Organic Compounds Occupational Trends

VOCs are emitted from natural and anthropogenic sources, and it is estimated that
anthropogenic sources of VOCs release about 142 tera-grams of carbon into the
atmosphere [23]. Due to the wide range of compounds that are included in the VOC
category, VOCs are found in glues, paints, and solvents [24]. However, hydrocarbons
from energy production are a main source of VOCs in the atmosphere [25]. Because of
their ubiquitous nature and range of applications, employees are commonly exposed to
VOCs when working with glues, solvents, paints, and petroleum products. Employees
with a history of exposure include nail salon technicians and dry cleaners (Table 2).

According to Statista, a market research and business intelligence group, there

were 69,738 nail salons in the US in 2016 [26]. The estimated number of employees in



this industry are 379,948 [27]. The University of Massachusetts Lowell conducted an
exposure assessment of Nail Salons in Boston and found most nail salons perform four
main tasks, each with their own chemical hazards [28]. Nail polish contains of host of
chemicals including alcohol, acetone, toluene, xylene, nitrocellulose, acetate,
formaldehyde resin, and titanium dioxide. Polish removers contain acetone and acetate.
Artificial nails include polymers, hardeners, primers, and dehydrators, which include
chemicals such as methacrylate, methacrylate acid, and methyl ethyl ketone [28]. Nail
hardener contains formaldehyde. 95% of these salons had no local exhaust ventilation.
However, all salons had some type of general dilution ventilation. The study then looked
at 22 salons throughout a three-month period in the Greater Boston area. The study
reported acetone concentrations at 10 ppm [28]. A poster presented at Brandeis
University studied chemical exposures in 15 nail salons in the Boston area. Colorimetric
tubes were used to estimate airborne concentrations of chemicals. The average personal
acetone concentration for this study was 15.97 ppm with a maximum concentration at
66.67 ppm [29]. Colorimetric tubes may not produce extremely accurate results because
tubes are about £ 20% accurate, have a short shelf life, and are often subject to
measurement bias [30].

Researchers in another study interviewed 159 subjects in 120 nail salons in Korea
[3]. Controls were interviewed and selected from a cohort of office workers. Based on
survey results the nail salon workers had significant (p<0.01) adjusted odds ratios (OR’s)
for subjective respiratory or neurologic symptoms compared to controls for headache
(OR, 9.3; confidence interval [CI], 4.7 to 18.2), dizziness (OR, 3.6; Cl, 1.7 to 7.5), nose

irritation (OR, 54; CI, 21.6 to 134.8), throat irritation (OR, 4.3; Cl, 2.2 to 8.5), and cough



(OR, 5; Cl, 2.2 t0 11.8) [3]. This study also looked at working conditions and found that
79% of surveyed salons had either closed or no windows at all for natural ventilation and
98% of salons had no local exhaust ventilation. Respirators were used in 15.7% of nail
salons [3]. A study conducted by the American Industrial Hygiene Association listed
Acetone as the 14" most common chemical pollutant found in indoor air [31]. Several
other acetone concentration studies are shown in Table 2.

According to data provided by the business analysis group, IBISWorld, there are
currently 36,730 dry cleaners in the US. These dry cleaners employ 147,936 employees
and have a revenue of $9 billon [32]. Researchers analyzed occupational exposure to
perchloroethylene in dry cleaning operations [33]. Field surveys were conducted at 67
locations where it was found that closed system operations had an average
perchloroethylene concentration of 28.3 ppm, whereas; open systems had time weighted
averages of 86.6 ppm [33]. Another study characterized employee exposures to volatile
organic compounds in dry cleaning stores [34]. This study population included 24 dry-
cleaning operations in France and contained 70 employees. Employees worked around
dry-cleaning operations for a minimum of 3.5 hours during the study. The average
concentration of Perc measured was 7 ppm, with a range of 0.22 ppm to 33 ppm [34]

(Table 2).

Ammonia Occupational Trends

Much of ammonia’s occupational exposure stems from urine. Ammonia is a
major constituent in urine because of biological reactions in many organs and it also
plays a vital role in cellular homeostasis and is excreted in urine and exhaled breath [35-

38]. As a result, livestock farmers are at risk of ammonia exposure.



According to research from the International Livestock Research Institute,
livestock operations occupy 30% of terrestrial land [39]. The global asset value for
livestock is about 1.4 trillion dollars, employing 1.3 billion people [40]. The Food and
Agriculture Organization of the United Nations lists the worldwide number of live
animals as of 2014. Chicken production was 21,409,683, goat production was
1,011,251,833, cattle production was 1,474,526,581, and swine production was
985,673,301 [41].

In 2001 a European study completed a survey of respiratory symptoms in
European animal farmers [5]. This study used a questionnaire and home visits to
characterize health effects in farmers in Denmark, Germany, Switzerland, and Spain.
This study found that among farmers of cattle, pigs, poultry, and sheep; pig farmers had
the highest risk of work-related symptoms of exposure. There was a dose-response
relationship between shortness of breath, cough, flue-like illness and the length of time
inside animal confinement buildings. The self-reported number of farmers with nasal
allergies resulted in an odds ratio of 3.92 and a 95% confidence interval of 3.26-4.71.
Nasal irritation was reported as an odds ratio of 3.98 and a 95% confidence interval
between 3.35-4.73 [5]. In 2000, a team of researchers used a Draeger™ and pHydrion™
test strips to measure ammonia concentrations in a swine barn [42]. Both of these
methods use colorimetric technology to approximate quantitative value. This study found
ammonia concentrations to have an average of 12.05 ppm [42]. J.W. Childers and his
team used open-path spectrometry to analyze multi-pollutant concentrations around
swine production facilities [43]. They found that there was an average ammonia

concentration at 0.57 ppm ammonia at the sample location [43]. In 1998, a survey of



several countries in Europe found that poultry production had the highest average
concentration of ammonia at 14.8 ppm, swine was second at 10.03 ppm, and cattle was
last with an average concentration of 3.9 ppm [44] (Table 2). A 2013 study evaluated
concentrations of ammonia inside a swine farrowing room [45]. VRAE multi-gas meters
(RAE Systems, San Jose, Calif.) were used to measure ammonia concentrations at a fixed
station and mapped throughout the building. The fixed station method positioned
instruments at seven locations throughout the farrowing room, measuring daily
concentrations. The mapping method required a technician to wear sampling instruments
for 90 minutes, spending 2 minutes at each of the 43 predetermined sampling locations.
Overall mean concentrations were calculated from three, 90-minute sample averages per
day. Sampling was conducted for 3 days with exhaust fans on and 2 days with exhaust
fans off (n=15). Using the fixed station method, the mean concentration for ammonia
with the fan on was 3.9 ppm and 8.4 ppm with the fan off. Using the mapping method,
the mean concentration for ammonia with the fan on was 1.2 ppm and 0.74 ppm with the
fan off [45]. Ammonia concentrations found is this study are similar to several other
studies that have been published on ammonia in livestock buildings (Table 2). When
ammonia concentrations exceed exposure limits of 25 ppm, recommended exposure limit
(REL), 35 ppm, short term exposure limit (STEL) or 50 ppm, permissible exposure limit
(PEL) employers are required to provide respiratory protection. Due to ammonia’s irritant

properties the STEL is the more relevant limit.

