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ABSTRACT

Four brands of respirator particulate filters were tested for
penetration using di-octyl phthal ate (popr), silica dust (SiO‘),

| ead fune (pbo), and sodiumchloride (Nad) aerosols. Results
suggest that DOP and Nad woul d be reliable aerosols for measuring
the efficiency and degradability of respirator particulate filters.
A recommendati on has been nade to control the relative humdity and

charge of the Nad aerosol.
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| NTRCDUCTI ON

CQurrently, NIOSH tests and certifies respirator filter nmedia according to
the provisions of Title 30, Code of Federal Regulations, Part 11 (30 CFR
11). Subpart K of these regulations specifies the use of silica dust,
silica mst (S O‘), lead fune (PbO), and 0.3 um di-octyl phthal ate

(DP) as challenge agents for testing particulate air-purifying
respirator filter media. Challenge aerosols which have been and are

bei ng considered as alternatives to the above tests include a solid

aerosol, (e.g., sodiumchloride (NaCl)), and a |liquid aerosol (e.g., DP).

In order to study respirator particulate filter testing nethodol ogy,

N CBH conducted a multiphase investigation using the present respirator
test aerosols and the proposed aerosols. Phase | of this investigation
conpared the filter penetration of four challenge aerosols (Nad, DCP,
SiOz, and PbO with a variety of filter media. Phase Il considered the
effect of humdity and charge on the penetration of Nad aerosol through
particulate filter nmedia. Phase IIl studied the long termeffect of

hum dity on the change in Nad penetration with a variety of particulate
filter media. Al filters used in this study were N OSH approved under

their respective test nethodology in the current 30 CFR 11 regul ati ons.
METHCD

Phase |

In Phase I, four brands of respirator particulate filters (dust and m st

(DM); dust, fune and m st (DFM); and/or high efficiency particul ate
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(HEPA)) were tested with NaCl aerosol at NIOSH facilities in G ncinnati,
Chio. Nad aerosol was generated by a Los A anbs Scientific Laboratory
(LASL)* Model 1 Nad aerosol system (Figure 1) as described in LASL
report LA-5805-PR (1974). The aerosol generating system wusing dry
filtered air, consisted of a nebulizer assenbly, a dilution air bl ower
and a dilution air mxing chanber. The relative humdity of the Nad
aerosol was controlled to 50% The aerosol, which was generated by a
Wight nebulizer, had a particle size of 0.6 to 0.8 mcroneter (um)
aerodynam c mass nedi an dianeter (AMMD) and a geornetric standard
deviation of 2. The Nad particle size was neasured with a Particle
Measuring System (PVB) ASAS-X |aser spectrometer and a set of Frontier
FE400 Nad impactors. The Nad aerosol concentration was 15 mg/m3 as
determined by gravinetric nmeans and a Thernal Systens |ncorporated (TSI)
3205A particulate nass nonitor. The instantaneous Nad penetration was

detected by propane flame photonetry, at 32 L/mn flow through the

I
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*  LASL is currently Los Alamos National Laboratory (LANL).
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The sane particulate filters were also tested at the NIOSH testing and
certification facilities in Morgantown, Wst Virginia against silica
dust, lead fune, and DCP according to the 30 CFR Part 11 testing
criteria. The silica dust, lead fune, and DOP aerosols were generated by
N OSH test systens operated as prescribed in Sections 11.140-4, 11.140-5,

11.140-6, and 11. 140-11 of 30 CFR 11.

The average silica dust concentration, determned both gravinetrically
and with the TSI nmass nonitor, was 56.4 rrg/ms, while its count nedian

di ameter (CMD), nmeasured with the |aser spectroneter, was 0.36 wum.

The silica dust penetrations were determ ned gravimetrically. The
average lead fume concentration, also determned gravinetrically and with
the TS mass nonitor, was 19.1 mg/ms, while its |aser-neasured QVD was

0.23 um. The lead fume penetrations were determned gravinetrically.

