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EgTBTTIVE S Y 

The U.S. Army is considering rasing diesel-powered material-handling 
equipment in confined space storage areas. Under such conditions, where 
there may be limited air volume and ventilation, one or more of the com- 
pounds released in the engine exhaust may occur at concentrations snffi- 
ciently high to be a health hazard. Consequently, there is a need for 
baseline documentation to identify and characterize diesel exhaust com- 
ponents, to identify the important factors that determine exbanst compo- 
sition, to relate the potential effects oE exhaust composition to air 
quality of confined space workplaces, and to evaluate the monitoring and 
modeling methodology that has been used to ensure that air quality stan- 
dards are maintained under such conditions. 

A review of the available data indicates that diesel exhaust con- 
sists of thousands of individual chemical compoundsI of which only a re- 
latively small fraction have been identified and quantified. These com- 
pounds are released in the exhaust as gases, vapors, liquid aerosols, or 
solid particulate matter. On the basis of U.S. Environmental Protection 
Agency (EPA) regulatory statutes governing automotive and truck emis- 
sions, the most important components of diesel exhaust are carbon monox- 
ide, nitrogen oxides, total hydrocarbons, and total particulate matter. 
Although diesel exhaust emissions are regulated by EPA, standards for 
occupational exposures to diesel exhaust have not been promulgated by 
the Occupational Safety and Health Administration (OSHA); however, there 
are separate OSHA standards for many o f  the individual compounds in 
diesel exhaust including carbon monoxide, nitric oxide, and nitrogen 
dioxide, The only governmental agency that limits occupational expo- 
sares to diesel emissions is the Mine Safety and Health Administration 
(ISHA). MSHA has established engine emission and air quality standards 
for underground mines i n  which diesel engines are operating. Carbon 
monoxide, carbon dioxide, nitrogen oxides, and total aldehydes are in- 
cluded ir? these regulations. Neither MSW or OSHA Rave specific stan- 
dards for t o t a l  hydrocarbons or diesel particulate matter. 

An evaluation of the emission rates and concentration levels of the 
various diesel exhaust components and B review of their potential and 
known health effects indicate that, in terms of acute toxicity, the com- 
pounds that are of greatest concern, particularly in confined space s i -  
tuations, are carbon monoxide, carbon dioxide, nitrogen oxides, formal- 
dehyde, acrolein, and sulfuric acid. Particulates may also be impor- 
tant, not only in catalyzing reactions leading to the formation of sal- 
furic acid, but also because of their adsorbed polycyclic aromatic hy- 
drocarbons (PABs).  Because of their relatively low concentrations, the 
PARS are not considered to be a. major problem in terms of immediate tox- 
icity; however, some have been identified as being carcinogenic and/or 
mutagenic, and it is the long-term effects of chronic exposures to 
diesel exhaust that are o f  concern in t h i s  regard. 

Theoretical calcalations and field data from underground mines with 
diesel equipment indicate that any one ox more of the major diesel ex- 
haust components can accur at concentrations exceeding the occupational 
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exposure limits. A review of the literature reveals that many 
variables - including engine design and usage, engine operating parame- 
ters and maintenance, ambient conditions, fuel composition, and the use 
of emission control devices, can alter exhaust composition. Changes in, 
or malfunctions of, any of these parameters could account for excess em- 
issions. Studies conducted by )!ISBA indicate that the most important 
factors for minimizing emissions from diesel equipment in underground 
mines are: (1) properly functioning engines, ( 2 )  restrictions on maximum 
power output, ( 3 )  rapid and immediate dilution of exhaust with ventila- 
tion a i r ,  and ( 4 )  minimum mandatory ventilation rates for each specific 
engine type. In the absence of such standards, the air quality in a 
confined space in which a diesel engine is being operated must be deter- 
mined from constant environmental monitoring and relating concentrations 
of specific exhaust components to short- and long-term occupational ex- 
posure limits. Attempts have been made t o  correlate pollutant concen- 
trations to carbon dioxide, a stable combustion by-product, to arrive at 
a single key marker for monitoring. Further study is needed to deter- 
mine if this technique can have wide applicability. 

In the absence of monitoring data, the buildup of exhaust pollu- 
tants in a confined space can be calculated from engine emission rates, 
work cycle estimations, air ventilation rates, air volume of the en- 
closed space, and potential for mixing or stratification of the exhaust 
in the workplace atmosphere (as correlated with the height and area). 
In storage areas, the volume of material stored will affect the latter 
factors as well as residual air volume and possibly ventilation patterns 
and rates. Consequently, unless it can be shown that such models pro- 
vide an ample margin of safety, workplace monitoring may still be neces- 
sary. 
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1 .1 BACKGRQUM) 

Military warehouse and field storage operations require use o f  
forklifts and other vehicle and engine-driven material-handling equip- 
ment in confined space workplace environments. Field ammunition storage 
bunkers or igloos, for example, present a particularly unique confined 
space equipment need in the form of forklift trucks or vehicles for ban- 
dling of  ammunition and related munition material in remote field loca- 
tions, often removed from other facilities and utility support. 
Although battery-powered forklifts and other battery-powered equipment 
are preferred for confined space use, because they pose little or no 
contaminant hazards to workers, the limited operating periods of this 
equipment before electrical recharge may present serious military combat 
preparedness limitations due to inadequate field electrical recharge 
capabilities. Petroleum-fueled diesel forklifts and other engine-driven 
equipment, on the other hand, may pose contaminant emission by-product 
hazards in these confined space environments due to limited or absent 
forced air ventilation systems. 

Current U.S. Army need, therefore, exists to evaluate the capabili- 
ties and limitations of state-of-the-art diesel engine technology for 
material handling equipment to be used in confined space environments. 
Prominent focus is on acquisition of forklift equipment for material and 
munition item handling in field storage igloos or magazines. Many 
existing iglcos are not equipped with forced air ventilation systems; 
rather, they depend on gravity airflow design. The limited total 
interior space of these i 100s (an igloo may typically be 80 x 25 x I4 

supply when fully stocked) may also reduce the operating time for con- 
tinuous use of diesel or other petroleum-fueled engine equipment because 
of improper fuel Combustion as  well as the igloo being a collecting 
space for diesel exhaust emissions. 

feet or contain 25,510 ft !I of  total space, with only a 30-~iinute air 

Realistic management to meet the Army's needs will likely involve a 
combined set of constraints on (1) the types of  engine-powered equipment 
used, including consideration of emission control devices; ( 2 )  the 
operating times for permissible use based on air supply and concentra- 
tion limits for Gontaminant hazards; and ( 3 )  confined space facility 
design requirements for new and retrofit of existing facilities. 
Current efforts are underway to test best available commercial engines, 
such as the so-called "clean burn'# diesel engines in fixed engine test 
cells to qualitatively and quantitatively characterize emission hazards. 
A second series of evaluations is planned t o  perform compnter modeling 
of confined space environments to identify operating capabilities for 
these engines before contaminant exposnre standards would be exceeded, 
and thus identify key operating and design parameters governing safe 
operation. Finally, actual measurement of contaminant levels is planned 
through field testing at a *'typical#' munition storage igloo during 
Operation o f  selected diesel-powexed forklifts to simulate "normal" 
material handling operations. 
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These and r e l a t e d  s t u d i e s  on diesel-powered m a t e r i a l  handl ing  
equipment use c a p a b i l i t i e s  i n  conf ined  space workplace environments 
r e q n i s e  a thorough p re l imina ry  c h a r a c t e r i z a t i o n  of e x i s t i n g  informat ion  
on emiss ion  by-product hazards  from d i e s e l  engines .  The p r i n c i p a l  focus 
of t h i s  r e p o r t  is on i d e n t i f y i n g  emiss ion  by-products and on de termining  
h e a l t h  hazard  p o t e n t i a l s ,  r e g u l a t o r y  s t a t u s ,  and moni tor ing  and c o n t r o l  
p o t e n t i a l s ,  

The d i e s e l  engine i s  an i n t e r n a l  cornbustion engine i n  which a i r  i s  
compressed t o  a h igh  p r e s s u r e  and tempera ture  caus ing  the  f u e l ,  when 
i n j e c t e d  a t  t h e  p rope r  moment, t o  spontaneously i g n i t e  and i n i t i a t e  
combustion. D i e s e l s  d i f f e r  f ro% spa rk  i g n i t i o n  engines  i n  t h a t  t h e  a i r  
is inducted  i n t o  t h e  c y l i n d e r s  wi thout  r e s t r i c t i o n  and power output  i s  
c o n t r o l l e d  by a d j u s t i n g  the  q u a n t i t y  of f u e l  i n j e c t e d .  Because t h e  
amount of a i r  e n t e r i n g  t h e  c y l i n d e r  remains cons t an t  ( excep t  i n  t h e  case  
of t u r b o c h a r g i n g ) ,  t h e  r a t i o  of f u e l  t o  a i r  i n  t h e  c y l i n d e r  i n c r e a s e s  
wi th  i n c r e a s i n g  power output  u n t i l  a p o i n t  is  reached where t h e  m o u n t  
of f u e l  i n j e c t e d  consutues a l l  t h e  oxygen a v a i l a b l e  i n  t h e  i n t a k e  a i r  
charge .  T h e o r e t i c a l l y ,  t h e  s t o i c h i o m e t r i c  fue l - to -a i r  r a t i o  f o r  com- 
p l e t e  combustion i s  0.067 (1 p a r t  f u e l  t o  15 p a r t s  a i r ) ;  however, 
because of  incomplete  mixing of t h e  a i r  w i t h  t he  f u e l ,  d i e s e l  engines  
g e n e r a l l y  b e g i n  t o  smoke even b e f o r e  t h e  s t o i c h i o m e t r i c  r a t i o  i s  
reached  e 

With a d i e s e l  engine ope ra t ing  under low power ou tpu t  (low fuel- to-  
a i r  r a t i o )  i t  might be expected t h a t  complete f u e l  conbus t ion  would 
occiir and t h a t  t h e  only  combustion by-products would be carbon d iox ide  
and wa te r .  However, because of p h y s i c a l  and engineer ing  c o n s t r a i n t s  
which p reven t  complete and in s t an taneous  mixing, some o f  t h e  f u e l  w i l l  
n o t  be comple te ly  ox id ized ,  bu t  w i l l  be  r e l e a s e d  i n  the  exhaust  a s  vary- 
ing  amounts of hydrocarbons,  e lementa l  carbon,  and carbon monoxide, The 
hydrocarbons i n  t h e  exhaust  c o n s i s t  n o t  on ly  of f u e l  deg rada t ion  pro- 
d u c t s ,  bu t  a l s o  of e n t i r e l y  new organic  compounds formed from f u e l  e lc -  
ments through i n t e r a c t i o n s  and chemical recombinat ions t h a t  occur  
becaiise of t h e  h igh  tempera tures  and p r e s s u r e s  gene ra t ed  dur ing  the  
combustion p rocess .  These c o n d i t i o n s  a l s o  enhance s e v e r a l  o t h e r  chemi- 
c a l  r e a c t i o n s ,  i nc lud ing  o x i d a t i o n  r e a c t i o n s  l ead ing  t o  t h e  format ion  of 
n i t r i c  ox ide ,  n i t r o g e n  d i o x i d e ,  s u l f u r  d i o x i d e ,  and s u l f u r i c  a c i d .  

The va r ious  d i e s e l  exhaust  components can  be c a t e g o r i z e d  no t  on ly  
by t h e i r  chemical s t r u c t u r e  bu t  a l s o  by t h e  p h y s i c a l  s t a t e  i n  which they  
occ~xr  when t h e  exhaust  i s  vented  t o  t h e  atmosphere.  D i e s e l  exhaust  i s  a 
complex mixture  of gaseous compoundsI vapors ,  l i q u i d  a e r o s o l s ,  and s o l i d  
p a r t i c u l a t e  ma t t e r .  The gaseous coapolnnds c o n s i s t  of low molecular  
weight hydrosarbons,  such as  a lkanes  and a lkenes ,  and ino rgan ic  com- 
pounds inc lud ing  carbon d i o x i d e ,  carbon monoxide, n i t r i c  oxide, n i t r o g e n  
d i o x i d e ,  and s u l f u r  d iox ide .  Higher molecular  weight hydrocarbons and 
other organ ic  compounds ( a l i p h a t i c s  and arotr .a t ics)  are  p r e s e n t  as vapors 
a long  w i t h  water  and ino rgan ic  a c i d s .  With coo l ing  of t he  exhaus t ,  some 
of t h e s e  m a t e r i a l s  may condense i n t o  l i q u i d  a e r o s o l s .  F i n a l l y ,  t h e  e le -  
mental  carbon r e l e a s e d  i n  t h e  exhaust  w i l l  occur  as s o l i d  p a r t i c u l a t e  
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m a t t e r  and w i l l  form t h e  nucleus onto  which very l a r g e  molecular  weight 
and p o l y c y c l i c  o rgan ic  compounds w i l l  be adsorbed. 

D i e s e l  exhaust components can a l s o  be ca t egor i zed  according t o  t h e  
senso ry  response they  evoke. Thus, d i e s e l  exhaust  can  be desc r ibed  as  
having an  odor component, a smoke component, and a component s t r o n g l y  
i r r i t a t i n g  t o  t h e  eyes and r e s p i r a t o r y  t r a c t .  D i e s e l  odor has been 
a t t r i b u t e d  p r i m a r i l y  t o  v o l a t i l e  hydrogens; smoke and soo t  i s  caused by 
excess  amounts of carbonaceous p a r t i c n l a t e s ;  and t h e  i r r i t a n c y  of d i e s e l  
exhaust  has  been a t t r i b u t e d  t o  n i t r o g e n  ox ides ,  s u l f u r i c  a c i d ,  and cer -  
t a i n  o rgan ic  cornpounds such as  a ldehydes.  

1.3 VARIABLES AFFECTING DIESEL EXHAUST COMPOSITION 

A s  desc r ibed  i n  t h e  p rev ious  s e c t i o n ,  t h e  composi t ion of d i e s e l  
exhaus t  i s  the  r e s u l t  of complete and incomplete  combustion r e a c t i o n s ,  
i n t e r a c t i o n s  between p a r t i a l l y  degraded f u e l  e lements ,  and o x i d a t i o n  
r e a c t i o n s  involv ing  f u e l  by-products and va r ious  inorganic  compounds 
p r e s e n t  i n  t h e  combustion chamber. Because of t h e  complexi ty  of t h e  
r e a c t i o n s  involved,  many f a c t o r s  w i l l  de te rmine  t h e  composi t ion of t he  
exhaus t  dur ing  any p a r t i c u l a r  p e r i o d  of engine ope ra t ion .  Seve ra l  of 
t h e  key v a r i a b l e s  w i l l  be  b r i e f l y  desc r ibed  he re  and w i l l  be d i scussed  
i n  more d e t a i l  i n  Sec t ion  4. 

Engine des ign  i s  one f a c t o r  t h a t  can a f f e c t  emissions.  There a r e  
two b a s i c  types  of d i e s e l  engines ,  one i n  which the  f u e l  i s  i n j e c t e d  
d i r e c t l y  i n t o  t h e  c y l i n d e r  ( d i r e c t  i n j e c t i o n )  and one i n  which the  f u e l  
i s  i n j e c t e d  i n t o  a smal l  prechamber ( i n d i r e c t  i n j e c t i o n ,  prechamber, o r  
precombust ion engine)  where a u t o i g n i t i o n  occurs  b e f o r e  t h e  f u e l j a i r  mix- 
t u r e  i s  expe l l ed  i n t o  t h e  main chamber where f u r t h e r  vapor i za t ion .  mix- 
i ng ,  and combustion occur .  Because of t h e  enhanced mixing of t h e  
f u e l l a i r  mix ture ,  more complete combustion of t he  f u e l  occurs  and emis- 
s i o n s  a r e  reduced. D i r e c t  i n j e c t i o n  engines  can  a l s o  be modif ied t o  
improve f u e l l a i r  mixing, such as wi th  a s w i r l  chamber i n  t h e  top of the  
c y l i n d e r .  Some engines  a r e  a l s o  equipped wi th  a tu rbocharger  which uses  
exhaust  gases  t o  compress in t ake  a i r  b e f o r e  i t  e n t e r s  t he  combustion 
chamber. En e f f e c t ,  a g r e a t e r  amount of a i r  is inducted ,  which al lows 
more f u e l  t o  be combusted, thereby i n c r e a s i n g  t h e  power output  of t he  
engine.  Under low power s t eady- s t a t e  c o n d i t i o n s ,  tu rbocharg ing  can 
seduce exhaust  emiss ions ,  bu t  dur ing  r a p i d  a c c e l e r a t i o n  t h e r e  may be an 
i n c r e a s e  i n  emiss ions  due t o  a de l ay  i n  turbocharger  response  and fPnc- 
t u a t i o n s  i n  t h e  fue l - to -a i r  r a t i o .  Q t b e r  engine des ign  parameters  t h a t  
can a f f e c t  emissions inc lude  f u e l  i n j e c t o r  des ign  and placement nozz le  
opening s i z e ,  and nozz le  sac  volume ( t h e  a r e a  a t  t h e  t i p  of t h e  i n j e c t o r  
where mcombusted f u e l  accumulates and then  is expe l l ed  dur ing  t h e  
exhaust  c y c l e ) .  

Exhaust emissions vary  with changes in power output  of t h e  engine 
a s  a d i r e c t  consequence of changes i n  t he  fue l - to -a i r  r a t i o .  Near the  
maximum power output  t h e r e  i s  a r a p i d  i n c r e a s e  i n  exhaust  smoke and car-  
bon monoxide due t o  the  l a c k  of s u f f i c i e n t  oxygen f o r  complete combns- 
t i o n .  However, for t h e  same reason  format ion  of n i t r o g e n  oxides  is 
reduced a t  h igh  f u e l - t o - a i r  r a t i o s .  Any engine mal func t ion  o r  
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maintenance d e f i c i e n c y  which a l t e r s  t h e  fue l - to -a i r  r a t i o  w i l l  adve r se ly  
a f f e c t  exhaust  emissions.  I n c o r r e c t  t iming and r a t e  of f u e l  i n j e c t i o n  
caused by f a u l t y  i n j e c t o r s  o r  f u e l  pumps, and r e s t r i c t e d  i n t a k e  a i r  flow 
r e s u l t i n g  from d i r t y  a i r  f i l t e r s ,  a r e  some Qf t h e  f a c t o r s  which i n c r e a s e  
exhaust  p o l l u t a n t s .  

Because d i e s e l  f u e l s  can vary  i n  t h e i r  chemical composi t ion,  t hey  
can  a l s o  a f f e c t  exhaus t  composi t ion.  F u e l s  va ry  i n  t h e  r e l a t i v e  amounts 
of a l i p h a t i c  and aroniatic compounds, and t h i s  a l t e r s  t h e i r  combust ib i l -  
i t y  c h a r a c t e r i s t i c s ,  causes  d i f f e r e n t  types  and. amounts of deg rada t ion  
p r o d u c t s  to be formed dur ing  combustion, amd r e s u l t s  i n  d i f f e r e n t  organ- 
i c s  and p o l y c y l i c  compounds appearing i n  t h e  exhaust .  F u e l s  a l s o  vary  
i n  t h e i r  s u l f u r  c o n t e n t ,  and t h e  s u l f u r  d iox ide  emi t t ed  i n  t h e  exhaust  
i s  p r o p o r t i o n a l  t o  t h e  f u e l  s u l f u r  l e v e l .  

Ambient c o n d i t i o n s  t h a t  can a l t e r  exhaust  emissions t o  some degree  
a r e  tempera ture ,  humidi ty ,  ba romet r i c  p r e s s u r e ,  and v e n t i l a t i o n  r a t e ,  
The l a t t e r  i s  e s p e c i a l l y  important  i n  conf ined  space s i t u a t i o n s  where 
some of t h e  exhaust  may become mixed wi th  t h e  engine in t ake  a i r .  

D i e s e l  exhaust  composi t ion can a l s o  be a l t e r e d  through t h e  use of 
v a r i o u s  emission c o n t r o l  dev ices .  These inc lnde  exhaust  gas  r e c i r c u l a -  
t i o n  and r e d u c t i o n  c a t a l y s t s  t o  reduce NQx emiss ions ,  c a t a l y t i c  ox id iz -  
e r s  t o  reduce carbon monoxide emiss ions ,  water  s c rubbe r s  t o  remove SUP- 
f u r  compounds8 and t r a p  o x i d i z e r  r e a c t o r s  t o  remove hydrocarbons,  p a r t i -  
c u l a t e s ,  and smoke. No s i n g l e  c o n t r o l  method w i l l  reduce t h e  l e v e l s  of 
a l l  components a t  t h e  same t ime;  consequent ly ,  a combinat ion of methods 
i s  needed f o r  maximum e f f i c i e n c y .  

It can be seen ,  then ,  t h a t  t o  a c c u r a t e l y  a s s e s s  t h e  p o t e n t i a l  
h e a l t h  e f f e c t s  of workers exposed t o  d i e s e l  exhaus t ,  c o n s i d e r a t i o n  must 
be  g iven  t o  a l l  t h e  f a c t o r s  governing exhaust  composi t ion;  t h e s e  inc lude  
engine  des ign  and usage p a t t e r n s ,  engine  o p e r a t i n g  parameters  and 
maintenance,  ambient c o n d i t i o n s ,  f u e l  coxpos i t i on ,  and t h e  presence  or  
absence o f  emission c o n t r o l  dev ices .  
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2 IDENTIFICA’P’TON N OF DIESEL EMISSIONS 

2.1 REGULATED COMPONENTS OF DIESEL EXHAUST 

The combustion by-products of diesel engines can be categorized as 
to whether or not they are regulated by federal law. These regulations 
take the form of emission standards which must be met by the manufactur- 
ers through modifications in engine design or emission control devices. 
In order to maintain ambient air quality standards, as required by the 
Clean Air Act, the U . S .  Environmental Protection Agency (EPA) has esta- 
blished automotive emission standards for carbon monoxide (CO), nitrogen 
oxides ( N O x ) ,  total hydrocarbons ( H C ) ,  and total particulate matter (PM) 
(see Table B - 1 ) .  These standards were determined from considerations of 
the maximum realistic reduction in emission levels based on best avail- 
able technology. They are expressed in terms of the amount of exhaust 
pollutant emitted per distance traveled as determined in tests designed 
to simulate a standard driving cycle. Separate EPA emission standards 
have been established for light and heavy duty gasoline-powered and 
diesel vehicles. The standards listed in Table B-1 are those for light 
duty diesel trucks. 

Although the EPA regulations define specific emission limits, they 
are only indirectly applicable to occupational exposure situations 
because concentrations of exhaust pollutants can vary considerably with 
engine operating conditions. The regulations are also not suited for 
confined space workplaces where there may be a rapid buildup in one or 
more of the EPA-regulated exhaust components or in one or more nonregu- 
lated components. There are, however, emission standards for diesel 
engines operating in confined space workplaces. These are the regula- 
tions established by the Nine Safety and Health Administration (MSHA 
1982) for controlling the use of diesel equipment in underground mines 
(Table B - 1 ) .  Carbon monoxide, NO=, and total aldehydes are the com- 
ponents of diesel exhaust regulated by MSB[A. These standards axe based 
on mass concentrations, and they would also be appropriate for other 
confined space workplaces. The MSHA diesel emission standard for CO in 
noncoal, nongassy mines is 3000 ppm before dilution and 100 ppm after 
dilution. The NOx standard is 25 ppm (measured as N 8 2 )  after dilution, 
and the total aldehyde standard is 18 ppm after dilution and measured as 
formaldehyde equivalents. There are no MSHA standards for total hydro- 
carbons, particulates, or any other component of diesel exhaust. 

2.2 DIESF? EXHAUST COMPONENTS WITH WOWLACE EXPOSURE LIMITS 

Occupational exposure limits for air pollutants are promulgated by 
the Occupational Safety and Health Administration (OSHA 1982) o f  the 
C . S .  Department of Labor. These exposure limits are generally g-hr, 
time-weighted, average Concentrations (WAS) for a normal 40-hr work 
week. For compounds which may have an acately toxic effect, the 8-hr 
TWAs may be supplemented or replaced by ceiling values, which are max- 
imum exposure limits regardless of time period, and in some cases, by 
maximum peak concentrations above the ceiling value, which are maximum 
exposure levels limited by time ( e . g . ,  5 ,  18, 30 min) and frequency 
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( e . g . ,  no t  more than  once every  2 ,  3 ,  o r  4 h r ) .  Although OSHA has s e t  
exposure l i m i t s  f o r  some complex gas and p a r t i c l e  mixtures  such as coke 
oven emiss ions ,  i t  has  no t  promulgated a s t a n d a r d  f o r  occupa t iona l  expo- 
s u r e  t o  d i e s e l  exhaus t ,  However, OSXA r e g u l a t i o n s  e x i s t  f o r  some of t h e  
i n d i v i d u a l  components of d i e s e l  exhaus t ,  i nc lud ing  CO ( 5 0  ppm 8-hr I T A ) ,  
NO ( 2 5  ggm 8-hr TWA),  and NQ2 ( 5  ppm c e i l i n g  v a l u e )  (Table  B - 2 ) .  These 
a r e  no OSHA exposure l imits f o r  d i e s e l  p a r t i c u l a t e s  o r  t o t a l  hydrocar- 
bons;  however, a l a r g e  number of t h e  vapor phase or  p a r t i c u l a t e -  
a s s o c i a t e d  i n o r g a n i c s  and o rgan ic s  a r e  OSHA r e g u l a t e d  ( s e e  Table  R - 3 ) ,  
Of t h e  secondary d i e s e l  p o l l u t a n t s ,  t o t a l  a ldehydes and t o t a l  s u l f a t e s  
are  not  r e g u l a t e d ,  b u t  8-hr ?WAS have been e s t a b l i s h e d  for s u l f u r  diox-  
ide  ( 5  ppm) , s u l f u r i c  a c i d  (1 mg/m3) , formaldehyde ( 3  ppm), a c r o l e i n  
(0 .1  gpm),  cro tona ldehyde  ( 2  ppm) and o t h e r  a ldehydes.  

Another governmental  agency t h a t  has  e s t a b l i s h e d  occupa t iona l  expo-. 
sure l i m i t s  f o r  some of t h e  components of d i e s e l  exhaust  i s  t h e  l i n e  
S a f e t y  and Heal th  Adminis t ra t ion  (KSHA) o f  t h e  U.S.  Department o f  t h e  
I n t e r i o r .  To p r o t e c t  workers i n  mines i n  which diesel-powered equipment 
i s  used ,  MSHA has s e t  100 ppm as t h e  maximum p e r m i s s i b l e  c o n c e n t r a t i o n  
of CO, a n d  25 ppm as t h e  maximum p e r m i s s i b l e  c o n c e n t r a t i o n  of NO= i n  
noncoal mines having no flammable g a s  contaminants .  I n  a d d i t i o n  t h e r e  
i s  a 0.5% by volume upper l i m i t  f o r  CO2 i n  mine a i r  and a 20% by volwne 
lower l i m i t  f o r  oxygen. No MSRA r e g u l a t i o n s  govern exposures  t o  t o t a l  
hydrocarbons,  a ldehydes ,  s u l f a t e s ,  o r  d i e s e l  p a r t i c u l a t e s .  

The MSBA exposure l i m i t s  a r e  equ iva len t  t o  c e i l i n g  va lues ;  conse- 
q u e n t l y ,  t h e  MSEA s t anda rd  f o r  carbon monoxide i s  more r e s t r i c t i v e ,  bu t  
t h e  NOx/N02 s t anda rd  i s  l e s s  r e s t r i c t i v e  than  t h a t  of OSHA, p a r t i c u l a r l y  
f o r  s h o r t  i n t e r m i t t e n t  exposures .  For example, c o n s i d e r i n g  f o u r  30-min 
exposures  p e r  8-br workday, t h e  OSHA 8--hr TWA would permi t  t h e  CO con- 
c e n t r a t i o n  dur ing  each 30-min exposure t o  average 200 ppm, which i s  
twice the  l e v e l  pe rmi t t ed  by I S H A .  Under t h e  same exposure c o n d i t i o n s ,  
t h e  OSHA s t anda rd  would permi t  30-min exposures  t o  NO t o  be 100 ppm 
whi le  t h e  h!SM s t anda rd  f o r  MOx i s  on ly  25  ppn, However, s i n c e  t h e  QSRA 
s t a n d a r d  f o r  NIP2 i s  a c e i l i n g  va lue  ( 5  ppm), i t  would be more r e s t r i c -  
t i v e  than  t h e  MSRA l i m i t  f o r  NOx. 

Although t h e r e  is  no s p e c i f i c  MSRA exposure l i m i t  f o r  a ldehydes,  
t h e  10-ppm engine emiss ion  s t anda rd  i n  d i l u t e d  exhaxist gases  p l a c e s  an 
upper l i m i t  on p o t e n t i a l  worker exposure t o  t h i s  g roup  of compounds. 
Th i s  MSBA s t anda rd  i s  f o r  t o t a l  ttldehydes. It does not  t a k e  i n t o  
account, s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  rcinimm e f f e c t s  l e v e l  of i nd iv i -  
d a a l  a ldehydes ( s e e  Sec t ion  3 . 5 ) ,  and thus  may not  o f f e r  as  g r e a t  a mar- 
g i n  o f  s a f e t y  as  t h e  OSHA s t anda rds  for t h e  i n d i v i d u a l  compounds, 

MSBA r e q u i r e s  t h a t  i t s  emission s t a n d a r d s  and exposure l i m i t s  be 
met by adequate  v e n t i l a t i o n  of ~ o r k  s i t e s  based on t h e  mass emission 
r a t e s  of i n d i v i d u a l  d i e s e l  engines .  Thus, f o r  cach engine  c e a t i f i e d  by 
MSBA a minimum v e n t i l a t i o n  s t anda rd  must be met. Various s i t e  s p e c i f i c  
and ep idemiologica l  s t u d i e s  i n d i c a t e  t h a t  t h e  MSHA s t a n d a r d s  a r e  ade- 
qua te  for p r o t e c t i n g  miners from immediate adverse  h e a l t h  e f f e c t s  asso- 
c i a t e d  wi th  d i e s e l  exhaus t .  
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In confined spaces with limited or no ventilation, the rate of 
buildup of pollutants in the workplace air will be dependent on a number 
of physical and environmental faGtOPS such as engine operation, a i r  
volume in the enclosed space, and rate of air exchange (see Section 4 ) .  
Under such circumstances, and in the absence of any means of controlling 
ventilation rates, the only means for ensuring that the OSHA and MSBA 
exposure limits are not exceeded is by minimizing the mass output of the 
pollutants from the engines and restricting operating times to a dnra- 
tion and frequency necessitated by the onsite conditions. 

Altbough in nomine situations the MSHA regulations are not 
enforceable, both the OSHA and MSHA standards should be utilized in 
confined space situations to provide the maximum level of protection for 
the workers. Whether compliance with these standards would indirectly 
limit exposures to secondary diesel pollutants, such as aldehydes and 
sulfates, to below TWA levels will be discussed in Section 4 . 5 .  

2.3 DIESEL EZiHAUST COMPONFNS WITH NIOSH AND/OR ACGIE WORKPLACE 
EXPOSURE GUIDELINES 

The occupational exposure standards promulgated by OSHA are based 
on the recommendations of the National Institute of Occupational Safety 
and Health (NTOSH),  and they usually follow fairly closely the guide- 
lines suggested by the American Conference of Governmental ]Endustrial 
Bygienists (ACGIH 1982, 1 9 8 3 ) .  The MIOSH and ACGIH guidelines are 
periodically revised and thus may differ from the @SHA standards. 
Furthermore, the NIOSH recommendations fox daily exposure limits are 
based on 10-hr time- weighted-averages (TWA), and thus differ from the 
8-hr TIQAs used by OSHA. In some cases NIOSH or ACGIH has recommended 
exposure limits fox particular compounds which have not yet been set 
into standards by OSHA. Such differences can be seen in the case of two 
primary components of diesel exhaust, carbon monoxide (CO) and oxides of 
nitrogen (NOx, particularly NO and NO21 (see Table B - 2 ) .  For CO, the 
OSHA and ACGIM exposure limits are both 50 ppm ( 5 5  mg/m3)., but that of 
MIOSH is 35 ppm (40 n ~ g / ~ ) .  
value for CO, NIBSII recolcmends 200 ppni and ACGIE 400 ppm. 

While OSHA bas not yet established a ceiling 

For nitric oxide, the OSW, MIOSB, and ACGIH WAS are identical at 
25 ppm, and only A C G m  has a recommended ceiling value (35 ppm). For 
nitrogen dioxide there is no OSHA 8-hr TWA but only a 5-ppm ceiling 
value. NIOSH has a 1-ppm 15-min ceiling value, and ACGLB a 5-ppm STEL 
and a 3-ppm TVA. 

Many of the other compounds found in diesel. exhaust have NPOSR and 
ACGIH recommended exposnre limits. In most cases these are identical 
with or less strin ent than the OSM standards, as in the cases  of sul- 

12). However, fox formaldehyde the standards and recommendations are 
substantially different (Table B-12). The OSHA standards are 3 ppm for 
an 8-hx TWA, 5 ppm for a ceiling value. and 10 ppm for a 30-min peak 
above the ceiling value. In contrast, NIOSH recommends a 30-min ceiling 
value of only 1.0 ppm, and ACGTR is proposing t o  reduce its ceiling 
value from 2 to 1 ppm (ACGIB 19831. These differences are especially 

furic acid (1 mg/m 5 , see Table B-2) and acrolein (0.1 ppm, see Table R- 
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important in view of the potentially high concentrations of formaldehyde 
in diesel exhaust (see Table B - 6 ) .  

There are  ra few compounds in diesel exhaust fox which there are 
NIOSN or ACGIB exposure guidelines but no OSHA stamdards. These are 
listed in Table R-4 and include several alkanes and alkenes which, if 
present in high concentrations, could act as asphyxiants; an aliphatic 
aldehyde (valeraldehyde); and two suspect carcinogens, benzo(a)pyrene 
and chrysene. The latter two compoiiads occur in diesel exhaust in asso- 
ciation with the particulate fraction. 

2 . 4  DJESEL EXHAUST COMPONENTS WITH NO OCCUPATIONAL FAPOSURE STANDARDS 
OR GUIDFJ,INES 

Hundreds of conpounds have been found in diesel exhaust for which 
t h e r e  axe  no OSHA, NIOSR, or ACGIB occupational exposure standards or 
guidelines (Table R-5). In  addition, it has been estimated that there 
may be thousands of other as yet unidentified compounds that would fall 
into this same category (Vostal 1980). Of the identified compounds, 
most are polycylic aromatic compomnds found in association with diesel 
particulates, Included in this group are compounds such as anthracenes, 
phenanthrenes, fluorenes, fluoranthenes, pyrencs, chrysenes, coronenes, 
carbazoles, and naphthalenes, as well as derivatives having benzo-, 
dibenzo-, methyl-, methoxy-, hydroxy-, nitro-, carbonyl-, or Gther 
groups attached. For only a few Qf these compounds is there information 
concerning concentrations in diesel exhaust (Table 8 - 6 ) .  Although it is 
generally considered that the concentrations are t o  low to be B signifi- 
cant health hazard io terms of acute toxicity, the fact that several of 
these compjounds, such as benz(a)anthracene and cyclopenteno(c,d)pyrene, 
are suspect carcinogens i s  a matter of special concern. This will be 
discussed in Section 3 . 4 .  
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3 .  CHARACTERIZATION OF POTENTIAL DIESEL EXHAUST FWISSION HAZARDS 

3 . 3  CARBON MONOXIDE 

The following sections will briefly discuss: (1) formation and mon- 
itoring of carbon monoxide (CO) in diesel exhaust; (2) known adverse 
health effects tesnlting from exposure t o  CO; and ( 3 )  confined space 
workplace concerns. Review documents by the National Institute for  
Occupational Safety and Health (NIOSH 19721, National Research Council 
(NRC 1977a), World Health Organization (WAO 1979a), and Nightingale 
(1980) will be the sources of information for this section unless other- 
wise stated. 

3 , l . l  Formation and Monitoring 

Carbon monoxide is formed from the incomplete combustion of diesel 
fuel. According to Burn (19751, t ical diesel combustion of 1 pound of 

is C02 , roughly 1/3 ft3 is CO, and 1/3 ft3 is NO=, with the remainder 
being free nitrogen and water vapor. 

fuel produces approximately 200 ft 3? of exhaust gas of which about 20 ft3 

The three most commonly used methods for the routine estimation of 
CO in air are a continuous analysis method based upon nondispersive 
infrared absorption spectroscopy ( N D I R ) ,  a semicontinaous analysis 
method using gas chromatographic techniques, and a semiquantitative 
method employing detector tubes. The Environmental Protection Agency 
has designated the NDIR method as the reference method for continuous 
measurement of C O .  Good NDIR analyzers have a detection limit of about 
1 mg/m3(0.87 ppm) . 
able when low concentrations of CO have to be measured with a high 
degree of specificity. The detector tube method is simple and can be 
used fox estimating concentrations above 5 mg/m3, Other methods include 
catalytic oxidation, electrochemical analysis, mercury displacement, and 
the dnal isotope metbod. Fnrther information on each of these methods 
is provided in the review documents (NRC 1977a; WRO 1979a). 

Gas chromatography is, however. particularly suit- 

3 . 1 . 2  Health Effects 

Carbon monoxide is an odorless, colorless, tasteless gas with a 
melting point of -207OC and a boiling point of -192OC. Being only 
slightly less dense than air ( 0 . 9 6 8 ) ,  CO neither settles nox rises bnt 
diffuses to all spaces with air (Stokingex 1975). The health signifi- 
cance of CO as a contaminant of air is largely due to its combination 
with hemoglobin (Hb) to form carboxyhemoglobin (HbCO), thus reducing the 
availability of oxygen fox cellular systems of the body and consequently 
reducing their functional capacity. The affinity of hemoglobin for CO 
is more than 200 times greater than for oxygen, which means that CO can 
seriously impair the transport of oxygen even when present a t  very low 
partial pressures. The principal factors affecting the change in RbCO 
concentration after exposure are (1) concentration of CO inspired, ( 2 )  
endogenous CO production (i.e., from the breakdown of hemoglobin and 
o t h e r  heme-containing pigments), ( 3 )  amount of exercise, ( 4 )  body size, 
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( 5 )  lung h e a l t h  ( i n c l u d i n g  d i f f u s i o n  c a p a c i t y ) ,  and ( 6 )  ba romet r i c  
p r e s s u r e .  With r e s p e c t  t o  symptomology, e x t r a p o l a t i o n  from F i g u r e  3 .I 
y i e l d s  t h e  fol lowing in fo rma t ion :  a HbCO l e v e l  of 20% r e s u l t s  i n  
headache, f a t i g u e ,  and drowsiness;  a I%CO l e v e l  of 40?0 r e s u l t s  i n  nausea 
and vomit ing;  a HbCB l e v e l  of above 5 r e s u l t s  i n  coma; and a HbCO 
l e v e l  of above 65% r e s u l t s  i n  d e a t h ,  I t  should be  noted t h a t  t h e r e  a r e  
n:any v a r i a b l e s ,  such as i n t e n s i t y  of w0rk and smoking, t h a t  w i l l  cause  
s h i f t s  i n  t h e  cu rves  i n  F i g u r e  3.1 ( S t o k i n g e r  1975). The r a t e  of C(9 
uptake by hemoglobin i n c r e a s e s  t h r e e f o l d  t o  s i x f o l d  between r e s t  and 
heavy work because of t he  inc reased  r a t e  of b r e a t h i n g ,  and t h e  blood of 
tobacco smoke i n h a l e r s  w i l l  c o n t a i n  2 t o  8% NbCO compared t o  an average 
of 1% formed from d i s i n t e g r a t i n g  red blood c e l l s  i n  nonsmoking, nonex- 
posed a d u l t s .  V a r i a t i o n  i n  i n d i v i d u a l  s u s c e p t i b i l i t i e s  i s  a l s o  a f a c t o r  
s i n c e  i n d i v i d u a l s  w i th  e x i s t i n g  o r  p o t e n t i a l l y  lowered oxygen-carrying 
c a p a c i t y  a s  a r e s u l t  of anemia, a lcohol ism,  e t c . ,  could expe r i ence  
adverse c f f e c t s  frsn CO a t  lower concenLrat ions than normal i n d i v i d u a l s .  

The Occupat ional  S a f e t y  and I Iea l th  Admin i s t r a t ion  has  e s t a b l i s h e d  
an occupa t iona l  exposure l i m i t  ("A) of 5 C  ppm f o r  CO (OSHA 1982). 
NIOSB has ,  bowever, recommended a TWA of 3 5  ppm (NIOSII 1972). "his 
recommendation i s  based on a HbCO l e v e l  o f  5 % ,  which i s  t h e  amount cf 
EbCO t h a t  an employee engaged i n  s e d e n t a r y  a c t i v i t y  would be expected t o  
approach i n  8 h r  du r ing  cont inuous exposure.  The NIOSH c r i t e r i a  docu- 
  lent, which g i v e s  t h e  s c i e n t i f i c  b a s i s  f o r  t h i s  recommendation, s t a t e s  
t h a t  t he  employer must r ecogn ize  t h a t  t h e  l e v e l  of a c t i v i t y  w i l l  a f f e c t  
t h e  uptake of CO and consequen t ly  t h e  PlbCB l e v e l .  T k i s  d i f f e r e n c e  i s  
i l l u s t r a t e d  i n  F i g u r e  3.2 where i t  can c l e a r l y  b e  seen t h a t  f o r  a given 
c o n c e n t r a t i o n ,  a s  p h y s i c a l  a c t i v i t y  i n c r e a s e s ,  t h e  tilnrc r e q u i r e d  t o  
r e a c h  5% I b C O  d e c r e a s e s .  

The h e a l t h  e f f e c t s  l i t e r a t u r e  concerning CO exposure t o  humans has 
p r i n c i p a l l y  been concerned wi th  b e h a v i o r a l  changes,  work performance, 
c a r d i o v a s c u l a r  system e f f e c t s ,  and e f f e c t s  on pregnant  vome;p~ and t h e i r  
unborn o f f s p r i n g ,  l%e fol lowing paragraphs sill focus p x i n a r i l y  on 
t h e s e  a r e a s  and, u n l e s s  no ted ,  t h e  in fo rma t ion  p r e s e n t e d  w i l l  d e t a i l  
e f f e c t s  i n  humans and not  i n  experimental  animals .  

3 .1 .2  . I  B e h a v i o r a l  Changes 

One of t h e  problems a s s o c i a t e d  wi th  e v a l u a t i n g  t h e  b e h a v i o r a l  
e f f e c t s  r e s u l t i n g  from exposure t o  CO i s  t h a t  some workers have r e p o r t e d  
d e t r i m e n t a l  e f f e c t s  a t  EbCO l e v e l s  as low as 2 % ~ ~  whereas o t h e r s  have 
been unable  t o  d e t e c t  s i g n i f i c a n t  impairment a t  l e v e l s  from above 540 t o  
2.0%. Another compl i ca t ing  f a c t o r  a s  i l l a s t r a t e d  i n  t h e  NIOSH c r i t e r i a  
document is t h a t  d i f f e r e n t  i n v e s t i g a t o r s  i n  a t t empt ing  t o  r e p e a t  the 
work of o t h e r s  have f a i l e d  t o  produce t h e  same experimental  r e s u l t s  
under supposedly i d e n t i c a l  e x p o s u e  c o n d i t i o n s .  

Of p a r t i c u l a r  i n t e r e s t  t o  t h i s  problem d e f i n i t i o n  s t u d y  a r e  inves- 
t i g a t i o n s  concerning t h e  e f f e c t s  o f  CO exposure on d r i v i n g  performance 
and r e a c t i o n  t ime. I n  one s t u d y  reviewed by NRC, 17bCO c o n c e n t r a t i o n s  o f  
7 and 12% had no e f f e c t  on d r i v i n g  performance a s  judged by s e v e r a l  
i n d i c e s  ( e . g .  brake pedal  a p p l i c a t i o n s ) .  S i m i l a r  r e s u l t s  were found i n  
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Figure 3.1. Family of curves illustrating the different rates at 
which hemoglobin becomes saturated with CO at a given atmospheric level 
of CO and the corresponding coefficient. Adapted from Stokinger 1915.  

-21- 



ORNL-DWG 83- 17291 

1000 1 I I I l l  1 1 
800 

600 

500 

400 

300 

200 

100 

80 

60 
5 0  

40 

3 0  

26  

10 - 
10 2 0  3 0  40 60 80 100 200 300 400 580 

DURATION OF EXPOSURE ( m i n )  

Figure 3.2. Length of time to achieve 5% carboxyhemoglobin (HbCQ) 
various concentrations of CO in sedentary employees, employees at 

light work (LW), and employees at heavy work (EN). 
1972. 

Adapted fron: NlOSB 

-22- 



a s tudy ,  a l s o  reviewed by NRC, i n  which s u b j e c t s  us ing  a d r i v i n g  simula- 
t o r  exper ienced  no changes i n  response time t o  any of t h r e e  s t i m u l i  with 
HbCO l e v e l s  a s  h igh  as 96%. I n  c o n t r a s t  t o  t h e s e  two s t u d i e s ,  t he  IrRC 
r e p o r t  a l s o  c i t e d  two s t u d i e s  i n  which r e a c t i o n  t imes t o  v i s u a l  s t i m u l i  
were decreased  by HatCO c o n c e n t r a t i o n s  ranging from 4 .5  t o  11.2%. For  
f u r t h e r  in format ion  on b e h a v i o r a l  changes as a r e s u l t  of CO exposure see  
Table  B-7. 

3.1.2.2 Work Performance 

The review document by t h e  World Heal th  Organ iza t ion  s t a t e s  t h a t  i t  
has  long been recognized t h a t  e l e v a t e d  HbCO l e v e l s  can a f f e c t  work capa- 
c i t y .  S t u d i e s  reviewed i n  t h i s  r e p o r t  i n d i c a t e  t h a t  when EbCU l e v e l s  
r each  40-50%, performance of t a s k s  r e q u i r i n g  even low l e v e l s  of phys ica l  
e x e r t i o n  become imposs ib le .  However, a t  l e v e l s  a s  h igh  a s  33%, agree- 
ment was found among s e v e r a l  i n v e s t i g a t o r s  t h a t  t h e  performance of l i g h t  
t o  moderate work f o r  a s h o r t  p e r i o d  of time ( 5 - 6 0  min) i s  not  s i g n i f i -  
c a n t l y  inf luenced .  F u r t h e r  s t u d i e s  reviewed by the  WHO concern dose- 
response f o r  maximum e f f o r t  and i n d i c a t e  t h a t  a r e d u c t i o n  i n  maximum 
work c a p a c i t y  f i r s t  appears  a t  a RbcQ l e v e l  of approximately 446, Pow- 
eve r ,  l e v e l s  o f  2.5 t o  4%, a l though not  reducing maximum work c a p a c i t y ,  
d i d  reduce t h e  l e n g t h  of t ime over  which such e f f o r t  could be main- 
t a ined .  With r e s p e c t  t o  performance a t  o r d i n a r y  work l e v e l s  (30 t o  50% 
of maximum c a p a c i t y )  f o r  prolonged p e r i o d s ,  WHO s t a t e s  t h a t  it is no t  
known what s p e c i f i c  l e v e l s  of HbCO w i l l  impair t h i s  a b i l i t y .  As d i s -  
cussed  e a r l i e r  i n  t h i s  s e c t i o n ,  QSHA g u i d e l i n e s  a r e  based on t h e  HbCQ 
l e v e l  no t  exceeding 5%. F u r t h e r  in format ion  on t h e  exposure-effect  
r e l a t i o n s h i p  between WCU l e v e l s  and work performance is provided  i n  
Table  B-7, 

3 .I .2.3 Card iovascu la r  System E f f e c t s  

During p e r i o d s  of g e n e r a l i z e d  t i s s u e  hypoxia as  might r e s u l t  from 
e x e r c i s e  o r  from CO exposure,  an inc rease  i n  myocardial  a c t i v i t y  occur s ,  
r e s u l t i n g  i n  a requirement  f o r  increased  oxygen supply t o  t h e  myocardium 
which must be met by coronary c i r c u l a t i o n .  It is  no s u r p r i s e ,  t he re -  
fo re ,  t h a t  f u n c t i o n a l  h e a r t  d i s t u r b a n c e s  ( e . g . ,  l a b i l i t y  of blood 
p r e s s u r e  and h e a r t  a c c e l e r a t i o n ,  e x t r a s y s t o l e s ,  and exace rba t ions  of 
angina p e c t o r i s ) ,  a s  wel l  a s  temporary h e a r t  d i l a t a t i o n  and c a r d i a c  
asthma have been r e p o r t e d  i n  c a s e s  of acu te  CO poisoning .  

Although l a b o r a t o r y  i n v e s t i g a t i o n s  us ing  animals ,  mainly r a b b i t s ,  
have shown t h a t  prolonged exposure t o  moderate l e v e l s  of CO can  produce 
a t h e r o s c l e r o t i c  changes,  e s p e c i a l l y  i n  animals  wi th  high c h o l e s t e r o l  
l e v e l s  (1-296) in t h e  d i e t ,  t h i s  i s  probably  not  a s e r i o u s  concern i n  the  
con tex t  of t h i s  problem d e f i n i t i o n  s tudy  s i n c e  exposures  of concern a r e  
i n t e r m i t t e n t  and probably  of short dura t ion .  However. i n d i v i d u a l s  w i th  
e x i s t i n g  h e a r t  i l l n e s s  may be a t  r i s k  from a c u t e  exposures  t o  low con- 
c e n t r a t i o n s .  In two c a r e f u l l y  conducted s t u d i e s ,  p a t i e n t s  w i t h  angina 
p e c t o r i s  undergoing e x e r c i s e  exper ienced  d e t r i m e n t a l  e f f e c t s  a t  low RbCO 
l e v e l s .  I n  one of these  s t u d i e s ,  10 s u b j e c t s  were exposed t o  CO a t  50 
ppm for 2 hr, r e s u l t i n g  i n  €?be0 l e v e l s  of 2.6m which reduced e x e r c i s e  
t ime because of t he  onse t  of angina p e c t o r i s .  Carboxyhemoglobin 
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concentrations in individuals exposed to compressed air were only 0.77%. 
In the other study, 10 patients were exposed to either 50 or 100 ppm CO 
for 4 hr. After exposure, the duration of exercise before the onset of 
pain was significantly shorter in both exposure groups (mean HbCO at 50 
ppm was 2.8% and at 100 ppm, 4.5 3 compared to nonexposed patients with 
angina pectoris. The time of exercise before onset of pain was, bow- 
eves, the same after exposure to either 5 0  or 100 ppm. 

A similar study was conducted on patients with intermittent claadi- 
cation from peripheral vascular disease. Subjects were exposed for  2 hr 
to either 5 0  ppm CO or compressed air, after which time they exercised. 
Time until pain was rediiced after breathing CQ. 

3.1.2.4 Effects on Pregnant Women and Unborn Offspring 

The documents reviewed indicate that insufficient knowledge exists 
concerning the biological effects of CO during intrauterine development 
and the newborn period. One important consideration in evaluating the 
effects of CO exposure to pregnant women is that the pregnant woman's 
oxygen consumption is increased 15 to 25% during pregnancy but her oxy- 
gen carrying capacity is decreased 20 to 3046 or more due to the 
decreased concentration of hemoglobin. Also of consideration are the 
facts that under steady state conditions the concentrations of human 
fetal MbCO is 10 to 15% greater than that in maternal blood and that 
after a step change in inspired CO concentration, the time for maternal 
HbCO to reach half its steady-state value is about 3 hr compared to 7 .5  
hr for fetal HbCO. This means that under a wide variety of cir- 
cumstances the mean fetal HbCO content is greater than that of the 
mother e 

Most of the few available studies on the effects of CO exposure on 
the embryo or fetus have used high CO concentrations. hi example is a 
study in which pregnant rats were exposed to 15,000 ppm CO for 5 to 8 
min 10 times on alternate days during their 21-day gestation period. 
T h e  results were maternal unconsciousness and abortion or resorption of 
most fetuses. In another study pregnant rabbits were exposed continu- 
ously to a moderate level of CO (90 ppm). This exposure regime resulted 
in %CO levels of 9 to 10% and caused B 11% decrease in birth weights. 
Mortality of young rabbits during the following 21 days increased to 25% 
from a control value of 13%. 