Filtering Face-piece Respirators

Filtering Face-piece Respirators come in wide range of styles and desired

performance characteristics, however; the most common FFRs used in industry are
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certified respirators. These are typically rated as N, R, or P for non-oil, oil-resistant, or
oil-proof, respectively. NIOSH respirators are also assigned a numerical value based on
the filtering efficiency of the respirator, so a common FFR is given a rating of N95
meaning it is applicable for non-oil operations and should filter at least 95% of all
particulates [46]. A study published in 2008 evaluated FFR performance of N95 and
P100 FFRs against nanoparticles [47]. When testing these respirators, NIOSH requires
that N-series respirators be tested with polydisperse NaCl aerosols with a median
diameter of 75 nm. R and P-series respirators are tested against dioctyl phthalate aerosols
with a median diameter of 185 nm. Testing is completed using a flow rate of 85 L/min
through the FFR. The N-series respirators contain electrostatic fibers, and particles of 50
nm are the most common size to penetrate through the respirator. Data also show that R-
and P-series respirators behave similarly [47].
Activated Carbon Impregnated FFRs

Typical FFRs are worn to protect employees from particulates but adding a
carbon layer may expand their use to vapors as well. Activated carbon is made from hard
wood, coconut shells, coals, and fruit stones. Activated carbon is produced from physical
reactivation or chemical activation [48]. Physical reactivation is completed by pyrolyzing
the carbon content at temperatures between 1,112-1,652 °F, in an oxygen deficient
atmosphere, or by exposing the carbon material to an oxidizing atmosphere at 1,112-
2,192 °F [48]. Chemical activation uses impregnation with acids followed by
carbonization at temperatures of 842-1,652 °F. Chemical activation is preferred because
there is a lower energy input, but certain elements such as zinc may remain on carbon as

a residual product from activation [48]. When the carbon is activated, it becomes
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extremely porous. The porosity increases the surface area to which contaminants can
attach. One gram of granular activated carbon can have a surface area of between 500-
3000 square meters, with most of the surface area available for adsorption of gasses and
vapors [49].The surface area of activated carbon is determined through nitrogen
adsorption. However, carbon is also special because the pores contain strong van der
Waals forces, because of the closeness of carbon atoms, and the adsorbing material can
contact several surfaces at once. The van der Waals forces attract contaminants and hold
them onto the adsorbent material [48].

Activated carbon can be incorporated into typical FFRs without a cartridge. There
are many studies that have evaluated the efficiency of organic vapor cartridges, but these
cartridges require reusable respirators. The study presented in this manuscript is focused
on disposable respirators with layers of activated carbon between the filter media instead
of a cartridge with activated carbon. A google search for activated carbon masks returns
more than 50 results from a range of unregulated vendors. In addition, there are many
activated carbon respirators approved by the National Institute of Occupational Safety
and Health (NIOSH), including; seven offered by 3M, six from Moldex, four from
Honeywell, and one from Miller Electric. Styles range from flat-fold (nonrigid edge),
molded (rigid edge), exhalation valves, no exhalation valve, dual straps, single straps,
adjustable straps, non-adjustable straps, full face seal, partial face seal, no face seal, nose
clip, and neoprene respirators with activated carbon inserts [50-52]. Personal lab work
has also identified that some respirators have a thin layer of activated carbon material
while other respirators incorporate activated carbon granules. These characteristics

influence the ability of the respirator to remove vapors from the air.
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Direct-Reading Instruments for Organic VVapors

Photoionization detectors (PIDs) are direct reading instruments that can measure a
wide range of chemical compounds in the VOC spectrum. PIDs can quantify chemical
concentration down to the parts per billion range and work by measuring the voltage
generated by the ionization of a desired compound. An internal lamp is used to ionize
incoming compounds. Lamps are either 9.8 eV or 10.6 eV. The 9.8 eV lamp has a range
of 0.01 ppm to 5,000 ppm and a resolution of 10 ppb. The 10.6 eV lamp has a range of 1
ppb to 10,000 ppm and a resolution. The 10.6 eV lamp is the standard lamp and is the
necessary lamp to measure ammonia, acetone, and perchloroethylene. When the
compound is ionized by the lamp, it releases a charge that is converted into concentration
[53]. The idea is that the stronger the charge, the higher the concentration. PIDs are
calibrated by exposing the monitor to a known concentration and setting the monitor
voltage to the calibration concentration. This is called a “Span Calibration”. Newer PIDs
are becoming more advanced and contain libraries of chemicals. When it is known that
the air being sampled contains a single chemical, the monitor can adjust for the desired
chemical. This adjustment is a computation of a correction factor and environmental
conditions, such as temperature and humidity, which alter the measurement [53].
Correction factors are published by the manufacturer for instruments and are based on
analytical results for the instrument’s ability to measure each specific chemical. For
example, a correction factor of 2 means the instrument will underestimate the true
concentration by half. When the correction factor is applied, for a given chemical, a
concentration of 5 ppm now becomes the correct level of 10 ppm, given calibration of

the device to a given compound [53].
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Literature Shortcomings

Organic Vapors

Many studies have been published eluding to the fact that employees in nail
salons, agriculture, and petrochemical production all have potential nuisance level
exposures. When exposed to organic vapors above exposure limits, employees typically
wear a half-face or full-face respirator with an activated carbon cartridge, but until the
occupational limit is exceeded no protection is typically used. A pilot study conducted by
NIOSH evaluated the effectiveness of three NIOSH certified FFR-ACs [54]. They chose
an N95, R95 and P95 respirators. Each of these respirators are 95% efficient at removing
particulates. Respirators were exposed to a VOC concentration of 20 ppm for benzene,
xylene, and toluene. This study developed breakthrough curves for each respirator.
NIOSH determined that benzene, toluene, and xylene are absorbed by each respirator.
The breakthrough curves indicate the percentage of vapor behind the filter media
compared to the concentration in the exposure chamber over the time period in which air
containing a VOC flows through them [54]. For the NIOSH study, breakthrough was the
point at which 10% of the challenge concentration passed through the respirator. There is
no standard method for determining breakthrough of vapors through a FFR. As NIOSH
indicated in their study, the concern with these respirators is that the carbon bed is only a
few millimeters thick and only contains a few grams of carbon granules. For a 3M 8247
respirator (N95 OV relief, no exhalation valve), benzene had the quickest breakthrough at
66 minutes, toluene at 96 minutes, and xylene at 111 minutes [54]. However, the curves
for the 3M 8247 respirator also show 50% breakthrough at times of about 140 minutes,
200 minutes, and 275 minutes for benzene, toluene, and xylene respectively. The NIOSH

study claims that inconsistent packing and distribution of carbon within the respirator
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may cause deviations in breakthrough curves. The study concludes that nuisance level
organic vapor respirators may be applicable for reducing exposures to organic vapors
found from medical procedures. NIOSH states that additional research on FFR-ACs is
necessary [54]. Breakthrough times indicate the ability of the respirator to protect
employees over time is dependent on molecular characteristics of the vapor, because
breakthrough times increase with lower weight and higher vapor pressure compounds.
This concept is expressed in this study because the reported breakthrough times increased
from benzene, to toluene, to xylene which is the order of decreasing molecular weight
and increasing vapor pressure for these three chemicals.

The conditions of the NIOSH study were limited to one concentration and three
particulate certified respirators. There have been no studies looking at non-certified
respirators, changes in time to breakthrough with increasing concentrations, and the
ability for carbon to adsorb non-organic vapors.

Ammonia

Ammonia exposures have been published and adsorption characteristics for
ammonia with sulfuric acid have been published, but it is unknown if an FFR-AC could
provide any ammonia protection. A 2004 study evaluated the breakthrough curve of
ammonia through a fixed bed of activated carbon [55]. This study passed a known
concentration of ammonia through the media and then analyzed the mass of ammonia
collected onto the carbon. The study looked at the breakthrough curves of ammonia from
concentrations in the range of 600-2,400 ppm. At these concentrations 100%
breakthrough occurred after about one hour [55]. Concentrations of 600-2,400 are not

relevant to occupational exposures and would require a full-face respirator, but if a fixed
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bed can remove ammonia for 1-hour at these concentrations, a FFR may be able to
remove ammonia at concentrations below OELSs.

