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Introduction

The service life of a cartridge is the period of time for which the cartridge provides adequate
protection to the user. After a cartridge has absorbed a particular contaminant to its capacity, the
contaminant will begin to pass through the cartridge and enter the facepiece of the respirator, a
condition commonly referred to as breakthrough. A cartridge change-out schedule allows the
respirator wearer to replace the chemical cartridge or canister before breakthrough occurs, instead
of relying on the contaminant's warning properties. An appropriate cartridge change schedule is
one that is both convenient and assures that the concentration of the chemical downstream does
not exceed the exposure limit. Attachment 1 shows a decision matrix flowchart for starting to
setup a change-out schedule.

User senses (odor, taste, irritation, etc.) are not acceptable means for determining cartridge
service life because warning properties rely upon human senses that are not foolproof. The 1987
NIOSH Respirator Decision Logic described the typical wide variation of odor threshold in the
general population (greater than two orders of magnitude). Other problems exist: shift in odor
threshold due to extended low exposures, shifts due to simple colds and other illnesses, and
failure to recognize odor due to distraction in the workplace competing for worker attention.
Given the variability among people with respect to detection of odors and differences in
measuring odor thresholds, a better practice is to establish cartridge change-out schedules even
for chemicals with adequate warning properties.

Certain cartridges are designed with the capability of warning the user when it is time to change
the cartridges. Currently, there are very few cartridges equipped with National Institute for
Occupational Safety and Health (NIOSH)-approved end-of-service life indicators (ESLIs).
ESLIs are available for exposures to mercury vapor, carbon monoxide, hydrogen sulfide, and
ethylene oxide. The small area at the center of the inlet surface of cartridges with ESLIs and the
band around the side of the cartridge consists of chemically treated paper. During use, as the
paper is exposed to the specific chemical, it changes from one color to another. When the
indicator color changes, the cartridge is beginning to lose its effectiveness against vapor or gas
and should be replaced. Thus, the wearer has a constant, positive check on the condition of this
cartridge.

Regulatory Drivers

The Occupational Safety and Health Administration (OSHA) standard 29 Code of Federal
Regulations (CFR) 1910.134(d)(3)(iii) states that for protection against gases and vapors,
employers shall provide either a respirator with an ESLI certified by NIOSH for the contaminant
or implement a change schedule for canisters and cartridges that is based on objective
information or data that will ensure that canisters and cartridges are changed before the end of
their service life.

Paragraph 4.2.2.10 of AFOSH Standard 48-137, Respiratory Protection Program, states to use
air-purifying devices only if the air-purifying respirator has a reliable end of service life indicator
that will warn the user prior to contaminant breakthrough, or a cartridge change schedule is



implemented based on cartridge service data including desorption studies (unless cartridges are
changed daily); expected concentration; pattern of use; duration of exposure have been
established; and the chemical does not have a ceiling limit. If the latter is the case,
Bioenvironmental Engineering (BE) shall determine that the respirator will provide adequate
protection and the change schedule is appropriate.

Also, paragraph 7.3.6. of AFOSH Standard 48-137 requires initial respiratory protection training
to include an explanation of how a worker knows when to change the filters or cartridges on an
air-purifying respirator. Paragraph 9.3.3.4. requires workplace respiratory protection operating
instructions to include the criteria which workers use to determine when respirator filters,
cassettes, or cartridges must be changed. Notwithstanding, paragraph 8.4.2. states that the
cartridge, filter, or canister of an air-purifying respirator shall be changed:

(a) Whenever the worker detects an increase in breathing resistance;
(b) Whenever the worker smells or tastes the contaminant, or detects the irritant properties of

the contaminant;
(c) Whenever the ESLI is triggered;
(d) As required by applicable substance-specific OSHA standards (for instance,

formaldehyde); or
(e) As directed by BE.

For gas and vapor contaminants regulated by OSHA's substance-specific standards, minimum
cartridges change schedules are already specified (see Attachment 2).

