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ABSTRACT OF DISSERTATION 

COLLECTION EFFICIENCIES OF AIR PURIFYING 

RESPIRATORS CONTAINING ELECTROSTATIC FILTER

MEDIA

Electrostatic m edia are w idely used  in  particu late  air 

purify ing  cartridges and filtering facepiece respirators. Such m edia 

provides h igh collection efficiency w hile afford ing  low  breath ing  

resistance to the w earer. The certification m ethod  used  by N ational 

Institute for O ccupational Safety and  H ealth  (NIOSH) is considered 

to represen t w orse case respirator perform ance. R espirator 

certification does n o t consider either the m echanism  of particle 

capture or the type of filter m edia used  in a respirator. The 

correlation betw een respirator penetration  w ith  particles less than  

1 pm  for predicting w orker exposure to air contam inants greater 

than  1 pm  has no t been  validated.

This research w as undertaken to: 1) evaluate  the collection 

efficiency of particulate air purify ing respirators containing 

electrostatic filter m edia and  2) determ ine if the  NIOSH m ethod 

used  for respirator certification accurately pred icts collection 

efficiency of these respirators loaded w ith  contam inants 

representative of the workplace. Two of the  th ree  contam inants 

selected for this project, asphalt fum es and  synthetic m etal cutting 

fluid m ist, possess chemical a n d /o r  physical properties in  add ition
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to a vapor stage th a t could m ask or deg rade  the charge on  the 

electrostatic fibers. The th ird  w orkplace aerosol, a lum inum  oxide 

dust, w as selected to be  representative o f a solid particu late  

m ineral dust.

F iltering facepiece respirators are  often used  in  

environm ents w here  they  becom e sa tu ra ted  w ith  the w earer's  

persp iration . P ersp iration  contains ions th a t could in terac t w ith  

the charge on  an  electrostatic filter. Affect on  collection efficiency 

was determ ined after a  resp irator sa tu ra ted  w ith  artificial 

persp iration  w as d ried  w ith  HEP A filtered air.

The findings of this w ork  su p p o rt the  follow ing 

conclusions: 1) the  NIOSH m ethod test for N95 respirators 

underestim ates penetra tion  of respirators loaded w ith  laboratory  

and field generated  w orkplace contam inants, 2) N95 respirators 

containing electrostatic filter m edia d id  n o t perform  significantly  

different from  an  N95 m echanical filter m edia respirator, 3) 

penetration  of som e N95 respirators fully  loaded w ith  e ither 

asphalt contam inants o r synthetic m etal cu tting  fluid m ist 

increased beyond the rating  of the respirator, and  4) perform ance 

of filtering facepiece respirators sa tu rated  in  artificial persp ira tion  

were no t significantly affected after the  respirators w ere dried .

Diana L. Larson
D epartm en t of E nv ironm ental H ealth  
C olorado State U niversity  
Fort Collins, CO 80523 
Spring 1999
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CHAPTER I 

INTRODUCTION

O verview

Particulate air purify ing  respirators are com m only used  in  the 

w orkplace for protection against nuisance and hazardous m aterials. M ost 

airborne particles are less than  1 pm  in  diam eter an d  are difficult to rem ove 

[1]. R espirators relying solely upon  m echanical filtration  m echanism s capture 

these sm all particles if the fibers have a sm all diam eter and  are closely packed. 

Filters w ith  this structure im part a h igh resistance. By contrast, respirators 

contain ing  fibers carrying a perm anent electric charge have the added  

capability of attracting particles by  electrostatic forces. Respirators do not 

require  as m any electret fibers in order to provide the sam e filtration 

efficiency thus offering the respirator w earer additional com fort and  reduced 

b rea th ing  resistance. H ow ever, collection efficiency m ay deteriorate w hen  

loaded  aerosols interact w ith  the fiber charge [2]. Once fiber charge is lost, 

w orker protection can be com prom ised. Today, m ost particulate respirators 

contain  electret filter m aterial.

1
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Electrostatic Filter Media

Nicolaij Louis H ansen first developed  electrostatic m ed ium  for 

resp ira to r filters in  1930. H e found tha t m ixing a  pow dered  resin w ith  w ool 

fibers greatly  increased the collection efficiency of respirator filters [3]. In his 

1932 paten t, it w as not clear if H ansen him self w as fully aw are of the 

m echanism  by  w hich  his filter was able to effectively capture sub-m icrom eter 

sized particles. The m ystery su rround ing  the  h igh  efficiency of the resin-w ool 

filter w as n o t elucidated un til 1942 w hen  W alton [4] au thored  P o rton  R eport 

No. 2465, "The Electrical Characteristics of Resin Im pregnated  Filters".

O n M arch 25, 1974, Jan van T um hou t of the N etherlands p a ten ted  a 

m ethod for p roducing  an  electrically charged fibrous filter from  a h igh  

m olecular w eigh t non-polar resin  [5], A lthough the a rt of m anufactu ring  

electrostatically charged filam ent from  polym er resin for im proved  collection 

efficiency of filters was not new  [6], van  T u m hou t w as credited w ith  

in troducing  a process by w hich it could be efficiently produced. This filter 

m edium  w as an  extruded therm oplastic film, stretched and  corona charged . 

The stretching  process realigned the m olecular structure causing the  film  to 

be strong in  the  stretched direction and  w eak  in  the perpendicu lar direction. 

The film  w as easily split by  a  variety  of m ethods, a needle roller w as one 

m echanism  used  for this process term ed fibrillation. The non-polar resin  

used  h ad  low  electrical conductivity so that the electrical charges could  be 

trapped  in  the  polym er structure and  w ere less likely to decay [1 ]. The sp lit 

film  resem bled ribbons w ith  dim ension of about 10 (im thick and  w id th s

2
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vary ing  be tw een  50 and  250 jim. The b ipo lar charged fibers w ith  positive 

charge on  one side and  negative charge on  the  other attracted both  charged  

and  uncharged  particles [7]. Since the  polym er w as hydrophobic and  

therm ally  stable, these filters w ere n o t affected by  high hum id ity  as long  as 

the  fibers d id  n o t become sa turated  and  the filters could be used  up  to 

tem pera tu res of 80 °  C. These paten ts w ere later sold to 3M C om pany in  St. 

Paul, M innesota. "Filtrete" w as used  in  3M products and  sold to o ther 

resp ira to r m anufacturers [8].

Two o ther processes can p roduce  electrostatic filter m edia: electrostatic 

sp inn ing  a n d  m elt blow ing. N um erous paten ts have described the m ethods 

in  w hich  these filter m edia w ere m anufactured  and charged [9,10, 11 ,12 ,13]. 

A  m ajor d istingu ish ing  feature of these  filter m edia as com pared to the  sp lit 

fiber electret w as the shape of the filter fibers and  their charge configuration.

The fiber diam eters of the filter m edia  ranged from  1 to 10 p m  for

electrostatically sp u n  and 1 to 20 pm  for m elt blow n [14]. The fiber d iam eter 

w as determ ined  by  the viscosity of the  polym er solution and  the resin  th a t 

w as used  [15]. The fine fibers of the sp u n  bond  caused them  to behave 

partia lly  like a m echanical filter w ith  corresponding airflow  resistance [16]. 

O ther factors th a t influenced pressure  d rop  included filter thickness and  

packing  density , aerosol loading, viscosity of the air, and  filtration velocity  

[17]. M elt b lo w n  nonw oven filters w ere  recom m ended to be used  a t

3
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tem pera tu res below  60 °  C since it w as found  that tem peratures above 80 °  C 

w ould  rap id ly  decrease electrostatic charge [18].

Filtration Efficiency

Previous stud ies conducted a t Los Alamos National Laboratory and  by  

A ckley [16, 18] show ed a continual decline in  collection efficiency of 

electrostatic m edia sto red  a t elevated tem perature and high relative 

hum id ity . D egradation  continued until only the mechanical efficiency of the 

filter rem ained. The effect on  collection efficiency due to filter sa tu ration  has 

n o t been  reported  in  published  literature and  has only been h in ted  a t in  a 

s tu d y  conducted  by M oyer and  Stevens [18] w hen  preconditioning equ ipm ent 

m alfunctioned . Their s tudy  observed a 10 percent reduction in the efficiency 

of sa tu ra ted  filters w hich  w as determ ined  w ith  a m onodisperse neu tralized  

sod ium  chloride (NaCl). This w as a significant decrease in collection 

efficiency com pared to the 2 to 6 percent reduction in  collection efficiency for 

filters p reconditioned at 38 °  C and 85 percent relative hum idity  w hich w ere 

n o t sa tu rated . Previous w ork  conducted  a t Lawrence Livermore N ational 

L aboratory [19] found decreased collection efficiency in electrostatic filters 

subm erged  in  w ater solutions, rinsed, and  dried p rio r to evaluating  filter 

penetra tion  w ith  a N aC l aerosol. Researchers surm ised that w hen  fibers w ere 

sufficiently w etted  ions from  the w ater solutions neutralized the charge on  

the  filter fiber.

Electrostatic m edia w ere desirable to use in  respirator filters; how ever 

u n d e r certain  conditions, the electrostatic charge could become unstable.

4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C aptured aerosol particles and  vapors reduced filtration effectiveness by three 

different m echanism s. F irst the aerosol interacted chem ically or physically 

w ith  the fiber surface and  d isrupted the surface layer so that it could no longer 

hold  a charge. Second, charged aerosol particles cap tured  by  an oppositely 

charged region of the fiber neutralized the charge on  the filter fiber. Lastly, 

neutral aerosol particles screened filter charge by  covering the fiber and  

w eakening its electrostatic attraction. If the deposited  aerosol was electrically 

conductive, filter screening was m ore pronounced, especially if the aerosol 

was electrically conductive [2, 19]. Aerosol penetration  has been show n to be 

dependent upon: a) the chemical and physical properties of the test agent, b) 

aerosol size, c) aerosol charge, d) airflow, e) respirator category, f) filter packing 

density, g) fiber size, and  h) fiber charge [20].

Oily aerosols such as dioctyl phthalate (DOP) do no t form structured  

deposits b u t sp read  ou t sm oothly to coat the fibrous surface of a filter fiber 

effectively screening ou t the electric charge [21 ]. Liquid aerosols such  as DOP 

produced structural changes in the filter fibers. A drop of liquid bridg ing  tw o 

fibers w ill b ring  the fibers closer together and w ill fill the void space in  the 

filter. As a  result, the fibers clump w hich reduced filtration efficiency and 

increased airflow  resistance. [22]. Recently, 3M paten ted  a fluorochemical 

additive that enabled m elt blow n electrostatic m edia to retain  their charge in  

the presence of oily aerosols and w ater [23,24]. A lthough this process has 

been know n for m any years in the non-w oven textile industry  [25], 3M was 

the first to adap t its use to filtration.

5
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In  a p rev ious s tu d y  [19], researchers found  th a t sodium  chloride 

particles carry  a larger num ber of charges as com pared to DOP. The highly  

charged  sod ium  chloride aerosol resu lted  in  the filter fiber charge being  m ore 

rap id ly  neu tralized . Solid particles cap tu red  by  electrical forces w ere  initially  

collected over the en tire  fiber surface th a t contributed to an increased 

d iam eter of the fiber. Once a sufficient n u m ber of particles had  been  collected, 

a  particle chain  o r dendrite  w as initiated a t any  location on the filter fiber [21, 

26]. In  the absence of electrical forces, dendritic  structures projected from  the 

fron t and  sides of the fiber restricting the  airflow  and  increasing p ressu re  d rop  

[27]. Coarse d u s t d id  no t penetrate into the filter b u t form ed a po rous cake 

th a t con tribu ted  little to either the resistance or the efficiency of the filter.

Fine d u st w as very  penetrating  and  caused  bo th  resistance and  efficiency to 

increase; the  struc tu re  of these deposited  aerosols resem bled fine fibers [21]. 

A lthough  a large particle carried a greater charge than  a sm all particle for a 

g iven  total m ass, a fine aerosol carried a  g reater total charge than  a coarse 

aerosol if the num ber of the fine aerosol particles w as sufficiently large [19]. 

Filters w ith  very  open  structures or a low  packing density tended  to resist 

clogging since the dendrites had  to grow  considerably before the filter clogged 

an d  an  in ternal cake form ed [26]. Penetra tion  of an  electrically charged  filter 

m ateria l increased over tim e as the electrostatic effects becam e neu tra lized  or 

coated. W hen sufficient loading occurred an d  the interstitial spaces w ere 

blocked, filter efficiency again increased d u e  to m echanical action of diffusion, 

in terception , im paction, and  gravitational settling [28].
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The filter's electrostatic charge w as generally uncharacterized  and  

because it w as difficult to m easure, collection efficiency w as n o t easily  

pred icted  [28]. B row n [21] described several m ethods for m easu ring  the 

m agnitude  of charge and  n e t charge on  an electrostatic filter. The m ost 

reliable m ethod w as b y  m easuring  filter penetration w ith  a s ta n d ard  N aC l 

aerosol w here loss o f charge w as a function of ionizing rad ia tio n  dose. The 

problem  w ith  this m ethod  w as identify ing the neu tra liza tion  e n d p o in t w ith  

an  acceptable degree of precision. Additionally, effective fiber d iam eter and  

packing density  of the  filter h ad  to be  determ ined before the  charge density  of 

the filter w as ascertained.

A erosol charge w as found to be a m ore critical pa ram eter of decreased 

filter collection efficiency th an  preconditioning a t elevated  tem pera tu res and  

increased relative h u m id ity  [18, 30]. M easuring aerosol charge w as n o t easy 

despite  a variety of charge m easurem ent m ethods available such  as first- and  

second-order m obility  spectrom eters, aerosol electrom eters, and  varia tions of 

the M illikan o il-droplet ap p ara tu s [30, 31]. M any instrum ents w ere  

laboratory-built and  w ere  only used  by  the laboratory in  w h ich  they  h ad  been 

developed. M ost com m ercially available m easurem ent app lica tions w ere  for 

m onodisperse aerosols an d  adaptations were required  to m easure  charge on  

polydisperse aerosols [19]. This w as accomplished by  fractionating  the aerosol 

according to the electrical m obility o f the particle and  th en  de te rm in ing  the 

particle-size d istribu tion  of each m obility fraction. A n ino rd ina te  am o u n t of 

da ta  w as generated w hich  h ad  to be stored and in tegrated in  a com puter [31].
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The m ost penetrating  particle  size for electrostatic filters w as dependen t 

o n  the  filter velocity. D iffusion a n d /o r  electrostatic attraction rem oved  sm all 

particles; as face velocity increased the  m ost penetrating particle size 

decreased. A t low flow rates, there w as m ore time for particle rem oval b y  

electrostatic forces [20], Small particles w ere collected prim arily  by  charge 

dependen t Coulombic effects. In  addition , Brownian diffusion a n d  induction  

forces w ere significant for the  collection of fine particles by  electrostatic m edia 

[32]. For larger particles, po larization  effects dom inated particle collection and  

particle charge becam e less im portan t [33]. As face velocity increased, rem oval 

by  m echanical filtration m echanism s such as interception and  im paction

dom inated  for particles larger than  1.7 (im [30], Collection efficiency increased

as the  num ber of elem ental charges increased for a fixed particle size. 

W orkplace aerosols had  vary ing  levels and  distributions of electrical charge 

depend ing  on the source of aerosol generation. As an aerosol aged, it 

stabilized to a Boltzman charge d istribu tion  due to diffusion charging  from  

ions in  the air [34].

8
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Respirator Certification

In  1995, the respirator certification standard  w as rev ised  and  published  

as 42 CFR P art 84 that gave the N ational Institu te for O ccupational H ealth  and  

Safety (NIOSH) sole responsibility for testing and  certify ing respirators [35]. 

N IOSH has estim ated th a t 7 to 10 m illion A m erican w orkers rely  on  

respiratory  protection to protect against w orkplace h aza rd s  [36].

R espirator certification m ethods d id  n o t d is tin g u ish  m echanical from  

electrostatic filter m edia and  m anufacturers w ere n o t req u ired  to disclose the 

collection m echanism s by  w hich their respirators perfo rm ed . Respirator 

m anufacturers indicated the  m aterials used  in  their resp ira to r on  the 

application form; filter m edium  was usually  identified  w ith  a p a rt num ber. 

The N IO SH certification m ethod used neutralized  test aerosols of 

polydisperse N aCl or DOP [35]. Both tests exam ined m axim um  aerosol 

penetration  du ring  steady-state high airflow velocity. T he collection efficiency 

curve d u ring  the NaCl test was characteristic for electrostatically charged filter 

m edia. Collection efficiency began relatively h igh  and  as filter loading 

increased the charge becam e depleted and  penetration  increased. After a 

sufficient num ber of particles was collected, a filter cake form ed w hereby 

m echanical filtration dom inated  and  collection efficiency again  increased.

This test w as based on  how  well a filter m edium  w as able  to form  a dust cake 

w hereby pressure drop  and fit w ere no t lim iting factors. T he DOP test d id  no t 

d isp lay  a characteristic curve for electrostatic m edia. T he m axim um

9
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penetration  for b o th  electrostatic and  m echanical filters occurred a t the  en d  of 

the aerosol challenge.

Worker Protection

Electrostatic m edia were w idely  used  in filtering facepiece respirators 

due  to their econom ical cost, enhanced filtration efficiency, an d  reduced  

breath ing  resistance [31]. Eighty to 90% of the filtering facepiece respirators 

subm itted  for certification under the new  regulation  d isp layed collection 

efficiency curves characteristic of electrostatic m edia  [37].

W orkers w ere  taugh t two indices th a t determ ined  the end  of the 

service life of a respirator. One w as by  increased breath ing  resistance and  the 

second w as by  detection  of contam inant b reak th rough  [38]. If the charge on  

electrostatic m ed ia  w as degraded from  contam inants, filter clogging w ith  its 

accom panying increased  breathing resistance m ay no t occur. W orker 

exposure could resu lt w hen the service life of a  resp ira tor w as reached 

w ithou t the w eare r 's  knowledge. The second m ethod  by w hich w orkers 

determ ined  "end  of respirator service life" w as contam inant b reak th rough . 

Some solid or liqu id  aerosols m ay no t have an  odor o r taste associated w ith  

the contam inants and  breakthrough m ay be undetected  [35]. Since the type  of 

m echanism  by  w hich  a respirator perform ed h a d  n o t been identified  on  

products, the w earer m ay not have been  aw are of differences in  detecting en d  

of service life.

The ability of laboratory data  to adequately  p redict w orkplace 

perform ance of resp ira to rs w ith  electrostatic m edia  rem ains unclear. Field
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testing  exam ining  the  perform ance of respirators contain ing  electrostatic filter 

m edia is lim ited  [2]. The correlation betw een respirator p ene tra tion  in  the 

laboratory  w ith  subm icrom eter particles for predicting w orker exposure to 

superm icrom eter contam inants in  the w orkplace has no t b een  va lidated  [28]. 

Studies th a t have attem pted  to correlate w orkplace exposure to laboratory  

tests have  been  unsuccessful [39]. Previous researchers have  questioned  the 

valid ity  of the  NIOSH m ethod to predict w orker protection [28, 29, 30]. 

A dd itional in form ation  is needed  to elucidate w hich  env ironm en ta l 

conditions an d  contam inants m ight be  detrim ental to this type  of filter 

m edia.
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CHAPTER II 

LITERATURE REVIEW

Filtering R espirator H istory

The developm ent of respiratory protection has been ongoing for the past 

2000 years. The earliest need for respiratory protection from  industrial dusts was 

recorded by  Pliney the Elder, a Roman, w ho lived from 23-79 A.D. H e 

recom m ended the use of anim al bladders to loosely cover the faces of m iners and 

lead oxide refiners to prevent inhalation of mercuric sulfide dust, referred to as

verm ilion du st in  early writings [40, 41 ]. The bladders w ere th in  which allowed

w orkers to see through the skin [42, 43]. In the 16th Century, Agricola w rote

extensively on m ineralogy and geology and discussed m ining operations in  his 

book De Re Metallica. The environm ent in the mines w as described as being very 

d ry  w hich contributed to the generation of 'corrosive' dust. M ine w orkers were 

advised to tie loose veils over their faces to protect bo th  their lungs and eyes. The 

harsh  w orking conditions in  the mines often shortened the lives of m iners and 

som e local w om en w ere know n to have been m arried as m any as seven times

[42]. Silicosis w as the disease suspected of provoking the high m ortality rate 

am ong the hard-rock m iners [44].
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D evelopm ent of industrial filtering respirators w as sp u rred  b y  the need  to 

pro tect fire fighters. In  18th and  19th century Europe, a com m on prerequisite  for 

a  person  to become a firefighter w as th a t they h ad  a full beard th a t could be

d ipped  in  w ater and  held  betw een the teeth for sm oke protection [40]. The first

respirator w ith  a filter appeared  in  1814. Brise Fradin developed a  box filled w ith  

cotton that had  a b reath ing  tube going to the m outh  while the nostrils w ere 

p lugged w ith  cotton. The efficiency of this respirator was tested w ith  m ercury

vapors that were know n to be dangerous to gilders [45].

In 1825, the Royal Society of A rts in England presented John Roberts, a 

coal m iner, w ith  a prize o f 50 guinea for developing a filtering m ask  for firemen. 

The w earer's head w as encased w ith  a leather hood and eyepieces w ere 

fashioned from either glass or mica. The w earer breathed th rough  a tube that 

term inated near the ground  w here there was less sm oke during  a fire. A ttached

to the  lower end of the tube was a filter of wool w ith  a m oist sponge on  top [3].

In 1868, John Tyndall collaborated w ith  the Chief Officer of the M etropolitan Fire 

Brigade and developed a complicated filter used in  conjunction w ith  a facepiece

know n as the 'firem an 's respirator' [45]. This particulate filter w as m ade of

tightly packed cotton w ool in  three layers w ith lime fragments, charcoal, and  

w ool soaked in  glycerin. The filters w ere encased in  brass canisters 2 inches in

diam eter and 4 inches in  length [46].

Lewis H aslett [47] patented one of the first respirators in  the  U nited States 

in  1849. The 'Inhaler or Lung Protector' filtered d u st or injurious substances from

inhaled air. The filter w as m ade from  wool fabric or other porous substance that
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w as to be m oistened w ith  w ater prior to use. The respirator could be fitted to 

e ither the nose or m outh; the respirator body w as held  in  place w ith  an elastic

band . A  'clapper va lve ' directed the airflow for inhalation and  exhalation [46].

The invention h ad  an  optional flexible tube attaching to the respirator extending 

the  air inlet to w ith  in  a  few inches from the floor; the filter was attached to the

e n d  of the hose [47]. This feature was sim ilar to the respirator designed by John

Roberts.

The N ealy Sm oke Mask, patented on  Septem ber 18,1877, supplied air to 

the m ask by two rubber tubes connected to a sponge or porous m aterial filter. 

The filters w ere sa tu ra ted  w ith  w ater supplied  by  pipes from  the w ater bag 

carried  on the w earer's chest. Breathing air was purified  w hen it passed through

the w etted  sponges [45]. The collection efficiency of w etted  sponge filters w as

22% and  increased to  55% w hen loaded w ith  particles. If allowed to dry out, the

efficiency of sponges d ropped  to 9% [48].

By the 19th century, dust respirators w ere fairly common. Since 

respirators had  no t been  properly studied, these respirators w ere of low 

efficiency w ith  unusually  h igh breathing resistance and a poor face seal; these

early  m asks probably  h ad  little useful effect [49, 50]. Tyndall [40], a well know n

physicist, m ade the first scientific investigations on  the properties and behavior 

of atm ospheric particu late  m atter. Three years after his developm ent of the 

firem an 's respirator, the coarse fiber from  flax o r hem p referred to as 'oakum ', 

w as used  as a filtering m edium  in respirators; glass w ool w as developed about

the  sam e tim e [3].
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Early respirators for industrial applications in  the United States h ad  filters

m ade from  a variety of m aterials w hose list w as seem ingly endless [51].

R espirator filters constructed of felted cotton or wool fabric were either 

supported  on  a reusable backing, such as fly screen, or gathered to m ake a 'b ag '

or 'p o u ch ' [52]. N either design contained valves so that bo th  inhalation and

exhalation air passed bidirectionally through the filter m edium . Bag or pouch- 

type respirators, so nam ed for their unique shapes, w ere intended to be reused 

by  dislodging particulate build-up by  shaking. O ther fabric respirators w ere 

in tended  to be discarded or w ashed in  w arm  soapy w ater once soiled. The first 

respirator using  layers of gauze and  cotton fabric w ith an elastic band to secure

the device over the w earer's nose and  m outh w as patented in 1866 [53]. In a

unique design, a  respirator was constructed from  cotton wool quilted betw een 

layers of cheesecloth and then gathered to form  a nose pouch. M any of these 

fabric respirators w ere intended to protect w orkers from dust and organism s 

w hich carried diseases although others were intended to be used for spray  pain t

applications [54]. The usefulness of cotton as an  efficient filter was dem onstrated

in 1854 w hen  perishable foods w ere show n to have m uch slower decay rates

w hen  am bient air was filtered though cotton [53]. Disposable filters m ade from

cotton fiber paper or tissue paper w ere generally unacceptable due to their sm all

pores, w hich easily clogged and  resulted in high breathing resistance [54].

The A.W. Dolfini Com pany of N ew  York City introduced the 'M idget 

Smoke Protector' in 1897. This device appeared to be m ade from  cloth filtering

%

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



m aterial, supported  on a backing, and  held close to the  wearer7s face b y  a single

strap  [45]. The Pulm osan respirator m anufacturer displayed a p roduct in  their

circa 1917 catalog whose design appeared to be a forerunner of the m o d em  

disposable filtering facepiece. The unique cone shape of this product along  w ith  

the single fastening strap appeared to be sim ilar to the  m odem  disposable 

filtering facepiece respirator. A lthough the type of filter m edium  in  th is p ro d u c t 

w as unclear it was probably a felted fabric su ppo rted  on a w ire fram e g iv ing  the

respirator rigidity [51].

In  1905, a contest was held in England to develop an acceptable 'd u s t- 

arresting respirator', the w inner was to be aw arded  a  prize of 20 pounds. 

A lthough m ore than  60 models and draw ings w ere subm itted to the technical 

com m ittee for consideration, none w ere found to be acceptable. The sm all 

filtering area of the respirators was deem ed inadequate and the air tem pera tu re

inside the facepiece was determ ined to be uncom fortably hot [3],

The need for developing respiratory protection was accelerated b y  W orld 

W ar I during  w hich time Germany resorted to large scale chemical w arfare. Lack 

of adequate respiratory protection resulted in unconventional devices be ing  used  

by  bo th  civilians and  troops. People tied w etted  socks and handkerchiefs over 

their noses and m ouths in desperate attem pts to protect themselves from  th e  gas 

attacks. Some even tried breathing through perforated corned beef tins o r broken 

w hiskey bottles filled with earth  and grass as a filtration m edium . A trem endous 

national undertaking in England produced a  sim ple disposable filtering m ask 

tha t w as sent to France about two weeks after the first attack. The resp ira to r
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consisted of a nose and  m outh  pad  of cotton im pregnated w ith  w ashing  soda 

and  glycerin enclosed in  a strip  of black m uslin  tied a t the back of the  neck w ith

cloth  straps [50]. As a resu lt of G erm any's deploym ent of hazardous gases,

activated charcoal w as developed by a Russian, N. D. Zelinskiy, in  1915 [55].

Respirators m ade w ith  these carbon filters effectively adsorbed chlorine and  

phosgene gases; how ever, the Germ ans sought to penetrate this filter w ith  

arsenical smokes. Arsine gas w as filled into glass bottles and  placed inside high- 

explosive shells. D ispersal w as inefficient and  particles w ere too few  and  too 

large to cause serious dam age. The use o f arsenic resulted in  a m odification of 

the m ilitary gas m asks by  placem ent of particulate filters in  front of the charcoal

granules [3].

In London, a sm all departm ent w as se t up  shortly after the gas attacks to 

conduct defense research. A  location a t Porton  Down, W ilshire, E ngland w as 

acquired for trials of gas w eapons. Research to im prove respirator design 

continued a t this location throughout W orld W ar I and  ended  w ith  the 'Sm all 

Box Respirator'. W hen the Am erican troops entered the w ar, they had  to rely 

u p o n  the English research as respirator developm ent in  the U nited States had  

been  passive up  to this time. The English supplied the Small Box R espirator to 

m any  of the allies, the m ost notable w as Italy. The Porton station increased in 

size and  function and  soon after W orld W ar I was established as the  center for all 

research on chemical defense in  England. It became know n as the Chem ical

Defense Experim ental Establishm ent (CDEE) [50].
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In  1910, the B ureau o f Mines w as established in the U nited  States. This 

agency w as created to prom ote m ining and  conduct research to im prove m ining 

m ethods. The need for adequate respirator protection w as m ost critical in  m ining 

operations w hen w orkers w ould  don  a self-contained breath ing  apparatus of 

unknow n  quality and  risk  their lives to assist in  rescue operations after a 

disaster. Initial w ork  at the Bureau w as devoted to the developm ent of an arm y

gas m ask for use during  W orld W ar I [56]. The gas m ask used  by  the U nited

States arm y during  W orld W ar I w as sim ilar to Tyndall's firem an 's respirator 

w ith  the exception that activated charcoal and  soda lime w ere used  as adsorbents

and  h ad  im proved filtration properties [49].

Between W orld W ars I and  II, G erm any continued to develop m ore 

efficient m ethods of generating arsenical sm oke. Particles p roduced  by  therm al 

generation had  diam eters betw een 0.2-0.5 pm  which easily penetrated  the deep

lung  and  resulted in serious dam age [3]. From  Tyndall's p revious w ork, it w as

know n tha t smokes penetrated  fibrous filters and  were no t effectively adsorbed

by  charcoal [57]. The need  to develop a m ore efficient respirator filter escalated.

Industrial workers benefited from  advances m ade in respirator protection. In 

G reat Britain, the first industrial du st m ask tha t provided pro tection  against

silica d u st was developed im m ediately before W orld W ar II [49].

R esp irator C ertification an d  T esting

O ne of the first m ethods developed to evaluate the collection efficiency of 

a resp irator was described in  a 1911 G erm an procedure. A  subject donned  a 

respirator and  entered a 3-m3 cabinet into w hich dust-laden spores h ad  been

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



sprayed . A t the end  o f one m inute, the respirator w as doffed and  the person  

rem ained in  the cham ber, nostrils p lugged w ith  cotton. It w as assum ed th a t 

cotton w as a  perfect filter and respirator efficiency was determ ined b y  culturing

and  com paring bacterial counts [40].

In  the United States, the Bureau of M ines prom ulgated the first 

perform ance and  quality standards for self-contained breathing apparatus on  

M arch 5,1919, w hich w as know n as Schedule 13. Schedule 14 for gas m asks was 

prom ulgated  in M ay 1919 and was based on  the  earlier w ork w ith  m ilitary gas

m asks [48, 56]. Subsequently, the dem and for perform ance requirem ents relating

to o ther types of respiratory protective devices led to the issuance of Schedule 19 

for hose m asks in  1927; Schedule 21 for filter-type dust, fume, and  m ist 

respirators in  A ugust 1934; and Schedule 23 for chemical cartridge organic vapor

respirators in  N ovem ber 1944 [56]. The authority  for conducting respirator

evaluations w as given to the Bureau of M ines b y  an  act of Congress on February

25,1913 (37 Stat. 681) [57]. The Bureau w as charged w ith  the responsibility of

p rom ulgating  procedures and testing respiratory protective devices [40].

The Bureau of Mines, however, d id  no t have regulatory authority . The 

testing and  certification of respirators w as strictly voluntary for the respirator

m anufacturer [58]. The Bureau's purpose w as to  act as an im partial testing

agency and to m ake available a list of respiratory protective devices tha t m et

their perform ance requirem ents [59]. H ow ever, industry  leaders believed that

the  federal approval on  respirators w as an  additional legal safeguard against
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dam age suits [43]. This led to the large-scale purchase of approved  respirators

instead o f low er grade ones [40]. By 1966 m ost state labor and  health  codes

required  Bureau-approved respirators w hen  respiratory protection w as needed . 

O ften Federal contracts contained clauses m aking  Bureau-approved equ ipm en t

m andatory  [56].

Schedule 21 for 'd ispersoid respirators' w as divided into three groups. 

G roup A w as for respirators that protected h o rn  dusts generated m echanically 

from  the disintegration of solid m aterials such  as drilling and  blasting. G roup  B 

respirators provided  protection from m etal fum es generated during  sublim ation 

or condensation of their vapor, or as a resu lt of a chemical reaction betw een the 

vapor and  gases. Group C respirators protected workers from  m ists w hich w ere  

form ed du ring  electroplating and paint spray ing  where the liquid  vehicle d id  no t

produce harm ful gases or vapors [40, 57]. W hen Schedule 21 w as first

p rom ulgated  there was no t a respirator in  the country that w ould  pass the 

certification. Five years later, the Bureau of M ines had certified only 28

respirators [38]. As respirator quality im proved and m ore respirators m et the

certification requirem ents, those respirators that d id  not m eet the Bureau of M ine 

Schedule 21 w ere referred to as 'second-grade' or 'nuisance d u st' respirators. It 

w as claim ed that these respirators were adequate to protect w orkers against 

nontoxic d u st such as zinc oxides in brass foundries and organic dusts such  as

flour and  cocoa [58, 40].
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In  1917, an  investigation b y  the Bureau of M ines found tha t m iners w o u ld  

n o t w ear respirators due  to skin irritations caused b y  face contact w ith  the  

resp ira tor, unless the conditions w ere unusually  severe. As a result, w orkers 

e ither labored  in dusty  environm ents w ithou t any form  of respiratory pro tection  

o r tied  handkerchiefs, rags, and  o ther fabric cloths over their b reath ing  zone

p lac ing  com fort above efficiency [48]. Some respirator m anufacturers supp lied

'facelets', a knitted cotton cover that fitted over the edge of the facepiece w hich  

p reven ted  contact betw een the rubber and  the w earer's face increasing the

com fort of the protective device [60].

U nder Schedule 21, respirators w ere evaluated for design, durability , and  

practicality. Respirators had  to dem onstrate  th a t they provided adequate  

pro tection  for a suitable period of tim e and  had  to be reasonably com fortable and  

convenient to wear. Lastly, the respirators had  to be constructed of du rab le

m aterials [48]. The three m ain criteria of evaluation included: efficiency,

resistance, and  fit of the respirator.

The collection efficiency of all d ispersoid respirator categories w as 

evaluated  a t 40-70% relative hum idity , tem perature a t approxim ately 25 degrees 

°C, an d  32 lite rs /m inu te  (1pm) steady-state airflow. The m axim um  allow able 

p ressu re  d rop  was 50 m m  H zO for inhalation resistance and  25 m m  H zO  for 

exhalation  assessed a t 85 1pm continuous airflow. It w as felt that respirators that 

w ere  continuously w orn  should  no t exceed a b reath ing  resistance of 2 inches of 

H 20  (49 m m  H zO), preferably less than  1 inch (24.5 m m  H zO). Respirators w ith  a 

b rea th ing  resistance greater than  4 inches of H zO (98 m m  H zO) w ere im practical
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to be  w orn, even  for short duration  [61 ]. Previously published  values for

resistance indicated that physical discomfort to the w earer occurred above 50

m m  H zO resistance a t 8 5 1pm [62].

A total of three respirators w ere evaluated for collection efficiency against 

each challenge agent. A  coal dust tightness test w as perform ed w hich evaluated 

face seal fit of a  respirator. Three subjects w ith different face shapes wore 

respirators in  a cham ber w ith  visible coal dust for 30 m inutes w hile various tasks 

w ere alternated w hich sim ulated m oderate w ork  an d  resting activities. Forced 

nasal discharge and  sputum  w ere exam ined for coal d u st residue along w ith  

visual inspections of the nasal cavities of the test subjects to determ ine the

effectiveness of respirator fit [57]. In 1926, som e respirators fit the face so poorly

tha t m ost of the air w as inhaled through openings betw een the face and the

respirator w ithou t any dust rem oval [49]. The adjustable portions of the

respirator that allowed it to conform  to the contours of the w earer's face 

included: a m etal body; a w ire at the nose portion; a w ire that extended under 

the respirator and  upw ard  tow ard the nose portion; and  a m etal brace inside the 

facepiece. These bendable sections were intended to provide an  adequate face

seal [60].

Type A  respirators were challenged w ith  d u s t w hich contained 99+% free 

silica a t both  a h igh and a low concentration of 50 m g /m 3 and 5 m g /m 3 

respectively. The duration  of the test was three 30-m inute intervals for the high 

concentration and  a single 156-minute sam pling period  for the low

concentration. Three respirators w ere tested at each concentration [57]. The
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m axim um  m ean particle size of silica was 0.6 pm  w ith  a geometric standard  

deviation of less than 1.9.

Type B respirators were certified w ith  two different types of fum es, 'low - 

p lugging ' and  'high-plugging'. The 'low -plugging' challenge agent w as lead 

oxide fum e at a concentration of 15 m g /m 3-The length of sam pling w as a single 

156-minute period. The 'high-plugging fum e' was m agnesium  oxide at a 

concentration of 100 m g /m 3. This test term inated w hen approxim ately 200 m g of 

m aterial had  been pulled  through each respirator.

Type C respirators w ere evaluated using three different test suspensions: 

chromic acid m ist a t a concentration of 15 m g /m 3, lead from  pain t spraying at 

300-600 m g /m 3, and silica m ist produced by spraying at a concentration of 10 

m g /m 3. Three respirators were challenged by  each of the test agents for tw o 156- 

m inute sam pling periods.

On April 19,1955, the Bureau of Mines am ended Schedule 21 to Schedule 

21A adding additional fit testing requirem ents to the certification protocol. 

Negative and positive pressure tests to evaluate fit were m ade by  15 to 20 

subjects w ho had  different facial shapes and sizes. A quantitative fit test 

em ploying isoamyl acetate w as added to Schedule 21A. Fifteen to 20 subjects 

w ere placed in  a cham ber w ith 100 ppm  of this agent. Either the detection or 

absence of odor or taste of isoamyl acetate determ ined fit. M odifications w ere 

m ade to the coal dust fit test. Instead of individuals perform ing various tasks in a 

test chamber for 30 m inutes, coal dust was blow n around the breathing zone of

persons w earing respirators for three m inutes [63].
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The duration  of the  silica du st test for Type A respirators w as changed 

from  three 30-minute periods to a single 90-m inute in terval for each respirator. 

The low  silica dust concentration w as elim inated and  replaced by  a lead d u st 

test. The concentration of lead d u st w as 15 m g /m 3 w ith  a geom etric m ean  of 0.6 

jim  and  a geometric s tandard  deviation of 1.9. Environm ental conditions and  

length of the test w ere the sam e as in the silica dust test. M agnesium  oxide fume, 

the  Tiigh-plugging' fum e, test for Type B respirators w as dele ted  in  the schedule

revision as w as the lead m ist test for Type C respirators [63].

The Bureau of M ines' specifications for certification of dispersoid 

respirators w ere based on  the  prem ise that the dusts, fum es, and  m ists w ere  no t 

significantly more toxic than  lead. As a resu lt of industry  generating h igh ly  toxic 

particulates such as beryllium  and  the use of radioactive m aterials, Schedule 21B

w as prom ulgated  on January  19,1965 [57]. Beryllium w as 100 times m ore toxic

than  lead and  radioactive m aterials w ere five m illion to th ree  billion tim es m ore

toxic than  lead [64]. The B ureau of M ines found a num ber of filter m edia capable

of p rov id ing  protection against these h ighly  toxic substances, the problem  w as to

develop a test to evaluate fit [56]. Schedule 21B added two new  tests for

evaluating  fit and filtration efficiency of h ighly  toxic substances, the uranine-

cham ber test and the DOP M an Test [65].

The uranine-cham ber test w as developed by Silverm an e t al [65] a t the 

H arvard  School of Public H ealth. This w as the first quantitative m ethod to 

evaluate respirator efficiency tha t considered fit [58]. U ranine is a com m ercial
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dye an d  previously h ad  been used  as a tracer for air pollu tion. A  respirator w as 

sealed to a head form  and placed in  a test cham ber w ith  a uranine concentration 

o f 1 to 2 milligrams p e r cubic m eter (m g /m 3). The geom etric m ean of the aerosol

w as 0.2 pm  and the geom etric standard  deviation w as less than  1.96 [56]. A ir was

d raw n  through the facepiece at 3 2 1pm cyclic flow via a b reath ing  machine. 

Leakage though the exhalation valve, a round  grom m ets, and  the seals betw een

the filter or filter cartridge and the  facepiece w as evaluated  [56]. Since this

d isod ium  salt of fluorescein readily dissolved in  w ater, filter efficiency w as 

determ ined by leaching the captured uran ine and  exposing it to blue light of 440 

to 510 run. The high energy source of the spectrophotom eter excited the 

fluorescein atom that reem itted light in  the 510 to 590 run w avelength range. 

In tensity  of the transm ittance determ ined uranine concentrations in the p a rt per

billion range [64].

The DOP test, originally developed by  the US A rm y as M ilitary S tandard  

282, w as designed to provide a m eaningful m easurem ent of respirator efficiency

and  rap id ly  degrade electrostatic charge on  resin-w ool filters [66]. The Bureau of

M ines used  the DOP M an Test System as an  indicator of leakage both a round  the

face seal and other points of en try  on the m ask [56]. For this test, six m en w ith

vary ing  facial sizes and  shapes w ore particulate respirators. The subjects entered 

a test cham ber containing DOP levels 10,100, or 1000 tim es the m axim um  

perm issible concentration or threshold lim it value. Test subjects w ore respirators 

in  the  cham ber w hile perform ing activities th a t included h ead  and  face 

m ovem ents while DOP penetration w as determ ined by  sam pling  air from  inside
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an d  outside the facepiece. In  o rd er to m eet the m axim um  allowable penetration  

requirem ent of 0.5%, the  Bureau o f M ines found it necessary to elim inate certain

exercises such as talking and facial m ovem ents [65].

Schedule 21B am ended the  concentrations of the particulate challenge 

agents: silica dust increased from  50 to 55 m g /m 3, lead dust and lead fum e 

changed from  15 to 17.5 m g /m 3 of lead, and  chromic a d d  m ist increased from  15 

to 17.5 m g /m 3. Silica m ist concentration w as raised considerably from  15 to 22.5 

m g /m 3. In recognition of the health  hazards assodated  w ith  silica, the m axim um  

allowable penetrations of silica m ist and  d u s t w ere reduced by one-half their

form er values [56].

In 1970, legislation know n as the O ccupational Safety and H ealth  Act 

(OSH A d ) was en aded , which created the N ational Institute for O ccupational 

Safety and Health (NIOSH). NIOSH w as assigned joint responsibility w ith  the 

Bureau of Mines for respirator certification and  together the two agendes

prom ulgated Title 30 Code of Federal Regulations, P art 11 [65].

U nder the new  legislation, respirator certification changed from being  

voluntary to m andatory. In 1973, the Bureau of Mines was reorganized an d  the  

regulatory functions, w hich in d u d e d  respirator approval and certification, w ere 

conveyed to the M ining Enforcem ent and  Safety A dm inistration (MESA). 

A nother reorganization in 1977 transferred MESA's functions to the M ine Safety 

and  H ealth Adm inistration (MSHA) and respirator approvals were issued jointly

by NIOSH and MSHA [67].
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Several key changes w ere m ade in the respirator ap p ro v a l procedures and 

testing w hen  30 C F R 11 was enacted. The addition of the 'single u se ' category 

w as sp u rred  by  a p roduct m anufactured by 3M Com pany, a m o ld ed  disposable 

filtering facepiece respirator w hich w as contoured to the face o f th e  w earer. The 

advent of this product created a new  class of respiratory pro tection . Previously 

3M h ad  p roduced  filtering m asks from  therm oplastic fibers th a t w ere used  by

the health  care industry  for surgery and whose shape was flat [68]. In 1972,3M's

m odel 8710 disposable dust m ist respirator w ith  split fiber electrostatic filter 

m edia received the first approval for this new  respirator class b y  the Bureau of

M ines [69]. The technology used to successfully produce the m odel 8710 w as

actually a failed attem pt by the com pany to 3-dimensionally m o ld  a b ra  cup [70].

Today m olded  respirators are sometimes referred to as 'bra. c u p ' respirators.

Filtering facepiece respirators were composed of three general parts. The 

outer cover that protected the shell and  acted to collect large d u s t particles

prevented  overloading of the second layer. The overall contribution  to collection

efficiency w as sm all bu t provided support to the filter layer [71 ]. The inner layer

contained the filtration m edium  that was responsible for rem oval of 

subm icrom eter particles. The filter layer contained at least one ty p e  of filtration 

m edium  th a t could be mechanical, electrostatic m edia, or a b len d  of the  two. 

W hen higher filtration efficiency w as required, the thickness of th is layer w as 

usually  increased. In turn, the m iddle filter layer was responsible for m ost
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airflow  resistance [71]. The back cover tha t functioned to support and  pro tec t the

inner filter w as com m only m ade from  spunbond  polyester [70, 72].

D isposable filtering facepiece resp irators w ere p roduced  by  cutting 

desired shapes for each layer from  rolls o f flat m edia. Each p a rt of the respirator 

contained one o r m ore sections that w ere stacked and  therm ally fused. M olded 

respirators acquired  their unique shapes by  heat application. D uring processes 

that elevated the  tem perature of the fibers, som e of the  electrostatic charge could

be lost [72].

O ther key  changes in  30 C F R 11 included reclassification of particulate 

respirators. The new  respirator categories included: h igh  efficiency particulate 

aerosol (HEPA); d u s t/fu m e /m is t (DMF) respirators; and  d u s t/m is t (DM). After 

M arch 1972, the  DOP M an Test w as deleted as a quantitative fit testing 

requirem ent in  p a rt due to adverse health  hazards associated w ith  this agent

[65].

Q ualitative fit testing w ith  isoam yl acetate w as changed from  a 

certification requirem ent that used  a 'test popu lation ' to a fit testing procedure 

for an  ind iv idual respirator user. U nder 30 CFR 11, this fit testing requirem ent 

w as extended to include HEP A and  DMF respirators. Respirator w earers w ere 

challenged w ith  100 ppm  of isoam yl acetate for tw o m inutes w hen  they w ore 

respirators th a t w ere intended to provide protection against fum e concentrations 

greater than  0.05 m g /m 3. The duration  of the  test w as changed to five m inutes 

w ith  inclusion of alternating physical activities for respirators that protected 

against radionuclides or w hen the contam ination level w as less than  0.05 m g /m
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3. The concentration of the challenge agent w as increased to 1000 p p m  if the

resp irato r w as a  full facepiece, hood, or helm et [74].