By evaluating the efficiency of these FFR-ACs it may be possible to establish
convenient respiratory protection for employees at concentrations below exposure limits.
Many industrial sites have a respiratory protection program for specific tasks with
documented exposures above exposure limits, so it would be easy for most companies to
incorporate FFR-ACs into their work sites. FFR-ACs are valuable because they are
cheaper than conventional respirators and are much more convenient to manage. FFR-
ACs can be discarded after use and do not require washing or maintenance. They are
donned quickly and can be utilized in a similar fashion as safety glasses and ear plugs.
FFR-ACs could provide protection and ease of mind for employees conducting routine
tasks with potential exposures below exposure limits.

New technology has been developed, and now people can purchase disposable
FFR-ACs for daily activities. These FFR-ACs work by implementing a thin layer of
carbon granules or carbon fabric within the matrix of the respirator material. Carbon
based cartridges have been used and highly studied for the application of half-face and
full-face respirators, but the thickness of the carbon layer is several centimeters thick
versus a few millimeters for the FFR-ACs. So, how effective are disposable FFR-ACs at
removing ammonia and VOCs from the air in occupational settings and could employers
use these respirators to protect employees from low concentration, nuisance-level

exposures?
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Research Objectives

Before the use of FFR-ACs can be recommended for occupational use, the
capabilities of this type of respirator to protect employees under various ambient air
conditions (temperature, humidity, and concentration) and exposure levels must be
characterized. The following study objectives were completed to obtain the information
needed to perform this evaluation:

1) determine whether breakthrough times differ between two commercially available
non-certified FFR-ACs and one certified FFR-AC when exposed two VOCs;

2) determine whether ambient humidity decreases organic vapor breakthrough time;

3) determine if FFR-ACs can protect workers from ammonia gas;

4) determine if human breathing through and FFR-AC influenced breakthrough time

relative to results obtained with lab trials which did not include cyclic breathing.
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Table 1. Cartridge Bench Tests and Requirements per CFR regulation.

Test Atmosphere
Gas or Concentration Flowrate Number of Penetration® Minimum life?
Cartridge Test conditon |Vapor (ppm) (Lpm) tests (ppm) (min)

Ammonia As received NH, 1000 64 3 50 50
Ammonia Equilibrated NH, 1000 32 4 50 50
Chlorine As received Cl, 500 64 3 5 35
Chlorine Equilibrated Cl, 500 32 4 5 35
Hydrogen

chloride As received HCL 500 64 3 5 50
Hydrogen

chloride Equilibrated HCL 500 32 4 5 50
Methylamine  [As received CHs, NH, 1000 64 3 10 25
Methylamine Equilibrated CHs, NH, 1000 32 4 10 25
Organic Vapors |As received ccl, 1000 64 3 5 50
Organic Vapors |Equilibrated ccl, 1000 32 4 5 50
Sulfur dioxide |As received SO, 500 64 3 5 30
Sulfur dioxide |Equilibrated  |SO, 500 32 4 5 30

! Minimum life will be determine at the indicated penetration

\Where a respirator is designed for respiratory protection against more than one type of gas or vapor, as for use in ammonia and in
chlorine, the minimum life shall be one-half that shown for each type of gas or vapor. Where a respirator is designed for respiratory
protection against more than one gas of a type, as for use in chlorine and sulfur dioxide, the stated minimal life shall apply.

*Adapted from 42 CFR part 84, subpart L
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Table 2: Field assessments of common VOCs and associated exposure limits.

Study Contaminant Average Measured Concentration, N Limit
(ppm)
Back etal,, 2013 Acetone 159 15 1000 ppm- OSHA, 250 ppm- TLV
C. Roelofs and T. Do, 2012 Acetone 10 1000 ppm- OSHA, 250 ppm- TLV
Tsigonia et al., 2009 Acetone 0 7 1000 ppm- OSHA, 250 ppm- TLV
Park, Gwak, and Choi, 2014 Acetone 0.07 k) 1000 ppm- OSHA, 250 ppm- TLV
Quach et al,, 2011 Acetone il 3 1000 ppm- OSHA, 250 ppm- TLV
Reeve, Peters, Anthony 2013 Ammonia 36 15 50 ppm- OSHA, 25 ppm- NIOSH
Wathes, Demmers, Xim, 2003 Ammonia 10.03 (swine), 3.9 (cattle), 16,17, 50 ppm- OSHA, 25 ppm- NIOSH
148 (poultry) 9
Dewey, Cox, Leyenaar, 1998 Ammonia 12,05 380 50 ppm- OSHA, 25 ppm- NIOSH
Donham, Popendorf Ammonia 24.85 Iy 50 ppm- OSHA, 25 ppm- NIOSH
Lucas et al, 2001 Perchloroethylene 7 70 100 ppm- OSHA
Materna, ML, 1985 Perchloroethylene 282 67 100 ppm- OSHA
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Chapter 11: Breakthrough Analysis of Disposable Respirators for Organic Vapor
and Ammonia

Introduction

Nuisance level chemical exposures are exposures that do not exceed Occupational
Exposure Limits (OELSs), and therefore are less likely to be controlled. Since nuisance
level exposures often go uncontrolled, employees are subjugated to minor health
symptoms. Nuisance level organic vapors have the potential to affect employees in many
industries. As a result, there have been many studies characterizing exposures to organic
vapor, for example, in the dry-cleaning industry and in nail salons [3, 29, 33, 34, 56]. In
addition, ammonia has been identified as a common nuisance contaminant in agriculture
operations. Ammonia hazards typically result from animal production operations with
poor ventilation [5, 43, 44].

There are many products that contribute to organic vapor exposures. In cases of
nuisance level organic vapor exposure, the contaminants are typically generated from the
volatilization of compounds used during the process, such as; glues, paints, adhesives,
pesticides, petroleum, and solvents [25]. These nuisance level exposures can cause
symptoms in people handling these products.

Studies conducted in nail salons have determined that employees suffer from minor
symptoms such as dizziness, cough, headache, and respiratory irritation [3].
Perchloroethylene (“Perc”, CAS No. 127-18-4) has been found to cause respiratory
irritation, breathing difficulty, sweating, nausea, headache, dizziness, sleepiness,
confusion, and lightheadedness [7]. Perc is also listed as a group 2A carcinogen [7].

In livestock production, ammonia is generated as an off-gas from liquid animal

waste; typically, urine. Ammonia is a common byproduct of metabolism and is typically
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excreted in urine, allowing ammonia vapor to occupy working environments inside
confinement operations [16]. Exposure to ammonia has been found to cause irritation to
the skin, eyes, nose, throat, and lungs. Ammonia is a neurotoxin that affects astrocytes,
disturbs mitochondrial function, and oxidative stress. Ammonia damages the
glutamatergic and GABergic neuronal system. Ammonia is linked to hepatic
encephalopathy. Ammonia is associated to the onset of Alzheimer’s [18].

It is important to characterize occupational exposures in the workplace to quantify
employee risk and identify control needs. Workplace contaminants can be measured
using direct-reading instruments. Photo lonization Detectors (PIDs) are common direct
reading instruments that can quantify both organic compounds and several inorganic
compounds, like ammonia. These instruments allow hazardous environments to be
identified quickly and accurately.

