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A Testing Protocol for Organic Vapor Respirator
Canisters and Cartridges
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A generic test plan has been developed for laboratory measurements of the performance of a selected organic vapor canister or cartridge
against a selected vapor. It assumes that the test system is set up, the canisters or cartridges are prepared, and the capability for interpreting the
resulting data exists. Portions of breakthrough curves are determined for a reference set of conditions and for ranges of bed depths, airflow
rates, vapor concentrations, relative humidities, and temperatures. The minimum number of tests required to quantify effects of all the above
parameters has been identified as 25. Objectives in choosing this protocol have been to (1) optimize the number of tests, (2) optimize the
amount of information obtainable, (3) have the results in a form which can be correlated by any one of a variety of mathematical models, (4)
define data reproducibility, (5) allow scaling of results to other bed geometries for evaluation or design purposes, and (6) provide a visual

representation of results for field use.

Introduction

Performance data are required for initial design, improve-
ments, and evaluations of organic vapor canisters, car-
tridges, and other activated carbon beds and for making
decisions on using them in the field. Experiences in govern-
ment and industrial testing laboratories have indicated a
need for additional guidelines for testing canisters, car-
tridges, and sorbents. Factors affecting the performance of
organic vapor cartridges have been reviewed elsewhere."' ™

The variety of potential use conditions (breathing rate,
prior canister history, etc.) and environmental conditions
(relative humidity, temperature, efc.) is one factor to con-
sider in choosing laboratory testing conditions. In field
applications these seldom are easily controlled. Canister
designs and the carbons they contain also vary with manu-
facturer and even with time of manufacture. The types of
vapors against which protection is required are diverse
because of the scope of chemicals used in industry.

The resources available for testing always are limited.
Testing equipment is complex and subject to frequent main-
tenance and calibration. Trained personnel are not always
readily available, and testing is costly.

Considering the complexity of this situation, the best hope
for defining the overall capability of a given canister, car-
tridge, or pair of cartridges is to select testing conditions
which will define the fundamental parameters of the carbon/
vapor interactions and the influences of environmental con-
ditions on them.

Scope

In this paper the focus is on a testing protocol, including
suggested conditions and ranges of variables, and the bases
for selecting these. The authors assume as prerequisites that
(1) a testing system is set up and ready for use, (2) the test
canisters, cartridges, or beds are prepared for testing, and (3)

a data analysis capability exists for extracting fundamental
parameters and presenting data in a useful format.

Although the protocol description is presented for canis-
ters and cartridges, it also can be scaled to apply to other
packed carbon beds. Cartridges used in pairs on an air-
purifying respirator should be tested in parallel in pairs, or
the airflow rates should be halved for testing them singly.

The protocolis limited to a single gas or vapor, except for
the ever-present covapor, water. Additional vapors can be
added for multivapor testing once the removal of each single
vapor has been defined. Filtration of particulates is a com-
pletely separate matter and is not considered here.

Protocol Objectives
The objectives in developing this protocol have been to

(1) Optimize the number of tests required to define per-
formance for a particular vapor removal application

(2) Optimize the amount of information from testing, so
that effects of environmental and use conditions on
performance can be characterized

(3) Provide testing results which can be correlated by any
one of a variety of mathematical models which have
been or may be proposed

(4) Include enough test repetitions for at least one set of
conditions so that a measure of the test data repro-
ducibility can be defined

(5) Allow for scaling of the results to other bed size,
geometry, packing density, sorbent particle size, etc.

(6) Provide a visual representation of resuits for field use.

Preconditioning

Canisters should be prepared for testing to match the condi-
tion they are expected to be in before actual use. For exam-
ple, if the canisters are hermetically sealed until immediately
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before use, they should be tested in the laboratory “as-
received.” On the other hand, they may be expected to be
used at or exposed to ambient temperature and humidity
conditions for long periods prior to challenge by the vapor of
concern. If so, the expected water (or other contaminant)
loading should be determined and the canisters precondi-
tioned to match.

Inthe absence of any guidance on preuse conditioning, the
canisters can be preconditioned to a constant weight loading
corresponding to 50% relative humidity (RH). This may
take up to 48 hr with 50% RH airflow through the canister. If
canisters are not preconditioned at the testing humidities,
heating or cooling of air passing through them will occur
because of water adsorption or desorption, respectively.”)
These latter situations are more difficult to treat theoreti-
cally. Canister equilibration at 50% is an intermediate water
loading.®

In any case, the amount of water present as-received
should be determined by carbon drying. The amount added
or removed prior to testing should be determined by weight
change upon humidity equilibration (if any) of the original
bed. This information can be useful in characterizing the
carbon and identifying possible improvements in manufac-
turing and storage.

Phase I: Initial Testing

A flow chart summarizing the specific recommendations for
the initial phase of testing is shown in Figure 1. Phase 1
testing requires at least nine tests (three reference + two bed
weight doubling + four flow rate varying) with 11 canisters or
22 cartridges tested in pairs. The extra units are for double-
depth tests. Discussions of the choices for initial test condi-
tions follow.