The DCP test systemwas nanufactured by Air Techni ques Incorporated and
generated a 0.3 um geonetric mean di ameter aerosol with a 1.2 geonetric
standard devi ation (as determned by the manufacturer) at a

2
gravinetrically determ ned, average concentration of 97 ng/m. The DCP
penetration was measured by light scattering photonetry, at 42.5 L/min

flow through the filters.
Phase |1

LASL concluded fromits interlaboratory reproducibility study, LA-7317-PR

(1978), that there is significant variation in NaCl penetration from
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| aboratory to laboratory for a variety of filter media. For this reason,
the effect of humdity and charge on the particulate filter penetration
of Nad aerosol was studied in Phase II. The LASL NaCl system was
nmodified to control the humidity and aerosol charge while the particul ate
filter penetration of the Nad aerosol was studied. The LASL Nad system
was nodi fied to control humdity by adding either water vapor or dry
filtered air to the aerosol generation system (Figure 1). The hunidity
in the test chanber was nonitored by a Hydrocon | humdity controller. A
TSI 3054 Kr-85 was used to help reduce the electrical charge on the Nad
aerosol particles. A Berkeley Controls piezoel ectric cascade impactor
was used to neasure Nad aerosol size. A representative assortnent of
particulate filters were tested at three humdities, 10%, 50% and 90%

both with and without charge conditioning of the Nad aerosol.

Phase 111

The Phase IIl portion of this study evaluated the long-term
(approximately 1 hour) change in Nad penetration through several types
of particulate filters at 10% 50% and 9% relative hunidity. This
portion was studied to help determine howfilter loading and rel ative

hum dity affect filter penetration.
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RESULTS AND D SCUSSI ON

Phase | Comparison of Particulate Filter cChallenge Agents

Tables 1-1v list the silica dust (S OZ). lead fune (pbo), and DCP
penetration test results as well as the Nacl (5% relative humdity)
penetration results. The penetration of silica dust (Table I) for all
filter types ranged from 0.06% for high efficiency particulate (HEPA

filters to 0.07% for dust and mst (DM filters. These results indicate

TABLE |

Silica Dust (SiOj) Penetration Data (32 Lpn)

Arithmetic
Nunber *Mean $i0,) Arithretic Mean
Filter Filter Type Filter Pairs Mean $i0p Penetration (Standard Devi ati on)
Manuf act ur er Description Test ed Concentration (99 M nut es) Percent Penetration
A Dust and M st; 10 56.3 ng/m3 0.12ny 0.0% (0. 03)
Resin Impregnated
A H gh Efficiency; 10 56.0 ng/m3 0.12 ny 0.0 (O 03)
Mechani cal
B Dust and Mist; 10 55.7 mig/m3 0.12ny 0.0% (0. 03)
Resin | npregnat ed
B Dust, Fume, and Mst; 10 56.7 ng/ m3 0.10 ny 0.06% (O)
Resin | npregnat ed
and Mechani cal
C Dust, Fume, and Mst; 10 57.7 mg/m3 0.12 ny 0. 07% (0. 04)
Resi n | npregnat ed
and Mechani cal
D H gh Efficiency; 10 56.0 mg/m3 0.10 ny 0.062 (0)

Mechani cal

* M ni mum detectable limt is 0.10 ng

that the silica dust (SOZ) test is not a sensitive indicator of the
relative efficiency of respirator particulate filters. This is obvious

since the HEPA and DM filters showed basically the sane amount of
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penetration. This "insensitivity" is probably due to the |arge size of
t he S’Oz particulates. The lead funme (PbQ test (Table Il) seens to be
sonewhat nore differentiating than the sio‘ test based upon the

particulate filter efficiency. For the PbOtest, the DMfilters show a

TABLE 11

Lead Fune (PoQ Penetration Data (32 Lpm)

Nunmber *Mean PbO Mean
Filter Description Filter Pairs Mean PbO Penetration (Standard Devi ati on)
Manuf act ur er Filter Type Tested Concentration (312 M nut es) Percent Penetratiom
A (Dust and M st) 10 19.1 mg/m3 27.0 mg 14.2% (2.1)
A (H gh Efficiency) 10 18.5 mg/m3 0.27 mg 0. 14% (0.27)
B (Dust and M st) 9 20.7 mg/m3 18.2 ny 8.8% (1.5)
B (Dust, Fune, 10 19.7 mg/m3 0.38 ny 0. 19% (0.10)
and M st)
c (Dust, Fume, 10 20.7 mg/m3 0.19 ny 0. 09% (0.05
and M st)
D (Hgh Efficiency) 10 18.1 mg/m3 1.14 ny 0. 63% (1.19)

