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Abstract

In the absence of End of Service Life Indicator (ESLI), a cartridge change schedule should be established for ensuring
that cartridges are changed before their end of service life. Factors effecting service life of cartridges were evaluated,
including the amount of atmospheric contamination with aromatic hydrocarbon vapors in the workplace, temperature,
and relative humidity of the air. A new change schedule was established based on comparing the results of air
monitoring and workplace conditions, laboratory experiment, and the NIOSH MultiVapor software. Spray painters were
being exposed to aromatic hydrocarbons in a range exceeding occupational exposure limits. The cartridge change
schedule was not effective and could no longer provide adequate protection against organic contaminants for
sprayers. Change schedules for respirator cartridges should be reduced from 16–24 hours to 4 hours. NIOSH’s
service life software program could be applied to developing cartridge change schedules.
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Introduction
In the car manufacturing industry, spray painters should
wear suitable types of respirators throughout the entire
spraying process to minimize their exposure to volatile
organic compounds (VOCs). This may either be the primary
exposure control - especially necessary when spraying is
carried out in poorly ventilated conditions - or a supplemen-
tary exposure control in conjunction with other measures.
Most air-purifying respirator cartridges for organic vapor

contain a packed bed of activated carbon granules. The
service life (breakthrough time) of this absorbent depends
on different parameters, including cartridge specifications
(amount of sorbent in cartridge, the activated carbon’s prop-
erties, and bed geometry) and its conditions of use (concen-
tration of workplace atmospheric VOCs, relative humidity
and temperature, plus workers' breathing rates) [1,2].
Based on the Occupational Safety and Health Adminis-

tration (OSHA) respiratory protection standard [3], if there
is no end-of-service-life indicator (ESLI) for canisters and
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cartridges, a change schedule, based on objective informa-
tion which will ensure that canisters and cartridges are
changed before the end of their service life, must be
implemented. OSHA suggests three valid ways to estimate
the cartridge's service life and establish a change schedule
for them: conducting experimental tests, using the man-
ufacturer's recommendation, and using a mathematical
model [4].
Several studies have been done for the evaluation of

efficiency and developing models for estimation of the
service life of organic vapor cartridges. Gary O. Nelson
et al. determined the service life for organic vapor car-
tridges under a wide variety of air flow concentrations [5],
air flow, humidity and temperatures [6], and solvent vapor
concentrations [7]. They also presented an empirical ex-
pression for estimating the service life of cartridges [8].
Different models and equations have been presented

in literature for estimating the service life of cartridges,
including the D/R, Mecklenburg, Wheeler, Yoon and Wood
equations [9].
The most common model used by OSHA, and some

manufacturers, is the Wood math model [10], which was
presented for estimating the service lives of both single
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organic vapor [11] and multiple organic vapor cartridges
[12] at all possible humidity values.
However, most of the above studies were performed

for estimation of service life of respirator cartridges
and very few studies looked at the practical aspects of
establishing change schedules in workplaces. Furthermore,
developing a cartridge change schedule is a new exercise
for most respirator users. Because standard approaches to
setting a change schedule have neither been developed nor
validated, there is uncertainty about their efficacy [13].
The aim of the present work was: (1) evaluation of effi-

cacy of existing change schedules in the study workshop;
(2) air monitoring of aromatic hydrocarbons in the auto-
mobile spray painting workshop; and (3) developing a
cartridge change schedule based on the results of air mon-
itoring and workplace conditions. The practical goal of
this study was the introduction of a change schedule
for workers who were using air purifying respirators to
protect themselves against VOCs during spray painting.
They would thus be able to predict when cartridges no
longer provided adequate protection.

Material and methods
Evaluation of efficacy of existing change schedule
The efficacy of the existing change schedule of air-purifying
respirator cartridges used in the automobile spray painting
workshop was investigated using a procedure recommended
by OSHA [3]. The apparatus was used for this purpose,
was made of detector tubes (as direct reading instruments),
a leak free cartridge holder, adaptors, inert tubing and
Teflon tee, sampling tube, and a sampling pump, as shown
in Figure 1. For testing the efficacy of the existing change
schedule, immediately before changing the cartridges
being used in the workplace, the breakthrough of benzene
from 10 randomly selected cartridges was tested as air was
passing through them. If breakthrough of benzene was
detected above the occupational exposure limit, it would
show that the existing industry schedule for changing the
cartridges is not efficient and a new cartridge change
schedule should be developed.