A irflow  resistance was evaluated  a t 85 lite rs/m inu te  steady-state flow. If 

filters w ere  to be used in pairs, the flow  rate w as reduced by  half. Inhalation 

resistance across the respirator w as assessed bo th  initially and a t the com pletion

of each test, exhalation resistance w as only m easured initially [74]. The

m axim um  allowable resistances are listed in  Table 2.1.

Table 2.1
M axim um  Allowable Breathing Resistance (m m HUO) per 30 CFR 11

T ype of Respirator Initial Inhalation Final Inhalation Exhalation

D isposable (single-use) 12 15 15
D ust, fum e, and mist 
w ith  replaceable filter

30 50 20

Single use respirators certified as d u s t (D) or dust m ist (DM) w ere n o t 

requ ired  to m eet the breathing resistance requirem ents. The silica d u st and  the 

silica m ist tests prescribed perform ance requirem ents for disposable respirators. 

M ost d isposable respirators w ere certified as DM. The dust test w as m ore

stringen t and  respirators passing this test w ou ld  also pass the silica m ist test [73].

Cyclic airflow was used  to evaluate single use respirators during  the silica 

d u s t test; air w as cycled through a b reath ing  machine at a flow rate  of 40 1pm. 

'E xhaled ' a ir w as w arm ed to 35 °C and  94 % relative hum idity  tha t sim ulated  

h u m an  breath ing  conditions. Silica d u s t tha t passed though the respirator w as 

collected o n  an  absolute filter m ounted  dow nstream , mass was determ ined 

gravim etrically. The duration of the test w as 90 m inutes; however, the  test length
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w as increased and  the flow rate changed from  cyclical to steady state for 

resp ira tor categories other than single use. The concentration of silica du st w as 

50 to 60 m g /m  3 and  the particle size distribution had  a geometric m ean of 0.4 to

0.6 |im  a nd  a geometric standard  deviation of less than  2.0 [74].

The lead fum e test for air purifying respirators was 321 m inutes in 

du ration  and  utilized steady-state airflow of 32 liters/m inute. Concentration of 

the lead-oxide fum e ranged betw een 15 and  20 m g /m 3, similar to the 

concentration specified in 21B. Environm ental conditions in  the respirator 

cham ber w ere 20 - 80 % relative hum idity  and 25 °C. For tight fitting facepieces 

and  pow ered  air-purifying respirators (PAPR) the length of the test was 

decreased to four hours; flow rate w as increased to 115 liters/m inute for tight- 

fitting and  to 170 lite rs/m inute  for PAPR. The total am ount of unretained lead 

w as n o t allow ed to exceed 1.5 m g for air purifying respirators; however, more

lead w as allow ed to be unretained for the other respirator categories [74]. There

w ere significant differences betw een the collection efficiency obtained by  the 

lead fum e as com pared to the silica du st test, w ith  lead fume collection efficiency

being m uch  low er [30].

The silica m ist test shared the sam e environm ental tem perature and 

hum id ity  param eters, flow rates, and  duration  as the lead fume test. The 

concentration of silica mist in  the respirator cham ber was 20 to 25 m g /m 3, about 

half the  concentration specified in Schedule 21B. Unretained silica dust on  air 

purify ing  respirator samples could no t exceed 2.5 m g bu t the total am ount of

silica w as increased for other respirator types [74].
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HEP A respirators, intended to provide protection against a  com bination 

of m ore than  one type of particulate hazard  (dust, m ists, an d  fumes) including 

radionuclides, w ere  tested w ith  both  silica du st and  DOP. DOP penetration w as 

tested at dual airflow  rates of 32 and  85 lite rs /m inu te  for a  5 to 10 second 

duration. These flow  rates w ere reduced by  half if filters w ere used in  pairs. At 

either flow rate, the  m axim um  allowable penetration of DOP w as 0.03%.

C oncentration of DOP w as 100 p g /L  and  h ad  a particle d iam eter of 0.3 pm  [56, 

74].

The DOP m ethod used to evaluate HEPA filters w as p u t into question by  

W illiam H inds [75] in  1978. Particle size evaluation of DOP h ad  been determ ined

w ith  a polarized-light scattering device know n as the 'ow l'. H inds et al [76]

reported that DOP aerosol w as no t as m onodisperse as had  previously been 

assum ed by dem onstrating that the ow l w as unable to  d istinguish infinite 

particle-size distributions. The concern w as that different particle-size 

distributions th a t h ad  the sam e owl read ing  w ould  yield different penetration

results.

O n June 8,1995, Title 42 Code of Federal Regulation Part 84 [35] w as

enacted w hich superseded 30 CFR Part 11. This revision w as prom pted  b y  the 

m edical com m unity as there had been an upsw ing  in  the num ber of reported 

tuberculosis cases. Respiratory devices used  in health  care settings by  w orkers

for protection against comm unicable diseases h ad  no t been  regulated [77]. U nder

30 CFR 11 the only  air purifying respirator that m et the Centers for Disease
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C ontrol (CDC) perform ance criteria for protection against tuberculosis w as the

h igh  efficiency (HEPA) filter [35]. R espirators certified under all categories o f the

new  s tan d ard  m et or exceeded the CDC guidelines and w ere less expensive th an  

the H EP A  filters. U nder 42 CFR 84, au thority  for respirator certification w as 

exclusively given to NIOSH. O nly som e equipm ent used for mine em ergencies 

and  rescue operations were jointly certified by NIOSH and MSHA. Sales an d  

sh ipm en t o f respirators certified u n d er 30 CFR 11 w ere allowed to continue u n til 

July 10,1998.

Particu late  non-pow ered air purify ing  respirators were reclassified into 

nine n e w  categories based upon type of respirator and  their efficiency. T he three 

new  classes o f respirators were N , R, and  P w ith  m inim um  collection efficiencies 

of 95%, 99%, and  99.97% designated as 95,99, and  100.

D eleted  in  the new  regulation w as the isoamyl acetate qualitative fit test. 

Reasons for elim inating this fit testing  requirem ent were that the isoam yl acetate 

test lacked bo th  validation and correlation to w orker protection. It w as claim ed 

that fit-testing individual workers as required  by  the Occupational Safety and  

H ealth  A dm inistration 's (OSHA) respiratory  protection program  best served

w orker hea lth  concerns. The new  s tandard  w as devoid of any fit testing

requirem ents; certification was based  on filtration efficiency alone. O nly tw o 

aerosols w ere  used  for respirator certification, and  DOP; both  were n eu tra lized

to the  B oltzm an charge distribution [35].

H arw ell H ounam  [3, 54, 65, 79, 80] of the U nited Kingdom  (UK) 

developed  the m ethod in 1962 w hich w as used to determ ine the overall leak  rate
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of a  respirator. Leakage was ascertained by  com paring the concentration of salt 

aerosol inside and  outside the facepiece of the respirator using flame

photom etry; this detection m ethod had  been used in  the UK since 1948. Sodium  

chloride w as adopted  as the British standard  for respirator testing in 1969 [82,

83]. In  the U nited States, was considered to be m ore representative of a solid,

polydisperse particulate contam inant in the size range commonly encountered in  

m ining and  industry. Varying the concentration of salt in  solution for

aerosolization [79] easily changed the size of the aerosol. The Bureau of M ines

h ad  experienced difficulty in generating and  m aintaining stable mass 

concentrations of lead fum e and silica dust aerosols for respirator certification

procedures stipulated  in  30 CFR 11 [79]. For the first tim e in the United States,

respirator penetration  during  certification w as m easured instantaneously using  

photom etry  and  collection efficiency of the filter m edia was continuously 

m onitored over the entire test period. This w as a big advantage over the tim e- 

w eighted averages for silica and  wet-chemical m ethods that determ ined 

collection efficiency gravimetrically.

D eleted from 42 CFR 84 w as the m axim um  allowable breathing resistance 

a t the end  of the loading test. The initial inhalation and  exhalation resistance 

rem ained unchanged and single use disposable respirators were no longer 

identified in  a separate category. The inhalation and exhalation resistance w as 

recorded for 20 respirators at their designated flow rates of either 85 or 42.5 1pm 

depend ing  if the respirator had  a single filter or had  filters which w ere used  in

pairs [35]. NIOSH determ ined that since the physiological limits on  breathing
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resistance w ere not the same from person  to person, discomfort to the resp irator 

w earer w as the index selected to determ ine end of service life based  on  filter 

clogging.

'N ' series respirators were intended to provide protection against 

particulates no t containing any oil. Collection efficiency was determ ined from  

the m axim um  penetration m easured over the test period for each of the three 

respirators evaluated. Respirators w ere required to be preconditioned a t 38 °C 

and  85% relative hum idity for 25 hours prior to testing. Preconditioning w as 

in tended  to degrade the charge on electrostatic filters. Respirators subm itted  to 

NIOSH for certification d id  not designate the m echanism  by w hich the  respirator 

perform ed, electrostatic or mechanical. Instead, the filter m edium  w as identified

as a p a rt num ber by the m anufacturer [37]. The regulation specified the  test

aerosol concentration could not exceed 200 m g /m 3; how ever, no m inim um  

concentration w as stipulated. The concentrations of test agents used  by  the 

Certification and  Quality Assurance Branch a t NIOSH to challenge respirators

w ere 15 to 20 m g /m 3 for sodium  chloride and 100 to 120 m g /m 3 for D OP [84].

The m ain  apparatus used by NIOSH for respirator testing was the Therm o- 

Systems Inc. (TSI) Model 8130. Disposable filtering facepiece respirators w ere 

either sectored into a test jig or sealed onto a flat m etal plate w ith  beesw ax. 

D eterm ination of an adequate seal w as intuitive based on  experience. A  2% salt 

so lution w as atom ized prior to aerosol pretreatm ent tha t rem oved larger 

particles and  reduced the standard deviation. The aerosol had  a  count m edian 

diam eter of 0.075 (im w ith  a geometric standard  deviation of less than  1.86. The 

m ethod  used to remove large particles was a cyclone b u t later w as replaced w ith
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an  im paction plate. The new  design w as m ade available by  TSI in M arch 1997

[85]. The du ra tion  of the certification procedure for N  series respirators w as

abou t 180 m inutes and term inated w hen 200 m g of aerosol contacted the 

respirator.

For aerosol, m axim um  penetration for mechanical filters occurred a t the 

very  beginning of the test or about 1 /3  the w ay through the test if the respirator 

contained electrostatic m edia. In  electrostatic respirators, the m axim um  

penetration  of increased for all particle sizes initially w ith  loading. As aerosol 

deposition  continued, the particle size of m axim um  penetration  shifted to the 

sm aller sizes w hen  capture m echanism s changed from electrical to m echanical

[86].

Both 'R' and  'P' series respirators were evaluated for certification w ith  

DOP aerosol. DOP was considered to be the m ost degrading  aerosol to w hich a 

respirator filter could be challenged. The R series respirators w ere 'resistan t' to 

oily aerosols w hereas the P series respirators were considered 'oil-proof'. DOP 

aerosol had  a count m edian diam eter of 0.185 |im  w ith  a geom etric standard  

deviation of less than  1.60. The R series test term inated w hen  200 m g  of DOP 

contacted the filter. Term ination of testing for the P series respirators h ad  an 

additional requirem ent; filter penetration  could not continue to increase after 200 

m g  h ad  contacted the filter. Testing continued until penetration  w as stable.

M axim um  DOP penetration occurred at the end of the test period  [36].

Electrostatic filters loaded w ith  an oily aerosol sim ilar to DOP, dioctyl 

sebasate (DOS), had  increased penetration for all particle sizes. M axim um
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penetration  shifted to the larger particle sizes w hen the electrostatic fiber lost its 

charge [86].

Developm ent of Electrostatic Respirator Filters

The empirical and theoretical relationships betw een filter efficiency and

fiber diam eter was established in  the  late 1930's [87]. This first effort w hich 

scientifically stud ied  filtration w as m ade in  Germany. A lbrecht and  K aufm ann 

[3] m ade an original approach an d  developed a theory on the m echanism  of

aerosol filtration by  fibrous pads. From  this w ork, the use of glass fiber and  other

polym er fibers for h igh efficiency filtration was developed. Prior to th is time, 

there w ere no guidelines to im prove filtration efficiency and  researchers w ould  

try  anyth ing  they could lay their hands on  in  an  attem pt to create a m ore efficient

respirator [40]. M aterials im pregnated w ith  various substances indicated  a

com plete lack of filtration understand ing  [85]. Different fibers w ere m ixed

together. W hen asbestos fibers w ere b lended  w ith w ool they p roved  to be a very 

effective filter. Asbestos form ed into p leated  paper filters y ielded the  benefits of a

large surface area com bined w ith  low  breath ing  resistance [3]. H igh  m oisture

and  h igh  tem perature environm ents d id  no t affect the efficiency of this filter. It 

w as soon realized that w hen a fibrous filter w as tested against sm oke over a long 

tim e, the filtration efficiency increased as the filter w as loaded. Various m eans of 

creating partially blocked filters w ere tried  by  incorporating fine pow ders into a

fibrous m at [87].
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In Decem ber of 1931, Nicolaij Louis H ansen  [21 ], D irector of the Danish

A rm y Research Laboratory, patented the first electrostatic filter m ade of resin

im pregnated wool. Particles of resin were carded  w ith  w ool fibers exchanging

electrical charges. Resin was a good electrical insulator; its low  electrical

conductivity ensured that the charge on the filter m aterial w as stable [3, 21]. This

discovery increased the collection efficiency of a w ool filter from  50% to 99.99%

[46]. The process for m aking this filter carded colophony (resin) pow der w ith a

diam eter of 1 pm  into w ool fibers having diam eters of 17 to 20 pm . The filter m at 

was passed th rough  rotating rollers covered w ith  m etal hooks; adjacent rollers

tu rned  at different speeds [16, 21]. The card w ires aligned the fibers into a web

that developed a frictional charge. The resin acquired a negative charge while the

w ool fiber becam e positively charged [21, 88]. The web w as com bined into a

fleece by  either w rapp ing  the web m any times a round  a roller know n as a lap 

d rum  or by placing the web in a zigzag pattern  called cross-lapping. The entire 

fleece could be punched  with barbed needles to form  a needled felt. Since the 

surface of a w ool fiber w as naturally scaly, fibers w ere held  together and felts

could be m ade from  w ool w ithout needling [21, 44]. Colophony was superseded

by a colophony m odified p-tetrabutyl phenol form aldehyde resin that

im pregnated the w ool felt w ith a solution [88]. After the solvent evaporated the

felt w as subjected to mechanical friction thereby generating the electrostatic

charge [87].
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In H ansen 's British paten t num ber 384,052, the m echanism  of action of the 

resin-w ool filter was n o t referenced. H is claim w as that colophony together w ith 

its salts and  esters had  an 'exceedingly high affinity for colloid particles 

suspended in  the air' and  that it readily  adhered  to anim al or vegetable fibers

[88]. It is possible that H ansen him self d id  no t clearly understand  the im proved

collection m echanism  of his filter. It has been speculated tha t he avoided 

referencing the electrical nature of the m echanism  of action to preserve the

novelty  of his invention [87]. Seven years later, in  1938, Hill [88] w ho w orked at

the CDEE first postulated that an electrical m echanism  w as responsible for the 

im proved collection efficiency of the resin-wool filter b u t w as unable to account

for the longevity of the charge. Gatty and Frank in 1940 im plied th a t the surface

resistivity of the colophony accounted for the longevity of the filter charge that 

they calculated to be 10 years. Equipm ent available to them  a t the tim e lim ited 

their ability to prove this claim. W alton [4] confirmed their postulations in 1942 

w ho w as able to m easure the voltage drop  over time. This verified the longevity

of the filter charge. H e also dem onstrated m axim um  strength  of the  electric field

in the im m ediate vicinity of the resin particle and  concluded that electrification

w as entirely by  friction [4]. Further w ork  by  Davies [4, 16, 46] allow ed for

understand ing  the longevity of the filter charge. The stability of the charge and 

long life of the filter w ere attributed to the high resistivity of the resin  and  the

m inute contact area betw een the resin and  the fiber. The charge configuration in

the resin-w ool filter varied around the fiber circumference as w ell as along the
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length  of the  fiber [21 ]. Localized areas of charge w ere created by  th e  resin 

particles th a t resulted in  local non-uniform  electrostatic fields th roughou t the 

filter [16]. W alton [4, 46] found th a t these electrostatic fields w ould  induce a 

charge on an  aerosol tha t conveyed the particle to the w ool o r resin  surfaces. This 

collection m echanism  w as described as being analogous to a m agnet. By 1933,

H ansen filters [3] w ere used  by the  Danish, Dutch, French, and  Italian  arm ies in  

their gas m asks. The British first used  the H ansen filters in  civilian respirators in  

1943.

Electrostatic fibers from  a polym er were first developed by  A.G. Thom as 

and docum ented in his 1956 patent. Thomas disclosed a process o f charging 

therm oplastic fibers by  softening the fibers w ith  heat and  subjecting them  to a 

strong  DC electric potential until the web had cooled. Elongated, hollow  

filam ents w ere extruded from  therm oplastic resins containing a pliable m aterial 

such as cam auba wax that becam e electrically polarized. Thom as' p a ten t claim ed 

that fibers produced by  this m ethod had  increased collection efficiency for solid

particulates [6].

S p lit F iber Electret

The first extruded m olten therm oplastic m aterials p roved  to  be

d isappoin ting  for respirator applications [89]. This changed in M arch of 1974

w h en  Jan van  T um hout developed his patented process for 'F iltrete ' [90]. W hile

w orking  a t TNO, Division of Technology for Society in  Delf, N etherlands, van  

T um hou t discovered a process b y  w hich electrostatic fiber could be  econom ically
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produced  from  polypropylene resin. A lthough the use of electrets in  the  form  of 

foils for m icrophones and  headphones h ad  been know  for m any years, the  

application of this technology to continuously produce a fiber w ith  higher

collection efficiency for particles w as revolutionary [1 ]. This paten t w as later sold

to 3M Com pany w ho developed num erous product lines from  this process

including the disposable filtering facepiece respirator m odel 8710 [8].

Van T um hout's process for the m anufacture of split fiber electret ex truded 

a polypropylene film 40 pm  thick and  heated it to near m elting point. W hile the

film w as w arm  it w as stretched and  corona charged [91, 92]. A  positive charge

developed on  the front side of the web and a negative charge on the back. Later 

this process w as im proved by charging both  sides at the sam e time that allow ed 

for increased production speeds. After the web was cooled, needle rollers easily 

fibrillated it and  repulsion force spread  the fibers into a broad web. The 

individual fibers had  the shape of a ribbon that could vary in w id th  betw een 50

to 250 pm  and a thickness betw een 10 to 25 pm  [14]. Com bining several web

layers by  needling or heating [93] form ed a filter. One of the claims of this 

process w as that the rectangular shape of the fibers prom oted capture of 

uncharged particles by creating inhom ogeneous electrostatic fields; uncharged

particles w ould be attracted by  van  der Waals forces [14, 90, 94, 95]. References

have cited the charge density for Filtrete filters from 2 to 90 nanocoulom bs

(n C )/c m 2 [90, 96, 97, 98, 99].
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N onpolar polym ers such  as polyethylene, polypropylene, fluorocarbons 

(Teflon), and polystyrene w ere preferred resins for split fiber electrets. Plastics 

w ith  few  or no polar groups w ou ld  be charged more strongly th an  those resins

w ith  polar groups due to hom ocharging [100]. Fibers polarized by

hom ocharging occurred d u rin g  corona injection. The air space betw een the film 

and  the electrode were ionized and  charges trapped. Tightly bound  charges in 

the nonpolar groups w ere not p rone  to free migration. This im proved the

stability of the electrostatic charge [94]. A second charging m echanism  occurred

via internal orientation of dipoles, know n as heterocharging. Free charges in 

heterocharged materials easily m igrated resulting in an unstable charge on  the 

fiber. A n advantage of non-polar m aterials was that the heterocharging

m echanism  was weak and  the retained charge was more stable [94, 100].

Electrets m ade from polar polym ers perform ed badly under harsh  tem perature

and  hum idity conditions due to degradation of their charge [95]. This will be

discussed in more detail in the section entitled Charge Degradation o f Electrostatic 

Filters.

The characteristics of polypropylene lent itself as a popu lar resin  for split 

fiber electret. First, polypropylene w as a semi-crystalline m aterial w ith  num erous 

sm all crystallites. These areas w hich were effective sites for charge storage, 

added  to the stability of the fiber charge. Alignment of the crystalline structures

d u ring  stretching perm itted the film  to be easily split into fibers [92]. The

extrem ely low electrical conductivity of polypropylene helped to retain  the

trapped  charges [93]. Lastly, this polym er had a natural hydrophobic
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characteristic and  was no t p rone  to  charge degradation w hen subjected to h igh 

hum id ity  environm ents [101 ].

S p u n b o n d

Spunbond fabric, know n as Reemay, was in troduced in  1965 b y  D uPont

[102]. In the m id 1970's, C.H. D exter in troduced electrostatic m elt sp inn ing  as a 

un ique  process based on  m olten therm oplastic technology developed a t  the 

Battelle Institute [9]. The Carl F reudenberg  Com pany of G erm any u tilized

electrostatic spinning to m anufacture microfibers for respirator filters [9].

Electrostatic m elt spinning w as pa ten ted  in  the U nited States in  1978, b u t the 

process of describing its p roduction  for use as a filter fiber d id  no t appear in  the

literature until 1991 [13, 15]. Electrostatically spun fibers were p ro d u ced  from  a

liqu id  polym er that was sprayed in  a heterogeneous electric field created  by  the 

sp ray  and backing electrode. The liquid polym er w as atom ized on  the edge of 

the spray electrode or spinneret to form  a spray horn. These horns or d roplets 

w ere stretched out to thread-like structures in  the direction of the backing 

electrode and  were deposited vertically onto a carrier m edium . A  second support 

w eb sandw iched the layers together and  could be m ade from  a varie ty  of 

m aterials tha t possessed different physical characteristics: soft or rig id , h eat

sealable, pleatable or m oldable, or w ater repellent [8, 15, 93].

Fibers form ed by this process w ere continuous in  length w ith  a bilobed

cross section [103]. The unique fiber shape occurred w hen  the ou ter layer

solidified first leading to a collapse of the fiber [22]. Fibers had  a h e igh t to  w id th
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ratio of 1:3 and diam eter ranged  from  1 to 10 pm  [8, 14, 15, 104], The d iam eter

w as determ ined by the conductivity  of the polym er m elt ad justed  by  the 

addition  of solvents or organic salts; diam eter increased w hen  the conductivity  of

the polym er w as decreased [13]. Spraying m ore than  one so lu tion  of a polym er

m elt each containing a d ifferent level of conductivity created  layers in  a web. The 

polarities of the spinnerets could also be alternated so th a t the  w eb w ould

possess partia l positive and  negative charges [101]. It w as claim ed that the

charge on  spunbond fibers could be retained from  several m onths to tw o years

[15, 105].

Electrostatic charging occurred by induction. Theory p redicted  tha t the 

fiber charge w ould be the sam e as the charge on the sp inneret and  be of only one

polarity  [22]. In actuality, ex truded  fibers contained charges of bo th  signs that

alternated in polarity and  density  dow n the length of the  fiber [14, 93]. It w as not

know n w hy  charges of bo th  signs existed [22, 106]. Fibers p roduced  by  this

process h ad  a charge density  of about 6.0 x 10 ~7n C /m , significantly low er than

the charge level of split fiber electrets [96].

The m echanism  b y  w hich  spunbond fibers increased collection efficiency

w as a com bination of bo th  electrostatic and mechanical forces [2]. The fine fibers

contributed to increased m echanical collection efficiency for particles ranging  in 

size from  0.5 to 10 pm- A  disadvantage of the small d iam eter fibers w as increased

pressure drop [14, 15].

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Bonding, which w as needed  to consolidate the electrostatically sp u n  fibers 

into a web, could be perform ed b y  several m ethods [103].

a) O ne type of bonding w as needling  w hich used barbed pins to p u sh  som e of 

the fibers into an  orientation perpendicular to the plane of the m aterial. The 

surface of the m aterial show ed a pattern  of sm all dim ples w here the  needles 

had  entered; punch density  w as about several ten per square centim eter. 

Needling could be varied  by  changing the punch  density, the d ep th  of

needling, and  the needle design [21, 102]. This form  of bonding com pacted 

and  strengthened the w eb b u t often dim inished the filtration efficiency [22].

b) Thermal bonding  consolidated the web by fusing the fibers together. As the 

extruded fibers em erged from  the spinning machines, their sticky natu re  

adhered the new  filaments together to form  a web. Secondary heating  also 

fused fibers together once they had  cooled below  their softening poin t. 

Heaters, hot air drum s, p ressurized  steam  ovens, o r ho t calendering th rough

rollers were comm only used  for therm al bonding [102].

c) Liquid adhesives or resins w ere applied to the web that accum ulated a t the 

filament contact points an d  caused them  to bond. This w et process w as no t

commonly used [102].

d) The addition of chemical o r solvent bonding substances form ed in terfilam ent 

bonds that broke hydrogen  chains and form ed a complex w ith  an  am ide 

group. W hen the solvent w as desorbed, hydrogen bonds reform ed betw een

different fibers [102].
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Polym ers commonly used for electrostatic spun  fibers w ere 

polycarbonate, polysulfone, or polyester [8]. Polyethylene w as used  for se lf­

bonding new ly formed fibers or heat and  pressure could therm ally bond  th e  

fibers. This polym er was also used as a b inder w ith other fibers [102].

M elt Blown

M elt blow n m ethod for producing electrostatically charged fibers w as 

developed by  the Exxon Corporation w ho studied a device m ade available by  the

U.S. N aval Research Laboratory [107, 108]. This m ethod was the earliest

chemical-to-fiber route known [102]. 3M Com pany w as the first to pa ten t a

process for producing electrostatically charged m elt blow n fibers for enhanced

filtration [105]. Via this m ethod, fibers w ere extruded from a polym er m elt

through fine orifices akin to electrostatic spinning. W hereas electrostatic sp in n in g  

em ployed a polym er solution, m elt b low n was produced from a polym er m elt

[22, 107]. Two hot converging air stream s at subsonic velocity a ttenuated  th e

fibers. The aerodynam ic force im bedded the corona charge into the a tten u a ted

polym er fibers [27]. While the polym er w as hot, charges m igrated into the

polym er that had  a lowered electrical resistance and w ere trapped upon  cooling

of the fiber [109]. Fibers solidified about 1 inch from  the tip of the die and  w ere

collected on a m oving screen. Extruded fibers entangled to form a cohesive web 

and therm al bonding occurred from  the residual heat of extrusion. O ther fo rm s

of web consolidation were not necessary as w ith  the spunbond fibers [102, 103].
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The fibers form ed by  th is m ethod  were only several centim eters in  length

[27, 102]. The cross section of the fiber was circular and  each fiber h a d  an

associated large sphere of polym er or 'shot7. The elastic 'snap  back ' of the fiber

ends u p o n  breaking [103] form ed the 'shot'. The fiber d iam eter ranged  betw een 1

to 20 p m  and  the diam eter w as adjusted by the polym er to a ir ratio  d u ring

extrusion; fiber diam eter w as inversely related to air pressure  [8, 102].

The charge configuration for m elt blow n fibers w as the  sam e as 

electrostatically spun  fibers. Theory predicted the charge configuration  to be the 

sam e as the charge on the electrode tha t w ould result in  no electrostatic field

[106]. It w as unknow n how  fibers w ith  opposite charges w ere form ed.

Therm oplastic polymers com m only used to m anufacture m elt b low n fibers w ere

polypropylene and  polyester resins [8]. Polar groups added  to the  alloy helped

catch and  retain charge and added  charge stability to a filter exposed to h igh

tem peratures [9].

M an-m ade fabrics had  a propensity  to absorb and ho ld  oils. A pplication

of a polym eric finish gave fibers good oil and w ater repellence [25]. Long chain

perfluoralkyl groups were e ither added  directly to the polym er m elt or applied 

as an  additive absorbed by  the fiber matrix. A tightly packed chain  of 

fluorocarbons, know n as a Teflon finish, was formed. A dditives in  the polym er 

m elt m igrated to the fiber surface during  extrusion to form  a p ro tective barrier
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[25]. In  1991,3M C om pany  [23,24] patented  this m ethod for respira tor filter 

application.

N um erous techniques to electrostatically charge m elt b low n w ebs have 

been  patented; fibers can be  charged during  different steps of the  m anufacturing

process [11]. Air ionized in  the area of the die tip em bedded  the charge into the 

fibers before they solidified [105, 109, 110]. Fibers could also be  charged on  the

collector while they w ere  still w arm  [12]. A  patent by W adsw orth  [110] charged

fibers a t am bient tem perature  by  sandw iching the w eb betw een tw o layers of 

sem iconductive fabric p rio r to passing betw een two electrodes. C orona charging

occurred through conductive contact w ith  the web [111]. 3M 's 1980 paten t for

p roducing  m elt-blow n fibers claim ed a half-life of the electrostatically charged 

w eb to be a t least one w eek  at room  tem perature w ith  100% relative hum idity

[103].

M ethods of W eb C harg ing

The ancient G reeks knew  electrostatic charging although  they d id  no t 

understand  this phenom enon. They found that if am ber w ere  rubbed  w ith  wool, 

ligh t objects w ould  be attracted. Am ber, called 'electron' b y  the Greeks, was

fossilized resin [87]. A t the beginning of the 17th century, W illiam  G ilbert term ed

'electrical' the attraction exerted by  rubbed am ber upon  ligh t particles. Due to

th is rubbing, the term  'frictional electricity' w as coined [101 ].
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In  order for electrostatic charges to be useful in  filtration, a h igh  electric 

field h ad  to be present in the regions betw een the fibers. This m eant tha t bo th  

positively and  negatively charged fibers had  to be present so that the filter as a

w hole w as electrically neutral [44]. W ithin the filter there were nonuniform

electric fields w hich w ere responsible for particle attraction [87]. An

electrostatically charged fiber possessed this perm anent electric field w ithout an  

externally applied voltage. Electrostatic filters w ere m ade by either a polarized or

electrostatically charged dielectric m aterial [11 ]. There were three basic m ethods

that charged a w eb used  in  respirator filters.

a) Tribocharging occurred w hen  dissim ilar fibers w ere rubbed together to 

im part a charge. The intensity and  polarity of the charge depended on the

m aterials [88]. The H ansen resin-wool filter was charged in this m anner;

how ever, a com bination of natural and  synthetic fibers could also be charged

effectively [112].

b) Corona charging occurred w hen  a polym er adsorbed ions or particles m oving 

in a n  electric field. This m ethod w as u sed  to charge the split fiber electret and

am bient tem perature m elt blow n fibers [88, 111].

c) Polym er fibers developed a surface charge by  induction. Droplets developed 

a charge as a result of atom ization or bubbling in an  electrical field. 

Electrostatically spun  and  m elt blow n fibers w ere charged via this m ethod

[22 , 88].
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Filtration M echanism s

Fiber diam eter, particle d iam eter an d  density, packing density , an d  a ir

velocity [22,113,114] determ ined m echanical collection efficiency in  a  filter.

M echanism s explained by  single-fiber filtration theory included im paction, 

interception, diffusion, and gravim etric settling. Sieving w as no t considered to be 

a m echanical collection mechanism. This required the space betw een the fibers to 

be  m uch  sm aller than the size of the particle and  collection by  this m echanism

w as rem ote [115].

Im paction occurred w hen a particle w ith  sufficient inertia w as unable to 

follow  the air stream  and was cap tured  w hen  it contacted the fiber. For particles 

hav ing  the sam e density, this m echanism  w as significant for particles larger th an

0.4 pm  d iam eter and filtration velocities in excess of 100 cm /sec  [116]. W hen

filter face velocity was increased, the  Reynolds num ber of the particle also 

increased. Im paction was likely to occur w hen  the trajectory o f the particle ran

closer to the fiber [14].

Interception occurred w hen a particle followed an air stream  that 

happened  to come w ithin one rad ius o f the  surface of the fiber. This w as the only

m echanism  that w as not dependent on  velocity of the air stream  [76]. In

m echanical filters, interception w as a  predom inan t collection m echanism  [117].

This m echanism  was im portant for particles tha t had  a d iam eter betw een 0.2 to 

0.3 pm . This particle diam eter w as considered to be in  the range o f m in im um  

collection efficiency.
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The effects o f diffusional deposition increased as the particle size

decreased [32]. A n exchange in  energy betw een a particle and a gas m olecule

resu lted  in the fam iliar m icroscopic m otion know n as Brow nian m otion w hich

w as greater for sm aller particle sizes [21 ]. In  diffusion, particles random ly

crossed the air stream  an d  contacted the fiber. Enhanced random  m otion 

depended  on the particle size being  less than  0.1 pm , a low  flowrate, and

elevated  environm ental tem perature [3].

Aerosol particles tended  to settle ou t in  still air u n d e r the influence of 

gravity. The effect o f gravitational settling during  filtration depended  on  the 

direction of the airflow  such that gravitational settling either augm ented  or

dim inished the tran spo rt of particles tow ards the filter [21 ]. In o rder for particles

to be  captured by gravity , the flowrate had to be low  and  the particle size greater

th an  2 pm  diam eter [118].

Electrical collection m echanism s attracted particles tow ard the filter fibers

by  an  electrical field especially those in the subm icrom eter range [17, 115].

Electrical effects accounted for as m uch as 40% of the total collection efficiency of

a filter [71 ]. There w ere three types of electrical collection m echanism s:

Coulombic, induction, an d  im age force.

Coulombic attraction  occurred w hen bo th  the filter fiber and  the aerosol

w ere  charged. Collection by  this m echanism  w as highly  charge dependen t [32,

116]. This m echanism  w as m ost efficient for very  sm all particles close to 0.01 pm
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and  w eak for particles close to 0.6 pm . The m ost penetrating  particle size w as 0.3 

pm  [119, 120].

Induction, also referred to as dielectrophoretic o r polarization, occurred

w hen the filter fiber w as charged and  the aerosol w as neu tra l [96]. This

m echanism  w as m ost efficient for particles close to 0.6 pm  diam eter and  w as 

negligible for particles 0.01 pm . The m ost penetrating size w as less than  0.3 pm

[120]. As particle size increased, the charge it carried becam e less im portan t [32,

116, 119]. Larger particles w ere collected by polarization w hile sm aller particles

w ere collected by  Coulombic attraction. Collection efficiency of particles less

than  0.5 p m  w as strongly dependent on particle charge [120].

Im age force, the inverse of induction, occurred w hen  the filter fiber w as 

neutral and  the aerosol w as charged. This m echanism  w as im portant for particles 

close to 0.01 pm  in  diam eter and  w as quite w eak for particles near 0.6 pm ; the 

m ost penetrating  size w as 0.3 pm.

Single-fiber theory predicted that as particle size is increased, interception 

and im paction m echanism s w ould predom inate. As particle size decreases, 

collection by  diffusion w ould be enhanced. The m ost penetrating  particle size 

was found to be betw een 0.1 to 0.4 pm  in diam eter. In  this range bo th  mechanical 

and electrostatic collection m echanism s were m inim al and  as a  result penetration

was b im odal [96]. Most collection mechanisms w ere affected by  the aerosol flow

rate, the exception being interception. As flow rate increased, particle size of 

m axim um  penetration shifted dow nw ard  as electrostatic collection forces w ere
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m inim ized. This w as m ost noticeable at filtration velocities of 100 to 300 cm /sec  

[114].

A dvantages and  D isadvantages of Electrostatically C harged Filters

One of the advantages electrostatically charged filter m edia  h ad  over their 

mechanical counterparts w as im proved collection efficiency. These filters

displayed greater particle loading capacity [21 ]. Respirators m ade w ith

electrostatic filter m edia w ere produced m ore economically allow ing the price of

a respirator to be m ore com petitive [34]. Since fewer electrostatic fibers were

required to obtain equivalent filtration efficiency, filters w ith  electrostatic m edia

w ere less dense and the pressure drop across them  was considerably lower [113,

119]. Air resistance in  an electrostatically charged filter was n ine tim es less than

conventional unpleated h igh efficiency filters [1]. Lower breath ing  resistance

resulted in less face seal leakage and im proved respirator perform ance due to fit. 

Respirator users were p rovided w ith  im proved comfort by  enhanced breathing

ease thereby assuring greater respirator acceptance [7].

A disadvantage of electrostatically charged filters w as tha t electrical

enhancem ent could be lost w hen  the fiber charge degraded [119]. Electrostatic

filters relied heavily upon  electrical charge for increased filtration efficiency. If

the charge w as lost the efficiency of the filter was reduced to a low  level [1, 121].

Electrostatic discharge could resu lt from  a variety of interactions betw een a 

contam inant and  the filter fiber.
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C harge D egradation  of Electrostatic Filters

C harge degradation of electrostatic filters w as know n to be caused  by  

several factors that included: elevated tem perature, hum idity, and  chem ical or 

physical interactions betw een a contam inant and  the fiber. Electrostatic filters 

p reconditioned  a t an elevated tem perature h a d  enhanced aerosol penetration. 

A ugm ented  penetration w as detected for each increm ental increase in  

tem pera tu re  and  w as attributed to charge degradation. Since the charges on  an 

electrostatic fiber w ere held  in a range of b o u n d  states, shallow  charge levels 

w ere lost w hen  tem perature w as elevated w hile  bound  charges w ere retained. 

Also the  chem ical nature  of the polym ers changed w ith tem perature. As 

tem pera tu re  increased, polym er molecules m oved and  this m ovem ent w as 

directly  p roportional to the rate of charge loss. The efficiency of an  electrostatic

filter stabilized a t a given tem perature [21]. Polar groups w ere added  to the

polym er alloy to help fibers retain a charge u n d e r h igh tem perature conditions. 

M itsui Petrochem ical Industries of Japan [9] developed polar g roup addition

technology. Electret nonw ovens w ere recom m ended to be used in  tem peratures

below  60 °  C.

Electrostatic filters preconditioned a t an  elevated tem perature and

sa tu ra ted  relative hum idity  had collection efficiency decreased 2-6% [122].

A bsorbed m oisture low ered the dielectric resistivity of the filter w hen  it form ed a

conductive pa th  and drained the charge [16]. Since the dielectric constant of

w ater w as 80 tim es greater than  air, exposure to m oisture w as m uch  m ore 

deg rad ing  than  exposture to  am bient air. In  w ater, the concentration of ion  pairs
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w as a t least 1013 com pared to air that h ad  103 [46]. More ions w ere available to

in teract and  degrade fiber charge w hen  filters w ere exposed to m oisture. W ater 

in  equilibrium  w ith the atm osphere contained carbon dioxide p lus o ther 

im purities. Combined, they provided  a conductive film on an  electrostatic filter

and  leaked charge [88]. The degree o f charge degradation due to h um id ity

depended  on the type of filter. In a 60% relative hum idity  environm ent, m oisture 

regain  in  wool was 14%; how ever, this regain  dropped considerably for synthetic

fibers and  regain ranged betw een 4% for nylon  and  0.1% for po lypropylene [2].

O ne s tu d y  found that penetration in  electrostatic filters m ade from  synthetic

fibers increased only 0.1% after 91 days of pretreatm ent [16]. O ther stud ies

concluded that collection efficiency w as decreased by  2-6% due to p re trea tm en t

[18, 122]. M aterials that w ere sensitive to elevated hum idity w ere m ore

adversely  affected by  a com bination of elevated tem perature and  h u m id ity  th an  

by  e ither factor alone. Electrostatic filters preconditioned in elevated tem pera tu re  

and  sa tu rated  relative hum idity  environm ents continued to decline in  efficiency

un til on ly  the mechanical filtration m echanism s rem ained [18].

Collection efficiency of electrostatic filters declined w hen  cap tu red  

particles interacted chemically or physically w ith  the fiber. Organic solvents 

chem ically interacted w ith  the fiber surface charge and reduced filter efficiency

[19]. Previous researchers have rinsed filters w ith  isopropyl alcohol to 

com pletely remove electrostatic charge [31 ]. Subm erging filters in benzene and
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toluene [26] has also neutralized electrostatic charge. Dioctyl phthalate  (DOP)

interacted w ith the resin-wool filter by dissolving the resin [3, 16]. Chem ical 

reactions between an  organic solvent and  a polym eric finish d isrup ted  the fiber 

charge [2]. Solvents caused fibers to sw ell which d isrupted  the fluorocarbon 

chains of Teflon coated fibers. Once the protective coating w as breached the fiber 

charge could then be neutralized b y  continued solvent exposure [25]. Vapors of 

organic solvent reduced collection efficiency of electrostatic filters from  71 to 49% 

[86].

Either ionization or charge cancellation can neutralize filter charge. In 

1942 W alton [120] found that a dose of 2,000 to 3,000 roentgens increased

subm icrom eter penetration of a resin  wool filter from  0.01 to 0.1%. Synthetic

filter fibers were m ore resistant to ionizing radiation and required a dose of 7,000 

roentgens to increase penetration 10%. It w as for this reason that the fine glass 

paper HEP A filter in  atomic energy and  biochemical m anufacturing industries

superseded the H ansen filter. The glass fiber filter w as less likely to be 

discharged by radiation and w as less bulky than  the H ansen filter [87]. In 1978, 

Brown [44] dem onstrated that a resin-wool filter w ith  a greater packing density

required 7,000 roentgens to increase penetration 10%.

The num ber of elem ental charges carried by  a particle affected filter 

penetration. The greater the num ber of charges, the m ore rapid ly  the electrostatic 

charge w as neutralized w hen  charges w ere transferred from  the aerosol to  the

55

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



fiber surface [19]. Sodium  chloride contained less than  200 electron charges per

particle com pared to dioctyl sebasate (DOS) w hich had  less than  10 electron 

charges per particle. Filtration efficiency of split fiber electrets decreased 24 times

fester upon  exposure to as com pared to DOS [19]. A nother study  [122] found

collection efficiency to decrease by 5 to 20% w hen  the num ber of charges on a

particle w as increased. The most penetrating particles contained greater than 400

elem ental charges [30].

The electrical properties of an  aerosol m ay also be significant in  degrading 

electrostatic filters [2]. C aptured particles form ed a conductive pa th  tha t drained

charge aw ay from  the fiber [19].

Particle Capture

In electrostatic filters, particles were captured on  the dow nw ind surface of 

the fiber by electrical forces. Particles were deposited uniform ly about the entire 

fiber and  the radius of the fiber was increased until fiber charge neutralization

occurred [22]. Small particles were m ore efficient in  coating the fibers than large

particles containing the sam e mass. Coarse particles actually im proved 

m echanical filtration m echanisms as m inim um  filtration efficiency existed w hen

fiber size w as large com pared to particle size [95]. Once fiber charge was

neutralized, m echanical collection forces, prim arily interception and  impaction,

w ere the m ain collection mechanisms [26]. C aptured particles becam e the

preferred site for subsequent particle aggregation leading to the form ation of
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dendrites. These structures w ere characterized by  a series of partic le  chains tha t

behaved  like new ly form ed fibers [22]. Long dendrites form ed a t po in ts n ear 90

and  270 degrees from the upstream  line in electrostatic filters. A lthough  long 

dendrites w ere no t as populous as the shorter ones, m ore particles w ere

contained in  the few long ones [117]. W ithout electrical enhancem ent, particles

w ere  deposited  on the front side of the fiber by  interception and  im paction

m echanism s im peding airflow past the fiber [27]. By com parison, dendrites in

m echanical filters form ed at 45 and  315 degrees from  the upstream  line [117].

Eventually the dendritic structures interconnected and  blocked airflow  [20].

In electrostatic filters, the ou ter layers of the filter w ere m ore  likely to be 

loosely packed than the inner layers. This outer layer was the preferred  site for 

particle deposition and only after it becam e heavily loaded w ith  particles d id  the

deposition profile creep through the filter [121]. Filters w ith  fine fibers tended to

clog m ore rapidly than filters m ade w ith  coarse fibers. Reduced in terstitial spaces

of the  fine fiber filters m ay have accounted for increased loading [22]. D ust cakes

form ed in  electrostatic filters h ad  a  porous structure resulting in  low er pressure

drop  [123]. In mechanical filters, the preferential location for particle deposition

w as the close spaces of the interior fibers. The dust cake form ed in  m echanical

filters tha t w as compact accelerated the blockage of airflow [27]. The rate th a t a

filter clogged depended upon  the  aerosol concentration and du ra tion  of exposure

[21 ]. The effects of filter loading o n  the collection efficiency of the  respirator
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could  affect the estim ated lifetime of the filter and the ultim ate p ro tection  of the 

w orker [21 ]. Factors that affected the form ation of the dust cake in  a  filter 

included: particle size distribution, particle charge, adhesive and cohesive 

properties of the aerosol, and  the pressure drop across the filter [22].

Blocked airflow in respirators resulted in m ore difficult b rea th ing  [22].

R espirators w hich had  pressure drops in excess of 300 N / m 2 (30.48 m m  H zO)

w ere  considered unacceptable for conditions requiring heavy w ork  [122].

P ressure drop  w as not linear w ith  accum ulated particulate loading b u t instead 

w as characterized by sudden  sharp increases w ith time. This resulted  from  

collapse of the  dendritic structures and  localized com pression of the cake

struc tu re  [123]. Air resistance in  electrostatic filters increased at a slow er rate

th an  in  m echanical filters d u e  to the w ay in which loading occurred on  

electrostatic fibers and the structure  of the filter.

Van T um hout [93] recognized that electrostatically charged filters only

im proved  initial collection efficiency; as a filter was loaded w ith  particu lates the 

collection efficiency of the filter decreased. Increased penetration w as a ttribu ted  

to particles shielding or neutralizing the electrostatic charge on the fibers. 

Electrical forces no longer im proved particle capture and filtration occurred 

solely by  m echanical filtration m echanism s. Collection efficiency w as m inim al a t 

the  p o in t of charge depletion and began to im prove w hen m echanical collection

forces predom inated  subsequent particle capture. W ith additional filter loading, 

airflow  resistance increased [21]. The collection efficiency curve for electrostatic
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filter m edia displayed this characteristic d ip  during  filter loading w ith  solid 

particulates. For m echanical filters, initial airflow resistance w as greater than  

resistance for the electrostatic filters. Collection efficiency of m echanical filters 

steadily  increased w ith  particulate loading and  d id  no t d isplay an  upswung in

the penetration curve [1]. Spunbond fibers, that collected particles by

'mechanical-electrical' collection m echanisms, exhibited a collection efficiency

curve resem bling a m echanical filter [93].