* M nimum detectable linmt is 0.10 ny

hi gher degree of penetration (8.8%t0 14.2%) than either the DFM (0.09%
to 0.19% or the HEPAfilters (0.14%to 0.63%. A though the DFMfilters
appear to be more efficient than the HEPA filters, this result is not
statistically different. This anonaly may result fromthe PbO fume and
siog aerosol s being difficult to generate and naintain -at a stable nass
concentration and particle size for the length of the respective test
runs (90 mnutes for sioZ and 312 mnutes for pPbo). Furthernore, the

i nst ant aneous br eakt hr ough of SiO£ and PbO aerosols cannot be
determned at any one point in time during the tests. These results
suggest that a snaller, nore penetrating aerosol, which would be nore
discrimnating, would be desirable for future routine respirator

particulate filter testing.
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The NaCl penetration results at 50%relative humdity are presented in
Table II1. The penetration results ranged from 0.03% (mni num det ect abl e
limt) for HEPA filters to 1.07%for DF&M to 6.70% for DMfilters. By
conparing percent penetrations, the pol ydi spersed Nad aerosol appears to
be simlar to PbOin its ability to measure filter efficiency of DM and
DFM filters. At 50%rel ati ve humidity, the nean instantaneous Nad
penetrations for DMfilters were 2.64% and 6.70% and for DFMfilters were
1.07% and 0.30% The neasurenent of penetration less than 0.03% for HEPA

filters was not possible with the Nad detection systemenployed. A nore

TABLE 111
NaCl (50% RH) Penetration Data (32 Lpm, without charge neutralizer)

Nunber *Mean

Filter Description Filters Nad (Standard Devi ation)
Manuf act ur er Filter Type Test ed Concentration Percent_Penetration
A (Dust and Mist) 10 551 myim3 6.70% (1 45)

A (High Effi ci ency) 10 15.0 my/m 3 0.03% (0)

B (Dust and M st) 10 14.8 myim 3 2.6% (Q 28)

B (Dust, Fume, 10 14.8 myim 3 0.302 (Q 06)
and Mist) !

c (Dust, Fune, 10 14.7 mym 3 1.07% (0. 43)
and M st)

D (H gh Efficiency) 10 14.7 ng/m 3 0.08% (0)

* M ni mum detectable limt is 0.10 ng

sophi sticated detection system including the possible use of hydrogen
flame instead of propane flane photonetry, and a nore refined el ectronics
package, mght detect much |ower Nad penetrations than 0.03%. However,

the Nad aerosol is easy to generate and the detector response for Nad

is much faster.
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The DCP penetration (Table 1V) ranged from 0.001% for high efficiency
filters to 83 1%for dust and mst filters. The initial penetration of
DCP for DMfilters started at about 3% and reached 83% after about five
mnutes. This rapid increase in DCP penetration results from degradation
of the filter nedia and was noted for sone pFM filters as well. Thus,
the DCOP met hod appears to be the nost sensitive, reliable, and rapid

measure of particulate filter efficiency of all the test aerosols.

TABLE 1V

DOP Penetration Data (42.5 Lpnm)

Nunber *Mean
Filter Description Filters NaCl (Standard Deviation)
Manuf act ur er Filter Type Test ed Concentration Percent Penetration

A (Dust and Mist) 10 96.5 mg/m3 88. 1% (0. 6)
A (Hgh Efficiency) 10 98.1 mg/m3 0. 001%6( 0. 001)
B (Dust and M st) 10 96.5 mg/m3 87. 3% 1. 0)
B (Dust, Fune, 10 97.8 mg/m3 69. 2%(4. 4)

and M st) ’
o (Dust, Fune, 10 97.8 mg/m3 5. 39%( 1. 46)

and M st)
D (Hgh Efficiency) 10 98.1 mg/m3 0.009% (0.013)

* Mnimmdetectable limt is 0.001%

Aerosol research (Lee, 1980) has shown that the 0.3 wm size of the DCP
aerosol is in the range of particle sizes for maximumfilter

penetration. At this critical particle size, larger aerosol particles
are renoved by impaction (the process in which the inertia of particles
in an airstream flowing around a respirator filter fiber causes the
particles to strike and adhere to the fiber), while snaller particles are

renoved by diffusion (the net novenent of particles due to Brownian
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noti on when a concentration gradient exists). At this crossover point
(approxinately 0.3 yn) for the different filtering mechanisns the

m ni mum ef fi ci ency or maxi num penetration should be observed.