Controlling workplace exposures will reduce the risk of negative health outcomes
among employees. In situations where engineering controls are not feasible, respirators
can protect employees from exposures. Using respirators requires the employer to
implement a written respirator protection program, fit testing, and maintenance of the
respirator.

Disposable filtering face piece respirators (FFRs) have been implemented in a
wide variety of workplaces where employees are exposed to particulates. Likewise,
activated carbon cartridges have been used as a part of a respirator for decades to purify
volatile organic compounds (VOCs) from air. As a result, manufacturers have begun
making FFRs with activated carbon (FFR-AC). These respirators are marketed to control

nuisance level organic vapors, such as acetone, perchloroethylene, benzene, and toluene.
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FFR-ACs could increase the ability and ease by which people are protected from
nuisance level organic vapors, but only if the carbon layer is effective at removing the
contaminants from the air. Nuisance levels of exposures are documented for acetone in
nail salons [3, 4, 28, 29, 56, 57], perchloroethylene in dry-cleaning operations [33, 34],
and ammonia in livestock operations [42, 45, 58, 59]. This research aims to answer the
question of whether FFR-ACs are useful in these environments.

Disposable FFR-ACs have the potential to protect employees from nuisance levels
of hazardous vapors in the workplace. According to a NIOSH study, three FFR models
provided protection to 10% breakthrough for benzene for one hour, two hours for
toluene, and two and a half hours for xylene [54]. The article explains that the thin bed of
carbon, a few millimeters thick and a few grams of carbon, may lead to fast or immediate
breakthrough times. Where nuisance levels of VOCs exist, a range of styles of FFR-ACs
are available and would be easier to implement in a workplace because only a voluntary
respiratory protection program is necessary, no maintenance is required, they can be
stored near areas needed and are less cumbersome to wear. However, there is limited
research on available styles of FFR-ACs, to determine their effectiveness at reducing
contaminant levels for users.

FFR-ACs are currently used in industry to minimize odors and are recommended
for nuisance organic vapors that are under OSHA and NIOSH exposure limits. Nuisance
levels may still produce toxicological effects, especially when the vapor is carcinogenic
[54]. Many people are currently using FFRs with and without nuisance level relief, but

are unaware of VOC breakthrough times.
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Non-certified respirators advertising nuisance organic vapor relief have not been
evaluated to determine their effectiveness. In addition, breakthrough times change when
humidity increases, and for organic vapors ranging from high volatility to low volatility.
Employers must understand these breakthrough times so that a changeout schedule can be
determined. The objectives of this research were to determine: (1) if breakthrough times
differ between non-certified and certified commercially available FFR-ACs when
exposed two VOCs; (2) whether ambient humidity decreases breakthrough time; (3) if
FFR-ACs are capable of protecting workers from ammonia gas; and (4) if human
breathing through and FFR-AC had an effect on breakthrough time relative to results
obtained with lab trials which did not include cyclic breathing. The objectives were
tested, in part, by exposing FFR-ACs to nuisance level concentrations of vapors and
ammonia gas in an exposure chamber while recording breakthrough times.

Methods
Laboratory Procedures
FFR-AC Selection

FFRs come in a range of styles, with many non-certified options. Certified
respirators are tested and approved by the National Institute of Occupational Safety and
Health (NIOSH) and must meet established criteria to remove particulates from the air.
Three styles of respirators were chosen to encompass most of the available style options
for FFR-ACs on the market. The first respirator used was a certified 3M respirator
(Model 8514, 3M Company, Maplewood, Minn.). This respirator had a nose cone, rigid
edges, and an exhalation valve. The “surgical mask™ (Part 1330737, Nice Systems,

Ra’anana, Israel) was a mask without rigid edges, no nose cone, and no facial contouring.
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The “RZ mask” (Model M1, RZ Mask, Burnsville, Minn.) was a neoprene mask with a
nose cone and soft edges, with improved facial conformity compared to the surgical
mask. The RZ mask is reusable with disposable carbon inserts. Neither of these masks
were certified.
Equipment Set-Up

The FFR testing system included a vapor mixing chamber and an exposure
chamber (Figure 1). To generate vapors, solvent liquid was placed in a test tube (9 mL)
inside a generation chamber (11.7 L) or flask (125 mL) (perchloroethylene). Carrier air
flowed through the mixing area and into the exposure chamber (57.7 L) at 0.1 liter per
minute (LPM) to 5 LPM, adjusted to maintain steady state conditions in the exposure
chamber of 15 ppm or 50 ppm. Concentrations of 15 ppm and 50 ppm were standardized
to achieve similar mass per time exposures across all contaminants and because these
values represented the range of nuisance level exposure documented in literature.

Test air passed into the Plexiglas exposure chamber. This chamber had two
ventilation holes in the sides to allow dilution ventilation to enter the chamber. There was
a fixed connection on one side of the chamber that allowed the dilution pump to pull air
out of the chamber.

To ensure accurate evaluation of filter media, a representative section of each
respirator was sealed between two hollow cylinders known as the pass-through column
with an inner diameter of 1.06 inches (Figure 2). The custom made pass-through column
was placed inside the exposure chamber, next to a mixing fan. The pass-through column
was created in-house, specifically for our purpose and included two 2 inch diameter

hollow cylinders, mounted on two supports. The bottom of the top cylinder contained a
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groove for an “O” ring to provide a seal between the filter material and the two cylinders.
On the top of the cylinder was a metal plate. Bolts passed up through the base of the
column and through the metal plate at the top, so that wing nuts could be tightened,
bringing both cylinders together, holding the filter material firmly between the top and
bottom cylinders and providing an air-tight seal between them. Two holes were drilled
through the bottom cylinder so that tubing could be connected to the VOC sampling
device and another pump, to achieve the desired air flow through the entire column.

For humidity trials, the system remained the same except that another tube was
connected to a previously sealed inlet in the top of the exposure chamber. Humidity was
generated by placing a submersible aerator in a heated, sealed beaker of deionized water.
Water vapor was flowed out of the beaker, through a tube with heat wrap and into the
exposure chamber. Air flow into the system, dilution flow, and humidity flow were all
measured with a rotameter and adjusted as needed to achieve the desired challenge
conditions.

Trial Flow Rates

Trial flow rates were based on breathing rates for occupations with an assumed
worst case metabolic rate of moderate intensity. The American Conference of
Governmental Industrial Hygienists (ACGIH) defines moderate metabolic rates as
“sustained moderate hand and arm work, moderate arm and leg work, moderate arm and
truck work, or light pushing and pulling. Normal walking” [60]. Most work conducted at
nail salons, dry cleaners, and animal production operations should fall under this
definition or a lower metabolic rate. Based on a 2005 study, moderate respiratory flow

rates (40% work rate) were measured to be about 30 LPM [61]. The EP also compiled
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data from a number of sources and found inhalation rates of 22 LPM to 29 LPM for
people age 16 to 81 years old[62]. Inhalation rates are the average flow rate throughout
the inhalation cycle [61, 62]. Using 30 LPM as total air flow through a respirator, the
superficial face velocity through the 1.06 inch cylinder was calculated from the ratio of
the respirator surface area and the diameter of the cylinder. Superficial face velocities
were between 0.99 and 1.09 LPM. The superficial face velocity is the fraction of total air
flow through the entire respirator that would pass through the test filter material
(Appendix A).
Sampling Equipment

