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I. Introduction

Chemical cartrlidge half-mask respirators are commbnly used by workers
for protection against noxious atmospheres in many industria-‘l settings. These
may also be required to meet the minimﬁm respirator requirements estéblis hed .
by the Mine Enforcement and Safety Administration (MESA) for safe use under
certain hazardous conditions. In order to assess the efficiency of a number
of B.M. approved respirators filtering various aerosol atmospheres under i
laborat_oryu conditions, considerable testing has been conducted at Los Alamos

I

Scientific Laboratory by Hyatt, Pritchard, and Richards. In spite of this
extens_ive laboratory aerosol testing, there has been little field testing of
reSpirator efficiency, nor has there been ény for SO2 gas,

The present study was designed to measure the SOZ protection facto;s of
three chemical cartridge, half-mask resp;irators under actual working. condi-
tioné in a copper smelter, For the purpoées of this paper, a "protection

factor” has been defined as the average SO, concentration measured outside

2

the respirator mask divided by the average SO2 concentra!;ion measured inside

the respirator mask. The respirators for this study were chosen from among the
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models used in the Los Alamos studies and include two currently used by
workers at the smelter. A specialized personal monitor uﬁit was designed
and used for data collection. An evaluation of the effect of face shape on
protection factor was élso a'ttempted.
II. Test Group
Of the nine test participants, six were reverberatory furnace "feeders"
and three were University of Utah personnel supervising the tests, The furn-
ace feeders in this test series were chosen, :first, fof their fréqueﬁt and regular '

high exposure to SO, and, second, for their willingness to participate. Because

2

these two criteria defined a rather small population (the smelter was, at the

time, on a reduced working schedule, with one of its three reverberatory furnaces

shut down), no attempt was made to control the facial indices of the study group
to conform to LASL test panel (1). The feeders' normal Work involvé_s charging
copper concéntfates into a reverberatory furnace (10 m, wide x 5 m, highx 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 .concentrate into a
bank of chutes leading directly into the fired chamber. All respirator evaluations
were made during furnace charging. Test supervisory personnel accompanied the
feeders during respirator testing, both to act as well controlled test participants
and to insure the proper operation of sampling equipment.

I1II, Methods and Mat.erials

A. Sampling Unit
A personal sampling system was constructed to measure simultaneously

S('.'J2 concentrations both inside and outside of a respirator while the
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respirator is being worn., A schematic diagram of the system is shown in
Figure 1, Dual sampling trains, operating from matched impinger orifices
and a common plenum chamber connected to an air pump, wére used to
sample SC>2 from the two source atmospheres, The i‘mpinger orifice tubes
were constructed by fusing 0.5 mm, capilléry tubes into the tube tips,

The flow through the modified im;ﬁnger tubes proved to be extremely stable,
pr;)vided the vacuum source which produced that flow was itself stable.
Impinger tubes were then "matched" into pairs which maintaihe;d s‘tabvle :
fiovﬁswithin 0.1 liter/minute of each other when evacuated b_yra‘ common

plenum vacuum source, Bendix C115 sampling pumps were used as a

_ vacuum source. These pumps are 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 measure;
ments 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- A
mask"sampling train was prefiltered for particulates by the respirator
itself, while a 35 mm., 5 micron membrane filter was used to prefilter the
"outside-the-mask" sampling train, Sampling fates were sufficiently low
(0.25-0.5 liters/minute) to avoid significant interference with the éarti—
cipant's own breathing volumes and to avoid significant pump induced
negative pressures within the mask. The prefiltered gases were passed

through the microimpingers and the SO2 collected in acidified 0.5% {wt/wt)



CARTRIDGE
RESPIRATCOR

INSIDE THE MASK

SAMPLING TRAIN

2 ml MICRO

IMPINGER ‘-\

—

¢!

" QUTSIDE THE MASK

SAMPLING TRAIN (WITH
35 mm Sy MEMBRANE

FILTER)

A

T

it ¢
-]
o © .
2 '
-l & OO0 @
4: o °
° J

o -..‘ - R
° / G-115)

PLENUM .

PORTABLE AIR
PUMP (BENDIX

Figure 1. Schematic Diagram of Dual Sampling Device .




)]

44
hydrégen peroxide. Analysis of total sulfates was accompiished by
precipitation with barium chloride and 'measurement of barium frqm redis -
solved barium sulfate with an atomic absorption spectrophotémeter.
B. Data Collection
o ' Three different respirators, Welch 7500-11, Americaﬁ Optical AQ)
R-8153, Mine Safety Appliance (MSA) Comfo II 459434 were {itted on each
of the nine supjé-cts . Three sampling runs (approximately 80 minutes long) |
were made to rﬁeasure the inside- and outside-the-mask SQZ concentrations
for each subject/respirator combination. Lip length and menton-nasal root
depression length were measured fér each subject.6 A total of 81l paired
inside-outside-the-mask samples were collected, Sampling was conducted

according to the protocol described in Appendix I. Each test was labelled

B

with a three figure code to indicate the subject number, the mask identifier*,
and the test number for that subject/mask combination.