Reference Conditions and Reproducibility

The first step is to select a reference set of conditions for
testing. A high volumetric flow rate, Q, of 64 L/ min repre-
sents a high respiratory minute volume.® Steady, rather than
cyclic, flow is recommended for simplicity, although cyclic
flow may be used.” Ambient temperature, T, near 25°C is
attained and maintained most easily. A 509% RH for testing
represents an intermediate value for the possible range.

The initial challenge concentration, C,, of the chosen
vapor should greatly exceed (preferably by at least 100
times) TL, the permissible exposure limit (threshold limit
value [TLV®], permissible exposure limit [PEL], etc.), but
also give practical testing times. The initial suggested limits
(between 20 min and 4 hr) also were selected to give practical
breakthrough times for subsequent testing.

A portion of the breakthrough curve should be measured—
from the minimum detection limit, which should be no more
than 1% of challenge concentration, to at least 109% of the
challenge concentration. The maximum allowable break-
through concentration, defined by the application, should
be included. The data should span at least a factor of 10
(preferably at least 50) in breakthrough concentration to
allow derivation of both capacity and kinetic parameters for
each test.
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INITIAL REFERENCE CONDITIONS
Qss = 64L/min, Co = 100xTL
Tos = 25°C, RHsq = 50%
One Canister or Dual
Cartridges in Parallel

]

- Measure Breakthrough Curve
and Times ty and tyy

T

Is 20 min < toy < 4hr?

No ] Yes No
\] L]
If toz < 20 min, Reference Cgy Set, Are Breakthrough
Set Cp = 0.1 Cy; Repeat Test at L Times
If 4% > 4 hr, Reference Conditions Reproducible”
Set Co = 10Cy Two More Times

Yes

Double Airflow
Rate (Qus) at Other [+
Ref. Cond. Two Tests.

!

Halve Airflow Rate
(032) at Other
Ref. Cond. Two Tests.

Double Bed Weight
(Depth). Two Tests [«
at Reference Conditions

Figure 1—Phase |: Basic testing protocol to determine experi-
mental reproducibility, bed depth effects, and airflow rate
effects.

At least triplicate tests should be run at the selected set of
reference conditions to define the combined reproducibility
of the test and the integrity of the sorbent bed packing.
Subsequent tests should be done at least in duplicate at each
set of conditions. If the range of any breakthrough time
(maximum value minus minimum value) exceeds 209 of the
average (estimated relative standard deviation exceeds 12%),®)
then the following steps should be taken: (1) repeat mea-
surements and eliminate proven outliers, (2) improve testing
equipment and procedures, and/or (3) investigate the uni-
formity of canister packings.

Bed Depth and Airflow Velocity Effects

Constant pattern of the adsorption wave in a packed bed is
defined as no additional spreading of the wave (and, there-
fore, the breakthrough curve) as it passes further through the
sorbent.® This assumption is basic to most models of break-
through behavior. It can be confirmed only by deepening the
bed (e.g., putting two canisters in series) and observing the
relative shapes of the breakthrough curves. Mathematically,
differences in times for two bed depths (Dg) should be nearly
the same at each selected breakthrough fraction (e.g., 0.01
and 0.1). If this is not found to be the case, no constant
pattern has been formed in the first canister, and models
based on this assumption do not apply. Testing following
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this suggested protocol still will provide useful data for
estimating service lives, however.

Airflow rates (velocities) double and half the reference
rate provide a wide enough range to determine effects on
kinetic parameters and, perhaps, mass transfer rate limiting
mechanisms.® "

Phase 1I: Environmental Effects Testing

While bed size and airflow velocity can be controlled to some
extent by canister design, environmental conditions at the
point of application must be taken as they are. Therefore, the
effects of environmental parameters (vapor concentration
{C,], relative humidity [R H], and temperature [ T]) on canis-
ter service life (at a predefined breakthrough concentration
[C]) must be known by the user. Phase 11 testing requires at
least 16 tests (2 Cos x 2 RHs x 2 Ts) with 16 canisters or 32
cartridges used in pairs.

Experimental Design

The two-level factorial experimental design™* ' is proposed
for testing effects of these three environmental conditions on
canister breakthrough times. The advantages of this approach
are(1) it yields more and more precise information about the
effects of the variables, (2) it provides a way of identifying
suspect results, (3) it avoids the bias which may result from
varying only one parameter at a time, and (4) it provides a
graphic presentation of the parametric effects, which is use-
ful for determining service life and, therefore, applicability
in actual field situations.