Structured deposits d id  not form  w ithin a filter challenged by  oily 

aerosols such as dioctyl phthalate (DOP) and  the pattern  of penetration w as very

different for liquids than  for solid aerosols [21 ]. The chemical nature of polymers

used  in  filter m anufacturing conferred good w ater repellent characteristics to

filters w hile oily liquids w ere encouraged to spread  over the fiber surface [16, 19,

21]. The affinity of an oil droplet to the surface of a polym er fiber w as even

greater if the filter w as electrostatically charged [21 ]. The m axim um  penetration

of DOP occurred at the end  of the loading period. Oil aerosols reduced collection 

efficiency by  screening the fiber charge and  w etting the fibers while som e

polym er fibers chemically interacted w ith  the DOP. A  liquid droplet collected by

a filter bridged two adjacent fibers and  brought them  closer together w hich

clum ped the fibers [22]. W hen fibers clum ped, pressure drop w as reduced and

filtration efficiency decreased [21 ].
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Electrostatic F ilter Charge

Electrostatically charged filters carried charges of both  signs in  about 

equal am ounts although the configuration of the charges w as com plicated and  

varied, as previously discussed. M easuring the charge on  a respirator filter w as 

very  difficult and  its contribution to enhanced collection efficiency w as n o t easily

predicted  [22, 28]. An early m ethod to m easure electrostatic charge o n  a  filter

w as em ployed by  W alton in  1942 [4]. A n isolated resin wool fiber w as m ounted

u n d er a m icroscope and scanned w ith  a quartz fiber. The strength  of the electric 

field w as indicated by the degree of deflection that w as m ost noticeable in  the

vicinity of the resin particles [44]. C ontem porary  m ethods used to evaluate

electrostatic charge have included the  Faraday ice-pail, fiber scanning, b ipo lar 

charge m easurem ent, and ionizing radiation.

The Faraday ice-pail w as only  capable of m easuring excess charge o f one

polarity  via an  electrometer [21]. Fiber scanning, like the Faraday ice-pail,

m easured  the total charge on a fiber th a t had  been rem oved from  the filter 

m aterial. The fiber charge was scanned w ith  a  m icroprobe or pair of electrodes. 

The act of w ithdraw ing a fiber from  the filter m aterial potentially altered the

fiber charge tha t led to erroneous results [88].

The strength  of the bipolar charge on  a corona charged polym er film  could 

be m easured  prior to fibrillation. Since the splitting process could alter the 

charge, this technique was only usefu l for an  intact polym er sheet.

A  w idely  accepted m ethod of m easuring electrostatic charge exposed the 

filter m ed ium  to ionizing radiation. As air molecules w ere ionized, ions of bo th
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polarities w ere p roduced  [124]. These air ions drifted  to  regions of opposite

electrical signs on the fibers and  neutralized the filter charge [21]. One roentgen

p roduced  334 x 10 *6 C oulom bs of charge of each polarity  in  one cubic m eter of 

air. Penetration w as then  m easured by  challenging the filter w ith  aerosol. 

Radiation dose w as increased until the penetration curve no  longer increased 

and  becam e flat. A bout 5,000 roentgens were com m only used  to neutralize filter

charge [125]. The difficulty w ith  this m ethod w as determ ination of the endpo in t

for m axim um  aerosol penetration  w ith a degree of accuracy. In addition to 

rad iation  dose, packing density  and fiber diam eter m ust also be know n before

the filter charge can be com puted [21 ]. The charge configuration on the fiber w as

no t determ ined by this m ethod [22].

A erosol Charge

Aerosol neutralization occurred w hen air ions com bined w ith  the charges 

carried on  the particle. The majority of particles considered 'neutra lized ' w ere 

charged either positively o r negatively depending  o n  particle diam eter, a lthough 

som e particles contained zero elemental charges an d  w ere considered charge

neu tra l [21, 22]. As particle diam eter increased, the  num ber of elem ental charges

of a single polarity  th a t a particle carried also increased. The distribution of 

charges for 'neu tra lized ' particles was sym m etrically d istribu ted  w ith  a larger 

percentage of the particles possessing fewer elem ental charges, referred to as a

Boltzm an charge distribution. G unn [126] found th a t the distribution of charge 

w as asym m etrical and  tended  to be slightly negative. C harge neutralization w as
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accom plished by  tw o different means. The particles could either be exposed to an  

ionizing rad ia tion  source, such as krypton 85, o r 'aged ' in  am bient air. A n 

alternative system  that avoided the use of radioactive m aterials w as a bipolar 

corona device.

A p o p u lar type of neutralizing device contained ionizing radiation 

consisting of a sm all source, usually a few m illicuries (mCi) of a  low toxicity 

isotope. K rypton 85, a beta em itter w ith  a m axim um  beta energy of 0.695 M ev 

and a half-life of 10.3 years, w as an isotope com m only used in  these devices

[124]. R adiation ionized air in the vicinity of the aerosol and  produced equal

num bers o f positive and negative ions that recom bined w ith  the charges carried

on  the particles neutralizing the aerosol [21 ].

'A g ed ' aerosols w ere neutralized by  diffusion charging w ith  ions p resent 

in  am bient air. The ion concentration of am bient air w as about 103 ions p er cubic

centim eter [3]. A n exam ple of an  'aged ' aerosol was w elding fumes. The process

of aerosol generation produced particles w ith very  h igh  charge levels. In 

actuality the  charge level tended to be relatively low  due to the high 

concentration of free ions of both  polarities w hich w ere produced in  the hot

plasm a su rround ing  the w elding process [33]. The m ethod tha t generated an

aerosol determ ined  the level of charging [30].

Collection efficiency of both electrostatic and  m echanical filters can be 

influenced by  the num ber of charges carried on a particle [31 ]. N eutralizing and

DOP aerosols decreased the collection efficiencies of filters by  5-20% [31, 113,
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115]. The collection efficiency of filters challenged by silica d u s t w as unchanged

w hether it w as in  a charged or neutralized state. However, lead  fum es w ere

collected w ith  a higher efficiency w hen  neutralized [31 ]. Collection efficiency

w as influenced more by aerosol charge than by filter preconditioning at elevated

tem peratures and saturated relative hum idity  environm ents [18, 30].

As the num ber of charges increased on a particle, the  m ost penetrating

size becam e larger. As the num ber of elemental charges sw elled from  0 to 500,

the m ost penetrating particle size shifted from 0.3 to 1.5 pm . The m ost 

penetrating particles in the subm icrom eter range had  grea ter than  400 charges

[31]. The m ost penetrating particle size in an electrostatically charged filter w as

larger for singly charged aerosol than  for uncharged or neutralized  particles. For

uncharged particles, m inim um  collection efficiency occurred  for particle sizes 

less than 0.1 pm  w here diffusion and  induction forces h ad  th e  least effect. 

Diffusion w as the dom inant collection mechanism for sm all uncharged particles 

while induction w as the prim ary collection m echanism for large uncharged

particles. For charged particles, m inim um  collection occurred betw een

Coulombic and  induction forces and  the m ost penetrating particle  size w as

greater than  0.1 pm  [32]. W hen Coulombic and induction forces w orked

sim ultaneously, a single charge on  an  aerosol decreased penetration  com pared to

a charge neutral particle [97].
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A erosol charge w as one factor determ ining the m ost penetrating  particle 

size in  resp ira tor filters. O ther factors influencing filter penetration included: the  

test agent, particle size, particle density, airflow (face velocity), respirator

category, filter packing density, fiber diam eter, a n d  fiber charge [28, 96].

The charge on  an aerosol w as m easured b y  several m ethods. The first w as 

an aerosol electrom eter. This device integrated the  charge on  all particles 

collected. D ata w ere only obtained for m onodisperse aerosols. A second m ethod  

was an  electrical m obility spectrom eter w here charged particles w ere deposited  

on a collection p late based on their electrical m obility. The distance from  the 

entrance slit to the  poin t of deposition was proportional to the inverse num ber of

elem entary charges. A n application of this technology has been extended to

m easuring particle size [19]. The M illikan cham ber, a version of an

'u ltram icroscope', directly m easured the electrical charge of the aerosol and  size 

of indiv idual particles. This was a  very tedious process requiring a g reat deal of

m anual effort [75, 76]. The laser D oppler ve lodm eter m easured both size and

charge of a particle. An oscillatory acoustic field and  a DC electric field w ere 

established and  particles were directed th rough  the  acoustic field. A lag  phase  

was p roduced  w hich m easured aerodynam ic particle size. Drift velocity in  the

electric field w as proportional to the  electric charge on a particle [19].

U nknow n Effects on  Collection Efficiency

Fundam ental aerosol characteristics affecting the rate of charge 

degradation  on  electrostatic filters included the particle size distribution, charge

distribution, and  chemical nature of the aerosol [121]. Some aerosol properties
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a n d  environm ental conditions varied so w idely th a t their effects on respirator 

collection efficiency w ere either difficult to predict o r no t com pletely understood.

C ontam inants generated in the w orkplace often contained m ore than  one 

phase  or type o f contam inant. Gaseous o r vapor phase contam inants coexisted in 

conjunction w ith  solid particulates or liquid droplets. It has been  know n for

som e tim e that organic solvents d isru p t the electrostatic charge on  the fiber [2]. If

one fraction of the w orkplace contam inant d isrup ted  the electrostatic charge on 

the  filter, subsequent particles challenging the filter could be collected w ith  low er 

efficiency. Teflon coated fibers had their surface fluorocarbon chains d isrup ted

by  organic solvents [25]. Once m odified, it w as possible for other contam inants

to interact w ith  the electrostatic charge on  the fiber surface decreasing the 

collection efficiency of the respirator.

C ontam inants generated in the w orkplace varied in  physical composition. 

This factor w as a m ore im portant determ inant of aerosol capture efficiency than

the aerosol's chem ical com position [21]. A contam inant's physical com position

w as potentially very  dam aging to the collection efficiency of electrostatic m edia

[121].

The num ber of elem ental charges a particle carried fluctuated by m ethod 

of aerosol generation as w ell as day o f generation [34]. Since the  degree of 

aerosol charging changed from day to  day, so d id  the extent to w hich it 

penetrated  a filter [21 ]. H ighly charged aerosols w ere typically found in the 

w orkplace. Some industrial processes deliberately generated h igh  particle charge
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levels to assist in  deposition, such as spraying  p a in t or crop-spraying [30]. The

m echanism  of aerosol charging resulted from  the m aking and breaking of 

contacts betw een particles and surfaces. Electrical enhancem ent of the particle 

occurred w hen  aerosols w ere generated in  strong  electric fields or w hen solid

particles broke contact w ith a surface in  an  electric field [33].

Aerosols generated in  the w orkplace w ere polydisperse. Since collection 

efficiency w as influenced by particle size, as discussed previously, the 

perform ance of a filter m edium  changed depend ing  upon  the size distribution of 

the challenge aerosol.

The type of contam inant exposed to a  respirator could alter its collection

efficiency. B row n et al [2] discovered that foundry  aerosols w ere m uch m ore

degrad ing  to electrostatic filters than  either d ry  du st or coal tar fumes. A lthough 

the degrad ing  effects of foundry aerosols w ere no t completely understood, one 

proposed  m echanism  was the high electrical conductivity of one of its 

constituents, graphite, plus the presence of m etallic fumes. A nother proposed 

m echanism  w as that the small particle size of foundry  aerosols had  the capability

to screen the charge on an electrostatic filter [22].

Disposable filtering facepiece respirators w orn  in  ho t or hum id  conditions 

could becom e saturated w ith  either perspiration, m oisture from inhaled h igh 

hum id ity  air, o r exhaled breath. M oisture accum ulation from exhaled breath  

tended  to be  m ore pronounced in  filtering facepiece respirators lacking 

exhalation valves. Collection efficiency has been  stud ied  for respirators 

p reconditioned a t elevated tem perature a n d  saturated  relative hum idity
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environm ents; how ever, respirators used  u n der extrem e conditions has no t been

stud ied  [16, 28]. Saturated relative hum id ity  caused m oisture to be collected by

the fibers w hich  filled the void spaces in  the filter thereby increasing the pressure  

d rop  an d  face velocity across the filter. As the velocity of the airflow  increased,

there w as less tim e for electrostatic collection forces to remove particulates [80].

There w ere only two studies th a t inferred w hat the effects on collection efficiency

m ay be due  to a saturated filter. M oyer e t al [18] conducted a stu d y  that

exam ined the effects of preconditioning respirator filters. The researchers 

experienced an  equipm ent failure in  the preconditioning cham ber resulting in  

the form ation of visible w ater droplets on the filter fibers. Collection efficiency of 

sa tu rated  respirators was reduced 10% com pared to the 2 to 6% decrease for

respirators w hich w ere preconditioned under controlled conditions. In  a  study

conducted a t Lawrence Livermore N ational Laboratory sections of electrostatic 

filter m edia w ere cut from  disposable filtering facepiece respirators and 

subm erged in  various w ater solutions. After d ipping , filter sam ples w ere rinsed 

and d ried  prio r to evaluating penetration  w ith  aerosol. The researchers surm ised 

tha t w hen  fibers were sufficiently 'w etted ', w hich in some cases required  the use 

of a  surfactant, ions in the w ater solution neutralized the charge on  the filter fiber

and  filter penetration  increased [19].

W orker P rotection

Electrostatic m edia w ere w idely  used  in  filtering facepiece respirators due  

to their econom ical cost, enhanced filtration efficiency, and reduced  breath ing

resistance [31 ]. Eighty to 90% of the filtering facepiece respirators subm itted  for
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certification under the new  regulation displayed collection efficiency curves

characteristic of electrostatic m edia [37].

W orkers w ere taught tw o indices that determ ined the end  o f th e  service 

life o f a respirator. O ne w as by  increased breath ing  resistance and  the  second

w as b y  detection of contam inant b reak through  [38]. If the charge on  electrostatic

m edia  w as degraded from  contam inants, filter clogging w ith its increased 

b rea th ing  resistance m ay no t occur. W orker exposure could result w h en  the 

service life of a respirator w as reached w ithou t the w earer's know ledge. The 

second m ethod w ith  w hich w orkers determ ined  end of respirator service life w as 

contam inant breakthrough. Some solid or liquid aerosols m ay n o t have  an  odor 

o r taste  associated w ith  the contam inants and breakthrough m ay be  undetected

[35]. Since the type of m echanism  by w hich a respirator perform ed h ad  n o t been

identified  on  products, the w earer m ay no t have been aw are of differences in  

detecting  en d  of service life.

The ability of laboratory perform ance data  to adequately p red ic t 

w orkplace perform ance of respirators w ith  electrostatic m edia rem ains unclear. 

The correlation betw een respirator penetration  w ith  subm icrom eter particles for 

p red ic ting  w orker exposure to superm icrom eter contam inants has n o t been

validated  [28]. Studies that have a ttem pted  to correlate w orkplace exposure to 

laboratory  tests have been unsuccessful [39]. Previous researchers have 

questioned  the validity of the NIOSH m ethod  to predict w orker pro tection  [28, 

29, 30].
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CHAPTER m

PURPOSE AND SCOPE

R ationale

Electrostatically charged filter m edia are w idely used  in  filtering 

facepiece respirators and  in  disposable cartridges for air purify ing  respirators. 

P revious studies have questioned the valid ity  of NIOSH's filter load ing  an d  

penetration  tests for resp ira to r certification in  predicting w orker p ro tection  

from  com m on aerosols p roduced  in  industry  [29, 30, 31]. W orkplace 

contam inants can affect the collection efficiency of electrostatic m edia  since 

they  contain  vary ing  particle size distributions, can be com posed of different 

p a ren t m aterials w hich possess unique chemical and  physical properties, and  

carry  different num bers o f electron charges per particle. R espirator 

perform ance, as determ ined  by  the NIOSH certification tests, has n o t been 

correlated  to the resp ira to r perform ance in  the workplace. It is u n know n  how  

w ell w orkers are pro tected  w hen  respirators w ith  electrostatic m ed ia  are 

p laced  in  environm ental conditions that m ay deleteriously affect the  filter 

fiber charge. Electrostatic charge m ay be depleted or m asked w h ich  reduces the 

collection efficiency of the  resp irator prior to being sufficiently loaded  w ith  

contam inants increasing the breath ing  resistance. W earers m ay  n o t be  aw are
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th a t the "end of service life" for their respirator containing electrostatic  m edia 

has been reached if increased breath ing  resistance is no t ind icated .

The collection efficiency of respirators w ith electrostatic m ed ia  m ay be 

overestim ated by the NIOSH respirator certification m ethod, w h ich  uses a 

neutralized  NaCl or DOP aerosol. W orkplace aerosols m ay h av e  a h igher 

filter penetration than  aerosols used  for respirator certification. A  recent 

notice issued by  NIOSH indicated that the collection efficiency o f the P-series 

respirators m ight be seriously reduced below the established ra tin g  of the 

resp ira to r during  long-term  oil exposure in the workplace [127].

Degradation of the fiber charge on the electrostatically charged  

respirator m edia is know n or suspected to occur during certa in  use and  

environm ental conditions [2, 26]. W hen an electrostatic re sp ira to r becomes 

w aterlogged, void spaces in  the m edia fill w ith  m oisture and  ions can interact 

w ith  the fiber charge reducing their collection efficiency by  charge 

n eu tra liza tio n .

H ypotheses

1. Respirators w ith  electrostatic m edia will have lower collection efficiency 

than  predicted by  the NIOSH certification m ethod w hen  exposed  to certain 

w orkplace contam inants. W orkplace contam inants w ill n eu tra lize  the 

charge on the filter fibers by  charge cancellation, m ask fiber charge, or 

degrade fiber charge by  chemical alterations.

2. The collection efficiencies of respirators w ith  electrostatic filter m edia will 

be low er than  resp irators containing mechanical filter m ed ia  w hen  loaded

»
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w ith  con tam inants representative o f the w orkplace. The physical a n d /o r  

chem ical characteristics of w orkplace contam inants w ill m ask o r degrade 

the  fiber charge on  electrostatically charged filter m edia.

3. F iltering facepiece respirators contain ing  electrostatically charged  m edia 

tha t are sa tu ra ted  w ith  sim ulated  persp ira tion  w ill have  decreased 

collection efficiency. Ions from  the persp iration  w ill neutralize the 

electrostatic charge on  the fiber.

R esearch O bjectives

This research objective was to determ ine if the NIOSH particu la te  air 

pu rify ing  resp ira to r certification m ethod  adequately p red ic ts the collection 

efficiency of respirators w ith  electrostatically charged m edia  exposed to 

w orkplace contam inants; som e contained  a gas or v apo r phase. R espirators 

sa tu ra ted  w ith  sim ulated  persp ira tion  w ere evaluated for degradation  of 

collection efficiency.

Scope

Electrostatically charged filtering facepiece respirators and cartridges for 

a ir purify ing  resp irato rs w ere obtained  from various resp ira tor 

m anufacturers. A ll respirators used  for this study  w ere NIOSH certified under 

the  current regulation  (42 CFR P art 84). Respirator screening tests w ere  

conducted  using  e ither N aCl or DOP aerosol w ith  Boltzm an charge 

d istributions u n d e r steady  state airflow . Selection of the  aerosol w as based on 

the  respirator series. The protocol u sed  for the screening tests w as equivalent
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to the  NIOSH resp ira to r certification m ethod specified in  42 CFR P a r t 84. The 

pu rpose  of the screening tests w as to:

1) evaluate  filtration perform ance of electrostatic m edia, and

2) identify  resp irators to be used for testing  w ith  w orkplace 

co n ta m in a n ts

The criteria for selecting respirators for subsequen t testing  w ith  w orkplace 

contam inants w ere  based  on  average collection efficiency, s tandard  deviation  

o f the  collection efficiency, the respirator category, resp ira tor style, an d  

consideration  of the  respirator m anufacturer. The num ber of replicates for 

each  test w as set a t a m inim um  of five.

Respirators w ere loaded w ith  aerosols generated  bo th  in the laboratory  

an d  in  the field. O ne aerosol, m etal cutting flu id  m ist, w as dup licated  to 

include bo th  m odes of aerosol generation, field an d  laboratory. A erosols 

generated  in  the laboratory  include alum inum  oxide d u s t and  m etal cu tting  

flu id  m ist. Field generated  aerosols included aspha lt fum es and m etal cutting  

flu id  m ist. These contam inants w ere used  to determ ine  if the perform ance of 

respirators w ith  electrostatically charged m edia w as altered  from  th e  predicted  

perform ance according to the NIOSH m ethod.

In the  laboratory , aerosol concentration and  particle size d istribu tion  

w ere  determ ined  w ith  analytical equipm ent. In  the  field, aerosol 

concentration  d a ta  w ere collected using industria l hygiene sam pling  m ethods 

a n d  particle size d istribu tion  determ ined w ith  a cascade im pactor.

72

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Respirators w ere preconditioned by  loading w ith  vary ing  m asses of 

each  of the  w orkplace aerosols. Collection efficiency w as determ ined w ith  the 

" test"  aerosol, a d ilu te  concentration of N aCl aerosol neu tralized  to Boltzm an 

charge distribution . U nder steady-state airflow, penetration  the "test" aerosol 

w as determ ined  from  upstream  and  dow nstream  concentration 

m easurem ents. To ascertain if electrostatically charged resp irator m edia 

collection efficiency was altered by  saturation, respirators w ere subm erged in  a 

so lu tion  of sim ulated  persp ira tion  p rio r to evaluating  penetration  w ith  a 

d ilu te  concentration of DOP aerosol.
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CHAPTER IV  

METHODS AN D MATERIALS

O verv iew  of E xperim ental D esign

This research attem pted to determ ine if the N ational Institu te  fo r 

O ccupational Safety and  H ealth 's (NIOSH) particu late  air purify ing  resp ira to r 

certification m ethod, described in  42 CFR 84, accurately predicts collection 

efficiency of air purify ing  respirators containing electrostatically charged  filter 

m edia w hile exposed to, or following exposure to, a ir contam inants 

representative of the workplace. Since the NIOSH certification m e th o d  does 

no t differentiate the m echanism  by  w hich a resp ira tor collects partic les, the 

standard  applies equally  to respirators containing either electrostatic o r  

m echanical filter m edia. The collection efficiency of air purify ing  resp ira to rs  

containing electrostatic and  m echanical filter m edia w as evaluated  by  load ing  

them  w ith  aerosols either generated in  the laboratory  or p roduced  fro m  field 

operations. Some of the workplace aerosols contained a gas or v apo r p h a se  in 

add ition  to the particulate fraction. The effect o n  the collection efficiency of 

filtering facepiece respirators saturated  w ith  artificial persp iration  w as also 

evaluated  in  the laboratory.

Particulate air purifying respirators w ere evaluated  u n d er four 

different test scenarios. Specifically:
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a) The collection efficiency of resp ira tors containing electrostatic m ed ia  w ere 

evaluated  u sing  the NIOSH m ethod  w ith  a test aerosol of e ither sod ium  

chloride (NaCl) or dioctyl ph thala te  (DOP), depend ing  u p o n  th e  resp ira to r 

category, N95 o r P100;

b) R epresentative w orkplace aerosols (alum inum  oxide d u s t an d  m eta l 

cu tting  fluid m ist) w ere generated  u n d e r laboratory conditions an d  w ere 

loaded  onto each respirator. The collection efficiency w as de te rm ined  at 

tw o-hour intervals by challenge w ith  a dilute charge neu tra lized  N aC l, 

hereafter referred to as the 'te s t ' aerosol. The load ing  tim e en d ed  after six 

h o u rs ;

c) Aerosols of m etal cutting flu id  m ist and  asphalt fum es rep resen ted  air

contam inants p roduced  in  the  w orkplace and w ere loaded onto  each 

respirator. The collection efficiency w as determ ined at tw o-hour load ing  

intervals by  challenge w ith  the  'te s t ' aerosol. The load ing  tim e en d ed  after 

six hours;

d) The im pact on  collection efficiency from  a filtering facepiece resp ira to r 

becom ing sa tu ra ted  w ith  the w earer 's  persp iration  w as determ ined  by  

subm erging  respirators in  a so lu tion  of artificial persp ira tion . The 

resp ira to r w as allow ed sufficient contact time w ith  the so lu tion  to 

perm eate  void  spaces in  the  filter m edia. These respirators w ere  d ried  w ith  

H EPA  filtered air and  the collection efficiency w as evaluated w ith  the  'te s t ' 

aerosol;
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e) U sing the  NIOSH m ethod test, statistical analyses com pared p red ic ted  

collection efficiencies of ind iv idual resp irators to their actual collection 

efficiency w hen loaded w ith  each contam inant representative of the  

w orkplace. Perform ances of N95 resp irato rs containing electrostatic filter 

m edia  w ere com pared to an  N95 resp ira to r w ith  m echanical filter m ed ia  

for each test scenario.

The principal objective of this research w as to address the follow ing research  

questions:

a) Does the NIOSH certification m ethod  for air purifying respirators 

accurately predict the collection efficiency of electrostatically charged filter 

m edia  respirators that are challenged w ith  contam inants represen ta tive  of 

w orkp lace  environm ents?

b) W hat is the effect upon  the collection efficiency of air purify ing  resp ira tors 

th a t have been satu rated  w ith  artificial perspiration?

c) Is there a difference betw een the collection efficiency of respirators 

contain ing  electrostatic m edia and  those containing m echanical filter 

m ed ia?

S tudy  Respirators

N on-pow ered  air purifying respirators w ere d ivided into nine categories 

u n d e r 42 CFR 84. The least protective resp irator category, N95, w as on ly  

app roved  for respirator protection from  particulate nonoily aerosols. The 

m ost protective respirator category, P100, w as equivalent to a HEPA filter an d
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w as considered to be  resistant to degradation  from oily aerosols. These tw o 

categories w ere  selected for this project as they encom passed the range of 

resp ira to r collection efficiency in this class of respiratory protection. A  listing  

of N95 and  P100 series respirators certified according to 42 CFR 84 w as 

ob tained  from  NIOSH. D uring a telephone survey of respirator 

m anufacturers, approved  products containing electrostatically charged filter 

m ed ia  w ere  identified. Some respirators approved under 42 CFR 84 w ere  very  

new  and  w ere  no t available for release from  the m anufacturer, as p roduction  

w as lim ited. A  total of th irteen N95 and three P100 respirators from  nine 

d ifferent m anufacturers w ere either supp lied  or purchased for testing. Refer 

to A ppendix  Table B.l for a listing of the respirators used in this s tudy  by  test 

scenario. Racal Delta N95 w as counted twice because two sets of respirators 

from  different lot num bers represented different respirator sizes, sm all an d  

m e d iu m .

O ne N95 respirator and  one P100 respirator selected for this project 

con tained  only m echanical filter m edia. The Racal m echanical N95 resp ira to r 

w as selected for this project because its overall configuration w as sim ilar to 

the Racal Delta. The filter m edia in  the Racal mechanical w as a m elt b low n  

fiber, a very  com m on filter m edium  used  in  air purifying resp irators [93]. 

W hen m elt-blow n fibers are n o t corona-charged, enhanced electrostatic 

filtration  m echanism s are absent. H ow ever, it is possible for som e particles to 

be collected b y  electrostatic filtration mechanisms such as im age force w here  

the fiber charge w as neutral and  the aerosol was charged.
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The num ber of electrostatic P100 respirators approved  u n d e r  the  new  

certification standard , 42 CFR 84, w as very  lim ited. Only a few  o f these  new  

products h ad  been placed into p roduction  allow ing them  to b e  com m ercially 

available. 3M w as one of the few  resp ira to r m anufacturers w ho  p roduced  

bo th  electrostatic and  m echanical P100 products and  was able to  p rov ide  

sam ples for this research project. The filter m edium  in the m echanical P100 

respirator, 3M 7093, w as glass fiber and  representative of resp ira to rs in  this 

classification [129]. Glass fiber filter m edium  provided good m echanical 

filtration efficiency. Its fine fiber d iam eter can be altered by  the  m anufacturing  

process [111].

All respirators w ere evaluated  according to the NIOSH certification 

m ethod  based upon their classification, N  or P series. The criterion  used  for 

selecting respirators for add itional testing w ith  w orkplace con tam inan ts w as 

based  up o n  the classification of the respirator, the style of the  filter, and  other 

qualities tha t uniquely represen ted  the  variety  of products available to  the 

w orker.

A erosol Selection

A erosols and  the m ethods used  for describing the N IO SH  certification 

m ethod  are outlined in 42 CFR 84. NIOSH uses two different aerosols for 

certifying air purifying respirators: N aCl for N  series respirators and  DOP for P 

series respirators. Both aerosols have  been  used  for over 30 years to evaluate 

resp ira to r filtration efficiency a n d /o r  respirator fit [58]. DOP has been  used  for 

H EPA  filter testing w as selected by  NIOSH as the test aerosol for R an d  P series
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resp ira to rs since it is the m ost degrad ing  aerosol know n. This severity w as an  

in tegral p a r t  o f the  p a rt 84 testing and  addressed  the uncertainties of the  

effects o f actual w orkplace aerosols [31 ]. Tests duplicating the NIOSH 

certification m ethod w ere used  for com paring  the collection efficiency of 

resp ira to rs loaded  w ith  w orkplace contam inants.

Tw o o f the three w orkplace aerosols, m etal cutting  fluid mists an d  

asp h alt fum es, w ere selected for this project because of their current 

im portance  in  the industrial hygiene com m unity  and also because they also 

contain  e ither a gas or vapor phase in  add ition  to the particu late  phase. The 

th ird  aerosol, alum inum  oxide dust, w as selected to represen t a mineral d u s t 

an d  its collection efficiency w as expected to be similar to N aC l that shou ld  no t 

d eg rad e  resp ira to r perform ance.

The Threshold Lim it V alue (TLV) com m ittee o f the  American 

C onference of G overnm ental Industrial H ygienists (ACGIH) is currently 

rev iew ing  the  carcinogen classification of asphalt fumes. The reclassification 

of this aerosol has been the topic of w idespread  debate. It contains both 

particu la tes and volatile hydrocarbons [130, 131]. Existing epidem iological 

da ta  for w orker asphalt fum e exposure are severely confounded with coal ta r 

pitch . N IO SH  has identified over 1,000 com pounds in  characterizing roofing  

asp h alt fum es, yet the hazardous com pounds or family o f com pounds have  

n o t b een  identified [4, 125]. In  1996, N IO SH  estim ated 500,000 workers w ere  

exposed  to asphalt fum es from  paving  roads, roofing, an d  w aterproofing 

[134].
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There has been  w idespread  in terest in  m etalw orking fluid m ist b y  

NIOSH, labor, industry , academ ia, and  o ther governm ent agencies. W orkers 

exposed to m etalw orking flu id  aerosols have an  increased risk of 

nonm alignan t respiratory  disease and  sk in  diseases. Some m etalw orking  

fluids have been associated w ith  an  increased risk of larynx, rectum , pancreas, 

skin, scrotum , and b ladder cancer. Studies have no t been able to iden tify  the 

specific constituent(s) or contam inant(s) responsible for the increased risk. 

This is possibly due to the long latency period  of the disease or to the d iverse 

n a tu re  of the m ixtures stud ied . NIOSH has estim ated that over one m illion 

w orkers in  the U nited States are exposed to m etalw orking fluids [81]. O n  

January  1998, NIOSH institu ted  a R ecom m ended Exposure Lim it (REL) to

m etalw orking  fluids a t 0.4 m g /m 3 thoracic particulate m ass. In  light of 

thoracic sam plers no t being w idely  available, a  total particulate m ass of 0.5

•y

m g /m  w as established as determ ined by  gravim etric analysis, NIOSH 

M ethod 0500 [136]. M any m etalw orking fluids have significant vapor 

p ressure  a t room  tem perature. In an  aerosol form, the droplet can evaporate  

once it is collected upon  a filter thus creating an  underestim ate of exposure  

[137]. In  an  air stream , the volatile com ponents of the aerosol can evaporate , 

po tentially  exposing w orkers to the vapor.

A erosol C oncentration  and  P enetra tion  M easurem ents 

Electronic Detection o f Penetration

Aerosol penetration  th rough  the respirators was m easured in  the  

laboratory  by  tw o different m ethods; one, counted the indiv idual particles
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challenging and  penetrating  the respirator and  two, m easured to ta l light 

scatter corresponding to relative concentration. The first m ethod  used  for 

determ in ing  respirator penetration  m easured relative aerosol concentrations 

upstream  and dow nstream  w ith  a photom eter m odel (JM 9000). As 

particulate m atter in  the air stream  w as d raw n past the focal p o in t of the 

scattering chamber, light w as scattered forw ard in  the cone. Scattered light 

detected by the phototube, sent a signal to the amplifier and  w as d isp layed on  

a d igital readout. Relative aerosol concentration w as derived from  the total 

light scatter from m any particles at once. This instrum ent detected  particles 

ranging from  0.1 to 600 pm  and had  a dynam ic operating range of five 

decades. The flow rate through this equipm ent w as regulated b y  a 0 to 500 scfh 

flow m eter (Fischer Porter: m odel FP-1/2-27-G10/55) operating a t 22 1pm.

The photom eter w as selected for m easuring penetration as this 

equipm ent gives a quick reading and  is currently the instrum ent used  for 

aerosol detection during respirator certification by  NIOSH [30]. Since the 

photom eter m easures light scatter from  a group of particles, concentration  in  

the airstream , aerosol properties such as size, shape, and  optical scattering 

properties influence the total light scatter [138]. If the size d istribu tion  of the 

aerosol changes, instrum ent response w ill change. The m ost d ram atic  effects 

occur w hen  the larger particles in the distribution are rem oved [67]. If the 

particle size w ere to change from 1pm  to 0.3pm, the photom eter signal can 

decrease by  a factor of one m illion and  the results can be m isleading  [114].

The photom eter penetration  m easurem ent em phasizes the larger particles;
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p en etra tio n  m easurem ents are  m ore closely associated w ith  particle  surface, 

larger particles resu lt in  a h igher intensity  of light scatter. Since the  response 

of the  pho tom eter w eights the large particles, penetra tion  m easurem ent w ith  

th is in strum en t m ay p rov ide  a be tter single estim ate of actual aerosol m ass 

exposure to a respirator w earer w here chemical contam inants a re  p resent.

The C ondensation N ucleus C ounter (CNC) has also been used  to 

m easure  H EPA  filter penetra tion  [138]. This in strum en t readou t spans eight 

decades y ield ing  a m ore sensitive m easurem ent o f penetration , w h ich  is 

especially  helpfu l in  de term in ing  low  penetra tion  m easurem ents. The CNC 

placed equal im portance on  each particle independen t of its size. In  this 

instrum ent, particles pass th rough  a vapor of bu ty l alcohol w hich  condense

on  the particle  form ing a d rop le t as the aerosol stream  is chilled to 10 °C . The 

nuclei g row  to about 10 pm  diam eter, irrespective of their initial size, and  

pass th ro u g h  a beam  of w hite  light. The alcohol size enhancem ent p rov ides a 

m easurem ent of particles w hich otherw ise w ould  be too sm all for detection.

2 7Light scatter is used  to m easure concentrations betw een  10' to 10 

p a rtic le s /cm  .

The tw o operating  m odes (single-particle optical counting, and  

photom etric) of the CNC (m odel 3020) were b rough t into agreem ent by  

electronically zeroing the photodetector. Below 10 p a rtic le s /cm  , droplets 

w ere ind iv idually  counted  as they  passed  th rough  the  v iew ing volum e. In

3 7  3the  pho tom etry  m ode, 10 to 10 p a rtic le s /cm  , total ligh t scatter from  all the 

droplets w ere  m easured. The sam pling  flow rate  th rough  the CN C w as
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regulated  b y  a M atheson 602 flow m eter. The flow  m eter w as ad justed  to 

operate a t 0.3 1pm w ith  a D ry Cal DC-1 Flow C alibrator.

Since the CN C an d  the photom eter use  d ifferen t detection principles, 

their m easurem ent o f resp ira to r filtration m ay  d iffer. F iltra tion  m easurem ent 

by  th e  tw o instrum ents is in  be tter agreem ent a t ve ry  h ig h  penetrations 

w here  the size d is tribu tion  of the challenge aerosol rem ains relatively 

unchanged  as it passes th rough  the filter. A t low  penetra tion  rates, the larger 

particles tend  to be rem oved and  the two in strum en ts are m ore likely to 

differ. A nother factor affecting instrum ent ag reem ent is the d iam eter of the 

challenge aerosol. W hen  the test agent has a  m ean  d iam eter g reater than  the 

diam eter of the m axim um  penetration  for the  filter, the  CN C can be expected 

to indicate h igher penetra tion  values than  the  pho tom eter [138].

Concentration M easurem ent o f Laboratory-Generated Aerosols

C oncentrations of laboratory-generated N aCl, DO P, and  a lum inum  

oxide aerosols w ere determ ined  by  collecting sam ples on  desiccated 47 m m  

diam eter 0.45 p m  po re  size M illipore m ixed cellulose esters (HA) filters. The 

m ass collected w as evaluated  gravim etrically fo llow ing 24 hours of 

desiccation. Sam ples w ere  collected at flow rates of 10 1pm; sam pling  tim e 

varied  from  10 to 60 m inutes. C oncentrations o f m etal cu tting  flu id  m ist 

generated in  the laboratory  w ere determ ined b y  collecting sam ples on  47 m m  

0.45 p m  N uclepore F ilinert (PTFE) m em brane filters a t 10 1pm and  sam pling 

tim e w as approxim ately  60 m inutes. These Teflon filters w ere selected for
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their hydrophobic quality, low weights, an d  because they  d id  n o t require 

desiccation.

Concentration Measurement o f Field-Generated Aerosols

Sam ples of field-generated aerosol w ere  collected by standard  industrial 

hygiene m ethods. Sam pling trains consisted of clear closed face cassettes w ith 

0.8 p m  PVC filters and  Gillian h igh  flow p u m p s. The sam pling rate of 2 1pm 

w as calibrated w ith  a flow calibrator. This flow  rate  w as determ ined  from  

N IO SH M ethod 0500 for total nuisance dust. To account for am bient dust, 

d iesel exhaust, and  other environm ental con tam inants [130], background  

sam ples of am bient air w ere collected adjacent to  the field sites. Sam pling 

p um ps w ere tu rn ed  off w hen respirators w ere  rem oved from  the apparatus 

and  taken  to the  laboratory for penetration  evaluation  w ith  N aCl aerosol. 

C oncentration m easurem ents for the "contro l" respirators w ere expected to be 

quite low  and  one cassette was used for each  six hours of loading. Initially, 

cassettes for "exposed" respirators w ere changed after each six hours of 

loading b u t later w ere changed after each tw o hours to capture the 

fluctuations in  concentration generation th ro u g h o u t the day. D uration  of 

sam pling  tim e for the  filter cassettes w as recorded  w ith  the s ta r t/s to p  tim er 

located on  the sam pling  pum ps. Mass of a sp h alt contam inants and  m etal 

cu tting  flu id  m ist collected by the cassette filters w as determ ined 

gravim etrically  using  a Mettler-Toledo scale m odel MT5 having  an accuracy 

of 0.001 m g. Industria l hygiene laboratory personnel w ho w eighed the  filters 

also com puted  the aerosol concentration.
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C haracterization o f Particle Size D istributions

Particle size distributions of aerosols w ere determ ined  using  three 

different m ethods. Laboratory generated aerosols w ere m easured  w ith  either 

an  optical counter o r an  electrostatic aerosol classifier h av ing  a condensation 

nucleus counter as the particle detector. In the field, aerosol size distributions 

w ere determ ined w ith  a cascade impactor.

C lim et

The C lim et Particle A nalyzer m odel 208 counted and  sized  particles of 

alum inum  oxide d u s t and  m etal cutting fluid m ist generated  in  the 

laboratory. As ind iv idual particles were detected, an  electrical im pulse w as 

p roduced  w hose am plitude and  frequency corresponded to the  size and  

concentration of the  particles. The particle detection assem bly used  a m irror 

an d  a h igh-in tensity  filam ent lam p to detect particles d raw n  into the 

detection cham ber. The forward-scattered light w as collected by  optics and 

converted to electrical im pulses by  the photom ultip lier tube. This electrical 

o u tp u t w as d irected into a BNC Portanim  m odel AP-1 log am plifier and 

transferred to a 126 channel M ultichannel A nalyzer. D ata w ere  dow nloaded 

to a laptop com puter for analysis. The source of vacuum  for the C lim et w as 

an  in ternal pum p  w hose flow rate was calibrated a t 7 1pm using  the  flow 

calibrator. The range of detectable particles (0.3 to 10 pm ) w as determ ined  by 

the settings on  the log amplifier. Latex spheres and  glass beads of know n 

diam eter w ere  u sed  to calibrate the channels from  w hich  a linear m odel w as 

constructed and used  for com puting the size d istribu tion  of aerosols. Latex
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spheres w ere  v isually  inspected for spherical shape u n d e r a m icroscope. This 

in s tru m en t w as used  to determ ine the size d istribu tion  o f m etal cu tting  flu id  

m ist a n d  a lum inum  oxide dust.

Differential M obility  Analyzer

The size d istributions of charge neu tra lized  N aC l and  DO P aerosols 

w ere m easu red  w ith  a TSI Differential M obility A nalyzer (DMA). Aerosols 

w ere n eu tra lized  to a Boltzm an charge d istribu tion  as they  passed  th rough  

tw o TSI 10 m Ci k ryp ton  sources, m odel 3054, a t a  flow rate  of 85 1pm. A TSI 2 

m C i k ryp ton  source, m odel 3077, w as placed on  the inlet p o rt o f the DM A to 

ensu re  com plete sam ple charge neu tralization . N eu tra lized  particles flow ed 

th ro u g h  the m obility  analyzer as a th in  lam inar stream  betw een  two 

concentric cylinders; an  extraction slit w as cu t in  the center rod . Particles w ith  

h igher electrical m obility  w ere collected on  the u p p e r po rtion  of the rod. 

Particles w ith  m obility  less than  the cutoff, as de term ined  by  the  voltages on  

the tubes, passed  ou t the exhaust. The rem ain ing  particles in  the narrow  

m obility  range and  correlated to a know n d iam eter, passed  th ro u g h  the 

narrow  slit in  the  center electrode. These collected particles w ere counted by  

the CN C (248, 54). The voltage of the collector rod  and  airflow  rate  

determ ined  particle  extraction. Airflow rates, 3 1pm for the sheath  air and  0.3 

lpm  for the  aerosol flow, w ere calibrated w ith  the flow  calibrator. The 

in tervals of the  voltage settings w ere established so th a t the  range of particles 

collected a t each setting w as contiguous to the  next. C orrelation of particle size 

to a  voltage se tting  w as confirm ed w ith  m onodisperse  latex spheres. The
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detectable size range of particles was from  0.005 to-1 pm . The num ber of 

voltage settings evaluating  NaCl was 32, m ean particle  d iam eter ranged from 

0.014 to 0.809 pm . The num ber of voltage settings evaluating  DOP w as 29; 

m ean  particle d iam eter ranged from 0.024 to 0.837 pm . The count m edian 

diam eter (CMD) and  geom etric standard deviation (GSD) w ere com puted 

from  the raw  d a ta  using  the following equations [76].

Where: d, is the midpoint diameter of the ith group, dg is the geometric mean diameter, n, 
is the number of particles in the ith group, N  is the total number of particles in the

sample,

The voltage settings collected particles for a discrete size range from  an 

aerosol sam ple, n o t the  entire particle population , as voltage settings w ere 

increm entally  increased. By sequencing the voltage in tervals and  estim ating 

particle counts w ith  the CNC, some particles m ay n o t have  been  counted. To 

com pensate for th is effect, the fitted size d istribution  w as com puted w hich 

m inim ized the  to ta l residual variability or the su m  of th e  overall distances 

betw een the observed  and  the estim ated lognorm al d istributions. U sing an 

Excel™ spreadsheet, the  total num ber of particles counted , the CMD, and  the 

GSD w ere varied  to com pute a fitted d istribution  of the sam ple. Using these 

variables, iterations of the com putations w ere m ade u n til the sum  of squares

CMD = exp (equation  4.1)
N

1/2

y v - i (equation  4.2)
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error w as a t its low est value. This indicated that the fitted distribution w as as 

close as possible to the observed particle counts for each particle diam eter. 

Andersen Cascade Impactor

The A ndersen  Cascade Im pactor M ark I w as used  in the field to 

m easure the aerodynam ic size distribution of particu late  m ater. Particulate 

m atter w as fractionated size wise into increm ents by  inertial im paction on 

collection surfaces. Each collection plate on the seven stage im pactor, was 

covered w ith  e ither a M illipore or N uclepore filter. A sphalt contam inants 

w ere collected on  e ither 0.2 pm  M illipore hydrophobic polyvinlyidene 

fluoride GV filter o r a 0.45 pm  m ixed cellulose esters N uclepore M embra-Fil 

filter (Separation D ivision of C om ing Inc., Acton, MA). The back up  filter 

following the  seven th  stage for collection of particles sm aller than 0.2 pm  w as 

either an  8.0 p m  M illipore m ixed cellulose esters SC filter or a 5.0 pm  

Millipore m ixed cellulose esters SM filter. The detectable aerodynam ic 

particle size range w as from  0.001 to 9 pm . All filters used for evaluating 

asphalt contam inant size distribution were pre- and  post-desiccated for a 

m inim um  of 24 hours. M etal cutting fluid m ist w as collected on  0.45 pm  

Nuclepore F ilinert (PTFE) m em brane filters. This hydrophobic filter w as u sed  

for covering each of the seven collection plates and  the back up filter. 

Desiccation w as no t necessary since their inheren t qualities repelled m oisture. 