Particulates

Service life determination for particulate filters is not required under 29 CFR 1910.134; it is only
required for gases and vapors. Normally, the particulate filtration efficiency will improve during
use as the filter loads and a "cake" layer forms on the surface of the filter. Respirators or filters
should be changed if they become damaged, soiled, or an increase in breathing resistance
becomes noticeable. In addition to these considerations, N series filters should not be used
against oily aerosols. The NIOSH 1996 Publication 96-101, Guide to the Selection and Use of
Particulate Respirators, recommends that R series filters should be changed every 8 hours if
used against oily aerosols. Most manufacturers recommend that their P series filters used in
environments containing oily aerosols should be limited to 40 hours of use or 30 days, whichever
is first.

Chemicals not suited for OV Cartridges

Respirator organic vapor (OV) cartridge performance is particularly poor when removing
methanol, dichloromethane, carbon disulfide, methyl chloride, acetone, and methyl acetate. Due
to the short breakthrough times for these solvents, other adsorbents or collectors should be used.
To make the cartridges more selective for certain chemicals, sorbents can be impregnated with
chemical reagents. Impregnated activated carbon removes specific gas and vapor molecules by
chemisorption. Chemisorption is the formation of bonds between molecules of the impregnant
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and the chemical contaminant. These bonds are much stronger than the attractive forces of
physical adsorption. The binding is usually irreversible. Reuse of chemical cartridges that work
on the principle of chemisorption typically not be a problem. Although counterintuitive, the
service life of acid gas, ammonia/methylamine, and other chemical cartridges that work by
chemisorption, typically increase with increasing relative humidity.

Rules of Thumb

As part of the overall assessment for determining a change-out schedule, one might look to
various "rules of thumb" that have appeared in published literature. Please note that these "rules
of thumb" do not work for every chemical in every situation (in particular, these statements do
not generally apply to inorganic gases such as sulfur dioxide and hydrogen sulfide):

(a) If a chemical's boiling point is greater than 70'C and the concentration is less than 200
ppm you can expect a service life of eight hours at a normal work rate;

(b) Service life is inversely proportional to work rate;
(c) Reducing concentration by a factor of ten will increase service life by a factor of five;
(d) Humidity above 85% will reduce service life by 50%;
(e) Breakthrough times are diminished from 1-10% with each 10TC rise in temperature; and
(f) Service life is directly proportional to the amount of carbon in the cartridge.

Since the "rules of thumb" are based on a few parameters such as concentration and boiling
point, they are considered subjective. To comply with the OSHA standard, objective data must
be used. There are three valid ways to estimate a cartridge's service life: conduct experimental
tests, use the manufacturer's recommendation, or use a mathematical model.

Use of Analogous Chemical Structures

Appendix A of CPL 2-0.120 states that analogous structures may be used as the basis for
estimating cartridge breakthrough where a contaminant with a known service life value has an
analogous structure to the contaminant under investigation or where a contaminant with a known
migration may be used as a surrogate for a chemical with a less rapid migration. Generally,
OSHA suspects that use of analogous chemical structures may be less accurate than other
methods and should be used only when better information is not available. However, OSHA
believes that use of analogous chemical structures would be infallible so long as objective data or
information for lower molecular weight compounds is used to predict the break-through times for
higher analogous molecular weight compounds containing only additional methyl or phenyl
groups. Analogous chemical structures should not be used to predict break-through of analogous
substances that have a lower molecular weight.

Experimental Testing

The ideal cartridge change-out schedule would be based on laboratory test data, which was
developed at the same conditions at which the cartridge is to be used. However, it is usually
difficult, time-consuming, and expensive to obtain this type of information for the range of
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workplace variables. A method for conducting field-testing in the workplace is discussed in
Attachment 3.

