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The performance of three commonly used chemical cartridge
respirators for SO; was measured under working conditions in a
copper smelter. An effective SO protection factor for each
man-respirator trial was calculated as the ratio between average
S0. concentrations sampled outside the respirator mask and that
simultaneously sampled from inside the mask. The in-use SO;
protection afforded by the three respirators proved to be highly
variable with mean protection factors of 22, 18, and 13. The
distributions of the protection factors and the effects of mask type,

facial size, and mask comfort are discussed.

Measurement of protection factors of chemical
cartridge, half-mask respirators under working
conditions in a copper smelter

DAVID E. MOORE, M.S.P.H. and THOMAS J. SMITH, Ph.D.
Division of Environmental and Occupational Health, Department of Family and
Community Medicine, University of Utah Medical Center, 50 North Medical

Drive, Salt Lake City, Utah 84132

Introduction

Chemical cartridge half-mask respirators are
commonly used by workers for protection
against noxious atmospheres in many industri-
al settings. The Mine Enforcement and Safety
Administration (MESA) has established min-
imum requirements for safe respirator per-
formance under specified hazardous conditions.
To assess the efficiency of a number of “dust
respirators” worn in various aerosol atmos-
pheres, extensive testing has been conducted at
Los Alamos Scientific Laboratory (LASL).1-3
“Effective protection factors” provided by dust
respirators have been measured in bituminous
coal mining operations.* But, overall, very little
field testing of respirator efficiency has been
done, and none has been previously done in an
SO. environment.

The present study was designed to meas-
ure the SOs protection factors of three chemi-
cal cartridge, half-mask respirators under actu-
al working conditions in a copper smelter. For
the purposes of this discussion, a “protection
factor” has been defined as the average SO;
concentration measured outside the respirator

Sponsored by the National Institute for Occupational Safety
and Health, Contract No. CDC-99-74-5

mask divided by the average SO. concentration
measured inside the respirator mask. The res-
pirators for this study were chosen from among
the models used in the Los Alamos studies and
include two currently used by workers at the
smelter.

Test group

The test group was selected from workers in a
high SO. environment: the reverberatory fur-
nace “feeders”. The six feeders in this test se-
ries were chosen, first, for their frequent and
regular high exposure to SO: and, second, for
their willingness to participate. Because only a
small population of smelter workers was avail-
able (the smelter was, at the time, on a reduced
working schedule with one of its three re-
verberatory furnaces shut down), no attempt
was made to control the facial indices of the
study group to conform to the LASL test pan-
el.! The feeders’ normal work involves charg-
ing copper concentrates into a reverberatory
furnace (10 m wide x 5 m high x 33 m long)
four times per 8-hour shift. Each feed lasts
0.5 to 1.5 hours, during which the feeder stands
on top of the furnace and directs the ore con-
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Figure 1-Schematic of dual sampling train.

centrate into a bank of chutes located along
the furnace walls. The feeder watches the
charging of the ore through a viewing port
which communicates directly with the fired
chamber. All respirator evaluations were made
during furnace charging. Three supervisory
personnel accompanied the feeders during res-
pirator testing. These three observed the feed-
ers during all sampling periods, acted as test
participants themselves, and monitored the op-
eration of the sampling equipment.

Methods and materials

Sampling unit

A personal sampling system was constructed to
simultaneously measure SO, concentrations
both inside and outside of a respirator while
the respirator is being worn. A diagram of the
system is shown in Figure 1. Dual trains were
used to sample SO, from the two source at-
mospheres. Two impingers with a common
plenum were used to achieve well matched
flows. Limiting orifice tubes for the impingers
were constructed by fusing 0.5 mm capillary
tubes into the impinger tube tips. Flows
through the tubes proved to be very stable,
provided the vacuum source which produced
those flows was itself stable. Impinger tubes
were matched into pairs which maintained
flows within 0.5 liter/minute of each other
when evacuated by a common vacuum source.
Commercially available sampling pumps were
used as vacuum sources. These pumps were
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capable of maintaining a 2.0 liter/minute flow
in excess of 8 hours. The demands of this study
called for maintaining 1.0 liter/minute flow
for 80-90 minutes. There was a slight tendency
for the flow rate to decline during testing.
Final flow measurements inside the mask
averaged 90.8 =+ 19.6% (mean =+ S.D.) of
their initial flows, while final flows of outside
the mask measurements were found to average
95.1 == 18.8% of their respective initial flows.
The “inside the mask” sampling train was pre-
filtered for particulates by the respirator itself,
while a 35 mm, 5 micron membrane filter was
used to prefilter the “outside the mask™ sam-
pling train. Sampling rates were sufficiently
low (0.25-0.5 liters/minute) to avoid significant
interference with the participant’s own breath-
ing and to avoid significant pump induced neg-
ative pressures within the mask. The prefiltered
gases were passed through the microimpingers
and the SO collected in acidified 0.5% (wt/
wt) hydrogen peroxide. Analysis of total sul-
fates was accomplished by precipitation with
barium chloride and measurement of barium
from redissolved barium sulfate with an atomic
absorption spectrophotometer.’