3.1.3 Confined Space Workplace Concerns 

Typically, diesel engines produce relatively low concentrations o f  
CO (Hurn 19753. 1n confined workplaces where there is inadequate venti- 
lation, however, this is not true. As described by Huxn (19951, in a 
confined area  without adequate ventilation the combustion fuel-to-oxygen 
ratio rises steadily, and production of CO begins to increase expomen- 
tially. The result is that at some point in time the concentration of 
CO in the exhaust increases rapidly with a parallel rapid increase in 
the CO content of the confined workplace air mixture. This buildup o f  
CO is markedly accentuated when engines are working under heavy load. 
To support this point, H u n  provides an illustration contrasting eng ines  
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under light versus heavy load in a closed environment of P 0 , O Q O  ft3 
(Figure 3 . 3 ) .  When B diesel. engine is operated under light load in such 
an environment, a CO cancentration of 5000 ppm is reached aftex slightly 
less than 4 .5  gallons of fuel  have been consumed, whereas under heavy 
load the same engine would use only 2 . 5  gallons of fuel to reach the 
5Q00-ppm level. The other concern would of coarse be. that as the CQ 
level is increasing the oxygen level is decreasing. After 4 gallons of 
fuel have been consumed, the oxygen level will be only 11%. 

The scenario described above is unlikely to occur in real life 
situations, but it does illustrate the potential problem in confined 
spaces if adequate measures (i.e., ventilation and/or emission control) 
are not employed. See Section 4.1.3 for information concerning the use 
of emission control devices and their effectiveness. 

3 . 2  NITROGEN OXIDES 

Oxides of nitrogen are usually classified by their oxidation state 
and include nitrous oxide (NZO), nitric oxide (NO), dinitrogen trioxide 
(N203), nitrogen dioxide (N02) ,  dinitrogen tetroxide CN2O4), and dini- 
trogen pentoxide (N205); the term NOx is used where individual species 
are not specified. With respect t o  diesel emissions, however, the chief 
oxides of nitrogen emitted are NO and NO2; therefore, the following sec- 
tions will briefly discuss the formation and monitoring of these 
compounds in diesel. exhaust, define their principal known adverse health 
effects, and evaluate potential NOX buildup in confined spaces where 
diesel equipment is used. Unless otherwise stated, review docments by 
the NATO Committee on the Challenges of Modern Society (NATO 1973), 
NIOSH (NIOSH 19761, National Research Council (1977b), World Health 
Organization (WHO 1977), and Morton (1980) will be the sources of infor- 
mation. 

3.2.1 Nitric Oxide 

3 . 2  . I  .I Formation and Monitoring 

Nitric oxide is formed during the combustion of diesel fuel accord- 
ing to the reaction: 

N2 + 02 -> 2 NO 

The resulting concentration of the nitric oxide is dependent on (1) the 
load placed on the engine, ( 2 )  the ratio of the mixed air and fuel, and 
( 3 )  the amount of ventilation in the area where the exhaust gases are 
vented. In typical diesel combustion, 1 pound of fuel produces about 
200 ft3 of exhaust gas of which 20 ft3 is CQ2 and roughly 113  ft3 is GO, 
and and 113 ft3 is NOx, with the remainder being free nitrogen and water 
vapor (Hurm 1975). According t o  Marshall (19781, the results af testing 
three engines ranging f r o m  P O 0  to 150 bhp (4-cycle, precombustion 
chamber) indicated that as the load placed on the engine increases, the 
amount of NO as a total percentage of NOx increases. The reason is that 
as the load increases more oxygen is required for fuel combustion with 
less available for the formation of N 0 2 .  However, even at light loads 
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NO is the predominant component of NOX. With respect to the other two 
variables affecting NO formation (items 2 and 3 above), maximum NO for- 
mation occurs with 5 to 10% excess air and rapid dilution of exhanst 
gases slows the oxidation of NO t o  NO2. 

According to the NIOSH criteria document, most analytical pro- 
cedures fox NO involve oxidizing it to N@ and subsequently determining 
the NO2 concentration. For mixtures of NO and N e ,  the method employs 
collection of NO2 on a triethanolamine-impregnated molecular sieve sur- 
face, oxidation of the NO to NO2 by a solid oxidizer, and collection of 
the converted Ne) on another section of triethanolamine-impregnated solid 
sorbent. The trapped NQ2 is then removed with an absorbing solution, 
and the concentration is determined spectrophotometrically. Alterna- 
tively, the WHO document indicates that chemiluminescence techniques 
based on the measurement of red light produced by the reaction: 

are ideally suited to the measurement of NO and are accurate and repro- 
ducible over a wide range of concentrations with no important sources of 
interference. Tbe major features are selective response to NO, sensi- 
tivity into the 1 pg/m3 range, and rapid response time ((1 second). 
These techniques are also well suited for the measurement of peak con- 
centrations over averaging periods from 15 seconds to 1 hr, which, 
according to the WHO document, are largely inaccessible with manual 
methods. However, their high cost, complexity, and the necessity of 
some type of data logging system if long-term mean values are required 
for averaging periods from l day to 1 year are potential drawbacks. 

3 . 2 . 1 . 2  Health Effects 

No quantitative exposure-effect relationships in humans can be made 
for NO due to the absence of any measured environmental! data. Nitric 
oxide has no apparent irritant properties, and its principal direct 
action is to convert hemoglobin (Hb) to methemoglobin (MetHb). Further, 
it is likely that the effects observed in NO poisoning are due t o  the 
hypoxemia which is secondary to the methemoglobinemia. Normal concen- 
trations of MetHb in human blood range from 0 to 1 . 2  gJ100 ml. The ear- 
liest clinical evidence of MetXb in human blood is cyanosis, which 
begins when the Bletfflb concentration reaches 10 to 15% of the total W. 
Symptoms such as labored breathing, reflecting low oxygen supply, are 
not likely to appear until blood levels of MetXb reach 30 t o  40% of the 
total Hb. 

In laboratory studies, animals that died following exposure to 
relatively high concentrations of NO (1200 ppm), were cyanotic and had 
high concentrations of MetHb in their blood. As measured in the 
arterial blood of Wistar rats, the threshold NO Concentration far MetHb 
formation lies between 5 and 10 ppm. No evidence f o r  MetHb formation 
could be found at 5 ppm after an exposure of 1 hr, whereas 10 ppm eaused 
an increase of more than 509h, over the initial MetHb value after the same 
exposure period. 
ppm (OSm 1 9 8 2 ) ,  which the NIOSH criteria document states should! be 

The current OSHA standard for NO is an 8-hr TWA of 25 
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cont inued  i n  t h e  absence of d a t a  showing t o x i c  e f f e c t s  f o r  humans and 
animals  exposed a t  o r  below t h i s  l e v e l .  Tables  B-8 and B-9 summarize 
c l i n i c a l  and epidemiologic  s t u d i e s  on h m a n  exposure and t h e  e f f e c t s  of 
exposure i n  exper imenta l  an imals ,  r e s p e c t i v e l y .  According t o  t h e  NIOSH 
c r i t e r i a  document, no s t u d i e s  were a v a i l a b l e  t o  sugges t  t h a t  NO i s  
e i t h e r  ca rc inogen ic  o r  mutagenic or t h a t  i t  causes  r ep roduc t ive  e f f e c t s .  
This  document does,  however, s t a t e  t h a t  t h e s e  a r e  a r e a s  i n  which more 
r e s e a r c h  i s  needed. 

3.2 .I . 3  Confined Space Workplace Concerfis 

When an engine  i s  denied adequate  v e n t i l a t i o n ,  as  could  happen when 
o p e r a t i n g  i n  a conf ined  space such a s  a munit ion bunker ,  a p o r t i o n  of 
i t s  exhaust  i s  r ecyc led  i n t o  t h e  i n t a k e  with s e v e r a l  changes occur r ing  
s imul t aneous ly  (Hum 1975). These changes inc lude  a dec rease  i E  oxygen 
l e v e l s  and an i nc rease  i n  CO and CO2. Thcre i s  an i n i t i a l  i n c r e a s e  i n  
NOx; but  wi th  i n c r e a s i n g  c o n c e n t r a t i o n s  of C02 i n  t b e  i n t a k e  a i r  and 
wi th  t h e  p a r a l l e l  dec rease  in  oxygen, t h e  amount of NOx produced by t h e  
engine dec reases .  The o v e r a l l  r e s u l t  of t h e  o p e r a t i o n  of a d i e s e l  
engine i n  a c losed  environment accord ing  to Hurn i s  t h e r e f o r e  a bu i ldup  
o f  CO a t  an eve r -acce le ra t ed  r a t e  whi le  NOx b u i l d s  t o  a peak and then  
decays.  IIurn f u r t h e r  s t a t e s  t h a t  t h e  peak l e v e l  of  MIx does not  
r e p r e s e n t  an immediate danger  f o r  shor t - te rm exposure but  t h a t  t h e  h igh  
l e v e l s  of CQ do c l e a r l y  p r e s e n t  a shor t - te rm exposure hazard.  With 
r e s p e c t  t o  t h e  s p e e i e s  of MOx i n  t h e  exhaust  t h a t  would be favored  i n  a 
conf ined  space with inadequate  v e n t i l a t i o n ,  t h e r e  would be an inc rease  
i n  t h e  NO:N02 r s t i o  because as  t h e  oxygen supply dec reases  as  combustion 
c o n t i n u e s ,  l e s s  oxygen would be a v a i l a b l e  t o  form NO2.  The s c c n a r i o  for 
t h e  vented  exhaust  gas  would l i k e l y  b e  as i n c r e a s i n g  r a t e  i n  convers ion  
of NO t o  NO2 as t h e  c o n c e n t r a t i o n  o f  NO would be i n c r e a s i n g ,  however, 
t h e  amount of NO2 formed would of course  dec rease  over  t ime as t he  oxy- 
gen c o n c e n t r a t i o n  dec reases .  Thus with a dec reas ing  oxygen supply ,  two  
s imul taneous ly  occur r ing  everits would in f luence  NO2 format ion:  (1) a 
dec rease  i n  t h e  format ion  of M8 and ( 2 )  a dec rease  i n  t h e  f a t e  of oxida- 
t i o n  of NO t o  NO2 b o t h  in t h e  exhaus t  and i n  t h e  environment i n t o  which 
t h e  exhaust  is ven ted ,  

3,2.2 Nit rogen  Dioxide 

3 . 2 . 2 . 1  Formation and Monitor ing 

Ni t rogen  d iox ide  i s  formed i n  t h e  exhaust  du r ing  the  combustion of 
d i e s e l  f u e l  and t o  so e e x t e n t  i n  t h e  atmosphere i n t o  which the exhaust  
i s  vented a s  a r e s u l t  of t h e  o x i d a t i o n  of NO. Jn  t y p i c a l  d i e s e l  conbus- 
tion, 1 pound of f u e l  produces about 200 f t 3  of exhaust  gas  of which 
roughly  113 f t 3  i s  P30x (flurn 1975). 
d i e s e l  exhaust  i s  NO, accord ing  t o  Marsha l l  (1978), a s  much as  30% may 
b e  i n  t h e  form of NO2 which, a s  i n d i c a t e d  i n  t h e  fo l lowing  s e c t i o n  on 
h e a l t h  e f f e c t s ,  i s  of g r e a t e r  concern  from a human h e a l t h  p e r s p e c t i v e  
than  NO. Marsha l l  s t a t e s  t h a t  P!Q2 format ion  i s  a t  a maximum when an 
engine i s  func t ion ing  under l i g h t  l oad  and, conve r se ly ,  a t  a m i n i m u m  
when an engine i s  performing under maximum load ,  The reason  i s  t h a t  
minimum load  l e s s  oxygen is r e q u i r e d  f o r  f u e l  combustion c o i ~ ~ p a ~ e d  t o  

Although most of t h e  NOx f r a c t i o n  of 
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engine operating at maximum load and thus more oxygen is available for 
oxidizing NO to NQ2. High combustion temperatures (such as would result 
from an engine operating under heavy load), rapid cooling and instan- 
taneous dilution of exhaust gases promote the emission of high concen- 
trations of NO and low Concentrations of NOZ. Concerning dilution, 
Marshall states that if the exhaust products were diluted such that the 
initial level of NO was 25 ppm (the OSHA TWA), the time required for N R  
levels to reach levels of 5 ppm (OSRA ceiling value) would be about 36 
min. With further dilution of NO the time to reach 5 ppm NO2 would of 
course increase. At low concentrations and in the presence of ozone 
( 0 3 1 ,  NO2 can be formed by the reaction: 

However, in confined spaces such as a munition bunker the concentrations 
of 0 3  would probably be very low. 

One monitoring method recommended in the NIOSH criteria document is 
collection of  NO2 on a triethanolamine-impregnated molecular sieve sur- 
face followed by removal with an absorbing solution and determination of 
NO2 concentrations by reading the color of the solution with a spectro- 
photometer. This method is especially useful when both NO and NO2 are 
to be measured (see Section 3.2.1.1). When only NO2 is t o  be monitored, 
gas detector tubes that contain a chemically impregnated packing 
material which changes color to indicate the concentration of the NO2 
can be used. The use of detector tubes is inexpensive and provides 
rapid determination of NO2 concentrations; however, because of Pnterfer- 
ences, difficulty in endpoint readings, and possible calibration inaccu- 
racies, detector tubes are best used for estimating NO2 levels rather 
than providing accurate determinations. Marshall (1978) indicates that 
chemiluminescence analyzers have demonstrated a capability to yield 
valid information for NO2 and have been applied in a series of experi- 
ments conducted at the Energy Research Center in Bartlesville, Qklahoma. 
However, there are potential drawbacks; these are discussed in the for- 
mation and monitoring section for NO. 

3.2.2.2 Health Effects 

The principal effects of concern as a result of exposure to Na are 
to the pulmonary system. Effects in humans include a decrease in effec- 
tive lung compliance with a corresponding increase in expiratory and 
inspiratory volume after exposure to 4-5 ppm N Q  €or  10 min and marked 
mucosal irritation and increased pulse and respiratory rates after expo- 
sure to 25-100 ppm for 2 hr. Table B-10 summarizes several epidemiolo- 
gic and experimental studies of human exposure to N02. 

Criteria used to evaluate the toxic effects of NO2 in animals 
include abnormal changes in respiration, cellular morphology of the pnl- 
monary system, weight, reproduction, and inmunoglobin levels. In addi- 
tion, reduced resistance to respiratory infection has been called the 
most sensitive response of animals to short-term exposures of NO2. This 
reduced resistance is the result of interference by NO2 with the lung’s 
ability to remove inhaled deposited particles efficiently by altering 
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the phagocytic, enzymatic, and functional processses of the alveolar 
macrophages and of the ciliated epithelial cells. Table €3-11 presents a 
summary of the results of several studies in which experimental animals 
were exposed to N02 in various exposure regimes and at different concen- 
trations. Of particular interest to this problem definition study are 
exposures of fairly short duration. In one such study, rabbits were 
exposed to 5-50 ppm €or 3 hr with a suppression of virus-induced resis- 
tance and phagocytic activity. Another is a 1-hr exposure of dogs and 
rabbits to 5-96 ppm which resulted in microscopic changes of the capil- 
lary endothelium and the alveolar epithelium. Although stating that 
more research is needed, the NIOSB criteria document could find no evi- 
dence in the available literature to indicate that NO2 is either 
mutagenic or carcinogenic. One study did, however, find significant 
changes in estrus, litter size, and fetal weights in rats exposed to NQ2 
at 1 . 3  ppm for 32 hr per day for 3 months. However, there axe rela- 
tively few studies dealing with intermittent exposures of relatively 
short duration (15 min to 1 hx). 

I t  is clear from the available literature that nitrogen dioxide 
(NO21 presents a greater threat to human health than NO. For this rea- 
son OSHA has set a ceiling value of 5 ppm for NO2 compared to an $-hour 
TWA of 25 ppm for NO (OSHA 1982). Although concurring with the NQ stan- 
dard, the NIOSH criteria document on oxides of nitxagen recommends a 
ceiling value for NO2 of 1 ppm because of a study in which healthy human 
subjects exposed to 4-5 ppm NO2 had changes in arterial oxygen partial 
pressure, alveolo-arterial pressure gradients, and airway resistance. 
Although the specific concentration at which these changes begin to 
occur in normal human subjects is not known, NIOSH states that it is 
likely to be at the same or peshaps a slightly higher concentration than 
the 1.5-ppm level inducing pulmonary changes in humans with existing 
chronic bronchitis (See Table B-la?) .  

3.2 - 2  - 3  Confined Space Workplace Concerns 

The discussion for confined space concerns for NO is relevant €or 
N02, and the reader is directed t o  Section 3 , 2 . 1 , 3 .  Even though Ilurn 
(19755) has calculated that diesel engine operation in a closed CXIV~~QTI- 
ment would not produce NOx concentrations high enough to cause serious 
health consequences, it should be noted that ~ X ~ O S U E ~ :  to low coxacentra- 
tions of NO2 i s  of concern, especially for those individuals with 
respixatory ailments (see the health effects section for NO2 for further 
discussion). 

3 . 3  HYJIROCARBONS 

The following discussion is based primarily on information provided 

(PES 1970) ; Vapor-Phase Organic Pollutants (NRC 1976)  ; Patty’g 
in the following review documents: & Quality Criteria fsy Hydrocar- 

I Industrial Hygiene & Toxicologe (Sandmeyex 1981a, 19$1b, 1981~); and 
Handbook of Toxic and Hazardous Chemicals (Sittig 1981). 
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3 . 3 . 1  Formation and Monitoring 

Hydrocarbons are compounds consisting solely of hydrogen and car- 
bon. They can be divided into three chemical groups: aliphatics with 
molecules of straight or branched carbon chains; aromatics with 
molecules of one or more six-carbon benzene rings; and alicyclics with 
molecules of one or more nonbenzene rings. Diesel fuel is a mixture of 
these compounds. As a result of uneven and incomplete combustion, 
diesel exhaust contains varying amounts of unburned hydrocarbons, origi- 
nal and partially degraded fuel molecules, and recombined intermediate 
compounds. n o s e  compounds that are light and volatile will occur as 
gaseous components of the exhaust. neavier molecular weight compounds 
will condense into aerosols or be adsorbed onto exhaust particulates. 
Particulate organics are discussed in Sectioa 3.4. 

The gaseous hydrocarbon fxalction of diesel exhaust consists of 
light, cracked components (aliphatics) and heavier fuel-like compounds 
with carbon numbers up to about 24.  Ethylene (7-83 ppm), acetylene (1- 
38 ppm), propylene (2-24 ppm), and small amounts of c4-C6 olefins (-1 
ppm) are the predominant light hydrocarbons (Table 3.1). These consti- 
tute about 10-25% of the total. The heavy components (alicyclics and 
aromatics) consist primarily of indenes, acenaphathenes, and ben- 
zothiophenes (Levins 1981) ; these chemical gxonps constitute the oily- 
kerosene odor component of diesel exhaust. The total concentration of 
this component may be 20 mg/m3 with individual compounds present at con- 
centrations of 40 to 400 pg/m3. 

TABLE 3.1 CONCENTRATIONS (ppm) OF ALKANES AND ALKENES 
IN DIESEL EXHAUSTa 

II_--_I_ 1_----1_ -- 

0 HP 100 HP 200 IIP o w  
600 rpm 12,OO rpm 2200 rmp 600-2200 rpm Chemic a 1 

Acetylene 

Ethylene 

Propane 

Propy 1 ene 

n-But ane 

1-Bat ene 

iso-Butylene 

iso-Pentane 

2-But ene 

n-P en t a ne 

1.42 

6 . 8 5  

<O .Q5 

1.75 

<0 .Q5 

0.37 

0.26 

(0.0s 

<o.os 
0.07 

3.96 

10.7 

0.07 

3 . 8 8  

(0 .OS 

1 .os 
0.51 

<0.05 

0 -20 

0.07 

4.46 

30.2 

0.07 

10.8 

( 0 . 0 5  

2.91 

P .33 

(0 .os 
0.92  

0.37 

38 .0  

82 .8  

0.77 

23 .9  

0.14 

7 .OO 

2.85 

0.07 

1.56 

0.80 

1.3-Butadiene 0.42 0.78 0.88 4.81 

1-Pent ene 0.29 0.71 1.74 5.24 

aTwo cycle, 6 cylinder, 220 hp engine and 50 cetane, 
No. 2 diesel f a e l  ~ A ~ % ~ ~ ~ ~  f rom LlnnelB and S c o t t  1962b). 

- -_- 
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In addition to the oily-kerosene odor compoaents of diesel exhaust, 
there are also compounds producing B smoky-burnt odor. These include 
a 1 h enone s ; d i enon e s ; furan ; furfur a 1 ; me t holey- , hydroxy- , c arbony 1- 
benzenes; benzofuranes; indansne; indenones; and naphthaldehydes (Levirns 
l9$l). The total concentration of these varies considerably but will be 
in the range of 5 m g / d  with individual chemicals present at levels of 
o .1---10 pg/m3 (Iflevins 1981). 

The standard method for monitoring for total hydrocarbons in the 
exhaust gases from diesel engines is the heated flame ionization detec- 
tor (SAE 1982). This procedure is required by EPA for manufacturers' 
compliance to federal guidelines (EPA 1980b). However, for a more 
detailed analysis of exhaust hydrocarbons, gas chromatography or mass 
spectrometry or a system interfacing these two techniques is the pre- 
ferred method for identifying and quantifying hydrocarbons in the nano- 
gram concentration range. 

3.3.2 Health Effects 

The short chain saturated aliphatic hydrocarbons in diesel exhaust 
are relatively nontoxic. No effect-levels for methane and ethane are 
100,000 and 50,000 ppm, respectively. At higher concentrations, how- 
ever, the gases may act a s  asphyxiants by reducing oxygen levels. 'ne 
C a  t o  C8 alkanes show increasing narcotic properties. At 100,000 ppm, 
pentane produces narcosis in 5-60 m i n ,  and, a t  10,000 ppm, octane causes 
narcosis in 30-90 min. The TLVs for these higher saturated alkanes are 
50-1000 ppm (OSHA 1982) e Cg--C7 alkanes can cause chemical dermatitis 
after prolonged and repeated exposure, and Cg-C16 compounds can also 
cause pulmonary damage when directly aspirated into the lungs. Studies 
have shown that the smaller alkanes are n o t  teratogenic, mutagenic, or  
carcinogenic; however, some C10--C12 compounds may act as carcinogen pro- 
moters (Sandmeyer 1981a). 

Although they are chemically Enore reactive than the alkanes, the 
alkenes have nearly as low a level of toxicity. They are not neurotoxic 
and are only weak anesthetics. Although repeated exposures to high con- 
centrations have produced hepatic damage and hyperplasia af bone marrow 
in animals, similar effects have not been seen in humans, The recom- 
mended maximum permissible occupational exposure levels are generally 
set a t  about 1000 ppm, which is the level above which oxygen levels 
woiild be critically low. 

The alicyclic hydrocarbons are similar to the aliphatics in that  
they have a low level of acute toxicity and do not bionccumulate. A t  
high concentrations they may act as anesthetics and central nervous sys- 
tarn depressants. Tetralin is an irritant t o  the eyes, skin, and mucous 
membranes. In one case study, 811 oral dose of 1.5 mL/kg was not lethal, 
and resulted only in nausea, vomiting, intragastric discomfort, and 
transient liver and kidney damage, For decalin the lowest inhalation 
dose t o  cause an effect in man was 100 ppm, and for cyclohexane the no- 
effect level for a nonhurplan primate species was 1243 ppm. 
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Indans and indenes are other alicyclics found in diesel exhaust ~ 

Indan itself is reported to be relatively nontoxic, but exposure to high 
vapor concentrations of indene (800-908 ppm) may produce liver damage 
and splenic and renal injury (Sittig 1981). The recommended maximum 
permissible air concentration is 10 ppm and the short-term exposure 
limit 15 ppm (ACGIH 1982). 

Aromatic hydrocarbons are much more toxic than aliphatics and ali- 
cyclies. The vapors are more irritating to the mucous membranes. The 
simple aromatics, such as benzene, toluene, styrene, and xylene produce 
such effects at concentrations of 100 to 200 ppm. Other observed symp- 
toms are fatigue, weakness, confusion, and skin paresthesia. Chronic 
exposure to benzene can cause hematological changes including leukopenia 
and anemia. Similar effects result from exposure to xylene, but not 
toluene. The 8-hx TWA for benzene is 10 ppm, the ceiling value 25 ppm, 
and the maximum peak 50 ppm for 18 min. For other alkyl benzenes, the 
TLVs range from 25 ppm ( for trimethylbenzene) to 100 ppm (for styrene) 
(ACGIH 1982; OSHA 1982). 

Naphthalenes make up another group of aromatics found in diesel 
exhaust. Naphthalene may cause eye and respiratory tract irritation, 
headache, nausea, and perfuse perspiration when inhaled. Optic neuritis 
may also occur. Acute exposures can result in hemolytic anemia. The 
OSHA (1982) occupational exposure limit is 10 ppm, and the ACGIEI (1982) 
recommended short-term exposure limit is 15 ppm. The alkyl naphthalenes 
appear to be slightly less toxic than naphthalene. Unlike naphthalene, 
methyl naphthalene is not a skin irritant or photosensitizer. However, 
more complex naphthalene derivatives, such as acenaphthene 
(1,8 ethylenenaphthalene) may cause substantial irritation to the skin 
and mucous membranes. This compound causes genotoxic effects in lower 
organisms and might therefore be mutagenic to humans. There are no OSHA 
or ACGIH standards for acenaphthene. 

Other odor components consist of oxidized of hydroxylated deriva- 
tives of the above-mentioned compounds, as well as heterocyclics such as 
furan. In general the carbonyl derivatives tend to be chemically more 
reactive than the parent compounds and, consequently, toxic effects may 
be greater; however, specific data on many of these compounds are not 
available. The aliphatic ketones are relatively nontoxic, but some are 
neurotoxic at high concentrations. TLVs range from 5 to 100 ppm. The 
aliphatic aldehydes are strong irritants, and these will be discussed 
separately (see Section 3 . 5 ) .  O f  the higher molecular weight compounds, 
the benzofurans, methoxybenzenes, and indanones axe probably the least 
toxic, but some hydroxybenzenes, furfurals, and napthaldehydes are 
strong irritants with TLVs of about 5 ppm. 

3 . 3  - 3  Confined Space Workplace Concerns 

The light gaseous hydrocarbons in diesel exhaust appear to pose no 
major health hazards for confined space workplaces. This is due to both 
the low concentrations of these compounds as well as the high toxicity 
thresholds. Total concentrations of alkanes and alkenes may be about 20 
ppm; minimum safe exposare limits are generally several orders of 
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magnitude h ighe r .  Furthermore,  t h e r e  is  no evidence t h a t  ch ron ic  expo- 
s u r e  t o  low l e v e l s  of t h e s e  gases  c ~ l a s e s  any adverse  h e a l t h  e f f e c t s .  

The s l i g h t l y  h ighe r  calecular weight hydrocarbons , which a r e  asso- 
c i a t e d  wi th  d i e s e l  odor ,  such a s  s imple a l i c y c l i c  and aromatic  com- 
pounds, have a g r e a t e r  p o t e n t i a l  for t o x i c o l o g i c a l  e f f e c t s  i n  conf ined  
workplaces .  Tox ico log ica l  e f f e c t s  va ry  cons ide rab ly  from compound t o  
compound. Some a r e  p r i m a r i l y  s k i n  o r  eye i s s i t a n t s ,  o t h e r s  can cause 
sys temic  e f f e c t s  fo l lowing  h igh  a c u t e  exposures .  The TLVs f o r  t h e s e  
compounds Kay be a s  low as  10  ppm. The l i m i t e d  d a t a  a v a i l a b l e  sugges t  
t h a t  d i e s e l  exhaust  l e v e l s  of t h e s e  compounds may be w i t h i n  s a f e  l i m i t s  
(e.g. ,  f o r  benzene and to luene  exhaust  concen txs t ions  a r e  0.1-1 ppm; s e e  
Table  R - 6 ) .  There i s  a l s o  very  l i t t l e  q u a n t i t a t i v e  informat ion  a v a i l -  
a b l e  concerning t h e  l e v e l s  of a l i c y c l i c ,  h e t e r o c y c l i c ,  and aromatic  oxy- 
gena te s  i n  d i e s e l  exhaas t ,  and consequent ly  i t  i s  d i f f i c u l t  t o  e v a l u a t e  
p o t e n t i a l  h e a l t h  e f f e c t s  i n  conf ined  space workplaces.  The ‘TILV for a 
number of t h e s e  compounds is 5 ppm, b u t  f u r t h e r  s tudy  i s  needed t o  
de te rmine  whether t h i s  exposure l i m i t  w i l l  be  exceeded i n  conf ined  space 
workplaces b e f o r e  o t h e r  f a c t o r s ,  such as carbon monoxide and NOx, r each  
c r i t i c a l  l e v e l s .  

Add i t iona l  i n v e s t i g a t i o n s  a r e  a l s o  needed t o  de te rmine  t o  what 
degree  t h e s e  exhaus t  gas  hydrocarbons undergo f u r t h e r  chemical r e a c t i o n s  
a f t e r  l eav ing  t h e  exhaust  system. I n  conf ined  spaces  wi th  l i m i t e d  ven- 
t i l a t i o n  these  hydrocarbons w i l l  most l i k e l y  be r e c i r c u l a t e d  through t h e  
combustion system i n  t h e  i n t a k e  a i r .  Consequent ly ,  they  w i l l  undergo 
f u r t h e r  o x i d a t i o n  and o t h e r  chemical r e a c t i o n s ,  axid t h i s  would have t h e  
n e t  e f f e c t  of l i m i t i n g  t h e  a i r  c o n c e n t r a t i o n s  w i t h i n  t h e  workplace,  
whi le  a t  t h e  same time r e s u l t i n g  i n  an i n c r e a s e  i n  t h e  a i r  l e v e l s  of the: 
more ox id ized  s p e c i e s ,  such as  t h e  a l  i p h a t i c  a ldehydes 

3 . 4  PARTICULATES 

Suspended p a r t i c u l a t e s  a r e  very  f i n e l y  d iv ided  s o l i d s  or l i q u i d s  
t h a t  e r e  d i s p e r s e d  i n  a i r .  To remain suspended f o r  a per iod  o f  hours  ox: 
more, t h e  p a r t i c l e s  must have a s e t t l i n g  v e l o c i t y  t h a t  is  small  i n  com- 
parison wi th  t h e  e f f e c t s  of n a t u r a l  a i l -  movements. This minimum s e t -  
t l i n g  v e l o c i t y  i s  e q u i v a l e n t  t o ,  o r  l e s s  t han ,  t h a t  of s p h e r i c a l  p a r t i -  
c l e s  of u n i t  d e n s i t y  (1 gm/cm3) having a d i ame te r  of 10  pm or l e s s .  
Because suspended m a t t e r  can va ry  i n  s i z e ,  shape,  and d e n s i t y ,  i t  is 
u s e f u l ,  f o r  comparison pu rposes t  t o  i n d i c a t e  i t s  s e t t l i n g  v e l o c i t y  i n  
terms of t h e  aerodynamic d i ame te r ,  or t h e  d iameter  o f  s p h e r i c a l  p a r t i -  
c l e s  of u n i t  d e n s i t y  with e q u i v a l e n t  s e t t l i n g  r a t e s .  The aerodynamic 
d iameter  i s  n o t  only i n d i c a t i v e  of how long t h e  p a r t i c l e s  would remain 
suspended, bu t  a l s o  t o  what e x t e n t  they  would be j aha led  and where they  
Would be depos i t ed  i n  t h e  upper and lower r e s p i r a t o r y  t r a c t  (F igu re  
3 . 4 ) .  

The exhaust  of a d i e s e l  engine c o n t a i n s  a l a r g e  amount of p a a t i c u -  
late m a t t e r  ( s e e  Table  B - 6 ) ,  most of which i s  l e s s  t han  1 pw and there-  
f o r e  w i t h i n  t h e  s i z e  range of suspended, r e s p i r a b l e  p a r t i c l e s ,  These 
p a r t i c l .  e s  cons is t of e l  emejat a l  carbon; unburned hydrocarbons ; water- 
s o l u b l e  ino rgan ic s  such a s  sulfaar ic  a c i d  and s u l f a t e s  (which may gilso be 
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Figure 3.4. Fraction of p a r t i c l e s  deposited i n  respiratory t r a c t  
compartments as 8 function o f  p a r t i c l e  d iameter .  Adapted from Task 
Group on Lung Dynamics 1966. 



presclct i n  t h e  form o f  l i q u i d  a e r o s o l s ) ;  and smal l  amounts o f  s i l i c o n ,  
i r o n ,  z i n c ,  l e a d ,  copper ,  manganese, and o t h e r  mine ra l s .  A d e t a i l e d  
d i s c u s s i o n  of s u l f u r i c  a c i d  and o t h e r  s u l f a t e s  i s  g iven  i n  a s e p a r a t e  
s e c t i o n  ( s e e  S e c t i o n  3 . 6 ) .  Of t h e  other p a r t i c u l a t e  components, l i t t l e  
w i l l  b e  s a i d  about t h e  t r a c e  metals p r e s e n t ,  since they  occur  i n  only  

oun t s  and, i n  themselves ,  a r e  u n l i k e l y  t o  be major h e a l t h  
hazards .  The bulk  of t h e  p a r t i c u l a t e  m a t t e r  c o n s i s t s  o f  e lementa l  car -  
bon (30-75%) and unburned hydrocarbons (10-4Ok).  These may have a 
d i r e c t  p h y s i c a l  e f f e c t  a s  a r e s u l t  of d e p o s i t i o n  i n  t h e  lungs ,  and/or  
they  magi have a chemical e f f e c t  depending on r a t e s  of s o l u b i l i z a t i o n  and 
b i o a v a i l  a b i l  i t y  . 

The fo l lowing  review of t h e  p o t e n t i a l  h e a l t h  e f f e c t s  of d i e s e l  par-  
t i c u l a t e s  and t h e i r  a s s o c i a t e d  hydrocarbons is based p r i m a r i l y  on infor- 
n a t i o n  provided  i n  t h e  fo l lowing  review documents: S u l f u r  Oxides & 
Susgend-sd- P a r t i c u l a t e  Mat te r  (WHO 1979b) ,  @a&t:& E f f e c t s  &.-ociated wi th  
D i e s e l  Exhaust Ernission (Santodonato e t  a l .  19’781, Heal th  E f f e c t s  af 
Expos>= f i , D i e s e l  Exhaust ( N R G  1 9 8 1 a ) ,  Hea l th  E f f e c t s  of D i e s e l  Exhaust 
h i s s i o n s  (EIIA 1978), & Q u a l i t y  C r i t e r i a  f o r  E s t i c u l a t e  Mat te r  (PHS 
1969), and An I n i t i a l  Assessment of L i t e r a t u r e  on the Measurement, 
Con t ro l ,  T ranspor t ,  Transformat ion  and Hea l th  E f f e c t s  of Unregulated 
--- D i e s e l  -@missions (Andon e t  a l ,  1 9 7 9 ) .  

3 . 4 . 1  Formation and Monitor- 

D i e s e l  p a r t i c u l a t e  m a t t e r  forms i n  t h e  engine combustion chamber i n  
a r e a s  where the  tempera ture  is s u f f i c i e n t l y  h igh  f o r  decomposi t ion of 
t h e  o r i g i n a l  f u e l  hydrocarbons,  but where t h e r e  i s  i n s u f f i c i e n t  oxygen 
f o r  complete o x i d a t i o n  t o  C02 and water  (Johnson 1 9 7 5 ) .  ‘ f ie  e lementa l  
carbon formed in.  t h i s  way i s  i n s o l a b l e ,  n o n v o l a t i l e ,  c r y s t a l l i n e  p a r t i -  
c l e s  i n  t h e  submicron s i z e  range.  Various l a r g e  molecular  weight ,  
incomple te ly  burned hydrocarbons o f  low v o l a t i l i t y  ( a s  w e l l  as new com- 
youxrds formed by chemical r e a c t i o n s  between t h e s e  hydrocarbons)  condense 
or a r e  adsorbed onto the carbon n u c l e i  t o  form the l a r g e  (up t o  10 
microns)  i r r e g u l a r l y  shaped o r  c h a i n l i k e  p a r t i c l e s  t y p i c a l  oE d i e s e l  
exhaust,, Although t h e  a c t u a l  maximum diameter  of d i e s e l  p a r t i c l e s  may 
be as  g r e a t  as 10 pm, t h e  mass median aerodynamic d iameter  i s  u s u a l l y  
o n l y  a few t e n t h s  of a micrometer ,  and t h e  niunber median d iameter  i s  
even s m a l l e r ,  w i th  l e s s  t h a n  1% o f  t h e  p a r t i c l e s  l a r g e r  than 0.05 pm 
(Wil l isms 1 9 8 2 ) .  

There a r e  two major methods f o r  ana lyz ing  f o r  suspended p a r t i c l e s  
(Perez  1981,  WHO 1979b) .  In t h e  g r a v i m e t r i c  method the p a r t i c l e s  a r e  
removed from s sample of a i r  ( u s u a l l y  a h igh  volume 24--hs sample) by 
f i l t r a t i o n  onto  a g l a s s  f i b e r  m a t e r i a l  o r  through a s y n t h e t i c  membrane, 
and t h e  c o l l e c t e d  m a t e r i a l  i s  weighed under c o n t r o l l e d  t empera tu re  and 
humidity c o n d i t i o n s .  By m i n i a t u r i z i n g  t h e  components and us ing  a 
ba t t e ry -ope ra t ed  a i r  pump, t h i s  method can  be adopted as  a per sona l  a i r  
sampler (Sherwood and Gsreenhalgh 1960) .  The second sampling metbod 
involves  t h e  use of an e l e c t r o s t a t i c  p r e c i p i t a t o r  i n  which t he  p a r t i c l e s  
a r e  depos i t ed  e l e c t r o s t a t i c a l l y  on t h e  i n s i d e  s u r f a ~ e  o f  a m e t a l  tube.  
The amount of depos i t ed  m a t e r i a l  is then  d e t e r m i m d  by d i r e c t  weighing. 
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S e p a r a t i o n  of the  e lementa l  carbon and o rgan ic  carbon components of 
dHesel p a r t i c u l a t e s  can be acconpl i shed  by s o l v e n t  e x t r a c t i o n  ( S o x h l e t )  
or t he rmograv ime t r f ca l ly .  F r a c t i o n a t i o n  of t h e  o rgan ic  carbon e x t r a c t s  
has been  accomplished w i t h  high--performance l i q u i d  chromatography. This  
technique  has  a l s o  been used f o r  t h e  i d e n t i f i c a t i o n  and q u a n t i f i c a t i o n  
of s p e c i f i c  compounds such as  benz (a )pyrene .  For a more complete cbemi- 
c a l  a n a l y s i s  of t h e  o r g a n i c s ,  i nc lud ing  t h e  po lynuc lea r  a romat ic  hydro- 
ca rbons ,  mass s p e c t r o m e t r i c  methods have been used. 

3.4 .2  Hea l th  E f f e c t s  

Although suspended p a r t i c l e s  may have t r a n s i t o r y  i r r i t a n t  e f f e c t s  
on the  eyes and s k i n ,  t hey  a r e  p o t e n t i a l l y  most damaging t o  t h e  r e s p i r a -  
t o r y  t r a c t .  Inha led  p a r t i c l e s  can cause d i r e c t  t o x i c o l o g i c a l  e f f e c t s  t o  
e p i t h e l i a l  t i s s u e s ,  a l t e r  pulmonary f u n c t i o n s ,  or modify t h e  t o x i c o l o g i -  
c a l  e f f e c t s  of o t h e r  inhaled compounds. Furthermore,  cornpounds adsorbed 
on to  p a r t i c u l a t e s  may cause  damage t o  t h e  r e s p i r a t o s y  t i s s u e s ,  o r  pro- 
duce t o x i c  e f f e c t s  a t  o t h e r  s i t e s  i n  the  body i f  t h e  p a r t i c l e s  wi th  
which they  a r e  a s s o c i a t e d  a r e  phagocyt ized  and e n t e r  t h e  c i r c u l a t o r y  or  
lymphatic systems. Although much of t h e  inha led  p a r t i c u l a t e  m a t t e r  i s  
t r a n s p o r t e d  out of t h e  r e s p i r a t o r y  t r a c t  by t h e  mucoc i l i a ry  a p p a r a t u s ,  
i t  can  then  be swallowed, and e n t e r  t h e  d i g e s t i v e  t r a c t  where t h e  p a r t i -  
c l e s  o r  t h e  adsorbed compounds might have a d i r e c t  e f f e c t  on t h e  i a t e s -  
t i n a l  mucosa o r  be t aken  up and t r a n s p o r t e d  through t h e  b lood .  

In  e v a l u a t i n g  t h e  p o t e n t i a l  t o x i c  e f f e c t s  of d i e s e l  exhaust p a r t i -  
c u l a t e s ,  i t  i s  very  d i f f i c u l t  t o  i s o l a t e  t h e  e lementa l  carbon amd 
adsorbed hydrocarbons from o t h e r  exhaus t  components, gaseous and 
nongaseous, wi thout  modifying v a r i o u s  p h y s i c a l  and chemical f a c t o r s  t h a t  
might s u b s t a n t i a l  l y  a l t e r  any p h y s i o l o g i c a l  e f f e c t s .  Thus. organ ic  s o l -  
vent  e x t r a c t s  of t h e  adsorbed hydrocarbons,  when t e s t e d  i n  an v i t r o  
system may have very d i f f e r e n t  e f f e c t s  than t h e  p a r t i c u l a t e s  have i n  in 

systems. Fur thermore ,  t h e  p a r t i c u l a t e s  may a c t  as  c a t a l y s t s  t o  
enhance t h e  conve r s ion  of c o p o l l u t a n t s  NO and SO2 t o  t h e i r  cor responding  
a c i d s ,  and t h u s  i n c r e a s e  t h e i r  i r r i t a n t  po tency  ( s e e  S e c t i o n  3 .6) .  Such 
f a c t o r s  must be kep t  i n  mind when t h e  h e a l t h  e f f e c t s  d a t a  f o r  d i e s e l  
engine p a r t i c u l a t e s  a r e  eva lua ted .  

3.4.2.1 Carbon Component 

Elemental  carbon comprises 30-75% of t h e  d i e s e l  exhaust p a r t i c u l a t e  
m a t t e r .  Althongh t h e  g e n e r a l  consensas i s  t h a t  e lementa l  carbon i s  
chemica l ly  u n r e a c t i v e  and t h e r e f o r e  of l i t t l e  t o x i c o l o g i c a l  importance 
{ S i t t i g  1981), a s  a p h y s i c a l  i r r i t a n t  it may c o n t r i b u t e  t o  a l t e r a t i o n s  
i n  pulmonary s t r u c t u r e  and /o r  f u n c t i o n ,  p a r t i c u l a r l y  i f  exposure l e v e l s  
a r e  s u f f i c i e n t l y  h igh  t o  ove r load  the normal pulmonary c l e a r a n c e  mechan- 
i s m s  of phagocy tos i s  and mucoci la ry  t r a n s p o r t .  Actual a n a l y s i s  of t h e s e  
e f f e c t s  under exper imenta l  c o n d i t i o n s  is compl ica ted  by the  f a c t  t h a t  
t h e  carbon component of d i e s e l  exhaus t  p a r t i c u l a t e s ,  i n  t h e  absence of 
t h e  adsorbed o rgan ic  component, would have d i f f e r e n t  p h y s i c a l  charac-  
t e r i s t i c s  ( s i z e ,  shape,  d e n s i t y )  and, t h u s ,  have d i f f e r e n t  lung depos i -  
tion c h a r a c t e r i s t i c s  and p o s s i b l y  d i f f e r e n t  e f f e c t s .  Although no s t u -  
d i e s  have a t tempted  t o  e v a l u a t e  t h e  p h y s i o l o g i c a l  e f f e c t s  of t h e  carbon 
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coinsorrent of diesel particulates alone, some useful comparative data can 
ba obtained by reference to studies on carbon black (PWS 1869, MOSB 
1978, ILO 1983). This material conssists of fine carbon particles of 
@.01-0,5 pm and is therefore similar in size to diesel particulates. It 
is obtained by combusting nil or natural gas. Laboratory and epidemio- 
logical studies indicate that exposure t o  carbon black at eoncentrations 
cf 8 . 2  mg/m3 or above for more than 10 years can result in pneumo- 
coniosis and pulmonary fibrosis, similar to that Gamed by nonspecifie 
respiratory irritants. Otter possible effects associated with carbon 
black include skin irritation, keratosis and leukoplakia, and myocardial 
dystrophy. 
Thus, there is a theoretical basis for adverse pulmonary effects result- 
ing f r o m  chronic exposure to diesel particulate carbon. Mowever, like 
diesel exhaust particulates, carbon black normally has associated with 
it a varying amount (0.01-0.5%) of adsorbed organic compounds including 
polynuclear aromatic hydrocarbons (PAM), and these may contribute t o  
some of the  observed effects, The presence of Pms has generated con- 
siderable concern about the potential carcinogenicity of carbon black. 
This has also been true for diesel exhaust particulates, as will be dis- 
cussed in the next section. 

The current OSHA $---hr ‘LWA for carbon black is 3.5 ntlg/m3. 

3 . 4  - 2 . 2  Organic Compounds 

As a result of the incomplete combustion of diesel fuel, the 
exhaust from diesel engines contains numerous organic compounds (see 
Table U - - 5 ) ,  including low molecular weight volatile organics (discussed 
in Section 3 . 3 )  and high molecular weight nonvolatile organics associ- 
ated with the particulate matter of the exhaust. The nonvolatile organ- 
ics constitute 10-40% of  the particulate matter and inelude a wide 
variety o f  polycylic aromatic compounds such as anthracenes, 
phenanthrenes, fluorenes, benzfluorenes, dibenzfluorenes, fluoranthenes, 
pyrenes, chrysenes, perylenes, coronenes, carbazoles, quinolines, and 
cholanthrenes. The bemrzo-- and dibenzo- derivatives of some of these 
compounds have also been found, as well as derivatives having methyl-, 
metboxy-, hydroxy-, nitro-, and carbonyl substituents. It has been 
estimated that as many a s  20,000 different organic compounds may be 
associated with diesel exbaust (Vostal 1980). Only a small percentage 
of these have been identified, and for only a few i s  there quantitative 
data ( s e e  Table B - 6 ) .  

Questions have been raised concerning the potential toxic effects 
of these particulate-associated organics on individuals exposed to 
diesel exhaust. Generally, such high moleculax weight compounds tend t o  
have a relatively low level o f  chemical reactivity, and compounds which 
are adsorbed onto an inert material such a s  elemental carbon tend t o  
have a reduced bioavailability. Furthermore, most of the PARS are 
either insoluble o r  have a very low aqueous solubility; consequently, 
the rate at which they are solubilized in the pulmonary tissues is 
expected to be slow, Finally, because many organic compounds are asso- 
ciated with particulates, the concentration of individual compounds is 
expected to be quite low, which would minimize potential toxic e f f e c t s  
unless synergistic interactions occur. 
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There i s  no evidence that diesel particulate organics contribute: signi- 
ficantly to the immediate pnlmomry irritation that can result from 
exposure to diesel exhaust. Although some of the partially oxidized 
hydrocarbons, such as those with carbonyl substituents may be poten- 
tially irritating, any such effect would be small in comparison to the 
effects produced by the primary irritants in diesel exhaust, sulfuric 
acid (see Section 3 . 6 )  and aliphatic aldehydes (see Section 3.5). How- 
ever, as part of the particulate matter, the adsorbed organics would 
contribute t o  any long-term direct pulmonary changes, such as fibrosis, 
which the particles might cause. Although chronic exposure to diesel 
exhaust has been shown t o  result in pathological changes (pneumonitis) 
in the lungs of some experimental animals, this has not Been true in all 
studies, and in some cases no abnormal pulmonary changes occarred even 
though particulate concentrations were as high as 7 mg/m3. 
tunately, in very few studies have attempts been made t o  differentiate 
between effects caused by diesel particulates and those caused by the 
various gaseous copollutants. Thus, the variable results may be due to 
differences in exhaust compositions, but other factors t o  be considered 
are differences in species susceptibility and exposure conditions, such 
as frequency and length of exposures. The variable results also make it 
difficult to extrapolate to human exposure situations. Epidemiological 
studies of occupationally exposed subjects, such as garage workers, 
miners, and truck drivers, do not reveal any consistent association of 
chronic obstructive lung disease with exposure to diesel exhaust. Thus, 
the role of particnlates and their adsorbed organics is difficult to 
assess without further experimental stady. 

Unfor- 

Another question yet to be answered unequivocally concerns the pos- 
sible mutagenicity and carcinogenicity of diesel particulate matter. 
Several of the adsorbed PAHs, such 8 s  benz(a)pyrene, dibenzpyrenes, 
benz(a)anthracene, di~ethylbenzantbracene, dibenz(a,h)anthracene, 
chrysene, and cyclopenteno(c,d)pyrene are known carcinogens. Many of 
these compounds are also mntagenic in micrvbial systems as well as in 
cell cultures of higher organisms. Likewise, organic solvent extracts 
of diesel particulate matter which contain these PAHs have been shown to 
be mutagenic and carcinogenic (Claxton 1980; Nesnow and Huisingh 1980; 
Pitts et al. 1982). Although no epidemiological studies have demon- 
strated a significant increase in lung cancer in workers exposed to 
diesel exhausts (NRC 19811, Harris (1981) has calculated that the upper 
confidence limits of potential risk for such workers represents about a 
0.05% proportional increase in incidence per  unit of exposure (1 pg of 
parti~ulateslm~ for one year) 
estimated lower confidence limits must include the possibility of no 
effect or even a reduction i n  lung cancer. If either of the latter pos- 
sibilities proves t o  be true, it may be due to the fact that the PAHs 
occur in concentrations too low to be effective and/or that they have 
only a limited bioavailability. 

Harris notes, however, that the 

Limited quantitative data concerning levels of PAlls in diesel 
exhaust indicate that for most compounds Concentrations are usually 

0.00005 mng/m3 to less than 0.6 mg/m3 have been reported. 
has been measured at 0 to 0.617 m g / m 3 .  

elow 0.1 mg/m3 (see Table B-61, For benz(a)pyrene, concentrations of 
Benzanthracene 

These concentrations, as well as 
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t h a t  c f  t h e  t o t a l  p a r t i c u l a t e s ,  w i l l  be  reduce6 by d i l u t i o n  wi th  a i r .  
Furthermore,  lung r e t e n t i o n  of d i e s e l  p a r t i c u l a t e s  has  been e s t i m a t e d  to 
be only 15% of the  i a h a l e d  amount, and t h i s  wionld reduce exposure l e v e l s  
acco rd ing ly .  F i n a l l y ,  t h e  most important  f a c t o r  is t he  r a t e  a t  which 
t h e  adsorbed carcinogens would l e a c h  out  of p a r t i c u l a t e s  d e p o s i t e d  i n  
t h e  lungs.  Although much c o n f l i c t i n g  evidence e x i s t s ,  some i n  v i t r o  
s t u d i e s  sugges t  t h a t  t h e  adsorbed PAHs a r e  s lowly  r e l e a s e d  from d i e s e l  
p a r t i c u l a t e s  upon i ncuba t ion  w i t h  some p h y s i o l o g i c a l  f l u i d s  such a s  
serum and lung c y t o s o l  (McClellan e t  a l ,  19829; however, on ly  a small  
amoant of t h e  mutagen ic i ty  appea r s  t o  be t r a n s f e r a b l e  to  t h e  phys io log i -  
c a l  media (Brooks e t  a l .  19803. Other  s t u d i e s  have demonstrated t h a t  
d i e s e l  p a r t i c u l a t e  suspens ions  have il s i m i l a r  l e v e l  of c y t o t o x i c i t y  t o  
himaa f i b r o b l a s t  c u l t u r e s  as do o rgan ic  s o l v e n t  e x t r a c t s  o f  t h e s e  p a r t i -  
c u l a t e s ,  i n d i c a t i n g  t h a t  t h e  adsorbed compounds were b i o l o g i c a l l y  a c t i v e  
(McCormick e t  a l .  1 9 8 0 ) ,  The p a r t i c u l a t e s  without  t h e  adsorbed o rgan ic s  
were i n a c t i v e  i n  t h i s  system. 

Under in v ivo  c o n d i t i o n s ,  however, much of d i e s e l  p a r t i c u l a t e  
m a t t e r  d e p o s i t e d  i n  t h e  a l v e o l i  i s  engulfed by macrophages. Under low 
exposure c o n d i t i o n s  much of t h i s  m a t e r i a l  would be t r a n s p o r t e d  up t h e  
r e s p i r a t o r y  t r a c t  by way of t h e  mucoc i l i a ry  a p p a r a t u s .  Under h e a v i e r  
exposure c o n d i t i o n s  some of t h e  macrophages may a l s o  remove t h e  pmrticu- 
l a t e  m a t e r i a l  by way of t h e  lymphatic system, and i n  ch ron ic  a s s a y s  t h e  
lymph nodes n;ay become b l a c k  as a r e s u l t  of t h e  accumulation of pa r t i c i l -  
l a t e s ,  Although i n  some s t u d i e s  t h e  p a r t i c u l a t e s  have been found i n  
lung e p i t h e l i a l  c e l l s ,  g e n e r a l l y  the  macrophages c a r r y  t h e  h e a v i e s t  bur- 
den,  Within t h e  microphages t h e  p a r t i c u l a t e s  a r e  confined w i t h i n  lyso- 
somal membranes. Thus, t h e  l a c k  of observed b i o l o g i c a l  a c t i v i t y  of t h e  
p a r t i c u l a t e - a s s o c i a t e d  PAHs may b e  due t o  t h e i r  n o n b i o a v a i l a b i l i t y  a s  a 
r e s n l t  of t h e i r  be ing  s e q u e s t e r e d  i n  i n t r a c e l l u l a r  lysosomal v e s i c l e s .  
They may a l s o ,  t o  some degree ,  be  i n a c t i v a t e d  o r  degraded by lysosomal 
enzyme systems ( S i a k  and Strom 1981). 