NIOSH certifies organic vapor cartridges using the criteria in 42 CFR 84, Approval of
Respiratory Protective Devices. Still, there is no widely accepted, standard protocol for
performing service life testing. However, both the Environmental Protection Agency (EPA) and
OSHA have published recommendations for performing service life testing. These methods can
be found at OSHA's website:

(a) http://www.osha-slc.gov/SLTC/etools/respiratory/oshafiles/h049.html
(b) http://www.osha.gov/SLTC/etools/respiratorv/testing/testing.html

Manufacturer's Data

Manufacturers are likely to possess the most accurate data for their own respiratory products.
However, the manufacturer may not have tested the respirator with the chemicals or
environmental conditions that you work with, and therefore may not be able to offer a reliable
recommendation. Since their recommendations are based on the characteristics of their
cartridges, the recommendation may not be valid for other manufacturer's cartridges due to-for
instance-different carbon micropore volumes. Besides respirator manufacturers, objective data
for a particular make and model of the respirator cartridges sometimes can be obtained from
industry organizations, trade associations, professional societies, chemical manufacturers, or
academic institutions.

The September 2001 NIOSH Certified Equipment List (CEL) for respirators includes 78
manufacturers. Not all of these manufacturers have respirators with cartridges, and the ones who
do vary in the level of support that they can provide. Attachment 5 contains a list of air-purifying
respirator manufacturers (not all inclusive).

Mathematical Models

Mathematical equations have been used to predict the service lives of organic vapor respirator
cartridges to varying degrees of accuracy. There are differences in the models, and some are
more difficult to solve. Moreover, certain variables of equations are considered proprietary by
some respirator cartridge manufacturers and are not released to the general public. Unfortunately,
no one physical characteristic (e.g., boiling point, vapor pressure, molecular weight,
polarizability, etc.) of the contaminant (gas or vapor) or the sorbent has been identified that
consistently correlates with adsorption capacity and service life. Attachment 6 lists some factors
known to be important.

Mathematical models may be generally classified into two categories: predictive and descriptive.
Predictive models estimate the breakthrough time based on chemical and physical properties of
the contaminant whereas descriptive models attempt to fit mathematical equations to existing
experimental data. Predictive models can be useful to initially screen whether a cartridge might
be appropriate for a new chemical substance. If the model predicts service life at less than 20

4



minutes for the new chemical substance, then an organic vapor cartridge may not be appropriate
for the substance.

Gerry 0. Wood, of Los Alamos National Laboratory, has developed a predictive model. Use of
the Wood model is demonstrated in Attachment 7. A predictive model uses less data to "predict"
cartridge performance than descriptive models, which is why predictive models have a higher
percentage of errors associated with them. The model currently only considers dry conditions
(relative humidity <50%). Relative humidity is such a complex issue that presently no published
predictive models take it into account. The Wood model does not predict breakthrough times for
mixtures of materials and cannot be used for inorganic gases. This estimation showed 95%
confidence intervals of up to ±50% compared to experimental values.

The preamble to the OSHA respirator standard states "predictive models areprobably not likely
to present an acceptable alternative for most employers, and their use would require that a
considerable margin of safety be incorporated into any change schedule developed from such
estimation techniques." Thus, one should not rely on the Wood model without some
experimental confirmation of the calculation and/or use of appropriate safety factors (i.e.,
subtract at least a 50% error rate from the calculated result).

The effect of relative humidity on service life of organic vapor cartridges will depend on the
relative humidity level, the chemical concentration, volatility of the chemical, and the chemical's
miscibility (ability to dissolve) in water. The early work by Gary Nelson of Lawrence Livermore
Laboratory in 1976 established a breakthrough time multiplier (correction factor) of about 0.48
for cartridges preconditioned and tested at 90% relative humidity relative to cartridges
preconditioned and tested at 50% relative humidity. Based upon relatively few studies, OSHA
recommends that a reduction by a factor of two in the cartridge service life originally estimated
based upon 50% relative humidity, may be made when the relative humidity reaches 65%. If the
relative humidity exceeds 85%, OSHA recommends experimental testing or another method to
more specifically determine the service life. Attachment 8 shows what 3M recommends as a
correction factor for relative humidity based on volatility.