Air monitoring of aromatic hydrocarbons
The concentrations of benzene, toluene, and xylenes (BTX)
were measured, both as a representative set of VOCs and
as the most common organic compounds found in spray
painting workshops. We collected 24 personal air samples
from painters’ breathing zones (as a similar exposure group)
over six consecutive working days. This was done at times
of peak exposure.
The frequency and duration of exposure of employees

wearing respirators was also determined and the cu-
mulative personal solvent exposure over an eight-hour
work shift was calculated. Data from lunch breaks were
not included as exposure time when calculating the air
concentration. Time that a painter was not actually present
in the spraying booth, but was instead engaged in the
preparation of paints was considered as exposure time.
A standard analytical procedure (National Institute for

Occupational Safety and Health-NIOSH 1500/1501) was
used to analyze the air samples. Briefly, the organic
chemicals were desorbed from the charcoal using CS2
and analyzed by gas chromatography (Shimadzu) operated
in a split mode. Twenty-four major chromatogram peaks
were identified in daily samples based on a comparison of
retention times and mass spectra to peaks from a calibra-
tion standard.
On each working day, one field blank was collected

along with the two daily samples and was analyzed with
the same procedure as for the air samples.
The worst-case concentration of contaminants was calcu-

lated by adding the average concentration over six working
days to the standard deviation, and the result was used for
cartridge service life estimation.
In addition to determining the concentration of contami-

nants, other workplace conditions that could influence the
service life of a cartridge, including relative humidity and
temperature of the workplace atmosphere, were measured
with the aid of a Digital Humidity/Temperature Meter
Model: MTH-1361 over six working days, and their max-
imum values were recorded as worst-case conditions for
cartridge service life estimation.
Workers' breathing rates were estimated based on the

type of work that operators were doing in the spray
painting booth and this amount was used as total airflow
passed through the respirator cartridge.
Cartridge testing and change schedule
The cartridge change schedule was determined by a labora-
tory experiment and the results were compared with those
of the NIOSH MultiVapor software for estimation of the
service life of cartridges.
Determination of service life based on the laboratory
experiment
To determine the service life of a cartridge by laboratory
experiment, four as-received respirator cartridges (3 M
6001) were exposed to the atmospheric contaminants
found in the workshop, including benzene, toluene, and
xylenes, both individually and mixed together.
For this purpose, a gas or vapor stream was blended with

clean air to the desired concentration and passed through
the cartridge at a specified flow rate until the desired frac-
tion of the upstream concentration is achieved downstream
of the cartridge. The length of time taken for a gas or
vapor to saturate sorbent material in the cartridge, under
a given set of environmental variables, was considered as
the breakthrough time.



Figure 1 Schematic diagram of the set-up for field testing of cartridge change-out schedule.
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The breakthrough time may be expressed in minutes
at a given flow rate, challenge concentration, or percent
breakthrough. The air temperature and relative humidity
were adjusted according to the workplace atmospheric
conditions.
Figure 2 shows the schematic diagram of the apparatus

designed for measuring the breakthrough time of the
respirator cartridge. The main part of this apparatus
was the mixing chamber, which was made of PTFE and
consisted of three parts. The first part was equipped with
temperature and relative humidity sensors (TC4Y-14R,
Autonics, Korea), The second part accommodated a
heating plate (item 6) for vaporizing the solvent as it
entered from the syringe pump (model HX-901A, item 3).
After humidification, the air (item 2) passed through the
first part to the second, mixed with vaporized solvent, and
then entered into the third part (item 5, the main part of
mixing chamber).
These parts were clamped together with an o-ring to

provide a leak-proof fit, and two one-way valves (items
7) between the parts prevented back pressure inside the
chamber.
Inlet air was provided by an air compressor, filtered for

organics and particulates, and passed through a humidifier
to control and maintain a constant humidity in the mixing
chamber. Temperature and relative humidity were adjusted
according to the worst-case conditions of workplace by
means of a humidity controller (SU-503B, Samwon Eng,
Korea).
The mixing chamber output was directed into a cartridge

holder where the test piece was fixed. At the start of run
the mixing chamber output was bypassed to vent (13).
After adjusting both the temperature and humidity, and
after obtaining a steady state concentration based on the
desired values (which normally took 30 min), the bypass
valve was shut, the air stream was allowed into the main
line, and the test started.
The airflow was passed through the respirator cartridge

at a flow rate similar to the average breathing rate of pain-
ters working in a painting booth and wearing a respirator.