Data collection
Three commercially available industrial respi-
rator types were fitted on each of the nine sub-
jects. Three sampling runs (approximately 80
minutes long) were made to measure the inside
and outside the mask SO, concentrations for
each subject/respirator combination. Lip length
and menton-nasal root depression length were
measured for each subject.! A total of 81
paired inside and outside the mask samples
sere collected. Sampling was conducted ac-
cording to the protocol described in Appendix
L

Data analysis

The data were analyzed using t-tests, Mantel-
Haenszel chi square statistics, and regression
techniques.® The Mantel-Haenszel chi square
is a nonparametric statistic used to test for
differences in categorical data. The technique
considers the presence of ordering in the data,
while allowing for control of other variables of
interest.’

Results

Table T shows the average inside and outside
the mask SO, concentrations, and the average
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TABLE 1
Average SO, Concentrations Inside and Outside Respirator Masks
and Average Protection Factors

80, (mg/m?) PROTECTION
RESPIRATOR n OUTSIDE MASK  INSIDE MASK FACTOR
MEAN S.D. MEAN S.D. MEAN S.D.
A 26 61.1  40.2 5.0 4.0 22,1 226
B 25 53.0 25.6 4.6 3.8 184 14.2
(o3 25 53.0 356 6.2 4.5 129 110

protection factors for each of the three masks
tested, The outside the mask SO, levels aver-
aged approximately 55 mg/m3 (21 ppm) and
ranged from 16.1-196.1 mg/m? (6.2-75.4
ppm). Statistical t-tests of the average outside
the mask concentrations for each mask type
reveal that no significant difference existed be-
tween the SO5 atmospheres to which each mask
type was exposed. Inside the mask concentra-
tions averaged approximately 5 mg/m3 (1.9
ppm) and ranged from 0.9-18.1 mg/m3 (0.3-
7.0 ppm). The protection factors showed a
similar wide range, 2.6-83.1. Five tests of the
eighty-one (1 Type A, 2 Type B, 2 Type C)
were dropped from the data set because par-
ticipants removed or lifted their respirators
during sampling, thus causing inside the mask
SO accumulations to be unrepresentative of
concentrations occurring with respirator pro-
tection.

Histograms showing the distribution of
protection factors for the three masks are dis-
played in Figure 2. The protection factors were
consistently grouped in the 2-20 range, with a
few tests showing factors above 30. The Type

TABLE Il
Mantel-Haenszel Chi Square Test

RESPIRATOR PROTECTION FACTORS

Type 0-10 >10-20 >20
A 10 6 10 26
B 7 12 6 25 x2yy=0 p*=1.00

17 18 16 51
RESPIRATOR PROTECTION FACTORS

Type 0-10 >10-20 >20
A 10 6 10 26
c 14 6 5 25 x2,,=1.75 p*=.18

24 12 15 51

RESPIRATOR PROTECTION FACTORS

Type 0-10 >10-20 >20
B 7 12 6 25
[o] 14 6 5 25 x2%y=1.60 p*=.20

21 18 11 50

*Assuming that no difference exists between the mask pairs,
«p” is the probability that the value of x%yy would be as large
as it appears for each of the three tables.
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A mask had 38.5% of its protection factors
< 10, the Type B had 30.4% < 10, and the
Type C had 56.0% < 10. Median protection
factors were 15.29 for the Type A, 13.72 for
the Type B and 9.59 for the Type C. The low-
est three-test average for a subject was 5.5 for
the Type A, 6.9 for the Type B, and 6.7 for
the Type C. The lowest three-test average for
the Type A and Type C occurred for the same
subject.