Three PIDs were used in this study to quantify airborne concentrations. All three
were made by Rae Systems Inc. A PPB Rae 3000 (Rae Systems, San Jose, Calif.) with a
10.6 eV lamp was used to quantify the downstream or “behind-the-mask™ concentrations
for all contaminants. A ToxiRae Pro PID (Rae Systems, San Jose, Calif.) was used to
measure the VOC chamber concentration to ensure steady state conditions were met
(upstream). A second ToxiRae Pro (Rae Systems, San Jose, Calif.), configured with an
electrochemical NHs sensor (P/N C03-0950-000), capable of measuring from 0 ppm to
100 ppm, was used to measure the ammonia concentration inside the chamber
(upstream). Instruments were calibrated each day following the manufacturers
recommendations. VOC monitors were zero calibrated and two span calibrations, one at
20 ppm isobutylene (P/N 105L-248-100, Gasco, Oldsmar, Florida) and one at 100 ppm
isobutylene (P/N 103L-248-20, Gasco, Oldsmar, Florida). Zero air was ambient air in the
lab, away from any contaminants. Ammonia instruments were calibrated with 25 ppm

ammonia (P/N 34L-411, Gasco, Oldsmar, Florida). Calibrations and bump testing are

26



integral to ensuring accurate measurements. Regressions analyses were completed
between instruments by exposing instruments to the same range of contaminant
concentrations without filter media in place. The regression equation between the two
data sets was computed from Microsoft Excel and allowed for correction of drift between
instruments. During trials, the test contaminant was chosen from the PID’s chemical
library. Changing the measurement gas on the PID allowed the instrument to apply
contaminant specific correction factors for each contaminant.

Calibration curves were also generated between the PPB Rae and the ToxiRae to
ensure that measurement values between the two instruments coincided. Initial side-by-
side measurements were recorded by running a trial without filter material through a
range of concentrations. The measured concentrations for each instrument were plotted
against each other and a regression analysis was performed. Whenever the experimental
treatment changed, a new calibration curve was generated. Frequent side-by-side
comparisons allowed for the accounting of differences between two PIDs in the same
system. The ToxiRae was placed at the inlet to the column to measure the chamber
concentration passing through the column. On the outlet side of the column one tube was
connected directly to the PPB Rae 3000 sampling at 0.5 LPM and another tube was
connected to a personal sampling pump (Model 4140, Sensidyne, St. Petersburg, FL) to
provide necessary air flow through the column to achieve the superficial face velocity of
1 LPM. Personal sampling pumps were calibrated to 0.5 LPM, daily, using a tetraCal air

flow calibrator (Mesa Labs, Butler, New Jersey).
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Data Collection

Based on occupational trends and exposure limits, steady state concentrations of
15 ppm and 50 ppm were generated in the exposure chamber for acetone and ammonia.
Perchloroethylene breakthrough was evaluated at a steady state concentration of 50 ppm.
Humidity trials were conducted with acetone and perchloroethylene at 95% relative
humidity and 50 ppm. Three trials were completed for each vapor at each concentration
and relative humidity with the 3M 8514 respirators (n=21) (11 respirators). Only two
trials were completed for each vapor at each concentration for the “surgical” and
“hunting masks” (n=12,12). Temperature and humidity were recorded during each trial
but were not controlled. Carrier air into the exposure chamber and dilution air were
adjusted to achieve the desired concentrations. Trials were conducted for four hours, or
until chamber concentrations equaled respirator concentrations (100% breakthrough), or
until 50% breakthrough. Breakthrough is defined as the penetration of challenge
material(s) through a gas or vapor air-purifying element [1]. If 50% breakthrough had not
occurred after four hours, trials were continued for eight hours. Datalog intervals were 60
seconds and data were downloaded using the ProRae Suite software. One
perchloroethylene trial began at 0.1 or 10% breakthrough and behaved similarly to other
perchloroethylene trials, so Cout/Cin data was shifted down by 0.13 so that the
breakthrough curve was corrected to start at zero.
Simulated Field Procedures

The simulated field trials were used in this study to evaluate the effectiveness of
the 3M 3514 respirator in a simulated occupational scenario. Tasks identified to be

studied included nail polish removal, nail polish application, and acrylic nail liquid
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application. Fit testing was conducted by generating a challenge concentration around 20
ppm of the product vapor (nail polish, polish remover, acrylic solution). If no
concentration inside the respirator was observed, on the ppbRAE, the fit test was
accepted. Short trials were conducted on the “surgical” respirator with activated carbon
and a 3M respirator (model 8511) without activated carbon.
Equipment Set-up

The equipment used to evaluate these tasks included the PPB Rae 3000 and the
ToxiRae Pro PID to measure behind the mask and chamber concentrations respectively.
The TSI Fit Tester probe kit was used to insert a probe through the respirator so that the
PPB Rae could sample concentrations behind the respirator. Sampling was completed in
a 5-foot-wide by 5-foot-deep by 6-foot-high chamber (4,245 L), with a 19-inch hood,
operating at flow rate of 216.9 CFM. A flow rate of 216.9 CFM in this 5 foot by 5 foot by
6 foot chamber produced 86.8 air changes per hour. The “field” chamber was a metal
framed chamber with Plexiglas sides and door large enough for a human to enter. OPI
Original Nail polish remover, OPI Nail Lacquer, and NSI Acrylic Liquid were all used
individually to generate vapor. Nail products were applied to an 8 inch by 8-inch glass
square (Figure 3).

Data Collection

Simulated field trials consisted of two 30-minute sampling periods with a ten-
minute break between each 30-minute interval. The following procedure was used to
collect data. PIDs were zeroed and calibrated to 20.7 ppm isobutylene at the start of each
day. An air tight probe was attached to each respirator to sample concentrations behind

the respirator. The ToxiRae was fastened to the shirt lapel in the breathing zone and the
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ppbRAE was connected to the respirator with the probe Kit. It was assumed that a typical
client at a nail salon would require about 30 minutes of work, the employee would then
have minimal exposure, and then service another client without replacing respirators.
Therefore, test products were applied to the glass square using paper towels whenever
necessary to maintain an elevated chamber concentration for 30 minutes. This process
was completed for another 30 minutes, completing one full trial, at which time the data
was downloaded using ProRae Suite software. The 10-minute break period was not
included in concentration comparisons. Three trials were completed for each test product.
One trial was completed to evaluate effectiveness for each, the “surgical” respirator and a
3M 8511 (no carbon) respirator. After the third trial for each product was completed a
calibration curve was produced by comparing side-by-side measurements in the Lab-
phase exposure chamber for each product. This calibration curve was used to “correct”
ToxiRae data to PPB Rae data.
Data Analysis

Data were processed in Microsoft Excel (Microsoft Corporation, Redmond,
Washington). Breakthrough was calculated by dividing the respirator concentration (Cout)
by the chamber (Cin) and reported in fraction form. 50% breakthrough was determined by
identifying the data point at which Cout/Cin Was greater than or equal to 0.5.