Vapor generation and concentration measurement
All substances used for vapor generation in the present
study were of GC grade (Merck, Germany). By controlling
the injection rate of the syringe pump, the organic solvent
vapor concentration was set in the range of worst case
concentrations of contaminants found in spray painting
booths. The variation of these concentrations was less than
10% of the desired value. Experiments in which a sudden
decrease in concentration was observed were repeated.
The vapor concentration of individual contaminants was

measured both upstream and downstream of the cartridge,
using a gas analyzer equipped with a Photo Ionization
Detector (Ion Sciences Co., UK). The accuracy of the
gas analyzer was checked by a Gas Chromatograph (Varian
model CP-3800) equipped with a hydrogen flame ionization
detector (FID).
When testing cartridges with mixtures of organic sol-

vents, two gaseous samples - one upstream and one down-
stream of the cartridge - were collected every five minutes
and were directly injected into the gas chromatograph
equipped with a FID.



Figure 2 A schematic diagram of the apparatus used for measuring the cartridge breakthrough time.
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Breakthrough time measurement
The interval between the start of test and the time when
the vapor concentration downstream of the cartridge
reached 50% of the Threshold Limit Value (TLV of the
American Conference of Governmental Industrial Hygien-
ists – ACGIH- 8-hour TWA) [14] for one particular sub-
stance was recorded as the breakthrough time in relation
to the vapor concentration and humidity. For each sub-
stance, the shortest recorded time was considered as the
breakthrough time.
Estimation of service life based on NIOSH MultiVapor software
Software programs exist for the estimation of cartridge
service life. OSHA has developed one (Advisor Genius) to
predict the service life of organic vapor respirator cartridges
when used as protection against single contaminants [15].
Most available software programs to calculate breakthrough
time are based on exposure to a single contaminant and
are strongly influenced by high humidity. However, NIOSH
recently developed a software program - MultiVapor [16] -
which can be used for both single and multi vapor contami-
nants. In this study, in addition to laboratory experiment,
service lives of used cartridges were also estimated using
NIOSH MultiVapor software for both single and multi
contaminants. After calculating the breakthrough time
for each of the mixture’s components, the breakthrough
time of xylene (m-xylene) was considered for setting out
a change schedule, as it had the shortest breakthrough
time in the mixture [3].
Workplace conditions, including concentration of con-

taminants, relative humidity, temperature, and workers'
breathing rates, all of which had been reproduced in the la-
boratory experiments, were analyzed using the MultiVapor
software.
Evaluation of efficacy of developed change schedule
(Field testing)
An estimated change schedule was evaluated and verified
using the procedures described in step 2.1. At this stage, if
organic vapors were not detected in the samples (used
cartridges), then significant breakthrough would not have
occurred. Thus the change schedule would be confirmed
and cartridges could be changed according to it. If break-
through had occurred, then the designed cartridge change
schedule would have to be shortened (usually by one hour)
and the test would have to be repeated.
Results
In the spray booth, five sprayers worked 10 hours a day and
six days per week. Painters wore half-face respirators to
protect themselves against organic vapor for eight hours.
Each cartridge contained 46.39 g of sorbent. The manu-

facturer reported a carbon micro pore volume of 0.533 m3/g
and an average carbon granule diameter of 0.15 cm. The
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manufacturer reported the carbon bed dimensions to be
8 cm diameter and 2.2 cm depth.
The existing schedule for changing the cartridges in

the workshop studied ranged from two to three working
days (16–24 hours) and was based on either the painter's
reliance on odor threshold of contaminants or difficulty
in breathing. To evaluate the efficacy of this cartridge
change schedule a breakthrough of benzene was tested
in the spray booths, just before the usual cartridge change.
This was done for 10 cartridges using the method described
in section Material and methods.
A benzene breakthrough was observed in seven car-

tridges, suggesting that the existing cartridge change
schedule in the spray booth was not efficient and painters
would be exposed to organic vapors, especially as existing
engineering controls were not working properly. The
change schedule should therefore be revised.