The differences between masks were an-
alyzed by forming three contingency tables con-
tained in Table II. Mantel-Haenszel chi square
tests were performed on these contingency ta-
bles to assess the difference between protection

Distribution of Performance Factors by Mask

Number
P 2 4 & 8 o P
ange 4 1 1 N
0-10 I ]
10-20
20'30:’——‘
30-40 Type A
40-50 Hpr=22.13
50-60 mediange=15.29
60-70
70-80
80-90

1. 1 1 il — 1

0-10
10-20 1
20-30 TypeB
30-40

=1838
40-50 hRianee=1372
50-60
0-10 — !
10-20
20—30———J Type C
30-40 =288
40-50— TS dianes 29.59

Figure 2-Distribution of performance factors by
mask.
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TABLE 111
Summary of Questionnaire Data

RESPIRATOR
QUESTION
A (o3
1. Which respirator did you like best? 3 6 o}
2. Which respirator was worst? 0 2 7
3. Rate each respirator according
to the following criteria:
1=good, 2=fair, 3=bad A B (o]
Ease 2.2 1.8 1.7
Seal 1.9 1.3 28
Comfort/lIrritation 2.0 1.6 2.8
Draw 2.1 1.4 1.8
Ride down (tendency) 2.2 1.2 1.8
Visibility 1.3 26 17

factors of each respirator pair. The Mantel-
Haenszel procedure was used since the cate-
gories in the contingency tables were ordered
and this procedure provides for a more power-
ful test to detect trends for this type of data.
No significant difference was found between
the protection factors of the Types A and B.
However, as is shown in Table II, both the A
and the B appear somewhat superior to the
Type C mask. Additional data would be nec-
essary to attain acceptable statistical confi-
dence in such a conclusion. A mixed model
analysis of variance was also performed with
similar results.

An attempt was made to correlate the
“somewhat superior” performance of the A
and B masks relative to the C mask. This anal-
ysis is based on the hypothesis that, under
working conditions, an uncomfortable mask
will be adjusted less tightly than a comfortable
cne. The participants’ subjective assessments
of respirator function are summarized in Table
IIT. Their evaluation of respirator seal was
closely related to respirator comfort in seven
of the nine men. Overall evaluations of respi-
rator comfort by the participants suggested a
positive correlation between comfort and res-
pirator performance. Masks A and B were
rated as more comfortable than mask C in 13
of 18 paired comparisons (A vs. C and B vs.
C). However, on a man by man basis, sub-
jective assessment of comfort was not a reliable
predictor of the relative performance of the
masks. In only 10 of 27 paired comparisons
(A vs.B,Bvs. C, Cvs. A) did the “more com-
fortable” mask outperform the mask judged
“less comfortable”.

Three of the nine study participants had
lip lengths which exceeded the criteria of the
Los Alamos Scientific Laboratory (ILASL) male
panel for testing half-mask respirators, and all
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of the face lengths fell in the upper half of the
panel. The lip lengths ranged 50-64 mm and
the face lengths ranged 118-127 mm. A linear
regression analysis was performed to test cor-
relation of each participant’s lip and face length
with average respirator protection factor. No
significant relationship was found (r = 0.11).

An apparent increase in protection factor
with increasing ambient (outside the mask)
SO, concentrations was noted in the data. The
individual data points are shown in Figure 3.
A linear regression was fitted to these data and
found to be highly significant (p < .001) with
r = .56. While the increasing trend is clear, it
should be noted that the protection factor has
an upper boundary because it is defiried as a
ratio of the inside and outside mask SO. con-
centrations and the inside mask concentration
is limited by the analytical limit of detection
(approximately 1 mg/m?). As a result, the pro-
tection factor could not exceed a value approx-
imately equal to the ambient SO. concentra-
tion. While a few of the lowest concentrations
observed were near the limit of detection, the
vast majority of samples contained detectable
sulfate and were generally well above the limit.
Hence, the increase in protection factor was
not purely an artifact of the analytical method,
but reflects an apparent improved SO. capture
by the respirators.

Discussion

The overall in-use SOz protection afforded by
these three chemical cartridge respirators was
poor. This is most clearly indicated by the per-
cent of tests showing protection factors less
than ten. The best mask had 30.4% of its tests
with factors < 10, and the worst had 56.0%
with factors < 10. Thus, if a worker were us-
ing one of these respirators with an SOz expo-
sure near the 50 ppm (130 mg/m?®) ceiling al-
lowed under the Occupational Safety and
Health Administration’s rules for half-mask
respirator use, the inside the mask SO: concen-
tration would exceed 5 ppm a substantial por-
tion of the time. It should be noted that these
conditions rarely occur in the smelter environ-
ment, even in the highest exposure category,
the reverberatory furnace feeders.

The distribution of protection factors ob-
served in this study was similar to those de-
scribed in the coal mine studies.* In both
studies protection factors were concentrated in
the range of 2-15, with means exceeding medi-
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ans and considerable variability. These findings
are noteworthy, since the two studies were con-
ducted in differing atmospheres, thus implying
similar protection characteristics of half-mask
respirators for both dust and gases. Mean pro-
tection factors of the SO, study were, however,
higher than those observed for the coal dust
study since the dust respirators were not worn
continuously.