Two applications of the Wood model are available at OSHA's website. The first is a table (see
attachments 9 and 10) of breakthrough times for chemicals at several concentrations. The
breakthrough estimates in the table were calculated using "generic" values for the cartridge and
workplace input parameters. Therefore, the table does not provide the most accurate
breakthrough estimates. OSHA's "Advisor Genius" (see Attachment 11) allows the user to enter
specific values for the input parameters to improve the accuracy of the service life estimate.
Default values may be used if the actual values are unknown. In addition, the "Advisor Genius"
allows calculation of breakthrough times for any organic compound that is a liquid at room
temperature and for which certain parameters are known.

Mixtures

Change schedules are very difficult to develop for mixtures using predictive mathematical
models. Cartridge breakthrough may occur earlier in the presence of mixtures than would have
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been predicted from data for a single compound. Cartridge service life for mixtures is best
determined using experimental methods. There is no accepted method for estimating the service
life of cartridges used in an atmosphere containing a mixture of vapors. However, OSHA's
Compliance Directive CPL 2-0.120, Inspection procedures for the Respiratory Protection
Standard, suggests if the breakthrough times for the individual vapors in a mixture are within one
order of magnitude, the individual vapor concentrations should be added together. It can then be
assumed that the entire mixture behaves like the contaminant with shortest breakthrough time. If
breakthrough times for the individual components vary by two orders of magnitude or more, the
service life estimate should be based on the contaminant with the shortest breakthrough time. It
is not known how well these simple rules predict cartridge service life in a mixed vapor
atmosphere.

Research by Coreen A. Robbins suggests that service time for individual vapors in a mixture is
related to their mole fractions in the mixture. The mole fraction for each chemical in a mixture is
equal to the concentration of that material (in ppm) divided by the total concentration of the
mixture. The service life for each component in the mixture is calculated by multiplying its mole
fraction by its predicted "single substance" service time. Simply stated, this method estimates
when the first component of a mixture will break through. An example on how to calculate
service life for a mixture is in Attachment 12.

Descriptive models use experimental data to calculate parameters that fit the model to the data.
Once the model is fit to a set of experimental data, the model is used to calculate values for
points where experimental data are not available. The validity of the model is dependant on the
accuracy of the experimental data, and some descriptive models may not account for all
significant variables (e.g., humidity, temperature, etc.).

The Yoon-Nelson descriptive model assumes each contaminant breakthrough profile (the plot of
percentage breakthrough versus time) is a symmetric sigmoidal curve. The experimental data
closely follow sigmoidal breakthrough curves in the breakthrough percentage range 0-50%.
However, at higher breakthrough percentages, the deviation of experimental data from symmetric
breakthrough increases, particularly-at high humidity and low concentrations. The confidence
level is much higher for the Yoon-Nelson model (±10%) than the Wood model. However,
certain parameter values first have to be derived from empirical data for each combination of
cartridge type, humidity condition, temperature, and contaminant. For a fee, the Miller-Nelson
Research Inc. in Monterey, California (http://www.millernelson.com/, phone number: 831-647-
1551) will determine these parameters and the cartridge service life for a particular situation.

Software

Computer software is becoming a major tool to help determine the service life of respirator
cartridges used to protect workers against airborne gas and vapor hazards. It's important to know
the limitations and understand the results of the software program used. Most of the programs
are similar, providing the user with input boxes to select a specific value or enter data on a
chemical, its concentration in the workplace, the cartridge type, breakthrough concentration,
temperature, humidity, and work rate. The better programs also require the user to input data on
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atmospheric pressure, select a safety factor, and integrate the specific relative humidity as a
parameter. Because these software programs cannot know each workplace situation, they can
provide only estimates--not exact predictions. User estimates of work rates and measurements of
contaminant concentrations, as well as temperature and humidity, can further affect accuracy.
Summaries of software features are in Attachments 13 and 14. Attachment 15 compares the
calculated breakthrough times for various cartridges.