A f i n a l  q u e s t i o n  concerns t h e  p o s s i b i l i t y  t h a t  t h e  adsorbed PAHs 
might be leached ou t  of t h e  p a r t i c u l a t e  m a t t e r  i n  the d i g e s t i v e  O X  lym- 
p h a t i c  systems. The chemicals  cou ld  then be t aken  up rand t r a n s p o r t e d  
through t h e  body t o  cause adverse p h y s i o l o g i c a l  e f f e c t s  a t  s i t e s  f a r  
removed fron t h e  lungs.  There i s  no l a b o r a t o r y  evidence f o r  such 
e f f e c t s ,  and one s t u d y  which showed t h a t  aryl. hydrocarbon hydrase 
a c t i v i t y  i n  l i v e r  and lung t i s s i i e  was not induced i n  animals i n h a l i n g  
d i e s e l  exhaus t ,  s u g g e s t s  t h a t  any Pms r e l e a s e d  from t h e  p a r t i c u l a t e s  
a f t e r  phagocy tos i s ,  must have been m e t a b o l i c a l l y  degraded t o  some degree 
(Chen and V o s t a l  1981) .  

3 . 4 . 3  Confined Space Workplace Concerns 

The a v a i l a b l  e d a t a  i n d i c a t e  t h a t  any immediate t o x i c  e f f e c t s  camsed 
by cxposure t o  d i e s e l  e x h a u s t *  such as  eye, s k i n ,  o r  r e s p i r a t o r y  i r r i t e -  
t i o n ,  would most l i k e l y  be  caused by components other: than t h e  p a r t i c u -  
l a t e s  of t h e i r  adsorbed o r g a n i c s .  The ? a r t i c u l a t e  m a t t e r  might however 
c o n t r i b u t e  t o  t h e  i r r i t a n t  e f f e c t s  by a c t i n g  cas a c a t a l y t i c  s u b s t r a t e  
f o r  t he  o x i d a t i o n  of SO2 t o  s u l f u r i c  a c i d .  In confined spaces  a b n i l d u p  
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of diesel particulates might enhance this conversion process and thereby 
increase the irritant potency of the exhaust. 

Long-term effects of diesel particulates in confined spaces would 
be mitigated primarily by the necessarily intermittent nature of the 
exposures. Although there is the possibility that chronic, long-term 
exposures to diesel particulates might eventually induce fibrotic 
changes in pulmonary tissues, no epidemiological evidence indicates that 
this occurs in occupational exposure situations, and it would be even 
less likely t o  occur with short-term intermittent exposures. 

To the degree that inhalation of diesel Particulates places a 
stress on pulmonary clearance mechanisms, i t  might be anticipated that 
even intermittent exposures would exacerbate preexisting congestive lung 
conditions and possibly increase a worker's susceptibility to pulmonary 
infections. Both of these possibilities require further laboratory and 
epidemiological investigation. 

Concerning the carcinogenicity of compounds associated with diesel 
particulates, no evidence exists to suggest that under confined space 
conditions the carcinogenic risk would be increased significantly; how- 
ever it should be noted that there have been few laboratory studies 
which have used multiple short-term exposure regimes. Theoretically, 
short-term exposures to large concentrations of diesel particulates 
might cause transitory overloading of the pulmonary clearance mechanisms 
and result in more of the particles being deposited in pulmonary 
epithelial sells, where they may have a greater toxicological effect 
than those engulfed by the aveolar macrophages. Clearance of the parti- 
cles from the lungs wonld not necessarily be enhanced by the intermit- 
tent nature of the exposures because clearance times for particles in 
the alveoli are on the order of days to weeks. 

3.5 ALDEHYDES 

Aldehydes are hydrocarbon oxidation products characterized by the 
CHO chemical group. In the atmosphere, aldehyde foxmation is dependent 
on photooxidation reactions; however, in diesel combustion systems, the 
high air to fuel ratios and incomplete cornbustion reactions acoount for 
the high levels of aldehydes produced. Although both aliphatic and 
aromatic aldehydes can be found in diesel emissions, the low rrolecular 
weight alliphatics and, particularly, formaldehyde and acrolein, are the 
predominant species. Aldehydes in general are chemically more reactive 
than their hydrocarbon parent compounds and yield acyl and akyl radicals 
and carbon monoxide. Thus, on a theoretical basis they have the poten- 
tial for causing greater adverse health effects. 

The following discussion is based on the data given i n  the refer- 
ences in Tables B-12 and %-13, and in those in the review documents 
Formaldehyde Other Aldehydes (NRC 1981b); Formaldehyde (IABC 1982); 
Formaldehyde Toxicity (Gibson 1983); Handbook of Toxic and Hazardous 
Chemicals (Sittig 1981). 
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3.5 .1  I;crma t ion and Monitoring 

In compression-ignition engines such as the diesel, a number of 
chemical reactions take place before t h e  actual ignition of the fuel 
mixture (see Henein 1973, for review). During this preignition ( ~ r  
ignition delay) period, the concentration of aldehydes in the cylinders 
increases (as well as that of several liquid hydrocarbons and peroxides) 
until it reaches a peak level just before the start of the pressure rise 
xesulting from the combustion process. Autoignition occurs when the 
concentrations of these intermediate compounds reaches a critical level, 
Because the combustion process does not occur uniformly throughout the 
cylinder, the aldehydes in some areas will not undergo further oxida- 
tion, and consequently they are emitted in t h e  engine exhaust, along 
with the other combustion by-products, such as hydrocarbons, particu- 
lates, NQx, SQ2, and CO. 

The: aldehyde content of diesel engine exhaust is not regulated by 
the EPA, and consequently, there i s  no EPA-specified analytical method. 
Although numerous methods have been developed, none of these are com- 
pletely specific for aldehydes alone, and, in addition, different 
aldehyde species often give different levels of response. 

Because the low molecular weight aliphatic aldehydes are very reac- 
tive and volatile, most analytical techniques for their determination 
require, as an initial step, the formation of relatively stable and 
nonvolatile chemical complexes (see NBC 1981b for review). Chemicals 
used to form these complexes include: bisulfite, hydroxylamine, semi- 
carbazone, phenylhydrazines, chromotropic acid, 3-methy1-2- 
benzothiazolone (MBslcr), Girard-T reagent, 4-hexylresorcinol, pararosani- 
line, and 4-amino-3-hydrazino-5-mercapta-1,2,4-triazole (Purpald), Many 
of these aldehyde complexes are chromophores that can then be analyzed 
s p e e t T opho t ome t r ic a 1 1 y . 

]In analyzing for total aliphatic aldehydes in diesel exhaust, hWlX, 
Purpald. and 2.4-dini trophenylhydrazine  ( D N P H )  are the most commonly 
used reagents. The MRTH method can detect aldehyde concentrations as 
low as Q.03 ppm, but formaldehyde produces a disproportionately strong 
response compared to the other aldehydes, and riltrogen dioxide and other 
nitrogen--containing compounds can cause interferences. The Purpald 
method has less interference from nonaldehyde componnds, but gives dif- 
ferent responses for different species of aldehydes. The detection 
limit is 0.04 ppm. In the DNPB method, ketones cause interferences, and 
the detection limit is only 0.2 ppm. 

When coupled to .a gas chromatograph, the DNPM method has been used 
to identify and measure individual species of aldehydes in diesel 
exhaust (Springer and Baines 1978); however, in this method some deriva- 
tives, SUCh as those of propionaldehyde and acrolein, overlap and are 
difficult to separate from acetone, which interferes. Thin layer 
chromatography and WPLC, coupled to a UV detector, can a l s o  be used for 
separation and identification. 



Two of the most important aldehydes occurring in a dieselized work- 
place environment are formaldehyde and acrolein. The chromotropic acid 
and pararosaniline methods have been used extensively for formaldehyde 
determinations. Both are spectrophotometric techniqnes with a minimal. 
detection limit of about 0.04 ppm. Nitrogen dioxide, alkenes, phenol, 
and other aliphatic aldehydes interfer in the chromotropic method, and 
sulfur dioxide and cyanide in the pararosaniline method. The Girard-T 
reagent method with polarographic detection has been validated for for- 
maldehyde analysis by NIOSH (1979), but other volatile aldehydes cause 
s i gn i f ic ant interference. 

The 4-hexylresorcinol method with spectrophotometric detection is 
specific for acrolein and is the MOSES-recommended method for workplace 
monitoring. The detection limit i s  about 0.01 ppm, and there is little 
interference from other aldehydes. 

There are several direct analysis methods for aldehydes. These 
include microwave, infrared, and laser-fluorescence spectroscopy, gas 
chromatography, BVLC, and ion chromatography. The spectroscopic methods 
are expensive laboratory techniques not routinely used. Gas chromato- 
graphic analysis far formaldehyde has been attempted with various types 
of detectors (e.g., flame ionization, thermal conductivity, electron 
capture, photoionization), but these methods have one or more drawbacks 
such as thermal degradation of the aldehydes, lack of sufficient sensi- 
tivity, nonlinear response, or short lifetime. Ion Chromatography is 
reported to be very sensitive to formaldehyde, but other organic com- 
pounds may also be oxidized to the formate ion and thus give inaccurate 
results. The nse of WLC for aldehyde analysis avoids the problems of  
thermal degradation associated with gas chromatography; however, an ade- 
quate detector system has not been found for direct analysis. Indirect 
HPLC analysis of the DNFH-aldehyde derivatives (also ketones) has been 
achieved with tbe use of a ultraviolet detector (Perez 1981; Czeech et 
al. 1982). Although the precision of this method is very good in the 
range of 0.05 to 10 ppm., and most of the c"1-C~  aldehydes are clearly 
separated and identified, acrolein is not completely separated from the 
ketone acetone (Creech et al. 1982). 

For workplace monitoring of organic vapors, active and passive 
(diffusion-controlled) badge monitors have been developed (Lautenberger 
et al. 1980). In these monitors the organics are adsorbed onto 
activated charcoal or activated alumina, then desarbed with an organic 
solvent and later analyzed by chromatographic or spectroscopic methods. 
These methods have been used to monitor aldehyde exposure levels of coal 
miners working on os near operating diesel engines (Holland 1878). 

3 .5 .2  Health Effects 

This section will focus mainly on the health effects of fosmal- 
dehyde and acrolein, as these are the two main aldehyde components of 
diesel exhaust. However, because the toxicological effects of most 
aldehydes are similar, differing only in degree, it is the total 
aldehyde concentration which must be considered in evaluating potential. 
health hazards. 
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3.5.2.1 Irritancy 

Aldehydes are primary irritants to the skin, eyes, and mucous mem- 
branes. Olefinic aldehydes, such as acrolein, a r e  generally stronger 
irritants than the saturated aldehydes, such as formaldehyde. The 
latter, in turn, are stronger irritants than alicyclic and aromatic 
aldehydes, such as benzaldehyde. The irritant potency decreases with 
increasing molecular weight or increasing chain. length. The lower 
molecular weight species generally have a greater effect on the eyes and 
upper respiratory tract, while the heavier species have tp more direct 
pulmonary effect .) 

The irritant threshold for formaldehyde can be as low ais 0.1 ppm 
for some people, but with prolonged exposures a toleranee level can 
develop such that the threshold rise5 to 2-3 ppm. Short exposures (10- 
30 anin) to 4-5 ppm are usually severely irritating. At concentrations 
of 10-20 ppm, breathing becomes difficult, and at 50 ppm and above, 
severe pulmonary damage may occur. Laryngitis, bronchitis, and bron- 
chopneumonia have been observed following acute exposures. The OSHA 
(1982) 8-hr TW-A for formaldehyde is 3 ppm, the ceiling value 5 ppm, and 
the 30-min ceiling value 10 ppm (Table B-12). NIOSH (1982) recommends a 
30-min ceiling value of only 1 ppm. 

Acrolein is a much stronger eye and respiratory tract irritant than 
formaldehyde. A concentration as low as 0.3 ppm can cause acute 
irritation in 5-10 min. Lacrimation occurs in seconds after exposure to 
0 . 6 7  ppm, and eye irritation becomes intolerable after a few minutes 
exposure to 1 ppm. The 8-hr TWA for acrolein i s  0.1 ppm (OSFXA 1982; 
ACGIM 19821, and the short-term exposure limit 0.3 ppm (AGGIH 1982). 

Crotonaldehyde is similar to formaldehyde in its irritant potency. 
A 10-m.in exposure to 4 ppw results in irritation to the eyes, nose, and 
respiratory tract. The 8-hr TWA f o r  crotonaldehyde is 2 ppm (OSHA 
1982), and the recommended STEL is 6 ppm ( A C G I H  1982). The irritant 
potencies o f  the other aldehydes in diesel exhaust (e.g., acetaldehyde, 
propionaldehyde, benzaldehyde) are only 1/10 to 1/100 that of crotonal- 
dehyde, and, because of their relatively low concentrations in diesel 
exhaust (Table B-121, they would contribute only a small amount to the 
overall irritant effect, 

Some individuals may become sensitized to aldehydes, particularly 
formaldehyde, such that even exposures below normal threshold values 
will induce skin reactions. There is also the possibility, though 
unconfirmed, that sensitization might result in asthma-like symptoms, 

3.5.2.2 Pulmonary Effects 

Both animal and human studies indicate that  the more reactive 
aldehydes can cause minor changes in pulmonary function even a t  very low 
exposure levels (Table B-13). Most saturated aldehydes tend to increase 
respiratory rates, but formaldehyde and unsaturated aldehydes, sach as 
acrolein, decrease respisation (Iheda et aX. 1980). A n  increase in 



pulmonary resistance can also occur, indicative of a bronchoconstrictive 
effect, which may exacerbate a preexisting congestive lung problem. 

It has also been reported that, in mice, exposure to acrolein can 
enhance susceptibility to bacterial infection in the lungs, in a manner 
similar t o  that caused by dilate diesel exhaust (Campbell et al. 1980). 

Acute exposures to aldehydes can result in degeneration of 
epithelial tissues of the lungs and upper respiratory tract. Hyperemia, 
hemorrhages, edema, and cellular necrosis have been observed. 

3.5.2.3 Carcinogenicity 

In several animal species tested, chronic exposure to acrolein, 
acetaldehyde, and formalehyde resulted in metaplastic and hyperplastic 
changes in the epithelial cells along the entire length of the respira- 
tory tract. These histopathological changes were followed by a signifi- 
cant increase in the occurrence of nasal and laryngeal carcinomas. 
Although there is no laboratory or epidemiological data to suggest an 
increased carcinogenic risk in humans occupationally exposed to 
aldehydes, the animal studies indicate that these compounds should be 
treated as potential human carcinogens (Griesemer et al. 1982). 

3 . 5 . 2 . 4  Mutagenicity 

Under certain experimental conditions, some of the aldehydes, par- 
ticularly the more reactive ones such as formaldehyde, acrolein, and 
crotonaldehyde, are mutagenic in microbial assay systems. In tests on 
cell cultures of higher organisms, including human lymphocytes, 
aldehydes induced an increase in sister chromatid exchanges. Other & - vitro studies have shown that aldehydes can cause increases in micronu- 
clei and chromosomal aberrations. Further studies are needed to deter- 
mine the genotoxic effects of aldehydes under in vivo conditions. 

3 . 5 . 2 . 5  Teratogenicity 

The teratogenicity of formaldehyde has been tested in dogs, mice, 
and rats, and in all cases it was found that formaldehyde caused no mor- 
phological abnormalities. Similar results have been found for acrolein 
tested in vitro on rat embryos. Acetaldehyde, however, has been found 
to be teratogenic in rats and mice; the most severe abnormaltities being 
those affecting the central nervous system. For the other aldehydes 
present in diesel exhaust, there is insufficient data to deterxine 
whether they are teratogenic or  n o t .  

3.5.2.6 Other Effects 

Animal studies have demonstrated that acute exposures t o  a variety 
of aldehydes can produce histopathological changes and physiological 
effects which do not occur following chronic exposures. The most severe 
of these effects is cellular damage to the kidney and liver following 
exposure to low molecular weight aldehydes such as formaldehyde, 
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crotorialdehycle, and a c r o l e i n .  This damage r e s u l t s  i n  hyperemia, hemor- 
rhages ,  and edema of t h e  a f f e c t e d  organ. 

Other  e f f e c t s  seen i n  animal s t u d i e s  inc lude  inc reased  blood pres-- 
s u r e  (ace ta ldehyde  and p rop ions ldehyde) ,  i nc reased  h e a r t  r a t e  ( s a t u r a t e d  
a ldehydes ) ,  decreased  h e a r t  r a t e  (formaldehyde and u n s a t u r a t e d  
a ldehydes ) ,  changes i n  blood c e l l  counts  ( a c e t a l d e h y d e ) ,  d e p r e s s i o n  of 
motor a c t i v i t y  ( a c e t a l d e h y d e ) ,  and n a r c o s i s  (niost a l i p h a t i c  a ldehydes ) .  
I n  most c a s e s  the  c o n c e n t r a t i o n s  r equ i r ed  t o  produce such e f f e c t s  are 
cons idexably  absve t h e  i r r i t a n t  t h r e s h o l d  f o r  t h e s e  compoands, and thus 
i t  i s  u n l i k e l y  t h a t  human exposures  would Rpproach such l e v e l s .  Boa- 
eve r ,  f o r  c e r t a i n  of t h e s e  e f f e c t s ,  such as those  i n  t h e  c e n t r a l  nervous 
system, more informat ion  i s  needed t o  de te rmine  whether t h e  t h r e s h o l d  
l e v e l s  for humans might approach p o t e n t i a l  occupa t iona l  exposure condi-  
t i o n s .  

3.5 .? Confined Space Workulace Cone- 

Because they  a r e  such s t r o n g  i r r i t a n t s  to t h e  eyes ,  skin, and 
mucoiis membranes, a ldehydes can  be a major problem i n  conf ined  space 
workplaces i n  which d i e s e l  engines  a r e  o p e r a t i n g .  With inadequate  ven- 
t i l a t i o n ,  a i r  concen t r a t ions  of s p e c i f i c  a ldehydes could g r a d u a l l y  
i n c r e a s e  u n t i l  t hey  exceed t h e  pe rmi t t ed  occupa t iona l  exposure l i m i t s .  
Although t h e  t o t a l  aldehyde c o n c e n t r a t i o n  p rov ides  a gene ra l  measure sf 
exposure l e v e l ,  t h e r e  a r e  wide d i f f e r e n c e s  i n  i r r i t a n t  po tency  of t he  
i n d i v i d u a l  compounds. Formaldehyde, a c r o l e i n ,  and cro tona ldehyde  Lare 
t h e  s t r o n g e s t  i r r i t a n t s ,  t h e  8 hr TWAs being  1 ppm, 0 .1  ppm, and 2 ppm, 
r e s p e c t i v e l y  (Table  B - 1 2 ) .  For formaldehyde t h e  OSHA 30-min c e i l i n g  
va lue  i s  10 ppm, but  b o t h  NIOSR and A C G l H  propose lowering t h i s  t o  1 
PP" . The shor t - te rm exposure l i m i t  f o r  a c r o l e i n  i s  0.3 ppm, and t h a t  
for cro tona ldehyde  i s  6 ppm (ACGIH 19821, I n  comparisont  the  
c o n c e n t r a t i o n  ranges i n  u n d i l u t e d  d i e s e l  engine exhaust  a r e  1.8-43 ppm 
f o r  formaldehyde, 0.2-11.4 ppni f o r  a c r o l e i n ,  and 0.02-0.8 ppm f o r  CTQ-  

toaaldebyde (Table  B-12). Thus, unless t h e  a i r  to exhaust  gas  d i l u t i o n  
r a t i o  i s  a t  l e a s t  50 t o  1, t h e  l e v e l s  of a c r o l e i n  and formaldehyde wolplG 
approach t h e  short- term exposure l i m i t s ,  and wi th  inadequate  v e n t i l a t i o n  
and l i m i t e d  a i r  volume these  l i m i t s  could be exceeded. However, under  
such c o n d i t i o n s ,  p a r t i a l  r e c i r c u l a t i o n  of t h e  exhaus t  gases  i n t o  t h e  
engine wi th  t h e  in t ake  a i r  ( eng ine  r e b r e a t h i n g )  might l ead  t o  f u r t h e r  
o x i d a t i o n  of t h e  aldehydes and reduce t h e  c o n c e n t r a t i o n s  i n  t h e  a i r .  
Conversely,  r educ t ions  i n  oxygen-to-fuel r a t i o s  due t o  engine  rebreath- .  
ing might cause  changes i n  t h e  r a t e s  of t h e  de layed  i g n i t i o n  r e a c t i o n s  
such t h a t  g r e a t e r  amounts of a ldehydes may be  r e l e a s e d  i n  the exhaus t .  

If t o t a l  aldehyde l e v e l s  i n  u n d i l u t e d  exhaus t  a r e  main ta ined  below 
10 ppm and v e n t i l a t i o n  r a t e s  a r e  kep t  a t  a l e v e l  t o  ensuxe o. cont inuous  
SO-to-1 d i l u t i o n  of t h e  exhaust  gases ,  t h e  t h r e s h o l d  l e v e l  would not  be 
exceeded f o r  any aldehyde,  and monitor ing of  s p e c i f i c  compounds would 
not be needed. I f  t h e  t o t a l  a ldehyde l e v e l  exceeds 10 ppm and/or there 
i s  a r e d u c t i o n  i n  v e n t i l a t i o n ,  i t  would then  become i n c r e a s i n g l y  impor- 
t a n t  t o  monitor  l e v e l s  of formaldehyde and a c r o l e i n .  
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3 . 6  SULFATES AND SULFURIC A.CIlP 

3.6.1 Sources and Formation Chemistre 

Sulfates appear in the atmosphere as a result of several natural 
processes and man-made activities (Kellogg et al. 1972). In the 
environmental sulfur cycle, biogenically produced hydrogen sulfide (R2S) 
is one natural source of atmospheric sulfur. This compound is released 
by anaerobic microorganisms found in soil, marshes, and tidal flats. 
The H2S is oxidized in the atmosphere to sulfur dioxide ( S 0 2 )  which, in 
turn, i s  oxidized in several steps to sulfuric acid (82S04) .  The 
hygroscopic &SO4 forms into aqueous droplets within which other sul- 
fates may form. In atmospheric samples, the predominant forms of sul- 
fate are H2S04, MqHS04 and (m4)2$04 (Gharlson et al. 1974). The sul- 
furic acid and sulfates are removed from the atmosphere by dry deposi- 
tion or precipitation. They may then be reduced biologically to reini- 
tiate the sulfur cycle. It has been estimated that atmospheric 
residence times for sulfur componnds range from 1 to 18 days (Kellogg et 
al. 1972). 

Other processes that contribute to and alter the natural sulfur 
cycle include releases of HzS, SO2 and sulfates from volcanoes, disper- 
sion of magnesium sulfate in wind-generated aerosols from the oceans, 
dry deposition of SO2 on solid surfaces and soils, direct uptake of SO2 
by plants, and direct diffusion of SO2 into  and out of water bodies 
(Kel logg et a1 a 1972) . 

To the natural sulfur cycle, man's activities contribute a signifi- 
cant amount of sulfur. Inputs of sulfur are in the form of CaSQ4 in gyp- 
sum dust and Na2S04 from paper mills, but particularly in the form of 
SO2 released during the combustion of fossil fuels. About 95% of the 
total sulfur entering the atmosphere as a result of man's activities 
occurs as SO2 (EPA 1975). Fuels such as No. 2 diesel may contain as 
much as 1% sulfur (by weight) and, with complete oxidation during 
combustion, this would yield, under stoichiometric conditions, 600 ppm 
SO2 in raw engine exhaust (Vogh 1969). SO2 output, however, i s  a fune- 
tion of air-to-fuel ratio (A/F) (Figure 3.5). For a 20-to-1 ratio each 
0.1% sulfur in the fuel will yield about 43 ppm SO2 (Johnson 1975). For 
various fuel sulfur levels and ais-to-fuel ratios the exhaust SO2 level 
can be calculated with the following equation (Johnson 1975): 

( conc 
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where 

Pe rcen t  s u l f u r  pe rcen t  s u l f u r  by mass i n  t h e  f u e l ,  p e r c e n t ,  

MExb = molecular  weight of exhaas t  p roduc t s  
lbm/lb-mole 2 29, 

and MSQ2 = molecular  weight of SO2, Zbm/lb-mole = 64. 

Genera l ly ,  t h e  average s u l f u r  c o n t e n t  of No. 2 d i e s e l  f u e l  is about 8.2% 
(Bureau of l i n e s ,  a s  c i t e d  by Spr inge r  and Stahman 19771, and, due t o  
vary ing  a i r - t o - f u e l  r a t i o s  over  a normal d r i v i n g  c y c l e ,  t h e  average con- 
c e n t r a t i o n  of SO2 i n  d i e s e l  exhaust  is  about 40 ppm (Levins  1 9 8 1 ) .  

A smal l  p o r t i o n  of t h e  exhaus t  SO2 may be f u r t h e r  ox id ized  t o  SO3 
( s e e  K h a t r i  e t  a l .  1978 f o r  d i s c u s s i o n  of equ i l ib r ium and r e a c t i o n  
k i n e t i c s ) .  For l e a n  f u e l  mix tures  t h e  maximum SO3 l e v e l s  a r e  p r e d i c t e d  
t o  be from 1 t o  2.5% of t h e  SO2 l e v e l s  (Wark and Warner 1976) .  I n  t h e  
presence  of water  t he  SO3 h y d r a t e s  t o  H2S04. Hydrocarbons and o t h e r  
p o l l u t a n t s  a s s o c i a t e d  wi th  motor v e h i c l e  exhaust  enhance t h e  o x i d a t i o n  
p rocesses  and a l low €or  a more r a p i d  format ion  of su l f lur ic  ac id  (WHO 
1979b) .  Under c e r t a i n  c o n d i t i o n s  t h e  convers ion  p rocess  may occur  a t  a 
r a t e  a s  h igh  a s  18% p e r  hour ( R a l l  19944). 

SO2 i n  d i e s e l  exhaust  can be absorbed d i r e c t l y  i n  water  d r o p l e t s  o r  
b e  adsorbed onto suspended p a r t i c u l a t e  m a t t e r .  I n  aqueous a e r o s o l s ,  
convers ion  t o  s u l f a t e  proceeds through a s u l f i t e  o r  b i s u l f i t e  o x i d a t i o n  
s t e p  (Wood e t  a l .  1975) .  In t h e  presence  of ammonia t h e  r e a c t i o n  
proceeds ve ry  r a p i d l y  due t o  t h e  format ion  of ammonium s u l f a t e  CErIcKay 
1971) .  

Adsorbed onto p a r t i c u l a t e  m a t t e r ,  SO2 i s  a l s o  r a p i d l y  oxid ized  t o  
s u l f u r i c  a c i d ,  p a r t i c u l a r l y  i f  meta l  c a t a l y s t s  a r e  p r e s e n t  and the r e l a -  
t i v e  humidi ty  i s  h igh .  Various s u l f a t e  s p e c i e s  map form, depending on 
t h e  chemical composi t ion of t h e  p a r t i c u l a t e s .  Soot ,  such a s  t h a t  
r e l e a s e d  from d i e s e l  engines ,  i s  a very e f f e c t i v e  c a t a l y t i c  agent  f o r  
t h e  convers ion  of SO2 t o  s u l f a t e s  (Chang e t  a l .  1979) .  S u l f u r i c  ac id  
g e n e r a l l y  accounts  f o r  more than  90% of t h e  water -so luble  s u l f a t e s  i n  
d i e s e l  exhaust  (Truex e t  a l .  1980) .  The c o n c e n t r a t i o n  of R2S04 may be 
a s  high a s  44 mg/m3 bu t  g e n e r a l l y  averages 0.2-5 mg/m3 ( s e e  Table  B - 6 ) .  
The chemical c h a r a c t e r i z a t i o n  o f  s o o t  p a r t i c l e s  i n  terms of s u l f a t e  
s p e c i e s  p r e s e n t  has not  been thoroughly  i n v e s t i g a t e d ;  however, i n  d i e s e l  
exhaus t ,  e lements  such as  S i ,  Fe,  Zn, A l ,  N i ,  Mn, Ca, Ba, C r ,  Cu, T i ,  
and Pb have been found (F rey  and Corn 1967; Braddock and Brador  19751, 
and one o r  more of t h e s e  may b e  complexed wi th  s u l f a t e s  i n  a d d i t i o n  t o  
ammonium ions .  

Because s u l f a t e s  can have very  d i f f e r e n t  l e v e l s  of t o x i c i t y  and 
chemical r e a c t i v i t y ,  t h e  e v a l u a t i o n  of a tmospheric  s u l f a t e s  on t h e  b a s i s  
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of total water-soluble sulfates may not provide an accurate estimate of 
a potentially hazardous condition, Identification and quantification of 
the molecular species present during particular exposure conditions is 
needed to determine possible adverse health effects. 

3.6.2 Current ReBglatory Status 

Although national air quality standards exist for sulfur dioxide, 
there are mone for  sulfuric acid or total atmospheric sulfates. The 
current U.S. standard for SO2 is 0.03 ppm (80 pg/m3) annual arithmetic 
mean and 0.14 ppm (365 pg /m3)  24-hr average not to be exceeded more than 
once per year (=A 1971). 

O f  the fifty states, only four have air quality standards for sal- 
fates (Table R - 7 ) .  
average. Similarly, in Pennsylvania the 24-hr standard is 30 &m3. I n  
additian, Pennsylvania has a 30-day standard of 10 p / m 3 .  
has a 12 pg/m3 24-hr standard which can not be exceeded 31% of the time, 
and the maximum annual arithmetric mean is set at 4 pg/m3.  In Missouri 
the 24-hr standard for sulfuric acid is 10 pg/m3,  which is not to b e  
exceeded more than once in any 90 consecutive days. 

In California the standard i s  25 pg./rn3 for a 24-hr 

North Dakota 

For total atmospheric sulfates associated with aerosols or particu- 
lates in a workplace environment, neither the Occupational Safety and 
Bealth Administratian (OSHA) nor the Mine Safety and Health Administra- 
tion (BfSKpl) have established minimum standards; however for sulfuric 
acid OSHA has set 1 m g ~ m 3  as a maximum exposure limit (8-11r TWA) (OSHA 
1 9 8 2 ) .  

Several difficulties are involved in setting air quality standards 
for sulfates. Levels of atmospheric sulfates are not static but are 
affected by environmental variables such as light, temperature, and 
humidity, which deternine oxidation rates of precursors such a s  s02. 
The levels of the precursor sulfur oxides, and the presence of 
catalysts, atmospheric particulates, and ammonia will also influence 
reaction rates. Thus, sulfate levels at a point source of emissions may 
be quite l o w ,  but may increase significantly with time. Another factor 
to be considered is that atmospheric sulfates may occux a5 sulfuric 
acid, ammonium sulfate, ammonium bisulfate, or any one of a large number 
of sulfate salts. It is difficult to differentiate these various chemi- 
cal species analytically, and, because they have varying levels of toxi- 
city and chemical reactivity, a single standard may not necessarily 
reflect the actual exposure conditions. 

Although the OSHA occupational exposure standard for sulfuric acid 
(1 m g / m 3 )  is applicable t o  confined space situations, it may not provide  
an adequate level o f  protection if ammonia levels are high and mast of 
the sulfate is present as ammonium sulfate and ammonium bisulfate. In 
the absence of specific standards, attention must be given not only to 
initial levels of sulfates, but also to SO2 and ammonia levels and other 
factors, such as  temperature, humidity and particulates, which would 
enhance sulfate formation. 
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3 . 6 . 3  Monitoring Technolorn 

Two analytical techniques are routinely used for determining total 
aqueous sulfate levels in atmospheric samples; these are the turbidi- 
metric method and the methylthymol blue method. Of the 28 states whose 
air quality control agencies analyze atmospheric particulate samples for 
sulfates, 20 use either one or both of these methods (see Table B-14). 
In both methods, suspended particulates are collected on filters (Hi Vol 
samples usually collected over a 24-hr period) and then extracted with 
water. Barium chloride is mixed into the solution to form a barium sul- 
fate precipitate. In the turbidimetric method, the extent of turbidity 
of the resulting suspension, as measured spectrophotometrically, is a 
measure of the total water-soluble sulfates and sulfuric acid. In the 
miethylthymol blue method, the barium remaining in solution is complexed 
with methylthymol blae, and the remaining uncomplexed methylthymol blue 
is measured colorimetrically. By knowing the initial amount of barium 
chloride and methylthymol blue added t o  the solution, back calculations 
can be made to determine the original concentration of total water- 
soluble sulfate. Both methods have been automated and provide for ana- 
lyses down to a detection limit of about 3 pg/mL. However, both 
methods, as well as others that rely on filters for the collection of 
particulate samples, are subject to several potential sources of error 
including incomplete sampling at certain particle sizes, oxidation of 
gaseous SO2 t o  sul€ates on the filter surface, conversion of soluble 
sulfates to insoluble ones, and the possible neutralization of sulfuric 
acid by ammonia or other contaminants (Tanner and Newman 1976). The 
last-mentioned factor would not affect the quantitative results in 
either the turbidimetric or methylthymol blne method because total sul- 
fates are xeasnred i E  both methods. 

Numerous other methods exist f o r  analyzing for sulfates (see Tanner 
and Newman 1976 for review). These include gravimetric, titrimetric 
with Thorin indicator, colorimetric with barium chloranilate, spectro- 
photometric with barium dye complexes, automatic absorption spectropho- 
tometry, specific-ion electrode analysis, ion chromatography with con- 
ductimetric detection, and flash volatilization with flame photometric 
detection. The latter method reportedly has a 10% precision at concen- 
trations of 0.5 pg/mL sulfur, can be done in a very short time (5-10 
min), and requires only 5 pL or less of sample. 

The barium chloranilate method is often used to analyze for total 
soluble sulfates in automobile and truck exhaust (Tejada et al. 1979). 
In this method exhaust particulates are collected on a filter. The snl- 
fates are leached out of this sample with a solution of isopropyl 
alcohol and water. The solution is then passed through ion exchange 
resins to remove interfering ions and treated with barium chlornnilate. 
The sulfates precipitate out as barium sulfate, and chloranilate ions  
are released, the concentration of which is determined by ultraviolet 
spectrophotometry. The rnetkaod can measure trace quantities of sulfates 
(0.01-0.1 pg) in sample volume of 1 mL. However, nitrate ions Bind 
organics will interfere with the accnracy o f  the result. 
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Various mathods have been proposed and t e s t e d  f o r  s e p a r a t i n g  and 
i d e n t i f y i n g  s u l f u r i c  a c i d  and t h e  v a r i o u s  s u l f a t e  compounds i n  a e r o s o l  
samples.  Inc luded  among these  a r e :  s e l e c t i v e  thermal  v o l a t i l i z a t i o n ;  
s o l v e n t  e x t r a c t i o n  wi th  i sop ropano l ,  benzaldehyde,  o r  o t h e r  organic  so l -  
v e n t s .  and gas phase a o n i a  t i t r a t i o n  ( s e e  Tanner and Neman 1976 f o r  
r ev iew) .  I n f r a r e d  spec t roscopy ,  c o l o r i m e t r y  of de r ived  b i s -  
(d i e thy ld i th ioca rbamate ) - coppe r  (11) complex and e l e c t r o n  microscopy a r e  
o t h e r  methods t h a t  have been t e s t e d ,  b u t  a r e  r e p o r t e d  t o  be  l e s s  s e l e c -  
t i v e  (Tanner and Neman 1 9 7 6 ) .  X-ray p h o t o e l e c t r o n  spec t roscopy has  
been used to i d e n t i f y  t h e  v a r i o u s  s u l f u r  o x i d a t i o n  s t a t e s  i n  ambient 
a e r o s o l s ,  bu t  t h i s  technique  does n o t  i d e n t i f y  t h e  a s s o c i a t e d  c a t i o n s  
(Cra ig  e t  a l .  1 9 7 4 ) .  However, when coupled wi th  s o l v e n t  e x t r a c t i o n  pao-  
cedunes t h a t  have t h e  p o t e n t i a l  f o r  s e p a r a t i n g  s u l f u r i c  a c i d ,  ammonium 
s u l f a t e  and b i s u l f a t e ,  and meta l  s u l f a t e s  and b i s u l f a t e s ,  a thorough 
c h a r a c t e r i z a t i o n  of a e r o s o l  s u l f a t e  s p e c i e s  might be a t t a i n a b l e .  

3 . 6 . 4  Heal th  E f f e c t s  

Because t h i s  r e p o r t  i s  concerned wi th  t h e  p o t e n t i a l  h e a l t h  e f f e c t s  
of d i e s e l  exhaust  i n  conf ined  space c o n d i t i o n s ,  major emphasis w i l l  b e  
p l aced  on exper imenta l  and ep idemiologica l  d a t a  t h a t  d e a l  p r i m a r i l y  wi th  
inh t t l a t ion  exposures .  Of t h e  ino rgan ic  s u l f a t e  compounds t h a t  a r e  
p r e s e n t  in d i e s e l  exhaus t ,  s u l f u r i c  a c i d ,  ammonium s u l f a t e ,  axid ammonium 
b i s u l f a t e  a r e  t h e  t h r e e  major components, and, consequen t ly ,  t h e  tox i -  
cology o f  t h e s e  t h r e e  compounds is  of g x c a t e s t  s i g n i f i c a n c e .  I n  
e v a l u a t i n g  t o x i c o l o g i c a l  e f f e c t s ,  i t  should be kept  i n  mind t h a t  t h e s e  
compounds a r e  a s s o c i a t e d  wi th  engine  exhaust  p a r t i c n l a t e  m a t t e r ,  and t h e  
s i z e ,  shape,  d e n s i t y ,  and chemical  composi t ion of t h e  p a r t i c u l a t e s  may 
have a s u b s t a n t i a l  e f f e c t  on t h e  r a t e  of up take ,  r e s p i r a b i l i t y ,  and 
e f f e c t s  of t h e  s u l f u r  compounds. I n  c o n t r a s t ,  most l a b o r a t o r y  s t u d i e s  
have t e s t e d  r e l a t i v e l y  pure l i q u i d  a e r o s o l s ,  whose t o x i c o l o g i c a l  e f f e c t s  
may n o t  be i d e n t i c a l  t o  those  of t h e  p a r t i c u l a t e s ,  A f i n a l  q u a l i f i c a -  
t i o n  t h a t  must be made in e v a l u a t i n g  t h e  a v a i l a b l e  h e a l t h  e f f e c t s  da t a  
concerns t h e  d i f f i c u l t i e s  i n  monitor ing s u l f u r i c  a c i d  and s u l f a t e  l e v e l s  
dur ing  i n h a l a t i o n  exposures .  Ammonia r e l e a s e d  i n  exp i r ed  a i r  w i l l  neu- 
t r a l i z e  p a r t  o r  a l l  of t h e  s u l f u r i c  a c i d .  Even du r ing  a n a l y t i c a l  pro-  
cedures  t o  de te rmine  s u l f u r i c  a c i d  l e v e l s ,  some n e u t r a l i z a t i o n  w i l l  
occur, p a x t i c u l a r l y  i f  t h e  a e r o s o l  samples a r e  c o l l e c t e d  on f i l t e r s .  
Any i n t e r p r e t a t i o n  of t h e  r e s u l t s  of a p a r t i c u l a r  s tudy  must t a k e  t h e s e  
f a c t o r s  i n t o  c o n s i d e r a t i o n .  The h e a l t h  e f f e c t s  d i scnssed  i n  t h e  follow- 
ing s e c t i o n s  a r e  summarized i n  Tabla  H-IS. 

3 . 6 . 4  .I L e t h a l i t y  

Mis ts  of s u l f u r i c  a c i d  have been foltnd t o  be moderately t o  h i g h l y  
t o x i c  t o  l a b o r a t o r y  animals .  T ~ e o n  e t  al. (1950) r e p o r t e d  t h a t  t h e  
lowest  dose of inha led  s u l f u r i c  a c i d  ( p a r t i c l e  s i z e  ( 2  pm) t h a t  was 
l e t h a l  t o  some t e s t  animals  was 178 ppm t o  r a t s  exposed f o r  7 hr, 1 4 0  
ppm t o  mice exposed f o r  3 . 5  h r ,  and 22 ppm t o  gu inea  p i g s  exposed f o r  
2.75 h r .  S i m i l a r l y ,  Amdur e t  a l .  (1952a)  found t h a t  t h e  l e t h a l  inha la-  
t i o n  dose t o  guinea p i g s  was 18-60 m g / d  f o r  ap1 8 - h ~  exposure.  P a r t i -  
c l e s  of 2-21 pm were more t o x i c  than  p a r t i c l e s  of 0 .8  pm. Vol f f  e t  all. 
(1979) a l s o  exposed guinea p i g s  t o  two d i f f e r e n t  aerosol s i z e s  ( 0 . 4  and 



For the larger size particles the Le50 was calculated to be 3 0  :i;mSm’ ‘With the smaller sized particles the LC50 level was not reached 
even at a concentration as high as 109 mp/m3* 

3 . 6 . 4 . 2  Mutagenicity 

The only information that was found concerning the potential 
mutagenicity of inorganic sulfates was a single microbial study involv- 
ing ammonium sulfate (Litton Bionetics, Inc. 1975). In this study the 
D4 strain of the yeast Saccharomyces cerevisiae, and the TA-1535, TA- 
1537, and TA-1538 strains of the bacterium Salmonella typhimurim were 
exposed to ammonium sulfate concentrations of 2 . 5  t o  10%. The assays 
were conducted with and without mammalian metabolic activation prepara- 
tions. Both positive and solvent controls were included in the tests. 
Under all tested conditions the ammonium sulfate exhibited no mutagenic 
activity. 

3.6.4.3 Carcinogenicity 

The National Cancer Institute has issued a series of reports in 
which literature-derived carcinogenicity data for various chemicals has 
been tabulated (NCI 1951-1978). Included in the listing is information 
on sulfuric acid and ammonium, barium, beryllium. cadmium, cobalt, 
copper, iron, nickel, sodium, zinc, and magnesium sulfates. The avail- 
able evidence indicates that sulfuric acid and ammonium sulfate are not 
carcinogenic (Alarie et al. 1973). Several o f  the metallic sulfates 
when injected subcutaneously produced local sarcomas a t  the injection 
site; but only one, beryllium sulfate, was reported to cause pulmonary 
cancers as a result of inhalation exposures (Scfaepers et al. 1957; 
Reeves et al. 1867). However, bexyllium is not among the metals 
reported to occur in diesel exhaust particulates (see Frey and Corn 
19671, and therefore, beryllium sulfate is not likely to be a carcino- 
genic hazard in confined space situations. 

3.6.4.4 Teratogenicity and Embryotoxicity 

The teratogenicity and embryotoxicity of sulfuric acid and inor- 
ganic sulfate compounds has been evaluated in only a f e w  laboratory stu- 
dies. Murray et al. (1979) exposed CF-1 mice and New Zeafand white rab- 
bits to 0, 5.7 5 1.2, or 19.3 +- 4 .9  mg/m3 of sulfuric acid (median par- 
ticle diameter 1.6 ym at 5.7 mg/m3 and 2.4 pm at 19.3 mg/m3) for 7 
hr/day during the period of major organogenesis. The exposures had no 
adverse effect on litter size, live fetuses per litter, resorptions per 
litter, fetal sex ratio, or fetal body size. The offspring of the 
exposed mice did not have a higher incidence o f  malformations than con- 
trols; however, at the highest exposure, two fetuses were conjoined in 
the upper body and both had cranial malformations. In rabbits no signi- 
ficant increase in fetal malformations was observed, although there was 
an increased incidence of small nonossified areas of the skull. 

No studies were found in which the teratogenicity o f  ammonium sul- 
fate and ammonium bisulfate was evaluated. Howeverl some metallic sul- 
fates may be teratogenic, and this is most likely due to the action Qf 
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the  c a t i o n  r a t h e r  t han  t o  t h e  s u l f a t e  moiety.  Cadmim and l ead  s a l t s  
a r e  known t o  cause  malformations i n  hamsters  (Ferm and Carpenter  
1967a ,b ) .  No  i n fo rma t ion  was found t o  sugges t  t h a t  l e v e l s  of m e t a l l i c  
s u l f a t e s  were S u f f i c i e n t l y  h igh  i n  d i e s e l  exhaust  t o  be L t e r a t o g e n i c  
h e a l t h  hazard .  

3.6.4.5 R e s p i r a t o r y  and Pulmonary E f f e c t s  

S u l f u r i c  a c i d  and t h e  ino rgan ic  s u l f a t e s  t h a t  a r e  p r e s e n t  i n  d i e s e l  
exhaus t  a r e  r e s p i r a t o r y  and pulmonary i r r i t a n t s .  I r r i t a n t  potency i s  
dependent no t  on ly  on t h e  chemical s p e c i e s  p r e s e n t  and t h e i r  concent ra -  
t i o n s ,  bu t  a l s o  on t h e  s i z e  of t he  a e r o s o l  or pa r t i cu1a t . e  with which 
they  a r e  a s s o c i a t e d  and on the s u s c e p t i b i l i t y  of t h e  exposed s p e c i e s  o r  
i n d i v i d u a l s .  

I n  t e s t s  i n  guinea p i g s ,  Amdnr and coworkers found t h a t  t h e  degree  
of i r r i t a t i o n ,  a s  measured by t h e  percentage  i n c r e a s e  i n  airway r e s i s -  
t ance ,  was g r e a t e s t  f o r  s u l f u r i c  a c i d ,  fol lowed i n  dec reas ing  o r d e r  by 
z i n c  ammonium s u l f a t e ,  f e r r i c  s u l f a t e ,  z inc  s u l f a t e ,  ammonium s u l f a t e ,  
ammonium b i s u l f a t e ,  c u p r i c  s u l f a t e ,  f e r r o u s  s u l f a t e ,  sodium s u l f a t e ,  and 
manganese s u l f a t e  (Amdnr and Corn 1963; Arndur and Underh i l l  1868; Arndpre 
e t  a l .  1 9 7 % ) .  I n  t hese  s t u d i e s  s u l f u r i c  a c i d  was t e n  t imes g r e a t e r  an 
i r r i t a n t  than  ammonium s u l f a t e  and ammonium b i s u l f a t e .  

Seve ra l  o t h e r  s t u d i e s  have compared t h e  e f f e c t s  of va r ious  s u l f a t e s  
on pulmonary f u n c t i o n .  I n  t e s t s  on h e a l t h y  human v o l u n t e e r s ,  Morrow e t  
a l .  (1979)  found t h a t  s u l f u r i c  a c i d  (1 nng/m3, 0.5-1 pm) produced a 
g r e a t e r  dec rease  i n  s p e c i f i c  a i rway conductance than  d i d  equ iva len t  con-- 
c e n t r a t i o n s  of ammonium b i s u l f a t e  (NH4BS04), s o d i m  b i s u l f a t e  (NaHSOd), 
and ammonium s u l f a t e  (mq)2S04). Furthermore,  t h e  b r o n c h o c o n s t r i c t o r  
a c t i o n  of carbachol  was p o t e n t i a t e d  t o  a g r e a t e r  deg ree  by 'tJ2SQ4 than  by 
t h e  o t h e r  compounds. 

Avo1 e t  a l .  (1979) exposed b o t h  h e a l t h y  and a s thma t i c  men f o r  2 
h r / d a y  f o r  1,2, ox 3 days t o  a e r o s o l s  of ammonium s u l f a t e  (104-337 

of mass median aerodynamic d iameter  of 0.28-0.62 pn. Although the  expo- 
s u r e  l e v e l s  were n o t  s u f f i c i e n t l y  h igh  t o  produce adverse  pulmonary 
e f f e c t s ,  symptoms of r e s p i r a t o r y  d i s t r e s s  were more f r equen t  i n  expo- 
s u r e s  t o  s u l f u r i c  a c i d  than  t o  the o t h e r  two compounds. This was par-  
t i c u l a r l y  t r u e  f o r  a s thma t i c s .  

pg/m 3 ammonium b i s u l f a t e  (4-47 pg/m3)  o r  s u l f u r i c  a c i d  (93-111 pg/m3)  

The e f f e c t s  of s u l f u r i c  a c i d  and ammonium s u l f a t e  on pulmonary 
f u n c t i o n  i n  donkeys were eva lua ted  by S c h l e s i n g e r  e t  a l .  (1978). 
Although n e i t h e r  chemical. had any adverse  e f f e c t  on pulmonary s e s i s -  
t a m e ,  compliance,  o r  regional.  d e p o s i t i o n ,  I-hr exposures  t o  194-1364 
pg/m3 of H2S04 (0.3-0.6 p ~ )  reduced t r aeheobroncb ia l  mucocil i a r y  c l e a r -  
ance . o n i m  s u l f a t e ,  a t  c o n c e n t r a t i o n s  up t o  2000 pg/m3,  had no such 
e f f e c t .  Trachea l  mucus v e l o c i t y  was slot a l t e r e d  i n  sheep exposed f o r  4 
h r  t o  1-1.9 m g ~ m 3  of submicron a e r o s o l s  of e l even  d i f f e r e n t  s u l f a t e  C o r n - -  

pounds (ammonium s u l f a t e  and b i s u l f a t e ,  z inc  ammonium s u l f a t e ,  and zinc, 
f e r r o u s ,  f e r r i c ,  copper ,  n i c k e l ,  manganese, sodium and aluminum su l -  
f a t e s )  (Sackner  e t  a l .  1981). These same compounds wben t e s t e d  in dogs 
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a t  a e r o s o l  c o n c e n t r a t i o n s  up t o  1 7 . 3  m g / d  for 7.5 min o r  4.1-$ .$  mg/m3 
f o r  4 hr had l i t t l e  e f f e c t  on pulmonasy mechanics, nor  d i d  1 mg 
in t ravenous  i n j e c t i o n s ;  however a 100-ng in t ravenous  dose of copper su l -  
f a t e  d i d  cause a dec rease  i n  s p e c i f i c  t o t a l  r e s p i r a t o r y  conductance a s  
we l l  a s  adverse  c a r d i a c  and hemato logica l  e f f e c t s  (Sackner  e t  a l .  1981). 

The e f f e c t s  of s u l f u r i c  a c i d  and aluminum s u l f a t e  on t h e  pulmonary 
f u n c t i o n  of r a t s  have been compared by Lewkowski e t  a l .  ( 1 9 7 9 ) .  Expo- 
s u r e s  were cont inuous f o r  7 and 8 weeks. S u l f u r i c  a c i d  l e v e l s  were 4.05  
mg/m3 ( 0 . 5  pml and 2 .49  mg/m3 ( < 0 . 2 4  pmn), and aluminum s u l f a t e  l e v e l s  
were 2 . 0 4  m g / m 3  ( 2 . 0  pm) and 2.59 mg/m3 ( 1 . 4  pm). 
i nc reased  pulmonary r e s i s t a n c e  and r e s p i r a t o r y  frequency of a d u l t  r a t s .  
I n  j u v e n i l e  r a t s  aluminum s u l f a t e  i nc reased  r e s p i r a t o r y  frequency,  func- 
t i o n a l  r e s i d u a l  c a p a c i t y ,  and s t a t i c  d e f l a t i o n  volume. O v e r a l l ,  alwni- 
num s u l f a t e  was more d e t r i m e n t a l  t o  pulmonary f u n c t i o n  than  was s u l f u r i c  
a c i d .  Consider ing t h a t  aluminum is known t o  occar  i n  diesel .  exhaust  
p a r t i c u l a t e s ,  t h e  p o s s i b i l i t y  e x i s t s  t h a t  aluminum s u l f a t e  might a l s o  be 
p r e s e n t .  Whether it OCCUES i n  s u f f i c i e n t  q u a n t i t i e s  t o  be a p o t e n t i a l  
h e a l t h  hazard r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .  

Both compounds 

Except f o r  aluminam s u l f a t e ,  t h e  o t h e r  i no rgan ic  s u l f a t e s  t e s t e d  
have been shown t o  be weaker pulmonary i r r i t a n t s  than  s u l f u r i c  ac id .  
Consequently,  any exposure s t a n d a r d s  f o r  t o t a l  s u l f a t e s ,  i f  based on 
s u l f u r i c  a c i d  e q u i v a l e n t s ,  should provide  the  g r e a t e s t  margin of s a f e t y .  