Post-desiccating filters used for collecting m etal cu tting  fluid mists was 

avoided as som e cutting fluid m ass m ay possibly have been lost. Mass 

collected w as determ ined  gravim etrically using  an  O haus scale m odel AP110S
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having  an  accuracy to 0.0001 gram s. The cascade im pactor operated a t a  flow  

rate of 28 1pm as p e r the instruction m anual for th is instrum ent. The m ass 

m edian  d iam eter (MMD) and  GSD w ere com pu ted  from  the raw  data  

collected o n  the  e igh t filters. Since mass collected on  each stage of the 

A ndersen  C ascade Im pactor w as dependen t o n  the aerodynam ic p roperties  of 

the particles, the  equation  for MMD com putes the m ass m edian  aerodynam ic 

d iam eter (MM AD). The size distributions from  the cascade im pactor w ere  

reported  as M M AD using the com putational form ula  for MMD [76]:

MMD — exp
£ ”,43ln4

2>,43 (equation 4.3)

Where n, is the number of particles in the z'th group and dt is the midpoint diameter of
the zth group

Each filter stage collected a w ide  range of particle diam eters based up o n  the  

flow rate  th rough  the cascade im pactor. To refine calculations of M M AD and  

GSD, a fitted  size d istribution  w as com puted. Sim ilar to the calculations for 

fitted size d istribu tions w ith  the DMA, the fitted  size d istribution of the 

cascade im pactor m inim ized the total residual variability  or the sum  of the  

overall d istances betw een the  observed d istribu tion  and  the estim ated 

distribution . U sing  an Excel spreadsheet, the to tal num ber of m ass 

concentration (m g/L ) per log w idth , the  M M AD, and  the GSD w ere v a ried  to 

com pute a fitted  d istribution  of the sam ple. U sing  these variables, iterations 

of the com putations were m ade  until the sum  of squares error w as at its
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low est value. This indicated the fitted  lognorm al distribution, w ith  47 d a ta  

po in ts, w as as close as possible to the observed m ass concentration p e r  log 

w id th  for each of the eight partic le  size bins.

A fter each  tw o hour asphalt contam inant loading, resp ira to rs w ere 

rem oved  from  their holders and  w ere  retu rned  to the laboratory to  evaluate  

penetration . D uring  this in terim  of approxim ately  one hour, th e  p u m p  

opera ting  the cascade im pactor w as tu rned  off. The cascade im pacto r w as 

covered w ith  a clean plastic bag  and  rem ained a t the field location. C overing 

the  open ing  o f the  cascade im pactor prevented  am bient a ir partic les from  

be ing  b low n into  or settling on  the  first filter layer. Metal cu tting  flu id  aerosol 

generated  in  the field was also collected on  the cascade im pactor in  a m achine 

shop  w here no o ther operations w ere  occurring. D uring in tervals betw een  

aerosol load ing  on  the respirators, airflow  to the cascade im pactor w as turned  

off an d  it rem ained  uncovered.

T est A ppara tus A ssem bly and  T est C onditions

Replicating the certification m ethod tests used  by  N IOSH for N  and  P 

series non-pow ered  air purifying respirators required  equ ipm ent to be 

assem bled into an  apparatus to duplicate  the function of TSI m o d el 8130, the 

s tan d a rd  equ ipm en t used for resp ira to r certification. Schematic d raw ings of 

the  N aC l test apparatus can be found  in  figure 4.1; the dioctyl ph thala te  

schem atic is detailed  in figure 4.2. The testing setup w as designed  to operate 

u n d e r negative p ressure to p rev en t aerosols from  escaping to am bien t 

su rro u n d in g s an d  causing po ten tia l w orker exposure. The source o f vacuum
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for bo th  the  system  flow and operation of the  detection equipm ent w as 

supp lied  by  a  carbon vane pum p. One photom eter and  one CNC recorded 

resp ira to r penetration ; upstream  and  dow nstream  m easurem ents w ere 

a lternated  an d  instrum ent readings w ere recorded  sim ultaneously.

Sodium  chloride aerosol was considered w ell m ixed w ith  the HEPA filtered 

air a t the p o in t of upstream  aerosol sam pling. HEPA filtered air passed 

th rough  the  N aCl generator and transported  the aerosol th rough  a thirty-six 

inch section of two inch diam eter ducting, tw o neutralizers, and  a sharp edge 

orifice m eter before reaching the sam pling probe. Location of the sam pling 

probe w as located ten  duct diam eters dow nstream  from  the sharp  edge orifice. 

A n unobstructed  zone w ithout bends five to ten  duct diam eters dow nstream  

is the preferable location of sam pling in a duc t [76].

The Reynolds num ber (Re) is a dim ensionless num ber th a t 

characterizes fluid flow through a pipe as being either lam inar or turbulent as 

is com puted  using  equation 4.4.

Re=6.6Vd (equation 4.4 )

Where V  is the flow velocity in the duct and d is the diameter of the duct.

In a tu rb u len t system , aerosol is well m ixed insuring  th a t the sam ples 

collected for determ in ing  aerosol concentration, bo th  gravim etrically and 

electronically, w ere representative of the concentration being loaded on to the 

respira tor.
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W hen resp ira to r testing  w as a t 43 1pm, airflow  th rough  the tw o inch  d iam eter 

d u c t a t the u p stream  sam pling p robe  w as com puted to be tu rbu len t w ith  a 

Reynolds n u m b er of 2067; the Reynolds num ber increased to 3225 w hen  

resp ira tor testing  w as 85 1pm.

DOP aerosol w as considered w ell m ixed w ith  the HEPA filtered air. 

O nce the aerosol left the Laskin nozzle generator, it traveled th rough  tygon 

tub ing  w here som e particles coagulated. A  condensate trap , located a t the 

po in t of aerosol in troduction  into the  tw o inch duct containing H EPA  filtered 

air, rem oved these  particles. This location w as upstream  from  the 

neutralizers, sha rp  edge orifice m eter, and  a three foot section of ducting. 

A irflow  th rough  the  two inch d iam eter duct was com puted to be tu rbu len t, a t 

the location of the  sam pling  probe, w ith  a  Reynolds num ber of 2205.

The d iam eter of the upstream  sam pling probe used  for N aCl tests w as 

1.0 cm  th rough  w hich  flowed the sam ple air to the CNC, photom eter, and  47 

m m  sam pling  cassette. The p robe 's  d iam eter w as too sm all for isokinetic 

sam pling  to occur a t either the 43 o r 85 1pm respirator flow rate; velocity in 

the probe w as m u ch  greater than  velocity in  the duct w hich m ay have 

accounted for sam pling  loss. The diam eter of the N aCl aerosol w as very 

sm all, 0.085 pm , resu lting  in  a com puted  Stokes num bers of less th an  0.00001 

a t b o th  flow rates. The Stokes num ber indicates how  w ell a particle is able to 

follow an  airstream . As the Stokes num ber decreases and  approaches zero, a 

particle w ill fo llow  an  airstream  perfectly and  not resist changing its direction 

from  the duc t to the  inlet of the sam ple probe. For NaCl, the effects from
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anisokinetic sam pling  w ere com puted  to be  less than  0.01% using  equation  4.5 

[76].

C /C o=l+[(Uo/U )-l][l-(l/(l+ (2+ 0 .62(U /U o)Stk))]
C is probe concentration, CQ is concentration in the airstream, U is air velocity in the 
probe, U0 is air velocity in the airstream, and Stk is the Stokes number

(equation 4.5)

The d iam eter of the upstream  sam pling probe used for the DOP tests 

w as 1.0 cm  th rough  w hich flowed the air sam ple to the photom eter, d ilu ter 

an d  CNC, and 47 m m  cassette. The diam eter of the probe was too sm all for 

isokinetic sam pling to occur, velocity in the  probe w as m uch greater than  the 

velocity in the duct. This m ay have resulted in  sam pling loss. H ow ever, since 

the diam eter of the DOP aerosol w as sm all, 0.20 pm , and the com puted  Stokes 

num ber w as less than 0.00002. In  this region, the effect from anisokinetic 

sam pling w as com puted to be less than 0.01%.

The air tem perature  of the test apparatus w as controlled by the heating  

an d  air conditioning system  of the room. A n external heat lam p placed 

directly  over the  copper orifice m eter p rov ided  additional heat. A  Relative 

H um id ity  and T em perature T ransm itter (m odel 850) placed dow nstream  

from  the resp irato r m onitored b o th  relative hum id ity  and tem perature  of the

air. The accuracy of this probe w as ±  2.0% relative hum idity  and  + 0.5 °C . This 

location w as selected to protect the probe from  particle deposition w hich 

could  potentially  alter the calibration of the device. Direct current inpu t 

voltage was supp lied  to the transm itter by  a regulated power supp ly  (m odel
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LH  124 FM). In p u t voltage w as displayed on  a d ig ita l m ultim eter (m odel 

6100). The o u tp u t voltage w as displayed on  a d ig ita l m ultim eter (m odel 

3466A). The tem pera tu re  calibration curve supp lied  b y  the m anufactu rer was 

confirm ed u sin g  a m ercury  therm om eter. The relative h u m id ity  calibration 

curve w as confirm ed using  saturated  salt solutions.

42 CFR 84 stipu la ted  that the relative hum id ity  of air for N aC l testing 

N  series resp ira to rs range betw een 20 to 40%. Since the relative h u m id ity  of 

am bient room  air w as greater th an  40%, d ried  com pressed air w as supp lied  to 

the in le t of the A stroCel HEPA filter via an  air p lenum  constructed  from  a 

plastic bag. The com pressed air supplying the p lenum  w as ad justed  w ith  a 

regulator. The system  pressure w as m onitored w ith  a m agnehelic gauge 

hav ing  a range of 0 to 0.5 inches w ater colum n to insure that it rem ain  

negative .

Pressure d rop , the difference betw een cham ber pressure  an d  the 

p ressu re  inside the m ask, w as m easured w ith  incline m anom eters hav ing  a 

m axim um  range of 1, 2, or 10-inch w ater colum n. Pressure d ro p  in  excess of 

10 inches w ater w as m easured  w ith  m agnehelic gauges hav ing  ranges of 

e ither 0 to 30 or 0 to 50-inch w ater column. The 0 to 30-inch w a te r colum n 

m agnehelic gauge w as calibrated against an  incline m anom eter filled w ith  

gauge oil w hile the  0 to 50 inch w ater colum n m agnehelic gauge w as 

calibrated against a m anom eter filled w ith m ercury. The difference betw een 

the  m agnehelic gauge and  the incline m anom eter readings w as ±7% .
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Respirator Preconditioning

N  series respirators w ere preconditioned  for 25 ±  1 hour in  a flow­

th ro u g h  cham ber w ith  38 °C  (±2.5 °C  ) air a t 85% relative hum idity  (+5%) 

follow ing 42 CFR 84 [35]. The source of the w arm  h u m id  air was from  a Flow- 

T em peratu re-H um id ity  C ontrol System  (m odel HCS-301), hereafter referred  

to as a M iller-N elson box. The M iller-Nelson box w as unable to fully h e a t the 

a ir in  the precondition ing  cham ber to  the  required  tem perature. A n 

add itional source of heat w as needed and w as supplied  b y  w rapping h ea t tape 

a ro u n d  the  discharge line of the M iller-N elson box; tem perature  of the  heat 

tape  w as controlled by a variable autotransform er. T em perature and 

h u m id ity  of the  preconditioning cham ber w as continuously  m onitored  w ith  

a tem perature-rela tive  hum id ity  probe (HM P 23UT) connected to the M iller- 

N elson  box. The probe tem perature w as calibrated against a m ercury 

therm om eter. Relative hum id ity  calibration w as perfo rm ed  w ith  sa tu ra ted  

so lu tions of potassium  chloride and m agnesium  n itrate . A t specific 

tem pera tu res, the  relative hum idity  of the headspace in  the container of salt 

so lu tion  a t equilibrium  is a prim ary standard  [141].

Respirator Holders

H olders for cartridges and filters w ere custom  fabricated from  the 

cartridge  receptacles off their designated elastomeric respirators. M ounting  

p la tes for filtering facepiece respirators w ere constructed from polycarbonate 

lenses of Survivair full-face elastom eric respirators. A t the  conclusion of each 

test, the m ounting  plates for the filtering facepiece respirators w ere w ip ed
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clean w ith  isopropy l alcohol rem oving any residual g lue an d  aerosol residue. 

H olders for cartridges and  filters w ere  w ashed w ith  soap , rinsed w ith  

deionized w ater, and  allow ed to air d ry  before being reused .

Face Seal Integrity o f Filtering Facepiece Respirators

3M C om pany of St. Paul M innesota developed the  Large Particle 

Q uantitative F it Test (LPQFT) to m easure the integrity  of the  face-seal for 

filtering facepiece respirators [142]. The 3M m ethod u sed  a m onodisperse 

com  oil aerosol w ith  an aerodynam ic diam eter of 2.5 p m  a t a flow rate  of 32 

lpm  for evaluating  face-seal leaks of single use dust-m ist respirators. They 

found tha t face-seal leakage was independent of particle size over the range of 

0.8 to 3 pm . This m ethod was intended to be used  for filtering facepiece and 

elastom eric respirators b u t was no t valid  for HEPA filters due  to h igher 

pressure d rop  [143]. Researchers determ ined the penetra tion  rate for dust- 

m ist resp irators adequately sealed to a m ounting p late  w ith  hot m elt adhesive 

averaged 0.1% [144, 145]. O ther researchers have dem onstra ted  that particles 

w ith  2.0 to 2.5 pm  diam eters have an  80 to 90% penetra tion  rate though face- 

seal leaks in  filtering facepiece respirators even at low -pressure drop  [146].

For this research project, the face-seal integrity o f filtering facepiece 

respirators sealed to the holder w ith  ho t m elt adhesive and  filters placed in 

holders from  elastom eric respirators w ere evaluated w ith  2.01 ±  0.054 pm  

diam eter latex spheres a t a steady state airflow rate of 35 lpm . The geometric 

standard  deviation  (GSD) of the latex spheres w as com pu ted  to be less than 

1.09 and  m eets Fuch 's criteria for a m onodisperse aerosol [147]. A  solution of
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latex spheres and  deionized w ater w as atom ized w ith  a custom  built 

nebulizer m ade at Lawrence Livermore N ational Laboratory. A  capillary tube 

w as subm erged into a 500 m l plastic bottle contained the so lu tion  of latex 

spheres. Filtered com pressed air at 20 psi was supplied  to the nebulizer 

creating a venturi effect that aspirated liquid into the sm all orifice. The 

solution w as atom ized and  large droplets were im pacted and  d rip p ed  back 

into the reservoir. Fit w as determ ined by evaluating the penetra tion  of the 2 

p m  particles at a single channel ou tpu t on the Clim et and  w as expressed as 

percen t penetration.

Sodium Chloride Aerosol

The NaCl aerosol used  for both the NIOSH m ethod tests and  for 

challenging respirators loaded w ith workplace contam inants w as generated 

from  four nebulizer blocks from  Thermo-Systems Inc. (TSI) C onstan t O u tpu t 

A tom izers m odel 3076. The nebulizers were m ounted inside a  flow through 

512 in3 polycarbonate cylinder having two openings. The inlet side of the 

cylinder supplied  HEPA filtered air into the aerosol generator cham ber. The 

outlet on the cylinder discharged the NaCl aerosols m ixed w ith  HEPA filtered 

air to the krypton n e u tra liz e s  and the respirator loading cham ber. 

Com pressed d ry  air to the nebulizers was filtered through an  U ltra  Filter Type 

H  cartridge. Air pressure w as adjusted to 35 psi as m easured b y  a 0 to 60-psi 

pressure gauge m ounted  on top of the generator. Pneum atic suction  d rew  a 

solution of 0.95% sodium  chloride in  deionized w ater from  th e  bo ttom  of the 

cylinder into the atom izers. Excess solution from  the overflow  drains on  the
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nebulizer blocks d rip p ed  back into the reservoir. Every other day  of testing, 

any  rem aining  so d iu m  chloride solution w as d iscarded  and  replaced  w ith  tw o  

to four liters o f fresh  solution. Flushing w ith  w arm  deionized w ater every 

other day  of testing  cleaned the nebulizers. Solid particles of N aCl w ere 

obtained u p o n  evaporation  of the droplet. The particle size d istribution  w as 

adjusted to the desired  count m edian diam eter (CMD) b y  varying  the 

concentration o f sa lt in  solution using  the equation  4.6 [76].

d,=d„(Fv)1/3 (equation 4.6)

Where ds is the size of the final aerosol particle, dd is the droplet diameter, and Fv if the
volume fraction of the solid material

In  these tests, a 0.95% concentration of sodium  chloride resulted  in  the 

op tim um  size d istribu tion  for N aCl aerosol. This concentration w as m uch  

less than  the 2% reported  by TSI and  NIOSH for use  in the TSI m odel 8160 [85, 

148] b u t is com parable to the 1% solution used  by  the  U nited K ingdom  in the 

British S tandard  4400 [83].

The sod ium  chloride generator supplied  10 to 24 m g of N aC l per m 3 of 

air a t a flow  rate  of 75 to 117 lpm. Airflow th rough  the respirator w as either 43 

or 85 lpm , d ep en d in g  up o n  the configuration of the  respirator. D uring  the 

NIOSH m ethod  tests, all four nebulizers w ere used . The aerosol 

concentration w as reduced by utilizing only one of the nebulizers w hen  

respirators w ere  evaluated  for penetration  d u rin g  the loading  tests w ith  

w orkplace con tam inants to m inim ize the effect of sa lt loading. Two aerosol
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neu tra lizers  connected in  series neu tra lized  N aCl aerosol to the B oltzm an 

charge distribution. The half-life of the sealed kryp ton  sources h a d  been  

reached  w hich  lim ited the ability  o f a single sealed source to adequate ly  

neu tra lize  the  aerosol a t the m axim um  airflow  [124].

D uring  the sodium  chloride tests, in strum en t readings w ere reco rded  

a t each  one m inute in terval beg inn ing  w ith  the dow nstream  reading. A fter 15 

to  20 m inu tes, sam pling lines w ere  sw itched  for recording upstream  read ings 

a t th e  in let to  the resp ira to r load ing  cham ber. Instrum ents w ere a llow ed to 

p u rg e  an d  w ere  rezeroed p rio r to  sam pling  dow nstream . After 45 to 50 

m inu tes m ore of dow nstream  sam pling , the  instrum ents w ere taken  off line 

an d  p laced  on  HEPA filters for 5 m inutes. D ow nstream  sam pling w as 

resum ed  for six m inute intervals w ith  ten  m inute breaks. This w as d o n e  to 

p rev e n t aerosol accum ulation inside  the detection equipm ent. The 

pho tom eter w as rezeroed after each ten  m inute  purge. D uring the last five 

m inu tes of the  test, upstream  readings w ere again  recorded. Balanced flow  

th ro u g h  the system  w as m ain tained  w hen  detection equipm ent w as 

a lterna ted  or taken off line by  the  add ition  of exhaust lines. H em ostats w ere  

u sed  for transitioning  airflow  betw een  the sam ple line and the dum p  line. 

Percen t penetration  of N aCl aerosol th ro u g h  the respirators, m easured  w ith  

b o th  the  photom eter and  CNC, w as com puted  by  div id ing  the dow nstream  

read in g  by  the  upstream  read ing  and  m ultip ly ing  by  100. Percent penetra tion  

w as carried  o u t for four decim al places. R espirator penetration d u rin g  the  

in itial 15 to 20 m inute sam pling  in terval w as com puted using  the first se t of
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upstream  readings. The rem aining  penetration  m easurem ents w ere 

com puted  from  the average upstream  readings recorded  a t the beginning and 

the end  of the  test. This m ethod of com puting penetration  w as selected due to 

the variability  in  the  upstream  aerosol readings. Irrespective of the flow rate  

th rough  the respirators, overall CNC and photom eter read ing  for N aCl w ere 

significantly different betw een the beginning and  the  end ing  readings using a 

pa ired-t test, p<0.05. The results of the paired-t tests can be found in  A ppendix 

Tables B.2 and  B.3.

Dioctyl Phthalate (DOP) Aerosol

DOP aerosol w as generated w ith  a Laskin nozzle (m odel SG 20). Refer 

back to Figure 4.2 for a schematic of the DOP test apparatus. The single 

nebulizer, subm erged in  liquid contained in  the generation  pot, w as supplied  

w ith  dried , com pressed air filtered w ith an  U ltra Filter Type H  cartridge. The 

com pressed air pressure to the nozzle was 12 psi. For added  safety from  over 

pressurization , the Laskin nozzle generation p o t w as retrofitted w ith  a 15 psi 

pressure  relief valve. Agitation by  the air jet created a dense foam of 

m icroscopic bubbles in  the liquid. Droplets w ere created w hen these bubbles 

b u rs t a t the liquid surface [76]. The aerosol concentration generated w as m uch 

higher than  desired and was reduced by d iverting  aerosol flow though  a 'T ' 

fitting on the discharge line of the generator. O ne leg from  the T '  fitting 

directed the aerosol to the respirator cham ber w hile the other side w as 

connected to an  exhaust. Aerosol flows th rough  each leg of the T '  fitting w as 

regulated  w ith  ball valves. The pressure d rop  across the ball valve for the line
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lead ing  to the test apparatus w as m easured w ith  a  0 to 150 inch w a te r co lum n 

m agnehelic gauge. The aerosol generator w as placed inside a 27 ft3 

po lycarbonate container connected to the house  ventilation ex hausting  to the 

exterior of the building. In the  even t of aerosol leakage, engineering  controls 

p reven ted  w orker exposure to this aerosol. The DOP aerosol w as n eu tra lized  

to the Boltzm an charge d istribu tion  w ith  tw o aerosol neutralizers as 

p reviously  described.

The upstream  DOP aerosol num ber concentration exceeded the 

m axim um  operating  range of the  CNC. In o rder to obtain read ings from  the 

CNC, DOP aerosol concentration w as diluted. The custom  d ilu ter w as 

fabricated from  by inserting a 1 /8  inch stainless steel capillary tube  w ith  knife 

edge th rough  a 25 cfm HEPA filter; the edges a round  the tube w ere  sealed 

w ith  silicon sealant. The d ilu te r operated a t a flow  rate of 5 lpm , equ ivalen t to 

the TSI d ilu ter (model 3302). Excess w as exhausted through the  d u m p  line 

ven ting  to the  build ing exterior. Pressure d rop , the difference in  p ressu re  

across the filter, was m easured w ith  a m anom eter having a range o f 0 to 0.5 

inch w ater column. The d ilu ter w as calibrated w ith  DOP at approxim ately

4x l0 6 partic les/cc . Calibration of the d ilu ter w as perform ed on  five d ifferen t 

days, a  to tal of ten  different tim es. The dilu tion ratio average w as 1403:1 w ith  

a s tan d ard  deviation of 221. Pressure drop across the HEPA filter in  the  d ilu ter 

d id  n o t change over the course of these tests. This indicated th a t the  filter d id  

no t clog and  change the dilu tion  ratio. The stainless steel capillary tube  w as
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visually  inspected  once all testing w as com pleted, there w as no  evidence of 

clogging.

L oading  a P100 filter or cartridge w ith  DOP d id  no t com m ence u n til 

up stream  background readings w ere less th an  2.0 partic les/cc . Often, 

background  levels w ere below  1.0 particles/cc, indicating the  system  w as clean 

an d  free from  leaks. L oading began w hen com pressed air to the Laskin nozzle 

w as tu rn ed  on. The system  w as allow ed to equilibrate  for one m inute p rio r to 

record ing  in itial dow nstream  readings. A fter record ing  dow nstream  read ings 

for ten  to tw elve m inutes, sam ple lines w ere th en  changed to record 

u p stream  readings. Once initial upstream  read ings w ere recorded, the 

pho tom eter w as purged  for a t least five m inutes w ith  HEPA filtered air an d  

w as electronically rezeroed before additional dow nstream  read ings w ere 

recorded. Im m ediately follow ing the purge  and  rezero of the  photom eter, 

dow nstream  readings w ere  initially com parable to the last dow nstream  

read ings recorded, b u t th en  began to climb a t an  increasing rate. The 

pho tom eter w as taken off line, pu rged  w ith  m ore HEPA filtered air, and  

rezeroed  for a second tim e. If the photom eter rem ained  dow nstream  only, 

th is phenom enon  w as n o t observed. P rocedures w ere changed to increase 

p u rg e  tim e an d  the photom eter w as zeroed several tim es d u rin g  the p u rg e  

cycle in  an  effort to elim inate these artificial readings. D espite increasing the  

p u rg e  cycle, th is anom aly continued to occur. D ow nstream  read ings finally 

stab ilized  after the in strum en t w as purged  and  rezeroed for a th ird  tim e 

d u rin g  each test. D ow nstream  readings occurring  d u ring  these in tervals w ere
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la ter d iscarded as they w ere considered an  artifact of instrum ent response and  

n o t an  accurate reflection of true  resp ira to r penetration w ith  DOP. A dditional 

dow nstream  m easurem ents w ere recorded for approxim ately the next 30 

m inutes. A  second upstream  read ing  w as recorded du ring  the last five 

m inutes of the test. D uring the first 10 to 12 m inutes dow nstream  sam pling 

in terval, penetration  w as com puted  using  the first set of upstream  readings. 

The rem ain ing  penetration  m easurem ents w ere com puted from  the average 

upstream  readings recorded a t the beginning and  the end  of each test. This 

m ethod  of com puting penetration  w as selected for consistency w ith  the 

m ethod  used  to com pute N aCl penetration. U pstream  CNC and  photom eter 

readings for DOP aerosol w ere n o t significantly different betw een the 

beginning  and  the ending  readings using  a paired-t test, p>0.05. The results of 

the paired-t tests can be found in A ppendix  Table B. 4.

The CNC and photom eter m easurem ents during  the DOP tests w ere 

recorded a t each 30-second interval. Due to the short duration  of these tests, 

add itional da ta  points w ere needed for constructing the penetra tion  curves. 

Sam pling began dow nstream  and after 10 to 12 m inutes w as sw itched to 

upstream ; readings w ere recorded for 3 to 4 m inutes. After sam pling 

upstream , the optics in  the photom eter required  a long cycle tim e of 10 to 15 

m inu tes to clear and  rezero the  instrum ent. D ow nstream  m onito ring  w as 

resum ed  and  rem ained fairly continuous for the next 30 to 50 m inutes w ith  

only  tw o short breaks for pu rg ing  and  rezeroing the photom eter. D uring  the 

last five m inutes of the test, upstream  readings w ere again recorded.
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The airflow  rates of the system  used for both  the N aCl and  DOP tests 

w ere m easured w ith  a custom  orifice m eter. A  copper p ipe w ith  an in ternal 

diam eter of 4.980 cm  had  a copper sharp-edge circular orifice w ith  a d iam eter 

of 1.885 cm. Pressure drop across the sharp-edged orifice w as m easured w ith  a 

m agnehelic hav ing  a range of 0 to 1 inch w ater colum n. The orifice m eter and  

m agnehelic gauge w ere calibrated against an oil-filled five ft3 capacity 

spirom eter, a p rim ary  standard . A irflow through the orifice m eter was 

regulated w ith  an  8 cfm Fischer flow meter.

The term ination of each NaCl and DOP test w as determ ined by the 

aerosol m ass contacting the respirator. Once the target of 200+5 m g had 

contacted the respirator, testing stopped. This m ass accounted for aerosol 

collected on the respirator as well as that fraction of aerosol penetrating  the 

respirator. D eterm ining the endpoin t of 200 m g w as estim ated from  upstream  

aerosol concentration. Samples w ere collected on 47 m m  diam eter 0.45 p m  

pore size M illipore m ixed cellulose (HA) filters that w ere pre- and  post­

desiccated 24 hours. The sam pling rate of 10 lpm  was calibrated using the flow 

calibrator. A irflow  th rough  the M illipore filter w as regulated  using  a 

M atheson 605 flow  m eter.

Loading T ests W ith  C ontam inants Representative of W orkplace A erosols

The collection efficiency of electrostatic and m echanical respirators 

loaded w ith  aerosols representative of workplace contam inants w as 

evaluated using  three different aerosols w ith four different test scenarios.

Two of the contam inants, a lum inum  oxide du st and  m etal cu tting  fluid m ist,
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w ere generated  u n d e r laboratory conditions. The tw o  contam inants generated  

in  the field w ere asphalt fum es and  a m etal cu ttin g  flu id  m ist d u rin g  a lathe 

tu rn ing  operation .

N one of the respirators for tests w ith  th e  w orkplace contam inants w ere 

preconditioned. F iltering facepiece respirators h a d  their straps rem oved  p rio r 

to being w eighed on  an  O haus scale. Respirators from  Racal also h ad  the nose 

tabs clipped and  rem oved for easier sealing to the  m oun ting  plate. O nce the 

filtering facepiece resp ira tors w ere sealed w ith  h o t m elt adhesive, the  total 

m ass w as determ ined  w ith  a PM  4800 Delta Range scale having  accuracy to 

0.01 gram s. The ho lder for the N95 filters h ad  m u ch  less m ass and  w eights 

w ere determ ined w ith  the O haus scale. 3M 2091 filters w ere w eighed 

individually  as their bayonet m ountings allow ed these  respirators to be  easily 

rem oved and  resealed to their holders. Face-seal in teg rity  of N95 filtering 

facepiece resp irato rs sealed to their m ounting  p la tes  and  filters p laced  in their 

custom ized holders w as evaluated w ith  2 pm  latex  spheres using the  3M 

Large Particle Q uantitative Fit Test m ethod a t 35 lpm . Face seal leakage w as 

determ ined using  penetra tion  m easurem ent w ith  the  Clim et. R espirators 

loaded w ith  contam inants in  the field, asphalt a n d  m etal cutting flu id  m ist, 

w ere evaluated  for face seal leakage the day  p reced ing  the test. R espirators, 

secured to  their ho lders, w ere stored  overnight in  clean plastic bags a t room  

tem perature. Initial resp ira tor penetration  w as m easu red  w ith  bo th  the  CNC 

and  photom eter u sin g  a d ilu te  concentration of N aC l aerosol the m orn ing  of 

the loading test. P ressure drop across the resp ira to r w as recorded w ith  either
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an  incline m anom eter o r m agnehelic gauge. A irflow  rate  th ro u g h  the  

resp ira to r w as either 43 or 85 lpm  depend ing  u p o n  the resp irator 

configuration. T em perature and  hum id ity  o f the system  for N aC l aerosol was 

m ain ta ined  according to 42 CFR 84. R espirators secured to the ir ho lders w ere 

w eighed  after fit evaluation, after each penetra tion  evaluation  w ith  the  dilu te 

N aC l aerosol, and  after each tw o hours of loading  w ith  w orkplace aerosol. 

P ressure  d rop  and penetra tion  of N aCl aerosol w ere m easured  in itially  and  

after every  tw o hours of loading. R espirators loaded w ith  asphalt 

contam inants w ere p laced  in  plastic bags d u ring  transporta tion  to and  from  

the w orkplace site. Respirators loaded in  the  field w ith  cutting  fluid m ist w ere 

n o t p laced  in  bags d u rin g  transporta tion  as the m achine shop w as adjacent to 

the laboratory  used  for evaluating  resp irator penetration. R espirators w ere 

loaded  w ith  w orkplace aerosol usually  for six hours.

Respirator Loading Apparatus in the Laboratory

A  separate apparatus w as constructed for loading respirators w ith  

a lum inum  oxide d u s t and  m etal cu tting  fluid m ist generated  u n d e r 

laboratory  conditions. Refer to figures 4.3 and  4.4 for schem atic details. 

A m bient room  air passed though a 50 cfm MSA HEPA filter and  traveled  

th ro u g h  tw o inch ducting  to the polycarbonate respirator testing  cham ber 

m easuring  11 x 12 x 17 inches. Aerosols u sed  to load respirators w ere 

in troduced  into the 2 inch duc t 44 inches upstream  from  the resp ira to r 

cham ber and  37 inches upstream  from  the  sam pling  probe.
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Sam ple probes, p laced upstream  and dow nstream  from  the respirator, 

w ere constructed  from  0.66 cm diam eter stainless steel tub ing  w ith  a 30 degree 

bevel. The upstream  sam pling probe w as located in  the tw o inch duct p rio r to 

the load ing  cham ber. U pstream  concentration of aerosol w as continuously 

sam pled  from  the upstream  probe over the du ra tio n  of the  loading test. 

Sam ples w ere collected for 60 m inutes a t a flow  rate  of 10 1pm. Flow rates 

w ere calibrated w ith  the flow calibrator and  regu lated  w ith  a M atheson 605 

flow  m eter. A lum inum  oxide sam ples w ere collected o n  47 m m  diam eter 0.45 

pm  p o re  size M illipore m ixed cellulose esters (HA) filters that w ere pre- and  

post-desiccated 24 hours. C utting fluid m ist sam ples w ere collected o n  47 m m  

d iam eter 0.45 p m  pore size Nuclepore PTFE filters. These hydrophobic filters 

w ere n o t desiccated as som e of the collected m ass m igh t have been reduced by 

desiccation.

The d iam eter of the probe w as too sm all for isokinetic sam pling to occur, 

velocity in  the  probe w as m uch greater than  velocity in  the duct, w hich m ay 

have resu lted  in  sam pling loss. How ever, since the d iam eter of the aerosols 

w ere sm all, 1.39 pm  for the alum inum  oxide and  1.00 pm  for the m etal 

cu tting  flu id  m ist, the com puted Stokes num ber a t bo th  43 and  85 1pm 

resp ira to r flow rates w ere also very small. The Stokes num bers w ere less than  

0.003 for a lum inum  oxide and  less than 0.0005 for m etal cutting fluid m ist. In 

this region, the effects from  anisokinetic sam pling  w as com puted  to be less 

than  0.3% for alum inum  oxide and less than  0.2% for the m etal cutting fluid 

m ist.
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Sam pling  for m easuring  th e  aerosol size d istribution  ( a lum inum  

oxide d u s t and  m etal cutting flu id  m ist) w ith  the Clim et w as also d raw n  from  

th e  u p stream  probe during  w h ich  tim e the airflow  rate changed from  10 1pm  

to 17 1pm. Sam pling periods w ere  once every tw o hours and  d u ra tio n  w as less 

th an  five m inutes. A ir velocity ra te  th rough  the probe w as allow ed to 

fluctuate  unlike the NaCl or DOP system  w here a dum p line affixed to the 

p ro b e  m ain tained  airflow  balance w hen  detection equipm ent w as n o t being 

u sed . The reason for allow ing the  fluctuation w as that respirators w ere  only 

be in g  loaded  w ith  contam inants an d  penetration  w as no t being evaluated  

concurrently . Penetration of the  respirators w ith  N aCl w as evaluated  in  a 

separa te  tes t apparatus after each  tw o hour loading  interval w ith  a lum inum  

oxide dust. For the NaCl and DOP tests, penetration was being m easu red  in 

conjunction w ith  loading and  a  change in the dynam ics of the system  could 

affect recorded  penetration  m easurem ents.

A irflow  th rough  the resp ira to r w as m easured w ith a custom  orifice 

m eter custom  placed dow nstream  from  the loading cham ber. The stainless 

steel orifice m eter had  an in ternal d iam eter of 2.195 cm and  the  open ing  in 

th e  orifice w as 0.620 cm.; the overall length was 63.2 cm.

T em perature  and  relative h um id ity  of the air in a lum inum  oxide and  

m eta l cu tting  fluid m ist load ing  cham ber w ere evaluated w ith  a chilled 

m irro r hygrom eter (model 911) D ew  All Digital H um idity  A nalyzer. The 

accuracy of this instrum ent w as + 0.5% relative hum idity  and  + 0.1 °C.

Sam ple a ir passed th rough  a hydrophobic  47 m m  0.45pm N uclepore PTFE
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filter. This p reven ted  particles from  depositing  on the m irror and  p lates of 

the hygrom eter and  possibly altering the  instrum ent calibration. A ir w as 

sam pled  from  the dow nstream  probe a t a  flow rate of 2 cfh. Readings w ere 

recorded  every  h o u r of testing. The m anufacturer calibrated this in strum en t 

d u rin g  a reconditioning. Tem perature calibration w as confirm ed w ith  a 

m ercury-g lass therm om eter.

Pressure drop  across the sharp-edged circular orifice was m easured  

w ith  a m agnehelic gauge having a range of either 0 to 4 or 0 to 25 inches w ater 

colum n. The orifice m eter and m agnehelic gauge w ere calibrated using  the 

spirom eter. A irflow through the orifice m eter w as regulated w ith  a 7 cfm 

Fischer flow  m eter.

Laboratory Aerosol Generation

A lum inum  oxide dust was generated w ith a W right D ust Feeder (refer 

to Figure 4.5). A  p lug  of alum inum  oxide, 99.1% AI2O3, was form ed by  

com pressing pow der into the large stainless steel d u st thimble of the W right 

D ust Feeder using  a custom  fabricated packing m andrel. An alignm ent 

bush ing  centered the m andrel and  the du st cup du ring  packing w ith  a  0 to 

40,000 p o u n d  force hydraulic press. A lum inum  oxide pow der w as a d d ed  to 

the d u s t thim ble in layers, each layer w as com pressed using a pressure of 

approxim ately  17,000 psi. A  gear driven  m otor ro tated the packed pow der 

p lug  into a fixed scraper blade of the d u s t feeder. The gearing ratio on  the 

electric m otor regulated the speed of the  cutting blade. The following gear 

configuration w as used  for these tests: 18 tooth  gear on  the m otor, 54 too th
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gear on  the in term ediate  driven, 36 too th  gear on  the  in term ediate  d river, 

an d  a 36 tooth gear o n  the cross shaft.

Com pressed, d ry , air, filtered th rough  an  U ltra Filter Type H  cartridge, 

w as blow n into the  low er portion  of the packed p o w d er p lu g  passing  th rough  

the  air channel un d e r the  scraper blade. Particles w ere  sw ep t into the hollow  

shaft supporting  the b lade. The airflow  rate  th rough  the  d u s t generator w as 

approxim ately  24 1pm. A n im pactor and  ou tle t jet nozzle  rem oved  large 

particles and  broke u p  agglom erates. O perating  p ressure  of the com pressed air 

w as 10 psi. The targe t concentration of alum inum  oxide d u s t w as 10 m g /m  , 

representative of the  Threshold  Lim it Value for an  e igh t h o u r exposure for 

Particulates N ot O therw ise Classified (PNOC) according to the  ACGIH. 

Concentration of a lum inum  oxide d u s t generated by  the  W right D ust Feeder 

exceeded these guidelines and  the aerosol flow w as d iv ided  so th a t only  a 

p o rtion  was directed to the loading cham ber housing  the  respirator.

The outlet of the  D ust Feeder w as secured to the  top of a sealed 32 

gallon m etal barrel; all particles generated by  the d u s t feeder w ere  directed 

into the barrel a llow ing very  large particles no t d ispersed  by  the  im pactor to 

be  rem oved by gravitational settling. Two 1 1 /2  inch fittings w ere  also 

a ttached to the lid. To the first fitting, a line connected the barre l to ducting  

w ith  HEPA filtered a ir and  supplied  a lum inum  oxide d u s t to the  resp ira to r 

cham ber. The second fitting w as attached to an  exhaust line. Excess air w as 

filtered through a  50 cfm  HEPA filter w ith  airflow  regulated  by  a Fischer flow 

m eter.
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figure 4.5
Schematic View of W right D ust Feeder

The po in t of a lum inum  oxide d u st and  m etal cutting flu id  m ist 

in troduction  w as three feet upstream  from  the sam pling probe, 18 d u c t 

d iam eters apart. A irflow  rates th rough  the respirators w ere de te rm ined  w ith  

a sharp  edge orifice m eter located dow nstream  from  the resp irator. The 

aerosol w as considered w ell m ixed a t respirator flow rate of 85 1pm an d  

airflow  w as determ ined  to be tu rbu len t w ith  a Reynolds num ber of 2619. 

H ow ever, a t the resp irator flow  rate of 43 1pm, airflow was com puted  to be 

lam inar w ith  a Reynolds num ber of 1461. Lam inar flow m ay  have accounted  

for som e of the  variability  in  aerosol concentration and size d is tribu tion  a t

115

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the low er flow  rate as aerosol m ay no t have been  adequately  m ixed w ith

HEPA air p rio r to sam pling.

M etal cu tting  fluid mist, in  the laboratory, w as generated w ith TapFree 

2 cu tting  fluid. The m ist of synthetic m etal cu tting  fluid (non-oil) w as 

generated  from  an  air atom izing pressure  spray  nozzle (figure 4.6 ). 

C om pressed, dried , air filtered w ith  an  MSA U ltra Filter Type H  cartridge, w as 

supplied  to  the  spray  nozzle at 10.5 psi; pressure w as m easured w ith  a  0 to 60 

psi gauge. C utting  fluid was m etered to the sp ray  nozzle th rough  the capillary 

siphon  line by  a peristaltic pum p. C utting  fluid m ist w as generated  in  a 2,100 

cubic inch plastic cylinder; circumference 8.3 inches and length  42 inches. The

target concentration of cutting fluid m ist loading respirators w as 1.0 m g /m  .

fluid cap
compressed air

air cap I

gasket

retainer ring
t fluid reservoir

figure 4.6
Schematic View of Air Atom izing Spray N ozzle U sed for G enerating A M ist 

of Metal C utting Fluid in the Laboratory
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This concentration w as based upon  observed occupational exposure av erag es 

docum ented  in  NIO SH 's Criteria for A  Recom m ended Standard:

O ccupational Exposures to M etalw orking Fluid [149]. The concentration o f  

aerosol produced by  the spray nozzle exceeded the desired target 

concentration. A irflow  from  the m ist generator was d iverted  though  tw o  7 /8  

inch  openings, one a t the top and  the bottom  of the cylinder. T hrough  the 

open ing  a t the top of the cylinder, cutting  fluid m ist w as supplied  to the  

resp ira to r test cham ber. The bottom  outle t was directed through a  50 cfrn 

H EPA  filter and  exhausted. Airflow th rough  the HEPA filter w as regu la ted  by  

an  8 cfm rotom eter.

Field Respirator Loading Apparatus

A  custom  built apparatus w as m ade for field testing respirators exposed  

to asphalt contam inants and m etal cu tting  fluid m ists in  the field. A 

m axim um  of three respirators could be exposed to environm ental 

contam inants in  addition  to m ounting a cascade im pactor for evaluating  tihe 

aerosol size distribution. The source of vacuum  was a carbon vane p um p , 

hav ing  a capacity of 31 cfm. Exhaust from  the pum p w as plum bed to a n  M SA 

H EPA  filter via one inch diam eter tygon tubing. From  the suction side of th e  

p u m p , 3 /4  inch nylon braided tubing attached to the tw o inch m anifold 

p ip in g  on  the five foot tall un istru t fram e. O n the m anifold, three 1 /2  inch, 

p ipes w ere placed 18 inches apart each attaching a needle valve to a 10 cfm  

D w yer flow  m eter, and term inating w ith  quick disconnect fittings for 

resp ira to r holder attachm ent. The suction line for the cascade im pactor
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orig inated  w ith  a  1 /8  inch p ipe  from  the m anifold  and  m oun ted  a  ro tom eter 

w ith  a top  m oun ted  regulator valve. The 1 /8  inch suction line from  the 

rotom eter w as fitted w ith  a quick disconnect fitting for attaching  the 

A ndersen  cascade im pactor. Casters w ere p laced  on  the bo ttom  of the  u n is tru t 

fram e for easy  m ovem ent of the stand. A irflow  through  the  resp ira to rs and  

cascade im pactor w as m easured w ith  e ither a K ruz ho t w ire anem om eter or a 

sharp  edge orifice. Airflow through  the cascade im pactor w as 28 1pm w hile 

each resp ira to r w as either 43 or 85 1pm depend ing  up o n  the resp ira to r design.

A  second custom  built stand  w as designed for m ounting  a single 

"control" respirator. These respirators w ere subjected to the sam e 

environm ental conditions and  hand ling  as the "exposed". T heir field 

locations w ere  selected to m inim ize resp ira to r loading w ith  the  env ironm en t 

aeroso ls/con tam inants being studied. This stand  w as capable of ho ld ing  a 

single resp ira to r and  the chilled m irror hygrom eter. Suction for the system  

w as supp lied  by a carbon vane pum p. The exhaust from the p u m p  w as 

p lum bed to a 135 cfm capacity AstroCel I HEPA filter via 1 /2  inch diam eter 

nylon b ra ided  tubing. The suction side of the pum p was connected to the 

m anifold by  1 /2  inch nylon braided  tubing. H alf inch p ip ing  from  the 

m anifold on  the  five foot tall u n istru t s tan d  connected a needle valve to a 10 

cfm D w yer flow  m eter. From the flow m eter the 1 /2  suction line term inated  

w ith  a quick disconnect fitting for resp ira to r holder attachm ent. A  1 /8  inch 

p ipe from  the  m anifold was p lum bed to  a 10 cfh Brooks flow  m eter w ith  a 

bottom  control valve. A hose barb on  the suction side of the flow m eter
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connected tygon tub ing  to  the  chilled m irror hygrom eter, m odel 911 Dew-All. 

A n  8.0 pm  M illipore m ixed cellulose esters (SC) filter w as p laced  a t the  in let 

of the  digital tem pera tu re-hum id ity  analyzer to protect the sensors from  

particle  deposition.

A sphalt contam inants in  the  field w ere generated from  a 540 gallon  

asphalt kettle, T irek ing ' m odel. Type 3 Steep ASTM D312-89 asphalt w as 

m elted  by  tw o direct-fired tubes supp lied  w ith  propane. The ho ld ing  

tem pera tu re  of m elted asphalt in  the kettle w as 485 to 500 °F. The kettle  w as 

located on  ground level a n d  m olten  asphalt w as pum ped  by  an  e igh t 

horsepow er m otor to an  open-top  ho ld ing  p o t located on  the roof of the  

construction  site, Building 151 a t Lawrence Liverm ore N ational Laboratory. 

From  the roof-top, w orkers ob tained  m olten asphalt for m opping  b y  open ing  

a valve on  the bottom  of the  kettle. The aerosol concentration to w hich  

resp ira to rs w ere exposed d ep en d ed  up o n  several environm ental conditions 

such  as the operating param eters o f the m elting kettle, the volum e of asphalt 

be ing  m elted, and  am bient w in d  speed and  direction. ACGIH has a TLV of 5

<3

m g /m  for an eight h ou r tim e w eighted  average and  NIOSH has a 15 m inute

ceiling lim it of 5 m g /m  [150].

In  addition  to generating  m etal cutting  fluid m ist in  the laboratory , it 

w as also generated in  a m achine shop w ith  a M etal C utting M ist C oolant 

G enerator using  TapFree 2 m etal cu tting  fluid. H ouse com pressed air w as 

supp lied  to the generator a t 20 psi and  filtered thought an  MSA U ltra  Filter 

Type H  cartridge located on  the  in le t of the m ist generator. A  knurled  n u t  on
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top of the generator regu lated  the  compressed air siphoning cutting  fluid into 

the sp ray  nozzle. There w ere  no graduations on the generator to indicate the 

am ount of cu tting  fluid being  atom ized. Visual observations of the aerosol 

stream  and  m isting quantity  on  the cutting tool w ere used  to adjust the flow. 