Many variables which are easily con-
trolled in the laboratory are not well controlled
under working conditions, Three such varia-
bles are discussed below. We believe that these
“working condition variables” significantly
contributed to both the increased variability
and decreased protection factors observed in
this study, as opposed to earlier laboratory
studies.

1) Respirator strap temsion. The performance
of half-mask respirators has been shown to
be directly related to the tension of the head
band straps.? Under working conditions,
strap tensions are seldom, if ever, regulated.
Since increasing the tightness of mask straps
adversely affects the comfort, mask comfort
is likely to have an indirect effect on the
performance of the respirators. Respirator
strap tension was not controlled or moni-
tored in this study.

2) Facial hair, Los Alamos researchers have
shown that beards and wide sideburns det-
rimentally affect the performance of half-
mask respirators.> They have also observed
that a ten-fold decline in respirator per-
formance can occur during the first day of
facial hair growth following a shave. Par-
ticipants in this study had neither beards
nor wide sideburns. However, despite the
fact that each was clean shaven, one could
expect significant variation in facial hair as
a function of daily shaving schedules.

3) Normal work activities. LASL researchers
have also demonstrated that many activities
associated with normal work can adversely
affect a respirator’s performance.® These
activities include smiling, talking, moving
one’s head, and deep breathing associated
with heavy work. Such activities were of
course, observed in this study, but it was
impractical to control or record them.

The observed increase in protection factor
with ambient SO; concentration (Figure 3) may
have been the result of workers being more
aware of mask leakage because of the irritation

American Industrial Hygiene Association Journal

PRF 1007
B
gz .
gg 80 .
3|€
§2eo , .
8184 ’
§ L .
"
< PRF=23+0276(502)
£ 20 .. « p<00l
@ e . -
3 " o
C T T T T T T T T T 1
100 120

i 60 80
Ambient S0, Concentration (mg/m?)

Figure 3—Protection factors as a function of ambi-
ent SO, concentration.

produced by the SO.. While this is a reason-
able explanation of the test results, no changes
in worker behavior were observed to substan-
tiate a difference in respirator usage at higher
ambient SO, levels.

The sampling devices created for this
study were found to be sturdy and reliable.
The use of a common plenum with two
matched orifices provided well-balanced and
stable flow rates. The investigators feel, in
retrospect, that had a larger impinger been
used for data collection, some of the variability
observed in the samples might have been re-
duced. The 2 ml spillproof microimpingers
were chosen to collect SOy because of the com-
pact size and spillproof feature. However, the
very low capacity of these impingers limited
the flow rate and the quantity of solution avail-
able for analysis.
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Appendix 1

Protocol for the use of dual sampling train
(DST)

A. Before shift

1. Insert charged battery into pump.
2. Charge microimpingers with 2 ml
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0.5% wt/wt hydrogen peroxide solu-
tion. Inject solution from a large sy-
ringe fitted with a Wintrobe cannula.

3. Connect tubing (Figure 1) and set flow
for both sides, measuring at the micro-
impingers, and attach mask. (Note:
Steps 1-3 are performed at the lab.)

4. Record before-shift blows on both
sides, unit number, time on, and mask
type.

5. Have subject adjust web belt to fit
himself.

6. Attach pump and DST assembly onto
belt and then to subject and instruct
subject in its use. Stress that he must
be wearing his mask at all times while
the pump is operating.

7. Have subject put on mask; then switch
on pump.

During shift

Observe all tubing connection for integ-

rity. Also observe microimpinger flows
through the case portholes.

After shift

1. Turn off pump before removing mask
and sampling device from subject.
2. Note and record after-shift flows. Re-
cord time off.
3. After transporting sampling device to
lab, break it down:
a. Disconnect tubing
b. Decant inside the mask sampling
solution with clean syringe and
cannula. Rinse out microimpinger
and inside the mask sampling train
with reagent grade distilled water.
c. Place both sampling solution and
rinse water into a clean, labelled
polyethylene bottle and refrigerate
it.

d. Decant outside the mask sampling
solution and rinse microimpinger.
Bottle as before.

e. Remove outside the mask mem-
brane filter from its cartridge and
place in a labelled polyethylene
bag.

g. Wash microimpingers and respira-
tor mask.

4. Rebuild sampling device with clean mi-
croimpingers, new filter, and new
chemical cartridge(s).
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