Because of t h e  known t o x i c i t y  of s u l f u r i c  a c i d ,  many l a b o r a t o r y  
s t u d i e s  have been c a r r i e d  out  i n  o r d e r  to b e t t e r  d e f i n e  s a f e  exposure 
l i m i t s .  Animal s t u d i e s  have shown t h a t  s p e c i e s  can vary  cons ide rab ly  i n  
t h e i r  pulmonary s u s c e p t i b i l i t y  t o  a e r o s o l s  of t h i s  compound. Treon e t  
a l .  (1950) exposed fou r  s p e c i e s  of roden t s  to s u l f u r i c  a c i d  a e r o s o l s  ( < 2  
p) f o r  up t o  7 h r  and found t h a t  t he  lowest l e t h a l  dose was 2 2 . 1  ppm 
f o r  guinea p i g s ,  140 ppm f o r  mice,  178 ppm f o r  r a t s ,  and 374 pprn for 
r a b b i t s .  Schwartz e t  a l .  (1877) a l s o  found t h a t  guinea p i g s  were very  
s e n s i t i v e  t o  H2SO4 exposures ,  Damage t o  t h e  r e s p i r a t o r y  system (bron- 
c h i a l  and a l v e o l a r  l e s i o n s )  occur red  i n  t h i s  s p e c i e s  dur ing  short- term 
exposure ( 4  day)  t o  > 7  mg/m3,  however, r e s p i r a t o r y  l e s i o n s  ( i n  t h e  t r a -  
chea and l a r y n x )  occurred  i n  mice on ly  a t  125 mg/m3. Concent ra t ions  a s  
h igh  as  172 mg/m3 i n  r a t s  and 500 mg/m3 i n  monkeys d i d  no t  cause  any 
pulmonary damage. 

pulmonary e f f e c t s  of H2SO4 also vary wi th  t h e  mass c o n c e n t r a t i o n  of 
t h e  t e s t  a e r o s o l ,  bu t  t he  e f f e c t s  have n o t  always been i d e n t i c a l  from 
one s tudy  t o  ano the r .  I n  s t u d i e s  on guinea p i g s  Amdur e t  a l .  (1978a)  
found t h a t  pulmonary flow r e s i s t a n c e  increased  and pulmonary compliance 
dec reased  a t  c o n c e n t r a t i o n s  as low 8 s  100 pg/m3 (1 h r  exposure) .  
baugb e t  a l .  (1981a) r e p o r t e d  s i m i l a r  changes i n  guinea p i g s  a t  82SO4 
l e v e l s  of 1 4 . 6  mg/m3 and h ighe r ,  bu t  none a t  1 . 2  mg/m3 .  Brownsteia  
(1980) observed t h a t  a f t e r  4 h r  exposure t o  3 2 . 6  mg/m3 t b e  lungs of 
gu inea  p i g s  e x h i b i t e d  b r o n c h i o l a r  e p i t h e l i a l  desquamation. 

S i l -  

Most s t u d i e s  on humans have shown t h a t  s u l f u r i c  a c i d  ae roso l  mass 
c o n c e n t r a t i o n s  a s  h igh  as 1 mg/m3 for 2 h r  w i l l  no t  r e s u l t  i n  any 
adverse  pulmonary e f f e c t s  (Sackner  e t  a l .  1978; Borvath e t  a l .  9982; 
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Borstvlarn e t  a l .  1982; Kefr e t  a l .  1981); however, i n  one s tudy  a 1 mg/m3 
a e r o s o l  of 0.5-1-ym p a r t i c l e s  was r e p o r t e d  t o  cause  sma l l  b u t  s i g n i f l -  
c a n t  changes i n  maximum e x p i r a t o r y  flow volume a t  60% t o t a l  Lung capa- 
c i t y  and s i g n i f i c a n t  changes i n  p a r t i a l  e x p i r a t o r y  f low ~ l p l a n e  a t  40% 
and 60% t o t a l  lung c a p a c i t y  (MQTTO'H e t  a l .  1979) .  In a d d i t i o n ,  one 
stndgi r epor t ed  t r a n s i t o r y  a l t e r a t i o n s  i n  mucoc i l i a ry  c l e a r a n c e  a t  160 
yg/m (Leikauf  e t  a l .  19811, ano the r  r epor t ed  t h r o a t  and r e s p i r a t o r y  
i r r i t a t i o n  a t  233 yg/m3 (Horvath e t  a l .  19821, and i n  a t h i r d  a 5 -  t o  
15-min exposure t o  o n l y  350 pg/m3 x e s u l t e d  i n  sha l low r a p i d  b r e a t h i n g  
(Amdur e t  a l .  1952b) .  

Concent ra t ions  above 1 m g / d  may produce r e s p i r a t o r y  d i s t r e s s .  
deep b r e a t h  of a 5 mg/m3 a e r o s o l  produced coughing i n  h e a l t h y  human 
v o l u n t e e r s  (Amdur e t  a l ,  1952b) and 10- t o  60-niin exposures  t o  2.9-39 
m g / m 3  (mean va lues  no t  g iven )  produced coughing, b r o n c h o c o n s t r i c t i o n ,  
r a l c s ,  l a c r i m a t i o n ,  and rh ino r rhea  ( S i  and P a t t l e  1957) .  

A 

The pulmonary e f f e c t s  of s u l f u r i c  a c i d  a r e  a l s o  known t o  vary  with 
t h e  s i z e  of t he  p a r t i c l e s  wi th  which they  a r e  a s s o c i a t e d .  I n  t e s t s  on 
guinea  p i g s ,  Amdur (1969) found t h a t  pulmonary f l o w  r e s i s t a n c e  induced 
by B2SO4 decreased  wi th  i n c r e a s i n g  p a r t i c l e  s i z e .  P a r t i c l e s  of 0.1 pm 
had an e f f e c t  about 5.5 t imes g r e a t e r  t han  those  o f  2 , s  pm. A 6-mg/m3 
l e v e l  of 2.5-ym p a r t i c l e s  was r e q u i r e d  t o  produce a 50% i nc rease  i n  pul-  
monary flow r e s i s t a n c e ,  bu t  a c o n c e n t r a t i o n  of o n l y  1 . 9  m g / m 3  of 0 .8 - -pm 
p a r t i c l e s  wns needed t o  cause  t h e  same e f f e c t .  I n  a l a t e r  s tudy  (Am31u.r 
e t  a l .  1978a)  0.3-pm p a r t i c l e s  were found t o  be more i r r i t a n t  t han  1-11" 
p a r t i c l e s  f o r  mass c o n c e n t r a t i o n s  o f  0.1-1 m g / m 3 .  Thomas e t  a l .  (1958) 
r e p o r t e d  t h a t  0.9-pm p a r t i c l e s  were more a c t i v e  t o x i c o l o g i c a l l y  t o  
guinea  p i g s  than  those  of e i t h e r  0 . 6  pm ~r 4 .0  p when t h e  exposure con- 
c e n t r a t i o n  was i n  t h e  range of 1-4 rng/m3. me 8-hr L C ~ O  va lue  t o  guinea 
p i g s  w a s  found by Wolff e t  a l .  (1979) t o  decrease  from 109  mg/m3 f o r  
0.4-1.1" p a r t i c l e s  t o  3 0  rng/m3 f o r  0 .8 -ym p a r t i c l e s .  
e t  a l .  (1956) found t h a t  2.7-1.1" p a r t i @ l e s  were more t o x i c  t o  guinea p i g s  

humans, S i m  and P a t t l e  (1957) found t h a t  a d r y  a e r o s o l  (RH 62%) contain--  
ing 0.99-pm p a r t i c l e s  a t  a c o n c e n t r a t i o n  of 3 9 . 4  mg/m3 caused l e s s  
s e v e r e  r e s p i r a t o r y  and pulmonary d i s t r e s s  t han  a wet a e r o s o l  (RH 91%) 
c o n t a i n i n g  1.54-ym p a r t i c l e s  a t  a c o n c e n t r a t i o n  of 20.8 m g / m 3 .  

I n  a d d i t i o n ,  P a t t P e  

) t han  those  of 0 . 8  pm (LC50 14.9 ppm). I n  t e s t s  on 

The d i f f e r i n g  r e s u l t s  g iven  i n  t h e s e  s t u d i e s  might be sccoanted  f o r  
by t h e  f a c t  t h a t  pulmonary ( a l v e o l a r )  d e p o s i t i o n  of p a r t i c l e s  i s  no t  
l i n e a r l y  c o r r e l a t e d  t o  p a r t i c l e  s i z e .  Maximum d e p o s i t i o n  occurs  a t  par-  
t i c l e  s i z e s  below 0 .1  pm. Depos i t i on  dec reases  with i n c r e a s i n g  p a r t i c l e  
s i z e  up t o  about 0.5 p, slowly  i n c r e a s e s  t o  a secondary maximum a t  2 .0  
urn, and t hen  r a p i d l y  dec reases  a t  l a r g e r  s i z e s  (Task G ~ Q I I ~  on Lung 
Dynamics 1965) ( s e e  F igu re  3 . 3 ) .  Furthermore,  t h e  p a r t i c l e  s i z e  of t h e  
s u l f u r i c  a c i d  a e r o s o l  i s  a f f e c t e d  by r e l a t i v e  humidi ty  (Cavelcder e t  a l .  
1977) .  Because s u l f u r i c  a c i d  is hygroscopic  i t  w i l l  r a p i d l y  e q u i l i b r a t e  
with t h e  r e l a t i v e  humidi ty  of t h e  environment and then  w i l l  r e e q u i l i -  
b r a t e  a f t e r  e n t e r i n g  t h e  r e s p i r a t o r y  t r a c t ,  where t h e  r e l a t i v e  humidi ty  
i s  98% (Cavender e t  a l .  197'7). Under r e l a t i v e l y  d r y  e x t e r n a l  environ- 
mental  c o n d i t i o n s  (5% r e l a t i v e  humidi ty)  s u l f u r i c  a c i d  p a r t i c l e s  may 
i n c r e a s e  as  much as  t h r e e f o l d  i n  s i z e  a f t e r  e n t e r i n g  t h e  r e s p i r a t o r y  
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t r a c t .  Changes i n  p a r t i c l e  s i z e  will a l s o  r e s u l t  i n  changes i n  t h e  
m o l a r i t y  of t h e  s u l f n r i c  ac id  i n  the  p a r t i c l e s .  A t  a cons t an t  tempera- 
t u r e  of 20OC, t h e  m o l a r i t y  w i l l  d ec rease  with an i n c r e a s e  i n  r e l a t i v e  
humidi ty  (about 9 a t  20%, 5 a t  5 and 1 a t  9836) (Cavendes e t  al. 
1977). Thus, c o n d i t i o n s  which f avor  t h e  format ion  of a e r o s o l s  of p a r t i -  
c l e  s i z e  of about 2 . 0  pm i n  the  lungs w i l l  r e s u l t  i n  g r e a t e r  a l v e o l a r  
d e p o s i t i o n  and may have a very  d i f f e r e n t  p h y s i o l o g i c a l  e f f e c t  than  
s l i g h t l y  sma l l e r  o r  l a r g e r  p a r t i c l e s  which would be depos i t ed  i n  the  
upper a i rways,  I n h a l a t i o n  of ve ry  smal l  H2S04 p a r t i c l e s  (iO.1 pnr) under  
c o n d i t i o n s  of h igh  humidi ty  would r e s u l t  i n  t he  h i g h e s t  a l v e o l a r  deposi-  
t i o n  r a t e  because t h e r e  would be l i t t l e  change i n  p a r t i c l e  s i z e  in t h e  
lungs .  

Tn c o n t r a s t  t o  t h e  numerous s t u d i e s  conducted on the  pulmonary 
e f f e c t s  of short- term H2SO4 exposures j  l i t t l e  work has been done on t h e  
e f f e c t s  of ch ron ic  exposures .  A l a r i e  e t  a l .  (1973) have r epor t ed  t h a t  
monkeys exposed for 78 weeks t o  2.43 mg/m3 (3.60 pm p a r t i c l e  s i z e )  o r  
4.79 mg/m3 (0.73 pm)  s u f f e r e d  lung damage and reduced pulmonary func- 
t i o n ,  There were no s i g n i f i c a n t  d e l e t e r i o u s  e f f e c t s  a t  lower concentra-  
t i o n s .  Guinea p i g s  exposed t o  0.08-0.1 mg/m3 (0.84 and 2.78 pm) f o r  52 
weeks showed no changes i n  pulmonary s t r u c t u r e  o r  func t ion .  Higher con- 
c e n t r a t i o n s  were not  t e s t e d .  

Lewis e t  a l .  (1973)  exposed beagle  dogs t o  0.89 mg/m3 of QS04 
a e r o s o l  (9M of p a r t i c l e s  l e s s  t h a n  0 . 5  pm) f o r  21 h r f d a y  f o r  620 days 
(RB 43-5055, temp. 73-76OF), and found a s i g n i f i c a n t  r e d u c t i o n  i n  t o t a l  
lung weight ;  i n  average pulmonary s i n g l e  b r e a t h  casbon monoxide d i f f u -  
s i o n  c a p a c i t y ;  lung r e s i d u a l  volume; n e t  lung volume when i n f l a t e d ;  and 
i n  t h e  d i f f e r e n c e  between i n f l a t e d  and d e f l a t e d  n e t  lung volumes. The 
ch ron ic  exposures  a l s o  r e s u l t e d  i n  a s i g n i f i c a n t  i n c r e a s e  in t o t a l  
e x p i r a t o r y  r e s i s t a n c e .  The au tho r s  concluded t h a t  t h e s e  changes were 
i n d i c a t i v e  of t h e  development of o b s t r u c t i v e  pulmonary d e f e c t s .  

For a K2S04 mass c o n c e n t r a t i o n  of 1 mg/m3 s i m i l a r  t o  t h a t  used i n  
t h e  s t u d i e s  of Lewis e t  a l . ,  Bushtueva (1957) found t h a t  a 65-day expo- 
s u r e  t o  r e t s  r e s u l t e d  i n  h i s t o p a t h o l o g i c a l  changes i n  t h e  lungs ,  Ninety 
p e r c e n t  of t h e  a e r o s o l  p a r t i c l e s  were less than  2.0 pm. 

These few s t u d i e s  i n d i c a t e  t h a t  ch ron ic  exposure to iI2SO4 a t  l e v e l s  

s t r u c t u r e  and f u n c t i o n .  Xowever, t h e s e  e f f e c t s  wtfxe produced under con- 
d i t i o n s  of cont inuous o r  nea r  cont inuous  exposure.  For i n t e r m i t t e n t  
occupa t iona l  exposures  i t  would be expected t h a t  t h e  minimum e f f e c t i v e  
mass c o n c e n t r a t i o n s  would be much h ighe r .  

nea r  t h e  recognized TLV ( 1  mg/m 3 ) c a n  r e s u l t  i n  a l t e r a t i o n s  i n  pulmonary 

3.6.4.6 S u s c e p t i b i l i t y  t o  I n f e c t i o n  

A s  r e s p i r a t o r y  i r r i t a n t s ,  s u l f u r i c  a c i d  and o t h e r  inorganic:  su l -  
f a t e s  have t h e  p o t e n t i a l  f o r  a l t e r i n g  t h e  defense  mechanisms of t he  
r e s p i r a t o r y  t r a c t  (mucoc i l i a ry  c l e a r a n c e  and a l v e o l a r  macrophage func- 
t i o n )  t o  such a degree  t h a t  t he  organism becomes more s u s c e p t i b l e  t o  
mic rob ia l  i n f e c t i o n s ,  In  one s tudy  on humans, t r a n s i t o r y  a l t e r a t i o n s  in  
mucoci lary c l e a r a n c e  were seen fo l lowing  exposure t o  H2SQ4 of only  100 
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pg/rpm3 !l.eikauf e t  81, 19819. I n  mice, i n t e r f e r o n  p roduc t ion  (an ind ica-  
t o r  of c e l l  f u n c t i o n  and r e s i s t a n c e  t o  i n f e c t i o n )  of  a l v e o l a r  macrophage 
c u l t u r e s  was reduced,  b u t  t h a t  of t r a c h e a l  organ  c u l t u r e s  was u n a f f e c t e d  
fo l lowing  IO-to 14-day exposures  t o  125-154 i-ang/rn3 (Schwartz  e t  a l .  
19991. 

I n  a s tudy  on mice Gardner e t  a l .  (1977) found t h a t  900 pg W2SQ4/m3 
f o r  3 h r  d i d  no t  i n c r e a s e  t h e  s u s c e p t i b i l i t y  of t h e  animals  t o  i n f e c t i o n  
by S t r ep tococcus  pyagenes ( eva lua ted  i n  terms of changes i n  m o r t a l i t y  
r a t e s ) ;  however, when the  exposures  were preceded by exposure t o  ozone, 
t h e r e  was a s i g n i f i c a n t  i n c r e a s e  i n  i n f e c t i o n s .  Rates  of i n f e c t i o n  i n  
mice can a l s o  be inc reased  by concur ren t  exposare  t o  H2SOq and p a r t i c u -  
l a t e s  ( F e n t e r s  e t  a l ,  1919). Thus, i t  would seem t h a t  a t  s u f f i c i e n t l y  
h igh  c o n c e n t r a t i o n s ,  s u l f u r i c  a c i d  a lone  E igh t  reduce r e s p i r a t o r y  r e s i s -  
t ance  t o  i n f e c t i o n s ,  bu t  fur ther  s tudy  is needed t o  v e r i f y  t h i s  assump- 
tioPi. Various inorganic  s u l f a t e s  a r e  a l s o  known t o  cause  an inc reased  
s u s c e p t i b i l i t y  t o  i n f e c t i o n s  i n  l a b o r a t o r y  animals  ( E h r l i c b  1980) I n  
t h e s e  c a s e s ,  i t  appeass  t h a t  m e t a l l i c  c a t i o n s  (Cd, Cu, and Zn) a r e  t h e  
pr imary  c a u s a t i v e  agen t s .  The presence  of ammonium ( a s  i n  z inc  ammonium 
s u l f a t e )  somewhat n e u t r a l i z e s  t h e  e f f e c t .  

3.6.5 Confined Space Workplace Concerns 

A s  noted i n  S e c t i o n  3.6.4,  from a t o x i c o l o g i c a l  s t andpo in t  s u l f u r i c  
a c i d  i s  t h e  most hazardous s u l f u r  compoiind occur r ing  i n  d i e s e l  exhaus t ,  
and i t  r e p r e s e n t s  m5re than  90% of t h e  t o t a l  water -so luble  s u l f a t e s  
p r e s e n t  (Truex e t  a l .  1988). It i s  a pr imary i r r i t a n t  t o  t h e  r e s p i r a -  
t o r y  and pulmonary systems,  and because o f  t h i s  maximum occupa t iona l  

d i e s e l  exhaust  pose a h e a l t h  hazard t o  workers in conf ined  spaces  i s  
dependent  on s e v e r a l  f a c t o r s :  (1 )  t h e  sulfur con ten t  i n  the  d i e s e l  
f a e l ;  ( 2 )  t h e  r a t e  of o x i d a t i o n  of t h e  fuel. s u l f u r  t o  S02;  ( 3 )  t h e  rate 
of C O R V ~ X S ~ ~ ~  of t h e  SO2 t o  s u l f u r i c  a c i d ;  ( 4 )  t h e  amount o f  mixing of 
t h e  exhaust  w i th  f r e s h  a i r  ( v e n t i l a t i o n  r a t e ) ;  ( 5 )  t h e  a i r  volume of t h e  
conf ined  space i n  which t h e  exhaust  is vented;  and ( 6 )  t h e  l eng th  of 
t ime t h e  engine i s  opera t ed  i n  t h e  conf ined  space.  As noted i n  S e c t i o n  
3.6.1, t h e  h ighe r  t h e  f u e l  s u l f u r  c o n t e n t  and t h e  g r e a t e r  t h e  load OR 

t h e  engine ( a s  r e f l e c t e d  i n  a lower a i r - to- fue l  r a t i o )  t h e  h ighe r  t h e  
c o n c e n t r a t i o n  of exhaust  SO2 (F igu re  3 . 4 ) .  Although s u l f a t e  format ion ,  
expressed  in  terms of p e r c e n t  convers ion  of f u e l  s u l f u r ,  may a c t u a l l y  
dec rease  wi th  i n c r e a s i n g  f u e l  s u l f u r  l e v e l  (Truex e t  a l ,  1980), mass 
emiss ion  r a t e s  of so4 g e n e r a l l y  i n c r e a s e  wi th  i n c r e a s e s  i n  fuel. s u l f u r .  
F r i s c b  e t  a l .  (1979)  r e p o r t e d  s u l f a t e  l e v e l s  of 0.9-2.6 mg/m3 i n  t h e  
u n d i l n t e d  exhaust  of d i e s e l  engines  us ing  f a e l  w i t h  0.11% s u l f u r ,  0 . 9 -  
3.7 mg/m3 f o r  f u e l  with 0.27% s u l f u r ,  and 4.0-8.1 mg/md f o r  f u e l  with 

s u l f u r .  These same au tho r s  found that  f o r  the 0.272 s u l f u r  f u e l ,  
s u l f a t e  emiss ions  were 8.94-2.54 wg/m3 when t h e  engine  was opera t ing  a t  
25% load ana 2.44-3.72 mg/J when t h e  engine  was operating a t  75% load .  
In t h e  l a t t e r  c a s e  t h e  s u l f a t e  l e v e l  i nc reased  when t h e  exhaust  was 
d i l u t e d  wi th  a i r  a t  a r a t i o  of 8 t o  1 and 25 t o  1 b u t  decreased  a t  a 5 0  
t o  1 d i l u t i o n .  With a 25% load ,  t h e r e  was an o v e r a l l  dec rease  i n  sul- 
f a t e s  wi th  i n c r e a s i n g  d i l u t i o n  r a t i o ,  such t h a t  t h e r e  was a SOYO dec rease  
i n  s u l f a t e  l e v e l s  s t  a 5 0  t o  1 d i l u t i o n  r a t i o ,  Th i s  gene ra l  t r e n d  was 

exposure l i m i t s  have been s e t  a t  1 mg/m 3 . Whether W2SO4 l e v e l s  i n  
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a t t r i b u t e d  t o  t h e  r e d u c t i o n  i n  p a r t i c u l a t e  l e v e l s  and subsequent xeduc- 
t i o n  i n  c a t a l y t i c  i n t e r a c t i o n  between SO2 and t h e  p a r t i c u l a t e s  t o  form 
s u l f a t e s .  

Because s u l f u r i c  a c i d  c o n c e n t r a t i o n s  i n  u n d i l u t e d  d i e s e l  exhaust  
may be a t  o r  above t h e  c u r r e n t  OSHA exposure l i m i t  of 1 mg/m3, worker 
exposure i n  conf ined  space s i t u a t i o n s  would depend cons ide rab ly  on ven- 
t i l a t i o n  and d i l u t i o n  f a c t o r s .  For a H2SO4 exhaust  l e v e l  of 5 mg/m3 a 
minimum f i v e f o l d  d i l u t i o n  of t he  exhaust  would be needed t o  reduce t h e  
c o n c e n t r a t i o n  to t h e  TLV. The v e n t i l a t i o n  r a t e  cor responding  t o  t h i s  
l e v e l  of d i l u t i o n  can  be c a l c u l a t e d  from t h e  fo l lowing  equat ion:  

where Q =  
v =  

c =  
Y =  

Thus f o r  

t h e  r equ i r ed  amount of a i r  (m3/min), 
volume of the  exhanst  gas a t  f u l l  load  and r a t e d  speed 
(m3/min) I 

c o n c e n t r a t i o n  of s u l f u r i c  ac id  (ppm), and 
exposure l i m i t  (ppm) . 

a H2S04 c o n c e n t r a t i o n  ef 5 mg/m3 (1 .2 ppm), a TLW of 1 
mg/m3 (0 .24 ppm), and,  a V of 0.07 m3/min p e r  r a t e d  horsepower [which i s  
an  approximate va lue  f o r  a moderate s i z e  engine a t  f u l l  load  ( K O  
198311, t hen  Q w i l l  equa l  0.35 m3/min (12.4 cfm) p e r  r a t e d  horsepower. 
I n  t h e  absence of a v e n t i l a t i o n  system, t h e  bu i ldup  of s u l f u r i c  ac id  i n  
a conf ined  space w i l l  vary wi th  t h e  mass emission r a t e  from t h e  engine 
and t h e  t o t a l  enc losed  a i r  volume. For an emission r a t e  of 9-33 
m /bhp*br  ( F r i s c h  e t  a l .  1979) and an enc losed  volume of 10,000 f t 3 ( 2 8 0  
m ) ,  and assuming complete mixing, t h e  H2S04 l e v e l  would be 0.008 mg/m3 
t o  0.03 mg/m3 p e r  r a t e d  horsepower a f t e r  15 minutes  of ope ra t ion .  The 
mass emiss ion  r a t e  g iven  here  was c a l c u l a t e d  f o r  a heavy du ty  d i e s e l  
( r a t e d  brake  power, 210 hp) opera t ed  a t  25% and 75% f a l l  power ( F r i s c h  
e t  a l .  1979), bu t  i t  i l l u s t r a t e s  t h e  f a c t  t h a t  in t h e  absence of an ade- 
qua te  v e n t i l a t i o n  system, s u l f u r i c  a c i d  l e v e l s  i n  an  enc losed  space i n  
which a d i e s e l  engine i s  o p e r a t i n g  could r a p i d l y  r each  the  occupa t iona l  
exposure l i m i t .  

3.7 ODOR, NOISE, AND SMOKE HdPSSIONS 

3.7.1 D i e s e l  Exhaust Odor 

D i e s e l  exhaus t  odor i s  h i g h l y  n o t i c e a b l e  and can be  very annoying, 
b u t  i t  is not  y e t  c l a s s i f i e d  as an  a i r  p o l l u t a n t .  I n  confined space 
workplaces t h e  i n t e n s i t y  of t h e  odor may r e s u l t  i n  l e s s  than  s a t i s f a c -  
t o r y  working c o n d i t i o n s .  

Aldehydes have t r a d i t i o n a l l y  been cons idered  t o  be t h e  main s p e c i e s  
r e s p o n s i b l e  for d i e s e l  exhaus t  odor (Ricardo  and Glyde 19411. Doubt has 
been c a s t  on t h i s  by more r e c e n t  s t u d i e s .  L i n n e l l  and S c o t t  (1962a) 
determined t h e  odor t h r e s h o l d s  f o r  d i l u t e d  d i e s e l  exhaus t  and i t s  major 
components and found t h a t  formaldehyde and a c r o l e i n  d i d  no t  c o n t r i b u t e  
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s i g n i f i c a n t l y  t o  exhaust  odor ,  b u t  t h a t  NO2 might,  e s p e c i a l l y  under f u l l  
load c o n d i t i o n s .  Hydrocarbons were cons ide red  t o  be t h e  most l i k e l y  
c o n t r i b u t o r s  t o  exhalsst odor .  To reduce odors  t o  t h r e s h o l d  l e v e l s ,  a 
d i l a t i o n  f a c t o r  of  140 t o  475 was needed. 

Beckner e t  a l .  (1955) e x t r a c t e d  t h e  odor components of d iese l .  
exhaust  by bubbl ing the  gas through a 5% aqueous s o l u t i o n  of sodium 
b i c a r b o n a t e .  Subsequent e x t r a c t i o n s  l e d  t o  IB t e n t a t i v e  i d e n t i f i c a t i o n  
of t h e  odorous compounds as a l c o h o l s ,  hydroxy ke tones ,  and weakly p o l o r  
a c i d s .  

Using a pane l  of pe r sons  performing odor assessments  of raw and 
modif ied d i e s e l  exhaust  and s y n t h e t i c  b l ends  r e p r e s e n t i n g  p o r t i o n s  of 
d i e s e l  exhaust .  Vogh (1969)  a l s o  found t h a t  lov~r molecular  weight 
aldehydes c o n t r i b u t e d  l i t t l e  t o  t h e  d i e s e l  exhaust  odor, S u l f u r  and 
n i t r o g e n  oxides  were a l s o  examined a s  o d o r a n t s ,  b u t  of t h e s e  on ly  N 0 2  
appeared t o  be a p o t e n t i a l  odor c o n t r i b u t o r .  The p o t e n t i a l  f o r  a h igh  
number of odorous compounds i n  d i e s e l  exhaust  was n o n e t h e l e s s  recog- 
n i z e d ,  and it was suggested t h a t  hydrocarbons and oxygenates o t h e r  than 
ca rbony l s  might be t h e  major c o n t r i b u t o r s .  

The odor p r o f i l e  of d i e s e l  exhaust  has  been d e s c r i b e d  by workers a t  
A r t h u r  D. L i t t l e  ( s e e  Spindt  e t  a l .  1971, Levins 1981 f o r  review) a s  
having an oi ly-kerosene component and a smoky-burnt component. Because 
of t h e  s u b j e c t i v e  n a t u r e  of human odor pane l  e s t i m a t i o n s ,  A. IT. L i t t l e  
has developed a chromatographic D i e s e l  Odor Ana lys i s  System (DOAS) f o r  
p r e d i c t i n g  and d e s c r i b i n g  d i e s e l  odor .  The system i s  q u a l i t a t i v e  and 
s e m i q u a n t i t a t i v e  and p rov ides  two main r e s u l t s ,  one being a n  i n d i c a t i o n  
o f  t h e  oxygenate f r a c t i o n  and t h e  o t h e r  of a romat i c s ,  a s  t h e s e  two f r a c -  
t i o n s  in6lnde t h e  major o d o r a n t s ,  

The DOAS r ead ings  a r e  c o r r e l a t e d  w i t h  an odor i n t e n s i t y  s c a l e  
c a l l e d  T o t a l  I n t e n s i t y  of Aroma ( T I A ) .  The 'ITA i s  a 7-step s c a l e  (0-3) 
w i th  0 i n d i c a t i n g  no odor ,  1Y2 a s l i g h t  t o  moderate odor and 3 a s t r o n g  
odor .  1,evins (1981) emphasizes t h a t  as  i s  t h e  c a s e  f o r  most senso ry  
r e sponses ,  p e r c e i v e d  odor i n t e n s i t y  i s  an  exponen t i a l  f u n c t i o n  o f  
odorant  c o n c e n t r a t i o n .  "bus a f a c t o r  of 10 r e d u c t i o n  i n  odorant  conccn- 
t r a t i o n  would on ly  g ive  r i s e  t o  a 1 TIA ( t o t a l  i n t e n s i t y  of aroma) u n i t  
r e d u c t i o n .  

P r i o r  t o  t h e  e s t ab l i shmen t  o f  t h e  DOAS, d i e s e l  odor r e s e a r c h  was 
based on s u b j e c t i v e  comparative a n a l y s e s  us ing  a s e r i e s  of r e f e r e n c e  
odors and a 12-step odor i n t e n s i t y  s c a l e  ( D  u n i t s ) .  S t u d i e s  c i t e d  by 
Levins (1981) i n d i c a t e  a f a i r l y  good c o r r e l a t i o n  between the  two s c a l e s :  

TIA = 0.20 f 3 2  E (r2  0.90) 

The odor p r o f i l e  of 8. t y p i c a l  d i e s e l  exhaus t ,  a s  determlrnecl b y  t he  
DOAS, would have a TIA of 2 ,  w i th  t h e  oi ly-kerosene component having a 
TIA of lY3 and the  smoky-burnt component a TIA of 2 .  Thus, t he  smoky 
b u r n t  component, which i s  t h e  l i q u i d  chromatographic oxygenate (LCO) 
f r a c t i o n ,  accoun t s  f o r  Pcost of t h e  d i e s e l  exhaust  odor .  Th i s  can  be 
expressed mathemat i ca l ly  (Levins  1981) a s :  
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TIA -I I * C  + 1.0 log LCO (r2 = 0.996) 

with LCO being expressed in mg/m3 
total LCO concentration in diesel exhaust averages 5 mg/m3 with indivi- 
dual compounds at 0 . 1  to 10 pg/m3. 
and fuel conditions and can vary by a factor of 1 TIA unit between 
engine models. 

According to Levins (19811, the 

Concentrations will vary with engine 

Henein (1973) cites work showing that mono- and polyoxygensted par- 
tial oxidation products and certain fuel.fractions are largely xesponsi- 
ble for odor. Alkyl benzenes, alkyl naphthalenes, indenes, tetralins, 
and indanes are responsible for the oily-kerosene part of the odor. A 
number of oxygenated aromatic structures are related to the smoky-burnt 
odor. Sulfur species may Contribute the ir  own type of odor. I4 was 
fonnd that odor intensity does not vary appreciably with engine speed, 
increases with load, and decreases with improvements to the injection 
system. Catalytic reactors were highly effective in reducitg odor. A 
consideration in enclosed spaces is that engine rebreathing of exhaust 
and impediments to good aspiration cause increased odor. It may be 
noted that odor components may be present at very low concentrations 
(parts per trillion) and still give noticeable odor (Arthur D. Little, 
Inc. 1969). 

In a study done by Lawter and Kendall (19771, personal-vicinity and 
exhaust samples of aldehydes and other oxygenates suggest that mine per- 
sonnel are, on average, exposed to diesel exhaust diluted about 100- 
fold From the chromatographic oxygenate concentrations (1.5 to 1.9 

7) would be predicted but was not observed. There was evidence that 
some odor components were associated with particles and therefore did 
not contribute to the perceived odor. While frequent exposure to odor 
intensity levels of 2-3 could constitute a significant annoyance to the 
miners, the reactions observed were more those of recognition than 
annoyance, suggesting that the levels were in fact fairly low. 

mg/m 3 1 ,  an average diesel odor intensity of 3 (strong - OR a scale of 0- 

Tables 3.2 and 3 . 3 ,  taken from Slpindt et al. (1971), and based on 
the resalts of the Arthur D .  Little studies. show some compounds of 
diesel exhaust and the odor they are responsible for. Knowing the com- 
position of odor components will provide a basis for reduction of odor 
in the exhaust. 
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TABLE 3.2. CH PCAII, STRUtXJRE VFBSUS ODOR 
FOR IRE OILY-KEROSENE ODOR CORta)ONl!.b4TSa 

Structure Qdor Type 

Alkyl benzenes 

Alkyl indenes 

Alkyl indans 

Alkyl tetra1 ins 

Oily 

Kerosene 

Methyl naphthal. enes Sensation 
(feel or irritation) 

aAdapted fro= Spindt et a l .  1971. 

TABLE 3.3, TENTATIVE SMOKY-BURNT ODOR COMPONENTS' 

Structure class' C Range Odor Description 

Alk enone C5-Cl1 Oxidized oily 

-___I_____I_ II ____ 

Furan 

D i ene on e 

Furfur a1 

C6-ClO Irritation, pungency 

C9-cl2 Sour, oxidized oily 

c6--c7 Burnt, oily 

Smoky, pungency 

Burnt, smoky, particle size, pungency 

Burnt, smokyt metallic, pungency 

Methoxy benzene" C8-C9 

Pheno 1 C?-C12 

Benzaldehyde" C7-ClO 

Benzofuran 

Ind anon ec 

C8-C9 Particle size, smoky 

@9-c13 Metallic, smoky, sour 

Ind e non e C9-ClO Linseed-oily, sour 

NaphtholC ClO-cl4 Smoky, burnt 

Naph t lialdehyde c11 SlllaBkgr 

aAdapted from Spindt et al. 19'71. 
bIncludes hydroxy and rnethoxy derivatives, 
CRIost abundant classes. 
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A c t u a l  h e a l t h  e f f e c t s  f r  odor components a r e  ill de f ined ,  due t o  
t h e  f a c t  t h a t  t h e  odor components a r e  p r e s e n t  i n  on ly   OW concentra-  
t i o n s .  P o t e n t i a l  h e a l t h  e f f e c t s  of d i e s e l  exhaust  hydrocarbons a r e  d i s -  
cussed  in S e c t i o n  3.3 e 

D i e s e l  exhaust  Odor can be minimized by reducing hydrocarbon emis- 
s i o n s .  This  can be accomplished through engine des ign  ( r e d u c t i o n  i n  
f u e l  nozz le  d iameter  and nozz le  sac  volume or t h e  use of a heat-  
i n s u l a t e d  element a s  p a r t  of t h e  precombustion chamber) o r  through 
engine ope ra t ing  parameters  (change i n  t h e  r a t e  and tinning of f a e l  
i n j e c t i o n ) .  In a d d i t i o n  the  use ~f f u e l s  w i th  lower a romat ic  con ten t  
may a l s o  reduce odor components i n  t h e  exhaus t .  

3.7.2 D i e s e l  Engine Noise 

I n  enc losed  a r e a s  where d i e s e l  equipment i s  be ing  used,  engine  
n o i s e  can be a p o t e n t i a l  h e a l t h  problem leading  t o  e a r  damage and poss i -  
b l e  hea r ing  l o s s .  D i e s e l  engine no i se  l e v e l s  i n  underground mines have 
i n  some i n s t a n c e s  exceeded the  f e d e r a l  s t anda rd  of 90 dBA ($-hr 'IWA) 
( S u t t o a  1975). NIOSH (1982) recommends a TWA of 85 d3A and a c e i l i n g  
va lue  of 115 dBA. A s  no ted  by Dangherty e t  a l .  (19831, t h e  Army maximum 
n o i s e  l i m i t  i s  85 dB. Daugherty e t  a l .  (1983) a l s o  r e p o r t  t h a t  d i e s e l  
engines  of t he  s i z e  range being cons idered  f o r  m a t e r i a l  hau l ing  equip- 
ment (35-80bhp) produce no i se  l e v e l s  of 95 t o  105 dB. The re fo re ,  u n l e s s  
n o i s e  l e v e l s  a r e  reduced by i n s u l a t i n g  the  engines ,  hea r ing  p r o t e c t i o n  
would have t o  be provided t o  personnel  o p e r a t i n g  t h e  equipment an a con- 
f i n e d  space.  

S tok inge r  (1975) p o i n t s  out  t h a t  h igh  no i se  l e v e l s  enhance t h e  
e f f e c t s  of o t o t o x i c  chemicals .  However, t h e r e  i s  no evidence t h a t  such 
a s y n e r g i s t i c  e f f e c t  occurs  wi th  d i e s e l  no i se  and exhaust  components. 

3.7.3 D i e s e l  Exhaust Smoke 

Smoke emiss ions  from a t y p i c a l  d i e s e l  engine range from 1 to 10 
mg/ft3 (0.05-0.3 g/bhpdhr)  (Johnson 1975) a Exhaust smoke becomes visi- 
b l e  when t h e  c o n c e n t r a t i o n  reaches  about 5 mg/ft3.  During c o l d  s t a r t -  
ups a b lu ish-whi te  haze,  c o n s i s t i n g  of unburned and p a r t i a l l y  burned 
f u e l  molecules ,  l u b r i c a t i n g  o i l ,  and condensed water  vapor ,  i s  emi t ted  
i n  the  exhaus t .  With i n c r e a s i n g  load  t h i s  i s  r ep laced  by a whit ish-grey 
smoke having a l a r g e r  f r a c t i o n  of carbon p a r t i c l e s .  A t  o r  nea r  maximum 
load ,  o r  dur ing  r a p i d  a c c e l e r a t i o n ,  t he  exhaust  becomes b l a c k  and opaque 
t o  l i g h t .  This  S O Q ~ ,  which c o n s i s t s  of a l a r g e  amount of e lementa l  car -  
bon a s  we l l  a s  adsorbed o rgan ic  compounds, r e s u l t s  from t he  incomplete 
combustion of t h e  f u e l  due t o  t h e  h igh  f u e l - t o - a i r  r a t i o s  and lengthem- 
ing of t h e  f u e l  i n j e c t i o n  pe r iod  ( s e e  ltlenein 1973 f o r  rev iew) .  I n  a reas  
o f  t he  combustion chamber where t h e r e  i s  i n s u f f i c i e n t  oxygen, p y r o l y s i s  
of  t h e  f u e l  molecules  t akes  p l a c e ,  r e s u l t i n g  i n  t h e  format ion  of ace- 
t y l e n e  and hydrogen. The s imultaneous condensa t ion  and dehydrogenat ion 
of a c e t y l e n e  y i e l d s  p a r t i c l e s  of e lementa l  carbon,  and p a r t i a l  a x i d a t i o n  

of t h e  carbon causes  an inc reased  amount of carbon monoxide t o  occur  in 
t h e  exhaust .  
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Smoke measurements for mohilc diesel vehicles are usually made 
according to the EPA Federal Test Procedures (see Johnson 1975 for 
review). The test cycle, originally designed for heavy duty diesels, 
consists of two acceleration periods (one of 5 sec and one af 10 sec) 
and $I 35-sec lugdown period. During the test, smoke speccity is meas%ired 
continuously with a light-extinction meter. The smoke meter is cali- 
brated such that 0% opacity is indicated for no-smoke levels and 1OM 
opacity when no light penetrates the smoke plume (tit a 900 angle to the 
direction of flow). 

Johnson ( 1 9 1 5 )  presents federal smoke test cycle d a t a  for a typical 
turbocharged and naturally aspirated (NA) diesel engine. For the 
acceleration modes, the turbocharged engine gave higher peak smoke opa- 
city readings (40-7 1 compared to the NA engine (10-25Yeb); however, for 
the lugdown mode, smoke emissions wore lower for the tncbocharged engine 
(about 5% opacity compared with 10--15% opacity). For comparative PUS- 
poses the 15 highest half-second values in the acceleration mode and the 
5 highest in the lugging mode are averaged to give an "acceleration 
smoke valuetF and a "lugging smoke va1ue". In an example given by John- 
son (19751, these averages ranged from 3 to 25% for acceleration and 2.2 
to 18.5% for lugdown. 

In confined spaces of limited air volume and ventilation, smoke 
emissions from diesel engines may be an important factor in affecting 
working conditions. Reduced visibility and worker discomfort may 
increase the risk of accidents and injuries. Although long-term health 
effects resulting from occupational exposure to diesel smoke have not 
been clearly established, there is the potential for adverse pulmonary 
effects (see Section 3 . 4 ) .  

In view of these considerations, efforts should be made to reduce 
smoke emissions from diesel engines used in confined space to the lowest 
practical level. Since soot formation occurs primarily at maximum power 
output ,  derating an engine and limiting its aximum fuel-to-air ratio 
would  contribute significantly to lowering excess smoke emissions (Burn 
1975). Smoke enissions can also be adjusted by altering the rate and 
timing of fuel injection (Henein 1973). In addition, using a fuel of 
lower cetane number, lower density. and reduced aromatic content will 
also result in lower smoke emissions. 

There is at present insufficient data concerning smoke emissions of 
the diesel engines being considered for use in Army material handling 
equipment to determine what, if any, control measures must be taken to 
reduce smoke level under expected operating conditions. Field tests 
under actual working conditions would provide valuable information in 
this regard. 

3 . 8  INTmACTIVE HEALTH EFFECTS OF DIESEL EXHAlJST COMPBNFNTS 

The physiological and toxicological effects of diesel emissions can 
be enhanced or altered as a result of the combined actions or interac- 
tions of the various exhaust components. 'Thus. N02, S02.. sulfuric acjd, 
inorganic sulfates , and a1 iphatic aldehydes such as formaldehyde and 
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acrolein are all primary irritants to the eyes, mucous membranes, and 
respiratory tract (EWA 1918), Exposure t o  any one of the compounds, at 
sufficiently high concentrations, would result in burning and itching 
sensations in the eyes, nose, and throat and may produce wheezing and 
coughing. When these irritants are present together, as in a diesel 
exhaust, their combined effect could produce a threshold response at 
concentrations below the E V s  for the individual compounds. Several of 
these exhaust components, including S02, sulfuric acid, and formaldehyde 
are bronchoconstrictors and cause a decrease in pulmonary flow resis- 
tance. There is evidence that nitrogen dioxide can produce a similar 
effect. 

A t  high concentrations both NO2 and formaldehyde can cause pul- 
monary edema and other pathological changes in the lung tissues, and 
acute exposures to NO2 or SO2 can lead to bronchiolitis obliterans. 

Because of potential damage to lung epithelial tissues, many diesel 
exhaust gases can have similar adverse effects on pulmonary mucociliary 
clearance rates. Diesel particulates and sulfuric acid aerosols, as 
well as SO2 and N02, decrease niucociliary clearance, and the long-term 
result may be a reduced resistance to bacterial infection (WHO 1919b). 
Campbell et a l .  ( 1 9 8 0 )  report that the infectivity-enhancing effect of 
diesel exhaust could be attributed to both NO2 and acrolein. 

Carbon monoxide and nitric oxide have similar modes of toxicologi- 
cal activity in that both reduce the oxygen-carrying capacity of hemo- 
globin. Consequently, these two gases would have additive effects in 
producing hypoxelnia in exposed individuals. 

Carbon dioxide acts as a respiratory stimulate, and, therefore, it 
may indirectly increase the toxic effects of other exhaust components by 
increasing lung concentrations. 

Sulfur dioxide and diesel particulate matter have an indirect 
interactive health effect in that the particulates can function as 8 

catalytic surface which enhances the rate of conversion of SO2 into sul- 
furic acid. The sulfuric acid has toxicological effects similar to but 
much more potent than S 0 2 .  Conversely, the adsorption of much of the 
diesel exhaust hydrocarbon fraction, and especially the polycyclic 
aromatic compounds, onto the diesel particulates may limit the toxic 
effects of  these compounds by reducing their bioavailability (see Sec- 
tion 3 . 4 ) .  

Kane and Alarie (1978) tested mixtures of formaldehyde and 
acrolein, both respiratory rate inhibitors, and found that they act a t  
the same receptor site and exhibited competitive agonism. In later stu- 
dies, these same authors analyzed the effects of mixtures of SO2 and 
acrolein on respiratory rate and found that, depending on concentration 
ratio, either compound could alter or block the effect of the other 
(Kane and Alarie 1 9 7 9 ) .  

These examples illustrate the difficulties encountered in attempt- 
ing to evaluate the potential health effects of such a complex 
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g a s - p a r t i c l e  mixture  as d i e s e l  exhaus t .  Of major concexn f o r  conf ined  
space s i t u a t i o n s  i s  t h e  p o s s i b l e  a d d i t i v e  e f f e c t s  of t h e  major exhaust  
components. Consequent ly ,  i t  may not  be adequate  to ensure  o n l y  t h a t  
t h e  occupa t iona l  exposure l i m i t s  f o r  t h e  i n d i v i d u a l  exhaust  components 
a r e  no t  exceeded; b u t  it must a l s o  be a s c e r t a i n e d  t h a t  t h e  combined 
e f f e c t  does n o t  exceed a t h r e s h o l d  va lue .  For mixtures  of compounds 
t h a t  produce s i m i l a r  t o x i c  e f f e c t s ,  OSHA (1982) r e q u i r e s  t h a t  t h e  sum o f  
t h e  c o n c e n t r a t i o n s  of t h e  compounds (when expressed  as t h e  f r a c t i o n a l  
p a r t  o f  t h e i r  i n d i v i d u a l  TWAs o r  c e i l i n g  l i m i t s )  n o t  exceed 1.0. 

where: Em is t h e  equ iva len t  exposure of t h e  mixture ,  
C is t h e  c o n c e n t r a t i o n  of a p a r t i c u l a r  compound, 
I, i s  the exposure l i m i t  for t h a t  compound. 
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4 .  CONFINED SPACE WORKPLACE CONCERNS WITH THE USE OF DIESEL ENGINES 

4.1 CONTROL OF DIESEL EMISSIONS 

The operation of diesel engines in confined spaces can result in 
the buildup of exhaust gases and Particulates to levels potentially 
hazardous to human health. As stated by Burn (1975) with respect to the 
safe operation of diesel engines in mines, two approaches are possible: 
(1) accepting emissions from the engine at any level and providing ade- 
quate ventilation to reduce the toxicant concentrations to acceptable 
levels or (2) minimizing the mount of toxic material produced by the 
engine and thereby minimizing the amount of ventilation required. It is 
the second approach which will be the subject of this section. 

Smaby and Johnson (1979) have categorized diesel engine control 
technology into the areas of fuel and fuellair modification, engine and 
fuel injection design modifications, and exhaust after-treatment modifi- 
cations. These areas will provide the framework for the following dis- 
cussion. 

4.1.1 Fuel and Fuel/Air Modification 

This section will briefly report on fuel composition, fuel additive 
effects, exhaust gas recirculation (EGB), turbocharging, fuel and 
alcohol fumigation, and water addition, 

4.1.1.3 Fuel Composition 

Diesel engines can run on a variety of fuels, and the makeup of the 
fuel has been shown to have effects on the exhaust emissions (see Ryan 
et al. 1981, for review). Those fuel properties having the greatest 
effect on the amount of exhaust smoke produced are boiling range, 
viscosity, specific gravity, aromatic content, hydrogen content, and 
cetane number (Ryan et al. 1981) * A number of studies have indicated 
that smoke and particulate emissions can be reduced through use of fuels 
with a lower cetane number; lower density and/or Power aromatic content 
(Benein and Bolt 1969; Shamah and Wagner 1973; Frisch et a l .  1979). 
Hare (1975) tested three fuels of increasing density, aromaticity, and 
sulfur content and found that particulate emissions were lowest (28-59  
mg/m3) for the lightest fuel (No. 1 kerosene or DF-1) and highest (48-65 
mg/m3) for the No. 2 diesel fuel. 

Bykowski (1981), studying 19 fuels, found higher aromatic levels to 
be associated with increased emissions, whereas increased olefin levels 
were generally associated with decreased emissions. In testing five 
fuels in two different engines, Baines e t  al. (1982) found emissions of 
hydrocarbons and particulates to be the most sensitive to differences in 
the fuels, whereas NOX emissions were relatively constant (Table 4.1). 
Hydrocarbons and CO increased with the minimum quality fuels. 
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TABLE 4.3. WISSI'ONS SFASITIVITY TO DIESEL FUEL VARIATIONS" 

Mercedes-240D 
'6 ~ -- i -I --- - --- - - 

5-fuel Range 5-fuel Bange 
Volkswagen ~ _ - - - -  __I- - 

avg. avg . avg . avg . 
---_I__---- -I- -- -- - ---- I --___ -_ - - - 

HC, glkm 0 . 2 9  186% 0.44 79% 
co, g l k m  0 . 5 8  5 5% 0.63 2 2% 
NOx, g l h  0.60 13% 0.81 19% 
Fuel economy, mi/gal 40.5 10% 26.6 9% 
Particulate, g/km 0 . 2 4  83% 0 . 3 1  47% 

"Adapted from Eaines et al. 1982 
Ran e 
I_g = (Maximum minus minimum)/mean of 5 values. 
Avg . 

The fuels used were (1)  Diesel Fuel No. 2 (DF-2) Emission Test Fuel 
(used by I T A  in 13-made testing of heavy-duty diesels), ( 2 )  a DF-2 hav- 
ing the properties of a "national average" diesel fuel, ( 3 )  DF-1, ( 4 )  a 
DF-1 representing a minimum-quality DF-2 typical of the direction 
towards which diesel fuels are leoving, and ( 5 )  a premium-quality DP-2, 

Ryan e t  al. (1981) have noted that jet fuels, and particularly JP--7 
jet fuel, have many properties - including high gravity, low boiling 
range end paint, low aromatic content and low viscosity - which would 
result in considerably reduced diesel particulate emissions, even though 
the cetane number (53) is above that of No. 2 diesel fuel (cetane number 
4 7 . 8 ) .  

Holtz (1960) reported on tests conducted by the Bureau o f  Mines 
which showed that a low cetane fuel (cetane number 3 0 )  and low fuel-to- 
air r a t i o s  (data not given) resulted in slight increases in carbon 
monoxide and aldehydes when compared with higher cetane fuels (up to 7 2 )  
and higher fuel-to-air ratios. Similarly, Iwai et al. (1996) reported a 
more than threefold increase in acetaldehyde, acrolein, formaldehyde, 
and crotonaldehyde in the exhaust of a diesel engine rim on a cetane No. 
45 fuel in comparison to the same engirze operated on a cetane No. 55  
fuel (see Table B-12). 

Taigel (1951-52) tested several fuels of low sulfur content and 
which were nitrogen-base free and found de reduction in exhaust NOx. 

The sulfur content of diesel fuel has a direct effect on the 
cf sul fur  oxides released in the engine exhaust. The limits of sulfur 
content for military fuels (GSA 1 9 8 0 )  are 0 . 2 5  mass % for grade DF-A 
(arctic grade), 0.50 for DF-1 (winter grade), 0.50 for DF-2 CONUS (Con- 
tinental C . S . )  regular grade, and 0 . 7 0  for DF-2 OCONUS (outside Con- 
tinental U . S . )  regular grade. These limits seem smewhat higher than 
the. sulfur content found in a variety of commercially available diesel 
fuels (Clark et al. 1982, Huisingh et al. 1981. Hare 1975). Hare and 
Bradow (1979) reported that the sulfur content of a "national average" 
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DF-2 was 0 .25  mass %(Bureau of Mines 3.916 survey). Truex et al. (1980) 
note that diesel fuels average about 0.2 mass % sulfur content. 