C om pressed air pressure  o f the m isting system  rem ained constant a t 20 psi. 

The atom ized coolant w as directed  onto the carbide tip left hand  tu rn ing  tool 

m ounted  on  a lathe. A  stainless steel 304 rod w ith  a d iam eter of 4 inches and  

length  of 14 3 /4  inches w as tu rned  at speeds of either 898 or 585 rpm . The 

travel speed of the cutting  tool w as either 0.007 or 0.0013 inches per 

revolution w ith  a cu tting  dep th  of 0.02 inches.

S a tu ra tion  w ith  P ersp ira tion

This series of tests evaluated  the perform ance of filtering facepiece 

respirators sa tu rated  w ith  artificial perspiration and  subsequently  dried  before 

being tested. F iltering facepiece respirators can adsorb m oisture from  several 

sources: persp iration , hum id ity  from  exhaled breath, and  m oisture from  

am bient inhaled air. Perspiration  w as selected because it contains ions in 

so lution that could po tentially  interact w ith  the electrostatic charge on  the 

filter m edia and  reduce collection efficiency. The form ula and  form ulation 

instructions can be found in  A ppendix A and have been u sed  by  previous 

researchers at Lawrence L iverm ore National Laboratory.

N one of the  respirators used  for these tests w ere preconditioned. All 

resp irators had  their elastic head  straps rem oved prior to  recording initial 

w eights. The Racal (mechanical) respirators also had  the  m etal nose tabs
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rem ove for ease of sealing the respirator to  the holder. Sm all portions of the 

elastic straps and  ends of the m etal tabs rem aining on  the resp irators w ere 

included  in  the  initial w eights. Once filtering facepiece respirators w ere 

attached w ith  ho t m elt adhesive to the holders, total m ass for the resp ira tor 

and  ho lder w as m easured. The integrity  of the ho t m elt adhesive face-seal 

w as determ ined  using  the LPQFT m ethod as previously described. Initial 

resp ira to r penetration  of dilu te charge neu tra lized  N aCl aerosol w as 

m easured  w ith  bo th  the CNC and photom eter.

Pressure d rop  across the respirator w as recorded w ith  a  m anom eter. 

A irflow  rate th rough  the filtering facepiece respirator w as 85 1pm. 

T em perature and  relative hum idity  of the a ir for the N aCl aerosol challenge 

w as in  agreem ent w ith  42 CFR 84.

A fter face seal integrity  and p re-saturation  penetration  m easurem ents 

w ith  N aC l aerosol w ere recorded, respirators w ere placed in  a herm etically 

sealed container and  he ld  a t room  tem perature  un til their sa tu ra tion  test 

com m enced. Respirators, sealed to their holders, w ere subm erged into a 

container of artificial perspiration. The solution w as poured  in to  the exhaust 

line on  the back side of the respirator ho lder so tha t the void space betw een 

the inside of the respirator and  the holder w as filled. Both fron t and  back 

sides of the  resp ira to r rem ained in  contact w ith  the so lution for 40 m inutes. 

A t the end  of the satu ration  cycle, excess solution w as pou red  o u t of the vo id  

space an d  the  respirator w as shaken vigorously to rem ove any  excess liquid. 

F luid rem aining  inside the respirator w as rem oved by  absorption  w ith  soft
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disposable tow els before the  resp ira to r w as weighed. The w e t resp ira to r w as 

p laced  inside the sod ium  chloride loading chamber; residual aerosol had  been 

p u rg ed  from  the system . The com pressed air line a t the  in le t o f the  HEPA 

filter w as used  to ad just the  relative hum id ity  of the d ry  H E PA  filter air to 

approxim ately  22%. D ry ing  w as term inated  w hen  dow nstream  hum id ity  

reached 25%.

R espirator-holder w eights w ere  determ ined follow ing: th e  fit 

evaluation  w ith  latex spheres, after the initial sodium  ch loride  test, post 

sa turation , after dry ing , and  after the final sodium  chloride test. It is realized 

th a t a  resp irator w earer w ou ld  n o t w ear a respirator sa tu ra ted  to  this degree. 

The objective of these tests w as to dem onstrate the m axim um  adverse  effect 

o f persp ira tion  on the  collection efficiency of filtering facepiece respirators. 

D ata A nalysis

Statistical analyses w ere conducted using DataDesk™  an d  Excel. A  total 

of 263 respirators w ere tested  across seven different m atrices: tw o 

represen tative of the N IO SH  m ethod  certification tests, fou r u s in g  

contam inants represen tative  of the  w orkplace, and  one w ith  artificial 

persp ira tion . The in itial se t of tests using  the NIOSH certification m ethod  

w ith  N aC l or DOP aerosol used  five replicates of each resp ira to r. This num ber 

of replicates was larger th an  p rev ious studies w hich used  e ither th ree  [151] or 

four replicates [152] an d  com parable to tests using five replicates [113,146]. 

Field m easurem ents of resp ira to r penetration  w ere an tic ipa ted  to contain
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m ore variability , six replicates w ere evaluated. A dditional replicates increased 

the ability to detect differences betw een respirator types.

A nalysis of Variance (ANOVA) has been  used  in  previous studies [151, 

115] to com pare filter penetration  and w as also used  for these studies. The 

General L inear M odel (GLM) w as chosen for its ability to perform  analysis of 

covariance. Photom eter and  CNC m easured penetra tion  from  each se t of 

loading tests w ith  w orkplace contam inants (asphalt, m etal cu tting  flu id  m ist, 

and  a lum inum  oxide dust) w ere m odeled independently . Variables defining 

mass of con tam inant loaded on  the respirator, resp ira tor m anufacturer and  

m odel, in itial fit, relative hum id ity  and  tem pera tu re  of the  test environm ent, 

airflow rate  th rough  the filter, and m inutes loaded  w ere correlated and  added 

to the m odel. O nly term s tha t h ad  a probability value (p value) <0.05 

rem ained in  the m odel. Exponential term s for m ass loaded  w ere added  

increm entally to the  m odel and  rem ained if found  to be significant. All two- 

w ay interactions w ere added  to the m odel and  then  rem oved in  a backw ard- 

elim ination based  up o n  their p values. Interaction term s w ith  the largest p 

value exceeding 0.05 w ere deleted first and the  sum  of squares recalculated. 

This process w as repeated  until only interaction term s w ith  p  values less than 

0.05 rem ained  in  the final m odel w hich w as tested  for the  assum ptions of 

hom ogeneity  of variance, linearity, and norm ality . For da ta  th a t d id  no t m eet 

the assum ption  of hom ogeneity  of variance o r norm ality , a transform ation  of 

the penetra tion  d a ta  w as indicated so that p  values correctly reflected the 

statistical significance of the factors tested in  the  m odel. T ransform ations
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from  Box-Cox [153] w ere sought to m ake residuals norm ally  d istribu ted . 

T ransform ations w ere characterized by  the equation:

y(p)=(yp-l) /p  for p*0, (equation 4.7)

log(y) for p=0; (equation 4.8)

w here p is the transform ation param eter and  y  is the  response or resp ira to r 

penetration. U sually p is decrem ented in steps of 1 /2  starting w ith  p= l 

(untransform ed, since subtraction of the constant 1 does not change th e  shape 

of the distribution), then  p=1 /2  (square root transform ation), p=0 (log 

transform ation), etc., un til a value is found w hich m akes the residuals 

norm ally  distributed. It was som etim es necessary to transform  p enetra tion  

da ta  containing zeros. In order to preserve penetration  m easurem ent o f  zero 

value in  the analyses, some num ber had  to be added  to the original 

penetration  m easurem ent prior to transform ing the  data . The value selected  

w as done w ith  the aid  of a slider in  DataDesk. An adjustable value w as a d d ed  

to the penetration  m easurem ents prior to transform ing the data. The s lid er 

w as adjusted so that the graphed data of the m odified  penetration 

m easurem ents against its norm al score, values th a t w ou ld  be expected from  a 

standard  norm al distribution of the data, w as a s tra igh t line and  the 

correlation value w as as large as possible. The in tercept of the GLM 

represented initial respirator penetration and the  slope represented change in 

respirator perform ance. Coefficients generated in  the  ANOVA w ere u se d  to 

com pare intercepts and  slopes betw een the m echanical and  electrostatic 

respirators using  the W ald test. The significance level of this test w as 0.05.
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This tested  the hypothesis: do electrostatic resp ira to rs perform  differently 

from  m echanical resp ira tors loaded  w ith  the sam e w orkplace contam inant. If 

no difference w as found  betw een the  slopes of m echanical and  electrostatic 

respirators, resp ira to r perform ance could  n o t be a ttribu ted  to change in  

electrostatic  collection m echanism s.

For the field tests w ith  asphalt and  m etal cu tting  fluid m ist, if 

perform ance of the exposed resp irator changed w ith  loading, this difference 

could  be attribu ted  to e ither loading the  resp ira tor w ith  w orkplace 

con tam inants or as a resu lt from  exposure to field conditions and  laboratory  

testing. In  o rder to assess the im pact of the testing m ethod upon  the change in  

m easured  resp irator penetration , "control" resp irators w ere com pared  to their 

"exposed". Each resp irato r m odel w as evaluated  independently  using  an 

ANOVA. The only covariates added  to the m odel w ere "m inutes of 

exposure" and  "con tro l/trea tm en t" . It w as assum ed th a t all o ther param eters 

w ere the sam e and differences betw een the slopes w ould  be a ttribu ted  to 

aerosol loading. The in itia l resp ira to r penetrations and  slopes of the 

penetra tion  curves w ere  com pared using  the p  value generated in  the 

AN O V A  table. There w ere tw o objectives of this com parison. The first w as to 

see no  difference betw een  the  in tercepts, indicating respirator perform ance 

betw een  the "control" and  the "exposed" w as the sam e p rio r to loading. The 

second objective w as to observe a difference betw een the slopes of the 

"control" and  the "exposed" respirators. A ny differences in  resp irator 

perform ance w ere a ttribu ted  to aerosol loading and  n o t due  to the test
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protocol. The effect from  d raw in g  am bient a ir of varied  tem pera tu re  and  

relative hum id ity  th ro u g h  a resp ira tor for a total o f six hours an d  testing  

penetra tion  w ith  N aC l in  the laboratory  du rin g  four in tervals o f resp ira to r 

load ing  w as quantified.

To answ er the question  of how  w ell the NIOSH m ethod  pred icted  

collection efficiency of resp ira tors loaded w ith  w orkplace contam inants, 

com parisons w ere m ade globally betw een observed and  p red ic ted  penetration . 

All resp irators u sed  for each test m atrix  w ere included in  the analysis and  

w ere d iv ided  according to the type of instrum ent used  for m easu ring  

penetration , CNC and  photom eter. The observed penetration  of resp ira to rs 

loaded  w ith  w orkplace contam inants w as m easured  by  challenge w ith  N aC l 

aerosol. P redicted  penetra tion  m easurem ents m odeled p enetra tion  of 

respirators from  the N IO SH  m ethod  tests using either N aC l o r DOP, 

depend ing  upon  the resp ira to r category. Respirators were g rouped  according 

to the w orkplace aerosol being  evaluated and  their category, e ither N95 or 

P100. There w ere a total of six N95 and one P100 respirators loaded  w ith  

asphalt contam inants and  four N95 and  one P100 respirators loaded  w ith  

either m etal cu tting  flu id  m ist or a lum inum  oxide dust. The N aC l an d  DOP 

da ta  from  these resp ira to r g roupings w ere m odeled  independen tly  for 

penetra tion  by pho tom eter an d  CNC m easurem ents. The N aC l m odels w ere 

kep t as sim ple as possible an d  w ith  only one interaction term  describ ing the  

slope of the penetra tion  curve. O nly  term s that helped  explain  penetration , as

m easured  by  R , w ere ad d ed  to the  m odel even though  o ther term s w ere
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found  to  be  significant (p<0.05). The DOP m odel, contain ing  only  one 

resp ira to r, w as allow ed to contain  more variables an d  in teraction term s to 

help  exp lain  the very  scattered  respirator penetration  data . The final m odels 

w ere  tested  for the assum ptions of hom ogeneity o f variance, linearity , and 

norm ality . Penetra tion  d a ta  no t m eeting the assum ption  o f hom ogeneity  of 

variance or norm ality  w ere transform ed according to Box-Cox. The predicted  

(transform ed) penetration  values were generated in  D ataD esk by  apply ing  

coefficients generated from  the NaCl or DOP ANOVA m odels to the  

w orkplace contam inant data . The observed values w ere  the  (transform ed) 

penetra tion  m easurem ents w ith  NaCl aerosol recorded  d u rin g  in tervals of 

resp ira to r loading  w ith  a w orkplace contam inant. C om parisons betw een  

p red ic ted  an d  observed values w ere m ade w ith an  F test. If the null 

hypothesis w as accepted then  the collection efficiency of respirators loaded 

w ith  a w orkplace contam inant could be predicted using  the  N IO SH  m ethod. 

C onversely, if the alternate hypothesis was accepted, then  collection efficiency 

of resp ira to rs loaded w ith  w orkplace contam inants could  not be p red icted  

u sing  the  NIO SH m ethod. To refine the answ er to  the  question if th e  NIOSH 

m ethod  accurately predicts penetration of electrostatic N95 resp irato rs, the 

N aC l an d  w orkplace contam inant m odels w ere refined  in to  tw o subsets. The 

first subset contained the grouping  of respirators w ith  electrostatic filter 

m edia  an d  th e  second contained the single m echanical respirator. Term s 

included  in  the  m odels rem ained  unchanged from  the  com bined overall; 

how ever, the  ANOVA com puted  slightly different coefficients for each  terms
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resu lting  in  d ifferent p red ic ted  values. The predicted  values w ere  again  

com pared to the observed penetration  values using  the F test to  determ ine if 

the NIOSH m ethod p red ic ted  penetration  of respirators loaded  w ith  

w orkplace contam inants. The nu ll and  alternate hypotheses tested  rem ained  

the sam e w ith  the added  d istinction  of differentiating p red ic ted  penetra tion  

for respirators containing electrostatic or m echanical filter m edia.

To exam ine the effect of satu rating  respirators w ith  artificial 

persp iration , changes in  penetration  m easurem ents w ere com pared  using  a 

pa ired-t test. Photom eter and  CNC m easured penetration, u s in g  N aC l aerosol, 

w ere evaluated  after the  respirators w ere sealed to their ho lders and  again 

after being subm erged in  artificial perspiration followed by  d ry in g  w ith  HEPA 

air. The paired-t test exam ined differences betw een the pre- a n d  post­

sa tu ra tion  penetra tion  m easurem ents. Changes in penetra tion  

m easurem ents were a ttribu ted  to the effects of saturation.
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CHAPTER V 

RESULTS A N D  DISCUSSION

This study  w as designed to evaluate the collection efficiency of air 

purify ing  respirators contain ing  electrostatic filter m edia. Respirators w ere 

p laced  in  either occupational settings or environm ents generated  u n d e r 

laboratory conditions representative of the workplace w hich m igh t lead to the 

degradation or shield ing of electrostatic charge on  the filter m edia  thereby 

reducing  collection efficiency. The hypothesis tested was that collection 

efficiency of respirators w ith  electrostatic filter m edia could be altered  by 

environm ental factors. R espirators containing only m echanical filter m edia 

w ou ld  not have their collection efficiency changed w hen exposed to  these sam e 

conditions. Collection efficiency of electrostatic respirators loaded w ith  

w orkplace contam inants could be different than that predicted from  the NIOSH 

certification m ethod for N95 respirators that uses NaCl particles of very  sm all 

d iam eter which are considered to be extremely penetrating. The first nu ll 

hypothesis tested w as th a t the predicted collection efficiency of electrostatic 

respirators, as determ ined by  the  NIOSH m ethod, w ould determ ine collection 

efficiency of the sam e respirators loaded w ith  aerosol representative of the 

w orkplace. The second nu ll hypothesis tested w as that the collection efficiency of 

a m echanical respirator w ou ld  be equal to an electrostatic resp ira to r loaded  w ith  

asphalt contam inants, a lum inum  oxide dust, and  m etal cutting flu id  m ist.

129

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sodium  Chloride

The purpose o f the NaCl tests w as to duplicate the NIOSH certification 

m ethod  for constructing a m odel to com pare N95 respirators loaded w ith 

w orkplace contam inants. Since the certification tests use particles having a 

d iam eter that w ere the m ost penetrating  size, certified respirators can be used  in

environm ents against other particulates w ithout regard to size and  density [56].

The m odel used  to predict penetration  of each N95 respirator w as constructed 

using  the criterion in 42 CFR 84. Collection efficiencies of respirators loaded w ith  

aerosols o ther than  NaCl were com pared to these predicted values. A  total of 13 

different N95 respirators were evaluated  w ith  NaCl. O nly one respirator, Racal 

(mechanical), d id  no t contain electrostatic filter m edia. Five replicates of each 

respirator type w ere used  for these tests.

Prior to comm encing the NIOSH m ethod tests w ith  NaCl aerosol, the 

aerosol size distribution was characterized w ith  the DM A to ensure that the 

requirem ents of 42 CFR Part 84 w ere m et. The NaCl aerosol generated for these 

tests w as w ith in  the acceptable range for diam eter and  size distribution, refer to 

Table 5.1. The aerosol concentration average of 14 to 19 m g /m 3 w as below  the 

m axim um  allowable concentration of 200 m g /m  perm itted  by  42 CFR 84 and 

w as sim ilar to concentration of less than  20 m g /m 3 reported by  NIOSH [18]

d u rin g  actual certification testing. N IO SH does no t specify a m inim um  

concentration level of acceptability.
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Table 5.1
C om parison of N95 Requirem ents and Test Conditions for Sodium  Chloride 
Aerosol

42 CFR 84 C riteria Actual T esting  C onditions
CMD 0.075 + 0.02 pm 0.085 pm
GSD <1.86 1.84

Concentration < 200 m g /m 3 43 1pm: 19.5 ±  1.4 m g /m 3 
85 lmn: 14.3 ± 1 .6  m g /m 3

Tem perature 25 ± 5  °C 23 ±  1.1°C
R elative H um idity 30 ±  10 % 26 ±3.9%

Size distribution of sodium chloride aerosol measured with DMA and CNC 
Relative Humidity and Temperature Transmitter probe by General Eastern 
Number of respirator tests for concentration, temperature and relative humidity =65

Environmental Conditions

Table 5.1 also com pares NIOSH requirements for environm ental 

conditions to actual testing conditions. A  solution of sodium  chloride and 

distilled water w as nebulized to generate the aerosol. The relative hum idity  of 

the air rapidly increased w hen  m oisture from the nebulized droplets evaporated 

leaving behind the solid particulate. To compensate for this effect, initial relative 

hum idity  of the system  w as 'se t' at the low end of the range specified by 42 CFR 

84. Once an N95 respirator w as placed in the test chamber, N aCl testing did not 

commence until the upstream  background reading was less than  5.00 

particles/cc, indicating the  system  w as clean and free from leaks. The time 

elapsed confirming background levels resulted in  am bient relative hum idity  in 

the test apparatus to drift dow nw ard  and fall below the target value.

Eighty-nine percent of the tests experienced excursions below  the target 

range for relative hum idity . All b u t nine of these respirators h ad  their low 

readings confined to the first five m inutes of the test. Three respirators had  

excursions for the entire du ra tion  of their tests, relative hum id ity  ranged

131

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



betw een 12.6 to 19.3%; after the first five m inutes of loading, relative hum idity  

increased above 18%. H ow ever, relative hum idity  below  20% w as no t expected 

to decrease particle d iam eter less than 0.085 pm . W ithout a change in  diam eter,

penetration  of NaCl w as expected to rem ain the sam e [76]. CNC- and

photom eter-m easured penetration  m easurem ents for respirators w ith  excursions 

lasting m ore than  the first five m inutes w ere com pared to their replicates. 

Observations indicated th a t low  relative hum idity  excursions m ay  have slightly 

increased respirator penetration  b u t w ere no t beyond the  range of penetration 

for the respirator type.

The com pressed, d ried  air supply, secured to the  inlet o f the HEPA filter 

w ith  duc t seal, loosened du ring  two tests, allowing am bient room  air to en ter the 

HEPA filter. W ithout the  com pressed air supply, relative hum id ity  o f the system  

rapid ly  increased. The diam eter o f the N aCl aerosol w ill increase w hen  in contact 

w ith  h igh  hum idity  environm ents as a result of NaCl absorbing w ater vapor and  

swelling. Above 55% relative hum idity , hygroscopic m aterials, such as NaCl,

have substantial w eight gains [147]. Relative hum id ity  d u ring  tw o tests

increased to 47% and 44% after 2 and 5 m inutes respectively. Brief excursions up  

to 47% w ere no t expected to alter the effective d iam eter of the N aCl particles or 

to alter the penetration results.

Tem perature readings below  20 °C  w ere lim ited to th ree  respirator tests 

and occurred during  the  w inter w hen the am bient tem pera tu re  in  the  laboratory 

was colder than  usual. A n infrared lam p w as subsequently  ad d ed  to the test 

apparatus to m aintain the target tem perature. The low est tem peratures, 18 to 19 

°C , lasted for the entire d uration  of the test, approxim ately 3 to 4 hours. D uration
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of tem peratures below  target for the other two tests lasted betw een 49 to 62% of 

the  testing cycle. L iterature [3] reports that penetration o f a  m echanical filter with

N aC l aerosol w ou ld  increase w ith  decreasing tem perature. W hen viscosity of the 

a ir decreases, sedim entation and  inertial deposition of particles increase. Theory 

predicts m axim um  penetration at a  tem perature of -37 °  C. For this test matrix, 

deviations below  target tem perature m ight result in penetration  readings to be 

slightly h igher than  expected. Only one respirator, Tecnol PFR95, exhibited 

increased CN C-m easured penetration for the first 20 m g load ing  as compared to 

the other replicates. Inclusion of the data  for this respirator m ay have slightly 

increased the initial predicted penetration m easurem ents.

Velocities and Face Seal Evaluation

Face velocity m easurem ents of filters, the velocity of air at the face of the 

filter, allows the results of filtration efficiency to be com pared to other studies. 

U nfortunately, this m easurem ent often goes unreported  in  filtering facepiece 

respirator studies m aking com parisons to previous w ork  m ore difficult. In this 

study, face velocity of N95 respirators w as determ ined b y  m easuring the surface 

area of the respirator and  dividing b y  its airflow rate. M olded filtering facepiece 

respirators w ere assum ed to have the surface area of one-half of a sphere. 

Circum ference of the sphere w as estim ated by averaging tw ice the w id th  across 

the curvature of the respirator w ith  the perim eter of the  face seal. Face velocities 

by  respirator type, s iz e , and  lo t num ber are listed in  A ppendix  Table B.6.

Integrity of the face seal of filtering facepiece resp irators and  the 

p lacem ent of filters in  respirator receptacles w ere evaluated  by  m easuring 

penetration  of m onodisperse 2 pm  latex spheres a t 3 5 1pm, the 3M Large Particle
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Q uantitative Fit Test (LPQFT) M ethod. Penetration of th is particle d iam eter w as 

m easured w ith  the Climet yielding count-m easured penetration  using  the

follow ing form ula [76].

% Penetration=(particle count upstream /particle  count dow nstream ) x 100%
(equation 5.1)

In a previous stu d y  [144], the face seal integrity for dust-m ist (DM) respirators

sealed to m ounting plates w as found to be 0.1%. These researchers used a 

m onodisperse com  oil having a diam eter of 2.5 pm . The sum m ary  of initial 

penetration by respirator type w ith  2 pm  m onodisperse latex spheres for 

evaluating face seal fit for the NaCl loading tests conducted by  this research is 

listed in  A ppendix Table B.6. Collectively the average penetration  of N95 

respirators and filters w as 0.26%. Two respirators, Gerson 2735S and M oldex 

2200, had  penetration greater than  1.2%, biasing this average. The construction of 

these respirators had  elastic head straps stapled to the body  of the respirator. 

U pon visual inspection, sm all holes in  the respirator body  w ere observed around 

the staples. These respirators w ere closely examined for gaps or holes around the 

face seal tha t m ight have accounted for the increased penetration, none w ere 

found. H igher than  anticipated penetration was attributed to the construction of 

the respirator and  not the integrity of the face seal. The 3 M 1860 respirator had  a 

sim ilar construction w ith  the elastic head  straps stapled to the m olded body. 

Unlike G erson 2735S and  M oldex 2200, no visible gaps around  the staples w ere 

observed; initial penetration was 0.17%. Leak rate was also higher than  expected
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for 3M 8210 w hich h ad  elastic straps w elded to the respirator body; initial 

penetration w as 0.17%. Some areas of attachm ent had  scoring creating an  'x ' 

shaped  pattern  appearing like an  indentation in  the w elded area. The rem aining  

n ine respirators averaged an initial penetration of less than  0.02%. Four of th e  

respirator types tested in  this study had average penetration  reading  above 0.1% 

w hich was indicative of possible leak(s) a t the face seal. Since visual inspections 

of the face seal d id  no t reveal any weak areas or gaps, increased penetration  w as 

attributed to the construction m ethods of the respirators an d  no t the in tegrity  of 

the face seal.

Tests w ere term inated once the target mass of 200±5 m g  NaCl contacted 

the respirator. The actual m ass contacting respirators tested a t 4 3 1pm averaged 

203 ±8 m g NaCl w ith  a range of 189 to 217 mg. Respirators tested  a t 8 5 1pm 

averaged 200 ±10 m g NaCl w ith a range of 154 to 214 mg. D uring  respirator 

loading, aerosol m ass w as estim ated from the upstream  m ass collected o n  p re ­

desiccated Millipore filters and was used for deciding the term ination tim e o f  the 

test. Mass reported as contacting the respirator was com puted  after the M illipore 

filters had  been post-desiccated for 24 hours. Divergence from  the target m ass 

w as possibly due to com putation error, variability in aerosol concentration, o r 

early term ination of the tests. Three of the five Tecnol PFR95 respirators, tested  at 

8 5 1pm, had  their tests term inated early w hen the respirators collapsed from  

aerosol loading. The flattened respirators effectively sealed the  exhaust ou tle t on 

the holder through w hich sufficient airflow could no longer be draw n. Tests w ith  

Tecnol PFR95 w ere term inated after 155 to 190 m g NaCl contacted the respirator. 

Four of the five M oldex 2200 respirators, tested a t 8 5 1pm, exhibited som e degree 

of respirator separation ranging from m inor to severe; how ever, the struc tu ra l
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separation  of the back  layer did  not result in com plete respira tor collapse o r early  

term ination of the tests. The tests that w ere term inated p rem atu re ly  w ere a t the 

end  of their loading  cycle after peak penetration readings w ere m easured. The 

duration  of the N aC l tests for respirator flow rates o f 43 1pm averaged 243 ±18 

m inutes w ith  a range of 209 to 266 m inutes, respirators tested  a t 8 5 1pm averaged 

167+16 m inutes w ith  a  range of 135 to 244 minutes.

Respirator Penetration Evaluation

Respirator load ing  comm enced w hen NaCl generators w ere tu rned  on. 

The system  w as allow ed to equilibrate for one full m inu te  prio r to recording 

initial dow nstream  readings. M axim um  NaCl penetration  occurred du rin g  the 

first 3 to 4 m g  of loading  for all N95 respirators tested. The photom eter-m easured 

penetration  curve for m ost N95 respirators decreased an d  then  reached a short 

p lateau  before penetration  exponentially declined an d  in  som e cases reached 

zero. The shoulder o f the penetration curve occurred betw een 10 and  60 m g 

loading. Figure 5.1 illustrates this phenom enon; data  are p lo tted  from  five 

replicate N aCl loading  tests.

The overall shape of the CNC- and  photom eter-m easured penetration  

curves declined exponentially after reaching m axim um  penetration. Plots of 

photom eter-m easured penetration plots are show n in  figures 5.2 th rough  5.4, 

CN C-m easured penetration  are show n in  figures 5.5 th rough  5.7.

Individual da ta  points were too num erous to clearly identify  the trend  in 

penetration  by  respirator type. An exponential trend  line appeared  to p rov ide 

the best visual fit of the data. For ease of interpretation, tren d  lines of penetration  

are presented. These plots m asked the  plateau effect described above for
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photom eter-m easured penetration. This p lateau  effect w as not observed in  the 

CN C -m easured penetration  curves.

figure 5.1
Sodium  C hloride Loading of Tecnol PFR95 Filtering Facepiece Respirators

Photom eter-M easured Penetration

The shape of the N aCl penetration  curves in  figures 5.1 w as different than

expected for filters m ade w ith  electrostatic filter m edia. Sources [92, 21, 129]

indicated  tha t penetration th rough  respirators or filters w ith electrostatic filter 

m ed ia  w ould  increase un til 15 to  40 m g of N aCl h ad  been loaded.

O nce electrostatic m echanism s w ere  shielded or m asked, mechanical forces 

w ou ld  becom e predom inant and  penetration  w ould  decrease. The shapes of the 

photom eter-m easured penetration  curves for this s tudy  d id  not exhibit a delayed 

peak.
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figure 5.2
Photom eter-M easured Penetration 

N95 Respirators Loaded w ith Sodium C hloride 
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figure 5.3 
Photom eter-M easured Penetration 

N95 Respirators Loaded w ith  Sodium C hloride 
Final Pressure Drop Two to Three Inches of W ater 
Number of replicates tested= 5 for each respirator type
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CNC-M easured Penetration 

N95 Respirators Loaded w ith Sodium  Chloride 
Final Pressure D rop Less Than Two Inches of W ater 

Number of replicates tested= 5 for each respirator type
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N95 Respirators Loaded w ith Sodium  C hloride 
Final Pressure  D rop Greater Than Four Inches of W ater 

Number of replicates tested=5 for each respirator type
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One possible theory tha t m ight explain the shoulder in the penetra tion  curve for 

these tests could be a ttribu ted  to com petition betw een electrostatic and  

mechanical collection forces a t the beginning of the loading cycle. Both 

properties are inherent w ith  the fine diam eter melt b low n fibers. A  typical 

penetration pattern  for purely  electrostatic filter m edium  has a  peak  in  

penetration curve du rin g  the first p a rt of the loading cycle. A  typical penetration 

pa ttern  for purely  m echanical filter m edium  is to have an  initial penetration 

higher than electrostatic and  then  decrease w ith  loading an d  possible m erge w ith 

the pu rely  electrostatic penetration  curve. The actual penetration  of a respirator 

having  these two collection forces a t the beginning of the load ing  cycle w ould lie 

som ew here in  betw een and  could be one possible explanation for this shoulder.

More recently, M oyer and Bergman [154] reported m axim um

photom eter-m easured penetration of N95 respirators w ith  N aC l aerosol 

occurring after the first few  m g of loading followed by decreased penetration. 

Some of their data  indicated a plateau in the penetration curve du ring  the first 

approxim ate 30 m g of loading. It w as unknow n if the N95 respirators tested in 

their study  contained electrostatic filter media. During a telephone conversation, 

it w as indicated th a t the  shape of their penetration curve w as very  typical for 

N95 respirators although it w as dependent upon the com position of the filter

m edia [155]. The shapes of the NaCl penetration curves in  th is s tu d y  were

sim ilar to their findings. O nly one of the respirators they tested  h ad  a significant 

rise in  penetration later in  the loading cycle, similar to the findings of referenced 

sources.
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The penetration m easurements by  the photom eter w ere v e ry  different 

from the CNC. The differences in the operating characteristics of these two

instrum ents has been studied by Tillery e t al. [139] and Bierm ann and  Bergm an

[138] and is discussed in Chapter IV. These w orks examined the variation in

instrum ent response by  particle size. To obtain a better understanding  of how  the 

CNC-m easured penetration obtained by  this study  was so m uch greater th an  the 

photom eter-m easured penetration, additional w ork  w ould be necessary. The 

particle size distribution upstream  and dow nstream  from  the respirator d u ring  

the loading cycle w ould  need to be characterized for each respirator type 

studied. This additional research was beyond the scope of this project.

Sodium Chloride Results

Simplified ANOVA m odels from NaCl penetration, CNC- and  

photom eter-m easured, were constructed to predict penetration of respirators 

loaded w ith  asphalt, alum inum  oxide, and  m etal cutting fluid. Respirators 

included in these m odels were grouped according to the selection of workplace 

contaminants. The tw o groupings of N95 respirators m odeled for N aCl 

penetration were:

a) Respirators loaded w ith asphalt contam inants;

MSA Affinity Plus, Pro-Tech F200 filter, Racal (mechanical), Racal 

lot A, Racal lot B, and Tecnol PFR95,

b) Respirators loaded w ith alum inum  oxide dust and metal cu tting  fluid, bo th  

laboratory and  field;

MSA Affinity Plus, Pro-Tech F200 filter, Racal (mechanical), and  

3M 8210.
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ANOVA m odels o f CNC- and  photom eter-m easured penetration  w ith  N aCl 

aerosol can  be found  in  A ppendix  Tables B.6 th rough  B.9. "M ass of sodium  

chloride", "resp ira tor type", and  their interaction term  w ere alw ays included in 

the m odels as independen t variables. Terms for "initial fit", "tem perature" and 

"relative hum id ity"  w ere correlated and added  to the m odel if they w ere found 

to be significant (p<0.05). A n additional criterion used  w as th a t the term s 

included in  the final m odels had  to explain at least one percen t of the variability 

in  penetration. Percent penetration, the dependen t variable, w as transform ed, as 

necessary, using  the Box Cox analysis. A n exam ple of the effect of the 

transform ation a ttem pting  to norm alize penetration  data  is presented in  figures 

5.8 and  figure 5.9.

0.15 0.75 1.35 1.95 2.55 3.15 3.75
% p e n e tra tio n

figure 5.8
D istribution of Penetration M easured by  the Photom eter U ntransform ed Data 
N95 Respirators From  The A lum inum  O xide D ust-M etal Cutting Fluid M ist 

G roup L oaded W ith Sodium  C hloride Aerosol
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figure 5.9
D istribution of Penetration M easured by  the Photom eter, D ata Transform ed 
N95 Respirators From  the A lum inum  Oxide Dust-M etal C utting Fluid M ist 

G roup Loaded w ith  Sodium  C hloride A erosol

These histogram s d isp lay  photom eter-m easured penetration  for the alum inum  

oxide-m etal cutting fluid m ist respirator grouping loaded w ith  NaCl aerosol 

using  the NIOSH m ethod tests. The R2 values of the  ANOVA m odels ranged 

from  0.767 to 0.847. Coefficients generated from  these m odels w ere subsequently 

app lied  to data  from  respirator loading w ith  w orkplace contam inants to com pute 

p red icted  (transform ed) penetration  values. M easured penetration  

m easurem ents from  respirators loaded w ith  aerosol o ther than  NaCl could then 

be  com pared to their p red icted  values using  an F test.

The reliability o f the N aCl ANOVA m odels for N95 respirators, w as 

confirm ed by  applying the coefficients from  the ANOVA m odels to the N aCl 

da ta  from  w hich they w ere generated. Plots com paring observed and predicted 

N aC l penetration for each respirator in  the asphalt contam inant test m atrix  are
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located in  A ppendix  Graphs C .l th rough  C.12. These plots are a visual indication 

o f how  w ell the  m odels predicted  penetration. G raphs of predicted  NaCl 

penetration indicated that the NIOSH m odels for Pro-Tech F200 w as a poor fit of 

the actual data. Penetration of the  Pro-Tech F200 filter decreased linearly un til 50 

m g o f NaCl h ad  been loaded, w ith  the dependent variable retaining its un ique  

transform ation. Observed penetration m easurem ents beyond 50 m g w ere 

relatively flat and  near zero. The predicted  values attem pted to m ake a linear fit 

across the entire range of loading. Creating separate ANOVA m odels for th is one 

respirator w ould  have resulted in  im proved accuracy for com paring observed 

penetration of this respirator loaded w ith  workplace contam inants to its 

predicted penetration values based upon  the NIOSH certification m ethod. 

C reating separate m odels for each respirator type w ould have prohibited any 

com parisons betw een the electrostatic respirators and the m echanical N95 

respirator.

Global com parisons w ith  the N95 respirator groupings described above 

w ere m ade betw een predicted and  observed penetration using  an  F test. The F 

test values for CNC- and photom eter-m easured NaCl penetration  were 1.00 w ith 

a  p value of 0.500. The null hypothesis w as accepted and the difference betw een 

the observed and  predicted CNC- and photom eter-m easured N aCl penetration 

values w ere no t significantly different, p>0.05, indicating the ANOVA m odels 

adequately predicted penetration.

D ioctyl Ph thalate  (DOP)

The pu rpose  of the DOP tests w as to duplicate the N IO SH  certification 

m ethod for constructing a m odel for com paring an electrostatic P100 filter, 3M 

2091, loaded w ith  workplace contam inants. In  addition to the 3M 2091 filters,
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tw o other P100 cartridges w ere included for testing, 3M 7093 (w ith mechanical 

filter media) and Pro-Tech G108 (w ith electrostatic filter m edia). Predicted 

penetration of the 3M 2091 filters w as constructed using the  criteria in  42 CFR 84 

specifying the testing m ethod for NIOSH certification of P100 air purify ing  

respirators. Collection efficiencies of this respirator loaded w ith  aerosols o ther 

than DOP could be com pared to  their predicted values. Five to six replicates 

w ere used for these tests.

Before the NIOSH m ethod tests w ith  DOP aerosol could begin, the aerosol 

size distribution w as characterized to ensure that the requirem ents of Title 42 

CFR Part 84 were m et. Table 5.2 com pares the criteria for this aerosol to the 

actual aerosol used for these tests. The DOP aerosol generated for these tests was 

w ithin the acceptable range for particle diam eter. The actual size d istribution  

w as at the m axim um  specified bounds of the requirem ent. The aerosol 

concentration for these tests averaged 65+3 m g /m 3 and  w as below  the 

m axim um  allowed by  42 CFR 84, w hich does no t specify a m inim um  

concentration level of acceptability.

Table 5.2
Dioctyl Phthalate Aerosol and P100 Respirator Testing Requirem ents Com pared 
to Actual Conditions

42 CFR 84 C riteria Actual T esting  C onditions
CM D 0.185 ±  0.02pm 0.20pm
GSD <1.60 1.60

C oncentration <200 m g /m  3 65.6 ±3.5 m g /m 3
Tem perature 25 ±  5 °C 24 ±0.9 °C

Relative
H um id ity

not specified 23 ±5.7%

Size distribution of sodium chloride aerosol measured with DMA and CNC 
Relative Humidity and Temperature Transmitter probe by General Eastern 
Number of respirator tests for concentration, temperature and relative humidity =15
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This concentration w as also less than  100 m g /m 3 used  for actual certification

testing, as described by  N IO SH  [84 ]. Aerosol concentration w as intentionally

low ered for tw o reasons. First, low er concentration increased the du ra tion  o f the 

test allowing additional penetration  m easurem ents to be recorded. Second,

fluctuation in concentration above 100 m g /m 3 exceeded the capabilities o f the 

photom eter. The DOP aerosol used  in this study  for evaluating the collection 

efficiency of P100 air purify ing  respirators m et the 42 CFR 84 requirem ents. 

Environmental Conditions

Table 5.2 also com pares the actual environm ental conditions to the 

requirem ents of 42 CFR 84. There w ere no excursions in  air tem perature du ring  

these tests and overall this requirem ent was satisfied. A  target range for relative 

hum idity  is no t stipu lated  in  42 CFR 84 as the size d istribution of an oily aerosol 

is no t influenced by  acquiring m oisture and sw elling, as in  the case of NaCl. The 

large standard  deviation for relative hum idity  du ring  actual testing conditions 

was prim arily due  to house com pressed air being supp lied  to the inlet o f the 

HEP A filter a t the air intake for the system  during  som e tests and  no t for others. 

Overall this variability d id  n o t influence penetration m easurem ents.

Face velocities th rough  the respirators w ere com puted  by  div id ing  the 

flow rate by the surface area of the respirator. R espirator cartridges w ere opened 

and  filter m edia unpleated  p rio r to m easuring the surface area. Face velocities by 

respirator type and  lot num ber are located in  A ppendix Table B.8.

Respirator Penetration Evaluation

Tests w ere term inated  once the target m ass of 200+5 m g of DOP h ad  

contacted the respirator. The actual average mass contacting respirators w as
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199 ±5 m g DOP w ith  a  range of 188 to 207 mg. D uring respirator loading, aerosol 

m ass w as estim ated from  the upstream  mass collected on  pre-desiccated 

M illipore filters. M ass reported  as contacting the respirator w as com puted  after 

the filters h ad  been post-desiccated for 24 hours. Divergence from  the target was 

due  to possible com putation error and early term ination of the testing.

Penetration m easurem ents of P100 cartridges and  filters contained a high 

degree o f variability, m aking it difficult to construct a penetration curve. As 

loading increased, overall photom eter- and CNC-m easured penetration  was 

either flat o r increased slightly for the electrostatic respirators an d  decreased for 

the m echanical respirator. The shape of the penetration curve w as expected to

increase w ith  loading as DOP is the m ost degrading aerosol know n [35, 78].

Penetrations of P100 respirators loaded w ith DOP for these tests are displayed in 

figures 5.10 and  5.11.

Dioctyl Phthalate Results

Simplified ANOVA m odels for CNC- and photom eter-m easured DOP 

penetration  w ere constructed for 3M 2091 respirator. The independen t variable 

"m g DOP" loaded onto the respirator as com puted from  upstream  sam pling was 

alw ays included in  the model. O ther terms were correlated and  added  if found to 

be significant (p<0.05) and w ere able to explain at least one percent of the 

variability in  penetration. Penetration, the dependent variable, w as transform ed 

as necessary based u p o n  the Box Cox test. The R value for the CNC-m easured 

penetration  m odel w as 0.70 and the final model d id  n o t contain any  interaction 

term s. Photom eter-m easured penetration contained a h igh degree of variability 

resulting in  a poor fitting model. Interaction terms added  to the m odel increased
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the R2 from 0.136 to 0.428. This increase was considered to  be an artifact adding 

variability as the m odel as it attem pted to fit the data; therefore, these interaction 

term s were not included. The photom eter-m easured penetration m odel w as 

unable to explain 86% o f the variability in penetration and  any com parison to it 

w as deem ed suspect. These ANOVA models can be found in  A ppendix Tables 

B.12 and B.13. Predicted penetration values were generated and used to test the 

reliability of the m odel b y  applying coefficients from the ANOVA m odel back to 

the original data. C om parisons between observed (transform ed) CNC-m easured 

penetration and p red icted  (transformed) penetration w ere m ade using  an  F test.

0.0012

0.001 o
c  o
~  0 .0 0 0 8  
<0 1m4-*
®  0 .0 0 0 6  
0>

0 .0 0 0 4
o"-

0 .0 0 0 2  

0 . 0 0 0 0
0 5 0  1 0 0  1 5 0  2 0 0  2 5 0

m g DOP lo a d ed

Pro-Tech G 108  
3M  2091
3M  7 0 9 3  (m echanical)

figure 5.10 
CNC-M easured Penetration 

P100 Respirators Loaded w ith  DOP 
Num ber of replicates tested= 5 for 3M 7093 and Pro-Tech G108; Num ber of replicates

tested=6 for 3M 2091

The F value w as 1.00 w ith  a p  value <0.998 indicating th a t there w as no t any 

difference betw een observed and predicted penetration. M easured penetration
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m easurem ents from  the 3M 2091 respirator loaded w ith  aerosol o ther than  DOP 

could then be  com pared to its predicted values.

0 .0 0 3 0
Pro-Tech G 1 0 8  
3M  2091
3M  7 0 9 3  (m echan ica l)0 .0 0 2 5

0.0020
CO

0 .0 0 1  5

0.001 0

0 .0 0 0 5

0 . 0 0 0 0
2 5 02005 0 1 0 0  1 5 0

m g DOP lo a d e d

figure 5.11 
Photom eter-M easured Penetration 

P100 Respirators Loaded w ith  Sodium  C hloride 
Number of replicates tested= 5 for 3M 7093 and Pro-Tech G108; Number of replicates

tested=6 for 3M 2091

A sphalt C ontam inants

Loading air purifying respirators w ith  contam inants em itted  a round  an 

asphalt m elting kettle w as the first field test w ith  w orkplace contam inants. 

Testing began on  Septem ber 9,1997 and  continued th rough  the  end  of October 

1997. Due to a bu ild ing  contam ination problem  at the roofing site, roofing 

operations w ere suspended  until m id December a t w hich  tim e respirator testing 

w as com pleted. The day  before N95 respirators w ere loaded w ith  asphalt 

contam inants in  the field, initial fit w as evaluated using  the 3M  LPQFT m ethod. 

Refer to A ppendix  Table B.14 for a sum m ary of the average in itial fits by
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respira tor type. Respirators, secured to their holders, w ere sto red  overn ight in  

clean plastic bags. C um ulative, initial penetration averaged 0.17%. MSA Affinity 

P lus had  one respirator w ith  an initial leak rate of 4.07% causing  the average 

initial penetration to increase to 0.74%. Including this resp ira to r in  the analysis 

m ay  have resulted in  slightly  higher penetration readings as face seal leakage 

w as likely. D isregarding this one outlier, the average leak rate  for this respirator 

w as 0.26%, w ith  an  overall initial penetration of N95 respirators o f 0.09%. Face 

seal leakage for Tecnol PFR95 and  MSA Affinity Plus w ere slightly  higher for 

these tests com pared to the  NaCl loading tests.

The tem perature o f the m elting kettle w as m aintained in  the range of 485 

to 500 °F. In  the m orning, the kettle burners operated abou t 30 to 60 m inutes 

before this tem perature w as reached. Respirator loading d id  no t begin  un til a 

visible w hite p lum e w as discharged from the m elting kettle. The visual and 

gravim etric am ounts of contam inants em itted seem ed to be  dependen t upon  the 

operation of the kettle an d  the am ount of asphalt being m elted. A sphalt for 

m elting was added  to the kettle in  100 lb plugs. If dem and for m elted  asphalt 

w as high, the kettle bu rners operated  at a higher tem perature to quickly m elt the 

additional plugs. The m easured  concentration of asphalt contam inants started 

o u t low  in the m orning du ring  the first two hours of loading, th en  increased to 

the highest levels du ring  the  second two hours of loading before tapering  off 

du rin g  the last loading period. The w ind direction changed th roughou t the day. 