C. Data Analysis

The data were analyzed using t-tests, Mantel-Haenszel chi~-square

-statistics , and regression techniques. The Mantel-Haenszel chi square

v

o ‘ is a nonparametric statistic used to test for differences in categorical data

while considering the presence of ordering in the data and controlling for

. 7
other variables of interest.

L

IV. Results

Table 1 shows the average inside- and cutside-the-mask SC)2 concentrates,
and the average protection factors for each of the three masks tested. The

outside-the-mask SQ, levels averaged approximately 55 rng/rn3 (21 ppm) and

2

Q







:f)

Table 1

Average S0, Concentrations Inside and Outside
Respirator Masks and Average Protection Factors

02 (mg/m3)
Qutside Inside Protection
Respirator o Mask Mask Factor

Mean §S.,D, Mean S.D. Mean §S.D.

Weleh 7500-11 26 el.1 40.2 5.0 4.0 22.1 22.86

fmerican OPtical 25 53,0 25.6 4.6 3.8 183 14.2
Mine Safety

b Appliance Comfo II 25 53.0 35.6 6.2 4.5 12.9 11.0

L5943y : "







0D

5
{3

5
) _
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 between the SO,., atmospheres to which each mask

2
type was exposed, Inside-the-mask concentrations averaged approxirﬁately
5 mg/rn3 (1.9 ppm) and ranged from 0,9-18.1 mg/m3 (0.3—7.Q ppm), The pro-
tection factors showed a similar wide range, 2.6-83. 1 The individual test
results are gi'ven in Appendix 2. Five tests of the eighty-one (1 Welch, 2 AQ,

2 MSA) were dropped from the data set because participants removed or lifted.

their respirators during sampling, thus causing inside~the-mask SO

2 accumula-

tions to bhe unrealistically high,

Histograms showing the distribution of protection factors for.the three_ |
masks are displayed in Figﬁre 2. The protection factors were conéistently
grouped in the 2-20 range, with a few tests showing factors above 30. The r*
Welch mask h«:-;d 38.5% of its protection factors < 10, the AO had 730.4% <10,
and the MSA had 56.0% < 10. Median protection factors were 15,29 for.the,
Welch, 13.72 for the AO and 9,59 for the MSA, Table 2 shows the average
protection factors for each subject/mask combination. ‘The lowest three'—test
average for a subjéct was 5.5 for the Wealch, 6.9 for the AQ and 6.7 for the MSA.
It should be noted that the lowest three-test average for the Welch and MSA '.
occurred for the same subject, #7.

In order to analyze the differences between masks, three contingency
tables contained in Table 3 were formed. Mantel-Haenszel chi~-square tests
were performed on these contingency tables to assess the difference between

protection factors of each respirator pair., The Mantel-Haenszel procedure
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Table 2
Average Protection Factors and Facial Characteristics for Each Subject/Mask
Do Combination o
Subject Length (mm) Respirator** n Protection Factor
Lip Face* . Mean S5.D,
: 1 62 = 124 W 3 18.397 8.569
A 1 12.532 _—
M 3 19.517 124.067
\ 2 59 118 . w 3 40,207  23.377
- o A - 3 11.291° 4,806
M 3 20.313 11.930
3 64 125 w 3 12,018 - 10.501
A 3 9.802 7.540
M 3 11.426 8.234
4 60 121 w o 3 48.630 -  27.822
A 3 25,296 12.191
. M 3 7.665  2.378
5 50 131 w 2 16.306  13.419
: A 3 39.165 17.205
M 3 ' 8.496 6.052
. 6 53 126 W 3 '10.806 8.166
A 3 9.487 5.339
M 2 15.953 16.385
7 65 120 w 3 5.510 2.319
-~ A 3 21.895 9.887
M 2 6.754 5.545
8 56 119 W 3 9.665  12.145
A 3 - 6.949 3.185
-, M 3 10.018 6.167
9 57 127 w 3 35.661 41.132
: A 3 25.088 20.058
M 3 14.730 12,402