Truex et al. (1980) found that diesel sulfate (SO2-) emissions are 
mo e or less independent of engine type or operating mode, and that the 

SO4 accounted for several percent by mass of the total airborne exhaust 
particulate matter. Diesel sulfate emissions were found not to be pro- 
portional to the fuel sulfur level, the percent sulfur-to-sulfate 
conversion increasing as fuel sulfur decreased (0.9696, conversion for 
0.19% fuel sulfur, 1.8% for 0.110% fuel sulfur, and 8.6% for 0.00% 
fuel sulfur). The mechanism of conversion was postulated to be oxida- 
tion of SO2 on the surface of carbonaceous diesel particulates. 

4 
5- 

2- 
4 ’  diesel S a  emission levels are a direct function of the percent sulfur 

in the fuel (Johnson 1975). A hyperbolic relation exists, however, 
between air-to-fuel ratios and SO2 emissions at different sulfur con- 
tents, as shown in Figure 3.5. In this figure, an air-to-fuel ratio of 
20 to 1 is taken to represent 100% load and an air-to-fuel ratio of 125 
to 1 represents 0% load. The author concluded that SQ2 in diesel 
exhaust would not be a major problem considering the average sulfur con- 
tent of Z1.S. diesel fuel oils. At an average of 0.25 mass % sulfur con- 
tent, it would appear that even for low-emission engines, SO;! would not  
be the limiting emission for dilution of diesel exhaust so that all pol- 
lutants would be below the TLVs. The Mine Safety and Dealth Administra- 
tion requires that all diesel engines approved for u s e  in underground 
noncoal mines use diesel fuel with not more than a 0 . 5 %  sulfur content 
(Holtz 1960). 

In contrast to the situation described above for emission of SO 

Changes in diesel exhaust composition with fuel type have also been 
correlated with the results of biological assays of diesel particulate 
extracts. Baines et al. (1982) found an increase in Ames test response 
(mutagenicity) when higher-aromatic-content fuels were used and also 
when a commercial cetane improver was used. Clark et al. (1982) also 
found that high aromatic content of diesel fuel could enhance the pro- 
duction of mutagenic combustion products. The effects were also depen- 
dent on engine type, with an engine having a precombustion chamber show- 
ing less production of mutagenic components than a larger engine with a 
swirl-type combustion chamber. 

4.1.1.2 Fuel Additives 

There is a considerable literature on the use of additives in 
diesel fuel. The GSA specifications (OSA 1980) give permissible levels 
for antioxidants (gum preventers), cetane improvers (reduction of igni- 
tion lag), corrosion inhibitors, and fuel-system icing inhibitors. 
Smoke-reducing additives, which are not specified, give conflicting 
results. Thus, as reported by Truex et al. (l980), while addition of a 
barium additive resulted in 15-558 reduction in particulate emissions at 
higher and lower but not  at intermediate speeds, use of a barium-calcium 
additive gave an increase in total particulate mass emission rates, even 
though smoke-meter readings were reduced, through decrease in size of 
the particulates. Tt is generally considered (Smaby and Johnson 1979) 
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t h a t  t he  e f f e c t  of t h i s  c l a s s  of a d d i t i v e s  i s  u s u a l l y  nose o r  l e s s  
cosmet ic  ( i . e . ,  reducing  t h e  v i s i b i l i t y  of t h e  smoke, r a t h e r  t han  reduc- 
ing t h e  amounts of p a r t i c n l a t e s ) .  

i l e  f u r t h e r  d i s c u s s i o n  of t h e  e f f e c t s  of a d d i t i v e s  on emissions 
i s  beyond t h e  scope of t h i s  r e p o r t ,  one " a d d i t i v e "  which must be con- 
s i d e r e d  a s  B u s u a l l y  necessary  p a r t  of t h e  f u e l  i s  t h e  c e t a n e  number 
improver. The ce tane  number of a f u e l  i s  i t s  behavior  with r e s p e c t  t o  
t h a t  of a s t anda rd  f u e l  made of a c e r t a i n  volume p e r c e n t  o f  ce tane  
( c e t a n e  number 100) blended wi th  u-methylnaphthalene ( c e t a n e  number O), 
a h i g h  ce tane  number i n d i c a t i n g  h igh  i g n i t a b i l i t y .  Because of t h i s  h igh  
i g n i t a b i l i t y ,  h i g h  ce t ane  number f u e l s  improve t h e  s t a r t i n g  c h a r a c t e r i s -  
t i c s  of d i e s e l  engines  and reduce t h e  whi te  smoke t h a t  i s  u s u a l l y  asso-  
c i a t e d  wi th  co ld  s t a r t s .  The e f f e c t  on b l a c k  smoke, however, is e x a c t l y  
o p p o s i t e  (Smaby and Johnson 1979) - t h e  longer  i g n i t i o n  d e l a y  of a low 
ce tane  number f u e l  a l lows  b e t t e r  f u e l l a i r  premixing and thereby  reduces  
t h e  p a r t i c u l a t e s  formed dur ing  d i f f u s i o n  burn ing .  Thus t h e r e  i s  a 
t r ade -o f f .  S tud ie s  r e p o r t e d  by Smaby and Johnson (1979)  i n d i c a t e  t h a t  
optimum emissions a r e  g e n e r a l l y  achieved a t  ce t ane  numbers between 50 
and 60; however, t hese  au tho r s  no te  t h a t  t h e  s t r o n g  i n t e r a c t i o n  between 
ce t ane  number and combustion chamberlfuel  i n j e c t i o n  des ign  makes i t  d i f -  
f i c u l t  t o  s e p a r a t e  and q u a n t i f y  t h e  e f f e c t s  of ce t ane  number r e l a t i v e  t o  
emiss ion  l e v e l s .  

Examples of ce t ane  number improvers which a r e  used inc lude  
n i t r a t e s ,  n i t r o a l k a n e s ,  n i t r o c a r b o n a t e s ,  and pe rox ides  (Lapedes 1978) .  
The GSA (GSA 1980) a l lows  a s  ce t ane  nuarben improvers amyl n i t r a t e ,  iso-  
propyl  n i t r a t e ,  hexyl  n i t r a t e ,  cyc lohexyl  n i t r a t e ,  2-ethylhexyl  n i t r a t e ,  
and a c t y l  n i t r a t e ,  t o  a l e v e l  o f  0 . 2 5  p e r c e n t  by weight ~ O E  EF-A and 
0.50 p e r c e n t  by weight €or  DA-1 and DF-2. The ce tane  number f o r  DF-A 
must be a t  l e a s t  40, and f o r  DF--1 and DF-2 CONUS and OCONUS a t  l e a s t  4 5 .  

4.1.1.3 E X ~ E U S ~  Gas R e c i r c u l a t i o n  

Exhaust gas r e c i r c u l a t i o n  (EGR) i s  t h e  c o n t r o l l e d  r e c i r c u l a t i o n  o f  
a p o r t i o n  o f  t he  exhaust  gas i n t o  t h e  i n t a k e  a i r  f o r  t h e  p r i n c i p a l  pur- 
pose o f  reducing NOx emiss ions  (Smaby and Johnson 1879; Hurn 1 9 7 5 ) .  
Smaby and Johnson, however, s t a t e  t h a t  EOR bas few b e n e f i t s  when engines  
a r e  o p e r a t i n g  a t  h igh  loads  (50-75% of maxiwm) due t o  t h e  sho r t age  of 
excess  a i r  accompanying t h e s e  c o n d i t i o n s ,  They p r e s e n t  f i g u r e s  which 
i n d i c a t e  t h a t  under 50 and 75% load ,  a s  t h e  pe rcen tage  of EGR i n c r e a s e s ,  
NOx emiss ions  cont inue  t o  dec rease ,  b u t  hydrocarbons,  smoke, and CO 
emiss ions  i n c r e a s e .  A t  lower loads ,  Smaby and Johnson r e p o r t  t h a t  FfiR 
r e s u l t s  i n  h ighe r  hydrocarbons be ing  emi t t ed  and poor d r i v e a b i l i t y .  
Thus, an  e x t e n s i v e l y  c o n t r o l l e d  EGR system [such a s  t h a t  r e p o r t e d  by 
Stumpp and Banshof (1978, as  c i t e d  i n  Smaby and Johnson 1979) i n  which 
Nos: emiss ions  w e x e  c o n t r o l l e d  by 37-6046 without  i n c r e a s i n g  hydrocarbon 
emiss ions]  is a n e c e s s i t y .  Other  p o t e n t i a l  problems wi th  t h e  use o f  EGR 
inclasde d e p o s i t s  i n  t h e  in t ake  mani fo la  and va lves  and inc reased  engine 
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wear. Smaby and Johnson conclude t h a t  t h e r e  i s  a need f o r  c o n s i d e r a b l e  
development work i f  EGR i s  t o  be used w i t h  d iese l  engines .  

4.1.1.4 Turbocharging 

With r e s p e c t  t o  emiss ion  c o n t r o l ,  t h e  c h i e f  advantage of a turbo- 
c h a r g e r  i s  a r e d u c t i o n  i n  s t e a d y - s t a t e  smoke l e v e l s  (Smaby and Johnson 
1979; Hurn 1975). The p r i n c i p a l  r eason  f o r  us ing  a tu rbocha rge r  is, 
however, t o  improve power ou tpu t .  A s  d e s c r i b e d  by Smaby and Johnson, 
t h e  conven t iona l  t u rbocha rge r  a t i l i z e s  a smal l  t u r b i n e  d r i v e n  by t h e  
exhaust  gas ,  wi th  t h e  ou tpu t  from t h e  t u r b i n e  be ing  used t o  d r i v e  a 
compressor ‘chat compresses t h e  i n l e t  a i r .  The r e s u l t  of t h i s  compres- 
s i o n  of i n l e t  a i r  i s  h i g h e r  charge  r a t e s  i n  t h e  combustion chamber, 
t he reby  i n c r e a s i n g  power. The improvement e f f e c t e d  by t h e  turbocharger  
stems from t h e  f a c t  (Ricardo  and Glyde 1941) t h a t  i n  even a moderate- 
speed d i e s e l  no p o s s i b l e  des ign  o f  a mechanical i n j e c t o r  can b r i n g  t h e  
d i e s e l  f u e l  t o  t h e  a i r  i n  t h e  s h o r t  c y c l e  t ime a v a i l a b l e .  Therefore ,  
t h e  a i r  must be brought  t o  t h e  f u e l ,  e i t h e r  by s w i r l  o r  by t h e  nse  of a 
precombust ion chamber o r  s i m i l a r  means, or t h e  q u a n t i t y  of a i r  handled 
must be i n c r e a s e d ,  t o  i n c r e a s e  t h e  l i k e l i h o o d  of oxygen molecules  meet- 
ing  f u e l  d r o p l e t s .  This  i s  achieved by packing i n  a i r  wi th  a 
t u rbocha rge r ,  which does n o t  p rec lude  use  of most of t h e  o t h e r  means of 
reducing  t h e  emiss ions  o r  of improving t h e  d i e s e l  c y c l e  e f f i c i e n c y .  

An example of r e s u l t s  achieved by the use of a t u rbocha rge r  i s  
g iven  by Smaby and Johnson (1979) .  With a tu rbocha rge r  c o r r e c t l y  
matched t o  an engine ,  f u e l  economy improved 6%, s p e c i f i c  ou tput  
i nc reased  from 0.29 t o  0 .39 bhg / in3 ,  s t e a d y - s t a t e  smoke l e v e l s  were 
improved, and CO emiss ions  were reduced by 2Q%. Th i s  was a d i r e c t -  
i n j e c t i o n  engine.  En a swirl-chamber engine  which had NO= emiss ions  of 
3.2 g/bhp-hr when n a t u r a l l y  a s p i r a t e d  and 3 .5  gfbhp-hr when turbo- 
charged ,  use of an  a f t e r - c o o l e r  t o  dec rease  t h e  tempera ture  of t h e  
charge  reduced t h e  MOx emiss ion  t o  2 . 9  g/bhp-hr. 

Smaby and Johnson do, however, n o t e  t h a t  whi le  s t e a d y - s t a t e  smoke 
l e v e l s  a r e  reduced,  excess ive  smoke during a c c e l e r a t i o n  as w e l l  as unsa- 
t i s f a c t o r y  a c c e l e r a t i o n  i s  a shortcoming. This r e s u l t s  from t h e  i n e r t i a  
of t h e  t u r b i n e  and compressor ,  caus ing  a d e l a y  i n  response  du r ing  
a c c e l e r a t i o n  ( D o r f l e r  1975, as c i t e d  i n  Smaby and Johnson 1979) .  

Turbochargers  a r e  be ing  f i t t e d  t o  ve ry  small  d i e s e l s ,  s m a l l e r  t han  
t h e  engines  cons ide red  i n  t h i s  problem def i n i t o n  s tudy;  however, t h e  
e x t r a  i n i t i a l  c o s t ,  h ighe r  demands f o r  maintenance,  and p o s s i b l e  c o s t s  
for replacement  a r e  p o t e n t i a l  drawbacks. 

4.1 .1.5 Fue l  and Alcohol  Fumigat ion 

As d e s c r i b e d  by Smaby and Johnson (19791, f u e l  fumigat ion  invo lves  
adding a p o r t i o n  of t h e  fuel charge t o  the i n t a k e  a i r  b e f o r e  t h e  air 
e n t e r s  t h e  combustion chamber. T h i s  a s p i r a t e d  f u e l  i s  thoroughly  mixed 
wi th  t h e  i n t a k e  a i r  and i s  s lowly  ox id ized  i n  t h e  combustion chamber, 
caus ing  an i n c r e a s e  i n  compression p r e s s u r e  and a smoothing ou t  of t h e  
p r e s s u r e  diagram, thus  reducing  combustion n o i s e .  A s tudy  by Russe l l  
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(197’1, a s  c i t e d  i n  Smaby and Johnson 1979) found t h a t  with ~ W O  f u e l  
fumigat ion  a t  peak to rque  c o n d i t i o n s ,  both smoke and noise were reduced ,  
NOs; was b a s i c a l l y  unchanged, and brake s p e c i f i c  f u e l  consimption (BSFC) 
was s l i g h t l y  inc reased .  However, a t  f u l l  l oad  wi th  20% fumigat ion ,  
a l though a smal l  improvement i n  smoke was observed,  f u e l  economy 
decreased  s u b s t a n t i a l l y .  I n  a d d i t i o n ,  unburned hydrocarbons inc reased  
unacceptab ly ,  e s p e c i a l l y  a t  l i g h t  load c o n d i t i o n s .  Smaby and Johnson 
concluded t h a t  f u e l  fumigat ion  i s  no t  a very  f e a s i b l e  approach t o  f u e l  
e c anomy/ em i s  s i ons pr ob 1 ems 

Heisey and Les t z  (1981) have prepared  an  extensive: e v a l u a t i o n  of 
t h e  performance and emiss ions  c h a r a c t e r i s t i c s  of a l coho l  fumigsrtion i n  a 
d i r e c t  i n j e c t e d  d i e s e l  engine ,  bo th  with and vvithsnt t h e  a d d i t i o n  of 
water. Inc reased  C@ and unburned hydrocarbon formation r e s u l t e d  du r ing  
a l coho l  fumigat ion;  water  con ten t  had no s i g n i f i c a n t  e f f e c t .  HoweverP 
r e i a t i v e  NOx emissions decreased  with h ighe r  a l coho l /wa te r  eon ten t  f o r  
a l l  load  emiss ions .  I n  a d d i t i o n ,  p a r t i @ u l a t e  emissions were reduced by 
e thano l  fumigat ion ,  bu t  l i m i t e d  d a t a  sugges t  t h a t  t h e  b i o l o g i c a l  
a c t i v i t y  of t h i s  p a r t i c u l a t e  may be inc reased  as  measured by t h e  Ames 
t e s t  (Heisey and L e s t z  1981) .  

4.1 . I  .6 Water Addi t ion  

The pr imary  purpose of water  a d d i t i o n  i s  i o  reduce the combustion 
tempera ture  which i n  a d i e s e l  engine w i l l  r e s u l t  i n  r educ t ion  of p a r t i -  
c u l a t e s  and NOx ( s e e  Ryan e t  a l .  1981, f o r  r ev iew) .  A number of p r a c t i -  
c a l  problems i n  us ing  wa te r  a d d i t i o n  which must be cons idered  inc lude  
(Bascam e t  a l .  1971,  Dairnler-Benz 1976, Marsha l l  and Fleming 1971b, a l l  
c i t e d  i n  Srnaby and Johnson 1979): 

1. COntXQl of t h e  water- to-fuel  r a t i o  under vary ing  load  and speed 
c o n d i t i o n s .  

2. Necess i ty  of a tank t o  bo ld  l a r g e  amoaats of water .  

3 .  D u r a b i l i t y  of the  engine and the  water  i n j e c t i o n  equipment. 

4 .  Corros ion  of t h e  water  system. 

The fo l lowing  s e c t i o n s  will b r i e f l y  d e s c r i b e  emulsion, fumigat ion ,  
and i n j  e c t i o i i  as  water -addi t ion  methods. 

Research by Dainty e t  a l .  (1981) and Lawson (1881) on us ing  
w a t ~ r / f u c l  emulsions was conducted us ing  b o t h  t h e  Dentn FBL714, 
four -cyc le ,  a i r - coo led ,  V-configurat ion,  i n d i r e c t - i n j e c t i o n  engine and 
tXe D e t r o i t  D i e s e l  A l l i s o n  Div i s ion  8V71N, two-cycle, water-cooled,  8- 

cylinder, &r-cunfigurat ion,  d i r e c t - i n j e c t i o n  engine.  The i r  r e s u l t s  can 
be  SummaIizea 8 5  fo i ioms:  
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1. The application of emulsified fuel treatment to the two-stroke 
engine was not practicable. 

2. Fifteen percent water content in the fuel of the Eeutz engine 
resulted in a 40 to 50% reduction in both NO= and particulates. 

3 .  Fifteen percent was found to be an optimum value to achieve signi- 
ficant NOx and particulate reductions without increasing CO; how- 
ever, increases were observed in emissions of total hydrocarbons. 

Callahan et al. (1983) tested two water-in-fuel microemulsions (5% and 
20.7%)  and found that, depending on engine parameters such as  compres- 
sion ratio, injection rate, and injection timing, substantial reductions 
in particulate emissions could be achieved. The 5% emulsion was more 
effective than the 20.7% emulsion, and injection timing was the most 
important engine-operating parameter. In a continuation of these stu- 
dies O’Neal et al. (1983) found that although the microemulsion fnel 
yielded lower particulates (-28.496, average) and oxides of nitrogen 
(-10.455) bat higher emissions of HC (+32.2%) and CO (+65.3%,) in steady- 
state tests, the cycle-averaged emissions in all categories were 
increased in transient tests. 

Fumigation 

Fumigation of water into the inlet air is another way of introduc- 
ing water into the combustion chamber. Smaby and Johnson (1979) state, 
however, that water-fuel emulsions can do e better job with fewer prac- 
tical problems. 

Ini  ec t ion 

This method consists of adding water t o  the combustion chamber by 
direct injection. Smaby and Johnson (1979) consider that the practical 
problems (e.g., a large amount of storage water) do not justify the use  
of water injection. 

4.1.2 Ennine and Fuel Iniection DesiZtn Modifications 

This section will briefly discuss combustion systems, lubricating 
oil consumption control, adiabatic engines, and the use of ceramic 
materials in diesel engines. 

4.1.2.1 Combustion Systems 

Although diesel engines are currently built with a variety of 
combustion chamber configurations, the major distinctions are direct 
injection versus indirect injection (Smaby and Johnson 1979) . With 
respect to emissions control, indirect injection engines are stated by 
Smaby and Johnson to be more effective than direct injection engines 
because the higher turbulence and high rate of pressure rise in the 
swirl chamber engine promote more complete combustion. 
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Smaby and Johnson (1879) c i t e d  two s t u d i e s  which compared emiss ions  
c h a r a c t . e r i s t i c s  o f  d i r e c t  versias i n d i r e c t  engines .  T h e  f i r s t  (Torpey e t  
a l .  1971) found t h a t  gaseous emissions were approximately twice as  h igh  
with d i r e c t  i n j e c t i o n  engines .  I n  t h e  second s tudy ,  S tewar t  e t  a l .  
(1975) observed t h a t ,  f e r  engines  opexat ing  a t  f u l l  l oad ,  i n d i r e c t  
i n j e c t i o n  engines  have lower p a r t i c u l a t e  emiss ions ;  however, t h i s  s i t u a -  

s r eve r sed  a t  lower engine  loads .  

As s t a t e d  by Smaby and Johnson, f a e l  i n j e c t i o n  c h a r n c t e r i s t i c s  such 
a s  i n j e c t i o n  t i m i o g ,  i n j e c t i o n  p r e s s u r e ,  and t h e  shape o f  t h e  i n j e c t i o n  
r a t e  v e r s u s  time a r e  very  important  i n  o b t a i n i n g  low emiss ions ,  espe-  
c i a l l y  wi th  r e s p e c t  t o  d i r e c t  i n j e c t i o n  engines .  m e  most important  of 
t h e s e  with r e s p e c t  t o  emiss ions  is i n j e c t i o n  t iming ,  w i t h  t h e  most 
u n i v e r s a l  t r end  be ing  a n  improvement i n  NQx a s  i n j e c t i o n  i s  r e t a r d e d .  
However, a s  i n j e c t i o n  i s  r e t a r d e d  most o t h e r  engine c h a r a c t e r i s t i c s  a r e  
degraded.  T h i s  i s  i l l u s t r a t e d  i n  a s tudy  by Toryey e t  a l .  (1971, a s  
c i t e d  io. Smaby and Johnson 1979). They found t h a t  i n j e c t i o n  r e t a r d  gave 
more NOx improvement wi th  d i r e c t  imjection e n g i m s  than wi th  i n d i r e c t  
i n j e c t i o n  engines ;  however, t h e  r e t a r d e d  c o n d i t i o n  of t he  d i r e c t  
i n j e c t i o n  engine produced h igh  smoke and hydrocarbon emiss ions ,  making 
i t  imprac t i ca l  t o  o p e r a t e  with t h e  i n j e c t i o n  r e t a r d e d  very f a r .  Thus, 
one of  t h e  advantages of  t h e  i n d i r e c t  i n j e c t i o n  engine is  t h e  a b i l i t y  t o  
r e t a r d  the i n j e c t i o n  f u r t h e r  t han  with t h e  d i r e c t  i n j e c t i o n  engine ,  
thereby  improving NOx emiss ions .  New methodologies a r e  arnderway t o  more 
e f f e c t i v e l y  c o n t r o l  t h e  combustion p rocess  i n  t 2 e  d i r e c t  i n j e c t i o n  
engine.  Some of t h e s e  are  d i scussed  i n  Smaby and Johnson (1979) .  

4.1 - 2 . 2  Lubr i ca t ing  Qil Consumption Cont ro l  

1 ,ub r i ca t ing  o i l  r e p r e s e n t s  one source  of gaseous phase hydrocarbons 
and p a r t i c u l a t e s  from d i e s e l  engines  (Smaby and Johnson 1979) .  The 
t h r e e  ma jo r  sou rces  of l u b r i c a t i n g  o i l  are  t h rough  t h e  i n t a k e  v a l v e  stem 
guide ,  through t h e  p i s t o n  c l e a r a n c e  and r i n g s ,  and through t h e  exhaust  
va lve  stem guide .  O i l  leakage from the exhaust  va lve  r e p r e s e n t s  t h e  
g r e a t e s t  source  of emiss ions  s i n c e  o i l  from t h e  o t h e r  two S Q U E C ~ S  would 
probably  be p a r t i a l l y  ox id i zed  du r ing  combustion. Tkerefore, a t t e n t i o n  
t o  t h e  composi t ion of l u b r i c a t i n g  oils as  wel l  as  l e a k  s toppage a r e  
important  w i th  r e s p e c t  t o  emissions c o n t r o l .  

4.1.2.3 Adiaba t i c  Engines 

The a d i a b a t i c  d i e s e l  engine ,  which accord ing  t o  Snaby and Johnson 
(1979) i s  only i n  t h e  development s t a g e ,  p rov ides  an i n s u l a t e d  combus- 
t i o n  chamber using h igh  tempera ture  m a t e r i a l s  t h a t  a l low r 'hot"  opera- 
t i o n .  Reduced emiss ions  o f  white: smoke, odor  and p a r t i c u l a t e s ,  hydro- 
carbons ,  and carbon monoxide a r e  expected (String 1978, a s  c i t e d  i n  Smaby 
and Johnson 1979) b u t  wi th  an i n c r e a s e  of NQx (Schu l t z  1976,  a s  c i t e d  in 
Smaby and Johnson 1979) .  

4.1.2 .$ Ceramic M a t e r i a l s  

The development of ceramic engine components has  been pursued i n  
comiec t ion  wi th  the development of a d i a b a t i c  engines .  A s  s t a t e d  by 
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Smaby and Johnson 119791” these materials can withstand high tempera- 
tures, thereby increasing the efficiency of catalytic converters, 
improving the performance of thermal reactors, and helping to promote 
hydrocarbon and particulate oxidation. 

4.1.3 Exhaust After-treatment Modifications 

After the components of diesel emissions have been formed, there 
are several nethods to reduce them before they are emitted to the atmo- 
sphere. This section will discuss four of the principal methods: (1) 
catalysts, (2) scrubbers, ( 3 )  particulate traps, and ( 4 )  reactors. 

4.1.3.1 Catalysts 

There are basically two types of catalyst systems - Oxidation 
catalysts that oxidize hydrocarbons and CO to water and C02 and reduc- 
tion catalysts that reduce nitrogen oxides to nitrogen (Smaby and John- 
son 1979). Reduction catalysts are, however, not practical for diesel 
engines because of the large amount of excess air and low CO concentra- 
tions (Daimler-Benz 1976, as  cited in Smaby and Johnson 1979). 

Oxidation catalysts require excess oxygen and high temperatures for 
optimum operation (Smaby and Johnson 1979). In diesel exhaust, excess 
oxygen is always available, but, because of this excess, the exhaust 
temperatures are often not high enough for efficient conversion, It 
should be noted that when a diesel engine is operating in a confined 
space with inadequate ventilation the potential exists for decreasing 
efficiency of a catalyst due to declining oxygen levels; efficiency 
would then become a function of oxygen levels. After reviewing a number 
of reports, Smaby and Johnson (1979) state that in general, 20O0C is the 
minimum exhaust gas temperature that will produce satisfactory catalyst 
performance. Exhaust gas temperatures for diesel engines typically 
range from 15Q°C to 550OC. Exhaust temperatures increase slightly with 
speed and directly with load, Thus, with adequate ventilation, an oxi- 
dation catalyst’s efficiency will be maximized when the engine is under 
full load. 

In addition t o  hydrocarbons and CO, oxidation catalysts will pro- 
vide effective odor control since most of the odor from diesels i s  
related to partially oxygenated hydrocarbons. Effective results have 
been reported even at low temperatures (Sercombe 1975, as cited in Smaby 
and Johnson 1979). Tests have shown no significant effect on Nor, but, 
on the positive side, only minor differences in the NO2 to N G  ratio 
were observed (Marshall 1978). 

Smaby and Johnson state that most investigations concerning diesel 
catalysts have shown that particulate emissions are not affected by 
catalysts. They report that while this may be true if observations are 
based on total particulate emissions, it is expected that much of the 
adsorbed material on the particulates would be oxidized, thus reducing 
toxicity. An abstract of a Japanese paper (Fukmzawa e t  al. 1982) indi- 
cates that when the catalyst temperature is greater than 2 0 O o C ,  soot 
particles become smaller. Changes in particle size ai19 affect lung 
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depositional characteristics and thias possibly alter potential health 
effects (see Section 3.4). 

Experiments conducted by Marshall (1975) at the Rartlesville Energy 
Research Center indicated that noble-metal-based catalysts (platinum) 
were more efficient than nickel-based catalysts in oxidizing CO am? 
hydrocarbons. 

One negative consideration is that catalysts promote the formation 
of SO3 from the less toxic SO2 (Marshall 19751, B serious concern 
because diesel fuels may contain 0.1 to 0.5% sulfur by mass. Mogan et 
al. (1977, a s  cited in Srnaby and Johnson 1979) found that, without 
catalysts, the conversion of SO2 to SO3 is about 2--5%, whereas, with 
catalysts, the conversion can be as high as 90%. 

4.1.3.2 Scrubbers 

Water scrubbers have been used extensively to control particulates 
from diesel-powered mine vehicles (logan et al. 1977, as cited in Smaby 
and Johnson 1979). As discussed by Smaby and Johnson (19799, represen- 
tative water scrubbers have been shown t o  capture 20-30% of the exhaust 
particulates and hydrocarbons and 40-Gm of the S O 2 .  The addition of w 
catalyst converter upstream (towards the engine) o f  the scrubber 
improved the particulate capture to 40-5W0, presumably due t o  a decrease 
in the hydrophobicity of the particulates by an increase i n  oxygenation 
of the particle components. Further research (Mogan et al. 1977, as 
cited in Sniaby and Johnson 1979) has shown that advanced-design 
scrubbers are capable of trapping S0-9!& o f  submicrometer-size parti- 
cles. Sone problems with scrubbers are G o s t  of equipment, freezing and 
corrosion, need for frequent maintenance, disposal of water/sludge mix- 
ture, and fogging. 

More recent research by Mogan et a l .  (1981) using a Volvo BM 861U 
underground truck has shown a 7544 reduction i p :  soot ( 3 8  m g / m  3 befGre 
scrubbing t o  9.5 mg/m3 after scrubbixlg) ami a 90% reduction in SO2 (200 
ppm before to 20 ppm after). 

4.1.3.3 Particulate Traps 

A particulate trap consists of some type of filter arrangement for 
the purpose of removing particulates fron: the exhaust. In the simplest 
traps used filters are periodically replaced with new ones, and t h i s  
s y s t e m  may- b e  the most practical for u s e  in military forklifts. Lawson 
(1981) studied the efficiency of particulate t raps  in a Deutz  F61, 714 
d i e s e l  engine w i t h  the exhaust cooled upstream of t he  filter by water 
injection. He found that exhaust filters were excellmt for removing 
both  particulates and II2SO4. 

For prolonged u s e  it is desirable to regenerate particulate traps. 
The term trap-oxidizer is used to denote a trap with a mechanism by 
which the collected particulate i s  oxidized to regenerate the trap. 
This is an approach strongly favored by the U.S. P A  (EPA 19SOb) t o  meet 
the proposed 1985 light-duty diesel truck particulate standard of (7.26 
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g/mile. The problem with this arrangement is in maintaining the high- 
temperature conditions that ensure continual oxidation. An alternative 
is to oxidize the particulate only occasionally, when enough organic 
material has been collected by the trap to aid the process and when the 
exhaust temperature is high enough to initiate oxidation. 

As noted by several authors (e.g.. Williams 1982, Smaby and Johnson 
1979), catalysts may be added to the particulate trap in order to lower 
the ignition temperature of the trapped material. The addition of 
catalysts does, however, increase the formation of sulfates from SO2 via 
s03. 

4.1.3.4 Reactors 

The Continuation of the combustion of exhaust gases after they 
leave the combustion chamber can reduce diesel exhaust emissions and is 
accomplished by a thermal reactor (Smaby and Johnson 1979). According 
to Smaby and Johnson, the reactor actually performs the same function as 
the oxidation catalyst, and, in fact, since catalytic materials are used 
to coat the reactor surface, the distinction between the two becomes 
obscure. Because reactors can also oxidize soot at higher temperatures, 
especially if a catalyst is added, the moechanism represents a combina- 
tion of catalysts, traps, and reactors. 

4.1.4 Summary 

As summarized by Hum (19751, the following is indicative of the 
status of diesel emission control: 

Turboc har g ing 

Power limitation 
To control smoke 

Catalytic conversion 
To control CO, hydrocarbons, 

and odor 
Fuel injection refinements 

Exhaust recirculation 
Water injection 

Modification of fuel 
injection, timing, and rate 

To control NOX 

A similar summary of emission hardware options is provided by Law- 
son (1981) in Table 4.2 in which both advantages and disadvantages of 
each method are noted. 
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ISSION CWNJXBL ARE OPTIONS" 

Comp 0 nen t 
Descaip t ion 

Perf o m  a m  e Advantages Disadvantages 

Catalysts 

Convectional 
YI'a t er 
sc rubbers 

Venturi water 
scrubbers 

Exhaust filters 

EGR 

R i g  h- e f f i c i ency 
CO, TIQC reduction 

Unsatisfactory- 
for any emi.s-- 
sions 

High effi- 
ciency possi- 
ble for parti- 
culate removal 

Excel 1 ent for 
particulate 
and B2SO4 

Good for NOx 
raduc t ion 

Simple, prac- 
tical applica- 
t ion 

Good flame- 
proof device 

Flameproof 
application 
possible 

Simple appli- 
cation with no 
auxiliary 
opera t ing 
equ i pmen t 
requ i r ed 

Simple appl i- 
cation 

. -  

Lawson (1981) states that combined systems offer 

SO2 to II2SQ4 
conversion and 
possibly some 
NO2 formation 

Vates consump- 
tion and ser- 
vicing 

High engine 
back pressure . .  
Large clean 
watex consump- 
tion requiring 
auxiliary 
operating 
e qu i pm e xi t 

Development o f  
servicing 
techniques 
required 

Causes 
increase in 
particulate 
emissions, CO 
and TKC 
- - - - - - - -- --- -- 

the greatest 
potential for underground diesel emission control. The principal bene- 
f i t  is to cancel out shortcomings of specific components. He offers two 
possible combinations as the most promising. The first is t h e  
EGRlcatalystlfilter combiration. In this design, FGR decreases MQx, but 
increases C O ,  total hydrocarbons, and particulates, which are controllea 
by the catalyst (CO and hydrocarbons) and the filter (particulates), A 
significant finding was that the iilter was effective in reducing the 
E2SO4 emissions related to the ratalyst (formed from oxidation of SO2 to 
SO3 and subsequent conversion to B2S84 by reaction with water]. When 
the exhaust gas was cooled by water injection upstream of the filter, 



over 90% o f  the H2S04 was removed by the filter. The second combination 
is H~O/fuel emalsionlcatalystlfilter. The water emulsion reduces both 
NOx and particulates while the catalyst prevents an increase in total 
hydrocarbons caused by the water emulsion, and the filter further 
reduces particulate matter so that over 95% of particulates are removed 
with this combination system. Although indicating that integration of 
the two systems might be beneficial, Lawson states that for underground 
application, the EGRlcatalystluneooled filter approach may prove to be 
the most practical. 

4.2 EFFECT OF AMBIENT CONDITIONS ON DIESEL ENGINE mIssrms AND POTENTIAL 
BEALTB[ EFFECTS 

4.2  .l Temperature 

The effects of temperature, humidity, and barometric pressare on 
diesel exhaust emissions are interrelated in that all three factors 
affect the density of the intake air and thus can alter the fuel-to-air 
ratio in the combustion chamber. Haltz (1960) calculated that, for 
diesel engines with high ratings, there would be an increase of about 
0.005 in the fuel-to-air ratio with an increase in intake air fsoa! 600F 
to 1200F under low humidity conditions at sea level. For a fuel-to-air 
ratio of 8.060, a rise in inlet air temperature from 60°F to about 1QOOF 
would result in carbon monoxide levels in the exhaust above the current 
MSHA exposure limit o f  100 ppm. 

Reckner et al. (1965) tested two large (220 and 380 hp) direct 
injection diesels plsced in a semienclosed area and found that when the 
air temperature was quite high (data not given) the engines discharged 
more soot and carbon monoxide than when the temperature was low, M) 
levels were 3700 ppm at high temperatures and 1400 ppm at low tempera- 
tures. There was a 60% difference in soot levels. 

Different results were reported by Rraddock (1982) who, in testing 
two sniall diesel engines ( 4 8  and 105 hp), found that for conditions 
corresponding to ambient temperatures of 43-67OF, and 70-82OF, there was 
an increase in particulate emissions at the lower temperatures. This 
increase was attributed to uncombusted diesel fuel. No significant 
temperature-related changes were seen in the emission rates of HC, CO, 
or NOx. 

High temperatures in an enclosed space might increase the toxicity 
o f  the gaseolas components of diesel exhaust. Stokinger (1975) cites 
studies which indicate that the effects of a large number of central 
nervous system depressants would increase from 2 to 17 times with an 
increase in temperature froto 26O to 36OC. Kerosene and paraffin showed 
this effect to a great degree. 

4.2 -2 Humidity 

h l t z  (1960) calculated, on theoretical grounds, the effects of 
increased relative humidity and intake air temperature on fuel-to-air 
ratio and concluded that humidity increases the ratio for any given 
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t empera tnre  and t h a t  t h e r e  i s  a r e l a t i v e l y  g r e a t e r  i n c r e a s e  a t  h ighe r  
tempera tures .  A t  60°F t h e  r a t i o  may i n c r e a s e  o n l y  0.01 wi th  a change 
from 0 t o  100% r e l a t i v e  humidi ty  (U) but  a t  1 O O O F  i t  may i n c r e a s e  by 
0.05 with t h e  same change i n  humidi ty .  This  i s  due t o  t h e  h ighe r  vapor 
p r e s s u r e  of water  a t  t h e  h ighe r  tempera ture .  Under l o w  humidi ty  condi- 
t i o n s  and f o r  a fue l - to -a i r  r a t i o  of 0.060, t h e  carbon monoxide l e v e l  i n  
t h e  exhaust  would r each  a c r i t i c a l  l e v e l  (100 ypm) when t h e  in t ake  tem- 
p e r a t u r e  inc reased  about 40°F (from 60O t o  10OoF); however, a t  a r e l a -  
t i v e  humidi ty  of loo%, t h e  same CO l e v e l  would be reached wi th  o n l y  a 
20°F i n c r e a s e .  

Hare and Bradow (1977) t e s t e d  fou r  d i e s e l  engines  (62-122 hp)  under  
vary ing  c o n d i t i o n s  of humidi ty  (about  10  t o  158 g r a i n s  H2Q p e r  pound- 
mass d r y  a i r )  and found t h a t  no s i g n i f i c a n t  changes i n  He, CO, o r  CQ2 
emission s a t e s ;  however, emiss ion  r a t e s  of NOx decreased  markedly (about  
10--3@%) a t  h igh  humid i t i e s .  The au tho r s  proposed s e v e r a l  types  of 
c o r r e c t i o n  f a c t o r s  t o  c a l c u l a t e  NO= emiss ions  a t  a s t anda rd  humidi ty  
which would then  be comparable f o r  d i f f e r e n t  engine t e s t s .  

4 . 2 . 3  A l t i t u d e  

Hoftz (1960)  c a l c u l a t e d  t h a t  an i n c r e a s e  of 3000 f t  i n  a l t i t u d e  
would r e s u l t  i n  about a 0.005 i n c r e a s e  i n  t h e  f u e l - t o - a i r  r a t i o  f o r  
d i e s e l  engines  wi th  h igh  r a t i n g s .  A t  6000 f t  t h e  i n c r e a s e  i n  t h e  r a t i o  
m a y  be as h igh  as  0.05. For engines  ope ra t ing  nea r  maximum load ,  t h i s  
may r e s u l t  i n  incomplete f u e l  combustion and dangerous l e v e l s  of carbon 
monoxide i n  t h e  exhaus t .  This  s i t u a t i o n  can be avoided by reducing t h e  
maximum f u e l  i n j e c t i o n  r a t e ,  and ad jus tments  t o  t h e  engine should be 
wade! on t h e  b a s i s  of t h e  e l e v a t i o n  a t  which t h e  engine w i l l  be  used 
(Bo l t z  1960). 

The seduced oxygen l e v e l s  a t  h igh  a l t i t u d e s  can  have an adverse  
e f f e c t  on d i e s e l  engines  i f  t h e  f u e l - t a - a i r  r a t i o  is s i g n i f i c a n t l y  
inc reased .  Less complete cornbustion of t h e  f u e l  would r e s u l t  in an 
i n c r e a s e  i n  c o n c e n t r a t i o n  of unburned hydrocarbons,  p a r t i c u l a t e s ,  and CO 
i n  t h e  exhaust .  

The t o x i c i t y  of t h e  gaseous components can be cons ide rab ly  enhanced 
a t  high a l t i t u d e s .  This  i s  p a r t i c u l a r l y  t r u e  f o r  carbon monoxide which, 
because of the: reduced p a r t i a l  p r e s s u r e  of oxygen, w i . 1 1  combine t o  a 
g r e a t e r  e x t e n t  wi th  hemoglobin ( s e e  Sec t ion  3.1,2). S t s k i n g e r  (1975) 
no tes  t h a t  a 3% HbCO l e v e l  a t  15,000 f e e t  would produce t o x i c o l o g i c a l  
e f f e c t s  ( impai red  performance)  e q u i v a l e n t  t o  201 CO a t  s ea  l e v e l .  

4.2 - 4  E n t i l a t i o n  

]In an enc losed  a r e a  with no a i r  v e n t i l a t i o n ,  t h e  o p e r a t i o n  of a 
d i e s e l  engine w i l l  r e s u l t  i n  r a p i d  changes i n  t h e  c o n c e n t r a t i o n  o f  oxy- 
gen, carbon d i o x i d e ,  n i t r o g e n  d i o x i d e ,  and carbon monoxide. The r a t e s  
of change w i l l  be a €unc t ion  of Engine: s i z e  and o p e r a t i n g  c o n d i t i o n s ,  
For s e v e r a l  d i f f e r e n t  d i e s e l  engines  (2 c y c l e  d i r e c t  i n j e c t i o n ,  128 bhp, 
and 4 cyc le  i n d i r e c t  i n j e c t i o n ,  90 b h p ) ,  a r s h a l l  and Hnrn (1973, s e e  
aJso $urn 1975) found t h a t  t h e  oxygen l e v e l  i n  an enc losed  n o n v e n t i l a t e d  
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space dec reased  by 3 t o  4.5% p e r  pound of f u e l  consumed p e r  1000 f t 3  of 
a i r  volume (cumula t ive  d e c r e a s e s  were 4.5% a f t e r  1 l b ,  8% a f t e r  2 l b ,  
and 11.5% a f t e r  3 l b ) .  A t  t h e  same time, t h e  C02 l e v e l  i nc reased  a t  a 
r a t e  of about 3% p e r  pound of f u e l  consumed p e r  1000 f t 3  of a i r  volume. 
The NOx l e v e l  i nc reased  t o  a maximum of about 200 ppm a t  1.75 l b  f u e l  
consumed p e r  1000 f t 3 ,  t h e n  s lowly  d e c l i n e d .  
ou tpu t  of the  eng ines ,  t h e  i n c r e a s e  i n  carbon monoxide i n  t h e  enc losed  
space was g e n e r a l l y  l i n e a r  f o r  about the f i r s t  1 t o  1.5 pounds of f u e l  
consumed p e r  1000 f t 3 ,  bu t  the  r a t e  then became exponen t i a l  such t h a t  a 
CO l e v e l  of 5000 pm was reached a f t e r  o n l y  1.5 t o  3 Ib of f u e l  was con- 

consumed p e r  10 ,000  f t3 under heavy load and about 4.5  g a l  of f u e l  con- 
sumed p e r  10,000 f t 3  under l i g h t  load ( F i g u r e  3 .3) .  
(1973) c a l c u l a t e d  t h a t  f o r  a I00 hp engine o p e r a t i n g  i n  a 5000 f t 3  space 
a CO l e v e l  of 5000 ppm would be reached i n  10 min. Under such condi- 
t i o n s  the  MSBA exposure l i m i t  of 100 ppm would be reached i n  on ly  a few 
minutes .  These c a l c u l a t i o n s  demonst ra te  t h e  importance of v e n t i l a t i o n  
i n  conf ined  spaces  i n  which d i e s e l s  a r e  used. Marsha l l  and Hurn (1973) 
f u r t h e r  determined t h a t  i f  t h e  V e n t i l a t i o n  r a t e  is such t h a t  t h e  GO2 
l e v e l  in t h e  i n t a k e  a i r  i s  kept t o  a maximum of 0.5% (TLV f o r  C 0 2 )  
e q u i v a l e n t  t o  about 5 t o  14% exhaust i n  i n t a k e  a i r ,  depending on power 
o u t p u t ,  t hen  the  carbon monoxide l e v e l  i n  t h e  i n t a k e  a i r  would remain 
below 100 ppm; however, t hey  also found t h a t  under t h e s e  c o n d i t i o n s  t h e  
NO= l e v e l  would be 28-86 ppm and t h e r e f o r e  g r e a t e r  than t h e  KSHA expo- 
s u r e  l i m i t  of 25 ppm. To keep t h e  NOX l e v e l  below the  exposure l i m i t ,  
t h e  amount of exhaust g a s e s  r e c i r c u l a t e d  had t o  be kept  t o  about 4% of 
t h e  i n t a k e  a i r .  Marshall  11978) r e p o r t e d  t h a t  f o r  s i x  high-speed d i e s e l  
engines  (3150-5000 r p m  and 48-127 bhp) t h e  NOX ( a s  NO) emiss ion  r a t e s  
were 1 . 6  t o  2.6 g / h r / r a t e d  hp o r  about equal  t o  t h e  accep tab le  maximum 
emiss ion  r a t e  (AMER) f o r  NO i f  t h e  minimum v e n t i l a t i o n  is based  on main- 
t a i n i n g  the  C02 l e v e l  a t  i t s  t h r e s h o l d  l i m i t  va lue  of 0 .5%.  However, 
f o r  t hese  same eng ines ,  t h e  CO emiss ion  r a t e s  were 3.3-12.7 g / h r / r a t e d  
hp, o r  2 t o  3 t imes t h e  MER for CO. J t  was noted by Marshal l  t h a t  t h e  
CO l e v e l s  could be  reduced by us ing  h i g h e r  v e n t i l a t i o n  r a t e s ,  by us ing  a 
c a t a l y t i c  c o n v e r t e r ,  o r  by d e r a t i n g  t h e  engines  and t h u s  l i m i t i n g  t h e  
maximum f u e l  flow. Although t h e  l a t t e r  s o l u t i o n  w i l l  i n c r e a s e  NO= emis- 
s i o n  r a t e s  s l i g h t l y ,  v e n t i l a t i o n  r a t e s  would be reduced by as much as 
50%.  Marshal l  (1978) n o t e s  t h a t ,  f o r  a very e f f i c i e n t  engine,  t h e  
minimum v e n t i l a t i o n  r a t e  (based on d i l u t i o n  of C02f  would be 40 
c f m/ r a  t ed hp . 

Depending on t h e  power 

sumed p e r  lQOO f t  8 . This  would be e q u i v a l e n t  t o  about 2 .5  g a l  of f u e l  

Marsha l l  and Eurn 

To de termine  t h e  minimum v e n t i l a t i o n  requi rements  f o r  d i e s e l  
engines  ope ra t ed  ii: underground mines, t h e  U.S. Bureau of Mines has pro- 
posed t h e  fo l lowing  formula (Holtz 1960; ILO 1983):  

C Q = V ' -  
Y 

where Q = t h e  v e n t i l a t i o n  r a t e  (m3/min), 
V = exhaust flow a t  f u l l  load and r a t e d  speed ( d / m i n ) ,  

C = c o n c e n t r a t i o n  of exhaus t  p o l l u t a n t  (ppm), and 
Y = exposure l i m i t  for the exhaus t  p o l l u t a n t  (ppm). 
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V e n t i l a t i o n  r a t e s  a r e  c a l c u l a t e d  f o r  each of t h e  major groups of exhaust  
p o l l u t a n t s  and t h e  h i g h e s t  va lue  de te rmines  the  minimum requirement .  
T h i s  va lue  is then  doubled t o  provide  an  e x t r a  margin of s a f e t y  i n  ease  
t h e s e  ase any a d d i t i v e  or cumula t ive  e f f e c t s  of t h e  exh us t  components 
(Moltz 1960). 

4.3 EETECTS OF ENGINE OPERATING AVETERS ON AIR QUALITY 

The e f f e c t s  of engine des ign  on emissions ( i * e . ,  mainly whether t h e  
engine  i s  d i r e c t  i n j e c t i o n  o r  i n d i r e c t  i n j e c t i o n )  have been d i scussed  i n  
S e c t i o n  4.1.2. I n  t h i s  s e c t i o n ,  t h e  e f f e c t s  of how t h e  engine i s  
ope ra t ed  and of some engine s e t t i n g s  and o p e r a t i n g  c o n d i t i o n s  on emis- 
s ions  a r e  cons idered  

"White Smoke" i s  a m a n i f e s t a t i o n  o f  t h e  emission of unburned f u e l  
d r o p l e t s  when t h e  engine i s  co ld  ( s t a r t i n g  up) o r  when it  has  cooled o f f  
by i d l i n g  and i s  suddenly sub jec t ed  t o  load  withont  adequate  warm-up. 
The obvious s o l u t i o n  t o  t h e  emission of whi te  smoke i s  t o  run the  engine 
o u t s i d e  t h e  bunker t o  g e t  i t  t o  p rope r  ope ra t ing  tempera ture  b e f o r e  i t  
i s  pu t  on load  i n  t h e  bunker ,  and t o  avoid long p e r i o d s  o f  i d l e  i n  t h e  
bunker .  In t h i s  connec t ion  Bosecker and Webster (1971) have shown an  
advantage of t h e  i n d i r e c t  i n j e c t i o n  engine  i n  t h a t ,  a t  low loads  when 
f u e l  q u a n t i t i e s  a r e  sma l l ,  combustion can take  p l a c e  almost  t o t a l l y  i n  
t h e  prechamber,  r e t a i n i n g  hea t  and a id ing  burn ing  and thereby  reducing  
t h e  amount of white  smoke emi t t ed  on s t a r t i n g  or whi le  i d l i n g .  Also, 
i n d i r e c t  i n j e c t i o n  engines  g e n e r a l l y  show l e s s  s e n s i t i v i t y  t o  i n j e c t i o n  
p r e s s u r e s  and o r i f i c e  s i z e s  of t h e  i n j e c t o r s  t han  do d i r e s t  i n j e c t i o n  
engines  (Ricardo and Glyde 1941, Smaby and Johnson 1979), making t h e  
engine m s e  t o l e r a n t  t o  o p e r a t i n g  c o n d i t i o n s  wi th  r e s p e c t  t o  smake emis- 
s i o n .  However, h igh  p r e s s u r e s  and smal l  i n j e c t o r  o r i f i c e s  for d i r e c t  
i n j e c t i o n  engines  p rov ide  good a tomiza t ion  of t h e  f u e l  and low smoke 
when p r o p e r l y  timed and i n j e c t e d  a t  p r o p e r l y  c o n t r o l l e d  r a t e s  (Smaby and 
Johnson 1978). 

i l e  t a rbocha rge r s  a t  s t eady  s t a t e  reduce emissions a l l  asound 
(except  p o s s i b l y  €or NOx; s e e  Sectj-on 4 . 1 . 1 . 4 1 ,  a turbocharged engine 
may none the le s s  smoke under t r a n s i e n t  cond i t ions  due t o  l a g  of t h e  tur -  
bocharger  (Smaby and Johnson 1979). 

With r e s p e c t  t o  t h e  f u e l  i n j e c t i o n  r a t e  p r o f i l e ,  exper imenta l  work 
( f o r  i n s t a n c e ,  G r i g g  1976, a s  c i t e d  i n  Smaby and Johnson 1979) i n d i c a t e s  
t h a t  t h e  t e rmina t ion  of i n j e c t i o n  shonld be as f a s t  a s  p o s s i b l e .  A s  
wel l  a s  f o r  economy, a purpose of a f a s t  c u t o f f  of i n j e c t i o n  i s  t o  con- 
t r o l  smoke and unburned hydrocarbons by reducing the  amount of f u e l  
i n j e c t e d  i n  large drops. To f u r t h e r  control " d r i b b l e ,  rr i n j e c t i o n  l i n e s  
a r e  m d e  as n o n e l a s t i c  as  p o s s i b l e ,  dampers may be  f i t t e d ,  and what i s  
c a l l e d  nozz le  s a c  v o l m a  (dead-end volume i n  t h e  i n j e c t o r s )  i s  made as  
small as p a s s i b l e  (Smaby and Johnson 19'79) .  

Overfas t  a c c e l e r a t i o n  ( i . e a ,  i n j e c t i n g  t h e  f u e l  f a s t e r  than  t h e  
engine cat1 use i t )  is a grime cause  of emissions of p a r t i c u l a t e s  and CQ 
and hydrocarbons (Smaby and Johnson 1979, Marayama e t  a l .  1982). Train-- 
ing o f  o p e r a t o r s  t o  p i c k  up loads  s lowly  i n  t h e  bunkers would minimize 
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such emission. Also, r a t e  p r o f i l e  c o n t r o l l e d  i n j e c t i o n  pumps can be 
f i t t e d  ( d i s c u s s e d  by Smaby and Johnson 1979) t o  respond t o  t h e  conf ined-  
space need. 