Workplace air monitoring and characteristics
Table 1 shows the results of air monitoring and other
workplace characteristics which are required for developing
a cartridge change schedule, including air humidity and
temperature.
The results of air monitoring showed that the concen-

trations of organic solvent vapors were in the ranges of
36.2 ±21.2, 111.3 ± 61.7 and 312.3 ± 91.3 ppm for benzene,
toluene and xylenes, respectively. This is higher than the
ACGIH 8-h TLV–TWA (P < 0.05). This finding is similar
to Vitali et al.’s study in which the concentrations of
benzene found were at levels close to or higher than the
8-h TLV–TWA in all car painting shops studied [17].
The worst case concentration of organic solvent vapors

in the spraying booth was calculated by adding the average
measured concentration to its standard deviation, and this
was used to estimate cartridge service life. The worst case
concentrations of these solvents were 58, 174 and 404 ppm
for benzene, toluene and xylenes, which are respectively
115.5, 8.7 and 4 times higher than their ACGIH TLV.
The temperature and relative humidity of the air in

the spraying booths were 20.83 ± 0.68°C and 54.5 ± 0.5%
percent respectively, which are the worst case conditions
of the workplace.
Table 1 Workplace air monitoring and other characteristics o

Parameter n M ± SD TLV

Concentration (ppm) Benzene 24 36.22 ± 21.22 0.5

Toluene 111.33 ± 61.79 20

Xylenes 312.33 ± 91.33 100

Temperature (C) 6 20.83 ± 0.68 -

Relative humidity (%) 6 54.5 ± 0.5 -

M± SD; Mean ± Standard Deviation, MD; mean Difference, TLV; Threshold Limit Valu
*One-sample Test.
**Worst case conditions were calculated by adding mean measured values to their
Air passed through the respirator cartridge at a flow rate
of 37 l/min, which was the average breathing rate for
operators doing moderate to heavy work in the painting
booths and wearing their respirators.

Cartridge testing and service life estimation
Table 2 shows the estimation of cartridge service life by
both the experiment and the use of NIOSH MultiVapor
software. According to our tests, using the extreme con-
ditions of the workplace studied, cartridges resisted for a
maximum of 22.58, 14.62 and 8.56 hours for benzene,
toluene and xylenes respectively (for single contaminants).
But in the real situation when there is a mixture of these
contaminants, the cartridges’ maximum breakthrough time
was 4.35 hours. As Table 2 shows, NIOSH software es-
timated a longer service life than the experimental values,
with the MultiVapor software exhibiting relative errors of
9.71, 9.29, 10.28, and 12.62 percent respectively for ben-
zene, toluene, xylenes and a mixture of these contaminants.

Discussion
The breakthrough time for organic vapors in this study
was estimated at four hours. However, the US OSHA
standard for benzene [18] requires that organic vapor car-
tridges be replaced at expiration of their service life or at
the beginning of each shift in which the cartridges are used,
whichever comes first. Thus, even if engineering controls,
such as booth ventilation, were improved, then based on
the existing industry schedule the organic vapor cartridges
would not be changed. In other words, cartridges must
never be used for longer than one shift for benzene even
if the estimated service life is longer than a shift or the
cartridge is used for only part of a shift.
Although there is some uncertainty and there are prob-

lems associated with cartridge change schedules, it is
believed that the uncertainties of change schedule present
less of a public health problem than would the continued
reliance on warning properties [19].
To overcome these uncertainties and prevent inadequate

change schedules that could result in chronic overexposure,
we verified the change schedule that we had developed.
At the end of estimated service life (four hours) and
f workplace

MD t Sig. (2- tailed)* Worst case condition**

36.05 5.09 0.001 58

91.44 4.42 0.002 174

212.92 6.99 0.000 404

- - - 22

- - - 55

e ACGIH (8-hour TWA).

standard deviation.