Two levels of each parameter in all combinations form the
corners of a cube when plotted on three axes of Cartesian
coordinates (Figure 2). When these levels are the extremes of
each parameter, the volume of the cube represents all possi-
ble conditions. Values of the dependent variables (break-
through times) are determined experimentally at the corners
(sets of challenge concentration, relative humidity, and
temperature conditions) and repeated. Values at interme-
diate conditions can be estimated by looking at the three-
dimensional representation. Tentative extrapolation beyond
the test range also can be made by estimating or, better, by
using proven mathematical models. This should be done
with caution, however, and confirmed experimentally, when
possible.

Parameter Range Selection

Challenge concentrations 10 times and 1/10 the selected
reference concentration (see Phase I above) provide a wide
enough range to include a variety of applications. Data at
these points plus the intermediate (reference) point data can
be used to define effects of RH and T on capacity parameters
(e.g., adsorption isotherms).

Testing should be done at high and low extremes of rela-
tive humidity. It is not easy to exceed 85% RH, however,
without condensation on cold spots in the apparatus. It may
be preferable to extrapolate results to higher relative humid-
ities. Therefore, 85% R H has been selected as the upper level
for this test protocol. The dry bed and dry air condition is of
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importance in defining the single-component capacity (ad-
sorption isotherm); however, if completely dry air is not
available, the lowest humidity practically attainable should
be used. Adsorbing water vapor usually reduces a carbon’s
capacity for adsorbing other vapors. When the vapor remov-
al mechanism is by reaction, however, water actually may
enhance the process.”” Comparisons of effects of high, low,
and intermediate RHs can be used to identify the critical
range of effects and to select additional testing relative
humidities.

Temperature is one of the most difficult parameters to
control in canister testing. Temperature effects on canister
service life vary with the mechanism of vapor removal. Phys-
ical adsorption capacities are reduced, but diffusion, cataly-
sis, and chemical reactions usually are enhanced at higher
temperatures. Therefore, a range of 25 + 10°C (e.g., 15 and
35°C)is useful for preliminary identification of these effects.
Again, additional testing temperatures (intermediate or
more extreme) may be suggested by the observed effects on
service lives. It is important to remember, however, that at
extreme low or high temperatures, physiological conditions
may become more limiting to respiratory protection than
canister or cartridge performance.

Data Reporting

All the breakthrough curve data (breakthrough concentra-
tions versus times) for each specified set of preconditioning
and testing conditions should be tabulated and made acces-
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Figure 2—Sample two-level factorial analysis representation
of service life data. The numbers in the circles represent
average 1-ppm breakthrough times (min) for 50% RH pre-
conditioned canisters (top half circle) and as-received canis-
ters (bottom half circle) at some specified set of testing
conditions.
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TABLE |
Proposed Values of Parameters
for Preliminary Canister Testing

Parameter Low

Reference High
C.A 10xTL®  100xTL 1000 x TL
RHC dry 50% 85%
Q° 32L/min 64 L/min 128 L/min
TE 15°C 25°C 35°C
DsF — 1 canister 2 canisters
In series

AC, = vapor concentration

BTL = permissible exposure limit
®RH = relative humidity

PQ = volumetric flow rate

ET = ambient temperature

FDg = bed depth

sible to others. Such data can be used in testing and applying
empirical and theoretical correlations for predicting canister
efficiencies and service lives. Graphical plots of break-
through curves can be useful for showing service lives and
environmental effects on them. The canister (test bed) speci-
fications (sorbent weight, volume, and type) also must be
reported in as much detail as is available.

Data Presentation

The two-level factorial method allows the summarization of
service life test results for the proposed sets of testing condi-
tions in the cube representation shown in Figure 2. The
numbers given for service lives in the circles within the cube
(reference conditions) and at the corners (combinations of
two levels for three parameters) are for illustration only. In
this example, the canister obviously is useless (< 5 min
service life) near or above 85% RH, 35°C, and 1000 ppm; but
it has a useful service life for more moderate conditions. A
fresh canister (not preconditioned) tested at 859% RH and
35°Cagainst 10 ppm of vapor gave an average service live of
60 min (upper, front, right corner). At lower humidity and/ or
temperature, a longer service life can be expected (moving
down and/ or left on the front face of the cube).

Two service life values are given in Figure 2 at each set of
environmental conditions, one for each of two initial canis-
ter conditions, as-received and preconditioned. Such a
representation could show data for two breakthrough levels,
two different canisters, two work (airflow) rates, two sepa-
rate vapors, efc., just as well.

Conclusions

This canister, cartridge, or packed-bed testing protocol can
be used to provide consistent and comparable data useful for

(1) Deciding on the applicability and service life of a
given unit for removing-a given vapor under a variety
of environmental and use conditions
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(2) Designing new or improved canisters, cartridges, and
sorbents

(3) Testing and development of models for describing
and predicting sorbent bed performance

Table 1 summarizes the proposed values of the testing
parameters.

A minimum of 25 tests (9 in Phase I + 16 in Phase 11) with
27 canisters or 54 cartridges used in pairs has been identified
as necessary. The results may suggest additional tests at
intermediate or more extreme vapor concentration, relative
humidity, and/ or temperature conditions.
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