As d e s c r i b e d  by Smaby and Johnson (19791, the  p a r t i c u l a t e  format ion  
p r o c e s s  i s  i n i t i a t e d  as  soon a s  t h e  f u e l  is  i n j e c t e d  i a t o  the  combustion 
chamber and t h e n  con t inues  i n  the  exhaus t  and i n  t h e  atmosphere du r ing  
and a f t e r  d i l u t i o n  of the  exhaus t .  Of t h e  even t s  i n  t h e  c y l i n d e r ,  t h e  
i g n i t i o n  d e l a y  p e r i o d ,  t h e  time between f i r s t  i n j e c t i o n  and i g n i t i o n ,  i s  
s i g n i f i c a n t  i n  t h e  p a r t i c u l a t e  format ion  p r o c e s s ,  w i th  a v a r i e t y  of 
chemical and p h y s i c a l  p r o c e s s e s  t a k i n g  p l a c e  du r ing  t h i s  t ime. The phy- 
s i c a l  p rocesses  inc lude  those  connected w i t h  t h e  decomposition, h e a t i n g  
and v a p o r i z a t i o n ,  and mixing of f u e l  and a i r  i n  t h e  j e t  spray a r e a .  As 
t h e  f u e l  i s  hea ted  and exposed t o  a i r ,  i t  undergoes s i g n i f i c a n t  p r e i g n i -  
t i o n  r e a c t i o n s ,  such as p y r o l y s i s .  Th i s  chemical phase a c c e l e r a t e s  
r a p i d l y ,  and as it becomes i n c r e a s i n g l y  exothermic,  i g n i t i o n  occur s .  
Even du r ing  bu rn ing ,  whi le  most of t h e  f u e l  is  q u i c k l y  vapor ized  and 
burned, a small  b u t  s i g n i f i c a n t  p o r t i o n  of i t  i s  pyro lyzed ,  cracked,  
po lymer ized ,  and p a r t i a l l y  oxid ized  i n t o  a v a s t  a r r a y  of compounds. I n  
t h e  p re sence  of f r e e  carbon from incomplete combustion, i t  i s  t h i s  f r a c -  
t i o n  which g ives  r i s e  t o  t h e  m a t e r i a l  inc luded  i n  t h e  p a r t i c l e s .  in t h e  
exhaus t ,  growth of t h e  p a r t i c l e s  o c c u r s ,  along w i t h  condensa t ion  of 
hydrocarbons,  s u l f u r i c  a c i d  and wa te r ,  and f u r t h e r  conve r s ions ,  and t h i s  
p r o c e s s  nay con t inue  i n  the  atmosphere. 

As d i s c u s s e d  by Smaby and Johnson (19791, i t  appears  t h a t  c o n t r o l  
of RC would have a f a v o r a b l e  e f f e c t  on both p a r t i c u l a t e  emiss ions  and 
odor by r e d u c t i o n  of t h e  f r a c t i o n  of t h e  f u e l  involved  i n  t h e  above- 
d e s c r i b e d  even t s .  The au tho r s  sugges t  as  a f e a s i b l e  t e c h n i c a l  approach 
t o  reduce eleiss ions t h e  use of fou r  c y c l e  engines  having p r e c i s e l y  con- 
t r o l l e d  i n j e c t i o n  systems wi th  open or  closed-loop c o n t r o l  using a 
microprocessor  and eng ine jveh ic l e j ambien t  s i g n a l s  t h a t  would s u r p a s s  t h e  
a l r e a d y  e x i s t i n g  h y d r a u l i c  o r  mechanical c o n t r o l s  of t h e  i n j e c t i o n  r a t e .  

An impor tan t  o p e r a t i n g  parameter  is engine tempera ture .  Advantages 
of a f a i r l y  h igh  t empera tu re ,  a s  d i s c u s s e d  by Smaby and Johnson (19791, 
a r e  wider f u e l  t o l e r a n c e ,  reduced whi te  smoke, reduced odor and p a r t i c u -  
l a t e s .  and reduced HC and CO. On t h e  n e g a t i v e  s i d e ,  however, i s  
i n c r e a s e d  emiss ion  of NQx. 

I n  t h e  review and assessment  of reduced emiss ions  engines  p repa red  
f o r  t h e  Army by Sc ience  A p p l i c a t i o n s ,  Inc.  (Dangherty e t  a l .  19%3), an 
8-hr s h i f t  d u t y  c y c l e  was used, s e l e c t e d  t o  r e p r e s e n t  o p e r a t i n g  coadi- 
t i o n s  i n  a c l o s e d  environment (Table  4 . 3 ) .  

It is  expec ted  t h a t  t h i s  du ty  c y c l e  would be comprised of 90f150  
i n s i d e  ( i . e * ,  90 seconds i n  t h e  s h e l t e r  and 60/150 or  60 seconds out- 
s i d e )  or, on a longe r  time b a s i s ,  60% of t h e  d u t y  c y c l e  i n s i d e  and 40% 
o u t s i d e  . 



Off 1.7 
Idle 0 2 .o 
25% 12.5 1 .o 
50% 25.0 3 .O 
75% 37.5 0 .2  
100% 5 0 . 0  0.1 

0.00 
0 .00 
0 . 2 5  
1.50 
0.15 
0.1 

2 . 0 0 1 8  = 0.25  average load 

aAdapted €ram Daugherty et a l .  1983 

Dangherty et al, (1983) give a listing of operational parameters 
for diesel engines (Table 4.4). Some of these are  seen to be more 
parameters of engine characteristics, thermodynamics, and performance 
than they are "operating parameters." The authors take account of t h i s  
in their selection of engines; the questionnaire sent to prospective 
engine suppliers asked for data on the following parameters: engine 
speed, torque, brake horsepower (bhp), brake mean effective pressure 
(BMEIFP) (calculated from test data), fuel consumption, brake horsepower 
specific fuel consumption (BSFC) (calculated from test data), a i r  intake 
volume, ambient temperature and barometric pressure, exhaust gas volume 
and temperature, engine noise output, exhaust emissions in parts per  
million (ppm) of carbon monoxide (CO) nitrogen oxides (NOJI) and hydro- 
carbons ( H C ) ,  and exhaust particulates and Bosch Smoke Number. 

To facilitate comp~xis~ns, the engine manufacturers were asked to  
provide data in accordance with the thirteen-mode diesel engine test 
cycle as described in paragraph 86.336-79  o f  the Federal Register, Vol. 
42,  No. 174, September 8 ,  1977. 

Initial review of the test data disclosed that it would not be 
practical to compare the exhaust emission characteristics of different 
engines by comparing the values i n  pprn of CO, MIX, and BC in the er,gine 
exhaust, or in the envisioned work cycle. The ppm of an exhaust gas 
component is simply the fraction of the total exhaust gas volume 
represented by that component. Due to the wide variation in exhaust gas 
volumes produced by different engines, it was necessary t o  compare the 
exhaust emissions of different engines in absolute terms. Grams per 
hour of each measured exhaust gas component produced by an engine 
operating at a particular power output were used for this comparison. 

Fuel consumption and exhaust emission data for three engines, a 
direct ingcction Perkins engine and two indirect injection Deutz engines 
(3-cylinder and 4-cyBinder) are given in Table 4 . 5 .  
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TABLE 4.4 .  OPERATIONAL PARAMETERS FOR DIESEL ENGINES" 
__l__----l- -------- ----... I 

Feature Typical Units 
~ _ _ _ _ I _  I_-I_cc_--I_-.------_I_______ _I I 

Maximum Continuous Work Output kW, bhp at specific rpm with 
stated limits on max. ambient air 
temperature (OC, OF) and eleva- 
tion above sea level (m, ft) 

(Note: unstated ( "assnmed") 
conditions for other parameters 
are usually maximum 
continuous output) 

Maximum Transient or Intermittent kW, bhp at specific rpm with 
Work Output stated conditions and time (may 

indicate temperature rise in 
OC, O F )  

Mechanical Efficiency W (bhp over "indicated" horsepower) 

Maximum Continuous Work kW, bhp at selected rpm (or graphi- 
Output at a Range of Engine cal depiction) with stated conditions 
Speeds 

Maximum Torque (not independent 
of rpm and output) 

Fuel Consumption 

Brake Thermal Efficiency 

Brake Specific Fuel Consumption 
( BSFC 

Oil Consumption 

Brake lean Effective 
Pressure (BallEp) 

Exhaust Temperature 
Leaving Cylinder 

N-m, lb-ft at specific rpm 

Liters/hr, liters/kWh, kg/hr, 
kg/kWh, gal/hr, or Ib/bhp-hr 
(of specific grade fuel, usually 
No. 2 diesel), at standard conditions 
of  temperature and altitude, with 
engine a t  specific speeds (rpm) 
and work output levels (map be 
presented graphically) 

% (work output over energy in fuel9 

lb /bfip-hr 

Liters o r  kg per unit of time (lb or 
gal/qt per time unit) at assumed r p m  
and output 

bar, kilopascals, psi a t  assumed 
rpm and work output 

OC, OF at assumed conditions 
of rprn and output 
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Exhaust Temperature 
Leaving Ekhaust System 

Volume of Exhaust Gas 

Exhaust Bac kpr e s sur e 
(at cylinder exhaust) 

Intake Air Requirement 

Volumetric Efficiency 

Vibration Spectrum 

Liquid Cooling System Flow 
Rate 

Cooling System Heat 
Discharge Rate 

Aftercooler or Intercooler 
Heat Exchange Rate 

Governor Performance 

Mean Time Between Failure 

O C ,  OF a t  assumed conditions 
of r p m  and output 

Liters, ft3 per unit of time 
under assumed conditions 

kilopascals, psi under assumed 
c ond i t i ons 

Liters, ft3 per unit of time 
under assumed conditions 

% (of volume admitted at  std. 
temp., pressure, engine operation 
over piston displacement) 

Magnitude of acceleration (GI over 
spectrum of frequencies (Hz) at 
assumed o r  specified conditions 

Liters/min, gallmin at assnmed 
rpm 

Calories/min, Btulmin at assumed 
rpm and work output 

Calorieslmin, Btulmin at assumed 
rpm and work output 

Recovery time and droop (W) based 
on work output and Yo load variations 
(may be in rpm or specific output 
parameters, e.g., voltage for 
electric generation applications) 

Hours (between defined "failures '' 
fox operation at asswedlspecified 
work cycles) 

lean Time Eetween Overhauls Rours (between defined levels of 
(MrnQ) required repair and maintenance 

operations) 

Mean Time to Repair 
(Mm) 

Hours (to accomplish averge repair 
causing a "failu~e"$ 



TABLE 4 . 5 .  FIJI% CONSUMPTION AM, EXEAUST EMISSION 
LEVELS FOR ~ R E E  DIESEL PNGINES~ 

Perkins 4.2032' Deutz F3L 912Wb Deutz F4L 912W 
Rated hp = 61.6 Rated hp = 46.5 Rated hp = 62.2 

Engine Size = 3328 cc Engine Size = 2827 cc Engine Size = 3770 cc -- -___----.------~I-- 

FUEL FLOW (Ib/hrl 

Fuel flow at 12.5 hp 
Fuel flow nt 2 5  hp 
Fuel flow at 37.5 hp 
Fuel f l o w  at 50 hp 
Total fnel (lb) per 8-hr shifte 

CO EMISSIONS (n/hrl 

CO emissions at 12.5 hp 
CO emissions at 25 hp 
CY) emissions at 37.5 hp 
CO emissions at 50 hp 
Total M (g) per 8-hr shifte 

NOX PdlISSIONS (n/hr) 

NO, emissions at 12.5 hp 
NO= emissions at 25 hp 
NOx emissions a t  37.5 hp 
NOx emissions at 50 hp 
Total NO, ( 9 )  per 8-hr shifte 

EC (BYDBDCARBON) EMISSIONS (a/hr). 

AC emissions nt 12.5 hp 
EC emissions at 25 hp 
EC emissions at 37.5 hp 
EC emissions at 50  hp 
Total RC per 8-hr shifte 

10.00 
13.91 
18.16 
22.56 
27 

120.77 
85.35 
66.29 
60.93 
42 6 

131.35 
150.63 
167.70 
212.70 
674 

37.45 
25.19 
17.36 
13.03 
137 

8.58 
12.36 
16.76 

24 
20.28d 

19.62 
17.40 
21.23 
28d 
94 

131.80 
186.63 
231.10 
247' 
196 

5.54 
4.92 
4.15 
5d 

25 

10.26 
13.73 
17.69 
21.94 
27 

36.34 
27.5 
25 .S6 
26.73 
146 

143.04 
216.63 
274.55 
323.62 
924 

1.52 
6.63 
6 
6 
33 

I __l____l_l. 

aSquish-lip engine design. 
b3-cylinder, indirect-inj ec t ion engine. 
C4-cylinder, indirect-injection engine. 
d l O O %  rated hp. ( 5 0  E€'. 
eForklift operating cycle of 0.1 hr at 50 hp. 0.2 hr at 37.5 hp. 3 hr at 25 hp, 1 hr at 12.5 hp, 2 

fAdapted from Daugberty e t  al, 1983. 
hr at idle, and 1.7 hx with engine off. 

-87- 



The b e t t e r  r e s u l t s  found wi th  t h e  3-cy l inder  Deutz over  t h e  4- 
c y l i n d e r  one ( p a r t s  o the rwise  i d e n t i c a l )  show t h e  advantage of =s ing  an 
engine as  n e a r l y  op t ima l ly  a d j u s t e d  t o  t h e  load  cyc le  as  p o s s i b l e .  

T t  would he of c o n s i d e r a b l e  i n t e r e s t  t o  have 8-hmr du ty  cyc le  
r e s u l t s  f o r  t h e  same engines  t e s t e d  i n  the  r e p o r t  bu t  us ing  emission 
c o n t r o l  dev ices  such as  t h e  oxy-ca ta lys t s  and c a t a l y s t  p a r t i c u l a t e  t r a p s  
d i s c u s s e d  i n  S e c t i o n  4 . 1 .  

Eradoa (1982) has  conducted load-cycle  s i m u l a t i o n  o f  d i e s e l s  used 
i n  v e h i c l e s  and has measured p a r t i c u l a t e  and o rgan ic  emiss ions  and t h e  
mutagenic a c t i v i t i e s  of t h e  p a r t i c u l a t e  e x t r a c t s .  For  an automotive 
d i e s e l  comparable t o  t h e  engines  t h a t  would be used  i n  t h e  Army's fork-  
l i f t s ,  t h e r e  was l i t t l e  v a r i a t i o n  i n  t h e  emiss ions  wi th  d i f f e r e n t  sirnu-- 
l a t e d  d r i v i n g  p a t t e r n s ,  With t r u c k  d i e s e l s ,  however, t he  changes were 
more marked. 

Nenein (1973) has  cons idered  des ign  and o p e r a t i n g  parameters  of 
d i e s e l s  with r e s p e c t  t o  eE i s s ions .  H i s  r e s u l t s  c o r r e l a t e  wi th  those 
a l r e a d y  d i scussed .  An advantage of t h e  i n d i r e c t  i n j e c t i o n  engine 
brought  out by hirii i s  t h a t  because of t h e  g r e a t e r  t u rbu lence  gene ra t ed ,  
t h i s  engine can u s e  l a t e r  t h i n g  than  can t h e  d i r e c t  i n j e c t i o n  one, 
r e s u l t i n g  i n  lower l e v e l s  of no i se  and smoke. NOX emiss ions  from t h e  
i n d i r e c t  i n j e c t i o n  engine were a l s o  found t o  be l e s s  s e n s i t i v e  t o  engine 
speed than  they  a r e  from t h e  d i r e c t  i n j e c t i o n  engine.  

Marsha l l  (1978) found a change i n  t h e  ba lance  between NO and NO2 
with  speed.  Jn f i v e  engines  t e s t e d ,  t h e  NQ2 c o n c e n t r a t i o n s  were f r o e  1 0  
t o  30% of to ta l .  NOx, t h e  NO2 f r a c t i o n  be ing  maximal a t  l i g h t  load (max- 
i m u m  a i r - to - fue l  r a t i o )  and dec reas ing  wi th  i n c r e a s i n g  load .  NO2 i s  
more hazardous than  NO; t h i s  r e s u l t  t h e r e f o r e  i n d i c a t e s  t h a t  long 
p e r i o d s  of i d l i n g  i n  t h e  bunker should  be avoided. F u r t h e r ,  wi th  
r e s p e c t  t o  format ion  of NO, Sheehy (1980)  has  shown t h a t  a t  10056 load-  
i n t e r m e d i a t e  speed,  NO emiss ion  i s  s i g n i f i c a n t l y  l e s s  t han  a t  25°K load-  
i n t e r m e d i a t e  speed,  50% load- ra ted  speed, and 75% load-ra ted  speed. 

Marshal l  and Eurn (1973) have s t u d i e d  t h e  in f luence  of exhaust  
r e b r e a t h i n g  on emiss ions  from a s e l e c t i o n  of g a s o l i n e  and d i e s e l  
engines .  For t h e  case  of r e s t r i c t e d  v e n t i l a t i o n ,  unaccep tab ly  h igh  lev- 
e l s  of CO ( g r e a t e r  than  50 ppm) i n  t h e  a i r  of t h e  working space r e s u l t e d  
f r o n  exhaust  r e b r e a t h i n g  r a t e s  as  low a s  8'73 exhaus t  i n  t h e  e n g i n e ' s  
i n t a k e .  Opera t ion  i n  a n o n v e n t i l a t e d  space r e s u l t e d  i n  h i g h l y  c r i t i c a l  
CO l e v e l s  ( f a t a l  i n  a few minutes)  a t  t imes  corresponding t o  1 t o  3 
pounds of f u e l  consumed p e r  1 ,000  f t 3  of space.  T e s t s  i avo lv ing  spaces  
of va r ious  s i z e s  showed t h a t  volume of t h e  sir space p e r  s e  i s  not  
important  -- t h e  pr imary v a r i a b l e  i s  f u e l  consumed p e r  u n i t  volume of a i r  
space .  



4.4 DIESEL ENGINE CERTIFICATION AND MAINTENANCB 

4.4.1 Certification Program of the Mine Safety and Health Administration 

The Mine Safety and Health Administration (MSHA) of the U . S .  Dept. 
of Labor has a program by which it approves mobile diesel-powered equip- 
ment for use in underground noncoal mines (see MS&A 1982; and IIoltz 1960 
for review). The major part of this procedure is engine testing under 
controlled conditions to determine exhaust gas composition for the 
entire operating range of tho engine (power output, speed, and fuel-$0- 
air ratio). The test results are used to calcurate the ventilation 
required for safe operation of the engine in mines after the engine is 
adjusted for maximum acceptable fuel injection rate. The only specific 
requirement in these tests is that the concentration of carbon monoxide 
in the exhaust not exceed 0.3W. Under conditions of maximum power out- 
put, the CO concentration could exceed 0.30% because of the richness of 
the fuel/air mixture. If this occurs, a readjustment of the fuel injec- 
tion rate is required, and this then becomes the maximum allowable fuel 
injection rate at sea level ( for  higher attitudes, lower rates are 
specified, see  Section 4 . 2 . 3 ) .  The exhaust gases are then analyzed for 
carbon dioxide, carbon monoxide, oxides of nitrogen (NOx) and aldehydes, 
and the safe ventilation rate is calculated as 2 times the rate neces- 
sary to reduce the concentrations of these components to safe levels 
(0.5% for C02,  0.01% for CO, 25 ppm for NOx and 10 ppm for aldehydes) 
(see Section 4 . 2 . 4 ) .  

MSHA certification also includes testing of the exhaust gas condi- 
tioner, a required engine accessory designed to reduce exhaust gas tem- 
perature to less than 170°F under any operating condition. Most condi- 
tioners operate by adiabatic cooling of the exhaust by evaporation of 
water. This is achieved by bubbling the gas through a water reservoir. 
The conditioner also acts as a spark arrestor. 

Certification a l s o  involves the examination and approval of the 
electrical system, electrical or hydraulic starting systems, arid exhaust 
dilution system. The latter system is a required engine accessory which 
provides for the rapid mixing of the exhaust with the ventilation air, 
thereby avoiding local buildup of any exhaust pollutant. This is usu- 
ally achieved by venting the exhaust near the radiator or by using spe- 
cial diffusers that inject the dilution air into the exhaust. 

As noted by Holtz (19601, a fire extinguisher and a readily acces- 
sible fuel shutoff valve for emergency use are necessary for engine cer- 
tification as well as sealing of the drain plug of the fuel tank to 
prevent leaking and sealing of the fuel metering and governor tndjust- 
ments to discourage and detect tampering. Certification also nequires 
the use of diesel fuel with minimum specifications for the flash point 
(not less than 140°F) and sulfur content (0 .5% maximum). 

4.4 .2  Engine Maintenance 

Proper maintenance of a diesel engine used in a confined space is 
extremely important to ensure that undesirable levels of exhaust 
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p o l l u t a n t s  a r e  avoided.  For c e r t i f i c a t i o n  s f  d i e s e l  equipnent  f o r  use 
i n  underground noncoal mines,  MSHA ~eqaires t h a t  o p e r a t o r s  r i g i d l y  fol-- 
low t h e  i n s p e c t i o n  and maintenance procedures  recommended by t h e  engine 
mannfac turers  (MSBA 1982). The MSIQh n o t e s  t h a t  t h e  e Q S t  important  
engine  components and a c c e s s o r i e s  t o  ma in ta in  i n  p rope r  working o r d e r  
i nc lude  t h e  f u e l  i n j e c t i o n  system, t h e  f u e l  pump, t h e  a i r  i n t a k e  system, 
and t h e  engine exhaus t  system. Malfanc t ion ing  of t h e  f u e l  i n j e c t o r s  can 
r e s u l t  i n  t h e  r e l e a s e  of excess  amounts of smoke, carbon monoxide, and 
a ldehydes .  The f u e l  p m p  must he  main ta ined  a t  t he  MSHA-approved s e t -  
t i n g  because h ighe r  f u e l  i n j e c t i o n  r a t e s  w i l l  r e s u l t  i n  dangerous l e v e l s  
of  carbon monoxide i n  t h e  exhaus t .  Abnormal reduced p r e s s n s e  i n  t h e  a i r  
i n t a k e  system, a s  a r e s u l t  of mal func t ioning  a i r  c leamers ,  c a n  r e s u l t  i n  
reduced engine performance and excess  emiss ions .  The exhaust  system 
ffiust also be  in spec ted  r e g u l a r l y  t o  ensure  p r o p e r  coo l ing  and mixing of 
exhaust  gases  wi th  t h e  v e n t i l a t i o n  a i r  and t o  d e t e c t  l eaks  i n  t h e  sys-  
tem. Engine c e r t i f i c a t i o n  by MSHA d e f i n e s  the maximum a l lowable  p re s -  
s u r e  d i f f e r e n t i a l  between t h e  i n t a k e  and exhaust  sys tems,  Higher pres -  
s n r a  drops  would be i n d i c a t i v e  o f  f a u l t y  o p e r a t i o n  and hazardous emis- 
s i o n s .  The iffiportance of using only q u a l i f i e d  pe r sonne l  t o  do  engine 
r e p a i r  and maintenance,  and the  n e c e s s i t y  of us ing  replacement  p a r t s  
i d e n t i c a l  t o  those  i n  t h e  o r i g i n a l  equipment are s t r e s s e d  by IS 
(19829 

A l l  d i e s e l  engines  should have p e r i o d i c  a t t e n t i o n ,  accord ing  t o  t h e  
manufac tu re r ' s  s p e c i f i c a t i o n s ,  with r e s p e c t  t o  changing of f i l t e r s ;  
ma in ta in ing  wa te r  tempera tures  or xunning tempera tures ;  renewing t h e  
o i l ;  and even t o  deca rbon iz ing ,  gr inding.  and s e t t i n g  of va lves  and 
r e p l a c i n g  p i s t o n  r i n g s .  The importance of c l e a n l i n e s s  of  t h e  o i l  and 
f u e l  i s  ea;phasized by Gibbons and Wolf (1980). I f  excess  o i l  g e t s  i n t o  
t h e  c y l i n d e r ,  contaminants  i n  i t  mag " 'p la te  o u t "  on combustion space 
s u r f a c e s  and t b e r e  in t e rming le  w i t h  f u e l  and f u e l  contaminants ,  caus ing  
an i n c r e a s e  i n  emiss ion  p roduc t s .  According t o  t h e  aatlhons, such con- 
taminants ,  i n  a d d i t i o n  t o  t h e  p a r t i a l l y  understood phenomenon of carbon- 
i z i n g ,  dynamical ly  a f f e c t  combustion ia t h e  known and p a r t i a l l y  known 
phenomena of wall-quenching, flame-quenching, and fue l -d rop le t  quench- 
ing .  Sucb contaminants  may a l s o  a c t  a s  "condensa t ion  nuc le i ' )  and as 
chemical  r e a c t a n t s  w i t h i n  the f l u i d  dynamics of combustion. 

The. a u t h o r s ,  u s ing  e l e c t r o s t a t i c  p r e c i p i t a t i o n  t o  remove p a r t i c l e s  
and contaminants  from the f u e l  and o i l ,  found the  fo l lowing  b e n e f i t s :  
reduced n o i s e ,  reduced p a r t i c u l a t e  emiss ions ,  reduced NOx, reduced car -  
bon, reduced downtime, and longer  p e r i o d s  between o i l  d r a i n s .  Wear and 
c o r r o s i o n  of mechanical e lements ,  f o r  i n s t a n c e ,  f u e l  'pwp and i n j e c t o r  
e lements ,  was noted.  

Clean (water - f ree ;  g r i t - f r e e )  f u e l  i s  a n e c e s s i t y  to avoid t r o u b l e  
with t h e  i n j e c t o r  pump or pumps, and p a r t i c u l a r l y  wi th  t h e  i n j e c t o r s .  
Some d i e s e l  engines  have i n j e c t o r s  t h a t  can  be e a s i l y  changed wil l loat  
need f o r  e a l i b r a t i o n ;  t h i s  i s  a d e s i r a b l e  f e a t u r e  t o  ma in ta in  smooth 
running  o f  t h e  engine  and t h e  lowest  p o s s i b l e  l e v e l  of emiss ions ,  

As mentioned i n  EPA (1980b), maintenance of t r a p - o x i d i z e r s ,  i f  f i t -  
t e d ,  i s  no t  expec ted  t o  be a problem. The performance of t h e  o x i d i z e r s  
W ~ S  shown ac taa l l ly  t o  improve wi th  use .  
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As stated by Johnson (19801, it is generally thought that emission 
of NO and NOZ, will decrease during the life of a diesel engine while 
emission of particulate matter will increase. Eydrocarbons, smo%e, and 
oil consumption will probably increase, causing an increase in both the 
total particulate and the soluble organic fractions. 

4.5  MONITORING/MODELING CONSIDERATIONS 

4 . 5 . 1  Use of Key Markers for Monitoring 

Except for the governmental regulations of the Mine Safety and 
Health Administration (MSHA), which apply only to underground mining 
operations, there axe no specific governmental standards for limiting 
occupational exposures to diesel exhaust. Furtbesmore, the standards 
established by MSHA are only for the CO, NO=, and total aldehyde com- 
ponents of the exhaust. Occupational exposures to CO, regardless of 
source, are also limited by the Occupational Safety and Health Adminis- 
tration (QSILA). NOx is indirectly ragnlated by OSHA since the two major 
components of NOx, NO, and N02, have OSHA exposure limits. Although 
there is no QSRA standard for total aldehydes, individual compounds, 
such as formaldehyde, acrolein, acetaldehyde, and crotonaldehyde, are 
regulated. In addition, there are OSHA exposure limits for about 75 
other compounds found in diesel exhaust (Table B - 3 ) .  For most of these 
compounds the concentrations reported in diesel exhaust are SO low that 
even under worst-case conditions, they would not be expected to reach 
their OSHA limits before the levels of the primnary pollutants become 
dangerously high. Of the primary pollutants, CO is considered to be a 
greater immediate hazard than N G  because of its exponential rate of 
increase in nonventilated spaces (Wurm 1 9 7 5 ) .  However, there may be 
circumstances where MQy emission rates are above their maximnm accept- 
able level even when CO emission rates are within safe limits (Harshall 
1978). Thus, both NOx and CO may require monitoring anless design staa- 
dards are used to ensure that the emission rates do not exceed the max- 
imum acceptable levels. 

Even if emissions of NOx and CO were negligible, exposure to diesel 
exhaust in a confined space situation could still be hazardous because 
of the gradual buildup of C02. To ensure that the level of C012 does 
not exceed its n;V of 6.596, a minimum amount of ventilation wonld be 
needed. Marshall (1978) reported that for a very efficient engine (bsfc 
- ~ 0 . 4  lb/hprhr) this would amount to 40 cfm/rated hp. Under these con- 
ditions the maximum acceptable emission rate for NOx would be about 2 . 5  
gfhrfrated hp and for CO about 5 . 5  g/hr/rated hp. If these rates are 
exceeded, the ventilation rate would have to be adjasted accordingly of 
some other method of control utilized. 

Johnson (1980) found that CQ2 concentration is a good approximate 
indicator of overall diesel. pollutant levels. In onsite studies con- 
ducted in an underground mine, a significant correlations w e r e  fonnd 
between CO2 and air Concentrations of CO, NO, Ne, and particulates 
(PM). The following least squares regression equations were calculated 
(all values in ppm except C02 which i s  k by volume and PM which is in 
mg/mf ) : 
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CO = 5 5 . 0 5  CO2 + 0.18 
NO = 3 7 , 9 2  @02 - 0.06 

NO2 = 9.06 C 0 2  - 0.71 
PM = 7 . 9  cot "t 0.40. 

The data for NO gave the closest linear fit with C02, while t-at 
for CO gave the most mount of scatter with the range of CO values being 
a s  great as 18 ppm and the 95% confidence interval about 6 ppm. Using 
these equations it is possible to calculate the C02 concentration under 
conditions where each of  the pollutants reached its MSHA o r  OSHA expo- 
sure limit. For a CO level of 5 0  ppm (MSH.4) the 4102 concentration would 
be 0.91%; for NOx equal t o  25 ppni (MSHA), C02 would be 0 . 6 6 % ;  and for 
NQ2 equal to 5 ppm ( O S H A ) ,  C 0 2  would be 0.63911. All of these values are 
above the 0.5% TLV for C 0 2 .  Consequently, the! latter would be the lim- 
iting exposure factor. 

In tests conducted in a dieselized coal mine, Daniel (1983)  also 
compared exhaust pollutant concentrations with CO2 levels and arrived at 
"pollutant characteristic curves,'9 the slopes of which were 28  ppm 
CO/percent C02, 8 5 . 6  ppm NOIpcrcent CO2, and 6.1 ppm NO~/percent CO2. 
The C02 concentrations were measured values minus background levels. 
For pollutant occupational exposure limits, the corresponding CO2 levels 
would be 1.8% for 50  ppm CO, 0.2% for 2 5  ppn NOx, and 0.82% for 5 ppm 
NO2 (short-term exposure limit) or 0 . 4  for 3 ppm NO2 (b-hr TWA). In 
this case the nitrogen oxides would be the most limiting exposure fac- 
tors, Daniel also notes that the relatively low QIO measurements were 
due to the use of a catalytic convestor, without which the CO concentra- 
tion would reach 50  ppm at about 0 . 5 %  C02.  From the pollutant charac- 
teristic curve for particulates, Daniel calculated a slope of 2 1 . 9  
mg/m3/pescent C O 2 .  In the absence of a specific occupational exposure 
limit for diesel particulates Daniel used the 2 mg/m3 TWA far respirable 
combustible dust (RCID) to arrive at a limiting @02 concentration of 
0.0995. 
particulate matter, the corresponding C 0 2  value is 0.895. 

If this same value of  2 mg/m3 is used in Johnson's equation for 

Both Johnson (1980) and Daniel (1983) determined the correlation 
between @@2 and SO2 and sulfates not frcm actual i n  situ measurements, 
but from sulfur balance equations. Johnsoil used different fuel sulfum: 
levels and varying rates of conversion to arrive at the following: 

where SO2 i s  in ppm, SO4 in mg/m3, C02 in $0 by volume, S is percent sul- 
far by mass in fuel, n is the fraction conversion of fuel sulfur to S O 2 ,  
and (1-111 i s  the fraction of fue l  sulfur converted to sulfates and 
present as particulates. 
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Using the first equation, and setting So4 equal to 1 mg/m3, which 
is the TLV for sulfuric acid (see Section 3.61, and S equal to 0.259, 
which is near the average for NO. 2 diesel fuel, then C02 can be calcu- 
lated for different levels of conversion of fuel sulfur to S04. If only 
5% of the fuel sulfur is converted to Sod,  the C02 level would be 0.4796 
at a SO4 level of 1 m g / m 3 .  
and a 95% conversion of S to S02, the second equation can be used to 
calculate that a similar level of C02 (0.45%) would be reached at an SO2 
concentration of 5 ppm, which is the TZV for this compound. Bath C02 
values are very close to the 0.5% TI,V for C02 itself, and with different 
S02fSO4 conversion rates they may be either above or below the C02 TL,V 
(e.g., for a 10% conversion, the C02 level corresponding to a 1 mg/m3 
sulfuric acid level would be only 0.23%, bnt for a 1% conversion rate 
the corresponding C02 level would be 2'3%). Using these same equations, 
Daniel (1983) found that the "pollutant characteristic curve" for SO2 
would have a slope of 7.9 ppm S02/percent C02, and with a 2 ppw TIOA for 
S02, the C02 concentration would be 0.25%. Similarly, a sulfate level 
of 1 mg/m3 (TWA for sulfuric acid) corresponded to a C02 level of about 
0.27%. 

With the same fuel sulfur level of 0.2595, 

Both Johnson (1980) and Daniel (1983) concluded that because of the 
linear relationship between C02 and the other exhaust pollutants, C02 
could be used as a monitor for estimating air quality. It was stressed 
by both, however, that the relationship between C02 and the other 
exhaust pollutants is site specific and can vary with changes hn engine 
or operational parameters, and therefore must be reverified on a 
periodic basis. More work is needed to determine i f  a more generalized 
model can be constructed based on emission rates, air volume, and venti- 
lation rates which could then be applied to any confined space situa- 
tion. One other factor which should be included in such a model is the 
concentration of aliphatic aldehydes, and, more specifically, that of 
formaldehyde and acrolein. B6th of these compounds can cause signifi- 
cant health effects, and both can occur in diesel exhaust at levels near 
or above their exposure limits. Holland (1978) analyzed underground 
mine air for diesel exhaust pollutants and found that formaldehyde wa5 
the most sensitive indicator of a hazardous condition in that it most 
frequently exceeded its TLV. However, it was noted that in one mine 
acrolein was the only hazardous exhaust pollutant and in another it was 
only carbon dioxide which exceeded its TLV. Thus, under certain condi- 
tions any of these compounds may be the major factor in limiting expo- 
sures to diesel exhaust andfor to establishing minimum ventilation 
rates. 

4.5.2 Criteria for Diesel Engine Use in Confined Space Workplaces. 

Current regulations governing the use of diesel engines in andet- 
ground mines stipulate that atmospheric concentrations of rarban diox- 
ide, carbon monoxide, and nitrogen oxides not exceed standard threshold 
tolerance limits (MSIIA 1882). More comprehensive and integrated health 
effects models have been proposed. As reviewed by Fontana (19821, Ian 
W. French and Associates, under contract to Energy, Mines and Resources 
Canada, developed a "Health Effects Index" (H.E.I.) or ventilation 
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criteria (VI which is based on TEYs and measured air concentrations of 
CO, NO, S02,  N02, and respirable, combustible dust (RCD): 

NO2 IRm + 1.2 T- + -  
2 

SO2 RCD CO + NO + R@D f 1.5 + -  
2 3 2 

v = -  
50 25 

It was suggested that a criterion value of 3.0 to 4.0  be considexed a 
moderate health hazard t o  be avoided by the use of  personal protective 
equipment such as respirators. A " V "  level greater than 4.0 would indi- 
c a t e  the need for an increase in air ventilation to reduce pollutant 
levels. Fontana (1982) reported on the results o f  1 5  mine surveys for 
which the calculated " V "  values ranged from 0.9 to 3.1. He notes that 
because of limitations in sampling and analytical technique, these may 
be an overall margin of error of 250% in the calculated " V "  values. 

In an earlier study, Johnson (1980) determined the correlation 
between each of the Eealth Effects Index components and the carbon diox- 
ide level in an underground mine in which diesel equipment was being 
used (see Section 4 . 5 . 1 )  and arrived at the following calculation: 

V = 22.5 C02 + 0.18 

Sixty-six percent of the "V" vdtlae was attributed to the effects of par- 
ticulate matter, 16% to N02, 7% to NO, 6% to SQ2, and 5% t o  CO. Sul- 
f a t e s ,  a s  part  of the particulates, accounted for  only 1.5% (on the 
basis of B 0.06% fuel snlfur level). The CQ2 concentrations correspond- 
ing t o  the critical " V "  values of 3 t o  4 were calculated to be 0.13% and 
0.17%, Johnson (1980) describes the methodology whereby monitoring of 
C02 could be used as an indicator and warning signal for adverse pollu- 
tant levels in the mine. Be notes, however, that certain pollutants, 
such as smoke, total particulates, and total hydrocarbons, which are not 
included in the index, would still have to be monitored separately. To 
this group should also be added aliphatic aldehydes, particularly for- 
maldehyde and acrolein. 

Daniel (1983) also applied the Health Effects Index (referred t o  as 

the "Air Quality Index") to an undergronnd mining situation. The cri- 
terion value ranged from 3 . 3 6  to 4 .51 .  Seventy-nine percent of the 
value was attributed t o  respirable combustible dust plns sulfate, 7.7 
t o  S 0 2 ,  6.6% to NO, 4.846 t o  NQ2 and 1.0% to C O .  By comparing the pollu- 
tant concentrations with the corresponding levels of CO2 (see Section 
4 . 5 . 1 ) ,  Daniel calculated that if the total (202 concentration in the 
mine (exhaust level plus background level) was at or below 0.133%, then 
the resulting "Air Quality Index" would remain below 4 .0 .  Tt was noted 
that in the two cases where the index exceeded 4.0,  there was a one- 
third reduction in the normal mine ventilation rate, which would have 
caused the r i s e  in pollutant levels. Daniel concluded that on a site 
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specific basis CQ2 could be used as a key marker to maintain the air 
quality of an underground mine at a safe level. 

The German Democratic Republic's draft air purity standard for the 
use of internal combustion engines in enclosed work areas has been 
described by Prietsch et al. (1979): 

C 'H CHO ccoz 
-t -- = x I O . 8  -t- 'NO + N02 + 

MAgCO MAgNO %o 2 MAgH.CHO 

cco 

where: Cco, a 0  . . . are the workplace concentrations and MAEtco, M A ~ N o  . . , are the maximum acceptable concentrations. The criterion value 
"X" can be calculated for either entire workshift exposure periods, in 
which case the MAKs used are the occupational exposure limits for 8.75  4 
0.75 hr periods, or for short-term exposure periods, in  which case the 
MAKs must all be for the same time period. It should be noted that, 
unlike the B . E . I .  the criterion "X" does not include sulfur dioxide and 
particulates but does take into consideration the concentration of C02. 
Direct measnrement of the workplace concentrations of each of the pollu- 
tants (with the total measurement error not to exceed +25%), is used to 
calculate "8." .  However, Prietsch et al. (1979) also describe a method 
whereby "X" can be estimated, on theoretical grounds, by calculating the 
pollutant concentrations on the basis of: (1) engine emissions (En; 
g/hr); ( 2 )  a time factor ('IT) to account for starting and stopping the 
engine; ( 3 )  air exchange per unit volume of work area (a); ( 4 )  pollu- 
tant exchange within the work area (PE);  ( 5 )  air volume of the workplace 
(AV);  and ( 6 )  a special factor which takes into account the effects of 
room size on localized concentration differences (LCI)): 

where C N,() is the initial value of the pollutant concentration in the 
workplace (if nonzero). Prietsch et al. (1979) give complete details 
for determining each of the variables in the formula, and they provide 
examples where the formula can be used t o  modify engine use or air ven- 
tilation rates so that the criterion "X" stays at or below the standard 
of 0 . 8 .  For eonfined space workplaces in which there is little ventila- 
tion, the use of such a criteria formula (possibly wish inclusion of 
sulfate and particalate variables) would provide a general assessment a f  
the overall limitations on the operation of diesel powered equipment. 
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5 .I IDENTIFICATION AND CATEGQWIZATION OF DIESEL F!!ISSI[ONS 

D i e s e l  exhalast i s  a complex mix tu re  of gases ,  vapors ,  l i q u i d  aero-  
sols, and s o l i d  p a r t i c u l a t e  m a t t e r .  The gaseous compounds c o n s i s t  of 
low moleca la r  weight hydrocarbons and i n o r g a n i c s  such a s  carbon monox- 
i d e ,  carbon d i o x i d e ,  n i t r i c  ox ide ,  n i t r o g e n  d i o x i d e ,  and s u l f u r  d i o x i d e ,  
Figher moleca la r  weight hydrocarbons ana other organ ic  compounds ( a l i -  
p h a t i c s  and a romat i c s )  a r e  p r e s e n t  as vapor s ,  along w i t h  water  and i n o r -  
gan ic  compounds, With coo l ing  of t h e  exhanst ,  some of t h e s e  compounds 
may condense i n t o  l i q u i d  a e r o s o l s .  The s o l i d  p a r t i c u l a t e  m a t t e r  of 
d i e s e l  exhaust  c o n s i s t s  of e lemental  carbon and adsorbed, h igh  molecular  
weight., p o l y c y c l i c  o rgan ic  compounds. 

The v a r i o u s  components of d i e s e l  exhaust  can  be c a t e g o r i z e d  accord- 
ing to whether o r  not  t hey  a r e  r e g u l a t e d  by f e d e r a l  law. Emissions of 
casban monoxidet n i t r o g e n  ox ides  (NOXI, t o t a l  hydrocarbons,  and t o t a l  
p a r t i c n l a t e  m a t t e r  a r e  r e g u l a t e d  by t h e  U.S. Environmental P r o t e c t i o n  
Agency (EPA) (Table  E l ) .  These s t a n d a r d s  sire not  d i r e c t l y  a p p l i c a b l e  
t o  occupa t iona l  exposure s i t u a t i o n s ;  however, t h e  r e g u l a t i o n s  o f  t h e  
Mine S a f e t y  ana Heal th  Admin i s t r a t ion  (MSIIA), which have been e s t a -  
b l i s h e d  f o r  d i e s e l  equipment u s e  i n  undergroond mines, can a l s o  be used 
f o r  o t h e r  confined space workplaces.  T h e  MSRA d i e s e l  emission s t anda rd  
f o r  CO i n  noncoal ,  nongassy mines is  100 ppm a f t e r  d i l u t i o n .  The NOx 
s t anda rd  i s  25 pptn (measured as NO21 and the  t o t a l  aldehyde s t a n d a r d  i s  
10 pptu a f t e r  d i l u t i o n  and measured as formaldehyde. These emission 
s t a n d a r d s  a l s o  f u n c t i o n  a s  maximum exposure  l i m i t s ,  In a d d i t i o n ,  t h e r e  
i s  a 0 . 5 %  by volume upper l i m i t  €or  C02 i n  n i n e  a i r  and a 20% by ~ o l u ~ t ~ e  
lower l i m i t  f o r  oxygen. There a r e  no MSHA s t a n d a r d s  f o r  t o t a l  hydrocar- 
bons,  t o t a l  p a r t i c u l a t e s ,  or any o t h e r  component of d i e s e l  exhaust .  

Occupat ional  exposure  t o  d i e s e l  exhanst  is no t  r e g u l a t e d  by the  
Qccupa t iona l  S a f e t y  and Eealth Admin i s t r a t ion  (OSHA); however, v a r i o u s  
components of d i e s e l  exhaust  a r e  r e g u l a t e d ,  i n c l u d i n g  CO ( 5 0  ppm, 8-hr 
TWA),  NO ( 2 5  ppm. 8-hr TWA), NO2 ( 5  ppm, c e i l i n g  v a l u e ) ,  SO2 ( 5  ppn, 8- 
hs TWAP , s n l f u r i c  a c i d  (1 mg/m3, 8-hr TWA) ,  formaldehyde ( 3  ppm, 8-hr 
I T A ) ,  and a c r o l e i n  (0 .1  ppm, 8-ha A ) .  More than 70 o t h e r  compounds 
found i n  d i e s e l  exhaust  a r e  a l s o  OSHA r e g u l a t e d  (Table B - 3 ) .  Althongh 
i t  i s  g e n e r a l l y  a s s m e d  t h a t  t he  c o n c e n t r a t i o n s  c f  most of t h e s e  corn- 
pownds tare below t h e  OSRA s t a n d a r d s  (Table  B-61, more q u a n t i t a t i v e  d a t a  
a r e  needed t o  v e r i f y  t h i s  assumption. Nundreds of o t h e r  compounds hav- 
ing no OSHA s t a n d a r d s  have also been found i n  d i e s e l  exhaus t ,  mainly i n  
a s s o c i a t i o n  wi th  p a r t i c u l a t e  m a t t e r  (Table  R-5). FOP o n l y  a few of 
these a r e  t h e r e  g u i d e l i n e s  f a r  maximum. exposxre limits a5 recornended by 
t h e  National. I n s t i t u t e  of Occapat ional  S a f e t y  and H e a l t h  (NIOSB) o r  t h e  
American Conference of I n d u s t r i a l  Governmental Kygienists ( A C G I R ) .  Con- 
s e q u e n t l y ,  t h e r e  ~ L E C  hundreds of i d e n t i f i e d ,  and p o s s i b l y  thousands of 
y e t  t o  bc i d e n t i f i e d ,  chemicals  i n  d i e s e l  exhaust  €or which t h e r e  are  no 
occupa t iona l  exposnre l i m i t s  o r  g u i d e l i n e s ,  Of s p e c i f i c  concern a r e  
t h o s e  p o l y c y c l i c  aromatic  compounds t h a t  are  known o r  s u s p e c t  ca rc ino -  
gens. 
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5.2 CHARACTERIZATION OF POTENTIAL DIESEL EXHAUST EMISSION W A R D S  

5.2.1 Carbon Monoxide 

Carbon monoxide is present in diesel exhaust as a result of incom- 
plete fuel combustion. The three most commonly used methods for measur-- 
ing CO are nondispersive infrared absorption spectroscopy, gas chroma- 
tography, and detector tube analysis. The major health effects issoci- 
ated w i t h  CO exposure result from its combining with hemoglobin to foxm 
carboxyhemoglobin, which reduces the availability of oxygen to body tis- 
sues. If concentrations are sufficiently high, exposures to CO can 
affect work performance and can cause headache, fatigue, drowsiness, 
nausea, vomiting, and coma. 

In confined space situations where a diesel engine is being 
operated with little or no ventilation, the CO concentration in the air 
will, after a period of time, increase exponentially, and, i n  a very 
short time, the OSHA and MSU exposure limits would be exceeded. This 
would occur more rapidly if the engine was operating under heavy load. 
In such cases the CO level would have to be reduced by increasing venti- 
lation or by using emission control devices. 

5.2.2 Nitrogen hides 

Nitrogen oxides (NOx) form in combustion engines as a result of the 
oxidation of nitrogen under conditions of high temperature and pressure. 
The two principal nitrogen oxides in diesel exhaust are nitric oxide 
(NO) and nitrogen dioxide (NQ). NO is the predominant component of 
N*, with maximum formation occurring with 5 to 10% excess air. Rapid 
dilution of exhaust gases slows the oxidation of NO to NO2. Nitrogen 
oxides are analyzed spectrophotometrically following conversion of NO to 
N02. 

The major health effect resulting from exposure to NO is hypoxemia, 
which is caused by the reaction of IrJO with hemoglobin to form methemo- 
globin. Cyanosis and labored breathing are early signs of NO exposure. 
While NO is not a major respiratory irritant, N m  directly affects the 
pulmonary system. Changes in effective lung compliance, increases in 
expiratory and inspiratory volwne, and increases in palse and respira- 
tory rate are several observed effects. In addition, exposure t o  NO2 can 
cause a reduced level of resistance to respiratory infection. In erper- 
imental animals acute doses of NO2 result in pathological changes in 
pulmonary tissues and edema. 

In confined spaces with inadequate ventilation, the operation of LI 

diesel engine produces a gradual buildup of NOx t o  a peak levelt after 
which the concentration slowly declines. It is generally thought that 
the peak NOx levels would not represent as great an immediate health 
hazard as the exponential rise in the CO concentration. 
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5 . 2 . 3  Hydrocarbons 

Hydrocarbons are present in diesel exhaust 8 s  a result of incom- 
plete fuel combnstion. The gaseoos hydrocarbons consist of aliphatic, 
alicyclic, and aromatic compounds. The predominant light hydrocarbons 
are ethylene (7-83 ppm), acetyleme (1-38 pprn)$ and propylene (2-24 ppm). 
Heavier components consisting of indenes, acenaphatbenes, and ben-- 
ziothiophenes account for the oily kerosene odor of diesel exhaust and 

odor is due to alkenones, dienooes, furan, furfural, benzene deriva- 
tives, benzofurans, indanone, indenones, and naptbaldehydes. These ate 
present at concentrations of o .I to IO p g / m 3 .  

may be present at concentrations of 40 to 400 pg/m 3 . The srnoBy---bnrnt 

The standard method for monitoring for total hydrocarbons is the 
flame ionization detector. For detailed analysis, gas cbroEatography 
and/or mass spectrometry is necessary. 

The short chain aliphatic hydrocarbons in diesel exhaust are rela- 
tively nontoxic and occur at concentrations substantially below the OSHA 
exposure standards. Some o f  the alicyclic and aromatic compounds are 
strong irritants, and a few can cause severe systemic effects at bigh 
doses, but, a t  the concentrations cccuxing in diesel exhaust, they prob- 
ably do not represent a significant health hazard to workers occupation- 
ally exposed. 

5 . 2 . 4  Particulates 

Diesel exhaust particulates consist of elemental carbon particles 
and adsorbed polycyclic organic compounds. Particulate mass concentra- 
tion can  be determined gravimetrically following filtration o r  electros- 
tatic precipitation. Particulate emissions increase during rapid 
acceleration and when the engine i s  operating under heavy loads. 

There is little direct evidence for health effects associated with 
t h e  carbon conpoilent of diesel particnlates, but comparison with the 
effects of carbon black suggests that chronic lmg-tesm exposure could 
result in pulmonary changes such as pneumoconiosis and fibrosis. 
Further studies are needed to determine if long-term occupational expo- 
s a f e  to diesel exlzanst may produce similar changes. 

Recent studies have showri that organic solvent extracts o f  diesel 
particulates are nutagenic in various a s s a y  systems, and several of the 
polycyclic organic compounds found on particulates are hiown mutagens 
and carcinogens. These data have ra . i sed  the question as to whether 
there might be an increased carcinogenic risk associated with chronic 
exposure to diese exhaust. No epidemiological o f  laboratory studies 
have demonstrated such an incxeased risk, and limited experimental data 
suggest thrat this might be due to the redneed bioavailability and inae- 
tiation of  the PO ycyclic co~pounds following phagocytosis by the alveo- 
lsa macrophages. 
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5.2.5 Aldehydes 

Aldehydes are formed in diesel engines as a result of the incom- 
plete combustion of the fuel. The predominant aliphatic aldehydes found 
in diesel exhaust are formaldehyde and acrolein. Formaldehyde is meas- 
ured in diesel exhaust with the ~Zlromotropic acid and pararosaniline 
analytical methods. The 4-hexylresorcinol method with spectropbotomeric 
detection is specific for acrolein. 

Aldehydes are strong irritants to the skin, eyes, and mucous mem- 
branes. They can a l s o  cause increased pulmonary resistance, increased 
susceptibility to lnng infection, and pathological changes in respira- 
tory tract tissues following acute exposares. The more reactive 
aldehydes, such as acrolein and formaldehyde, are mutagenic in microbial 
assay systems and have been shown t o  be carcinogenic in experimental 
animals. In the latter case, chronic inhalation of high concentrations 
resulted in a significant increase in nasal and laryngeal carcinomas. 

Because they are such strong irritants, aldehydes may be an immedi- 
ate health hazard in confined space workplaces in which diesel engines 
are operating. With inadequate ventilation, air concentrations may 
easily exceed the 8-hr TlBA of 1 ppm for formaldehyde and 0.1 ppm for 
acrolein. Limiting total aldehyde concentrations to 10 ppm in undiluted 
exhaust and maintaining B 50-to-1 ventilation rate would ensure that 
these levels were not exceeded. In view of the carcinogenicity of 
acrolein and formaldehyde to experimental animals, efforts should be 
wade to reduce occnpational exposures t o  the lowest level possible, at 
least until a maximum safe exposure level is established. 