The first software program available was 3M's Respirator Service Life Software (based on the
Wood Model), released soon after OSHA revised its respirator standard. OSHA's "Advisor
Genius" also is based on the Wood model. OSHA's program includes default values for
cartridge and carbon characteristics, or users can enter their own values based on information
obtained from the respirator manufacturer. Using the manufacturer's data results in a more
accurate breakthrough estimate. AO Safety's "Merlin" software program is a spreadsheet.
Merlin calculates breakthrough times for either inorganic gases or organic vapors based on the
Wood model. Merlin uses a single screen for both data entry and results and provides a list of
chemicals. North Safety's "esLife" software has an optional screen to allow the user to enter a
job and workplace description, thus providing a printed record of the breakthrough calculation.
Willson's service life program (available on CD only) is based on the mathematical model by
Nelson. Survivair's "Air Purifying Respirator Cartridge Service Life Program" also uses Nelson's
model for the organic vapors. Moldex, US Safety, and Scott do not have calculator programs but
do have tables of breakthrough times. The MSA claims it's "Cartridge Life Expectancy
Calculator" is accurate to within ±25% of the experimental test values.

Users should be aware of the idiosyncrasies of the program they use. For example, finding a
chemical can be a challenge in some of the programs. Methyl ethyl ketone and MEK are
common synonyms for 2-butanone. Searching for MEK in certain programs will bring up this
material. In the other programs, common names and synonyms are not listed in the search
mechanism, making a CAS registry number search a better option. However, not all programs
have the capability to search by CAS registry number. Each program may handle specific issues
differently, requiring caution on the part of the user. For example, OSHA's standards dictate the
frequency of cartridge change depending on the substance, such as benzene. For this reason, most
of the programs do not calculate a breakthrough time or alert the user to the presence of a
standard. Using a cartridge longer than allowed by an OSHA standard can result in a citation.
Only some programs will issue a warning and refuse to calculate a breakthrough time if the user
enters a concentration greater than the IDLH. The values for IDLH, PELs, and other standards
may or will likely change over time, which means not all the information in the software program
should be assumed to be accurate.

Most software programs warn about the potential for desorption or stipulate not to use a cartridge
for more than one work shift. When organic materials with a boiling point below 650C are
imbedded in a carbon filter, some may have a tendency to migrate through the sorbent material
during periods of storage or when not in use. This can rapidly increase breakthrough and could
present an additional exposure to the user. Whenever migration is possible, canisters and
cartridges should be changed after every work shift. The American National Standards Institute
(ANSI) Z88.2-1992, Practices for Respiratory Protection, recommends desorption studies unless
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cartridges are changed daily. OSHA's CPL 2-0.120 states that where contaminant migration is
possible (chemicals with boiling points below 65°C), respirator cartridges should be changed
after every work shift where exposure occurs. If the employer has specific objective data
(desorption studies) showing the performance of the cartridge under the conditions and schedule
of use/nonuse found in the workplace, daily change would not be required.

Limitations

Less volatile chemicals can cause desorption and subsequent early breakthrough of poorly
adsorbed, more volatile chemicals. For example, a maintenance worker wears a respirator for
exposure to chemical A. The use period is shorter than the service life for chemical A so no
breakthrough occurs. The next day the worker goes to a different area with exposure to a
different organic chemical, chemical B. Chemical B is less volatile than chemical A. Since the
service life was not used up with chemical A, the organic vapor cartridges are reused. Before
chemical B breaks through, it displaces the more volatile chemical A. If the change schedule
does not consider this effect, chemical A may break through and the worker is exposed to
chemical A. Laboratory studies by Yoon and Nelson have shown that a more strongly adsorbed
chemical can displace a relatively weakly adsorbed chemical.

Using 65°C as the indicator for migration does not take into account those materials that may
migrate after slightly longer periods of nonuse. A case where very nonvolatile chemicals desorb
to cause an overexposure might occur when emergency responders store their cartridges for use
for another day. For instance, the National Fire Protection Association (NFPA) standard 77,
Standard on Protective Clothing and Equipment for Wildland Fire Fighting, considers wildfire
smoke not immediately dangerous to life and health (IDLH) even though the human health
hazards have not been quantified. Under the standard, firefighters are allowed to wear air-
purifying respirators with High Efficiency Particulate Air (HEPA) filters by themselves or also
with organic vapor/acid vapor cartridges to fight wildland fires.