* Face length = menton-nasal root depression length
**Code: W = Welch, A= AQ, and M = MSA
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Table 3

o

o
Mantel-Haenszel Chi Square Test
0-10 10-20 >20
Welch 10 6 10 26
2 .
=0 =1,00
A0 7 12| 6 | 25 B Vs °
_ 17 18 | 16 51
0-~10 10-20 »>20
ngch 10 | 6 10 26 Xz, = 1.75 0=.18
MSA . 14 6 5 25 =
24 | 12 15 | 51
0-10 10-20 > 20
AO 7 12 6 25 5 _ |
. ' X = 1.60 p=.20
P! MSA 14 6 | 5 25 - MH .
21 {18 |11 | s0 |
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was used since the categories in the contingency tables were ordered and
this procedure provides for a more powerful test to detect for trends for this
type of data. No significant difference was found between the protection
factbrs of the Welch and AQ masks, However, as is shown in Table 3, both
the Welch and AO appear somewhat superior to the MSA. Additional data
would be neceésary to attain acceptable statistical confidence in such a
conclusion, A mixed model analysis of vériance was also performed with
similar results.

An attempt was made to correlate the "somewhat superior™ performange of
the Welch and AQ masks relative fo the MSA, This analﬁrsis is based on the
assumption that, under working conditioris , an uncorhfo;table mask will be

adjusted less tightly than a comfortable one. Appendix 3 contains nine inter-

~ view sheets listing each participant's subject assessment of respirator functioit,

These data are summarized in Table 4, It is of interest to note that the parti-
cipant's assessmént of respirator seal was closely related to respirator comfort

in seven of the nine men, 8Six of nine participants rated the Welch as more

comfortable than the MSA. The remaining three rated Welch and MSA as equally

comfortable., Seven of the nine men rated AQ as more comfortable than MSA,
while one rated them equal, and one preferred MSA, It éhould be noted that
the subject's "best liked respirator” correléted with that man's best perform-
ance respirator in only two of the nine participants, The reason for this -
discrepancy is not apparent.

It was féund that three of the nine study participants had lip lengths

which exceeded the criteria of the Los Alamos Scientific Laboratory (LAS) male






Table u

Summary of Questionnaire Data

Question

Respirator

Welch A0  MGA

1.
2.

- Which respirator did you like best?

Which respirator was worst?

Rate each respirator according to the
following criteria:

.

1 = good, 2 = fair, 3 = bad

Ease

.Seal
Comfort/Irritation
Draw

Ride down (tendency)
Visibility

Average Rating
Welch  AO M8A

2.2. 1.8, 1.7
.9 1.3 2.8
2.0 1.6 2.8
2.1 1.4 1.8
2.2 1.2 - 1.8
1.3 2.6 1.7
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panel for testing half-mask respirators and that all of the face lengths fell
in the upper half of the panel. The lip lengths ranéed 50-64 mm. and the
face lengths ranged 118-127 mm. A linear regression analysis was performed
to test correlation of each participant's lip and face length with a\ferage
respirator protection factor. No significant relationship was found (r‘2 = .013)..

An apparent increase in protection factor With_increas ing ambient (outside-
the-mask) SO2 concéntrations was noted in the data. The individual data pointé
are shown in Figure 3, A linear regression was fitted to'these data and fouqd
to be highly significant (< .001) withr = .56, Wﬁile the increasing trend is
clear, it should be noted that the protection factor has an ﬁpper bounda.ry be-
cause it is defined as a ratio of the inside and outside mask SOZ. doﬁcentrations'
and the inside mask concentration is limited by the analytical limi’; of detection
(approximately 1 mg/m3) . As a resul’_c,' the pro.tection factor could not exceed '’
a value approximately equal to the ambient SO2 concentration. Although the |
lowest concentration observed approached the limit of detection, all sa.mples
contained detectable sulfate and were generally well above the limit. Hence,
the apparent increase in protection factor was not an artifact of the a.nalytical
. method, but a reflection of apparent improved SO2 capfure.
V. Discussion

The overall in-use SO2 protection afforded by these three chem_ical
cartridge respirators was poor. This is most clearly 'mdicated by the percent 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 using one of these respirators with an S'O2 exposure near the
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allowable 50 ppm (130 mg/ms) ceiling, the inside—tﬁe-mask 802 concentration
would exceed 5 ppm a substantial portion of the time. It should be noted that
these COndition-s rarely occur in the smelter environment even in the highest
exposure category, the reverberatory furnace feeders.’

Many variables which are easily controlled in the laboratory are not well
controlled under working conditions. | Three sﬁch variables are discussed below,
We believé that these "working condition variables" significantly coritributed
to both the‘ increased variability and decreased brotection' factors‘ obs;ér:ved in.
this study, as opposed to earlier labofatory studies.