Table 2 Estimation of cartridge service life by experiment, manufacturer's calculation and NIOSH MultiVapor software

Test conditions Challenge
concentration

ppm

Breakthrough
criteria (ppm)
(50% TLV)

Breakthrough time (min) Relative error of
NIOSH MultiVapor
software (Percent)

Test agent Experiment NIOSH MultiVapor
software

Single vapors Benzene 58 0.25 1355.3 1487 9.71

Toluene 174 10 877.2 958.7 9.29

Xylenes* 404 50 514.4 9.32 10.28

Mixtures Benzene, Toluene and Xylenes 0.25 261.3 294.3 12.62

*Estimation for xylenes has been done based on the primary component of m-xylene, Atmospheric Pressure (atm): 1.
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immediately before changing the cartridges, we again
tested 10 cartridges for benzene breakthroughs in the
spraying booths and no benzene breakthroughs were
detected. This reaffirmed the newly established change
schedule and cartridges could be changed according to
it. However, change schedules should be re-evaluated on a
systematic and frequent basis, as well as when workplace
conditions change.
The best change schedules are ideally based on cartridge

breakthrough tests under worst case conditions of contam-
inant concentration, humidity, temperature, and air flow
through the filter element [3], but in practice this method is
difficult and time consuming. As Table 2 shows there is
15% difference between the experimental measured break-
through time and its estimated value from NIOSH Multi-
Vapor software. Therefore in practice, NIOSH’s service life
software program could be applied to developing cartridge
change schedules if the estimated service life was reduced
by a safety factor of at least 15%.
In the workplace under study, the service life (multiple

contaminants) was estimated to be less than one shift, so
the cartridges must be disposed of according to the estab-
lished change schedule, which is every four hours.
Reliance on odor thresholds and other warning properties

have long been recognized as problematic and could not
be considered solely as criteria for replacing cartridges
(NIOSH 2004). This is because:

1. Warning properties rely upon fallible human senses.
2. There is typically a wide variation of odor threshold

in the general population with respect to the
detection of odors.

3. Humans’ odor thresholds can shift due to extended
low exposures and some illnesses, like a simple cold.

When the odor threshold of a compound is greater than
its TLV, overexposure of a respirator user is possible since
breakthrough may not be detected. For benzene, the odor
threshold is about 4.7 ppm [20] or approximately 10 times
its occupational exposure limit in Iran (0.5 ppm). So ben-
zene has a poor warning property and its odor cannot be
considered a safe criterion for warning of its breakthrough
and the need to change the cartridge. The odor threshold
for xylene is 1 ppm of air. Because this value is below
the current ACGIH TLV–TWA of 20 ppm [14], xylene
is considered to have adequate warning properties. In
the case of toluene, in spite of having an odor threshold
of 2.49 ppm - below its current permissible exposure
limit (PEL) of 100 ppm there are wide variations in its
odor threshold and therefore its warning property is not
considered reliable [21].
Relying on odor thresholds and other warning properties

as the primary means to determine the time to change the
chemical cartridge is not effective and is rejected in OSHA’s
revised respiratory protection code. Instead OSHA requires
that a change schedule be established that identifies
how long a chemical cartridge can be used in a particular
workplace before being replaced. OSHA also states that
chemical cartridges could be used for chemicals with
poor warning properties if an effective change schedule
is established.
As mentioned earlier, the best way to control the degree

of exposure to hydrocarbon aromatics in a spray booth is
to eliminate the use of hazardous substances, or to use
less hazardous substances. Replacing spray painting with
rolling or brushing systems, or isolating the spray painting
using a fully automated process, can also reduce exposure.
Where this is not practicable, engineering controls such as
ventilation systems should be considered. The ventilation
system in spray booths should provide a continuous, uni-
form and evenly distributed air flow of acceptable quality
throughout the spray painting area, as well as a sufficient
air velocity at all points within the operators’ breathing
zones.
Using air purifying respirators is generally considered

to be a supplemental control measure. However, it is
sometimes the main control measure prior to the imple-
mentation of environmental controls, or when there is a
ventilation system failure that could potentially result in
over exposure to organic vapors.
Unfortunately, in the workplace studied, the ventilation

system was not able to control the painters’ degree of
exposure; they therefore had to rely on using respirators
for their protection. Proper usage and replacement of car-
tridges before the end of their service life is very important
for protection during work in a spray booth.
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Conclusion
Based on the schedule established in this study, change
schedules of respirator cartridges should be reduced from
16–24 hours to 4 hours.
Cartridge change schedules for air-purifying respirators

must be established based on the results of workplace air
monitoring and other use conditions of cartridges. They
should not rely on odor and other warning properties of
contaminants.
Furthermore, this study also showed that NIOSH’s

service life software program could be applied to develop-
ing cartridge change schedules if the estimated service life
was reduced by a safety factor of at least 15%.
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