Some Considerations for Specific AF Jobs

Some Air Force personnel use organic vapor cartridges as an emergency escape mechanism from
fuel cells. There are several elements involved in the use of this type of respiratory protection
that may fail to adequately support escape. First, this escape mechanism assumes adequate
oxygen is available inside the fuel cell. This may not be an adequate assumption. Depending on
the procedure in progress and the reason for the loss of breathing air, insufficient oxygen to allow
worker escape may exist. For example, if a power outage leads to failure of the breathing air
pump, the ventilation system used to air out the cell could also fail. As a result, oxygen levels
inside the cell could drop, leading to an oxygen deficiency. Second, even if adequate oxygen is
available, the probability of worker escape will depend on the concentration of vapors in the cell,
the adsorption capacity of the cartridges, and the position of the worker when the failure occurs.
If the cartridge has been in service for a prolonged period of time the adsorption capacity will be
greatly diminished. Elevated vapor concentrations inside the cell could overload the cartridge;
therefore, the mask would not have enough adsorptive capacity left for safe escape.
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Paragraph 3.4.12.1 of AFI 32-1052, Pest Management Program, requires all pesticide applicators
to be enrolled in the respiratory protection program. The EPA states in the Federal Register, 40
CFR Part 170.240(f)(7), Worker Protection Standard, that the employer shall assure that when
gas- or vapor-removing respirators are used, the gas- or vapor-removing canisters or cartridges
shall be replaced:

(a) At the first indication of odor, taste, or irritation.
(b) According to manufacturer's recommendations or pesticide product labeling,

whichever is more frequent.
(c) At the end of each day's work period, in the absence of any other instructions or

indications of service life

Contrary to AFOSH Standard 48-137, a June 1999 AFMOA memorandum stated, "Bases are
authorized to determine respiratory protection for spraying isocyanate containing paints based on
process-evaluation, measured exposure levels, and assigned protection factors (APFs)."
Diisocyanates often form condensation aerosols when they are airborne. For this reason, it is
generally necessary to use a particulate filter in combination with an organic vapor cartridge. If
other organic vapors are present in the same atmosphere as a diisocyanate, those vapors
invariably break through first.

Venkatram Dharmarajan of Bayer Corporation studied the breakthrough of hexamethylene
diisocyanate (HDI) through MSA GMA type and North N7500-1 cartridges at various relative
humidities and solvent saturation. Their results suggest these cartridges provide protection
against a challenge concentration of 100 ppb HDI (in a solvent mixture of 60% n-butyl acetate,
30% propylene glycol mono methyl ether acetate, 5% toluene, and 5% methyl ethyl ketone) at
relative humidities as high as 80% and as low as 20% at room temperature. No evidence of
desorption or migration was seen in cartridges that were repeatedly exposed to HDI atmospheres
day-after-day for six days. However, other paint ingredients might lead to breakthrough or
desorption in other scenarios.
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Attachment 1. Estimating Cartridge Service Life Flowchart

Particulate and/or oily aerosols
Contminat 0,No Change-out Schedule

Contamineict-Required. Change-out when

breathing becomes difficult.

Type of Gas or I i Use a cartridge with an End-of-
Vapor Such as an Acid or Base Service-Life-Indicator (ESLI).

Organic

Use OSHA's Math Model Table.
Note that use of this table usually

I only have means that the cartridges will be

time to Ychanged at a faster rate than

accomplish the Ynecessary
minimum _

requirements.

The ideal cartridge change out
schedule is based on experimental
laboratory testing, which is
conducted at the same conditions

to be aat which the cartridges will be
saccurate as used.

No

Use the cartridge manufacturer's software program or table. If the manufacturer has no
software program or table, use OSHA's Advisor Genius with the conservative default
cartridge properties. If the manufacturer only provides a table to use, safety factors will
need to added.
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