In  the m ornings w ind  w as usually  from the southw est an d  b y  m idm om ing  to 

noon, it w as from  the n o rth  to northw est. The "exposed" respirators w ere on a 

m obile stand that w as repositioned around the asphalt kettle so th a t the
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respirators w ere dow nw ind from the asphalt aerosol. For m axim um  loading, the 

respirator stand  w as located approxim ately five feet from  the edge of the m elting 

kettle. The "control" respirator was located approxim ately 60 feet southw est 

from  the asphalt kettle near the duct of a positive pressure build ing  exhausting 

am bient indoor quality  air to the exterior. The exhausted air w as directed tow ard  

the "control" respirator. This airflow provided additional protection to the 

"control" respirators from  asphalt loading. O n a  few  occasions, the roofing crew  

finished early and  the kettle burners were tu rned  off prior to rem oving 

respirators from their stands. Kettle tem perature rem ained in the target 

operating range b u t the visible plum e was m inim al.

Tem perature and  relative hum idity of the am bient air a t the roofing site 

w ere recorded w ith  a chilled m irror hygrom eter. A n MSA Ultra filter was 

connected to the inlet of the sam ple line to p reven t particle deposition on the 

m irrors from altering the calibration of the instrum ent. The filter housing and  

connections attached to the sam ple line w ere originally m etal tha t could 

potentially retain heat and  alter the readings. O n October 2, a 47 m m  0.45pm 

N uclepore filter in a plastic holder replaced the MSA U ltra filter and  all 

connections were changed to plastic. A reflective panel m ade from  a cardboard 

box covered w ith  a lum inum  foil was placed over the un it to p revent w arm ing  

the sensor from  the sun 's radiant heat. A m bient air tem perature next to the 

"exposed" respirators w as compared to the "control" respirator using  a m ercury- 

glass therm om eter. The m id-day air tem perature next to the "exposed"

respirators averaged about 2 to 3 °C  higher than  the "control" respirator d u e  to 

the close proxim ity of the m elting kettle.
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Halfway through  this testing matrix, a yellow residue  w as observed inside 

the flow m eter regulating airflow for the cascade im pactor. The flow  m eter w as 

disassem bled and cleaned and  the residue d id no t reappear. It w as suspected 

that volatiles from the asphalt contaminants had  either passed  through o r w ere 

stripped off the backup filter on  the cascade im pactor an d  condensed on the 

glass w all of the flow m eter to form this buildup. This residue  w as no t observed 

inside the flow m eters regulating airflow for the respirators. O ne possible 

explanation for the yellow  residue not forming inside th e  flow  m eters for the 

respirators was that the pressure drop across the respirators w as m uch less than  

the pressure drop across the cascade impactor. The g reater the pressure drop, the 

more likely volatiles w ill be removed from the filter by  the  airflow  and condense 

on the walls of the flow m eter.

From September 11,1997 to October 16,1997, flow  rates through the 

respirators and the cascade impactor were established w ith  a  ho t w ire 

anem om eter calibrated against the spirometer. After a m o n th  of testing, a residue 

was observed coating the wire. During the cleaning process, the w ire was 

dam aged resulting in significant changes to the m easured  flow readings w hen  

the anem om eter was rechecked w ith the spirometer. F low  readings for the last 

portion of the tests w ere established with the sharp edge orifice and magnehelic 

gauges that had  been calibrated against the spirom eter.

Size Distribution

The A ndersen Cascade Impactor was used to determ ine the size 

distribution of the contam inants. The target volum e of a ir  to be collected by  the 

cascade im pactor w as 10,000 L. The computed and fitted size distributions of 

asphalt contam inants collected by the cascade im pactor a re  contained in Table
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5.3. Overall, the fitted M MAD w as larger th an  the actual MMAD as reflected in  

the  increased average d iam eter and  standard deviation. O n the first stage tha t 

cap tu red  the  largest particles, the mass collected w as low  b u t then  reached a 

m axim um  on  the second stage. The mass collected tapered off on  subsequent 

stages collecting sm aller particles. The cascade im pactor tends to give a b im odal 

d istribution.

Table 5.3
Size D istribution of A sphalt Contam inants

Size D istribution MMAD ( x ±<t ) pm GSD (range)
C om puted 3.9 ±  0.52 pm 1.31 to 2.22
Fitted 4.5 ±  1.04 pm 1.33 to 2.85
Data collected with Andersen Cascade Impactor 
Sampling dates 9 /11 /97  to 12/12/97  
Number of testing days=17

The fitted data  norm alized the aerosol into a lognorm al size d istribution 

an d  indicates that particles w ere missing in the  larger size bins, shifting the 

distribu tion  slightly to the right. The lognorm al probability  p lo t of the fitted 

asphalt size distribution is presented in figure 5.12.

The low  vapor pressure for the volatile fraction of asphalt fum es can result 

in  them  being  easily rem oved once they are collected on  a filter. This can resu lt in

som e of the collected m ass being lost [156]. It is unknow n if the m ass lost w ould

vary  by  particle size and possibly shift the size d istribution  as reported  by  the 

cascade im pactor. Q uantifying w eight loss by  particle size w ou ld  require 

additional s tudy  and w as beyond the scope of this project.
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figure 5.12
Fitted Size D istribution of A sphalt Contam inants 

Data collected with Cascade Impactor on 9/25/97 
Fitted: MMAD 4.74 pm, GSD 1.64

Asphalt Concentration

The concentration of contam inants generated next to  the asphalt kettle 

and  am bient background levels next to the "control" respirators w ere 

determ ined  using  a sam pling train  consisting of a h igh volum e pum p and  a 

closed face filter cassette. Closed face filter cassettes next to the asphalt kettle 

initially sam pled  for the entire six h o u r duration  of exposure bu t later w ere  

changed after each two hours of exposure to capture fluctuations in  the aerosol 

concentration throughout the day. The "control" cassettes collected am bient 

background  for the  entire six hours. Concentration m easurem ents from  the 

cassette sam ples w ere used for com puting m ass loaded onto the respirators. O n 

O ctober 15,1997, the lid on the asphalt m elting kettle w as replaced. The o ld  lid
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w as cracked, allowing increased emissions from the kettle. O nce the new  lid was 

installed, average concentration m easurem ents next to the kettle w ere severely

3 3reduced from 2.25 m g /m  to 0.64 m g /m  . Asphalt contam inant levels w ere 

increased slightly by  opening two flaps on the kettle lid to allow  m ore of the 

w hite vapor and  aerosol to escape. Tests w ith respirators hav ing  low loading 

levels w ere repeated in an  effort to obtain higher loading levels. This resulted in 

some respirators having a greater num ber of replicates than  others. All 

respirators w ere in at least six "exposed" tests w ith  asphalt contam inants and  

two "control" tests. Racal (mechanical) had  a sam ple size of tw elve "exposed" 

and four "control" tests, Racal lot B h ad  a sample size of n ine "exposed" and  

three "control" tests.

D ue to the lid replacem ent, operating conditions of the kettle, and 

m eteorological conditions, concentration measurements and  subsequent asphalt 

loading varied from  day to day. Concentration averages com paring "exposed" 

and "control" respirators are located in Table 5.4.

Table 5.4
Concentration Com parisons of "Exposed" and "Control" Respirators Loaded 
w ith  A sphalt Contam inants____________________  ____________________

Average Concentration (m g/m 3) Range (m g /m J)
"Exposed" 1.7 ± 1.6 0.1 to 7.3
"Control" 0.2 ± 0.1 0.0 to 0.2

According to the NIOSH m ethod 500, the maxim um  air volum e for sam pling is 

133 L a t 15 m g /m 3. Sam pling background contaminants for 360 m inutes resulted 

in 720 L being collected exceeding the  NIOSH recom m ended m axim um  volume; 

how ever, the mass collected, 0.14 m g, was far below the 2 m g allow ed by  the
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m ethod. In th is study, sorbent backup tubes w ere no t used  in  the sam pling trains 

th a t w ould  have captured the volatile fraction. The asphalt contam inant 

concentrations reported m ay have resulted in an  underestim ation of the true 

m ass contacting the respirators.

Asphalt Results

The effects of the sam pling protocol on  respirator perform ance w ere 

evaluated by  com paring "exposed" respirators to their "controls". This 

determ ined w hat effect, if any, resulted from  placing a respirator upw ind  from  

the asphalt kettle for six hours, d raw ing th rough  a h igh  volum e of air, and 

evaluating penetration four times w ith N aCl aerosol. Differences betw een 

"exposed" an d  "control" respirators reflect the effects of asphalt contam inant 

loading. Com parisons were m ade using an  ANOVA specific to each respirator. 

These m odels w ere kept very sim ple w ith  the dependen t variable, percent 

penetration, rem aining untransform ed. "M inutes loaded" and  

"exposed /contro l" were the only independent variables added  to the m odels 

along w ith  their interaction term  defining slope of the loading curve. It was 

assum ed that all other terms describing field conditions w ere equal. A sum m ary  

of the p values from  the ANOVA tests by  respirator type and  penetration 

m easurem ent are show n in Table 5.5. The null hypothesis, no difference betw een 

"exposed" and  "control" respirators, w as accepted w hen  p  values w ere greater 

than  0.05. Conversely, the alternate hypothesis, a difference exists betw een 

"exposed" an d  "control" respirators, was accepted w hen  the p  value w as less 

than  0.05. G raphs of the data are show n in  A ppendix G raphs C.13 through C.26. 

Intercepts for all respirators w ere n o t significantly different. This leads to the 

conclusion th a t irrespective of the treatm ent given the respirators, penetration
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m easurem ents w ere no t significantly different p rio r to loading (p>0.05). Slopes of 

CNC- and photom eter-m easured penetration  for N95 respirators w ere 

significantly different for MSA Affinity Plus, Racal lot A, and  Tecnol PFR95 

respirators. The slopes for photom eter-m easured penetration w ere significantly 

different (p<0.05) for Racal (mechanical) and  Racal lot B respirators.

Table 5.5
Respirators Loaded w ith  A sphalt C ontam inants
ANOVA Summary: p  Values For Intercepts and  Slopes of Loading C urves 
C om paring "Control" to "Exposed" R espirators________________________

Respirator Type
C N C-m easured Photom eter-m easured

intercept slope intercept slope
3M 2091 P100 0.9374 0.1483 0.6357 0.1405
MSA Affinity Plus 0.9570 0.0463* 0.6950 0.0041*
Pro-Tech F200 Filter 0.4315 0.7234 0.6466 0.0113*
Racal (mechanical) 0.8546 0.0642 0.8946 0.0004*
Racal Delta lot A 0.2863 0.0153* 0.2259 0.0004*
Racal Delta lot B 0.9890 0.0715 0.7070 0.0031*
Tecnol PFR95 0.6780 0.0067* 0.6454 0.0045*
^denotes a p value < 0.C5
Testing dates 9 /11 /97  to 12/12/97
Number of replicate "exposed" samples: 3M 2091=6, MSA Affinity Plus=6, Pro-Tech 
F200=6, Racal (mechanical)=12, Racal lot A=6, Racal lot B=9, Tecnol PFR95=6 
Number of replicate "control" samples: 3M 2091=2, MSA Affinity Plus=2, Pro-Tech 
F200=2, Racal (mechanical) =4, Racal lot A=2, Racal lot B=3, Tecnol PFR95=2

All N95 respirators h ad  som e differences betw een the "exposed" an d  "control" 

w ith  duration  of exposure as ev iden t in  A ppendix Graphs C.13 th rough  C.26. 

These differences w ere attribu ted  to  asphalt contam inant loading an d  no t the 

protocol itself. D ata from  loading  N95 respirators w ith  asphalt w ere  applied  to 

the NaCl m odel to generate p red icted  penetration. A ny differences betw een  the 

predicted  and  observed values w ere attributed to the effects of a sphalt loading 

and  w ere no t considered to be associated w ith  the test protocol.
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Differences in  slopes for 3M 2091 respirators w ere no t found to be 

significantly different w ith  duration  of exposure, even though the p lo t of these 

data  indicated that penetration for the "exposed" respirators increased com pared 

to the "controls". This P100 series filter has a m uch higher efficiency than the 

N95s and penetration w as less likely to degrade from exposure to asphalt 

contam inants.

In  order to answ er the question, "Is there a difference betw een the 

collection efficiency of respirators containing electrostatic m edia and  those 

containing m echanical filter m edia?" the slope of each electrostatic N95 

respirator w as com pared to the mechanical N95 respirator using  the W ald test. 

ANOVAs w ere constructed for both  CNC- and photom eter-m easured 

penetration. Data used in these m odels w ere restricted to "exposed" respirators. 

The CNC m odel found both tem perature and relative hum idity  for field 

conditions to be significant term s. Data for these variables w ere n o t collected nor 

w ere they relevant at zero loading w hen initial penetration m easurem ents were 

recorded. Later these term s w ere rem oved since including them  in  the m odel 

deleted initial penetration data. All interaction terms found to be significant (p < 

0.05) w ere included in  these m odels. Refer to Appendix Tables B.15 and B.16. 

Respirator perform ance was defined by change in respirator penetration  during  

loading or the slope of the loading curve. Coefficient from  the ANOVA m odel 

for "m g asphalt" w as added  to the coefficient for the indiv idual respirator from 

the "m g asphalt by respirator type" variable to derive indiv idual slopes. The Z 

test statistic for the W ald test w as com puted by taking the difference betw een the 

slopes for the electrostatic respirator and the mechanical respirator and dividing 

by  the pooled standard  error. If the p  value of the Z statistic w as greater than
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0.05, the null hypothesis w as accepted and perform ance of th e  electrostatic 

respirator was determ ined to be comparable to the m echanical respirator. 

Conversely if the p  value of the test w as less than 0.05 then  th e  alternate 

hypothesis w as accepted and electrostatic respirator perform ances w ere 

determ ined to be significantly different from those of the  m echanical respirator. 

ANOVA analyses are located in Appendix Tables B.17. and  B.18.

The results of the W ald test found only one electrostatic respirator, Pro- 

Tech F200, to be significantly different (p<0.05) from the m echanical respirator 

for CNC-m easured penetration. This w as the only respirator to  have a negative 

slope, penetration decreased w ith  loading, suggesting that it h a d  the best 

performance of all respirators tested. These findings suggest th a t the  overall 

filtration efficiency of the electrostatic respirators w as com parable to, or slightly 

better than, the m echanical respirator.

The predicted penetration values derived from the A N O V A  m odels were 

plotted against m ass loaded onto the respirators. H ad the transform ed 

penetration values been plotted, it w ould have been very  difficult to visualize the 

differences betw een respirator performances. By p lotting the backtransform ed 

penetration values from  the ANOVA models, the relationships identified by the 

models can easily be seen. Individual data points w ere too num erous to clearly 

identify these relationships. For ease of interpretation, the tren d  lines for each 

respirator type are presented in  the rem aining graphs in  this chapter. Figure 5.13 

depicts the backtransform ed CNC-measured penetration w ith  respect to 

respirator loading. Figure 5.14 depicts the same group of respirators loaded w ith  

asphalt contam inants and  the backtransformed photom eter-m easured
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penetration. The leng th  of the lines depicting photom eter-m easured penetration 

corresponds to the m axim um  mass loaded on  each respirator type.

c
o
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Pro-Tech F200 
Racal Delta lot B 

■ Racal (mechanical) 
Tecnol PFR95 

- Racal Delta lot A 
MSA Affinity Plus

20 40 60 80 100
m g asp h a lt

120 140 160

figure 5.13 
CNC-M easured Penetration 

N95 Respirators Loaded W ith A sphalt Contam inants 
Fitted MMAD 4.5 ±  1.04 pm  
Fitted GSD range 1.33 to 2.85 

Number of replicate samples: MSA Affinity Plus=6, Pro-Tech F200=6, Racal 
(mechanical)=12, Racal lot A=6, Racal lot B=9, Tecnol PFR95=6

The results of the W ald test for photom eter-m easured penetration found  

tw o respirators, Racal lot A and  Tecnol, to be the com parable to the Racal 

m echanical, all others w ere significantly different (p<0.05). A closer exam ination 

of these data  revealed th a t the  W ald approxim ation w as no t an accurate 

reflection of the g raphed  data  for comparison of the  m echanical respirator to the 

Racal lot A  and the Tecnol. To correctly determ ine if these two electrostatic 

respirators w ere indeed different from the m echanical respirator, data  w ere 

recoded and  reanalyzed. The data from Racal lot A  respirators w ere coded to
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m atch th e  Racal m echanical respirators and  inserted  back in to  the ANOVA 

m odel. T he sum  of squares erro r from the new  AN OVA m odel w as averaged 

w ith  the su m  of squares erro r from the old A N OVA m odel and  this value w as 

divided b y  the m ean square erro r of the original m odel to com pute  an  F-ratio.

14
Racal Delta lot A 
MSA Affinity Plus 
Tecnol PFR95 
Pro-Tech F200 
Racal (mechanical) 
Racal Delta lot B

12
co
<8
-4->0)c

140100 120 16040 60 800 20

mg asphalt loaded

figure 5.14
Photom eter-M easured Penetration 

N95 Respirators Loaded W ith A sphalt C ontam inants 
Fitted MMAD: 4.5 ±  1.04 jim 
Fitted GSD: range 1.33 to 2.85 

Number of replicate samples: MSA Affinity Plus=6, Pro-Tech F200=6, Racal 
(mechanical)=12, Racal lot A=6, Racal lot B=9, Tecnol PFR95=6

The p  values from  the F test for the Racal lot A  com bined w ith  the Racal 

m echanical w as <0.0001. The p values from  the F test for the Tecnol com bined 

w ith  the Racal m echanical w as also <0.0001. These tests de term ined  tha t all 

electrostatic respirators w ere different from  the Racal m echanical. The Racal 

Delta lo t B resp irator had  a steeper slope than  the  m echanical, all o ther 

electrostatic respirators had  flatter slopes th an  the  m echanical respirator.

162

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



These findings suggest that the electrostatic respirators had  perform ances 

com parable to the m echanical w hen slope from  the CNC-m easured penetration  

w as analyzed. H ow ever, w hen  com paring the  slopes from photom eter-m easured 

penetrations, the electrostatic respirators had  im proved perform ance w hen  

loaded w ith  asphalt contam inants. Since this m easure is m ore closely related to a  

'dose" a respirator w earer m ay experience from  exposure to asphalt 

contam inants, m ore im portance w ould be placed on the photom eter results as 

com pared to the CNC results. Overall the electrostatic respirators had  slightly 

im proved filtration efficiency as com pared to the m echanical respirator w hen  

loaded w ith  asphalt contam inants. This conclusion refuted the hypothesis tha t 

the electrostatic charge on  fibers in respirators containing electrostatic filter 

m edia w ou ld  be m asked or degraded by the volatile fraction or vapors in asphalt 

contam inants thereby decreasing their collection efficiency as com pared to 

respirators containing m echanical filter m edia.

Referring to figure 5.14, once 50 to 70 m g of asphalt contam inants w ere 

loaded onto  Racal (mechanical) and Tecnol PFR95 respirators, collection 

efficiency decreased below 95%. Extrapolating the slope for Racal lot B, the 

collection efficiency of this respirator w ould be expected to decrease below  95% 

w hen loaded  w ith  approxim ately 50 mg. These findings suggest that the N95 

class of respirators m ay provide less protection than  their rating w hen loaded 

w ith asphalt contam inants. N ote that the data  points for the Pro-Tech F200 filter 

reflected a m axim um  asphalt contam inant loading  of about 25 m g, far less than  

the 60 to 120 m g loaded on the other respirators. The difference in loading w as 

prim arily  a ttributed to the flow  rate of 43 1pm for a filter com pared to 8 5 1pm for
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the filtering facepiece respirators. The configuration of the Pro-Tech F200 h ad  the 

least filter area and h ighest face velocity of all respirators tested in  th is m atrix.

Overall, the shapes of the asphalt loading curves w ere positive, increasing 

w ith  loading, opposite from  expected by  the NIOSH m ethod tests. The shape of 

the N aC l loading  curve w as negative w ith  increased loading and  w as used  for 

predicting  respirator perform ance. A pplying the asphalt field d ata  to the 

sim plified ANOVA m odels for N95 respirators from the NIOSH certification 

m ethod  generated predicted  penetration values that w ere com pared to the 

observed values using an  F test. The results o f this test found tha t the ANOVA 

m odel d id  no t accurately predict the observed respirator penetration, p<0.05. 

Table 5.6 is a sum m ary of the F test values and  the corresponding p  values for 

the N95 respirators.

Table 5.6
N95 R espirators Loaded w ith  Asphalt Contam inants
F test C om paring Predicted to Observed Penetration Measurem ents

CNC-M easured Photom eter-M easured
F test value 13.83 22.49
p value <0.0001* 0.0000*
* denotes p value < 0.05

Plots of the predicted an d  observed penetration  m easurem ents can be found  in 

A ppendix  G raphs C.27 through C.38. Predicted values underestim ated true  

penetration  of N95 respirators loaded w ith  asphalt contam inants. Penetrations of 

N95 respirators loaded w ith  asphalt contam inants were no t accurately predicted  

by  the  NIOSH certification test method. The penetration characteristic of 

respirators loaded w ith  asphalt contam inants tended to behave m ore like a  liquid 

ra ther than  a solid aerosol. M ost droplets collected on a filter tend  to increase
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penetration  w ith  load ing  [21 ]. A sphalt fum es contain approxim ately 65 to 75% 

long chain alkanes w hich  m akes the aerosol very  sticky w ith  a wax-like 

consistency [140]. This characteristic is the possible cause for the fluid-like

behavior o n  the respirators.

The global com parison in  Table 5.6 included both electrostatic and  

m echanical respirators. In  o rder to answ er the question, T)oes the  NIOSH 

certification m ethod  accurately predict penetration  of respirators containing 

electrostatic filter m edia loaded w ith  asphalt contam inants?', fu rther refinem ent 

of the m odels w as needed  to m ake a statistical evaluation. N95 respirators in  the 

asphalt com parison g roup ing  w ere d iv ided  into tw o subsets, electrostatic an d  

m echanical. ANOVA m odels for both  the NIOSH m ethod Sodium  chloride 

loading an d  the sod ium  chloride penetration of respirators loaded  w ith  asphalt 

contam inants w ere recalculated using the sam e independent variables from  the 

overall m odels. If the dependen t variable, percent penetration, had  been 

transform ed in  the original m odel, it retained its sam e unique transform ation in 

the refined m odels. Once the NaCl NIOSH m ethod  m odels w ere recalculated, the  

reliability of these m odels to accurately pred ict penetration w as again checked 

using  the F test and  graphs. The F test values from  all tests w ere 1.00 w ith  

corresponding p values of 0.500. These results indicted that the NIO SH m ethod  

m odels accurately predicted  (p>0.05) NaCl penetration  independently  for N95 

respirators containing either electrostatic or m echanical filter m edia. These 

findings w ere unchanged from  the overall m odels combining respirator types. 

Coefficients generated in  the refined ANOVA m odels for the NIOSH m ethod  

NaCl load ing  tests varied  slightly from  the overall model. A pply ing  the asphalt

165

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



field data  to these coefficients resulted in slightly different p red ic ted  penetration 

values being generated. Predicted  penetration m easurem ents of respirators 

loaded w ith  asphalt contam inants w ere com pared to their observed values using 

an  F test. The results of the F test, located in Table 5.7, indicates th a t penetration 

o f respirators loaded w ith  asphalt contaminants is no t accurately predicted by 

the NIOSH m ethod N aCl loading tests for either N95 electrostatic or N95 

m echanical respirators. Results from refining the respirator groupings to 

distinguish  betw een respirators w ith  electrostatic and  m echanical filter m edia 

rem ained unchanged from  the overall tests w here these tw o resp ira to r types 

w ere grouped. The N IO SH m ethod d id  not accurately p red ic t penetration  of N95 

respirators loaded w ith  asphalt contaminants regardless of the  type of filter
V

m edia, electrostatic or mechanical.

Table 5.7
Electrostatic and M echanical N95 Respirators Loaded w ith  
A sphalt Contam inants
F test Com paring Predicted to O bserved Penetration M easurem ents
Penetration M easurem ents F test p  value
electrostatic respirators: CN C-m easured 17.72 <0.0001*
m echanical respirator: CN C-m easured 21.09 <0.0001*
electrostatic respirators: photom eter-m easured 36.49 0.0000*
m echanical respirators: photom eter-m easured 16.73 <0.0001*
* denotes p value < 0.05

Penetration of 3M 2091 respirators loaded w ith  w orkplace contam inants 

w as determ ined using N aC l aerosol. The CNC-m easured penetra tion  m odel to 

p red ict penetration w as constructed using DOP aerosol. Differences betw een 

penetration  of a  P100 respirator w ith  two different aerosols m igh t create 

uncertainties in com paring respirator performance. DOP w ould  be  expected to
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have slightly higher penetration through a HEPA filter than  a solid particulate 

[157, 113] as this liqu id  aerosol is highly degrading [35] w ith  loading. O ther

research [78] has indicated that initial NaCl and DOP penetration  of HEPA

quality filters m ay be comparable. P100 series respirators w ere equivalent to 

HEPA quality. Initial NaCl penetration, CNC-m easured, for all 3M 2091 filters 

used  for this s tudy  (N=26) w as 0.002% compared to DOP penetration of less than 

0.00002% (N=6). Sodium  chloride had greater penetration than  DOP by two 

orders of m agnitude, clearly opposite from w hat w ould  have been expected. The 

other P100 series cartridges, 3M 7093 and Pro-Tech G108, tested w ith  DOP 

loading had  initial CNC-m easured penetrations that w ere in  agreem ent w ith 

each other and  had  an  order of m agnitude greater penetration than  3M 2091. 

Initial photom eter-m easured penetration for 3M 7093 and  the Pro-Tech G108 was 

com pared to their initial CNC-measured penetration. This com parison found 

that the average photom eter-m easured penetration w as 1.5 tim es the CNC- 

m easured penetration. This same comparison for the 3M 2091 respirator found 

the average photom eter-m easured penetration to be 25 tim es the CNC 

penetration. A n o rder of m agnitude discrepancy cast considerable doubt on the 

reliability of the CN C-m easured penetration data for 3M 2091. A ny comparisons 

using these data to generate predicted penetration values for com parison w ith 

observed CN C-m easured penetration of aerosols other than  DOP w ere suspect 

and  the validity of these analyses were questionable. N o obvious cause for the 

disparity  in CN C-m easured penetration w ith DOP for the  3M 2091 filter, and not 

the other P100 cartridges, could be identified since the o rder of respirator testing 

w as random ly determ ined. It w as possible that use of the  d iluter, o r the DOP

167

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



concentration used to calibrate the d ilu ter, in  m easuring upstream  concentration 

w ith  the CNC m ay have p layed a role. The unreliable m odel for C N C -m easured 

penetration  values precluded the com parison o f the predicted penetration  to 

observed penetration of 3M 2091 filters loaded w ith  workplace contam inants. 

A lum inum  Oxide

A lum inum  oxide dust w as the  only  solid workplace aerosol loaded  onto 

respirators in  this study. This test m atrix  evaluated a total of four d ifferent N95 

resp ira to rs/filter and  one P100 filter. O nly one respirator, Racal (mechanical), 

d id  n o t contain electrostatic filter m edia. Five replicate tests for each resp ira to r 

type w ere conducted.

The integrity of the face seal for filtering facepiece respirators and  the  

p lacem ent of filters in the respirator receptacle for N95 respirators w ere 

perform ed using the 3M LPQFT m ethod the m orning of the test. A  sum m ary  of 

initial fit by  respirator type can be found  in  A ppendix Table B.19. Collectively, 

initial penetration of N95 respirators averaged 0.1%. Face seal leakage for 3M  

8210 averaged 0.275%, w hich w as slightly h igher w hen com pared to the N aC l 

loading tests. Respirators and  filters w ere considered adequately sealed to their 

holders p rio r to loading.

A ir tem perature and  relative hum id ity  w ere allowed to fluctuate w ith  

am bient room  conditions. In  the m ornings, air tem perature w as coolest a n d  

relative hum idity  w as highest. As the day  progressed, air tem perature usually  

w arm ed and  relative hum idity  declined. Tem perature averaged 24±1.5°C , w ith  

a range of 13 to 26 °C . Relative hum id ity  averaged 24±3.1% w ith  a range o f 20 to 

38%.
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C oncentration w as independently recorded six tim es d u rin g  each test, 

once for every 60 m inutes of loading. The concentration of a lum inum  oxide for 

all tests averaged 9.6 ±1.9 m g /m 3, range 4.4 to 18.5 m g /m 3. O verall, the 

concentration w as relatively stable at respirator flow rates o f 85 1pm, b u t tended 

to  be a little h igher a t the low er respirator flow rate of 43 1pm w ith  the standard 

deviation  being slightly broader. A t the lower flow rate, m ore  o f the alum inum  

oxide d u s t h ad  to be exhausted to the dum p to m aintain the  targe t concentration 

of 10 m g /m 3. Also, since airflow  through the duct w as lam inar, greater 

fluctuations in  concentration readings occurred. Refer to A ppendix  Table B.20 for 

concentration averages by  respirator flow rates.

Size Distribution

The size distribution of the aerosol was recorded three tim es during  each 

test using  the Clim et and  represented the aerosol loaded for each 2-hour interval. 

Size d istributions w ere recorded at the beginning of the test, a t the  s tart of the 

fourth  h o u r of loading, and  du ring  the last 30 m inutes of the  test. The size 

d istribu tion  of the aerosol tended to be correlated w ith  concentration readings. 

As concentration w as reduced, the CMD and  the GSD decreased. A t the higher 

concentrations, agglom erates w ere more likely to form  increasing particle 

diam eter. For all tests, the average CMD w as 1.36 pm , average M M D w as 2.05, 

w ith  the  GSD ranging  from  1.38 to 1.61. The size d istribution for alum inum  oxide 

by  resp ira to r flow rate can be found in A ppendix Table B.21. A n  exam ple of the 

a lum inum  oxide d u st size distribution ho rn  6 /11 /98  is represen ted  in  figure 

5.15. F igure 5.15 depicts the overall stable nature of the  aerosol size distribution 

of ah im inum  oxide d u st for m ost tests.
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figure  5.15
A lum inum  Oxide D ust Particle Size D istribution
a) Test date 6 /11 /98 , size distribution recorded with Q im et
b )____________________________________

hour #1 hour #4 hour #6
CMD 1.40 pm 1.36 pun 1.44 pun
GSD 1.39 1.40 1.41

Aluminum Oxide Results

In order to answer the question, "Is there a  difference betw een the 

collection efficiency of respirators containing electrostatic m edia and  those 

containing mechanical filter m edia?" the slope of each electrostatic N95 

respirator w as com pared to the m echanical N95 respirator using  the W ald test. 

ANOVA m odels were constructed for N95 respirators loaded w ith  a lum inum  

oxide d u st and  contained all term s and  interactions found to be significant (p < 

0.05). These m odels are located in  A ppendix Tables B.22 and  B.23. Slopes of the 

penetration  curves for each respirator w ere com puted by  add ing  the coefficient 

from  "m g A120 3" to the coefficient for the individual respirator from  the 

interaction term  "m g A120 3 by  respirator type". The difference betw een the
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slopes for the electrostatic respirator and  the mechanical w as d iv ided  by  their 

pooled standard  error to obtain the Z  test value. If the p  value of the Z test 

statistic w as greater than 0.05, the nu ll hypothesis was accepted an d  perform ance 

of the electrostatic respirator was determ ined to be comparable to  the m echanical 

respirator. Conversely if the p value of the test was less than  0.05 the alternate 

hypothesis w as accepted and electrostatic respirator perform ance w as 

determ ined to be significantly different from  the mechanical respirator. These 

analyses are located in Appendix Tables B.24 and B.25. Figure 5.16 depicts the 

trend lines of the backtransform ed CNC-m easured penetration w ith  respect to 

respirator loading.
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figure  5.16
CNC-M easured Penetration 

N95 Respirators Loaded W ith A lum inum  Oxide O ust 
CMD: 1.4 ±  0.11 pm; MMD: 1.19 ±  0.11 pm 

GSD: range 1.45 to 3.56 
Number of replicates tested=5
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Perform ance of all N95 respirators increased w ith  loading. The slope of the 

m echanical respirator w as the shallowest indicating th a t perform ance w as 

changed the least w ith  loading.

Results of the W ald test found MSA Affinity Plus and  Pro-Tech F200 to be 

significantly different (p<0.05) from  Racal (mechanical) respirator. As loading of 

these respirators increased, penetration of the Pro-Tech F200 decreased a t a more 

rap id  rate than  the m echanical respirator, an indication of better perform ance. A 

closer exam ination of the d a ta  suggested that the W ald approxim ation m ay no t 

have accurately reflected the difference betw een the  g raphed  data  for MSA 

Affinity Plus and  Racal m echanical respirator. To correctly determ ine if this 

electrostatic respirator w as indeed different from  the m echanical respirator, data 

w ere  recoded and  reanalyzed. The data from MSA Affinity Plus respirators were 

coded to m atch the Racal mechanical respirators and  inserted back into the 

ANOVA m odel. The sum  of squares error from the new  ANOVA m odel was 

averaged w ith  the sum  of squares error from the old ANOVA m odel and  this 

value and  d ivided by  the m ean square error of the  original m odel to com pute an 

F-ratio. The p  values from  the F test for the MSA Affinity Pitas com bined w ith  the 

Racal mechanical w as <0.0001. This test confirm ed th a t there w as a real 

difference betw een these two respirators. Penetration of all respirators decreased 

w ith  loading; the Pro-Tech F200 filter decreased the quickest suggesting that this 

respirator had  the best perform ance. The Racal m echanical respirator h ad  the 

next best perform ance w ith  loading. Overall, the  electrostatic respirators 

perform ed com parably to the mechanical respirator w hen  loaded w ith  

alum inum  oxide d u s t as m easured by the CNC. Figure 5.17 depicts the sam e 

group  of respirators loaded w ith  alum inum  oxide d u s t and  the backtransform ed
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photom eter-m easured penetration. All N95 respirators h a d  increased 

perform ance w ith  alum inum  oxide dust loading, as determ ined by  photom eter- 

m easured penetration . Results of the W ald test found Pro-Tech F200 and  MSA 

Affinity Plus to be  significantly different from the m echanical respirator. The 3M 

8210 respirator w as com parable to the mechanical respirator. As loading 

increased, penetration  of the Pro-Tech F200 filter decreased the  quickest. A  closer 

exam ination of the  data  suggested that the W ald approxim ation m ay no t have 

accurately reflected the difference betw een the Racal m echanical respirator and 

the MSA Affinity P lus respirator.

MSA Affinity Plus 
Pro-Tech F200 filter 
Racal (mechanical) 
3M 8210

co
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2500 50 100 150 200 300 350
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figure 5.17
Photom eter-M easured Penetration 

N95 Respirators Loaded W ith A lum inum  Oxide D ust
CMD: 1.4 ±  0.11 jim; MMD: average 1.19 ±  0.11 pm 

GSD: range 1.45 to 3.56 
Number of replicates tested=5
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To correctly determ ine if there w as a real difference betw een the MSA Affinity 

respirator and  the m echanical respirator, data  w ere recoded and  reanalyzed. The 

p  values from  the F test for the MSA Affinity Plus combined w ith  the  Racal 

m echanical w as <0.0001. This test confirm ed that there w as a significant 

difference betw een these two respirators. Initial penetration of the Pro-Tech F200 

w as the highest and significantly different from  the mechanical respirator. Plots 

of the rem aining electrostatic respirators appeared to be com parable to the 

m echanical respirator. Both the  W ald approxim ation and the F test indicated that 

a difference exists betw een the MSA Affinity Plus and the Racal m echanical 

respirator. The perform ance of electrostatic respirators loaded w ith  a lum inum  

oxide d u st w as comparable or slightly im proved com pared to the m echanical as 

determ ined by  photom eter-m easured penetration.

Overall, perform ances of electrostatic respirators w ere com parable to the 

m echanical respirator for this test scenario. Only the Pro-Tech F200 filters had  

significantly im proved perform ance com pared to the m echanical respirator; 

penetration of this respirator decreased the fastest w ith loading. The surface area 

of this respirator w as 57 cm2 and  w hen  used in pairs the total surface area

increased to 114 cm2. It is possible that the Pro-Tech F200 w ith  sm aller filtration 

area clogs m ore rapidly. The filtering facepiece respirators used  in  this s tu d y  had  

an  average surface area of about 200 cm . The overall shapes of the CNC- and  

photom eter-m easured penetration curves of N95 respirators loaded w ith  

alum inum  oxide dust agreed w ith  the NIOSH m ethod tests; respirator efficiency 

im proved w ith  loading. Coefficients generated w ith  the N aCl ANOVA m odels 

for alum inum  oxide dust and  m etal cutting fluid m ist w ere applied to data  from
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N95 respirator loading w ith  alum inum  oxide to generate p red icted  penetration  

values. Predicted penetration w as com pared to m easured penetration  w ith  a  

global F test; the results are presented in Table 5.8. The p  values from  these 

analyses w ere  less than  0.0001 indicating that NaCl penetration o f N95 

respirators loaded w ith  alum inum  oxide du st was no t accurately p red icted  b y  

the NIOSH m ethod  certification tests.

Table 5.8
N95 Respirators Loaded w ith  A lum inum  Oxide D ust
F test C om paring  Predicted to Observed Penetration Iv easurem ents

CNC-M easured Photom eter-M easured
F test value 38.66 10.29
p  value <0.0001* 0.0000*
* denotes p value < 0.05

G raphs com paring predicted penetration and  m easured penetration  for each 

respirator tested  can be found in  Appendix Graphs C. 39 to C.46. O ver the  first 

200 m g of alum inum  oxide loading, predicted penetrations, bo th  CN C- and  

photom eter-m easured, w ere less than observed values. Beyond 200 m g, 

predicted respirator penetration m easurem ents varied  uniquely  w ith  the 

respirator type and  the instrum ent used to m easure penetration. These findings 

w ere different from  expected. Penetration of N95 respirators loaded w ith  

alum inum  oxide dust, a solid particulate, w as expected to be predicted  by  the  

NIOSH m ethod  certification test since the pream ble of 42 CFR 84 claim ed particle 

diam eter to be  independent of m axim um  penetration. The N IO SH  m ethod  tests 

did no t accurately predict penetration of N95 respirators loaded w ith  a lum inum  

oxide. The p red icted  penetration w ould have been expected to be  h igher th an  the 

observed m easurem ents, indicating that the NIOSH m ethod tests w ere a m ore
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stringen t indicator o f resp ira tor perform ance. The results o f these tests ind icated  

th a t predicted penetration  w as lower than  the observed values, underestim ating  

true  penetration. These findings indicated that particle size and particle density  

m igh t have a m ore significant role in  the loading m echanism s and  resulting 

respirator penetration  than  assum ed by  NIOSH.

The global com parison in  Table 5.8 included both electrostatic and 

m echanical respirators. In  o rder to answ er the question, TDoes the NIOSH 

certification m ethod accurately predict penetration of respirators containing 

electrostatic filter m edia  loaded w ith  a lum inum  oxide dust? ', further refinem ent 

of the  m odels w as needed  to m ake a statistical evaluation. N95 respirators in  the 

a lum inum  oxide d u st g rouping w ere d iv ided  into two subsets, electrostatic and  

mechanical. ANOVA m odels for bo th  the NIOSH m ethod NaCl loading an d  the  

N aC l penetration of respirators loaded w ith  alum inum  oxide dust w ere 

recalculated using  the sam e independent variables from the overall m odels. If 

the dependent variable, percent penetration, h ad  been transform ed in  the 

original m odel, it retained its sam e unique transform ation in  the refined m odels. 

Once the N aCl NIOSH m ethod m odels w ere recalculated, the reliability of these  

m odels to accurately p red ict penetration  w as again checked using the F test and  

graphs. All F test values w ere 1.00 w ith  corresponding p values of 0.500. These 

results indicted that the NIOSH m ethod m odels accurately predicted (p<0.05) 

N aC l penetration independently  for N95 respirators containing either 

electrostatic or m echanical filter m edia. These findings w ere unchanged from  the 

overall m odels com bining respirator types. Coefficients generated in  the refined  

ANOVA m odels for the  NIOSH m ethod N aCl loading tests varied slightly from  

the overall m odel. A pply ing  data  from  the alum inum  oxide dust tests to these
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coefficients resulted in slightly different predicted penetration values. Table 5.9 

contains the results of the F tests com paring predicted penetration m easurem ents 

of respirators loaded w ith alum inum  oxide du st to their observed values.

Table 5.9
Electrostatic and  Mechanical N95 Respirators Loaded w ith  A lum inum  Oxide 
D ust
F test C om paring Predicted to O bserved Penetration M easurem ents________
Penetration M easurements F test p  value
electrostatic respirators: CNC-m easured 37.06 <0.0001*
m echanical respirator: CNC-measured 126.73 <0.0001*
electrostatic respirators: photom eter-m easured 12.78 <0.0001*
m echanical respirators: photom eter-m easured 24.18 <0.0001*
* denotes p value < 0.05

All p  values from  the F tests in Table 5.9 w ere less than  0.0001 and the alternate 

hypothesis w as accepted. These analyses determ ined that real differences existed 

betw een observed and predicted penetration as m easured by both CNC and 

photom eter. These results support the findings tha t respirator penetration  w as 

no t accurately predicted by the NIOSH NaCl loading test m ethod for e ither N95 

electrostatic or the N95 mechanical respirators loaded w ith  alum inum  oxide 

dust. Results from refining the respirator groupings to distinguish betw een 

respirators w ith  electrostatic and  mechanical filter m edia rem ained unchanged 

from  the overall tests where these tw o respirator types w ere grouped.

Laboratory-G enerated M etal C u tting  F lu id  M ist

A m ist of m etal cutting fluid w as generated through a spray nozzle using  

com pressed air to nebulize the cutting fluid. The spray  generated in  a large 

cylindrical tube w as divided betw een the respirator loading cham ber an d  the
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exhaust to the exterior of the building. Penetration of the respirators w ith  N aCl 

w as evaluated in  the separate test apparatus after each 2-hour loading in terval 

w ith  m etal cutting fluid mist. This test m atrix evaluated a total of four d ifferent 

N95 respirators/filter and one P100 filter. O nly one respirator, Racal 

(mechanical), d id  not contain electrostatic filter media. Five replicates o f each 

respirator type were used for these tests.

Integrity of the face seal w as evaluated w ith latex spheres the m orn ing  of 

the test using  the 3M LPQFT m ethod. A  sum m ary of N95 respirator penetra tion  

is listed in  Appendix Table B.26. Overall, initial penetration averaged 0.07% w ith  

3M  8210 again having the highest leak rate of 0.13%. Face seal leakage for these 

respirators w as comparable to the NaCl loading tests. Respirators and filters 

w ere considered to be securely fastened to their holders prior to loading  w ith  

m etal cutting fluid mist.

A ir tem perature and relative hum idity  were allowed to fluctuate w ith  

am bient room  conditions. In the m ornings, tem perature was coolest an d  relative 

hum id ity  w as highest. As the day progressed, air tem perature usually w arm ed  

an d  relative hum idity declined. Tem perature averaged 24±1.3°C, range 20 °C  to

26 °C . Relative hum idity averaged 45 ±4.0% w ith a range of 35% to 55%.

Sam pling for m easuring aerosol concentration w as done at the u pstream  

probe a t a flow rate of 10 1pm. The target concentration for respirator load ing  

w as 1.0 m g /m 3. The actual concentration of m etal cutting fluid m ist for all tests 

averaged 1.7±0.44 m g /m  , range 0.7 to 3.4 m g /m  . The average concentration 

w as com parable at both  respirator flow rates; however, the standard  deviation 

w as a little broader a t the lower flow rates. A t the lower flow rates, a  stable
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concentration w as m ore difficult to m aintain. T his variability m ay have been  

a ttribu ted  to th e  lam inar flow a t the low er resp ira to r flow rate. Refer to 

A ppendix  Table B.27 for concentration averages b y  respirator flow rates.

Size Distribution

The size distribution of the aerosol w as recorded three tim es during  each 

test using  the Clim et and represented the aerosol loaded for each tw o hour 

interval. C oun t size distribution w as recorded a t the beginning o f the test, a t the 

start of the fourth  hou r of loading, and du ring  the  last 30 m inutes of the test. The 

CM D and  GSD of the aerosol tended to increase as concentration readings 

increased. For all tests, the average CMD w as 1.00 pm , average MMD 1.54 w ith  

the GSD ranging  from  1.40 to 1.47. The size d istribu tion  of m etal cutting fluid 

m ist by  respirator flow rate can be found in  A ppend ix  Table B.28. A n exam ple of 

the size d istribution  for metal cutting fluid m ist is presented in  figure 5.18. 

Laboratory-Generated Metal Cutting Fluid M ist Results

In o rder to answ er the question, "Is there a  difference betw een the 

collection efficiency of respirators containing electrostatic m edia and  those 

containing m echanical filter m edia?" the slope o f each electrostatic N95 

respirator w as com pared to the m echanical N95 respirator using  the W ald test. 

ANOVA m odels constructed for N95 respirators loaded w ith  m etal cutting flu id  

m ist contained all term s and interactions found  to  be significant (p < 0.05). Field 

tem perature  du ring  respirator loading w as found  to be a significant term  in  bo th  

the CN C- and  photom eter-penetration m odels b u t  w as no t included. Prior to 

loading w ith  m etal cutting fluid, initial resp ira to r penetration m easurem ents 

w ere  m easured  by  challenge w ith  NaCl aerosol.
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figure 5.18
Particle Size D istribution 

Laboratory-Generated M etal C utting  Fluid Mist
a) Test date 7 /23/98 , respirator flow rate 851pm
b) size distribution recorded with Climet
c) ____________________________________

hour #1 hour #4 hour #6
CMD 1.02 pm 0.96 pm 0.97pm
GSD 1.42 1.45 1.44

Field tem perature in  the m etal cutting flu id  m ist loading cham ber w as un re la ted  

to initial penetration m easurem ents and  w as not recorded.