- A. Respirator strap tehsion. The performance of half-mask res pir'ator,s.
has been shown to be difectly related to the tension of fhe head band'
s&aps .2 Under working coaditioas, strap tensions are seldom, if |
ever, regulated, Sincé increasing the tightness of mask straps r
adversely affects the comfort, mask comfort is a secondary, but
important,” variable affecting the performance Qf the respirators,
Respirator strap tension was not controlled of monitored in this study,
B. Facial hair, Hyatt, et al., have shown that beards and wide sideburns
- ‘ detrimentally affect the performance of half-mask regpirators .3 They
have also observed that an order of magnitude decline in respirator
performance can occur during the first day of facial hair growth foilow-
ing a shave, Participants in this stud§ 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.
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C. Normal work activities. Hyatt, et al., have also demonstrated that
many activities associated wﬁth hormal work can advgrsely affect a
res pirator's ;:~er“f‘orma.nc:e.3 These activities include smiling, talking,
moving one’'s ‘head,l and deep breathing associated with heavy work.
Such activities were, of course, observed in this study, E;ut it was
impractical to record them.

The test panel used in this sfudy had generally larger faces than a
majority of the IAS half-mask test par;el .8 The reason for this difference is
not clear. It may be the result of a reéiénal variation in bpdy size or al chance
occurrence. However, it does imply that perhaps the standard NIOSH test B
panel should be somewhét bfoader than the 1AS panel. The finding of no rela-
tionship between facial size and protection factor is not conclusivé because of
the small sample size and relatively narrow range of face sizes in the workers 1
available for the study.

The observed increase in protection factor with ambient SOzlconcent;‘ation
(Figure 3) may have been the result of workers being more aware of mask leak-
age because of the irritation produced by the SOZ‘ While this is & reasonable
explanation of the test results, no changes in worker behavior were observed
to substantiate a difference in respirator usage at higher ambient SO2 levels,

The sampliﬁg devicés created fc;r this study were found to be sturdy and
reliable. The use of a common plenum with two matched orifaces provided well~-
balanced and stable ﬂow rates, The investigators feel in retrospect, that had
a larger impinger been used for data colle;:tion, somé of the variébility

observed in the samples might have been reduced, The 2 ml. spillproof
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microimpingers were chosen to collect 802 hecause of their compact size and
spillproof feature. However, the very low capacity of these impingers severely

limited the flow rate and the quantity of solution available for analysis. The

o

variability might have further been reduced had a longer sampling period been
used instead of 80 minutes. The practical limitation of the workers' schedule
was the primary factor for selecting the sampling period.

VIi. Recommendations

1, Much more extensive testing should be done on all types of respirators -
under actual use conditions to identify realistic protection factors
provided by chemical cartridge respirators.. While laboratory testing
is clearly useful and necessary, it does not provide'information on
‘the actual protection afforded by these respirators. |

2., Means should be. developed to assess the interaction of the respirator,
and the subject in order to develop a testing program which can
evaluate the acceptance a regpirator will receive by the workers who
use it, particularly with regard to its comfort.

3. Further testing should be conducted to verify the obsérved increase in
protection factor with increasing ambient SC}2 concentrations, It may

be that the irritant effect of SO, causes the workers to adjust their

2
mask such that an upper SO2 limit is not exceeded., This firding has
important implications for the use of half-mask respirators for pro-
tection against substances with warning properties as opposed to

those which do not. |

4, Smelter workers might more effectively use their respirators if they



)

11
were properly traineld in fheir use and made aware of the factcfs
which affect the protection factor, i.e., strép tension, facial hair,
and head and face movemént. At present the workers receive no

training in the use of the respirators,
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Appendix 1

Protocol for the Use of Dual Sampling Train (DST)

A,

Before shift

1.

2,

7.

Insert charged battery into puinp.

Charge microimpingers with 2 ml 0,5% wt/wt hydrogen:

perdxide solution. Inject splution from a 1arge", éyringe fitted
with a Wintrobe cannula.

Connect tubing (Figure 1) and set flow for bothf,sides, measuring
at 'the. microimpingers,and attac;_h mask. (Note: Steps ;«3 are '_
performed at the lab,) |

Record before-shift flows on both sides, unit number, time on, re

- and mask type.

Have subject adjust web belt to fit himself.

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.

Have subject put on mask; then switch on pump.

During sﬁift

Observe all tubing connections for integrity. Also observe

microimpinger flows through the case portholes.

After shift

1.

Turn off pump before removing mask and sampling device from



-

subject,

Note and record after-shift flows, Record time off.

After transporting sampling device to lab, break it down:

d.

b.

ge.

Disconnect tubing

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.
Place both sampling solution and rinse water into a clean,
labelled polyethylene boﬁle and r.e_frigerate it.

Decant outside-the-mask sampling solution and rinse
microirﬁpinger. Bottle as before. |

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

Remove chemi;:al cartridges from mask and place in a "

labelled polyethylene bag.

Wash microimpingers and respirator mask.

Rebuild sampling device with clean microimpingers, new filter,

and new chemical cartridge(s).
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PF = protection factor
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