Contaminant mass collected on activated carbon was also calculated. Mass

calculations were completed using the following equations. The rate of mass collected is:

Mo = Cpyt Q — CinQ (1)

Where Q is cubic meters per minute and concentration is milligrams per meter cubed.
Then the mass collected per PID sample period, At, is:

30



Mco, = (Coth - CinQ)At (2)

Choosing a stopping time such as when reaching 50% breakthrough, then the total mass
collected over that period is:

Meotson = Zizg " (Cout@ — CinQ)At ©)
Where At = 1 minute in this case (assuming Q is also in terms of minutes)
Results
Laboratory Results
A total of 19 “calibration curves” were generated throughout the study to adjust
ToxiRAE values to ppbRAE values and recorded an average coefficient of determination
of 0.94 (SD 0.07). PIDs were calibrated each morning before use. The average
temperature in the lab throughout the study was 79.9 °F (Range: 72.7 to 83.5 °F, SD
3.78). The average relative humidity inside the exposure chamber for lab trials was
48.8% (Range: 36.4 to 68.7%, SD 7.03). The average relative humidity during high
humidity trials (target: 95%) was 95.07% (Range: 91.9 to 96.8%, SD 1.7). Field trials had
an average temperature inside the exposure chamber of 72.9 °F (Range: 72.5 -73.4 °F,
SD 0.64) and an average relative humidity of 55.85% (Range: 51.5 to 60.2%, SD 6.15).
During lab trials challenge concentrations were maintained at stable concentrations;
respirator concentrations slowly increased, due to breakthrough (Figure 4). Figure 5
shows an example of these breakthrough curves.
Breakthrough curves indicate several key findings. All breakthrough curve
averages can be seen in Appendix B. A value of 1 means that there was 100%

breakthrough and the respirator no longer offered any protection.
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The “Surgical” respirator and the RZ respirator recorded 50% breakthrough in less
than 5 minutes in almost every trial. Average 50% breakthrough times for the 3M
respirator ranged from 2.5 minutes to 405 minutes depending on trial conditions.

“Surgical” Style Mask Performance

“Surgical” respirator performance can be seen in Table 3. At 15 ppm

perchloroethylene took 3 minutes to achieve 50% breakthrough and less than one minute

for ammonia and acetone concentrations. Collected mass ranged from 1.8 ug to 36.1 pg.

RZ Hunting Mask Performance
The RZ respirator faired similar results to the surgical respirator, seen in Table 4.
The longest average 50% breakthrough time was 6.5 minutes for perchloroethylene at 15

ppm. Collected mass ranged from 0.4 ug to 106.6 ug.

3M 8514 Respirator Performance

Ammonia trials performance showed an average of 2.5 minutes for 50%
breakthrough at 50 ppm (SD 2.1) (Table 5). The addition of 95% humidity improved
performance by 18.5 minutes at 50 ppm (SD 1.4). Ammonia at 15 ppm had an average
breakthrough time of 10.5 minutes (SD 4.9). Acetone breakthrough times were improved
over the ammonia times with average 50% breakthroughs at 39.7 minutes for 95%
humidity and 50 ppm (SD 10.2), 121.3 minutes at 50 ppm (SD 10.6), and 233.7 minutes
at 15 ppm (SD 13.7). Perchloroethylene breakthrough times improved even more with
average 50% breakthroughs at 144.7 minutes for 95% humidity and 50 ppm (SD 38.4)
and 404.7 minutes at 50 ppm (SD 95.7). Only breakthrough times for 50 ppm with
perchloroethylene were conducted, because 15 ppm trial breakthrough exceeded 8 hours.

Mass collected ranged from 17.4 pg to 10,000 pg. An Analysis of Variance (ANOVA)
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was completed in MiniTab for breakthrough times and masses for the 3M respirator at 50
ppm. VOC type was significant for 50% breakthrough time and 50% breakthrough mass
collected with p-values of <0.001 and 0.006 respectively.
An analysis of means was used to test the significance of treatment means from
the overall mean. The analysis of means for 50% breakthrough time and 50%
breakthrough mass showed that ammonia had confidence intervals bounding zero. The
confidence interval for 50% breakthrough time was -76.55-80.55 and 50% breakthrough
mass was -12.5-12.6. Acetone also had a confidence interval bounding zero for 50% mass
breakthrough. The interval was -1.0-19.5. The ANOVA analysis shows that overall VOC
type is a significant factor for breakthrough time and mass collected. However, ammonia
did not have significant results for breakthrough time or mass, due to the respirator’s poor
performance. Acetone also, did not have large collected mass (Tables 6 & 7).
Simulated Field Results
During field simulations concentration fluctuations served to model a more
realistic exposure scenario for employees. Figure 6 shows an example of concentration
differences, in the chamber, to behind the respirator during simulated field trials. The
simulated field trials show that the chamber concentrations fluctuated widely compared
to lab trials, but these fluctuations would be more representative of task based work
exposures in the workplace.
3M 8514 Field Trial Performance

Field trials using the 3M 8514 respirator showed that the 3M 8514 respirator can

reduce average exposures by 32.5 ppm for nail polish remover, 29.1 ppm for acrylic

liquid, and 5.4 ppm for nail polish (Table 8). Using the breathing rate of the
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experimenter, that was measured with a TSI digital flow meter connected to Lab View,
mass per trial was calculated similar to lab trials (Table 9). The masses collected
exceeded or were comparable to 50% breakthrough mass from lab trials indicating that
60 minutes of exposure in a field trial scenario was sufficient to achieve 50%
breakthrough.
Surgical Mask Field Trial Performance

The surgical respirator did reduce average concentrations by 5.8 ppm, but
respirator concentrations fluctuated with chamber concentrations, producing a reduction
of about 40% over the trial period (Figure 7). So, the range of nail polish concentration
breakthrough using the surgical respirator was 1.4 ppm to 6.39 ppm. The 3M respirator
had a polish breakthrough range of 0.19 ppm to 0.995 ppm (Table 10).

3M 8511 Field Trial Performance

The 3M 8511 respirator had an average breakthrough reduction of nail polish
vapor of 9.5 ppm, but again the range fluctuated from 1.6 ppm to 8.1 ppm, behind the
respirator (Figure 8, Table 10).

Discussion
Generated concentrations in this study were similar to the nuisance level exposures

reported in Table 2 for each vapor. Acetone concentrations ranged from 0.07 to 70 ppm,
ammonia concentrations ranged from 0.5-14.8 ppm, and perchloroethylene ranged from
7-28 ppm. We evaluated breakthrough at steady concentrations of 15 ppm and 50 ppm.

Breakthrough times for all conditions using the “surgical” and RZ respirators
were less than 5 minutes, indicating that these respirators would not be an effective

protective device for organic vapor. The 3M 8514 respirator on the contrary, may be
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useful for that purpose. Based on data collected, the 3M 8514 respirator does remove
organic vapor from air passing through the respirator and can offer protection anywhere
from 5 minutes to more than 7 hours, depending on exposure conditions and breathing
rates. Breakthrough times decreased as contaminant concentrations and humidity
increased, however, even field trials indicate that under working conditions the 3M
respirator could reduce exposure by 85.7% for up to 1 hour of use.

Typical surgical style or non-carbon inclusive respirators may still offer some
protection from organic vapors, but these reductions are more likely due to decreased
flow through the filter media. This is supported in a study that found that a 3M 8715
respirator exhibited a resistance of 0-2 centimeters of water [63]. A similar study also
discussed that respirators create a dead space which can alter breathing rates and the
concentration of contaminants in inhalation air [64]. The overall concentration passing
through these respirators is less than chamber concentrations, but these respirators do not
prevent wide fluctuations of vapor breakthrough. For example, with the 8514 respirators,
breakthrough concentrations were stable while slowly increasing. The “surgical” and
8511 respirators allowed breakthrough concentrations to fluctuate at a fraction of
chamber concentrations.

A major factor effecting performance of these respirators is the amount of
activated carbon impregnated within the mask material . Although we could not
accurately quantify the amount of AC in each mask type, it was evident from visual
inspection that the 3M 8514 respirator had the thickest layer of activated carbon and also
produced the best performance results (Figure 9). The non-certified respirators performed

poorly because the carbon layer in these respirators was a single layer of fabric with a
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dusting of carbon (Figure 10 & 11). As carbon layers decrease, it is likely that respirator
performance will also decrease.