Since d a ta  w ere m issing for this variable, if this term  h ad  been including  th is 

te rm  in  the  m odel it w ould have resu lted  in  the initial penetration p red ic ted  

values being rem oved. These m odels are  located in  A ppendix  Tables B.29 an d

B.30. Slopes of the penetration curves for each respirator were com puted  b y  

add ing  the coefficient from "m g m etal cu tting  fluid" to the coefficient for the  

ind iv idual respirator from the interaction term  "m g m etal cutting flu id  b y  

resp irato r type". The difference betw een  the  slopes for the  electrostatic resp ira to r 

an d  the m echanical respirators w as d iv ided  by  their pooled standard  e rro r to
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obtain  a Z test value. If the p  value of the  Z test statistic w as greater th an  0.05, the 

nu ll hypothesis was accepted and perform ances of electrostatic resp irators w ere 

determ ined  to be comparable to the m echanical respirator. Conversely if the  p 

value of the test was less than  0.05 the alternate hypothesis was accepted a nd  

electrostatic respirator perform ances w ere  determ ined to be significantly 

different from  the mechanical respirator. These analyses are presented in  

A ppendix  Tables B.31. and  B.32. Figure 5.19 depicts the trend for 

backtransform ed CNC-measured penetration  w ith  respect to respirator loading. 

The C N C-m easured penetration curves decreased w ith increasing loading  for all 

respirators.

14
 3M8210
" ■  Pro-Tech F200 filters
— -  Racal (mechanical)

—  MSA Affinity Plus

co
•*->
2
a>c<uQ.

O'''

50 7040 6020 300 10

mg metal cutting fluid mist

figure  5.19 
CNC-M easured Penetration 

N95 Respirators Loaded W ith Laboratory-Generated M etal C utting Fluid M ist
CMD: 1.0 ±  0.05 pm; MMD: 0.45 ±  0.04 pm 

GSD: range 1.40 to 1.49 
Number of replicates tested= 5 for each respirator type
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Results o f the W ald test found tha t slopes for all electrostatic respirators w e re  

com parable to the Racal (mechanical) respirator (p>0.05); none w ere found  to  be 

significantly different. As loading increased, slope of the penetration curve 

decreased the quickest for the Pro-Tech F200 filter, sim ilar to the results o f 

alum inum  oxide dust loading.

Figure 5.20 depicts the sam e g roup of respirators loaded w ith  m etal 

cutting fluid m ist in the laboratory and  the trend  for backtransform ed 

photom eter-m easured penetration. O verall photom eter-m easured penetra tion  

curves increased w ith m etal cutting fluid m ist loading, opposite of the C N C- 

m easured  penetration curves.

3M8210
Pro-Tech F200 filters 
Racal (mechanical) 
MSA Affinity Plus

2.5

1.5

a.

0.5

40 6020 800

mg metal cutting fluid mist

figure 5.20
Photom eter-M easured Penetration 

N95 R espirators Loaded W ith Laboratory-Generated M etal C utting F lu id  M ist
CMD: 1.0 ±0.05 |im; MMD: 0.45 ±  0.04 (un 

GSD: range 1.40 to 1.49 
Number of replicates tested= 5 for each respirator type
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The results of the W ald test determ ined that the perform ances of all electrostatic 

resp irators w ere com parable to the Racal (mechanical) resp ira to r (p>0.05). A 

closer exam ination of these d a ta  suggested that the W ald approxim ation m ay not 

have  been an accurate reflection o f the difference betw een the  Racal m echanical 

an d  the  MSA Affinity Plus respirator. The slope for MSA A ffinity appeared  to be 

decreasing w ith  loading, opposite from all o ther respirators w hose penetration  

increased w ith  loading. To correctly determ ine if there w as a  real difference 

betw een the MSA A ffinity Plus and  Racal m echanical respirator, da ta  w ere 

recoded and  reanalyzed. The data  from these tw o respirators w ere  m atched and  

inserted  back into the ANOVA m odel. The sum  of squares e rro r from  the new  

AN OVA m odel w as averaged w ith  the sum  of squares error from  the old 

ANOVA m odel, this value and  d ivided by the m ean square e rro r of the original 

m odel to com pute an  F-ratio. The p  values from  the F test for the  MSA Affinity 

P lus com bined w ith  the Racal mechanical w as <0.001 indicating tha t a real 

difference existed betw een the these two respirators. The slope for MSA Affinity 

P lus w as negative w ith  loading suggesting that the perform ance of this 

resp ira to r im proved w ith  loading.

For this testing scenario, electrostatic respirators w ere found  to be 

com parable to the m echanical respirator loaded w ith  m etal cu tting  fluid m ist. 

O nly  the MSA Affinity Plus w as significantly better than  the m echanical 

resp ira to r w ith  loading for photom eter-m easured penetration. The Pro-Tech F200 

filter h ad  the highest initial penetration m easurem ents of all respirators tested in  

th is m atrix. This difference w as significant for the photom eter-m easured 

penetration.
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The shape of the CNC-m easured penetration  curve decreased w ith  m etal 

cutting flu id  m ist loading as w ould be predicted  by  the NIOSH m ethod tests 

w ith  NaCl. The penetration curve for photom eter-m easured penetration 

increased w ith  loading, opposite from  that p redicted  by  the NIOSH m ethod 

tests. Coefficients from  the sim plified N aCl ANOVA m odels w ere applied  to 

m etal cu tting  fluid data  to generate predicted penetration values of N95 

respirators. Predicted penetration was com pared to m easured penetration 

globally w ith  an  F test, see Table 5.10.

Table 5.10
N95 R espirators Loaded w ith  Laboratory-Generated M etal Cutting Fluid M ist 
F test C om paring  Predicted to Observed Penetration M easurem ents_________
Penetration M easurem ents F test p value
C N C -m easured penetration 14.50 <0.0001*
photom eter-m easured penetration 3.90 <0.0001*
* denotes p value < 0.05

These analyses had  p  values less than  0.0001 indicating NaCl penetration of the  

N95 respirator loaded w ith  m etal cutting fluid is no t accurately predicted 

(p<0.05) by  the NIOSH m ethod certification tests. G raphs com paring predicted  

penetration to m easured penetration for each N95 respirator tested can be found  

in A ppendix  G raphs C.47 through C.54. M easured penetration was higher than  

the p redicted  values for all N95 respirators. G raphs and  the global F test indicate 

that penetration  of respirators loaded w ith  approxim ately 60 m g of laboratory­

generated m etal cutting fluid m ist was no t accurately predicted by  the NIOSH 

m ethod tests, penetration w as underestim ated.

The global com parison in  Table 5.10 included both electrostatic and  

mechanical respirators. In order to answ er the question, 'Does the NIOSH
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certification m ethod  accurately predict penetration of respirators containing 

electrostatic filter m edia loaded w ith m etal cutting fluid mist?7, further refinem ent 

to the m odels w as needed to m ake this statistical evaluation. N95 respirators in  

the m etal cu tting  fluid m ist grouping w ere d iv ided  into tw o subsets, electrostatic 

and  m echanical. ANOVA models for both the NIOSH m ethod sodium  chloride 

loading and the  sodium  chloride penetration of respirators loaded w ith  m etal 

cutting fluid m ist w ere recalculated using the sam e independent variables from  

the overall m odels. If the dependent variable, percent penetration, had  been 

transform ed in  the original model, it retained its same unique transform ation in  

the refined m odels. Once the N a d  NIOSH m ethod m odels were recalculated, the  

reliability of these m odels to accurately predict penetration was again checked 

using the F test and  graphs. All F test values w ere 1.00 w ith  corresponding p 

values of 0.500. These results indicted that the NIOSH m ethod models accurately 

predicted N aC l penetration independently for N95 respirators containing either 

electrostatic o r mechanical filter m edia, p>0.05. These findings were unchanged 

from  the overall m odels that combined respirator types. Coefficients generated 

from the refined ANOVA models using the NIOSH m ethod NaCl loading tests 

varied slightly from  the overall m odel com bining respirator types. Applying da ta  

from  the m etal cutting fluid m ist tests to these coefficients resulted in slightly 

different pred icted  penetration values being com puted. Predicted penetration 

m easurem ents of respirators loaded w ith  m etal cutting fluid mist w ere com pared 

to their observed values using an F test, see Table 5.11. The p values generated 

from  the F tests w ere less than 0.0001 indicating that there w as a real difference 

betw een observed and predicted penetration values. Table 5.11 indicated that 

penetration of respirators loaded w ith  metal cutting fluid, using the refined
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m odels to  d istinguish  betw een electrostatic and  m echanical respirators, could 

no t be p red ic ted  and  rem ained unchanged from  the overall m odel. The NIOSH 

m ethod d id  n o t accurately predict penetration of N95 respirators loaded w ith 

laboratory-generated m etal cutting fluid m ist regardless of the type  of filter 

m edia, electrostatic or mechanical.

Table 5.11
Electrostatic a n d  M echanical N95 Respirators Loaded w ith  
Laboratory-G enerated M etal C utting R u id  M ist 
F test C om paring  Predicted to Observed Penetration M easurem ents
Penetration M easurem ents F test p  value
electrostatic respirators: CNC-m easured 17.16 <0.0001*
m echanical respirator: CNC-m easured 35.71 <0.0001*
electrostatic respirators: photom eter-m easured 4.14 <0.0001*
m echanical respirators: photom eter-m easured 8.76 <0.0001*
* denotes p value < 0.05

Field-G enerated  M etal C u tting  Fluid M ist

M etal cutting fluid m ist was loaded onto respirators generated at a lathe 

tu rn ing  opera tion  in a m achine shop. Testing began on  A ugust 8,1998 and ended  

A ugust 25,1998. This test m atrix evaluated a total o f four d ifferent N95 

resp ira to rs/filte r and  one P100 filter. Only one respirator, Racal (mechanical), 

did  no t contain  electrostatic filter m edia. All resp irators h ad  six replicate tests for 

"exposed" and  two for "control".

E valuation of face seal for filtering facepiece respirators and  placem ent of 

filters in  respirator receptacles w ere perform ed using  the  3M LPQFT m ethod the 

night before the loading tests. Respirators w ere stored  overn igh t in  clean plastic 

bags a t room  tem perature. Initial penetration averaged 0.06 % an d  a sum m ary by  

respirator type can be  found in  A ppendix Table B.33. Again, 3M h ad  the highest
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in itial penetra tion  of 0.14%. Respirators w ere considered to be adequately sealed 

to their holders.

A n enclosure around  the lathe w as constructed to contain aerosols 

generated  b y  the lathe turn ing  operation. "Exposed" respirators w ere located 

inside the  enclosure about two feet from  the stainless steel rod being tu rned . A  

Kool M ist generator created a m ist of cu tting  fluid. The lathe and m isting system  

w ere  allow ed to operate for a few m inutes before the carbon vane pum p 

supp ly ing  suction to the respirators w as tu rned  on. After every two hours of 

loading , the lathe and m isting system  w ere tu rn ed  off and  respirators w ere 

re tu rn ed  to the  laboratory for challenge w ith  NaCl. The "control" respirator w as 

located outside the lathe enclosure in  the sam e m achine shop against the w all 

opposing  the enclosure. Distance betw een the lathe enclosure and the control 

resp ira to r w as approxim ately 10 feet.

The m achine shop d id  not have an  air conditioning system. Doors leading 

to adjacent room s rem ained open and  air supp lied  to these areas by their local air 

conditioning  system s cooled the w arm  air tem perature in  the m achine shop. 

T em perature  and  relative hum idity  of the am bient air w ere recorded w ith  a 

chilled m irro r hygrom eter. A m bient conditions w ere recorded at the "control" 

resp ira to r location. The average tem perature w as 24 ±2.2 °C , range 13 to 28 °C . 

Relative hum id ity  averaged 26 ±2.9%, range 21% to 52 %.

Aerosol Concentration

The sam pling  train  w ith  closed face filter cassettes determ ined 

concentration of contam inants generated inside the  lathe enclosure. The filter 

cassettes for m onitoring concentration around  "exposed" respirators w ere
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changed after each two hours of loading thereby capturing  the fluctuation  in  

aerosol concentration throughout the day. Cassettes for "control" resp irators 

collected sam ples for the entire 6-hour duration. Concentration averages 

com paring "exposed" and "control" respirators are  located in Table 5.12.

Table 5.12
C oncentration Com parisons of "Exposed" and "C ontrol" Respirators L oaded 
w ith  M etal C utting  Fluid Mist-Field_________________ ______________ ______

Average Concentration (m g /m 3) Range (m g /m 3)
"Exposed" 37.2 ±  15.0 5.4 to 76.7
"C ontrol" 0.6 ±0.3 0.3 to 1.2

A ccording to NIOSH m ethod 500, the m axim um  air volume for sam pling 

is 133 L a t 15 m g /m 3. Sampling background contam inants for 360 m inutes 

resu lted  in  720 L being collected exceeding N IO SH 's recom m ended m axim um  

volum e; how ever, the  mass collected, 0.86 m g, w as far below the 2 m g  allow ed 

by  the m ethod. These concentration m easurem ents w ere used to com pute  the 

am ount of m etal cutting fluid m ist loaded onto the respirators. Respirators w ith  

flow rates o f 85 1pm were loaded w ith a m axim um  of 1800 m g cu tting  fluid, 

respirators w ith  flow rates of 43 1pm w ere loaded w ith  about 650 m g  m etal 

cutting fluid. The concentration of m etal cutting flu id  m ist averaged 43 m g /m 3 

for this study. The ACGIH exposure lim it for m etal cutting fluid m ist is 5 

m g /m 3. The hazard  ratio, the concentration of a  contam inant d iv ided  by  its 

exposure lim it, w as about seven. The m axim um  allowable hazard ratio  o f 10 for

a half-face N  series respirator selection w as approached in  this s tu d y  [158].
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Size Distribution

Flow rates through the respirators and  the cascade im pactor were 

established using  a sharp edge orifice and  calibrated m agnehelic gauges. The 

A ndersen  Cascade Im pactor w as used to m easure the  size distribution of the 

m etal cu tting  fluid mist. It w as in tended that the cascade im pactor operate over 

the entire duration  of the respirator loading  to describe the aerosol being loaded 

onto the  respirators. Due to the high contam inant concentration, the backup filter 

o n  the cascade impactor dogged  and restricted airflow  after 10 to  40 m inutes of 

sam pling. In  order to obtain representative p a rtid e  size distribution, the backup 

filter w as replaced and sam pling continued. W eights from the back-up filters 

w ere accum ulated. There w ere five to seven sam pling  intervals over the coarse of 

each test and  sam pling occurred about every hour. Total volum e of air collected 

averaged 2,962±849 L. The com puted and  fitted size distributions of field­

generated m etal cutting fluid mist collected by  the A ndersen Cascade Im pactor 

for this s tu d y  are presented in Table 5.13.

Table 5.13
Size D istribution of Field-Generated M etal C utting Fluid
Size D istribution MMAD (x± cr) pm GSD

C om puted 3.43 ± 0.38 1.77-2.13
Fitted 3.85 ±  0.57 1.65-2.45
Data collected with Andersen Cascade Impactor 
Sampling dates 8 /8 /98  to 8/25/98  
Number of testing days=10

Overall, the fitted MMAD was larger th an  the com puted MMAD as reflected in 

the  average diam eter and standard deviation. The m ass collected on the first 

stage cap tu ring  the largest particles w as low. The m ass collected on the second 

stage increased and then tapered off on  subsequent stages that collected the 

sm aller particles. The cascade im pactor tends to give a bim odal distribution. The

189

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



fitted d a ta  norm alized the aerosol into a lognorm al size d istribution  and  

indicated th a t particles w ere m issing in  the larger size bins, shifting the  

d istribu tion  slightly  to the right. The lognorm al probability p lo t o f the fitted 

asphalt size d istribution  is presented in  figure 5.21.
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figure 5.21
Size D istribution of Field-Generated M etal C utting F luid M ist 

Data collected with Cascade Impactor on 8/11/98  
Fitted: MMAD 3.34 pm, GSD 1.91

Field-Generated Metal Cutting Fluid M ist Results

The effects of the sam pling protocol on respirator perform ance w as 

evaluated  b y  com paring "exposed" respirators to their "control". This 

determ ined  w h a t effect, if any, there w ould  be from  placing a resp irato r in  a 

m achine shop for six hours, draw ing th rough  a h igh  volum e of air, and  

evaluating  penetration  four times w ith  N aCl aerosol. Differences betw een
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"exposed" and  "control" respirators reflected the effects o f m etal cutting  fluid 

m ist loading. Com parisons w ere m ade using  an  ANOVA specific to each 

respirator. These m odels w ere kep t very  sim ple w ith  the dependen t variable, 

percent penetration, rem aining untransform ed. "M inutes loaded" and 

"exposed/contro l" w ere the only independent variables added  to the m odels 

along w ith  their interaction term  defining slope of the loading curve. I t was 

assum ed that all other term s describing field conditions w ere equal.

A sum m ary  of the p  values from  the ANOVA tests by  respirator type and  

penetration  m easurem ent are  show n in Table 5.14. The null hypothesis, no 

difference betw een "exposed" and  "control" respirators, w as accepted w hen p 

values w ere  greater than  0.05. Conversely, the alternate hypothesis, a difference 

exists betw een "exposed" an d  "control" respirators, w as accepted w hen the p  

value w as less than  0.05. G raphs of the data  are show n in A ppendix  G raphs C.55 

th rough  C. 64.

Table 5.14
Respirators Loaded w ith  Field-G enerated M etal Cutting Fluid M ist 
ANOVA Summary: p  Values for Intercepts and  Slopes of Loading Curves 
C om paring  "Control" to "Exposed" Respirators ____________________
R espirator Type CNC Photom eter

in tercept slope intercept slope
3M 2091 0.8445 0.2891 0.3708 0.5817
ProTech F200 0.9071 0.2294 0.8537 0.0106
Racal (mechanical) 0.9307 0.0061 0.7170 <0.0001
MSA Affinity Plus 0.7973 0.1183 0.5860 0.0067
3M 8210 0.3900 0.0117 0.7168 <0.0001
N "controls"=2 for each respirator type 
N "exposed"=6 for each respirator type

Results of the ANOVAs found intercepts no t to be significantly different for all 

respirators tested. This conclusion indicated that irregardless of the  treatm ent
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given the respirators, penetration m easurem ents w ere no t significantly different 

(p>0.05) p rio r to loading. All N95 respirators show ed som e differences betw een 

the "exposed" and  "control" w ith  duration of exposure. Slopes of CNC- and 

photom eter-m easured penetration were significantly different for Racal 

(mechanical) and 3M 8210 respirators. The slope for photom eter-m easured 

penetration w as significantly different (p<0.05) for MSA Affinity Plus and Pro- 

Tech F200. Only the slopes for 3M 2091 rem ained unchanged w ith  loading. 

Overall, all N95 respirators had  increased photom eter-penetration w ith  loading 

com pared to their controls and  half also experienced increased CNC-m easured 

penetration. Analyses com paring penetration of N95 respirators loaded w ith 

m etal cutting fluid w ould be attributed to the aerosol loading and  no t the test 

protocol. Differences in slopes for 3M 2091 w ere not found to be significantly 

different w ith  duration  of exposure. Plots of these data  indicated that penetration 

for the "exposed" respirators either increased slightly or rem ained about the 

sam e as com pared to the "controls". This P100 series filter had  a m uch higher 

efficiency than  the N95s and  penetration was less likely to be affected by 

exposure to m etal cutting fluid mist.

In order to answ er the question, "Is there a difference betw een the 

collection efficiency of respirators containing electrostatic m edia and  those 

containing mechanical filter m edia?" the slope of each electrostatic N95 

respirator w as com pared to the mechanical N95 respirator using the W ald test. 

ANOVA m odels were constructed for N95 respirators loaded w ith  m etal cutting 

fluid containing all term s and  interactions found to be significant (p<0.05). Field 

tem perature was found to be  a significant term  in  the m odel for CNC-m easured 

penetration b u t w as later rem oved. Including this term  resulted  in  initial
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penetration being d ropped  from the model. The cubic term  for m g  loaded along 

w ith  several interaction term s w ere found to be significant in  the photom eter- 

penetration m odels. Later these term s w ere rem oved as including them  resulted 

in  the slopes for the predicted  penetration curves being skew ed. The final m odels 

are located in  A ppendix  Tables B.34 and B.35. Slopes of the penetration  curves 

for each respirator w ere com puted by  adding  the coefficient from  "m g m etal 

cutting fluid" to the coefficient for the individual respirator from  the interaction 

term  "m g m etal cutting fluid by respirator type". The difference betw een the 

slopes for the electrostatic respirator and  the m echanical w as d iv ided  by  their 

pooled standard  error to obtain a Z test value. If the p value of the test w as 

greater than  0.05, the  nu ll hypothesis w as accepted and perform ances of 

electrostatic respirators w ere determ ined to be com parable to the m echanical 

respirator. Conversely if the p  value of the test w as less than  0.05 the alternate 

hypothesis w as accepted and electrostatic respirator perform ances w ere 

determ ined to be significantly different from the mechanical respirator. These 

analyses are located in  A ppendix Tables B.36. and  B.37. Figure 5.22 depicts the 

trend  lines of the backtransform ed CNC-m easured penetration w ith  respect to 

respirator loading. O verall, slopes for CNC-m easured penetration  increased w ith 

increasing loading of field-generated m etal cutting fluid m ist for bo th  

electrostatic and  m echanical respirators.

Results of the W ald test indicated that the slopes for all electrostatic 

respirators w ere com parable to the Racal (mechanical) for CN C-m easured 

penetration, p>0.05. A  closer exam ination of these data  revealed th a t the W ald 

approxim ation m ight n o t be an accurate reflection of the g raphed data  in
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detecting differences betw een the and Racal m echanical resp ira tor and  two of the 

electrostatic respirators, MSA Affinity Plus an d  3M 8210

45

40

35c
O 30

25
20

15
Pro-Tech F200 filter 
Racal (mechanical) 
3M 8210 
MSA Affinity Plus

2000150010000 500
___________________ mg metal cutting fluid mist________________________

figure 5.22 
CNC-M easured Penetration 

N95 Respirators Loaded W ith Field-Generated M etal C utting  Fluid Mist
Fitted MMAD: 3.9 ±0.28 pm 
Fitted GSD: range 1.65 to 2.45 
Number of replicates tested=6

D ata w ere recoded and  reanalyzed to com pute an F-ratio. The p  values from  the 

F test for the MSA Affinity Plus respirators com bined w ith  the Racal mechanical 

w as <0.0001. The p  values from  the F test for the Pro-Tech F200 filter combined 

w ith  the Racal m echanical was <0.002. These findings indicated  tha t there w as a 

real difference betw een these tw o electrostatic respirators and the mechanical. 

The p  values from  the F test for the 3M 8210 respirators com bined w ith  the Racal 

m echanical w as greater than  0.4. This test confirm ed tha t the  3M 8210 respirator 

w as significantly different from the mechanical. Slope for the Pro-Tech F200 filter
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w as the steepest o f all respirators tested in  this m atrix; penetration  increased the 

fastest w ith loading. All other electrostatic respirators loaded w ith  m etal cutting 

fluid had  slopes flatter than  the mechanical respirator for CNC-m easured 

penetration. O verall the performances of the electrostatic respirators w ere 

com parable or slightly  better than the m echanical respirator, as m easured by  the 

CNC.

Figure 5.23 depicts the same group of respirators loaded  w ith  field­

generated m etal cu tting  fluid and the backtransform ed photom eter-m easured 

penetration. O verall the slopes for photom eter-m easured penetration increased 

w ith  m etal cutting flu id  m ist loading.
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figure 5.23

Photom eter-M easured Penetration 
N95 R espirators Loaded W ith Field-Generated M etal C utting Fluid M ist 

Fitted MMAD: 3.9 ±  0.28 pm; Fitted GSD: range 1.65 to 2.45 
Number of replicates tested=6
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The results of the W ald test found MSA Affinity Plus to be the only electrostatic 

respirator com parable to the Racal (mechanical) respirator for photom eter- 

m easured penetration, p>0.05. A closer exam ination of these data revealed that 

the W ald approxim ation m ight not be  an  accurate reflection of the difference 

betw een the Racal mechanical respirator and  the MSA Affinity Plus respirator. 

To correctly determ ine if the MSA Affinity Plus respirator was indeed different 

from  the m echanical respirator, data from MSA Affinity Plus respirators w ere 

coded to m atch the Racal mechanical respirators and  inserted back into the 

ANOVA m odel. The sum  of squares error from  the new  ANOVA m odel w as 

averaged w ith  the sum  of squares error from  the old ANOVA m odel and  this 

value and d ivided by  the m ean square error of the original m odel to com pute an 

F-ratio. The p values from the F test for the MSA Affinity Plus respirators 

com bined w ith  the Racal mechanical w as <0.0001. This test indicated that there 

was a real difference between these two respirators. The slope for the Racal 

m echanical was the steepest for all N95 respirators tested in this matrix. This 

result indicated that the electrostatic respirators perform ed better than  the 

m echanical respirator loaded w ith m etal cutting  fluid as m easured by the 

photom eter.

For this testing matrix, the slope for the m echanical respirator w as either 

the steepest, as w ith  the photom eter data, or the second steepest, as w ith  the 

CNC data. Only the Pro-Tech F200 filter had  a significantly steeper slope than  

the mechanical, as m easured by  the CNC. The slopes for all other electrostatic 

respirators w ere flatter. More w eight w as given to the photom eter-m easured 

penetration data  as this was m ore closely related to a 'dose' that a respirator 

w earer m ight receive. Overall, these findings indicated that the electrostatic
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respirators w ould  be expected to have slightly im proved perform ance as 

com pared to the m echanical respirator. Also note tha t after abou t 500 m g of 

m etal cutting fluid w ere loaded  on  the respirators, photom eter-m easured  

penetration  increased above 5% for all respirators. This finding suggests tha t N95 

respirators heavily loaded w ith  m etal cutting fluid m ay p rovide less protection 

than  their N95 rating.

The overall slope of the  penetration curves for N95 resp irato rs loaded 

w ith  field-generated m etal cu tting  flu id  m ist was positive. These curves w ere 

opposite of the NIOSH m ethod N aCl loading curve used  to p red ic t respirator 

perform ance; the NIOSH penetration  curves were negative w ith  loading. The 

loading curve for field-generated m etal cutting fluid m ist w as com puted  over a 

m axim um  of 1800 m g m etal cutting fluid m ist loaded and  w as m uch  greater than  

the 200 m g loading used for the NIOSH m ethod tests.

Coefficients from  the sim plified ANOVA m odels w ith  N aC l w ere applied 

to m etal cutting fluid data to generate predicted penetration values of N95 

respirators. Predicted penetration  was com pared to m easured penetra tion  

globally w ith  an  F test, see Table 5.15. These analyses had  p values <0.0001, 

indicating that NaCl penetration  of N95 respirator loaded w ith  m etal cutting 

fluid w as no t accurately p red icted  by  the NIOSH m ethod certification tests.

Table 5.15
Electrostatic and  M echanical N95 Respirators Loaded w ith  
Field-G enerated M etal C utting  Fluid Mist
F test C om paring Predicted to O bserved Penetration M easurem ents___________
Penetration M easurem ents F test p  value
CN C-m easured 2.142E11 0.0000*
photom eter-m easured 1.046E4 0.0000*
* denotes p value < 0.05
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G raphs of the observed penetration for each N95 respirator loaded w ith  field­

generated m etal cutting fluid m ist can be found in  A ppendix G raphs C. 65 to

C.72. A fter loading approxim ately 400 m g of cutting fluid m ist onto the 

respirators, the p redicted  penetration  values becam e erratic. This indicated that 

the  m odels used  for deriving the predicted penetration values appeared  to  have 

o ther variables com ing into p lay  w hen applied  to the field-generated m etal 

cu tting  fluid m ist da ta  that w ere no t included in the sodium  chloride data. This 

variability could possibly be related to the am ount loading. The sod ium  chloride 

m odels w ere based on  200 m g NaCl loading and  respirators in  this test scenario 

w ere loaded w ith  1200 to 1800 m g m etal cutting flu id  mist. A  com parison of the 

p lo tted  penetration  values w as m ade for each respirator type betw een the data 

from  the sodium  chloride tests and  the field-generated m etal cu tting  fluid mist. 

These observations found the penetration of respirators using the N aCl NIOSH 

m ethod  tests to be m uch less than  the observed penetration of respirators loaded 

w ith  cu tting  fluid m ist. This indicated that the NIOSH m ethod test w as a less 

stringen t predictor of penetration. Com parisons of the graphed da ta  and  the 

results of F tests indicate tha t penetration of respirators loaded w ith  field­

generated m etal cutting fluid m ist were no t accurately predicted by  the NIOSH 

m ethod  tests.

The global com parison in  Table 5.15 included both electrostatic and  

m echanical respirators. In o rder to answ er the question, 'Does the NIOSH 

certification m ethod accurately predict penetration of respirators containing 

electrostatic filter m edia loaded w ith  m etal cutting fluid mist?', fu rther refinem ent 

to the  m odels w as needed to m ake this statistical evaluation. N95 respirators in 

the  m etal cutting fluid m ist com parison grouping w ere divided into tw o subsets,
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electrostatic and  m echanical. ANOVA m odels for bo th  the NIOSH m ethod N aCl 

loading and  the N aCl penetration of respirators loaded w ith  m etal cutting fluid 

m ist were recalculated using the sam e independent variables from  the overall 

models. If the dependen t variable, percent penetration, had  been transform ed in 

the original m odel, it retained its sam e unique transform ation in  the refined 

models. Once the NaCl NIOSH m ethod m odels w ere recalculated, the reliability 

of these m odels to accurately predict penetration w as again checked using the F 

test and graphs. All F test values w ere 1.00 w ith  corresponding p  values of 0.500. 

These results indicted that the NIOSH m ethod m odels accurately predicted NaCl 

penetration independently  for N95 respirators containing either electrostatic or 

mechanical filter m edia. These findings w ere unchanged from  the overall m odels 

combining respirator types. Coefficients generated in  the refined ANOVA 

m odels for the NIOSH m ethod NaCl loading tests varied slightly from the 

overall m odel. A pplying data from the alum inum  oxide dust tests to these 

coefficients resulted in  slightly different predicted  penetration values. The results 

o f the F test com paring predicted penetration m easurem ents of respirators 

loaded w ith m etal cu tting  fluid m ist to their observed values is presented in 

Table 5.16.

Table 5.16
Electrostatic and  M echanical N95 Respirators Loaded w ith  Field-Generated 
M etal Cutting Fluid M ist
F test Com paring Predicted to Observed Penetration M easurem ents_______
Penetration M easurem ents F test p value
electrostatic respirators: CNC-m easured 11368997 <0.0000*
mechanical respirator: CNC-m easured 10689279 <0.0000*
electrostatic respirators: photom eter-m easured 22734 <0.0000*
mechanical respirators: photom eter-m easured 21346 <0.0000*
^denotes p value < 0.05
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The p  values generated from  the F tests w ere <0.0000 indicating that there w as a  

real difference betw een observed and predicted  penetration  values. The test 

results in  Table 5.16 indicated that the NIO SH m ethod certification test d id  no t 

accurately p redict penetration of respirators loaded w ith  m etal cutting fluid m ist. 

Results from  refining the respirator groupings to distinguish  betw een respirators 

w ith electrostatic and  mechanical filter m edia rem ained unchanged from  the 

overall tests w here respirators w ith  both types of filter m edia w ere grouped 

together.

Saturation

H ot environm ental conditions in  w hich filtering facepiece respirators are 

w orn can som etim es result in the respirators becom ing dam p from  the w earer's 

perspiration. The effect of saturation on  the resp ira tor's perform ance was 

evaluated by  com paring initial penetration o f respirators to penetration values of 

the sam e respirators after they w ere subm erged in  a solution of artificial 

perspiration and dried w ith  HEPA filtered air. This testing m atrix  evaluated 

changes in respirator penetration. Five replicates of each respirator type w ere 

tested.

Testing began on 4 /1 /9 8  and  ended 4 /1 7 /9 8 . Three to four respirators 

were evaluated on  a single day. Respirators w ere  sealed to their holders and 

were evaluated for initial fit the m orning of the  saturation test using  the 3M 

LPQFT m ethod preceding initial penetration m easurem ent w ith  dilute charge 

neutralized NaCl aerosol. A sum m ary of initial face seal in tegrity  can be found in  

Appendix Table B.38. Overall, initial penetration  w ith  2.0 p m  latex spheres 

averaged 0.39%; G erson averaged 1.61% and 3M 8210 averaged 0.23%. Fit values
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for the 3M  8210 and Racal (mechanical) respirator were slightly  h igher than  

p reviously  found for the N aCl load ing  tests.

The target duration  a resp ira to r w as to rem ain in contact w ith  the artificial 

persp ira tion  solution w as 40 m inutes. Miscalculations in  the  saturation  tim e for 

the MSA Affinity Plus respirators resu lted  in  tw o respirators hav ing  saturation  

tim es o f 31 m inutes, reducing the average saturation tim e for this resp ira tor to 36 

m inutes. All other respirators averaged saturation  times of 40 to 41 m inutes. 

Initial relative hum idity  readings w ere adjusted  and recorded p rio r to placing 

resp irators in the cham ber and averaged 22±0.9%.

Final relative hum idity  readings w ere recorded a t the  end  of the d ry ing  

cycle a n d  averaged 23 ±1.5%. The average difference betw een initial relative 

hum id ity  and the final dow nstream  relative hum idity  w as 1.3%. D uration  of the 

d ry ing  cycle was proportional to the m ass of the respirator; respirators w ith  

m ore m ass absorbed m ore solution and  required longer d ry ing  times. The 

average drying tim e w as 69 ±26 m inutes. Average drying tim es and  resp irator 

m asses are presented in  Table 5.17. The average weight changes for sa tu rated  

and  d ry  respirators are located in  A ppendix  Table B.39.

Table 5.17
D ry M ass and D rying Times of N95 Respirators Saturated w ith  Artificial 
Perspiration______________ ___________________________ ______________

Respirator Type Initial Respirator Mass (g) D rying Time (min)
3M  8210 7.66 92
G erson 2735S 8.16 61
MSA Affinity Plus 10.03 91
Racal (mechanical) 6.69 423
Tecnol PFR95 6.65 59
Number of replicate samples oi: each respirator=5
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A t the en d  of the d ry ing  cycle, only 1 to 3% of the artificial persp ira tion  solution 

initially absorbed onto  the respirators rem ained. The difference in  pressure d rop  

ranged from  a loss of 0.6% to a gain of 1% except for Tecnol PFR95 respirators 

tha t increased 7%; refer to A ppendix Table B.40. Change in  resistance m ay have 

been a ttributed  to the  residual m oisture rem aining on  the  respirator indicating 

that this respirator w as no t com pletely dried.

Results

In o rder to answ er the question, "W hat is the effect u p o n  the 

collection efficiency of air purifying respirators tha t have been sa tu rated  w ith  

artificial perspiration?", differences betw een initial an d  final penetration 

m easurem ents w ere  com pared using  a paired-t test. The results of the paired  t- 

test for CN C-m easured penetration can be found in A ppendix  Table B.41. O nly 

tw o respirators h ad  significant (p<0.05) changes in CN C -m easured penetration, 

3M  8210 and MSA Affinity Plus, these data  are presen ted  in  figure 5.24. The 

direction of this difference is negative, suggesting tha t perform ance im proved 

after respirators w ere  saturated  and  dried.

A  paired t-test w as again used  to determ ine if there  w ere any differences 

betw een initial and  final photom eter-m easured penetration. The results of the 

paired  t-tests are located in  A ppendix Table B.42. O nly tw o respirators w ere 

found to have significant (p<0.05) changes in their photom eter-m easured  

penetration, Racal (mechanical) and  MSA Affinity Plus. Plots of initial and  final 

photom eter-m easured penetration are presented in  figure 5.25. The direction of 

th is difference is positive for the Racal (mechanical) an d  negative for the MSA.
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These findings indicate that perform ance o f the electrostatic respirators rem ained 

the sam e o r slightly im proved w hile perform ance of the m echanical resp ira tor 

degraded  from  saturation in  artificial persp ira tion  and  dry ing  w ith  HEP A 

filtered air.

O verall respirator perform ance of all N95 w ith  electrostatic filter m edia 

rem ained unchanged or im proved slightly w hen  saturated  in  artificial 

persp ira tion  and dried  w ith HEP A filtered air. Perform ance of MSA Affinity Plus 

im proved for bo th  CNC and photom eter-m easured penetration. Residual 

m oisture rem aining on the Tecnol PFR95 respirators d id  no t alter final 

penetration  m easurem ents. This suggests th a t the collection efficiency of filtering 

facepiece respirators containing electrostatic filter m edia saturated  w ith  

persp ira tion  w ould  rem ain unchanged once the respirator w as com pletely d ried . 

The collection efficiency of the Racal (mechanical) respirator w as the only 

respirator w hose perform ance w as negatively im pacted by  this test m atrix.

SUMM ARY

The objective of this research w as to answ er the following questions:

a) Does the  NIOSH certification m ethod for air purify ing  respirators accurately 

pred ict the collection efficiency of electrostatically charged filter m edia 

respirators th a t are challenged w ith  contam inants representative of 

w orkplace environments?

b) Is there a  difference betw een the collection efficiency of respirators containing 

electrostatic m edia and those containing mechanical filter media?

c) W hat is the effect of filter saturation w ith  artificial perspiration on the 

collection efficiency of filtering facepiece respirators?
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A  sum m ary  o f the  answ ers to  these research questions is listed by  tes t scenario.

Asphalt Contaminants

a) The NIOSH m ethod  d id  no t accurately predict the collection efficiency of 

electrostatic and  m echanical respirators loaded w ith  asphalt contam inants. 

The predicted  penetration  values w ere significantly less than  the observed 

values as m easured  by  bo th  CNC and  photom eter.

b) The perform ances of electrostatic respirators w ere com parable to the  

m echanical as m easured  by  the CNC. However, electrostatic respirators had 

im proved perform ance over the  mechanical as m easured by  the photom eter.

Alum inum  Oxide

a) The NIOSH m ethod d id  no t accurately predict collection efficiency of 

respirators loaded w ith  a lum inum  oxide as m easured by  either the  CNC or 

the photom eter. The predicted  CNC-m easured penetration w as 

underestim ated  w hereas the predicted photom eter-m easured penetration  

w as som etim es underestim ated  and other times overestim ated depend ing  

u p o n  respirator type and  m ass loaded.

b) Electrostatic respirators w ere com parable to the mechanical resp ira to r as 

m easured  by the CNC. Perform ances of electrostatic respirators w ere  slightly 

better than  the m echanical as m easured by the photom eter.

Laboratory-Generated Metal Cutting Fluid M ist

a) The NIOSH m ethod  d id  n o t accurately predict the collection efficiency of 

electrostatic and  m echanical respirators loaded w ith  laboratory-generated 

m etal cutting fluid m ist. The p redicted penetration values w ere significantly 

less than  the  observed values as m easured by bo th  CNC and photom eter.
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b) Perform ances of electrostatic respirators w ere com parable to the m echanical 

respira tor as m easured by  both the CN C and  the photom eter.

Field-Generated Metal Cutting Fluid M ist

a) The NIO SH m ethod d id  not accurately predict the collection efficiency of 

electrostatic and  m echanical respirators loaded w ith  field-generated m etal 

cu tting  fluid m ist. The predicted penetration values w ere significantly less 

than  the  observed values for the CNC, underestim ating penetration. 

Predicted photom eter-m easured penetration w as a m ore stringent predictor 

of penetration  than  the observed values. This w as the only test m atrix  tha t 

found  this result.

b) Perform ances of electrostatic respirators w ere slightly better than  the 

m echanical respirator as m easured b y  the CNC. This difference w as m ore 

pronounced  for the photom eter-m easured penetration, perform ances of 

electrostatic respirators were m uch better than  the mechanical respirator.

Saturation

a) The overall effect upon  the collection efficiencies of filtering facepiece 

respirators tha t w ere saturated w ith  artificial perspiration w as unchanged. 

C N C -m easured penetration for two electrostatic respirators im proved by  as a 

result o f saturation and drying. W hen penetration was m easured by  the 

photom eter, the perform ance of m echanical respirator had  significantly 

decreased w hereas the performance o f one electrostatic respirator had  

im proved.
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CHAPTER VI 

CONCLUSION

S u m m ary

This research w as undertaken  to determ ine if the  N IO SH m ethod used  

for certifying air purify ing  respirators accurately predicted collection efficiency 

of respirators containing electrostatic filter m edia loaded w ith  contam inants 

representative of the w orkplace. Two w orkplace contam inants, asphalt 

contam inants and  m etal cu tting  fluid mist, selected for this project possessed 

chemical a n d /o r  physical properties that m ay m ask or deg rade  the charge on  

the electrostatic fibers, thereby reducing the collection efficiencies of these 

respirators. M echanical filter m edia do not possess this enhanced particle 

collection m echanism . It w as anticipated that respirators hav ing  only 

m echanical filter m edia w ould no t have their collection efficiencies degraded  

w hen  loaded  w ith  these contam inants. The th ird  con tam inant representative 

of a w orkplace aerosol, alum inum  oxide dust, w as selected to represent a solid 

particulate. The collection efficiency of N95 respirators loaded w ith  this 

aerosol w as expected to be sim ilar to sodium  chloride (NaCl) used  for 

certifying N95 respirators.

The basis for com paring collection efficiencies of N95 respirators w as 

the NIOSH m ethod test that uses a charge neutralized N aCl aerosol to
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determ ine  resp ira to r penetration . P enetra tion  w as m easured  w ith  tw o 

d ifferen t instrum ents, a  fo rw ard  lig h t scattering pho tom eter and  a 

condensation  nucleus counter (CNC). A  total of five replicates from  each 

resp ira to r type w as used for the  N IO SH  m ethod test. These tests term inated  

after 200 m g of aerosol contacted each respirator. N95 series respirators w ere  

d iv ided  into tw o groups according  to the w orkplace contam inants to w h ich  

they  w ere exposed: asphalt con tam inants and  m etal cu tting  fluid 

m is t/a lu m in u m  oxide dust. S im ple A N  VO A m odels from  the NIOSH 

m ethod  N aC l data  were constructed  for each resp ira tor grouping and fo r b o th  

types of penetra tion  m easurem ents. These m odels w ere  refined to d istingu ish  

be tw een  resp ira tors containing electrostatic and  m echanical filter m edia. 

Coefficients from  the ANOVA m odels w ere then  app lied  to the w orkplace 

con tam inant da ta  to generate p red ic ted  penetration  values.

R espirators w ere loaded  w ith  contam inants representative of the  

w orkplace for about six hours. A fter each 2-hour loading  interval, p ene tra tion  

w as determ ined  using a d ilu te  concentration  of charge neutralized N aC l 

aerosol. To determ ine if the N aC l load ing  tests u sing  the  NIOSH m ethod  

accurately predicted  penetration  of respirators loaded  w ith  w orkplace 

contam inants, coefficients from  the N aC l ANOVA m odels w ere app lied  to 

w orkplace test data. The generated  pred icted  penetration  values in each 

resp ira to r g roup ing  w ere globally com pared  to the observed penetration  

values u sing  an  F test.
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Penetrations of N95 resp ira to rs loaded w ith  w orkplace con tam inan ts 

w ere  m odeled  w ith  ANOVAs contain ing  all term s an d  interactions fo u n d  to 

b e  significant (p<0.05). The slope of the  penetration  curves indicated 

resp ira to r perform ance. To de term ine  if there w ere any  differences be tw een  

the  perform ance of a resp ira tor containing electrostatic filter m edia a n d  a 

m echanical respirator, a  pair-w ise com parison of the slopes w as m ade  u sing  

the  W ald test.

To ensure tha t any differences in  penetration  of respirators lo ad ed  in  

the  field w ere a ttributed to the  aerosol of interest and  n o t the testing pro tocol, 

pene tra tion  of respirators 'ex p o sed ' to the contam inants w ere com pared  to 

the ir 'con tro l'. Control resp irators w ere placed aw ay  from  po in t o f aerosol 

generation  and  subjected to the  sam e environm ental conditions and  testing  

m ethods as the 'exposed'. C om parisons betw een the  penetration  of 'ex p o sed ' 

a n d  'con tro l' respirators w ere m ade w ith  the help  of an  ANOVA. T erm s in  

the  m odels only contained non transfo rm ed  penetration , m inutes loaded , and  

con tro l/exposed  variables to describe the intercept and  slope of the 

p ene tra tion  curve. The correlation coefficients ranged from  0.759 to 0.932 

ind icating  tha t these m odels w ere  able to explain  m ost of the variab ility  in  

penetration . The p  values from  the ANOVA m odels de term ined  if significant 

differences (p<0.05) existed betw een  the intercepts and  slopes of 'ex p o sed ' and  

'co n tro l' respirators

Filtering facepiece resp ira to rs are often used  in  environm ents w h ere  

they  becom e saturated  w ith  th e  w earer's  persp iration . Perspiration contains
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ions th a t could interact w ith  the  charge on  an  electrostatic filter. Initial 

penetration  of filtering facepiece respirators w as com pared to final 

penetration  after respirators w ere sa tu ra ted  and dried w ith  HEP A filtered  air. 

C om parisons in  perform ance w as m ade w ith  a paired-t test.

R esults an d  Conclusions

The results sum m arized below  su p p o rt the conclusions that: a) the 

N IOSH m ethod test for N95 respirators underestim ates penetra tion  of 

respirators loaded w ith  w orkplace contam inants, b) N95 resp ira tors 

containing electrostatic filter m edia do n o t perform  significantly d ifferen t 

from  an  N95 respirator w ith  m echanical filter m edia, c) collection efficiency 

of resp irators saturated  in  artificial persp iration  did not significantly  change 

once the respirators w ere dried.

1. The NIOSH m ethod test used  for certifying N95 resp ira tors d id  no t 

accurately p red ict either CNC- o r photom eter-m easured penetra tion  of N95 

resp irators loaded w ith  asphalt contam inants, m etal cutting flu id  m ist, or 

a lum inum  oxide dust. Penetration  m easurem ents w ere u nderestim ated  for 

all w orkplace contam inants w ith  the  exception of pho tom eter-m easured  

penetration  of respirators loaded w ith  field generated m etal cu tting  fluid.

This w as the  only m atrix that p red ic ted  higher penetration th an  the NIOSH 

m ethod  test. These results suggest tha t the NIOSH m ethod for certifying 

respirators m ay no t indicate w orst case perform ance of N95 resp ira to rs. W hen 

selecting respiratory  protection, field hygienists need to be aw are  th a t the
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NIOSH m ethod  m ay  n o t be the m ost stringent in d ica to r o f resp ira to r 

perform ance in  the w orkplace.