In addition, DOP is also an excellent indicator of filter "degradation,"
i.e., decreased filter efficiency with time as measured by increased
aerosol penetration. NIOSH is concerned that certain respirator
particulate filters degrade under typical use and storage conditions.

For exanple, Phase Il results show resin inpregnated (electrostatic)
filter media may degrade in laboratory sinulated humid-use conditions.
Furthernmore, NIOSH studies have shown significant degradation of
electrostatic filter nedia in coke oven (Smth, 1979) and pesticide
environments (Kennedy, 1983). Al so, LASL has shown significant
degradation for certain types of electrostatic filters after storage in
hum d environments (LA-5805-PR, 1974 and LA-6386-PR, 1974). The DCP data
of Phase | indicate these same '"degradable'" electrostatic filters are
adversely affected by the DCOP oil mist and allow very high percent
penetrati on of DOP aerosol (69.2%to 88.1%). This degradati on phenonenon
may be sinilar to the effects of coke oven and pesticide particul ates and
vapors on respirator particulate filters. Hence, for |aboratory
evaluation, a test using an oil based aerosol for neasuring the
efficiency and degradability of respirator particulate filters seens

appropriate.

Al though studies have shown that phthalate esters nmay cause teratogenic

(Singh, 1972), and nutagenic (S ngh, 1974) effects in laboratory animals,
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the DOP aerosol apparatus is an encl osed system thereby mninzing
exposure. Al so, potential exposure can be further reduced by using
additional control measures such as ventilation and by the use of

protective equipment. Furthernore, a less toxic |liquid aerosol could be
generated using oleic acid, mneral oil, corn oil, or silicone oil

(NIOSH, 1983).

Phase Il FEffect of Humdity and Charge on NaCl Penetration

Table V and Figures 2-5 show that there is a significant effect on filter
penetration due to charge and humdity. Table V lists the percent
penetration of the Nad aerosol for four brands of filters at 10% 50%

and 9% relative humdity, with and without charge conditioning. The

TABLE V

NaCl Penetration Data with Hum ditg and
.Charge Control (32 Lpm, 15 mg/m>)

Nunmber Mean (Standard Devi ati on) Mean (Standard Devi ati on)
Filters Rel ati ve Percent Penetration Percent Penetration
Filter Testted Humidity Wthout Charge Neutralizer Wth Charge Neutralizer
A 10 1®%06 1D D%( 1 4) 15. 0% (1. 05)
(Dust and M st) 10 50% 6. TP 1L 5) 8.4% (1.6)
10 90% 6. 1%( 1. 0) 6. 5%( 1. 1)
B 10 1®%6 ®.3D (0.06) 0.78 (0.12)
(Dust, Funme, and M st) 100 50% @®.3D (006 0.51 (0.10)
10 90% 0.24 (0.12) 0.27 (0. 13)
C 10 1®%0 .42 (0.50) 1.60 (0.58)
(Dust, Fune, and M st) 100 50% 110037 (0. 43) 1.16 (0.47)
10 90% 1. 00 (0.30) 0. 95 (0.27)
D 10 10% 1122986(0.33) 2.24% (0.90)
(Dust and Mist) 10 50% 1. 10%%6(0.52) 1.40% (0.65)
10 90% 0. 75%( 0. 18) 1.12% (0.32)
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corresponding plots are given as Figures 2-5, and show that for each
filter, there is a decrease in NaCl penetration with increased humdity.
This lowering of penetration with increasing humdity is probably the
result of increased Nad particle size with increasing humdity due to
particle aggloneration and hydration. A Berkeley Gontrols piezoelectric
cascade impactor was used to verify the larger Nad aerosol size with
increasing humdity. Al though this instrunent indicated a relative