As discussed previously, NIOSH conducted a similar study on three certified
respirators at 20 ppm, using benzene, toluene, and xylene. NIOSH reported 50%
breakthrough times ranging from 130-270 minutes, which is similar to recorded 50%
breakthrough times from this study that ranged from 120-400 minutes. Again, we saw
that lower molecular weight and higher vapor pressure decreased breakthrough times.
This study shows that a vapor, like perchloroethylene with a molecular weight of 165.8
and a vapor pressure of 14 mmHg, adsorbs to the activated carbon much more readily
than a vapor such as ammonia with a molecular weight of 17 and a vapor pressure of
6,460 mmHg. In addition, acetone is on the opposite end of the organic vapor spectrum
from perchloroethylene with a molecular weight of 58.1 and a vapor pressure of 180
mmHg, so we expected acetone to have faster breakthrough times than most other
organic vapors [13, 18, 19]. Because of these properties, ammonia had the lowest
breakthrough times, acetone was next lowest, and perchloroethylene had the longest
breakthrough times. It is also notable that acetone breakthrough curves typically
stabilized around 80% (Figure 5). Stabilization may occur because, as the carbon pores
become occupied by more acetone, the respirator begins ‘off gassing’ at the same rate of
adsorbing new acetone. A study from the Los Alamos National Lab analyzed the affinity
coefficients for various vapors. When compared to breakthrough studies, this paper
shows that as the affinity coefficients increase so does breakthrough time. Ammonia has

an affinity coefficient of 0.28 and acetone has a coefficient of 0.88 [65]. Affinity
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coefficients support the concept that activated carbon will not attract ammonia very well
and will have weak attraction for acetone.

Data showed that contaminant breakthrough times at 95% RH were much shorter
when compared to ambient room RH at the same concentration. Humidity may enhance
respirator performance for ammonia capture because ammonia has a high affinity for
water and as the respirator adsorbs water, the ammonia dissolves in the water molecules.
Another study found that increasing humidity by about 20% can slightly increase the
adsorption capacity by about one milligram ammonia per gram of carbon [66].

Overall, we could not support the aim that FFR-ACs could protect people from
ammonia gas. However, the certified respirator was able to provide more protection from
OV than the non-certified respirator. In addition, all humidity trials (95% RH) recorded
much faster breakthrough curves in relation to trials with humidity near 45%.
Limitations

Lab trials were conducted without consideration of human fit factors and were
solely focused on measuring vapor breakthrough related to respirator filter media. Vapor
flow rates and dilution ventilation was in flux throughout the study and adjusted as
necessary to obtain desired concentrations. Flow rate through the respirator media in lab
trials was maintained around 1 LPM, as the superficial face velocity.

The study was conducted over several months and tested a range of conditions (3
respirators, 3 vapor concentrations, 3 vapors, and 3 trials each (8514)/2 trials each for
“surgical” and “hunting” masks). The large range of conditions prevented the opportunity
for a large number of trials for each condition, so trials were limited to 4 hours and each

treatment was limited to 3 trials for a total of 45 trials.
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The disagreement in values at the same concentration, drift, between PIDs was also
an issue and calibration curves had to be generated often. An ideal set up would include
the same instrument sampling chamber and respirator concentrations simultaneously, but
we did not have the resources for this set-up. Also, PIDs are capable of measuring
ammonia, but must apply large correction factors, reducing accuracy of measurements.
Two ammonia specific monitors would have been helpful for ammonia trials.

Field trials were conducted in a smaller, closed space than typical nail salons, but
did have ventilation removing air at a flow rate of 216.9 CFM. A flow rate of 216.9 CFM
in this 5°x5°x6” chamber produces 86.8 air changes per hour, which is more than the
typical 7-10 air changes per hour recommended by ACGIH for general dilution
ventilation [67]. Variability among respirator construction, environmental conditions,
vapor mixture and type, user differences, and concentration are all factors that could
change breakthrough times positively or negatively. This study did not address user
differences, but future work could control for user differences using more subjects.

Conclusion

The non-certified FFR-ACs both had much faster breakthrough times than the 3M
8514 respirator, indicating that the certified respirator does provide protection for organic
vapor. Breakthrough times are dependent on concentration, humidity, and molecular
characteristics of the vapor. Breakthrough curves were shifted left with higher ambient
humidity, when all other conditions were held fixed, indicating increased breakthrough
times for high humid environments. None of the respirators could provide extended
protection from ammonia vapors. Concentration comparisons during field trials indicated

that the certified respirator had a gradual breakthrough, avoiding large spikes in
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concentration and remaining steady behind the respirator, similar to lab trials. It appears

that cyclic breathing did not alter breakthrough extensively.
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Figure 1. Schematic of lab trials.

Air flow moves from the compressor, to the mixing chamber, and finally to the exposure
chamber, where vapor is pulled through the pass-through cylinder, contacting the filter
and measured with the PPB Rae.
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Figure 2. Schematic of pass-through column.

Wing nuts and metal plate serve to bring the two cylinders together, holding the filter
media between them.
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Figure 3. Schematic of field trials.

Trials were conducted in a walk-in chamber with the door closed. Products were applied
to a glass application surface and monitors recorded concentrations in the chamber and

inside the respirator
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Table 3. Surgical mask performance to 50% breakthrough time and mass. (n=12).

Time, min
Acetone Perchloroethylene Ammonia
15 ppm 50 ppm 15 ppm 50 ppm 15 ppm 50 ppm
1 3 2 2 1 1
1 1 3 2 1 1
Mass, pg
Acetone Perchloroethylene Ammonia
15 ppm 50 ppm 15 ppm 50 ppm 15 ppm 50 ppm
2.64 5.3 20.1 19.8 1.44 2.62
2.69 10.03 36.1 22.4 1.83 7.22

Table 4. RZ Hunting mask performance to 50% breakthrough time and mass. (n=12).

Time, min
Acetone Perchloroethylene Ammonia
15 ppm 50 ppm 15 ppm 50 ppm 15 ppm 50 ppm
9 3 6 7 7 1
0 1 7 3 1 1
Mass, ug
Acetone Perchloroethylene Ammonia
15 ppm 50 ppm 15 ppm 50 ppm 15 ppm 50 ppm
15.4 17.8 91.6 105.7 8.94 28.1
59.7 38.9 109.6 15.6 0.391 3.54
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Table 5. 3M 8514 respirator performance to 50% breakthrough time and mass. (n=21).

Time, min
Acetone Perchloroethylene Ammonia
15 %0 pho  soppm  RH%  15ppm 20 RHSO
ppm  ppm ppm ppm
Average 233.7 1213 39.7 404.7 1447 105 25 21.0
SD 13.7 106 10.2 957 384 49 21 1.4
Mass, pg
Acetone Perchloroethylene Ammonia
15 50 phow  s0ppm RH 15ppm 0 RH-S0
ppm  ppm ppm pPpm
Average 6,714 9,230 4,776 34,410 12,097 16.0 50.4 226.4
SD 393 2,217 3,019 10,718 2,612 174 66.0 254.0

Table 6. One-way ANOVA: 50 ppm 50% breakthrough time versus VOC.

Analysis of Variance

Source DF AdjSS Adj MS
VOC 2 256659 128329
Error 6 18547 3091
Total 8 275206

Means

VOC N Mean
Acetone 3 121.33
Ammonia 3 2.00
Perchloroethylene 3 404.7

F-Value P-Value

4151 0.000
StDev 95% ClI
10.60 (42.79, 199.88)
1.73 (-76.55, 80.55)
95.7 (326.1, 483.2)
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Table 7. One-way ANOVA: Mass Collected (mg) versus VOC.