5.2.6 Sulfates and Sulfnric Acid 

Diesel fuel contains as much as 1% sulfur. During the combustion 
process, the sulfur i s  oxidized t o  form sulfur dioxide (S02) .  The aver- 
age concentration of SO2 in diesel exhaust is about 40 ppm. The So;! can 
be further oxidized to sulfuric acid and various inorganic sulfates. 
Sulfuric acid accounts for more than 90% of the water-soluble sulfates 
in diesel exhaust. 

There is currently a national air quality standard for SO2 of 0.03 
ppm annual arithmetic mean and 0.14 ppm 24-hr average; however, there 
are no national standards for sulfuric acid or total sulfates. Of the 
50 states, only 4 have air quality standards for sulfates, and these 
range from 10 pg/m3 to 30 pg/m3 for a 24-hr average. 
sure limits for occupational exposures to total sulfates, but the OSHA 
8-hr TWA for sulfuric acid is 1 mg/m3. 

There are no expo- 

The two analytical methods that are routinely used for determining 
total water-soluble sulfate levels in atmospheric samples are the turbi- 
dimetric method and the methylthymol blue method. The barium 
chloranilate/av spectrophotometric method, however, is most often used 
in analyzing diesel exhaust for sulfates. 



S u l f a t e s ,  p a r t i c u l a r l y  s u l f u r i c  a c i d ,  are  strong, r e s p i r n t o r y  and 
pulmonary i r r i t a n t s .  I r r i t a n t  potency i s  dependezt  no t  o n l y  on chemical 
s p e s i e s  and c o n c e n t r a t i o n  bu t  a l s o  on t h e  s i z e  a€ t h e  a e r o s o l s  o r  p a r t i -  
c u l a t e s  and on t h e  s u s c e p t i b i l i t y  of t h e  exposed s p e c i e s .  Caw doses can  
cause  minor changes i n  pulmonary dynamics; h igh  ch ron ic  doses  can 
cause b r o n c h i a l  and a l v e o l a r  l e s i o n s  and seve re  pulmonary damage. Bow- 
e v e r ,  s u l f u r i e  a c i d  and sulfates h ve no t  been found t o  be  mutagenic,  
c a r c i n o g e n i c ,  o r  t e r a t o g e n i c .  

Whether s u l f u r i c  ac id  l e v e l s  i n  d i e s e l  exhaust  pose a h e a l t h  hazard  
i n  conf ined  space workplaces i s  dependent on s e v e r a l  f a c t o r s  , inclrrding 
( 1 )  f u e l  s u l f u r  c o n t e n t ;  (2) r a t e  of o x i d a t i o n  o f  f u e l  s u l f u r  t o  S02; 
( 3 )  the r a t e  of convers ion  of SO:! t o  s u l f u r i c  a c i d ;  ( 4 )  v e n t i l a t i o n  
r a t e ;  ( 5 )  a i r  volume of t h e  conf ined  space;  and ( 6 )  engine  ope ra t ing  
p a r m e t e r s ,  For average f u e l  s u l f u r  l e v e l s  o f  0.2931, the  s n l f u r i c  ac id  
l e v e l  in. u n d i l u t e d  d i e s e l  exhaust  can be above t h e  OSHA exposure l i m i t  
o f  P mg/m3. For a c o n c e n t r a t i o n  of 5 mg/m3, a v e n t i l a t i o n  r a t e  of 0.07 
m 3 / m i n  p e r  r a t e d  horsepower,  or more, would be needed t o  redaca t h e  s i r  
c o m e n t r a t i o n  t o  t h e  OSaA l i m i t .  l a p  t h e  absence of adequate  v e n t i l a -  
t i o n ,  i n  an enc losed  space of 10,000 cu.  f t . ,  t h e  s u l f u r i c  a c i d  l e v e l  
may reach  the  OSHA l i m i t  i n  o n l y  R matter of minutes ,  depending on the  
engine  s i z e  and engine  load.  

5 . 2 . 7  Odor, Noise, and Smoke Emissions 

The c h a r a c t e r i s t i c  odor of d i e s e l  exhaust  i s  due t o  v a r i o u s  gascoos 
a l i c y c l i c  and aromat ic  hydrocarbons t h a t  are  formed as a r e s u l t  of 
incomplete  f u e l  combustion. The oi ly-kerosene component of diesel odor 
has been a t t r i b u t e d  t o  indanes,  indenes ,  benzenes,  t e t r a l i n o ,  and 
naphtha lenes .  There i s  a l s o  a swoky--burnt odor component t h a t  i s  due t o  
more ox id ized  d e r i v a t i v e s  saeh as indanone, indeneone, pheno l s ,  
naph tho l s ,  fu ran ,  and f u r f u r a l .  'me smoky-burnt odor coolponeat i s  
d e r i v e d  f r o m  tke  l i q u i d  chromatographic oxygenate f r a c t i o n  (X,@O).  The 
LCO c o n c e n t r a t i o n  in d i e s e l  e x h r a ~ s t  averages 5 m g / d  wi th  i n d i v i d u a l  
components p r e s e n t  a t  c o n c e n t r a t i o n s  of 1 t o  10 pg/m f . 

Actual  h e a l t h  e f f e c t s  o f  odor  components are i l l - d e f i n e d  because 
the chemica ls  are p r e s e n t  i n  such smal l  awonnts. la conf ined  space wonk--- 
p l a c e s ,  d i e s e l  exhaust  odor may b e  very  annoying, bu t  t h e r e  is  no ev l -  
dence t h a t  this would r e p r e s e n t  a s i g n i f i c a n t  h e a l t h  hazard ,  

D i e s e l  engine no i se  i s  m o t h e r  f a c t o r  which must be cons ide red  i n  
us ing  d i e s e l s  i n  conf ined  space workplaces.  For some engines ,  n o i s e  
l e v e l s  exceed c u r r e n t  f e d e r a l  s tandaxds .  Unless n o i s e  l e v e l s  a r e  
reduced by modifying engine  des ign ,  hea r ing  p r o t e c t i o n  would have t o  be 
used by pe r sonne l  o p e r a t i n g  such equipment in conf ined  spaces .  

D i e s e l  exhaust  smoke i s  most apparent  dnr ing  r a p i d  a c c e l e r a t i o n  and 
whew t h e  ePngine i s  ope ra t ing  under heavy load .  Exhaust smoke becomes 
v i s i b l e  when c o n c e n t r a t i o n s  reach  about 5 mg/ft3. D i e s e l  s o o t ,  which 
c o n s i s t s  of a l a r g e  amount of e lementa l  carbon as  wel l  as  adsorbed 
orgaizics,  r e s u l t s  f rom incomplete  fue l  combustion. Smoke op;acPity is 
measured wi th  a l i g h t  e x t i n c t i o n  meter ,  I n  conf ined  space wofkplaces ,  



excessive amounts of diesel smoke may cause reduced visibility and 
worker discomfort. Although long-term health effects resulting from 
occupational exposures have not been established, there is the potential 
for adverse pulmonary effects, 

5.3  CONFINED SPACE WOWLACE CONCERNS 

5.3.1 Control of Diesel Emissions 

Diesel emissions can be controlled by fuellfnel-air modifications, 
engine and fuel injection design modification, and exhaust after treat- 
ment modification. 

Fuel composition can have a significant effect on exhaust composi- 
tion. Smoke and particulate emissions can be reduced through the use of 
fuels with a lower cetane number, lower density, and/or lower aromatic 
content. However, lower cetane fuels may also result in increases in CO 
and aldehyde emissions. The fuel sulfur content will directly affect 
the concentration of SO2 in the exhaust, and this, in turn, will deter- 
mine the concentration of water-soluble sulfates and sulfuric acid. 
Because conversion of SO2 to SO4 is catalyzed by diesel particulates, 
the greater the concentration of particulates, the greater the mount of 
sulfuric acid formed. 

Fuel additives can also affect diesel missions. Smoke reducing 
additives can reduce smoke emissions. but, in some cases, this may actu- 
ally be accompanied by an increase in the total particulate mass emis- 
sion rate. Fuel additives that function as cetane improvers may 
increase the amount of black smoke released during periods of accelera- 
tion or when the engine is under heavy load. 

NOJ~ emissions can be reduced by exhaust gas recirculation; however, 
this may be accompanied by increases in hydrocarbons, smoke, and CO 
emissions. 

For diesel engines operating under steady state conditions, tnrbo- 
charging can reduce smoke and CQ emissions, but excessive smoke may be 
released during periods of acceleration because of a delay in the tnrbo- 
charger response. 

Fuel fumigation, or the addition of a small portion of the fuel 
charge t o  the intake air before the air enters the combustion chamber, 
can reduce both engine noise and exhaust smoke, but, under full load 
conditions, hydrocarbon emissions may increase substantially. 
Alcobol/water fumigation reduces NOX emissions and particulates, but 
causes an increase in exhaust CO and unburned hydrocarbons. 

Water addition, through the use Qf waterjfuel emulsions or by fumi- 
gation or direct injection, can reduce NOX and particalate emissions, 
but under certain circumstances there m y  be increases in hydrocarbon 
and CO emissions. 



The two basic engine design modifications that C ~ B  affect. diesel 
emissions involve the fuel injection process. In direct injection 
engines, the fuel enters the combustion ~hanmber directly, but, in 
indirect injection systems, it enters a m a l l  prechamber where mixing 
and ignition occur befone the total airBfuel charge i s  released into the 
main chamber. Becanse of greater fuellais mixing and more co~plete 
combustion, indirect injection engines generally have reduced emissions. 
Direct injection engines can also be modified to increase fuel/air mix- 
ing, ss with a swirl chamber at the top of the piston, which will also 
redwe emissions a 

Diesel emission control devices fat1 into four categories: (1) 
catalysts; (2) scrubbers; ( 3 )  particulate t raps ,  and ( 4 )  reactors. 
Qxdiation catalysts can be used to oxidize hydroearhons and CO to water 
and 0 2 .  They have no effect on NOx but can cause a more rapid rate of 
conversion of SO2 to SO3 and sulfuric acid. Kheduction of hydrocarbon 
concentration would have the secondary effect of reducing diesel odor 
levels. Water scrubbers can be used to control particulates as well as 
hydrocarbons and S02.  Particulate “trfaps are filters on which exhaust 
particulates and sulfuric acid are collected, Tbey may be modified so  
that high temperatures are generated to oxidize the collected material 
and thereby regenerate the trap. Reactors are high temperature reaction 
chambers that can further oxidize the exhaust components. They may also 
be fitted with oxidation catalysts to promote the reaction, 

5 . 3 . 2  Effect of Ambient Conditions on Diesel Emissions 

Temperatnre, humidity, and barometric pressure can affect diesel 
e x h a u s t  emissions because of their interactive effects on the density of 
the  intake air and the resnlting change in the fuel-to-air ratio in the 
combustion chamber. Thus2 high temperatures, low humidities, and low 
air pressures reduce air density and, thereby, increase the fuel-to-air 
ratio. For engines operating at maximum power ontpnt, this can result 
in R substantial increase in emissions of incomplete coEbixstion by-- 
prsamcts, 

Ventilation rate is a key anbient factor in affecting exhaust corn- 
position and io determining the buildup of exhaust pollutants in an 
enclosed space. Without ventilation there will be a linear decrease i r *  

the oxygen level, a linear increase in CO2, an  exponential increase in 
CO, and an. increase, followed by a slow decrease, in NOx. Under such 
conditions the CO level may exceed the OSHA exposure limit in only w. few 
minutes. For a very efficient engine the minimum ventilation rate 
(based on dilution of C02 t o  an acceptable level) would be 40 cfmlrated 
horsepowex. For any exhaust pollntant the minimum required ventilation 
rate can be calculated from the exhaust flow, the concentratian of the 
pollotant in the exhanst, and the maximum exposnre J i m i l l  fer the cam- 
pjQusld + 

5.3.3 Engine: Dperating .Parameters 

The most critical engine operating parameters that  affect exhanst 
emissions are engine speed and l o a d .  Rapid acceleration is the primary 
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cause of emissions of particulates, CO, and hydrocarbons, This is espe- 
cially true when the engine is operating near maximum load. NO emis- 
sions decrease at maximum load due to the reduction in available oxygen. 
Thus, operation of diesels a t  intermediate speeds and loads should 
result in the lowest levels of exhaust pollutants. 

5 .3 .4  Diesel Engine Certification and Maintenance 

The Mine Safety and Health Administration has a certification pro- 
gram for diesel powered equipment used in underground mines. According 
to MSHA, the most important factors for minimizing diesel exhaust emis- 
sions are: (1) a properly functioning engine; (2) restrictions on max- 
imum power output; ( 3 )  rapid and immediate dilution of exhaust with ven- 
tilation air; and ( 4 )  8 minimum ventilation rate for each engine so that 
each primary exhaust component is at or below the maximum acceptable 
level (0.596 for CO2, 0.01% for CO, 25  ppm for NO=, and 10 ppm fox total 
aldehydes 1 . 

Proper maintenance of diesel engines is necessary to ensure that 
undesirable levels of exhaust pollutants are avoided in confined space 
workplaces. The most important engine components and accessories to 
maintain in proper working order include the fuel injection system, the 
fuel pump, the air intake system, and the engine exhaust system. Any 
malfunction that alters the fuel/air ratio in the combustion chamber 
could substantially change the exhaust composition. 

5.3 .5  MonitorindModelina Considerations 

The Mine Safety and Health Administration uses a minimum mandatory 
ventilation rate to ensure that diesel exhaust pollutants do not exceed 
acceptable levels in undergxound mines. In the absence of such stan- 
dards, air quality in a confined space workplace in which a diesel 
engine is being operated must be determined from environmental mnitor- 
ing and relating concentrations of specific exhaust components to short- 
and long-term occupational exposure limits. Attempts have been made t o  
correlate pollutant concentrations to carbon dioxide, a stable combus- 
tion by-product, to arrive at a single key marker for monitoring. 
Further study is needed to determine if this technique can have wide 
applicability. 

In the absence of monitoring data, the buildup of exhaust pollu- 
tants in a confined space can be calculated from engine emission rates, 
work cycle estimations, air ventilation rates, air volume of the 
enclosed space, and potential for mixing or stratification of the 
exhaust in the workplace atmosphere. In storage areas, the voXlame of 
material stored will affect the latter factor, as well as residual air 
volume and possibly ventilation patterns and rates. Consequently, 
unless it can be shown that such models provide an ample margin of 
safety, workplace monitoring may still be necessary. 
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APPENDIX A-1 

REVIEW AND ANALYSIS OF PERTINENT REFERENCES 
ON TBE REGUIATORY ASPECTS OF 

DIESEL ENGINE EMISSIONS 
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ACGIH. 1982. American Conference of Governmental Industrial Hygien-- 
ists. T f V s .  Threshold limit values for chemiccnl substances in work air 
adopted by ACGIH for 1982. American Conference of Governmental Indus- 
trial Hygienists, Cincinnati, 8w. 

Review: 

Threshold limit values are given for the following regulated com- 
ponents of diesel engine emissions: carbon monoxide, 54) ppm 8-hir TWA and 
400-ppm STEL (short-term exposure limit); formaldehyde, 2-ppm ceiling 
valae, nitric oxide 25-ppm 8-hr TWA and 35-ppm STEL, and nitrogen diox- 
ide 3-ppm 8-hr 'IWA and 5-ppm STEL. TLVs for unregulated diesel exhaust 
components include those for acetaldehyde (100-ppm 8-hs TWA and 158-ppm 
STEL,), acrolein (8.1-pprn TWA and 0.3-ppm STEL), crotonaldehyde (2-ppm 
TWA and 6-ppm STFL), sulfnr dioxide (2-ppm TWA and 5-ppm STEL), and sul- 
furic acid (1 mg/m3 WA). There are no AGGIR recommendations for limit- 
ing exposures to  total aldehydes, total hydrocarbons, or total particu- 
lates in diesel exhaust. 

Analysis : 

The STEL values given by ACGIH are 15-min time weighted averages 
which supplement the 8-hr 'IWA values. The STIXs should not be exceeded 
at any time daring a work day even if the 8-hr IWA is within the recom- 
mended limits. The STFLs are designed to ensure that workers do not 
suffer from contact irritation, chronic or irreversible tissue change, 
os narcosis as a result of short-term exposures. 

EPA. 1980c. U . 8 .  Environmental Protection Agency. Control of air 
pollution from new motor vehicles and motor vejhicle engines. Gaseons 
emission regulations for 1984 and later model year light-duty trucks. 
Federal Register 4§(188):63734-63784. 

Review: 

This ruling establishes new emission standards for 1984 and latex 
light-duty trucks (under 4000 lb). The new standard for hydrocarbons 
will be 0.8 g/mi, and that for CO, 10 g/mi. CO emissions during vehicle 
idle, as expressed i E  terms of raw exhaust concentration, will be lim- 
ited to 0.47%. The NOx standard for 1984 and later is 2.3 g/mi. 

Ana lys is : 

This ruling also contained specific 1985 standards for light duty 
trucks operated at high altitudes; however, these standards were modi- 
fied in a later ruling ( s e e  EPA 1983). 

E A .  1980d. U.S .  Environmental Protection Agency. Control of air 
pollution from new motor vehicles and new motor vehicle engines: Final 
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high-altitude emission standards for 1982 and 3.983 model yeas light-duty 
vehicles. EedlLaJ.- Register 45(197):65984-63015, 

Review: 

me e m i s s i o n  standards for 1982 and 1983 model light-duty trucks 
operated a t  altitudes above 4000 ft are:  2.0 g/wi of total hydrocarbons, 
26 g l m i  of carbon monoxide, and 2,3 g/mi of NOx. No standard was asta- 
lilished for particulates. 

Ana lys is : 

The standards are designed to provide the same proportional 
decrease  in emissions as those in effect for light-duty trucks operated 
a t  low altitudes, 

WA. 1983 .  U . S .  Environmental Protection Agency. High-altitude 
emission s t a n d a r d s  for 1984 and later model year light-duty tracks: 
F i n a l  r u l e ,  Federal Register 48(8):1418. January 12, 1983. 

Review. 
_s- 

This final ruling establishes the 1984 and later year emission 
standards for light-duty trucks operated at high altitudes. The stan- 
dards  will be: t , O  g/mi for total hydrocarbons, 14 g/mi for carbon 
monoxide, and 2.3 g/mi for NOx. No standard was, set for particulates. 

Analysis: 

The high altitude standards were derived from the low altitude 
s t s n d n r d s  by using B proportional factor  such that the same percentage 
reduction in amissioris would be achieved, The &Ox standard is the same 
~ e g r n r d l e s s  of altitude because  NQx emissions frors, uncontrolled vehicles 
normally decrease with inoneasing altitude. 

&%HA. 1982 1/ Mine Safety and Wealth Administration. obi1 e diesel- 
gowesad eqvipmeut for nsncoal mines. Code of Federal Regulations, Part 
32, revised July 1, 1982. Mine Safety anid Health Administration, Wash- 
ington, DC,  

Review: 

In order to s a f e g u a r d  the health of nnderground miners,  the line 
S a f e t y  and Health Administration (MSHA) has established emission stan-- 
d8 r d s  for diesel-powered equipment. For noncoal mdexgroand mining the 
standard far t o t a l  aldehydes i s  10 ppm (after exhaust dilution and meas- 
uxc3 as formaldehyde eqnivalcnts). There are no s taadards  for specific 
aldohydas, For carbon monoxide the MSHA standard i s  2500 ppm in undi- 
luted diesel e ~ h a ~ s t  and 100 ppm after dilation. T I S  l a t t er  value i s  



also the maximum permissible occupational exposare limit recognized by 
MSHA. In mines having 0.25% or more flammable gas, the emission standard 
is 100 ppm and the exposure limit is 50 p p m .  For total nitrogen oxides 
the MSBA standard is 25 ppm after dilution, and the exposure limit is 
also 25 g p m .  For mines containing flammable gas the emission standard is 
200 ppm in undiluted exhaust and 25 ppm i n  diluted exhaust, and the 
occupational exposure limit is 25 ppm. MSRA does not have any emission 
standards or exposure limits for total hydrocarbons or total particulate 
in diesel exhaust. 

Ana lys is : 

In order to ensure tbat its emission standards and exposure limits 
are met by industry, MSKA has established an engine certification pro- 
gram. For each engine certified MSBA has determined the minimum mine 
ventilation rate that must be maintained to keep the regulated emissions 
at safe levels. Although ILO specific data are available, it is likely 
that these ventilation requirements would also have the effect of reduc- 
ing the concentrations of other unregulated, pollutants, such as total 
hydrocarbons, particulates. and S02,  to safe levels, 

NIOSB. 1982. National. Institute of Occupational Safety and Health. 
Summary of NIOSB recommendations for Occupational Health Standards. 
Draft report. National Institute of Occupational Safety and Health, Cin- 
cinnati, OH. 

Review: 

NIOSEI periodically revises Criteria Docnments and prepares special 
Hazard Reviews far the Occupational Safety and Health Administration of 
the Department of Labor. This document smmarizes in tabular form recent 
changes in NIQSH recommendations, lists the current OSHA standards, and 
briefly describes the major health effects of each of the chemicals. 
There are no NXBSH recommendations for limiting occupational exposures 
to total aldehydes, total hydrocarbons, or diesel engine particnlates. 
F o r  carbon monoxide the recommended 10-hr TWA is given as 35 ppm (40  
mg/m3 with a ceiling value of 200 ppm (229 m g / m 3 .  No recommendation is 
given for exposures to total nitrogen oxides; howevex, for NO2 the 15 
min ceiling value is given as 1 ppm o r  1.8 m g / m 3 ,  and for NO the 10-hr 
I T A  is given as 25 p p m .  

Analysis : 

The NIQSH recommendation for carbon monoxide is based on potential 
health effects relating t o  the heart; that for NO is based on adverse 
effects to the blood; and that for NO2 is based on potential effects on 
the respiratory system. NXOSFI does not have recommendations for limiting 
exposures to diesel exhaust, nor has it considered the potential 
interactive health effects of varions components of diesel exhaust. 



OSHA. 1 8 8 2 .  Occapat iona l  S a f e t y  and Hea l th  Adminis t ra t ion .  U.S. 
Department of Labor. Toxic and Bazardons Snbstances.  U.S. Code of 
Fede ra l  Regu la t ions ,  T i t l e  2 9 ,  r e v i s e d  J u l y  1, 1882. Washington, DG. 

The OSHA s tsndaxds  f o r  occupa t iona l  exposure t o  a i r  contaminants  
are  g i v e n  i n  t h i s  p a r t  of the  U.S. Code of F e d e r a l  Regu la t ions .  Of t h e  
r e g n l a t e d  cornpanenits of d i e s e l  engine emiss ions ,  on ly  carbon monoxide 
( C O ) ,  n i t r i c  ox ide  (NQ), and n i t r o g e n  d i o x i d e  (NO21 have OSHA exposure 
l i m i t s ;  8-hr WAS dire 5 5  ppm f o r  CO and 25 ppn for NO, There i s  no 8-hr 
TWA for NO2; however, OSBA Bas a 5-ppm c e i l i n g  va lue  for t h i s  compound. 
Unregulated components of d i e s e l  emiss ions  f o r  which t h e r e  a r e  OSITA 
cxposure l i m i t s  inc lude  ace ta ldehyde  (200-ppm 8-hr WA), a c r o l e i n  (1-ppm 
8-hr TWA),  c to tona ldehyde  (2-ppm 8-hr W A ) ,  formaldehyde (3-ppm 8-hr 

A, 5-ppm c e i l i n g  va lue ,  IO--ppm 30-min maximum peak above t h e  c e i l i n g  
vraIus), s u l f u r  d ioxide  (5-ppm 8-hr "A), and sul far ic  a c i d  (1 mg/m3 8-hr 
WA). 

Ana lys i s  : 

I n  most c a s e s  t h e  OSHA exposure l i m i t s  a r e  based on 8-hr time 
we igh ted  averages ;  consequent ly ,  shor t - te rm exposures  of 3 0  min o r  l e s s  
can  be c o n s i d e r a b l y  h ighe r  b e f o r e  the WAS a r e  exceeded. There a r e ,  how- 
eve r ,  no d a t a  i n d i c a t i n g  t h a t  t h e  maximum s a f e  30-min exposnre l i m i t s  
are d i r e c t l y  p r o p o r t i o n a l  t o  t h e  8-hr TWAs. 



APPENDIX A-2 

REVIEW AND ANALYSIS OF PERTINENT REFERENCES 
ON IRE IDENTIFICATION ANlB QUANTIFICATION 
OF CHEMICALS IN DIESEL EXGINE EMISSIONS 
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D E U E .  1982. Blocker-)Ia~boldt-Deutz AG. Air-cooled diesel engines, 
FL 912, BF 6L913. Klocker-HumboPdt-Deutz AG, Cologne, West Germany. 

Review 

This is a manufactures's brochure which describes two series of 
Deutz diesel engines. Both series come in direct injection or two-stage 
combustion models. Emission rates of prinary pollutants from the direct 
injection model of both engine types are compared graphically with those 
from another Deutz two-stage combustion model ( F  8L 413W), a gasoline- 
powered and a natural-gas-powered engine. The emission rates of CO were 
reported to be 4.0 glhp-hr for the direct injection engines and 1.8 
glhp-hr for the for the two stage combustion engine. For total hydrocar- 
bons the rates were 2 .5  glhp-hr (direct injection) and 0 .4  g/hp-hr (two 
stage combustion), and for NUx the rates were 8.5 g/hp-hr (direct injec- 
tion) and 4.7 g/hp-hr (two stage combustion). 

Ana lys is 

The data as presented do not allow for a comparison of emission 
rates at different engine speeds and loads. SWRI (1983) has tested the 
Deutz F 3L 912W diesel and has reported that at very low loads the emis- 
s ion rates can be quite high ( e . g . ,  at 2% load GO was 14.79-86.85 g/Bp- 
hr; HC was 5.14-19.24 g/bp-hr; and NOx was 27.11-126.36 g/hp-hr); how- 
ever, at high loads the rates drop to below those reported by the 
manufacturer for the F 8L 413W engine (e.g., at 100% load, CO was 0.55- 
0.94 g/hp-hr; HC was 0.14-0.25 glhp-hr, and NO= was 2.41-3.09 g/hp-hr). 
Thus, the rate of buildup of air pollutants in a confined space situa- 
tion would depend considerably on engine operating conditions. 

Fanlds, A . J . ,  Z. Waszczylo, and K . C .  Westaway. 1981. Polynuclear 
aromatic hydrocarbons in the underground mine environment. jXJ Bulletin. 
74(835):84-90. 

Review 

Air in underground mines in which diesel engines were being ased 
was sampled by means of B i  Vol filters. The particulate matter on the 
filters was extracted with benzene and methanol, and the extracts were 
analyzed for polynuclear aromatic hydrocarbons (PAHs) by means of thin 
layer chromatography and spectrofluorometry. Thirty PABs were separated 
from the samples, and eleven of these were identified and quantified. 
Concentrations were as high as  429.70 ng/m3 for pyrene, 72.75 ng/m3 f o r  
fluoranthene, 40.33 ng/m3 for benzo(a)anthracene, 38.87 ng/m3 for 
benzo(e)pyrene, 1.47 ng/m3 for 
benzo(h)fluoranthene, 8 . 3 7  ng/tn8 for benzo(a)pyrene, 15.39 ng/m3 for 
benzo(ghi)perylene, P .98 ng/m3 for dibenzo(def ,mo)chrysene# 12.65 ng/m3 
for naptho(l234,def Ichrysene, and 3.99 ng/m3 for benzo(rs$)pentaphene. 
Seven of these compounds are known carcinogens. 

erylene, 7.49 ng/m3 for 
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The au tho r s  no te  t h a t  t h e  concentrrtion of PAHs i n  t h e  mines was 
related t o  d i e s e l  a c t i v i t y ,  type  of d i e s e l  enginc  and/or type of f u e l  
iTSed, amount of ventilation, and type of mine from which t h e  a i r  samples 

d i e s e l ,  however, d i d  no t  appear  t o  a f f e c t  t h e  PMI l e v e l s  markedly.  It 
was a l s o  nsted t h a t  t h e  conGen t r r t i ons  found were lower than  those  
r e p o r t e d  f o r  O ~ ~ O T  i n d u s t r i a l  n p e r n t i s n s  and even f o r  some atmospheric  
samples t aken  over  some Large c i t i e s .  

--*<. >.- ,e  t aken ,  Adding a PTX c a t a l y t i c  c o n v e r t e r  t o  t h e  exhaust  system of a 

IQites , B.A. ,  Y. Ming-Li, W.Ge 'l%iRly. 1980. Compoands a s s o c i a t e d  
w i t h  d i e s e l  exhaust  particnlates. I n  AI. Cooke and A.J ,  Dennis ,  eds. 
P o B y m ~ ~ ~ e ~  Aromatic Hydrocarbons. Chemical Analys is  and B i o l o g i c a l  

Bert te l le  Press, Columbus, OHa 

A particulate sample was f i l t e r e d  from t h e  exhaust  of L 350 in3  
Oldsmobile d i e s e l  engine ,  and then  e x t r a c t e d  wi th  methylene c h l o r i d e  f o r  
16 hr,, The crude e x t r a c t  was f r a c t i o n a t e d  on a s i l i c i c  a c i d  column us ing  
seven d i f f e r e n t  e l u a t e s .  Chemical ana lyses  (gas  chromatography/flame 
i o n i z a t i o n  d e t e c t i o n )  were conducted QIR two of t h e  f r a c t i o n s ;  one was 
e l u t e d  w i t h  B E:l mixture  of hexane and to luene  and another  wi th  p a r @  
to lnenc .  Polynuc lea r  aromatic  hydrocarbons (PAIIs) were found i n  t h e  
hexane/ to luene  f r a c t i o n ,  and oxygenated p o l y c y c l i c  compounds such as  
aldehydes and ketones were fQUnd i n  t h e  o t h e r  f r a c t i o n .  The PhHs were 
compounds con ta in ing  three t o  f i v e  a romat ic  r i n g s .  Phenanthreae and 
alkylated phenanthrenes were  the major  components. F luo raa thene ,  pyrene 
and t h e j r  methyl homologs, and a l k y l  flusrenes were a l s o  d e t e c t e d .  
Phenyiaaphtbalene rind i t s  C1. C2, and C3 a l k y l  homologs were a l s o  t e n t a -  
t i v e l y  i d e n t i f i e d  i n  t h i s  f r a c t i o n ,  The aldehydes found i n  t h e  to luene  
f r a c t i o n  included naphthaldehyde and i t s  a l k y l  homologs, phenanthrene- 
carboxaldehydes and t h e i r  a l k y l  homologs, biphenylcarboxaldehydes and 
t h e i r  @I and C 2  a l k y l  homologs and pyrenecarboxaldehyde and 
fluoranthe~@carboxald~~3~e. The most common ketones  fonnd i n  t h e  to luene  
f r a c t i o n  were fluorenoue and a l k y l a t e d  f luo renoncs .  Also found were t h e  
diketdnes 9 , lO-an th r~se f i ed ione  and ~etbyl-9,10--anthraeendio~~. 

AnwSys is 

This study does not provide  q u a n t i t a t i v e  d a t a  on PABs i n  d i e s e l  
p n r t i e u l a t e s  e x c e p t  i n  i n d i c a t i n g  which cornpounds o r  groups of compounds 
.;exc r e l a t i v e l y  more abundant.  The benzopyrenes, well-known mutagens, 
?:ere d e t e c t e d  a t  o n l y  very low l e v e l s ;  howcver, t h e  mutagenis: methyla ted  
phenantbrenss  and methyla ted  fluorenes were r e l a t i v e l y  more COQII1QIL. 



Review 

This paper reviews several methods for reducing emissions from 
diesel engines. The effect of an Engelhard PTX catalyst on emissions of 
carbon monoxide, hydrocarbans, and particulates at different engine 
speeds and torques is illustrated graphically fox an unidentified 
engine. Without the catalyst CO emissions ranged from about 27 to 63 
g/hr,  but with the catalyst they were below 10 g/hr. Total hydxocarbon 
emissions, when uncontrolled, ranged from about 4 to 15 g/hr, but were 
rednced to 2 to 7 g/hr by the catalyst. Total particulates (cyclohexane 
insoluble and soluble organic components) were not substantially altered 
by the catalyst, however, there was a progressive increase in the 
conversion of SO2 t o  SO4 with increasing; catalyst temperature and 
fueljair ratio. Percent conversion rose from about 7% at temperatures 
below 200OC to above 40% a t  temperatures above 350OC. 

The effectiveness of a fiberglass filter in reducing particulate 
emissions was evaluated on B Deutz F 6L 714 and a Deutn F 8L 413 engine. 
With the first engine the exhaust gas was cooled upstream of the filter 
by water injection. The trapping efficiency of the filter ranged f r m  70 
to 90%. In the second engine the efficiency was 60 to 80%. 

Fxhaust gas recirculation tests with a Deutz engine indicated that 
N& emissions could be reduced by 60%; however, there were also substan- 
tial increases in particulate, COD and gaseous HC emissions. Twenty per- 
cent exhaust recircnlation at full load resulted in a 78090 increase in 
particulates, a 600% increase in CO, and a 100% increase in gaseous 
hydrocarbons. 

Use of a 15% water/fuel emulsion resulted in a 40 to 50% reduction 
i n  NOx and particulates when tested in a Deutz F 61,714 diesel; however, 
when tested in a Detroit Diesel 8V 71N, unacceptably large amounts of 
water were needed before effective reductions in NQx were achieved. 

When the waterffuel emulsion was tested in a Deutz F 6L 714 diesel 
fitted with a catalyst and an exhaust filter, NO was reduced by about 
35W, total hydrocarboxis by about 90%, CO by about 90%. end particulates 
by over 95%. When the same engine was fitted with an exhaust gas recir- 
culation system (20% o f  exhaust recirculated), a catalyst, and an 
exhatast filter and run on standard diesel f u e l ,  all emission components 
were reduced by 50% or more, and over 95% of the H2SO4 was removed by 
the filter. 

Ana lss is 

This review, which covexs the results of several earlier studies, 
clearly demonstrates that a combination of control techniques is needed 
t o  effectively redace the levels of diesel emissions without at the same 
time causing a large increase in any one component stlch as NO= or H2SO4. 
Further studies of t h i s  type, on direct injection and two-stage combus- 
tion diesel engines, would be very useful in determining the maximum 
effectiveness of such controls. 
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L ~ V L I P S ,  P.1, .  1?81. Review o f  D i e s e l  Odor and Tor ic  Vapor Emissions. 
Report No. DOT-BS-805 8 3 8 .  U.S. Department of T r a n s p o r t a t i o n ,  Washing- 
ton. EC B 

T h i s  r epor t  reviews the  pre-1998 informat ion  a v a i l a b l e  on t h e  
a n a l y s i s  and chracterization of d i e s e l  engine exhaust  components* 
inc lud ing  odor ,  i r r i t a n t s ,  t o x i c  chewicmls, and po lynuc lea r  a romat ic  
hydrocarbons.  D i c s s l  exhinust nay c o n t a i n  100-3Q00 ppm CO (normal ly  300- 
500 ppn);  2.4-8.7% C82; 100--1280 ppm NO, ( g e n e r a l l y  500-700 ppm and con- 
sisting mainly of Nab w i th  10-50 ppm N02); 40 ppm SO2 ( i n e l u d i n g  2-4 ppm 
as s u l f u r i c  a c i d ) ;  ( 0 . 8 5  t o  10.7 ppm l igh t :  hydrocarbons ( C l - C y ) ,  cou- 
sisting p r i m a r i l y  of e t h y l e n e ,  a c e t y l e n e ,  and propylene ;  1-30 ppm t o t a l  
aXCtehhgdes ( t y p i c a l  valaaes 15-24) ppm, i nc lud ing  3-7 ppm formaldehyde and 

c l e a r  aromat ic  hydrocarbons,  i nc lud ing  phenantbreaes ,  py renes ,  
f l a o r a n t h e n e s ,  pyrenes,  chrysenes ,  and pe ry lenes ;  and p a r t i c u l a t e s  Gon- 
tRin ing  aromat ics  and po lynuc lea r  6lromirtics and t h e i r  ox id ized  der iva-  
t i v e s  D 

0.3-3 ppa~ a c r o i e i n ) ;  100 p g ~ d  t o t a l  phenols ;  25 mg/1113 odoran t s ;  p ~ i ~ ~ n ~ - -  

T h i s  r e p o r t  p rov ides  a good summary of d i e s e l  emissions d a t a  but 
does s*ot c o n t a i n  i s f o r m t i o n  on s p e c i f i c  engines  or o p e r a t i n g  coadi-  
t i o n s  

i s s i o n  Control f o x  D i e s e l s  Operated Under- 
ground:  C a t e l y t i c  Conver te rs .  Report RERC/FJ-75/8.  P a r t l e s v i l l e  Energy 
Research Center,  B a r t l e s v i l l e ,  OKa 

Three c a t a l y s t  systems (two platinum and one n i c k e l )  were t e s t e d  i n  
one or  nore of  four d i f f e r e n t  diese l .  engines  [2-stroke, d i r e c t  i n j e c -  
t ion;  4-stroke ( a i r  cooled) i n d i r e c t  i n j e c t i o n ;  +-stroke, Lanova combus- 
t i o n  sys tem;  4 - ~ t r o k ~ ,  i n d i r e c t  i n j e c t i o n  us ing  one or more of fou r  d i f -  
f e r e n t  x^neis  (spr~fg’, ,  GonteDt 0.15,  0.30, 0.~3, ana 1.04%).  ne 
c a t a l y s t s  were much m o r e  e f f i c i e n t  than  t h e  n i c k c l  c a t a l y s t  i n  ox id i z ing  
C 8  and WC. R o t Z  CO and HC were s i g n i f i c a n t l y  reduced when exhaust gas 
~ e m p s r ~ t u r e  e ~ c c e d e a  600011;. rim platinum c a t a l y s t  WLBS alst e f f e c t i v e  
-ten u s e d  i n  a. p e l l e t i z e d  form as compared with a monol i th ic  cons t r ae -  
t i o n .  Exhaust g a s  odors  were s u b s t a n t i a l l y  reduced by the platinuan 
c a t a l y s t s ;  h m c v e r ,  emiss ions  cf  SO3 i m r e a a e d  almost  t e n f o l d  when the 
engiike was mxp. a t  f u l l  power and exhaust  temperatures exceeded BOOOoP; .  
SO3 c o n c e n t r a t i o n  v a r i e d  w i t h  s u l f u r  content of the f u e l  used and 
appronched 1.20 ppm .pahen the sulfur l e v e l s  w x e  0.88 and 1.0461. 
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Analysis 

Because of the increased emissions of So3 with the use of catalytic 
converters, additional exhaust controls, such as water scrubbers ox 
exhaust filters would be needed to avoid a dangerous buildup of snlfur 
oxides. 

Marshall, W.F. 1978. NO2 Levels in Diesel exhaust. BERC/TPR-78!1. 
Bartlesville Energy Research Center, Bartlesville, OK. 

Review 

Nitrogen dioxide was measured in the exhaust from five diesel 
engiaes operated over a wide range of speeds and loads. The measurements 
were made with an online chemiluminescence analyzer. The engines tested 
were 50 to 150 bhp, 2-stroke or 4-stroke, and direct injection or two- 
stage combustion. A catalyst and water scrubber sere also tested on one 
engine. NO2 concentrations varied from less than 10% to about 309b of the 
total oxides of nitrogen (data not given). Maximum relative NO2 (ratio 
of N e  to NOx) emissions occurred at light loads and decreased with 
increasing load. The catalytic reactor and water scrubber decreased 
relative N@ emissions only slightly and had no significant effect on 
total NOx levels. Relative NO2 emissions were slightly lower in the two- 
stage combustion engines than in the direct injection engines. In all 
cases the NO2 fraction in the exhaust was a function of exhaust gas tem- 
peratures, with increasing temperatures decreasing the relative NO2 
emissions. 

Analysis 

The authors calculated that, for the NO2 levels in the emissions of 
the five tested engines to be reduced to the NO2 threshold limit value 
(TLV) of 5 ppm, a ventilation rate of 12 to 52 cfdrated hp would be 
needed. Since these rates axe generally belaw those for achieving the 
TLV levels for NO (43-133 cfm/rated hp), CO (13-150 cfmlrated hp), and 
C02 (36-50 cfm/rated hp), it is assumed that MQ2 should not be a prob- 
lem if one or more of these other air contaminants is used for monitor- 
ing and ventilation control. 

Marshall, W.F., R . W .  Hum. 1973. Hazard from Engines Rebxeathing 
Exhaust in Confined Space. Bureau of Mines Report of Investigations, 
BM-RI 7757. U.S. Rureau of Mines, Washington, DC. 

Review 

Diesel and gasoline engines were tested under conditions that simn- 
lated confined space operations. The diesel engines tested were a 2- 
stroke dPrect injection model and a 4-stroke indirect injection model. 
For each test, exhaust levels of CO, C.02, and NO were determined. 4n a 
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n o n v e n t i l a t c d  space ,  w i th  the  eilgines running a t  cons tan t  speed and 
load ,  t h e r e  was a l i n e a r  decrease i . ca  02 and B l i n e a r  i nc rease  i n  CO2 
which were p r o p o r t i o n a l  t o  t h e  f v s l  conswaed p e r  nnit of conf ined  space 
vol-unae. CO c o n c e n t r a t i o n  inc reased  i t1  B n e a r l y  l i n e a r  manner f o r  a short 
p ~ ~ i ~ d  (15-20 min) bu t  t hen  incscascd almost e x p o n e n t i a l l y  such t h a t  a t  
25 m l n  i t  was n e a r l y  5000 ypw and a t  30  m i n  rplmost 10,000 ppm. A CO 
l e v e l  of 5000 ppm i s  f a t a l  i n  a m a t t e r  of a few minutes.  The r a t e  of CO 
bu i ldnp  was only  s l i g h t l y  dependent on engine type b u t  h i g h l y  dependent 
an power ou tpu t .  C r i t i c a l  l e v e l s  o f  CO (5000 ppm) were reached at a time 
cor responding  t o  1 . S  t o  3 .O 1b f u e l  consumed p e r  1000 f t3  of conf ined  
space  volnme. It was c a l c u l a t e d  t h a t  t h i s  would be about 10 min f o r  as 
engisre d e l i v e r i n g  100 hp i n  p: 5000 f t 3  enc losu re .  

Roth engines  were a l s o  t e s t e d  i n  such a way t h a t  p a r t  of t h e  
exha-irst gas was d i r e c t e d  t o  a chamber whcae i t  was mixed w i t h  fresh a i +  
and then piped  back  i n t o  t h e  engine i n t a k e .  T h e  CO l e v e l  i n  t h e  exhaust  
of t h e  two-stroke, di . rect  i n j e c t i o n  engine a t  i d l e  d i d  not  change when 
erharnst r e c i s c n l a t i o n  was inc reased  (O--G!O%); a t  112  o r  314 power i t  
inc reased  s l i g h t l y  wi th  exhaust r e c i r c u l a t i o n  of 10% and above; and a t  
f u l l  power i t  i nc reased  almost e x p o n e n t i a l l y  w i t h .  i n c r e a s i n g  exhaust  
r e c i r c u l a t i o n  (cca, 400 ppm CO a t  09‘0, >800 ppm at 10% and C B .  1480 ppm a t  
IS%), A s i m i l a r  p a t t e r n  was seen i n  t h e  t e s t s  i n  t h e  i n d i r e c t  i n j e c t i o n  
engine.  

Using as w maximum a l lowable  intake a i r  composi t ion a GO2 l e v e l  of 
0 . 5 %  CILV for CQ2)  I t h e  au tho r s  c a l c u l a t e d  t h a t  t h e  CO l e v e l s  would be 
unacceptab ly  high for t he  d i r e c t  i n j e c t i o n  engine ope ra t ing  nndcr f a l l  
l o a d ,  CO l e v e l s  i n  the  i n d i r e c t  i n j e c t i o n  engine would be s a t i s f a c t o r i l y  
low, bu t  MOx would be above t h e  TLV. 

-- Aaa lys i s  

This s tudy  i l l n s t r w t e s  the  c r i t i c a l  need f o r  c a r e f u l  moni tor ing  of 
pr imary  gaseous pol  lutagi ts  Prom d i e s e l  engines o p e r a t e d  i n  conf ined  
spaces  with l i t t l e  or no v e n t i l a t i o n .  

. 1980. Evalua t ion  o f  8rka.nst Fmissions Data f o r  D iese l  
Engines Used i n  Undergxound L laes ,  DDBIS (NIQSB) P u b l i c a t i o n  No. 80- 
National I n s t i t u t e  for O c c u p n t ~ - a a ~ k  S a f e t y  and Hea l th ,  C i n c i n n a t i ,  

T h e  arndssions d a t a  e v a l u a t e d  i n  this r e p o r t  were c o l l e c t e d  by the: 
Mine Enforcement and S x l f e t y  Admin i s t r a t ion  (ROW Mine S a f e t y  and AeaXth 
A d m i n i s t r a t i o n ) .  Tests were condustcd on a series o f  4-, 6 - ,  8-, and 12- 
c y l i n d e r  ilodirG:ck i n j e c t i o n  d i e s e l  engines having no emission c o n t r o l  
d e v i c e s ,  ‘L’he r e s u l t s  showed t h a t  NO emiss ions  ware h i g h e r ,  and GO emis- 
sions g e n s r ~ l l y  lower ,  i n  turbocharged after--cooled engines  than i n  
m a t n r a l l y  s s p i r a t a d  engines  (average  NO l e v e l s  were 4 . 8  and 5.7 glbhp- 
h r ,  r e s p e c t i v e l y ;  average CO l e v e l s  were  11,5-7.6 g/bbp-hr i n  the  natar- 
a l l y  a s p i r a t e d  engines and 0.8 glbhp-hr i n  one tarbochsrged a f t e r - coo led  



engine tested). At 100% load CO emissions were similar in both types of 
engines. The number of engine cylinders had almost no effect on brake 
specific emissions of NO and CO; howevex, both components decreased con- 
siderably as horsepower increased. Furthermore, NO decreased with 
increasing fuel-to-air ratio up to the tested maximum of 0.050.  CO emis- 
sions were lowest in the range of fuel-to-air ratios from 0 . 0 3 2  to 
0.045.  It was also found that brake specific emissions of NO when aver- 
aged over segments 3, 6 ,  9 ,  and 1.0 of the EPA 13-mode test cycle were 
higher than NO levels at peak torque or at rated speed. For all engines 
tested average CO2 emissions ranged from 580 to 812 g/bhp-hr. 

Ana lys is 

This study provides a very thorough analysis of the effects of 
engine speed, load, fuel/air ratio, and horsepower on the NO and CO 
emissions from indirect injection diesel engines of a size class that 
would be appropriate for use in fork lifts. Although the engines were 
not identified by manufacturer, the genera l  conclusions reached would 
probably also apply t o  the two engines being considered for Army use. 

SWRI. 1983. Sauthwest Research Institute. Clean Burning Diesel 
Engines. Monthly progress report to the U.S.  Army Fuels and Lubricants 
Research Laboratory. May 9, 1983. Southwest Research Institute, San 
Antonio, TX. 

Review 

SWPI tested a Deutz F 3L 912W and a Perkins 4.203.2 diesel engine 
using the EPA 13-mode test cycle. hissions data (raw exhaust) concen- 
trations for the two engines were as follows (Deutz data given first, 
then data for the Perkins engine): 24-172, and 464-1288 ppm for HC, 54- 
371 and 685-1348 pprn for CO, 99-58s and 128-138 ppm for NOx, 1 7 . 2 4 -  
153.81 and 7.04-158.67 ppm for SCQ, 1 .6 -5 .9  and 1.9-7 .5  ppm for sal- 
fates, 26-215 and 33-282 ppm for particulates, 0.07-0.38 and 0.08-3.17 
ppm for formaldehyde, ND-0.07 and 0.06-1.5s ppm fox acetaldehyde, ND- 
0.10 and ND-0.13 ppm for acrolein, MD-0.05 and ND-(4.53 ppm for pro- 
pionaldehyde, NQ-0.05 and ND f o r  acetone, ND-0.05 and ND-0.08 ppm for 
crotonaldehyde, ND-O.Q4 and ND-0.28 ppm for isobutyraldehyde, 0 ,05-0 .34  
and WD-0.20 ppm €or methylethylketone, ND-0.06 and ND-6.15 ppm for ben- 
zaldehyde, and ND-0.01 and NIP-0.48 ppnx for bexanaldehyde. The ranges 
given above are for different engine speeds and loads. The data are also 
presented in the form of emission rates (g/hp-hr and glhr). 

Ana lys is 

This report represents the preliminary results of bench tests on 
two clean burning diesel engines. The authors note that with a few 
exceptions, several generalizations can be made concerning the data.  
Both engines produced higher BC, CO, and N h  at IOW load conditions, and 
with decreasing load when engine  speed was constant. A t  constant load, 
HC and CO increased with increasing speed, bat NQx flaictuated 
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e r r a t i c a l l y .  ‘fie P e r k i n s  engine had h i g h e r  brake s p e c i f i c  and mass e 
s i o n  r a t e s  of HC, CO, and NOX t han  %be Deuta engine.  P a r t i c u l a t e  and SO2 
l e v e l s  i nc reased  wi th  i n c r e a s i n g  load  when epgine speed was c o n s t a n t ,  
and s u l f a t e s  i nc reased  with i n c r e a s i n g  l oad  a t  Constant, peak Hand torque  
and r a t e d  speeds.  I n  most c a s e s  partfcnlate brake  s p e c i f i c  emission 
r a t e s  wepe h ighe r  on t b e  P e r k i n s  engine.  ,982 emiss ions  were p r o p o r t i o n a l  
t o  t h e  f u e l  consumed. ~ ~ r m ~ ~ a e ~ ~ d ~ ~  which accounted f o r  over  50% of t h e  
aldehydes and ke tones  d e t e c t e d ,  was l e s s  than  0.5 ppm i n  the  Deutz 
engine and l e s s  t han  3.2 ppm for t h e  P e r k i s s .  Brake s p e c i f i c  aldehyde 
emiss ions  iuc reased  with a decrease i n  l oad  a t  cons t an t  speed i n  t h e  
Deuta engine,  8,.nd, in g e n e r a l ,  aldehyde and ke tone  mass emission r a t e s  
inc reased  wi th  an increase i n  speed when t h e  load  remained c o n s t a n t  
(except  a t  l o a  load  f o r  t h e  P e r k i n s ) .  No organi s  s u l f i d e s  were found i n  
the  exhaust of t h e  Deutz engine but  were p r e s e n t  i n  t h a t  of t h e  Pe rk ins .  
Carbonyl s u l f i d e ,  t h e  predominant organic  s a l f i d e ,  showed an  inc reased  
mass emission r a t e  with increased engine speed a t  cons t an t  load ,  and QL 

decreased  mass emission r a t e  wi th  an i n c r e a s e  i n  l o a d  a t  c o n s t a n t  speed. 
Analysis of d i e s e l  odor i n d i c a t e d  t h a t  t h e  P e r k i n s  vas g e n e r a l l y  h ighe r  
than  t h a t  of t h e  Deutz. 
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APPENDIX A-3 

REVIEW AMI) ANALYSIS OF PERTINENT 
REFERENCES ON HEALTB EFFECTS OF ALDEBYDES 
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Alexandersson, R., G. Bedenstierna, and B .  Kolmodin-Hedman. 1982. 
Exposure to formaldehyde: effects on pulmonary function. Arch. Environ. 
Health 37 ( 5 )  : 279-284. 

Review: 

An epidemiological study was conducted on carpentry shop workers 
exposed to formaldehyde at a mean air concentration of 0.45 mg/m3.  For- 
maldehyde concentrations were determined by liquid chromatography. When 
compared with controls, exposed workers had an increased incidence of 
eye, nose, and throat irritation, dyspnea during work, and chest oppres- 
sion. By the end of the working day, exposed workers had significant 
reductions in lang function; including forced expiratory volume in 1 see; 
percent change in forced expiratory volume; and maximum midexpiratory 
flow. Closing volume, expressed as percent of the expired vital capa- 
city, increased significantly. The changes in lung function were similar 
in smokers and nonsmokers, and were attributed to bronchoconstriction. 
There was, however, little correlation between degree of lung function 
deterioration and level of exposure to formaldehyde. 

Analysis : 

The authors note that the employees were also exposed to terpenes 
and dust, but that the concentrations were too low to elicit the observed 
effects. The lack of correlation between exposure level and effect was 
attributed to either avoidance behavior of the employees when exposed t o  
high formaldehyde concentrations, or to a dose-independent allergic ox 
hyperreactive responses. There was no evidence of chronic adverse pul- 
monary effects in any of the workers. Other physiological tests, such as 
liver and kidney function, were not conducted. 

Bird, R. P., P. H. Draper, and P .  K .  Basrur. 1982. Effect of 
nalonaldebyde and acetaldehyde on cultured mammalian cells. Mutat. Res. 
10: 237-246. 