2. A t the  end of the NIOSH m ethod tests, final p ressu re  d rop  for 8 of 

the 13 N95 respirators w as in excess of tw o inches o f w a te r colum n, exceeding 

the physiological resistance for hum an  breathing. O verall, final b rea th ing  

resistances from  the NIO SH m ethod tests w ere m uch  g rea ter than  for loading 

w ith  aerosols representative of the workplace. A lthough. 42 CFR 84 states tha t 

final b reath ing  resistance experienced at the w orksite is  no t represen ted  b y  the 

NIOSH m ethod  N aC l test, one respirator, Pro-Tech F200 filter, h a d  an  average 

final pressure  drop  of 18 inches of w ater colum n. A pproxim ately  650 m g of 

field generated m etal cutting fluid had  been  loaded on to  this respirator. 

W orkers m ay find it necessary to replace respirators m ore  frequently  than  

expected in  o rder to m aintain  adequate com fort w hen  w ork ing  in 

environm ents w ith  h igh  concentrations of m etal cu ttin g  fluid m ist.

3. The collection efficiencies of respirators con ta in ing  electrostatic filter 

m edia w ere com parable to m echanical respirators w h e n  loaded w ith  

w orkplace contam inants. A sphalt contam inants a n d  syn thetic  m etal cu tting  

fluid m ist deg raded  the perform ance of electrostatic a n d  m echanical 

respirators equally  and  penetration increased w ith  increased  loading. This 

finding refutes the hypothesis that charge on  electrostatic fibers w ou ld  be 

m asked or deg raded  by workplace aerosols resu lting  in  decreased perform ance 

com pared to m echanical respirators. Collection efficiency of electrostatic and 

m echanical resp ira to rs w ere no t significantly d ifferent for m ost m atrices. The
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electrostatic resp ira tors tended  to have slightly  im proved  perform ance w h e n  

loaded  w ith  a lum inum  oxide dust. These findings ind icate  tha t field 

hygienists do no t need  to  be concerned about the type o f filter m edia, 

electrostatic o r m echanical, in  non-pow ered air pu rify ing  respirators, b o th  

types w ou ld  be expected to perform  com parably w hen  loaded w ith  asphalt, 

m etal cu tting  flu id  m ist, and  alum inum  oxide dust.

4. The collection efficiencies of som e N95 resp irato rs, bo th  m echanical 

an d  electrostatic, decreased below  their expected 95% efficiency rating  after 

load ing  w ith  asphalt contam inants and  synthetic m etal cu tting  flu id  m ist.

This find ing  suggests th a t this class of respirator m ay  n o t provide adequate  

w orker pro tection  in  these environm ents. The collection efficiency of a P100 

resp ira to r d id  no t degrade  w hen loaded w ith  these w orkplace contam inants. 

This find ing  indicates tha t th is respirator class w ould  be expected to p rov ide  

w orker p ro tection  relative to its certification rating  in  these w orkplace 

settings. These results indicate that field hygienists need  to be aw are of the  

load ing  effect w hen  selecting the respirator class for protection against a sphalt 

and  m etal cu tting  flu id  m ist hazards.

5. Penetration  of filtering facepiece respirators sa tu rated  in  a so lu tion  of 

artificial persp ira tion  d id  no t significantly change, once the  w etted  resp ira to rs 

w ere adequately  dried . These results refuted the hypothesis that the  ions 

contained  in  persp ira tion  w ould  interact w ith  the electrostatic charge an d  

reduce collection efficiency of these respirators. R espirator w earers are 

encouraged to replace a soiled respirator. H ow ever, if the ir filtering facepiece
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resp ira to r does becom e dam p from persp iration , its perform ance w ou ld  be 

expected  to  rem ain  the sam e once it has been  allow ed to d ry  out.

This research focused on the evaluation  of N95 particu late  air 

p u rify in g  resp irators. Instrum entation response and  the protocol used  for 

com paring  the collection efficiencies of P100 series respirators loaded w ith  

contam inants representative of the w orkplace cast doub t on the accuracy of 

these analyses. M odifying the protocol u sed  in  this project by  changing the 

challenge aerosol from  N aCl to DOP for P100 series respirators loaded w ith  

w orkplace contam inants w ould  help clarify the accuracy of the NIOSH 

certification m ethod test for this respirator category.
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ARTIFICIAL PERSPIRATION FORMULA:

A dd  the follow ing chemicals to a 1000 m l vo lum etric  flask:

1. Sodium  C hloride (J.T. Baker, Phillipsburg, NJ), 3 g ram s

2. Sodium  Sulfate (J-T. Baker, Phillipsburg, NJ), 1 g ram

3. U rea (M allinckrodt Chemical W orks, Paris, KY), 2  gram s

4. Lactic A d d  (J.T. Baker, Phillipsburg, NJ), 2.0 m l

5. Triolein (Sigma Chem ical C om pany, St. Louis, M O), 2.0 gram s

6 . T risterin (Sigma Chemical C om pany, St. Louis, M O), 2.0 gram s

A d d  distilled  w ater to volum e and  stir overn ight a t room  tem perature. O nly 

a  portion  of the lipids (triolein an d  tristearin) w ill dissolve. Filter the 

undissolved  m aterials from  the liquid  and  store the liqu id  a t 4 °  C to p reven t 

bacterial grow th.

Reference: Fisher, A.A.. Contact Dermatitis 2nd Edition. Lea and  Febiger, 
Philadelphia, PA. p.27 (1973).
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Table B .l Testing M atrix by  R espirator Type and  Test Aerosol
N95 R esp ira to rs N aCl DOP AI2O3 A sphalt MCF

lab
MCF
field

S a tu r­
a tio n

G erson 1730 m
G erson 2735S m m
MSA A ffin ity  Plus m m m m m m
M oldex 2200 m
Pro-Tech F200 N95 
F ilters

m s m

Racal D elta  lo t A m m
Racal D elta lo t B m m
Racal (m echanical) m m m s m
Tecnol PFR95 m m m
3M  1860 N-95 m
3M  8210 N-95 m s m m m
U vex/P ro-T ech  4010 0
W illson Safety N95 
Filters

m

P100 R esp irato rs
3M 2091 m m m m m
3M 7093 (m echanical) m
Pro-Tech G108 m
D ese lec ted  for testing
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Table B.2 V ariability in  U pstream  Sodium  C hloride Readings 
_____________R espirator Flow Rate 85 1pm______________________

Photom eter R eading CMC Reading
A verage U pstream  

Difference
0.0931 -182000

S tandard  Deviation (a ) 0.161 673728.656
Sam ple Size 54 54
Paired t test -1.9877 4.2379

P value 0.0001 0.0520
CM D 0.085 pm , GSD 1.84

Table B.3 Variability in  U pstream  Sodium  C hloride Readings 
_____________R espirator Flow Rate 43 1pm______________________

Photom eter R eading CNC R eading
A verage U pstream  

Difference
0.220 -649000

S tandard  Deviation (a) 0.285 869405.093
Sam ple Size 10 10
Paired t test 2.4381 -2.3589

P value 0.0375 0.0427
CM D 0.085 pm , GSD 1.84

Table B.4 Variability in U pstream  DOP Readings 
R espirator Flow Rate 43 1pm

P hotom eter R eading CNC Reading
A verage U pstream  

Difference
4.58 1020000

S tan d ard  Deviation 17.59154 3590000
Sam ple num ber 15 15

Paired t test 1.0079 1.101853
P value 0.3305 0.289108

CMD 0.20pm, GSD 1.60
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Table B.5 Face Velocities of N95 R espirators and  Filters
R espirator Type Size L ot N um ber Surface 

Area (cm 2)
F lo w
R ate
(1p m )

Face
V elocity
(cm /s)

3M 1860 R egular 17031 23 55 
9807
Feb97 057

215 85 6.59

3M 8210 U n iv e rsa l 17037 22 
7706

220 85 6.44

G erson 1730 N o Size no lo t 
n u m b e r

208 85 6.81

G erson 2735S Small F luid 
R esistan t

F2934P006A 176 85 8.05

M oldex 2200 N95 U n iv e rsa l 961112037 226 85 6.27
MSA A ffinity 
P lus

M e d iu m /
Large

1397 196 85 7.23

Pro-Tech F200 
N95 Filter

U n iv e rsa l 7270117 56.7 43 12.64

Racal
(m echanical)

M ed iu m F13/4-23 195 85 7.26

Racal D elta Lot A S m all E49/1-22 187 85 7.58
Racal D elta Lot B M ed iu m E45/3-15 200 85 7.08
Tecnol PFR95 R egular 7A032202 226 85 6.27
U vex /P ro-T ech
4010

M ed iu m 12496 196 85 7.23

W illson Safety 
N95 Filters

U n iv e rsa l 7A061 66.5 43 10.78
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Table B.6 A verage Initial Fit of N95 Respirators U sing 2.01 pm. Latex 
S pheres

Sodium  C hloride (NIOSH) M ethod Tests 
In itial Fit: % coun t-m easured  penetration

R espirator Type In itia l Fit
3M 1860 0.173
3M  8210 0.173
G erson  1730 0.002
G erson  2735S 1.669
M oldex 2200 1.251
M SA A ffinity Plus 0.026
Pro-Tech F200 Filters 0.015
Racal (m echanical) 0.031
Racal D elta lo t A 0.023
Racal D elta lo t B 0.012
Tecnol PFR95 <0.001
U vex/P ro-T ech  4010 0.036
W illson  N95 Filters 0.009
N=5 for each respirator type

Table B.7 N95 Respirators G rouped  for C om parison to A sphalt L oading
CN C -M easured P enetra tion  

D ependen t Variable: % penetra tion  (1/2)_________________________________
Source Degrees of 

F reedom
Sum s of 
Squares

M ean
Square

F-ratio P value

C o n stan t 1 5569.42 5569.42 34610.00 < 0.0001
m g N aC l 1 1704.27 1704.27 10591.00 < 0.0001
resp ira to r type 5 350.382 70.0764 435.47 < 0.0001
tem p era tu re 1 34.506 34.506 214.43 < 0.0001
(m g NaCl)2 1 208.348 208.348 1294.70 < 0.0001
m g NaCl* 
resp ira to r type

5 33.1203 6.62405 41.16 < 0.0001

E rror 2615 420.805 0.16092
T o ta l 2628 2751.44
R 2 =0.847
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Table B.8 N95 Respirators G rouped for Com parison to A sphalt L oading
Photom eter-M easured  P enetra tion  

D ependen t Variable: log(% penetration+0.11)_________    ̂ ______
Source Degrees of 

F reedom
Sum s of 
Squares

M ean Square F-ratio P value

C o n stan t 1 474.773 474.773 15862.00 < 0.0001
m g  N aCl 1 153.334 153.334 5123.00 < 0.0001
resp ira tor type 5 53.7563 10.7513 359.21 < 0.0001
fit 1 3.48495 3.48495 116.43 < 0.0001
(m g NaCl)2 1 15.5669 15.5669 520.10 < 0.0001
m g NaCl* 
resp ira tor type

5 28.4255 5.6851 189.94 < 0.0001

E rror 2580 77.2211 0.029931
T ota l 2593 331.789
R 2=0.767

Table B.9 N95 Respirators G rouped  for C om parison to A lum inum  Oxide
D ust and  M etal C utting  Fluid M ist Loading 
C N C -M easured Penetration  

D ependent Variable: % penetration  (3/4)__________________________________
Source Degrees of 

F reedom
Sum s of 
Squares

M ean Square F-ratio P value

C onstan t 1 5402.93 5402.93 9017.70 < 0.0001
m g N aCl 1 2590.07 2590.07 4322.90 < 0.0001
resp ira tor type 3 424.164 141.388 235.98 < 0.0001
tem p era tu re 1 191.516 191.516 319.65 < 0.0001
(m g NaCl)2 1 551.246 551.246 920.05 < 0.0001
(m g NaCl)3 1 148.862 148.862 248.46 < 0.0001
m g  NaCl* 
resp ira tor type

3 72.386 24.1287 40.272 < 0.0001

E rro r 1777 1064.69 0.59915
T ota l 1787 5042.94
R 2=0.789
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Table B.10 N95 Respirators G rouped for Comparison, to  A lum inum  O xide
O ust and  M etal Cutting Fluid M ist L oading 
Photom eter-M easured Penetration  

D ependent Variable: (% penetration+O.QOOl) (1/3)__________________________
Source Degrees of 

F reedom
Sums of 
Squares

M ean Square F-ratio P v a lu e

C onstan t 1 726.835 726.835 25494.00 < 0.0001
m g N aCl 1 100.45 100.45 3523.40 < 0.0001
respirator type 3 39.2388 13.0796 458.78 < 0.0001
fit 1 4.23826 4.23826 148.66 < 0.0001
(m g NaCl)2 1 13.0418 13.0418 457.45 < 0.0001
m g NaCl* 
respirator type

3 20.3569 6.78564 238.01 < 0.0001

E rror 1770 50.4622 0.02851
T otal 1779 227.788
R 2=0.778

Table B .ll Face Velocities of P100 Respirator C artridges and Filters
R espirator

Type
Size Lot N um ber Surface 

A rea 
(cm2 )

Flow Rate 
(1pm )

Face
V elocity
(cm /s)

3M  2091 U n iv e rsa l 17045/17127 154 43 4.65
3M 7093 U n iversa l 7007 189 43 3.79
Pro-Tech
G108

U n iv e rsa l 62511 05 535 43 1.34

Table B.12 3M 2091 Respirator C om parison to A sphalt, A lum inum  O xide 
Dust, and  M etal Cutting Fluid Mist Loading 
CN C-M easured Penetration 

D ependent Variable: (% penetration)(2/5)_________________________________
Source Degrees of 

F reedom
Sums of 
Squares

M ean Square F-ratio P va lue

C onstan t 1 0.230075 0.230075 3546.90 < 0.0001
m g. DOP 
loaded

1 0.052356 0.052356 807.13 < 0.0001

m inutes loaded 1 0.00374 0.00374 57.66 < 0.0001
re la tiv e
h u m id ity

1 0.004265 0.004265 65.74 < 0.0001

tem p era tu re 1 0.022516 0.022516 347.12 < 0.0001
E rror 537 0.034834 0.000065
T otal 541 0.117711
R 2=0.704
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Table B.13 3M  2091 Respirator Comparison, to A sphalt, A lu m in u m  Oxide 
D ust, and  Metal C utting  Fluid M ist Loading 
P hotom eter-M easured  Penetration  

D ependen t Variable: (% penetration) (4/5)_________________________________
Source Degrees of 

F reedom
Sum s of 
Squares

M ean Square F -ra tio P value

C o n stan t 1 0.004395 0.004395 2892.6 < 0.0001
m g. DOP 
loaded

1 0.000002 0.000002 1.043 0.3077

re la tiv e
h u m id ity

1 0.000036 0.000036 23.742 < 0.0001

tem p era tu re 1 0.000013 0.000013 8.7445 0.0033
m inu tes loaded 1 0.000055 0.000055 36.258 < 0.0001
E rror 442 0.000672 0.000002
T otal 446 0.000778
R 2=0.136

Table B.14 A verage Initial Fit of N95 Respirators U sing 2.01 p m  Latex 
S pheres

A sp h alt C on tam inan t Tests 
______ Initial Fit: % count-m easured penetration

R espirator Type Initial Fit
MSA A ffinity Plus 0.738
Pro-Tech F200 <0.001
R acal (m echanical) 0.073
Racal D elta lot A 0.021
Racal D elta lot B 0.052
Tecnol PFR95 0.136
N = MSA Affinity Plus=8, Pro-Tech F200=8, Racal (m echanical)=16, Racal lot 
A=8, Racal lot B=12, Tecnol PFR95=8, 3M 2091=8

237

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table B.15 N95 R espirators L oaded w ith  A sphalt C ontam inants
C N C -M easured Penetration

D ependen t Variable: l / (%  penetration] (1/3)
Source Degrees of 

F reed o m
Sum s of 
Squares

M ean Square F-ratio P  va lue

C o n stan t 1 33.9222 33.9222 75002 < 0.0001
m g. asphalt 
loaded

1 0.000075 0.000075 0.16557 0.6846

resp ira to r type 5 0.297003 0.059401 131.33 < 0.0001
m g. asphalt * 
resp ira to r type

5 0.012167 0.002433 5.3804 0.0001

E rro r 164 0.074175 0.000452
T o ta l 175 0.38342
R 2=0.806

Table B.16 N95 Respirators Loaded w ith  A sphalt C ontam inants
Photom eter-M easured  Penetra tion

D ependen t Variable: 1 /  (% penetration (1/3)
Source Degrees of 

F reedom
Sum s of 
Squares

M ean Square F-ratio P  va lue

C o n stan t 1 122.79 122.79 17951 < 0.0001
m g. asphalt 1 1.40589 1.40589 205.53 < 0.0001
resp ira to r type 5 3.54851 0.709701 103.75 < 0.0001
(mg. asphalt)2 1 0.083395 0.083395 12.192 0.0006
m g. asphalt * 
resp ira to r type

5 0.316051 0.06321 9.2408 < 0.0001

E rro r 162 1.10814 0.00684
T o ta l 174 6.46198
R 2=0.865

Table B.17 N95 Respirators Loaded w ith  A sphalt C ontam inants
Electrostatic Com pared to M echanical N95 
C N C-M easured Penetration: l / (%  penetration) (1/3)

Level of 'm g  asphalt* respirator ty oe'
R espirator Type Coefficient S tandard

E rror
In d iv id u a l

Slope
Z  Test P  value

M SA A ffinity  Plus -1.14E-04 1.78E-04 -4.02E-04 -0.131 0.4480
Pro-Tech F200 1.13E-03 2.38E-04 8.46E-04 -3.841 0.0001
R acal (m echanical) -7.85E-05 2.07E-04 -3.66E-04
Racal D elta lo t B -5.44E-04 4.01E-04 -8.32E-04 -1.033 0.1509
Racal D elta lo t A -9.39E-05 1.40E-04 -3.82E-04 -0.062 0.4754
Tecnol PFR95 -3.03E-04 1.35E-04 -5.91E-04 -0.908 0.1820
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Table B.18 N95 Respirators Loaded w ith  A sphalt C ontam inants
Electrostatic C om pared to M echanical N95 
Photom eter-M easured Penetration: l / ( %  p en e tra tio n )(l/3 )

Level o f 'm g  asphalt* respirator type'
R espirator Type Coefficient S tandard

E rror
In d iv id u a l

Slope
Z Test P value

M SA A ffinity Plus 2.73E-03 6.99E-04 -5.53E-03 1.95 0.0256
Pro-Tech F200 4.61E-03 1.03E-03 -3.66E-03 3.01 0.0013
Racal (m echanical) 6.11E-04 8.33E-04 -7.65E-03
Racal D elta lo t B -8.15E-03 1.60E-03 -1.64E-02 -4.87 0.0000
Racal D elta lo t A 6.17E-05 6.31E-04 -8.20E-03 -0.53 0.2996
Tecnol PFR95 1.47E-04 6.54E-04 -8.11E-03 -0.44 0.3308

Table B.19 A verage Initial Fit of N95 R espirators U sing 2.01 p m  Latex 
S pheres

A lum inum  O xide D ust Tests 
______ Initial Fit: % count-m easured penetra tion

R espirator Type Initial Fit
3M 8210 0.275
MSA A ffinity Plus 0.019
Pro-Tech F200 0.007
Racal (m echanical) 0.097
N=5 for each respirator type

Table B.20 C oncentration (m g /m3) of A lum inum  O xide D ust
b y  Respirator Flow Rate

A verage
Cone.

(m g/m 3)

M in im u m  
C onc .(m g /m3)

M ax im u m  
Cone. (m g/m 3)

S tandard
D ev ia tion

all tests 9.60 4.38 18.50 1.87
flow  rate  43 1pm 10.26 6.46 18.50 2.11
flow  rate  85 1pm 9.15 4.38 13.74 1.54
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Table B.21 Size D istribution of A lum inum  O xide D ust
by  Respirator Flow Rate

CMD (pm ) M M D (pm ) GSD
all tests com bined
average  ( EMBED 
E q u a tio n .2  )

1.40 ±0.54 2.70 ±0.45

m in im u m 4.18 6.04 0.72
m a x im u m 0.74 1.36 0.64
flow  rate  43 1pm
average (x± c r) 1.42 ±0.53 2.70 ±0.66
m in im u m 1.00 1.67 0.64
m a x im u m 4.18 6.04 0.72
flo w  rate  85 1pm
average ( Jt±cr) 1.39 ±0.11 2.71 ±0.22
m in im u m 0.74 1.36 0.64
m a x im u m 1.53 2.85 0.66
Size d istribu tion  m easured w ith  C lim et

Table B.22 N95 Respirators L oaded w ith  A lum inum  Oxide D ust
CN C-M easured P enetra tion  

D ependen t Variable: log % penetration_______________ __________
Source Degrees of 

F reedom
Sum s of 
Squares

M ean Square F-ratio P  va lue

C o n stan t 1 35.1955 35.1955 1614.8 < 0.0001
m g A120 3 
loaded

1 13.2027 13.2027 605.77 < 0.0001

resp ira to r type 3 2.67025 0.890082 40.839 < 0.0001
fit 1 0.246346 0.246346 11.303 0.0013
m g A12 0 3  * 
resp ira to r type

3 0.373323 0.124441 5.7096 0.0015

m g  A12 0 3  * fit 1 0.176161 0.176161 8.0826 0.0059
resp ira to r type 
* fit

3 1.33683 0.445609 20.446 < 0.0001

E rror 67 1.46026 0.021795
T ota l 79 19.4658
R 2=0.925
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Table B.23 N95 Respirators L oaded w ith  A lum inum  O xide D ust
Photom eter-M easured  P enetra tion  

D ependen t Variable: log % penetra tion__________________________
Source Degrees of 

F reedom
Sum s of 
Squares

M ean Square F-ratio P va lue

C o n stan t 1 3.81073 3.81073 108.11 < 0.0001
m g  A12 0 3  
loaded

1 6.71611 6.71611 190.53 < 0.0001

resp ira to r type 3 0.671003 0.223668 6.3453 0.0007
fit 1 0.661912 0.661912 18.778 < 0.0001
m g A12 0 3  * 
resp ira to r type

3 0.50517 0.16839 4.7772 0.0044

resp ira to r type 
* fit

3 1.56027 0.520089 14.755 < 0.0001

E rro r 68 2.39694 0.035249
T o ta l 79 12.5114
R s=0.808

Table B.24 N95 Respirators L oaded w ith  A lum inum  O xide D ust
CN C-M easured Penetration: log (% penetration)

Level of 'm g  A12 0 3 * resp irator ty pe'
R espirator Type Coefficient S tandard

E rror
In d iv id u a l

S lope
Z Test P value

3M  8210 3.95E-04 3.27E-04 -4.08E-03 -1.35 0.0885
MSA A ffinity Plus -3.35E-04 3.02E-04 -4.80E-03 -3.16 0.0008
Pro-Tech F200 -1.04E-03 4.36E-04 -5.51E-03 -3.88 0.0001
R acal (m echanical) 9.82E-04 2.87E-04 -3.49E-03

Table B.25 N95 R espirators L oaded w ith  A lum inum  O xide D ust
Photom eter-M easured Penetration: log (% penetration)

Level of 'm g  A12 0 3 * respirator ty 3e'
R espirator Type Coefficient S tandard

E rror
In d iv id u a l

S lope
Z  Test P value

3M  8210 1.04E-03 3.78E-04 -2.23E-03 0.09 0.4626
M SA A ffinity Plus -2.86E-04 3.76E-04 -3.56E-03 -2.43 0.0075
Pro-Tech F200 -1.74E-03 5.45E-04 -5.01E-03 -4.16 <0.0000
Racal (m echanical) 9.88E-04 3.64E-04 -2.28E-03
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Table B.26 Average Initial Fit of N95 Respirators Using 2.01 p m  Latex 
Spheres

Laboratory-G enerated M etal C utting Fluid M ist 
______ Initial Fit: % count-m easured  penetration

R espirator Type Initial Fit
3M  8210 0.126
MSA Affinity Plus 0.002
Pro-Tech F200 0.015
Racal (mechanical) 0.121
N=5 for each respirator type

Table B.27 C oncentration (m g /m  ) of Laboratory-Generated M etal C u tting  
____________ Fluid M ist b y  R espirator R ow  Rate___________________________

A verage 
Cone, (m g /m  )

M in im u m  
C o n c .(m g /m )

M ax im um  
Cone, (m g /m 3)

S tan d ard
D e v ia tio n

all tests 1.73 0.67 3.37 0.44
flow  rate 43 1pm 1.77 0.67 3.35 0.53
flow  rate 85 1pm 1.71 1.04 3.37 0.38

Table B.28 Size D istribution of Laboratory-Generated M etal C u tting  F luid 
____________ M ist by R espirator Flow Rate_________________________

CM D (pm) MMD (pm) GSD
all tests com bined
average 1.00 1.54
m in im u m 0.91 0.42 1.40
m a x im u m 1.16 1.74 1.47
flow  rate 43 1pm
average 1.01 1.52
m in im u m 0.91 0.42 1.40
m a x im u m 1.16 1.74 1.47
flow  rate  8 5 1pm
average 1.00 1.55
m in im u m 0.93 1.47 1.40
m a x im u m 1.10 1.64 1.45
Size d istribu tion  m easured  w ith  Clim et
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Table B.29 N95 R espirators Loaded w ith  Laboratory-G enerated M etal
C utting  F lu id  M ist 
CN C -M easured Penetration

D ependent Variable: 1 /%  penetration(1/3)_____________________________
Source Degrees of 

F reedom
Sum s of 
Squares

M ean Square F-ratio P  value

C onstan t 1 21.4643 21.4643 7650.5 < 0.0001
m g MCF loaded 1 0.062089 0.062089 22.13 < 0.0001
respirator type 3 0.084924 0.028308 10.09 < 0.0001
fit 1 0.021932 0.021932 7.8172 0.0067
m g MCF* 
respirator type

3 0.001432 0.000477 0.17012 0.9162

resp ira to r
type*fit

3 0.045259 0.015086 5.3772 0.0022

E rror 68 0.190783 0.002806
T otal 79 0.406418
R 2=0.531

Table B.30 N95 R espirators Loaded w ith Laboratory-G enerated M etal
C utting  F luid M ist 
Photom eter-M easured  Penetration 

D ependent Variable: % penetra tion__________________________________
Source Degrees of 

F reedom
Sum s of 
Squares

M ean Square F-ratio P  value

C onstan t 1 143.476 143.476 1092.6 <  0.0001
m g MCF loaded 1 0.625291 0.625291 4.7615 0.0339
respirator type 3 17.9625 5.98752 45.594 <  0.0001
fit 1 1.13955 1.13955 8.6776 0.0049
tem pera tu re 1 0.46461 0.46461 3.538 0.0659
m g MCF* 
respirator type

3 0.025235 0.008412 0.06405 0.9786

m g MCF* 
tem pera tu re

1 0.634293 0.634293 4.8301 0.0327

E rror 49 6.43475 0.131321
T otal 59 27.2863
R 2=0.764
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Table B.31 N95 R espirators L oaded w ith  L aboratory-G enerated M etal
C utting  F luid  M ist
C N C -M easured Penetration: 1 /%  penetration(1/3)

R espirator Type C oefficient S tandard
E rror

In d iv id u a l
Slope

Z  Test P value

3M  8210 -2.06E-04 5.75E-04 1.21E-03 -0.011 0.4958
MSA Affinity P lus 2.35E-04 5.73E-04 1.65E-03 -0.543 0.2937
Pro-Tech F200 1.69E-04 8.60E-04 1.59E-03 -0.359 0.3598
Racal (m echanical) -1.98E-04 5.54E-04 1.22E-03

Table B.32 N95 R espirators L oaded w ith  Laboratory-G enerated M etal
C utting  F luid  M ist
P ho tom eter-M easured  Penetration: % p en e tra tio n

R espirator Type C oefficient S tandard
E rror

In d iv id u a l
Slope

Z  Test P value

3M  8210 -1.53E-03 3.89E-0c 3.47E-03 -0.723 0.2349
MSA Affinity Plus -6.03E-03 3.90E-03] -1.03E-03 -1.552 0.0603
Pro-Tech F200 5.17E-03 5.86E-03 1.02E-02 0.400 0.3446
Racal (mechanical) 2.39E-03 3.77E-02 7.39E-03

Table B.33 A verage Initial Fit of N95 Respirators U sing 2.01 }im Latex 
S pheres

M etal C utting  Fluid-Field G enerated Tests 
______ Initial Fit: % coun t-m easu red  penetration

R espirator Type In itial Fit
3M  8210 0.137
MSA Affinity Plus 0.042
Pro-Tech F200 0.008
Racal (m echanical) 0.073
N =8 for each resp ira tor type
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Table B.34 N95 R espirators L oaded w ith  Field-G enerated M etal C u tting
Fluid M ist
C N C -M easured Penetra tion

Source Degrees of 
F reed o m

Sum s of 
Squares

M ean Square F -ratio P  value

C o n stan t 1 131.398 131.398 5027.8 < 0.0001
m g M CF loaded 1 1.84109 1.84109 70.447 < 0.0001
resp ira to r type 3 2.07821 0.692738 26.507 < 0.0001
resp ira to r type 
* m g  MCF

3 0.062606 0.020869 0.79852 0.498

E rror 87 2.2737 0.026134
T otal 94 6.2556
R =0.636

Table B.35 N95 Respirators L oaded w ith  Field-G enerated M etal C u tting
Fluid M ist
P ho tom eter-M easured  Penetration

Source Degrees of 
F reedom

Sum s of 
Squares

M ean Square F-ratio P value

C o n stan t 1 67.0736 67.0736 2303.3 < 0.0001
m g M CF loaded 1 12.0624 12.0624 414.22 < 0.0001
resp ira to r type 3 3.49389 1.16463 39.993 < 0.0001
(m g MCF 
loaded )2

1 1.07963 1.07963 37.074 < 0.0001

resp ira to r type 
* m g  MCF

3 0.237818 0.079273 2.7222 0.0493

E rror 86 2.50437 0.029121
T otal 94 19.3781
R =0.871

Table B.36 N95 Respirators L oaded w ith  Field-G enerated M etal C u tting
Fluid M ist
C N C -M easured Penetration: log(% penetration)

R espirator Type Coefficient S tandard
Error

In d iv id u a l
S lope

Z  Test P value

3M 8210 -9.01E-05 7.44E-05 2.52E-04 -1.519 0.0644
MSA A ffinity Plus -2.43E-05 6.05E-05 3.17E-04 -0.945 0.1723
Pro-Tech F200 5.58E-05 1.09E-04 3.97E-04 -0.023 0.4910
Racal (m echanical) 5.86E-05 6.36E-05 4.00E-04

245

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table B.37 N95 R espirators Loaded w ith  Field-G enerated M etal C u tting
Fluid  M ist
Photom eter-M easured  Penetration: log(% penetration+0.3)

Respirator Type Coefficient Standard
Error

In d iv id u a l
S lope

Z  Test P value

3M 8210 -1.36E-04 7.91E-05 1.31E-03 -2.882 0.0020
MSA Affinity P lus 1.00E-04 7.52E-05 1.55E-03 -0.662 0.2541
Pro-Tech F200 -1.33E-04 1.25E-04 1.32E-03 -2.105 0.0176
Racal (mechanical) 1.68E-04 6.96E-05 1.62E-03

Table B.38 A verage Initial Fit of N95 Respirators U sing 2.01 pm  Latex 
Spheres

Saturation  w ith  A rtificial Perspiration  Tests 
______ Initial Fit: % count-m easured  penetration

Respirator Type Initial Fit
3M 8210 0.231
G erson 2735S 1.607
MSA Affinity Plus 0.001
Racal (m echanical) 0.099
Tecnol PFR95 <0.001
N=5 for each respirator type

Table B.39 N95 R espirators Saturated w ith  Artificial P ersp iration
A verage Saturation D uration  and  N et W eight Changes b y  R espirator Type
R espirator Type S a tu ra tio n  

D ura tion  (min)
S a tu ra tio n  
W eight Gain (g)

W eight Loss 
from  D rying (g)

% R esidual 
S o lu tion  *

3M 8210 40.2 17.96 17.61 1.96
G erson 2735S 40.4 10.27 10.16 1.09
MSA A ffinity 
P lus

36.4 29.10 28.81 1.00

Racal
(m echanical)

40.6 11.91 11.75 1.41

Tecnol PFR95 40.0 7.74 7.48 3.36
* R esidual artificial persp ira tion  so lu tion  rem aining on  the  resp ira to r a t the 
end of the dry ing  cycle 
N=5 for each respirator type
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Table B.40 N95 Respirators Saturated w ith  A rtificial Persp iration
A verage and  N et Difference in Pressure D rop by  R espirator Type

Respirator Type Initial Pressure 
D rop (inches water)

Final P ressure  D rop 
(inches w ater)

% difference

3M  8210 0.45 0.46 1.10
G erson 2735S 0.47 0.46 -0.65
MSA A ffinity 
P lus

0.51 0.51 -0.39

R acal
(m echanical)

0.25 0.25 0.00

Tecnol PFR95 0.25 0.27 7.63
N =5 for each respirator type

Table B.41 N95 Respirators Saturated w ith  A rtificial Perspiration
C N C-M easured Penetration: % penetra tion  

Paired  t-test C om paring  Initial and  Final % Penetra tion___________
R espirator Type Initial % 

P enetra tion
Final % 
P e n e tra tio n

p  value

3M 8210 12.035 11.421 0.0353
G erson 2735S 31.680 31.076 0.3501
MSA A ffinity 
P lus

10.276 9.099 0. 0038

Racal
(m echanical)

15.655 15.695 0.8185

Tecnol PFR95 13.310 14.331 0.1230
N=5 for each respirator type

Table B.42 N95 Respirators Saturated w ith  A rtificial Perspiration
Photom eter-M easured Penetration: % penetra tion  

Paired t-test C om paring Initial and  Final % Penetra tion___________
Respirator Type Initial % 

P enetra tion
Final % 
P en e tra tio n

p  value

3M 8210 1.709 1.684 0.7214
G erson 2735S 7.173 7.031 0.7365
MSA A ffinity 
P lus

1.159 .0835 0.0004

Racal
(m echanical)

1.669 1.842 0.0024

Tecnol PFR95 0.648 .0678 0.4014
N=5 for each respirator type
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figure C .l Sodium  Chloride Aerosol: O bserved and  P redicted  Penetration  
M SA Affinity Plus N95 Respirators: G rouped  for L oading  W ith 

A sp h alt C on tam inan ts
C N C -M easured Penetration: % penetra tion  (1/2)
N =5, fitted CMD= 0.085 |im, fitted GSD=1.84
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figure C.2 Sodium  Chloride Aerosol: O bserved and  Predicted  Penetration 
Pro-Tech F200 N95 Filter: G rouped for L oading W ith A sphalt 
C o n tam in an ts
C N C -M easured Penetration: % penetra tion (1/2)
N=5, fitted CMD= 0.085 (im, fitted GSD=1.84
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figure C.4 Sodium  Chloride Aerosol: O bserved and  Predicted Penetration 
Racal lo t A N95 Respirators: G rouped for Loading W ith A sphalt 
C o n tam in an ts
C N C-M easured Penetration: % penetration(1/2)
N=5, fitted CMD= 0.085 fim, fitted GSD=1.84
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figure C.5 Sodium  C hloride Aerosol: O bserved  and  Predicted Penetra tion  

Racal lot B N95 Respirators: G rouped  for Loading W ith A sphalt 
C o n tam in an ts
C N C -M easured Penetration: % penetra tion (1/2)
N=5, fitted CMD= 0.085 |i.m, fitted GSD=1.84
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figure C .6 Sodium  C hloride Aerosol: O bserved and  Predicted Penetra tion  
Tecnol PFR95 N95 Respirators: G rouped  for Loading W ith  A sphalt 
C o n tam in an ts
C N C -M easured Penetration: % penetra tion (1/2)
N=5, fitted CMD= 0.085 |im, fitted GSD=1.84
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figure C.7 Sodium  Chloride Aerosol: O bserved and Predicted P enetra tion  
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figure C .8 Sodium  Chloride Aerosol: O bserved and Predicted  P enetra tion  
Pro-Tech F200 N95 Filters: G rouped  for Loading W ith A sphalt 
C o n tam in an ts
Photom eter-M easured  Penetration: log(% penetration+0.11)
N=5, fitted CMD= 0.085 Jim , fitted GSD=1.84
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figure C.9 Sodium  Chloride Aerosol: O bserved and  Predicted  Penetration 
Racal (mechanical) N95 Respirators: G rouped for Loading W ith 
A sphalt C ontam inants
Photom eter-M easured Penetration: log(% penetration+0.11)
N=5, fitted CMD= 0.085 pm, fitted GSD=1.84
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figure C.10 Sodium  Chloride Aerosol: O bserved and  P redicted  Penetration 
Racal lot A  N95 Respirators: G rouped  for Loading W ith A sphalt 
C o n tam in an ts
Photom eter-M easured Penetration: log(% penetration+0.11)
N=5, fitted CMD= 0.085 (im, fitted GSD=1.84
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C on tam inan ts
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Tecnol PFR95 N95 Respirators: G rouped  for Loading W ith  A sphalt 
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Photom eter-M easured Penetration: log(% penetration+0.11)
N=5, fitted CMD= 0.085 gm, fitted GSD=1.84
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figure C.13 C ontrol and  Exposed Respirators to A sphalt C ontam inants 
MSA Affinity P lus N95 Respirators 
C N C -M easured Penetration: % penetra tion  
N exposed=6, N  control=2 ,fitted MMAD= 4.36 |im, fitted GSD=1.61
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figure C.14 C ontrol and  Exposed Respirators to A sphalt C ontam inants
Pro-Tech F200 N95 Filters 
C N C -M easured Penetration: % penetra tion  
N  exposed=6, N  control=2,fitted MMAD= 4.35 jun, fitted GSD=1.54
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figure C.15 C ontro l and  Exposed Respirators to A sphalt C ontam inants 
Racal (m echanical) N95 Respirators 
C N C -M easured Penetration: % penetration
N  exposed=12, N control=4 ,fitted MMAD= 5.18 jim, fitted GSD=1.94
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figure C.16 C ontrol and  Exposed Respirators to A sphalt C ontam inants 
Racal D elta lo t A  N95 Respirators 
C N C -M easured Penetration: % penetration  
N  exposed=6, N  control=2 ,fitted MMAD= 4.23 pm, fitted GSD=1.52
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figure C.17 C ontro l and  Exposed R espirators to A sphalt C ontam inants 
Racal D elta lot B N95 Respirators 
C N C -M easured Penetration: % penetra tion  
N  exposed=9, N  control=3 ,fitted MMAD= 3.70 pm, fitted GSD=2.32
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figure C.18 C ontro l and  Exposed R espirators to A sphalt Contam inants 
Tecnol PFR95 N95 Respirators 
C N C -M easured Penetration: % p enetra tion  
N  exposed=6, N  control=2 ,fitted MMAD= 5.01 pm, fitted GSD=1.43
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figure C.19 C ontro l an d  Exposed Respirators to A sphalt C ontam inants 
3M 2091P100 Cartridge 
C N C -M easured Penetration: % penetra tion  
N exposed=6, N  control=2 ,fitted MMAD= 4.66 pm, fitted GSD=1.54
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figure C.20 C ontro l and  Exposed Respirators to A sphalt C ontam inants 
MSA A ffinity P lus N95 Respirator 
Photom eter-M easured Penetration: % p en etra tio n  
N  exposed=6,N control=2,fitted MMAD= 4.36 pm, fitted GSD=1.61
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figure C.21 C ontro l and  Exposed Respirators to  A sphalt C ontam inants 
Pro-Tech F200 N95 Filters
Photom eter-M easured  Penetration: % p en e tra tio n  
N  exposed=6,N control=2 ,fitted MMAD= 4.35 |xm, fitted GSD=1.54
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figure C.22 C ontro l and  Exposed Respirators to  A sphalt Contam inants 
Racal (m echanical) N95 Respirators 
Photom eter-M easured  Penetration: % p en e tra tio n  
N  exposed=12,N control=4 /fitted MMAD= 5.18 (im, fitted GSD=1.94
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figure C.23 C ontro l and  Exposed Respirators to  A sphalt C ontam inants
Racal Delta lot A  N95 Respirators 
Photom eter-M easured  Penetration: % p enetra tion  
N  exposed=6,N control=2 ,fitted MMAD= 4.23 pm, fitted GSD=1.52
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figure C.24 C ontro l and  Exposed Respirators to  A sphalt Contam inants 
Racal Delta lo t B N95 Respirators 
P hotom eter-M easured  Penetration: % p enetra tion  
N  exposed=9,N control=3 ,fitted MMAD= 3.70 pm, fitted GSD=2.32
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figure C.25 C ontrol and  Exposed Respirators to A sphalt C ontam inants 
Tecnol PFR95 N95 Respirators 
Photom eter-M easured Penetration: % penetration  
N exposed=6,N control=2 ,fitted MMAD= 5.01 urn, fitted GSD=1.43
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figure C.26 C ontrol and Exposed Respirators to A sphalt C ontam inants
3M 2091 P100 Cartridge
Photom eter-M easured Penetration: % penetration  
N  exposed=6/N  control=2 ,fitted MMAD= 4.66 jrm, fitted GSD=1.54 
N=6, fitted CMD= 0.20 pm, fitted GSD=1.60
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figure C.27 A sphalt C ontam inant Loading: O bserved and  Predicted 
P en e tra tio n  

MSA Affinity Plus N95 Respirators
C N C -M easured Penetration: % penetration  (backtransform ed) 
N  exposed=6,N control=2 ,fitted MMAD= 4.36 vim, fitted GSD=1.61
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figure C.28 A sphalt C ontam inant Loading: O bserved and  Predicted 
P en e tra tio n  

Pro-Tech F200 N95 Filters
CN C-M easured Penetration: % penetration  (backtransform ed) 
N  exposed=6,N control=2 ,fitted MMAD= 4.35 pm, fitted GSD=1.54
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figure C.29 A sphalt C ontam inant Loading: O bserved and  Predicted 
P en e tra tio n  

Racal (mechanical) N95 Respirators
C N C -M easured Penetration: % penetration  (backtransform ed) 
N  exposed=12,N control=4 ..fitted MMAD= 5.18 pm, fitted GSD=1.94
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figure C.30 A sphalt C ontam inant Loading: O bserved and  Predicted  
P en e tra tio n
Racal lo t A  N95 Respirators
CN C -M easured Penetration: % penetra tion  (backtransform ed) 
N  exposed=6,N control=2 .fitted MMAD= 4.23 pm, fitted GSD=1.52
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figure C.31 A sphalt C ontam inant Loading: O bserved and  Predicted 
P en e tra tio n  

Racal lo t B N95 Respirators
C N C -M easured Penetration: % penetration  (backtransform ed) 
N  exposed=9,N controI=3 ,fitted MMAD= 3.70 pm, fitted GSD=2.32
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figure C.32 A sphalt Contam inant Loading: O bserved and Predicted 
P en e tra tio n  

Tecnol PFR95 N95 Respirators
C N C -M easured Penetration: % penetration  (backtransform ed) 
N  exposed=6,N control=2 ,fitted MMAD= 5.01 pm, fitted GSD=1.43
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figure C.33 A sphalt C ontam inant Loading: O bserved a n d  Predicted 
P ene tra tion  

MSA A ffinity Plus N95 Respirators
Photom eter-M easured Penetration: % penetra tion  (backtransform ed) 
N  exposed=6,N control=2 ,fitted MMAD= 4.36 pm, fitted GSD=1.61
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figure C.34 A sphalt Contam inant Loading: O bserved a n d  Predicted 
P ene tra tion  

Pro-Tech F200 N95 Filters
Photom eter-M easured Penetration: % penetra tion  (backtransform ed) 
N  exposed=6,N control=2 /fitted MMAD= 4.35 pm, fitted GSD=1.54
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figure C.35 A sphalt C ontam inant Loading: O bserved  an d  Predicted 
P en e tra tio n  

Racal (m echanical) N95 Respirators
Photom eter-M easured  Penetration: % p ene tra tion  (backtransform ed) 
N  exposed=12,N control=4 ,fitted MMAD= 5.18 |im, fitted GSD=1.94
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figure C.36 A sphalt C ontam inant Loading: O bserved an d  Predicted 
P en e tra tio n  

Racal lo t A  N95 Respirators
Photom eter-M easured Penetration: % penetration (backtransformed) 
N  exposed=6,N control=2 ,fitted MMAD= 4.23 pm, fitted GSD=1.52
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figure C.37 A sphalt C ontam inant Loading: O bserved an d  P redicted 
P en e tra tio n  

Racal lot B N95 Respirators
P hotom eter-M easured  Penetration: % penetration  (backtransform ed) 
N  exposed=9,N control=3 ,fitted MMAD= 3.70 |im, fitted GSD=2.32
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figure C.38 A sphalt C ontam inant Loading: Observed an d  Predicted 
P en e tra tio n  

Tecnol PFR95 N95 R espirators
Photom eter-M easured  Penetration: % penetration  (backtransform ed) 
N  exposed=6,N control=2 ,fitted MMAD= 5.01 ftm, fitted GSD=1.43
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ACRONYMS, SYMBOLS, UNITS, A N D  TERMS

A cronym D efin ition

j tm m ic ro m e te r

ACGIH A m erican  Conference of G overnm ental Industria l Hygienists

AI2O3 a lu m in u m  oxide

ASTM A m erican Society for Testing and  M aterials

cc cubic centim eter

CFR C ode of Federal Regulation

.....2cm square  centim eter

CMD co u n t m ed ian  diam eter

CNC C ondensa tion  N ucleus C ounter

dd d ro p le t d iam eter

geom etric  m ean  diam eter

di m idpo in t diam eter of the zth group

DM A D ifferential M obility Analyzer

DOP diocty l ph thalate

ds size of final aerosol particle

exp Inverse na tu ra l log

Fv volum e fraction of solid m aterial

8 g ram
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Acronym D efinition

GSD geometric s ta n d ard  deviation

HEPA high-efficiency particulate air (filter)

L liter

In natural log

1pm liters per m inu te

MCF m etal cu tting  fluid

m C i m illicu rie

m g /m 3 milligram s p e r cubic m eter

m in m in u te

MM D mass m edian  d iam eter

M SA Mine Safety A ppliance

N total num ber

N aC l sodium  chloride

num ber of particles in  the ith group

NIO SH National Institu te  for Occupational Safety and  H ealth

OSHA Occupational Safety and  H ealth A dm inistration

PTFE poly tetraflu roethy lene

REL Recom m ended E xposure Limit

scfh standard cubic feet per hour

TLV Threshold L im it Value

TSI Therm o-System s Inc.

a standard  dev iation
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