Analysis of Variance

Source DF AdjSS AdjMS  F-Value P-Value

VOC 2 1662.0 830.98 17.34 0.006
Error 5 239.6 47.92

Total 7 1901.6

Means

VOC N Mean StDev 95% ClI
Acetone 3 9.23 2.22 (-1.04, 19.50)
Ammonia 2 0.0504 0.0660 (-12.5324,
12.6331)

Perchloroethylene 3 3441  10.72 (24.14, 44.68)
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Table 8. Respirator performance for field trials with 8514 respirators for polish remover,
acrylic liquid, and nail polish.

8514 Respirator

Remover Average
Chamber max, ppm 110.8 92.3 137.9 113.7
Chamber min, ppm 11.2 10.6 111 11.0
Average, ppm 39.3 36.1 40.6 38.7
Respirator max, ppm 11.6 13.6 14.1 13.1
Respirator min, ppm 0.2 0.4 1.0 0.5
Average, ppm 5.0 5.8 7.5 6.1
Reduction 32.6
Acrylic Average
Chamber max, ppm 115.4 115.4 38.5 89.8
Chamber min, ppm 1.2 1.2 1.0 1.2
Average, ppm 36.8 36.8 15.5 29.7
Respirator max, ppm 0.8 0.9 0.9 0.9
Respirator min, ppm 0.1 0.2 0.3 0.2
Average, ppm 0.5 0.7 0.8 0.6
Reduction 29.1
Polish Average
Chamber max, ppm 15.2 11.6 15.2 14
Chamber min, ppm 1.0 1.1 1.1 1.1
Average, ppm 6.1 5.1 7.2 6.1
Respirator max, ppm 1.0 1.0 1.0 1.0
Respirator min, ppm 0.1 0.2 0.2 0.2
Average, ppm 0.7 0.8 0.8 0.7
Reduction 5.4
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Table 9. 3M 8514 Respirator performance to field trials for
60 minutes of exposure. (n=9).

Product Average Mass Collected (ug)
Nail Polish Remover 27,640
Nail Polish 4,760
Acrylic Liquid 17,030

Table 10. Non-activated carbon respirator performance
when challenged with nail polish vapor.

Surgical Respirator Regp?ilr;tor

Chamber max, ppm 15.6 24.1
Chamber min, ppm 3.5 3.5
Average, ppm 94 14.5
Respirator max, ppm 6.4 8.1
Respirator min, ppm 1.4 1.7
Average, ppm 3.5 5.1
Reduction 5.7 9.5
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Figure 9. Cutout of 3M 8515 filter media.
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Figure 10. Cutout of RZ hunting mask filter media.
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Figure 11. Cutout of surgical mask filter media.
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Chapter I11: Conclusions

Recently, there has been an increase in commercially available disposable
respirators promising consumers protection from nuisance level organic vapors. At the
same time, it is known that many employees may be suffering adverse health effects from
inhaling nuisance level organic vapors [3-5, 28]. However, there is limited research on
the performance of commercially available and certified respirators using activated
carbon to remove organic vapors from inhaled air. This research was conducted to
evaluate breakthrough times of three vastly different respirators, the RZ hunting mask, a
surgical style mask, and a certified 3M 8514 respirator. For any of these respirators to be
determined a viable form of protection 50% breakthrough times should exceed typical
exposure durations. To determine breakthrough times, respirator material was challenged
with nuisance level organic vapors and ammonia under steady state conditions.
Breakthrough times indicated that the noncertified respirators did not offer any protection
greater than 5 minutes or less. The 3M respirator performance showed that this certified
respirator could protect employees from organic vapors, but its ability to do so
diminished with increasing volatile vapors, concentrations, and humidity. The 3M
respirator could be used to reduce nuisance level exposures for short duration tasks.

Many lessons were learned during the thesis process. Future studies may benefit
from reading the following lessons learned. When comparing two PID measurements, it
is crucial to be able to produce comparable data values. With that being said, calibration,
bump testing, and side-by-side comparisons are necessary to maintain comparable data
sets. This all adds time to the overall study and should be factored into the experimental
planning. Another significant time related lesson is that generating breakthrough curves

takes several hours and to fit all trials into this project, some trials were forced to
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terminate trials before 100% breakthrough was achieved. Another instrument problem
was that the instruments used were not well suited for working with ammonia. Make sure
that the contaminants that are being measured will not break the instruments being used.
When ammonia dries inside a PID, it acts like cooked egg and prevents the instrument
from properly measuring vapors. | lost 4 weeks during this studying trying to fix the PPB
Rae from complications with ammonia. If any instrument begins acting up, try to fix it in
house. Sending it back to the manufacturer is costly and takes time. Tech support can be
very helpful.

Also, generating stable vapor concentrations is very tricky and requires constant
attention. Using an instrument with enough resolution to detect minor changes in
concentration so that adjustments can be made before the concentration deviates from the
target is best. Using chemicals with lower vapor pressure would also help to achieve
more stable target concentrations because the lower pressure limits the evaporation of the
vapor. It was noticed that it was easier to control the concentrations of perchloroethylene
than the acetone, and ammonia was the most unstable. Another factor that was helpful
during this study was having multiple adjustments points for airflow entering and leaving
the system. At certain points it was difficult to produce a concentration high enough for
the trial and dilution ventilation was reduced until there was almost no dilution
ventilation. On the contrary, at some points the concentration would begin increasing too
high and vapor injection was nearly turned off, while dilution ventilation was operated a
full flow.

Starting this project from conception also created problems that were learning

points. Initially the set-up was to put a respirator on a mannequin head and sample the air
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that passed through, but we could never get a good seal between the respirator and the
mannequin, so we settled for a wooden block that would encase a cut-out of the respirator
material. Proper mixing before the exposure chamber and inside the exposure chamber
was important so that a uniform concentration of vapor was pulled through the wooden
column.,

Producing humidity was an especially challenging task. Using a steamer produced
a supersaturated environment inside the exposure chamber that not only exceeded our
target, but also made the chamber fog up so that the ToxiRae could not be read inside the
chamber which was crucial for measuring chamber concentrations. A collision nebulizer
also did not work because we could not achieve enough humidity inside the chamber as
the water vapor would condense before making it into the chamber. The best way that we
found to have acceptable control over the humidity was using a fish tank bubbler and a
hot plate with a jar of water. Temperature and flow rate through the bubbler could be
adjusted to produce the desired humidity. A heating tube was also necessary to keep
vapor from condensing on the way into the chamber.

Finally, be diligent with note taking and organization. Someone will always ask
for more details on the exact activities that occurred during trials, and if notes are lacking
the trials may need to be completed again with the requested information recorded.
Creating files that are easy to locate and understand can save time and headache. Give
files meaningful names so that it is clear where the data came from and what it aims to
show. Save all raw data in its own space. | realized after | was done with data collection

and cleared instrument data logs, that had forgotten to insert data for two trials. If | had
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not saved the raw data from the data log output, I would have had to redo the missing

trials.
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Appendix A: Flow Rate Calculation Through Respirator Material

Table Al. FFR Superficial velocity through pass-through cylinder.

Flow Flow

FFR SA Rate Rate SFV SFV

cm? LPM cmi/min - cm/min  cm/s
3M
8514 1735 30 30000 172.9 2.9
Surgical 157 30 30000 191.1 3.2
RZ
Mask 163 30 30000 184.0 3.1

The flow rate equivalent to 85 LPM for circle with diameter
given is:
1.06 in diameter of hole through the filter holder

Ratio of Flow

Diameter Diameter Area SA Rate

inches cm cm? LPM
3M 1.1 2.7 5.7 0.03 0.99
Surgical 1.1 2.7 5.7 0.036 1.09
RZ 1.1 2.7 5.7 0.035 1.05
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Appendix B: Breakthrough Curves for All Trials:
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