increase in particle size, no absolute determnati on was made.
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Table V shows there are significantly hi gher Nacl penetrations when the
aerosol charge is reduced by conditioning with a Tsr 3054 xr-85

radi oactive source (at 10% 50%rel ative humidity). However, the
relative difference in penetration between charged and uncharged aerosols
decreases with increasing humdity. This decreasing difference in
penetration with increasing humdity probably results from greater charge
accurmul ating on Nad particles when they are generated at |ower
humdities. The greater the charge, the nore readily the particles are
removed, especially by electrostatic filter media. At higher humdities,

there is less particle charge and hence a smaller effect due to charge
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neutralization. The hunmidity and charge phenonena hel p explain the
differences in NaCl penetration between |aboratories as reported by LASL
(LA-7317-PR, 1978). Figures 2-5 graphically show the effect of humdity
and charge on Nad penetration. Based on these observations, humdity
and charge should be controlled for all Nad aerosol tests, including

filter penetration and respirator quantitative fit-testing.

Phase 111 Long Term Nad Penetration

The results of Phase IIl, although limted to only one filter per run,
i ndi cate the possible "degradation" effect of humdity on electrostatic
filter media. Table VI shows the results of the 1 hour Nad penetration

through these filters at 10% 50% and 9% rel ative humdity. As seen

TABLE M

One-Hour NaCl Penetration
(15 mg/m3, 32 Lpm, without charge neutralizer)

Rel ative Filter
Hum dity Filter Type Initial Fi nal % Change
90% A DV 7.0% 24. 0% +242.9%
B DFM 0. 15% 0. 36% +140.0%
C DFM 1. 0% 0. 9% -10. 0%
D DM 0. 9% 6. 4% +611.1%
E #1 DMV 0. 80% 2.75%  +243. 8%
E# oV 1.0% 35%  +250.0%
50% A DV 10. 0% 27. 0% +170. 0%
B DFM 0. 4% 0.32 -25. 0%
C DFM 0. 9% 0. 7% -22.2%
D DMV 0. 6% 0.6% 0. 0%
E #2 Y 2. 4% 4. 7% +05.8%
10% A DM 10. 0% 17. 0% +70. 0%
B DFM
C DFM 1. 0% 0.3% -70. 0%
D Y
E #2 DM 3.3% 3. 3% 0. 0%
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froma conparison of the initial to final penetration (percent change in
penetration) at 9%t relative humdity, all filters, except one, had a
substantially higher final penetration overtine. Al though sone change in
penetration was noted at 50% and 10% relative humdities, the increase in
penetration overtime was not as great as that found at 90%rel ative
humdity. That is, there appears to be nuch higher final Nad
penetration overtine for all "degradable” filters at 9% rel ative
humdity than at |ower humidities. Although nore sinulated, humdity
testing is required to verify the degradation effect, there is enough
evidence to indicate that filter degradation is an inportant problemthat

shoul d be addressed in performance testing prograns.

CONCLUSI ONS

In conclusion, this study indicates that the Sioz test is not a
sensitive indicator of the relative efficiency of respirator particul ate
filters. The sioz penetration results were alnost identical for all
types of filter nedia (DM DFM and HEPA). This insensitivity is
partially due to the relatively large particle size of the SiO2

aerosol. The PbO and pol ydi spersed Nad aerosols are reliable for

di stingui shing between filter types based upon the observed filter
efficiencies. However, the Nad systemhas nore versatility than PbO and
Sio‘ because instantaneous penetrations can be measured and because the
NaCd aerosol concentration is nore stable and easier to generate. Al so,
the Nad aerosol size and charge, as well as the relative humdity of the

chal l enge environnment are easy to control.
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This study showed the DCP aerosol to be the nost severe and sensitive
test for respirator particulate filter penetration. This is probably due
to the fact that the DCP aerosol's size is in the nost penetrating range
(approxinmately 0.3 um) and because DCOP is a liquid aerosol which has a
very degrading effect on sone particulate filter media, especially the

el ectrostatic type.
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