Review: 

Primary cultures of rat skin fibroblasts were exposed to acetal- 
dehyde concentrations of to I for 12, 24,  o r  4 8  hr in 2 mL of 
medium. The exposed cells sh~wed a dose-dependent increase in the pro- 
duction of micronuclei. Twenty-four hour treatment with 10-3 I aceta l -  
dehyde resulted in a significant increase in the number of metaphases 
with chromosomal aberrations, including chromatid and chronosonaa breaks, 
gaps, deletions, and fragmentation. Four out of fifty metaphases con- 
tained translocation type aberrations. 

Analys is : 

This study substantiates the results of earlier ones which have 
shown that  acetaldehyde is genotoxic in vitro. Potential genotoxic 
effects under in vivo conditions require farther study. 
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Dalbey,  W. E. 1952, Formaldehyde and tumors in hamster respiratory 
tract .  Tcpxicol. 24: 9-14. 

Review: 

Male Syrian golden hamsters were exposed to 10 ppm formaldehyde 5 
hr/day, 5 days/wk f o r  their entire lifetime, Exposed animals had signi- 
ficantly shorter survival times (p < 0 . 0 5 )  relative to unexposed con- 
trols. No tumors were observed in the respiratory tract of either 
exposed animals or controls. Tpre incidence of rhinitis was 24% in 
exposed animals and 31% in controls, and the incidence of hyperplastic 
and metaplastic lesions in the nasal epithelium was 5% in the exposed 
animals and 0% in the controls, In a second expari ent, hamsters were 
exposed once per  week t o  30 ppm formaldehyde ( 5  hrlday) Pox their entire 
lifetime. T h i s  exposiire level did not result in any respiratory tract 
tumors. However, when the foamaldehyde exposures were followed two days 
later by wcekly injections of the carcinogen diethylnitrosamine (for 10 
wk), the incidence of tracheal tumors per  tumor-bearing-animal was higher 
than that for animals exposed t o  diethylnitrosamine alone, 

Analysis: - 

The resnlts o f  t h i s  study differ from those in which formaldehyde 
was fotznd to cause tumors in the nasal cavity o f  ra,ts. Furthermore the 
lower imidenee of hyperplastic and metaplastic lesions in hamsters when 
compared to that i n n  rats suggests that this species may be more resistant 
t o  the irritant effects o f  the aldehyde. 

Rgle,  J-. L .  4972, Effects of inhaled acetaldehyde and propional- 
dohyde an blood prcssuxc and heart rate. Toxicot, u. Pharnnacg, 
23:  131-135. 

I... Review: 

K a l e  Wistar rats were anesthetized with s o d i  pentobarbital and 
then exposed to vapors of either acetaldehyde (0 .5 -30  yg/mL) or pro- 
pionaldehyde (3.0-200 I i g l H i z )  f o r  1 - m . i ~ ~  intervals while changes in 
arterial blood pressure and hearat r a t e  were measured, A t  concentrations 
of 0 . 5  and 1.0 pg/mL, acetaldehyde caused no changes in either parameter. 
All higher concentrations camed a significant increase i r n  blood pres- 
s m e ,  and concentrations o f  12 and 25 yg/arrll, (but not 30 pg/mC) signifi- 
c a n t l y  increased heart r a t e .  For propionaldehyde, significant increases 
in blood pressare were seen at exposure levels of 10 pg/mT., and above. 
Heart r a t e  increased significantly a t  20 and 3 0  pg/& bnt showed a sigmi- 
f i c a n t  decrease  at 200 pug/xnL. 

Ana lysis - : 
The variability in the responses may have been due to the differ- 

ences in how well anesthetized the mimalo were, ana! t o  the f a c t  that tbc 
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sodium pentobarbital may have interacted with the aldehydes and altered 
the response. 

Feron, V. J., A. Kruysse, and R. A. Woutersen. 1982. Respiratory 
tract tumors in hamsters exposed to acetaldehyde vapor alone or simul- 
taneously t o  benzo(a)pyrene or diethylnitrosamine. @. J. Cancer Clin. 
Onco 1. 1 8 ( 1) : 13-3 1 e 

Review: 

Hamsters were exposed to acetaldehyde vapors 7 hrlday, 5 days/wk, 
for 52 weeks. Fsposure levels were 2500 ppm during: the first 9 weeks, 
2250 ppm during weeks 90-20, 2000 ppm during weeks 21-29, 1800 ppm during 
weeks 30-44, and 1650 ppm during weeks 45-52. The stndy was terminated 
after $1 weeks. Hamsters exposed to acetaldehyde had substantially lower 
body weights and higher relative kidney and liver weights than controls. 
There were no significant differences in hematological and biochemical 
parameters except for a slight increase in alkaline phosphatase activity 
in females exposed to the aldehyde. Pathological changes seen in exposed 
animals included rhinitis, hyperplasia and metaplasia of the nasal, lar- 
yngeal, and tracheal epithelium, and nasal and laryngeal carcinomas. The 
incidence of nasal carcinomas was 7% in males and 4% in females; that of 
laryngeal carcinomas was 26% in males and 20% in females. Only the 
incidence of laryngeal tumors was significantly different from that of 
the controls. No tracheal tumors were found in the exposed animals, and 
there were no changes in the bronchi or lungs that could be attributed to  
ace t a Id ehyde . 

Analysis: 

This study demonstrates that chronic exposure to high doses of 
acetaldehyde results in the formation of nasal and laryngeal carcinomas; 
however, the high exposnre levels required to produce the observed 
effects also caused considerable direct damage t o  the respiratory 
epithelia. Further study is needed t o  determine if chronic exposures to 
low levels of acetaldehyde would be carcinogenic. 

Florin, I., I,. Rutberg, 1. Curvall, and C. It. Fnzell. 19130. 
Screening of tobacco smoke constitutents for mutagenicity using the h e s  
test. Toxicol. 15(3):219-232. 

Review: 

Four aldehydes were assayed for mutagenicity with Salmonella 
tmhimurium strains TA 9 8 ,  TA 100, TA 1535, and TA 1537. The tests wexe 
conducted with and withoat metabolic activation (rat liver S-9 fraction). 
When tested at 3 p o l e  per plate, benzaldehyde, propionaldehyde and 
butyraldehyde were not mutagenic t o  any of the bacterial strains with and 
withoat metaboljc activation. Acrolein was highly toxic to tbe bacteria 
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at 3 pmole per p l a t e .  When retested at 0.3 pmole per plate it was not 
mutagenic. 

This study used the standard h e s  procedure, a ethod which, with a 
few exceptions, provides a reliable estimate of potential mutagenicity. 
However, another study using a modified h e 6  assay has indicated that 
acrolein is mutagenic to TA 100 (see Lutz et al. 1982). 

Bsltzman, S,  G. and E. D. Schneider, 1974. Comparison of acetal- 
dehyde arid ethanol: depression a f  motor activity in mice. Life Sei. 
14:  1243-1250. 

Review: 

m e  fine and gross motor  activity of CF #1 (Carworth) mice was meas- 
ured a t  1-min intervals far 15 min after intravenous injection of various 
concentrations of  acetaldehyde. Gross motor activity was significantly 
reduced by as little as 3.0 mg/kg and fine motor activity by 10 mg/kg in 
the first miante after administration. Tfie median effective doses (ED50) 
were 2 . 2  and 2.7 mg/kg for 50% depression of fine and gross motor 
activity, respective1 y. 

T h i s  study demonstrates that behavior changes can result from acute 
iv exposure to acetaldehyde; howevero there is insufficient information 
to determine if chronic exposnre to low levels of acetaldehyde vapors 
might have a similar effect. 

Jensen, 0 .  M, and S .  K. Anderson. 1982. Lung cancer risk from for-- 
maldehyde. Lancet 1 : 913. 

Review: 

A.m cpidemiologieal stady was conducted on the association between 
formaldehyde exposure: and lung cancer amoG Danish physicians. Physi- 
cians occupationally exposed t o  formaldehyde did not have a greater r i s k  
of l m g  cancer relative t o  controls (8/23) than those never exposed 
( 6 9 f  202 1 . 

Although the resalts are based  on limited sample size, and allow for 
no correlation with exposnre Bevels, they do support the results o f  other 
epidemislagicai stadies, 
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Kane, L. E. and Y. Alarie. 1977. Sensory irritation to formal- 
dehyde and acrolein during single and repeated exposures in mice. J. &" 
I_ Ind. w. Assoc. 38(10):509--522. 

Review: 

Male Swiss Webster mice were exposed to a range of concentrations of 
formaldehyde and acrolein vapors, and the resulting changes in respira- 
tory rate were recorded. Acrolein was measured spectrophotometrically 
after reaction with 4-hexylresorcinol, and formaldehyde was measured 
spectrophotometrically after reaction w i t h  4,5-dihydroxy-2,7-naphthalene 
disulfonic acid. 

For a single exposure t o  acrolein, a 50% reduction in respiratory 
rate occurred at a concentration of 1.7 ppn. For formaldehyde, this same 
effect occurred at 3.1 ppm. Mice were also exposed to each aldehyde for 
3 hr each day for 4 consecutive days. Repeated exposures to high concen- 
trations 0 0 . 5  ppm) resulted in sensitization, whereas low concentrations 
(0.31 ppm for formaldehyde and 0.17 ppm for acrolein) resulted in an 
increased tolerance to acrolein, but no change in response to formal- 
dehyde. 

Ana l y s i s : 

The use of a 50% level of reduction in respiratory rate appears t o  
be a valid way to standardize measurements of response to aldehydes; how- 
ever, it should be noted that the magnitude of the difference between the 
ED50 doses for these two aldehydes is much less than would be expected 
from other toxicological studies. 

Kane, L. E. and Y. Alarie, 1978. Evaluation of sensory irritatiora 
from acrolein-formaldehyde mixtaxes. J .  &. &&. m. Assoc. 39(4):270- 
274.  

Review : 

Swiss-Webster miceo in gronps of four, were exposed to mixtnres of 
formaldehyde and acrolein vapors, and changes in respiratory rate were 
monitored by means of a body plethysmograph. The exposure periods were 
'10 min long, and the response was measured as maximum percent decrease i n  
respiratory r e t e .  A 5@% decrease in rate occorred at 3 - 1  ppm fornal- 
dehyde. A similar median effect occurred a t  1.7 ppm acrolein. For a 
series of mixtures of the two aldehydes, the responses seen were nat 
additive, but rather followed a model of competitive agonism. 

Analys is : 

The authors note that their results show that total sensory response 
was not simply a function of total aldehyde present but rather a function 
of the specific eoncentrations of the acrolein and formaldehyde. 
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Althoixgh this study was based on only one exposace time (10 min), the 
results would most likely be applicable t o  longer periods. 

Kane, L, E. and Y. Alarie. 1979. Iateractions of sulfur dioxide 
and acrolein as sensory irritants. Toxicol. A m l .  Pharmacal. 414(2):30S- 
315. 

Review: 

Ma3e Swiss-lebster m i c e  were exposed to various mixtures of sulfur 
dioxide and acrolein vapors, and changes in respiratory rate wexe meas- 
ured before, during, and a f t e r  each exposure. The resalts were expressed 
in terms of maximum percentage dccreaae in respiratory rate. Changes i n  
response pattern during and after the exposures were also recorded. A 
ratio dependent decrease i n  tbe respiratory rate was observed when both 
chemicals were present, but this response was always less than what would 
be expected if the effects were additive. There was a secondary response 
after the exposures had ended, 

Ana 1 y s i s : 

The authors noted that the observed e f f e c t s  might have been due to 
the formation of a less active acrolein bisalfite adduct, which dispro- 
portionated after the exposure ended, thoreby releasing additional 
acrolein t o  cause a secondary response. The lowest Concentration of 
acrolein used was  0.85 ppm, while that for SO:! was 9 ppm. m e s e  levels 
cuased a 17% redaction in rcsgiratoeg sate (c~mpased t o  a 4896 expected 
decrease if the effects w e r e  additive). 

Kruysse, A . ,  V. J. Peron, rand B.  I?. T i l .  3 9 7 5 .  Repeated exposixre 
to acetaldehyde vapor. Studies in Syrian golden hamsters. A d .  
Environ. Health 30:449-452. 

Review: 

The subacute inhalation toxicity of acetaldehyde was examined in 
s t e r s  exposed to 0, 380 ,  1,340, axid 4,560 ppm for 6 Br per day, S d a y s  

per week. for  B 90 day period. Exposanrss occnrred at 22-24QC and with a 
relative hnmidity of 50-’70%. Acetaldehyde was analyzed by gas chromatog- 
raphy. 

Exposme to 390 ppm acetaldehyde resulted in no toxic effects, At 
1340 ppm there was an increase in kidney weight is males and slight 
hyper- and metaplastic changes of the tracheal epithelium. me highest 
exposure level saased growth retardation, ocular and nasal irritation, 
increased namErers of erythrocytes, increased weights of heart and kid- 
neys, and severe histopathological changes i n  the respiratory tract, 
inclnditig necros is .  inflammation, and hyperplasia and metaplasia of the 
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epitbeliom, The upper part  sf the respiratory tract was more severely 
damaged than the lower part. 

Analysis: 

The authors note tbat the severe injuries to the upper respiratory 
tract were not unlike the lesions produced by other irritants such as 
formaldehyde, sulfur dioxide, and peroxyacetyl nitrate. Thus, an evalua- 
tion of the potential health effects of chronic exposure to diesel emis- 
sions must take irtto account the potential additive effects of chemically 
unrelated respiratory irritants. 

Lutz, D., E. IFxler, T. Neledecker, and D. Benschler. 1982. 
Structure-mutageni&ity relationship in a,f3-unsaturated carbonylic com- 
pounds and their corresponding allylic alcohols. Matat. b, 93(29:305- 
315 a 

Review: 

The mutagenicity of several carbonyl compounds was assayed by means 
of a modified, liquid cell suspension, h a s  assay .  The mutagenicity of 
acrolein was found to be extremely high (2400 histidine revertants per 
pmole of chemical) in the absence of S-9 metabolic activation. However, 
when S-9 mix was added t o  the test system, the mutagenic rate dropped to 
zero. The related compsnnd 2-methylacrolein gave a mutagenic rate of 460 
revertantslbmole, tnnd this was less affected by S-9 mix than was acrolein 
(the rate dropped to 220 revertants/pmole). 

Ana 1 y s  i s : 

The antbors note that the loss  of mutagenicity of acrolein in the 
presence of  S-9 mix may have been due to the extremely high cytotoxicity 
of the chemical and the use o f  only a single concentration of  8-9 mix. 
They did not address the question as to whether this has any significance 
for the potential mutagenicity of acrolein in higher organisms. 

Neudecker, T., D. Lutz, E. FAer, and D. Renschler. 1981. Crotsnal- 
dehyde is mutagenic in a niodified Salmonella typhimurim mutagenicity 
testing system. Mnbat. Res, 91: 27-31. 

Review : 

h modified Ames assay was used to test the mutagenicity of crotoraal- 
dehyde to Salmonella tyDfiimariurn strain TA 100. Both the standard agar 
plate method and two cell suspension techniques were nsad. Crotonal- 
dehyde concentrations ranged from 0.025 to 0 . 3 7 5  prL per I& of  incubation 
volume (0.5-1.5 pmole/2 mL), and the exposures lasted 30 min. While the 
aldehyde was not mutagenic in the standard agar plate assay, it was 
mutagenic in bath c e l l  suspension systems. In one system the presence of 
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S-9 mix redaced the mutagenicity by more than 501, and in both systems 
the dose-related increase in mutagenicity corresponded to a decrease in 
cell sorvival rate ( s e e  also Lata. et al. 1982). 

Analvsis: 

The authors note that negative resalts were found for four other S. 
typhimurim strains (TA 98, TA 1539, TA 1537, TA 1538) tested in both the 
standard and modified Ames tests (data not given). Significantly, for TA 
1535 the histidine reversion mechanism is identical to that which occurs 
in TA 100 (base substitution). The reason for the greater susceptibility 
o f  TA 100 is unknown. The seduction in the mutagenic effect by the 8-9 
mix w a s  attributed to direct chemical interactions QE enzyme-indocad 
alterations in the aldehyde. 

Obe. G. and B .  Beek.  1979. Mutagenic activity of aldehydes. 
Alcohol Depend. 4(1-2):91-94. 

Review: 

Rumare lymphocytes were treated in vitro with 1 x 10-4 to 1 x 10-3% 
( v / v  end concentration] o f  formaldehyde for 24-48 hr, following which the 
number of sister chro  atid exchanges ( W E )  per mitosis was determined. 
A t  the highest dose there were 12.07-16.75 SCEs p e r  mitosis as compared 
with 4.19-4.58 for tbe controls. 

Ana 1 y s is : 

T h i s  study demonstrates that the w t a g a n i c  activity of formaldehyde 
car1 occar in haman cells in v i t x o ;  however. the data are insufficient t o  
extrapolate to in vivo situations involving inhalation exposares. M Q X ~  
information is needed concerning the actual levels of formaldehyde in the 
blood resuX ting froa chronic occnpational exposure. 

Scbmld, B .  Y . ,  H .  Gonlding, K. Kitchin, rand 1. K* Sanyal. 1881. 
Aassessnreazt of the teratogenic potential of acrolein and cyclophosphamide 
in a rat embryo culture system. Toxicol. 223235-243. 

Review: 

Bat embryos. within tho y o l k  sacs;, were removed from the =terms on 
day 10.5 of gestation and transferred to a cnlture medium containing pure 
r a t  s e r u m  with and without liver microsomes and NADPH and with various 
eon~entxations of acrolein. F.xposuras lasted 48 hr,  after whish morphs- 
logical development was evaluated, Acrolein-treated embryos showed 
slight but  significaat inhibition of growth at 106 pM and 150 pM. Dose 
levels of 200 and 250 y l  resulted in drastic inhibition of growth and 
differentiation bat no morphological abnormalities. 



Analvs is : 

The absence of acrolein-related teratogenic effects seen in this 
study on rat embryos relates to a specific gestational age and a limited 
exposure. Further data are needed for other gestational ages and expo- 
sure periods before it can be concluded that acrolein is not a teratogen 
under all possible circumstances. 

Skog, E. 3 9 5 0 .  A toxicological investigation of lower aliphatic 
aldehydes. I. Toxicity of formaldehyde, acetaldehyde, propionaldehyde 
and butyraldehyde; as well as of acrolein, and crotonaldehyde. Acta 
Pharmacol., 6. 299-318. 

Review: 

Rats, in groups of eight, were exposed to vapors of various ali- 
phatic aldehydes, and median lethal concentrations were determined. 
Exposures were for 30 min, and observations continued over a 3-wk post- 
exposure period. The L C ~ Q  values were 1 mg formaldehyde/L air, 37 mg/L 
for acetaldehyde, 62 mg/L for propionaldehyde, 174 mg/L for butyral- 
dehyde, 0 . 3  mg/L for acrolein, and 4 mglL for crotonaldehyde. Mortality 
resulting from exposures to acetaldehyde, propionaldehyde, and butyral- 
dehyde occnrred daring and shortly after the 30-min exposure periods. 
All three aldehydes have a strong narcotic effect, and the author con- 
cluded that paralysis of the respiratory centers was the major cause of 
the mortality. Mortality resulting from exposure to formaldehyde, 
acrolein, and crotonaldehyde occurred mainly at 6 or more hours after the 
exposures. These compounds had less of a narcotic effect and caused 
acute respiratory and pulmonary irritation. 

Histological examinations revealed that the lungs were the major 
organs affected by the exposures to the aldehydes. In some cases the 
kidneys and liver were also affected. Formaldehyde caused hemorrhages 
and intra-alveolar and perivascular edema in the lungs; hyperemia, 
perivascular edema, and necrosis in the liver; and perivascular edema in 
the kidneys. Acetaldehyde produced hemorrhaging and edema in the lungs 
and hyperemia in the liver and kidneys. Propionaldehyde exposure 
resulted in bronchitis and broncho-pnenmonias and hyperemia of livex and 
kidneys. Butyraldehyde caused perivascular edema in the lungs, vacuola- 
tion of the bronchial epithelium, and slight changes in the walls of the 
venae with smooth muscle cells swollen and vacuolated. In the liver 
degenerative cell changes were seen around the vena centralis, and in the 
kidneys there were nephrotic changes. Acrolein caused l u n g  edema, 
hyperemia, hemorrhaging, and possible degenerative changes in the bran- 
chial epithelium, and hyperemia in the heart, kidneys, and liver. 
Hyperemia and hemorrhages a l s o  occurred in the lungs, heart, liver, and 
kidneys of rats exposed to crotonaldehyde. 
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Ana l ys i s : 

The study illustrates the similarities Em the toxic effects of the 
lower aliphatic aldehydes. Especially significant is the fact that lungs 
are the organa most directly affected by a~axte  exposures; however. f o r  
long-term chronic exposures the possibilities of kidney and liver damage 
may be of greater importance, 

Sreonathan, R., N., B .  Padmaxrabhan, and S .  Shingh.  1982, Terato- 
genic effects of aeetaldehyde in the r a t a  Drug Alcohol Depend. 9 ( 4 ) : 3 3 9 -  
350. 

CF rats were given a single intraperitoneal dose of 5 0 ,  7 5 ,  os 108 
mg/kg of acetaldehyde on days IO, 11, or 12 of gestation, or three equal 
doses, one on each day, over the same gestational period. Fetuses were 
collected on day 21 and examined for malformations. 

All aceta.ldehyde exposures resulted ir? a significant number of  fetal 
resorptions, reduced fetal growth, and alterations in sheletalogenesis, 
Fetal malformations included cataracts, low-set ears, micromelia, nticrs- 
gnathia, subcutaneaas hemorrhages, edema, lordosis, hydrocephaly, digit 
anomalies (syndactyly), narrowing of caudal trunk, and hydraaencephaly. 
Placental weight and umbilical cord length W I E T ~  a l s o  significantly 
reduced. 

Analysis: 

This study demonstrates that acetaldekyde is definitely embryotoxic 
and teratogenic in rats. The observed effects were generally dase- 
related, with single exposures to 50 mgi'kg producing the fewest adverse 
effects. Further information is needed concerning the potential terato- 
genicity of very low chronic inhalation exposures. 

henberg, J. A.  I ~ D .  Kerns, P, T. Mitchell, E. J. Bralla, and K. 
I,, Pavkov. 1980. Induction of scquamons cell c a ~ c i n o r ~ l a s  of the rat nasal 
cavity by inhalation exposure to formaldehyde vapor. Cancer &. 
_I 40: 3398-3484. 

I_-" Review: 

Fischer-344 r a t s  (120 males and 120 females) were exposed to 0 ,  2 ,  
5 ,  or 15 ppm formaldehyde for 6 hr/day, 5 dap.s/wk, for 18 months. Histo- 
pathological changes, which occmrred st a l l  exposure levels, were dose 
related and were restricted t o  the n a s a l  cavity. These changes included 
wild to severe mneapuralent rhinitis, e ithelial dysplasia, and squamons 
metaplasia, Additional histopathological effects, seen only a t  a dose 
level o f  15 ppm, included squamous papiJ lary hyperplasia, cellular 
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atypia, and squamous cell carcinomas. The incidence of carcinomas was 
18%. In an identical study on mice, formaldehyde caused similar patbo- 
logical lesions in the nasal cavity, but no carcinomas developed, even a t  
the 15-ppm dose level. 

Analysis: 

The authors note that all the animals exposed to formaldehyde a l s o  
had enzootic sialodacryoadeaitis infections, and it was not known to what 
extent this affected the results. 

Carcinomas developed only after prolonged exposures t o  the highest 
dose and after continuous severe damage t o  the nasal epithelium. Lower 
dose levels rete no t  carcinogenic. These observations, if applicable to 
other species, including occupationally exposed humans, might be ~sefoll 
in assessing health risks, but further study is needed to establish that 
severe chronic damage to the respiratory tract is a necessary prere- 
quisite €or formaldebyde-induced carcinogenicity. 
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BEVIEW AND ANALYSIS OF PERTlMENT 
REFERENCES ON HEALTE! EF'FECTS OF SULFATES 
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Amdur, M. O,, L. Silverman, and P.  Drinker. 19528. Inhalation of 
sulfuric acid mist by human subjects. &. @. H g g .  OCCUD. E. 
6 ~ 3 0 5 - 3 1 3 .  

Review: 

Gealthy subjects wese exposed to 0.35 to 5 n g 4 m 3  of sulfuric acid 
mist (particle size 1 ym) for 5 to 15 min to determine the effects of 
exposure on respiration. Respiration was measured with a pneumotacho- 
graph. The acid mist in the exhaled air was trapped on molecular filter 
papers and extracted with distilled water, and the acid concentration 
determined by conductivity measurements. Retention of the inhaled acid 
averaged 77% (range §0-87%). 
changes in respiration. Inhalation of acid resulted in an increased 
respiration rate, a decrease in inspiratory and expiratory flow rates, 
and a decrease in tidal volume. These chan es were considered to be of a 
reflex nature. Concentrations below 1 could not be detected by 
odor, taste, or irritations. 

A concentration as low as 0.35 mg/rn3 caused 

Analysis : 

This study is important in that it demonstrates that alterations in 
respiration can occur at sulfuric acid concentrations below the: curxent 
TLV (1 mg/m3). 
tract did not take into account the possibility of acid neutralization by 
ammonia excxeted in the lungs. 

The calculation of acid retention in the respiratory 

Amur, M e  0 , ,  hb. Dubriel, and D. A. Creasia. 1978. Bespiratory 
response of guinea pigs to low levels of sulfuric acid. Environ. Res. 
15 : 418-423. 

Review: 

Guinea pigs were exposed for H hr t o  sulfur acid atmospheric concen- 
trations of 0 . 1 1  to 1.0 mg/m3 and any resulting effects on respiration 
were recorded. Exposure to aerosol particle s i z e s  of either 0.3 or 1.0 
Fm at all tested concentrations resulted in a significant dose-related 
increase in pulmonary flow resistance. Pulmonary compliance was also 
significantly reduced by all exposures except those to 1.0-pm particles 
at concentrations of 0.11 and 0.4 mg/m3.  
produced a greater response at a given concentration than d i d  the 1.0-pn 
particles. Resistance and compliance did not immediately return to nor- 
mal values after the exposures were discontinued. Other respiratory 
parameters, such as  tidal volume, respiratory frequency, and minute 
volume, were not altered. 

Generally, the 0.3-pm particles 
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Analysis : 

T h i s  study shows that palmnary f u n c t i o n  of laboratory animals can 
be affected by very low levels of sulfates rand that the observed changes 
continue after the exposure ends. It a l s o  demonstrates that smaller size 
aerosol particles of sulfuric acid have a greater irritant effect than 
langer particles. 

Avol, E. L , ,  M. P.  Jones, R. W. Bailey, N.-I.N, Chang, 
man, P. S .  Linn, K. A.  Bell, end J. D. Hackney. 1879. Controlled expo- 
sares of human volantaers t o  sulfate aerosols. Health effects and aero- 
so l  characterization. &, &. Bespir. -. 120(2):319-327. 

Review: 

Healthy and asthmatie a d u l t  men were exposed for 2-hr periods (with 
intermittent exercise) t o  a nominal concentration o f  100 pgjan3 of 
ammonium sulfsto, amwonirutn b i s n l f a l e ,  and sulfuric acid (snlfate 
equivalents 100, 8 5 ,  and 75 pg/m3,  respectively). The aerosol particles 
had .a mass median aerodynamic diameter of 0 . 3  pm. Sulfate analyses were 
by the barium chloride tarbidimetric method. Exposure chamber tempera- 
ture was 31 C and relative humidity 40% or 85%. There were no signifi- 
cant changes in pulmonary function in any exposed group. 

In t h e  experiments with suZfuric acid an additional 50 yg o f  
aerosol/n3 was added t o  the exposure chamber t o  allow for  neutralization 
by backgsornnd ammonia eoncentrations o f  5 to 20 ppb. Both healthy and 
asthmatic individuals were tested. Each subjec t  also providcd informa- 
tion ars to the  severity o f  symptoms of potential respiratory distress; 
these included cough,  substernal S L P X W P ~ S S ,  shortness of breath, wheezing, 
fatigue, beadache, sore throat, nasal discharge, chest t ightness ,  and 
sputum production. Asthmatics had an i n ~ ~ e a s e d  incidence of symptoms 
during exposures to 1 5  pg/m3 of sulfuric acid but not daring exposures to  
ammonium s d f a t e  and iranmaninm bisulfate. For the particle size level 
testmi ( 0 . 3  pm)> this might be considered the lowest dose causing an 
effect, bnt even in this case there were no significant changes in pul- 
mona ry f m c  t ion. 

Chmney, S . ,  w. B10kEquist, K. Muller, and G .  GoPdsteix. 1980. 
Biochemical changes in humans wpon exposare t o  ssalfuric weid aerosol and 
e x e r c i s e .  ms Environ, Health 35:211-215. 

Review: 
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f o r  1 5  min. S ix  biochemical  b lood  parameters  were measured be fo re  and 
a f t e r  t h e  exposure: g l u t a t h i o n e ,  lysozyme, g l u t a t h i o n e  r educ ta se ,  serum 
glu tamic  o x a l o a c e t i c  a c i d  t ransaminase ,  serum v i t amin  E. and 2,3- 
diphosphoglycer ic  a c i d .  There were no s i g n i f i c a n t  changes in any of 
t h e s e  parameters  except  f o r  an i n c r e a s e  i n  p o s t  exposure l e v e l s  of glu-  
t a t h i o n e  r educ ta se  in  both exposed and c o n t r o l  s u b j e c t s .  

Ana lvs  is : 

The au tbo r s  noted t h a t  t h e  l a c k  of e f f e c t  of 100 j lg /m3 s u l f u r i c  ac id  
on t h e  measured blood parameters  was most l i k e l y  due t o  t h e  n e u t r a l i z a -  
t i o n  of t h e  acid by ammonia r e l e a s e d  i n  t h e  r e s p i r a t o r y  t r a c t .  The nor- 

and only  3 5  pg/m3 would be r e q u i r e d  t o  conver t  100 pg/m3 of s u l f u r i c  a c i d  
t o  ammonium s u l f a t e .  Thus, t h e  p o t e n t i a l  c y t o t o x i c i t y  of t h e  a c i d  t o  t h e  
e p i t b e l i a l  l i n i n g  o f  t he  r e s p i r a t o r y  t r a c t  would be very low u n t i l  a c i d  
l e v e l s  i nc reased  beyond t h e  p o i n t  where they  would be n e u t r a l i z e d  by the  
ammonia and this  may vary cons ide rab ly  from one i n d i v i d u a l  t o  another .  

mal range for ammonia c o n c e n t r a t i o n s  was r e p o r t e d  t o  be 29-2,200 pg/m 3 , 

Horstmaii, D . ,  M. Hazucha, E. Eaak, and R. Stacy.  1982. E f f e c t s  of 
snbmicroaic  s u l f u r i c  a c i d  a e r o s o l  on human pulmonary func t ion .  Arch. 
Enviroa.  Hea l th  37(3):136-141. 

Review: 

Eighteen  h e a l t h y  men (median age 24.4  y e a r s )  were exposed f o r  4 h r  
i n  an environmental  chamber t o  an average 108 pg/m3 of s u l f u r i c  ac id  
(mass median aerodynamic d iameter  0.5 pm). Sub jec t s  exe rc i sed  f o r  1 5  min 
a t  1 .5  and 3 . 5  h r  i n t o  t h e  exposure a t  an i n t e n s i t y  equ iva len t  t o  15% of  
p r e d i c t e d  maximal h e a r t  r a t e .  V e n t i l a t i o n  was monitored dur ing  t h e  i n i -  
t i a l  14 min of each exposure.  Pulmonary f u n c t i o n  was asses sed  p r i m  t o ,  
and a t  2 h r  and 4 h r  i n t o  each exposure.  Exposure t o  s u l f u r i c  a c i d  had 
no s i g n i f i c a n t  e f f e c t s  on minute volume, r e s p i r a t o r y  f requency ,  t i d a l  
volume, a i rway r e s i s t a n c e ,  s p e c i f i c  airway conductance,  fo rced  v i t a l  
c a p a c i t y  (FVC), fo rced  e x p i r a t o r y  f low i n  1 see  (FEV1.0), FEV~,OIFVC, 
mean e x p i r a t o r y  flow r a t e  betatsen 25% and 75% FVC, and e x p i r a t o r y  flow 
r a t e s  a t  50% and 25% FVC. 

Ana1p.s is  : 

The r e s u l t s  of t h i s  s t u d y ,  l i k e  those  of o t h e r  r ecen t  ones,  i n d i c a t e  
t h a t  short- term exposures  t o  sabmicranic  p a r t i c l e s  of s u l f u r i c  a c i d  would 
n o t  have immediate adverse  e f f e c t s  on pulmonary f u n c t i a n  i n  normal indi- .  
v i d u a l s .  

Borvath,  S. M., L. J. Fo l insbee ,  and 1. F. Pedi .  1982. E f f e c t s  of 
s u l f u r i c  a c i d  m i s t  exposure on pulmonary f a n c t i o n .  Environ. Ref. 
2.8(1): 123-130. 
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The effects of sulfiiric acid particles (0 .90-0 .93  pan mass median 
diameter) on pulmonary function were examined in young male nonsmokers. 
Subjects were exposed to air amd 233, 418, and 939 pg/m3 of 82SOq at 22 
DB (dry belt) and 55% (relative humidity), or to air and 314, 600, and 
1107 pg/m3 of H2S04 at 35 
included a sequence of 20 mia of exercise (ventilation about 30 L/min) 
and 20 min o f  rest, repeated  three times. The only parametes of pul- 
monary function which showed a significant change with HzS04 exposure was 
forced expiratory v o l m e  a t  1 see .  
not enough to be considered physiologically significant. At the highest 
exposure level more than h a l f  the s u h j e c t s  reported throat irritation, 
conghing, dizziness, fatigue, and headaches. 

DZ) and 85% R H ,  Each exposure lasted 2 hr and 

" h i s  was decreased at 939 p.g/m3 but 

Analysis : 

T h i s  study is similar to others in demonstrating that sulfuric acid 
levels below 1 mg/m3 cause only minor changes in pnlmonary function. 
However, a t  an exposure level of 1 wg/m3 a n m b e r  of subjects exhibited 
signs of respiratory irritation and fatigue that m i g h t  impair work per- 
formance * 

$err, E, ID., T. J, Kulle, B .  P .  Farrellt L. B. Sander, J .  I,. Young, 
1). I,, Swift, and R .  M. Rorushok, 1981. Effects of salflinsic acid aerosol 
on pulmonary function in h m a n  subjects: An environmental chamber study. 
-- Environ. &. 26(1) : 42-50. 

Review: 

Twenty-eight normal oubjac t s  were exposed for 4 hr to 100 pg/m3 of 
sulfuric acid aerosol of particle size 0.1 to 0.3 pm. B tests were 
conducted in an exposure chambex at 22.5 5 0 .5  C and at a relative hmi- 
dity of 60 5 2%. Sulfuric acid concentrations in the chamber were meas- 
ured as total soluble sulfate using the brprinm perchlorate-Thorin method. 
Pulmonary function tests, including forced vital capacity, airway resis- 
tance ,  and nitrogen elimination rate, were conducted prior to exposure 
and a t  2-he intervals thereafter. Qurasistatie and dymn mi@ compliance and 
pulmonary resistance were neasured at 4 hr. No significant changes were 
found in any parameter o f  pulmonary function as a result o f  exposare to 
sulfarric acid. 

Analysis: 

T h i s  study is useful in showislg that s i n g l e  4-hr exposures to 100 
9g/m3 of sulfuric acid 
Potential adverse effects o f  repeated  exposures were not  examined. 

i s t  have no adverse effect on pulaionery faaction. 
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Litton Bionetics Inc. 1975. Mutagenic evaluation of compound FDA 
73-42, ammonium sulfate granalar. food grade. FDA BF-GRAS-382. U .S .  
Food and Drag Administration, Washington, DC. 

Review: 

The mutagenic activity of ammonium sulfate was tested in microbial 
assays with and without the addition of rmamrnalirrn metabolic activation 
preparations. The yeast strain used were Saccharomyces cerevisiae, D4, 
and the bacteria used was Salmonella tsphimurium TA-1535, TA-1537, and 
TA-1538. The ammonium sulfate, tested at concentrations ranging from 2.5 
to 1Q%, exhibited no mutagenetic activity under any of the test condi- 
tions. 

Ana 1 vs i s : 

This rather thorough study, which utilized both positive and nega- 
tive controls, as well as several different microbial indicators, is 
strong evidence in favor of the nomutagenicity of ammonium sulfate. 

Murray, IF. J . ,  E. A. Schwetz, K. D. Nitschke, A. A. Crawfond, P. A. 
Quast, and R. E. Staples. 1979. Embryotoxicity of iabaled sulfuric acid 
aerosol in mice and rabbits. 2. Environ. @. Health 13(3):251-266. 

Review: 

CF-1 mice and New Zealand white rabbits were exposed to 0 ,  
5.7 5 1.2, or 19.3 + 4.0 mg/m3 sulfuric acid (median particle diameter 
1.6 pm at 5.7 mg/n3-and 2.4 pm at 19.3 mg/ni3) for 7 hrJday during the 
period of major organogenesis (6th through lSth day of gestation for 
mice, end 6th through 18th day of gestation for rabbits), On days 18 and 
29 for the mice and rabbits, respectively, the animals were sacrificed 
and examined for embryotoxicity and teratogenicity. Slight maternal tox- 
icity was noted in that liver weight of mice was reduced at 19 mg/m3. In 
rabbits there was a decrease in body weight gain during the first few 
days of exposure to 19 pg/m3 and a dose-related increase in the incidence 
of subacute rhinitis and tracheitis. Sulfuric acid had no adverse effect 
on litter size, live fetuses per litter, resorptions per litter, fetal. 
sex ratio, or fetal body size. The offspring of exposed mice d i d  not 
have a higher incidence of malformations than controls; however, at the 
highest exposure, two fetuses were conjoined ventrally through the head, 
neck, and thoracic regions, and both had cranial malformations. In rab- 
bits there was no significant increase in fetal malformations, although 
there was an increased incidence of small nonossified areas of the skull 
bones . 

Analysis : 

Although the conclusions reached in this study appear t o  be v a l i d  
for the described experimental conditions, additional studies are needed 
at higher exposure levels. 
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TABLE B-1. GOVWNMENTAL. EMISSION STANDARDS FOR PRIMARY COMPONENTS OF DIESEL ENGINE MHAUST 

Chemic a 1 Agency 
h i  ss ion Concentration 

rate (PPd 
Comment Reference 

Aldehydes 
(total) 

USEPAa 
M S H A ~  

Carbon monoxide USEPA (1983) 

CSEPA (1984)  

USEPA (1985) 

MSHA 

MSHA 

MSEA 

MSHA 

a) 18 g/mile 
b) 26 glmile 

a) 10 g/mile 

b) 26 glmile 

a) 10 g/mile 

b )  26 g/mile 

- 
10 

- 
- 

- 
4700 
- 

- 
4700 - 

3 000 

100 

300 

100 

No standard 
Emissions. after dilution, MSHA 1982 
from diesel engines used in 
noncoal underground mining 
(measured as formaldehyde 
equivalents) 

a) L o w  altitudes 
b) High  altitudes 

a) Low altitudes 
(at curb idle) 

b) High altitudes 
Light -du ty t r uc ks 

a) Lon altitudes 
(at curb idle) 

b )  High altitudes 
Light-duty trucks 

Lig h t-dn t y  trucks 

EPA 1980c.d 

Undiluted exhaust gas from MSHA 1982 
diesel engines operating in 
noncoal mines 
Erhaust gas, after dilution MSHA 1982 
from diesel engines operating 
in noncoal underground mines 
Undiluted exhaust g a s  from MSHA 1982 
diesel engines operating in 
gassy noncoal mines (0.25% 
flammable gas) 
Exhaust gas ,  after dilution, MSHA 1982 
from diesel engines operating 
in gassy noncoal mines 



TABLE 3-1. (continued9 
-__I-_-_-- 

Chemic a1 
Emi s s ion Concentration 

Agency 
rate (PPrn) 

Comment Reference 

State of California 25 g/hp-h (15000 ppm for 140 cu in 
engine ) 

9501001 

Hydrocarbons (totall) USEPA (1983) a )  1.7 g/mile - a) L o w  altitudes EPA 1980~. d 
b f  2.0 g/mile - b )  Xigh altitudes 

a )  0 . 8  g/zilt - a )  L o w  altitudes 
b )  2.0 g/miie - b) High altitudes 

a )  0.8 glmile - a )  L o w  altitudes 
b )  2 . 0  glrnile - b) High altitudes 

Light-duty trucks 
USWA 11984) 

Light-duty trucks 
USEPA (1985) 

Light-duty trucks 

emissions in undergrond mines 
MSHA - - No standard f o r  diesel engine hiSHA 9982 

State of California 5 . 0  g / W h  21  5 Total CH * NO, 

Particulates 

USEPA 

MSHA 

MSBA 

2 . 3  glmile 

- 

- 1982-1985 model year light- EPA 198Oc. d 

duty trucks 

exhaust gas, from diesel 
engines operating in gassy 
(0.25% flamnablc g a s )  nuncoal 
mines (measured as NO2 
equivalents) 

25 Emissions. after dilution, in MSBA 1982 
exhaust gas from diesel 
engines operating in gassy and 
nongassy noncoal  rrines 

200 Emissions, in undiluted MSEA 1982 

- State of California 5.0 g / W h  Total NO, + 

USEPA 

USEPA 

0 . 6  g/mile - 1983-84 model light-duty 

0.26 ylmile - 1985 model light-duty diesel 
diesel vehicles and trucks 

trucks 

EPA 1980b 

- - No standards 
- - No standards 

S u l f a  tcs USEPA 
MSHA 

S .  Environmental Protection Agency. 

___-I- ___-l_--l- 
_I_ __ ---- --_I_-- 

bMi&e Safety %ad Bealth Administration. 



TABLE B-2. CdVERNMENTAL EXPOSURE LIMITS FOR PRIMARY COMPONENTS OF DIESEL ENGINE EXHAUST 

Chemic a 1 
Concentration 

ppm mg1m3 
Agency Comment Reference 

Aldehydes OSHA' 
(total) MSHA~ 

Carbon monoxide OSHA 
MSHA 

MSBA 

NIOSH~ 

ACGIK~ 

NIOSB 

ACGIH 

Hydrocarbons OSHA 

MSBA 
(total) 

NOx OSEA (NO) 
OSIlA (wO2) 
MSHA (NOS) 
MSHA (NO,) 

NIOSH (NO)  
NIOSH (m) 
ACGIH (NO) 
ACGIB (NO) 

ACGIH ( N m )  
ACGIH (NO21 

Particulates OSHA 
MSHA 

Sulfates OSHA 
MSHA 

Sulfuric acid OSHA 
NIOSH 
ACGIH 
MSIIA 

- 
- 

50 
100 

50 

35  
2 00 

50 
400 

- 

- 

25 
5 
25 
12.5 

25 
1 
25 
35  
3 
5 

- 
- 
- 
- 

- 
- 

- 

55  - 
- 

40 
229 

55  
4 40 

- 

- 

30 
9 
- 
- 

3Q 
1.8 
30 
45 
6 
10 

I 

- 

I 

I 

1 
1 
1 
- 

No exposure limit 
NO exposure limit for nnder- 
ground mines 

8-hr time weighted average (TWA) 
Maximum permissible in noncoal 
mines 
Maximum permissible in gassy 
noncoal mines 
PO-hr TWA 
Ceiling value (no minimum 
time) 
8-hr TWA 
Short-term exposure limit (STEL) 

No standard for total hydro- 
carbons 
No standard for total hydro- 
carbons 

8-hr TWA 
Ceiling value 
Noncoal underground mines 
Gassy noncoal underground 
mines 
10-hr 3XA 
15-min ceiling value 
8-hr TWA 
STFL 
8-hr TWA 
STEL 

No standards 
N o  standards 

N o  standards 
No standards 

8-hr TU'A 
IO-hr TWA 
8-hr TLV 
N o  standards 

OSHA 1982 
MSHA 1982 

OSHA 1982 
MSHA 1982 

USHA 1982 

NIOSH 1982 
NIOSH 1982 

ACGlH 1982 
ACGlH 1982 

OSHA 1982 

MSHA 1982 

OSHA 1982 
OSHA 1982 
MSHA 1982 
MSHA 1982 

NIOSB 1982 
NIOSH 1982 
ACGIH 1983 
ACGLB 1982 
ACGIH 1982 
ACGIH 1982 

OSHA 1982 
MSHA 1982 

OSHA 1982 
MSBA 1982 

OSHA 1982 
NIOSA 1982 
ACGIB 1982 
MSBA 1982 

*Occupational Safety and Health Administration. 
bMine Safety and Health Administration. 
CNational Institute of Occupational Safety and Health; recommended occupatimal expo- 

dherican Conference of Governmental Industrial Hygienists; occupational exposure 
sure limits. 

guidelines. 
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TABLE E-3. EXPOS'ufpE LIMITS FOR OSHA REGULATED COMPOUNDS 
POUNlp IN DIESEL EXISSIONSa 

Chemical name 
(CAS number) 

Acetaldehyde 
( 7 5-57-5 1 

Acetic acid, ethyl e s t e r  
( 146-7 8-6 1 

Acetic acid, methyl. ester 

Ac e t y 1 ene 

Ac r o 1 e in 

( 7  9-20-9) 

( 7  4-86-2 1 

(107-02-8) 

(7664-41-7) 

( 13 04-2 8-5 ) 

Benz cnam ine 
(62-53-3) 

(95-53-4) 

(71-43-2 1 

4-methyl- 
( 98-51-1  1 

Ammonia 

Barium oxide 

Benzenamine, 2-methyl- 

Eenz ene 

Benzene, l-(l,l-dirnethylethyl) 

1,4--Eenzenediol 
(123-31-9) 

Benzene, ethenylmethyl- 
(2503.3-15-41 

I ,2-Benaene dicarboxylic acid, 
dibutyl ester 
( 84-74-2) 

dimethyl ester 
(131-11-3 1 

Benzene, dimethyl- 
(1330-20-7) 

Benzene, ethyl- 
( 100--41-4) 

1,2--Bcnzene dicarboxylic acid, 

2 00 

40 0 

200 

2500b 

0.1 

50 

- 

5c 

5c 

10d 

10 

- 

100 

100 

100 

3 60 

1480 

610 

2700 

0.25 

35 

0.5 

19 

22 

32 

6 0  

2 

480 

5 

5 

43 5 

43 5 
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TABLE B-3 (continued) 

Chemical name Time weighted averages (TWA) 

(CAS number) -------..------ .--- 

PPm mg /m3 

Benzene, methyl- 

Benzene, (1-methyletheny1)- 

Benzene, (1-methylethyl)- 

Benzene, 1,l'-oxybis- 

Bicyc lo (2.2.1 ) hep tan-2-onet 

(108-88-3) 

(98-83-9) 

(98-82-8) 

(101-84-8) 

1,7,7-trimethyl- 
( 7 6-22-2 ) 

1,l '-Biphenyl 
( 92-52-4) 

l93-Butadiene 
(106-99-0) 

2-Butanone 
(7 8-93-3 ) 

Carbon black 
(7440-44-0) 

Carbon dioxide 
(124-38-9) 

Carbon disulfide 
(75-15-0) 

Carbon monoxide 
( 63 0-08-0) 

Crotonaldehyde 
(4170-30-3) 

2,5-Cyclohexadiene-l,4-dione 

Cyclohexane 

Cyclohexane , methyl- 

(106-51-4) 

( 110-82-7 1 

(108-87-2) 

Cyc 1 ohexanol 
(108-93-0) 

Cyc 1 ohexanone 
(108-94-1) 

200e 

100 

50' 

1 

- 

0.2 

1000 

200 

- 

5000 

20f 

50 

2 

0.1 

3 00 

500 

50 

50 

766 

480 

2 45 

7 

2 

1 

2200 

5 90 

3 .5  

9000 

63 

55  

6 

0.4 

1850 

2000 

200 

200 
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TABLE B-3 ( c o n t i n u e d )  

Chemical name Time weighted averages (TWA) 
(CAS number) 

PPm mg /m3 

Cyclohexanone, methyl-g 

CycPohexene 

2-Cyclohexen-l-one,  3 , 5 , 5 -  

( 5 83-60-8) 

(110-83-8) 

t r imethy l -  
( 7 8-5 9-1 ) 

D i a zome thane 
(334-88-3 1 

1,4-Dioxane 

Formaldehyde 
(50-00-0)  

Formic a c i d  
(64-18-6) 

(123-91-1) 

Formic a c i d ,  e t h y l  e s t e r  
(109-94-4) 

~ - F U X - ~ I W  81 r b ~ a a l  htehyde 
( 98-01-1) 

2-Furamethanol  

Furan, tatrabydro-  

Rep t a m  

(109-99-9) 

(142-82-5) 

Hexane 
(110-54-3) 

( 591-7 8-4 1 

( 108--10-1} 

Bydroeyanic a c i d  
(74-90-8) 

Hydrogen sulfide 
( 7 7 83 -06-4 1 

1 ,3 - I sob  enzof urand ione 
(85-44-9) 

2-Bexanone 

aexsne 

100 

3 00 

25 

0.2 

looc 

gh  

5 

100 

5 c  

50 

ZOO 

500 

500 

100 

100 

loc 

2 0 i  

2 

460 

1015 

140 

0 . 4  

360 

3 . 7  

9 

3 00 

20 

200 

5 90 

2000 

1800 

41 0 

41 0 

11 

28 

12 
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TABLE: B-3 (continued) 

Chemical name Time weighted averages (TWA) 
-----I-------- ------- (CAS number) 

PPm mg /d 

Methylacetylene 
(74-99-7 1 

Naphtha 1 en e 
(91-20-3) 

Nickel carbonyl 
( 13 463-3 9-3 1 

N i t  roethane 
(79-24-3) 

Nitrogen oxide 
(10102-43-9) 

Nitrogen dioxide 
(10102-44-0) 

Kitromethaae 
( 75-52-5 9 

Oc t an e 
(111-65-9) 

Oxiranemethanol 
(556-52-5) 

Oxirare, (phenoxyme thy1 ) - 

Oxirane, t(2-propeny1oxy)- 

(122-60-1) 

me thy1 ] - 
(106-92-3) 

n-Pent ane 
(109-66-0) 

2-Pen t anone 
(107-87-9) 

3-Penten-2-one, 4-nethyl- 

Phe no 1 

( 141-7 9-7 

( 108-95-2 1 
Phenol, 2 methyl- 

Phenol, 3-methyl- 

Phenol. 4-methyl- 

( 95-48-7 > 

( 10 8-3 9-4 1 

(106-44-5) 

1000 

10 

0.001 

100 

25 

53 

100 

500 

50 

10 

1oJ 

1000 

200 

25 

5c 

1650 

50 

0.007 

310 

30 

9 

250 

23 50 

150 

60 

45 

2950 

7 00 

100 

19 

5c 22 

5c  22 

5c 22 
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Phenol, 2-methyl-4,6- 
dini tro- 
(534-52-1) 

Propane 
('74-98-6) 

2-Propansne 
(67-64-1) 

2-Propenoic acid, ethyl ester 
(140-88-5) 

2-Propenoic acid, methyl ester 

2-Propenoic acid, 2-nethyl-, 

(96-33-3) 

methyl ester 
( 80-62-6) 

Pyridine 

Styrene 

Sulfur dioxide 

(110-86-1) 

( 100-42-5) 

(7446-09-5) 

Sulfuric acid 
( 7 664-93 - 9 1 

- 

1000 

1000 

25' 

loc 

100 

5 

look 

5 

- 

0.2c 

1800 

2406 

100 

35 

410 

15 

43 3 

13 

1 

aOSEM = Occupational Safety and Health Administration. 
Eight--hour time-weighted averages (TWA) unless otherwise 
noted. Numbers in 0 are Chemical Abstract Registry 
numbers. 

b 1 ~  of lower exposive limit. 
CCntaneous absorption can contribute to overall expo- 

dAcceptable ceiling concentration 25 ppm (80 m g / m 3 )  ; 
maximum IO-min peak, 50 ppm (160 mg/m3). 

eAsceptable ceiling concentration 300 ppm (1149 
mg/;m3); maximm 10-min peak/g hr, 500 ppm (1915 m g / m 3 ) .  

fAcceptable ceiling concentration 30 ppm (94.5 mg/m3) ; 
maximum 30-rain peak/8 hr, 100 ppm (315 mg/d). 

ISpecific isomer in exhaust not identified. Data and 
CAS numbex given for o-metbylcyclohexanone. 

hAcccptabPe ceiling concentration 5 ppm (6.2 m g / m 3 )  ; 
maximum 10-min peak/8  hr, 10 ppm (12.4 mg/m3). 

s n r e  e 
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TABLE B-3 (Footnotes continued) 

iAcc ep tab1 e ce i 1 ing concentration; maximum 10-min 
peak,  50 ppm ('9 mg/m3) once per 8 hr only if no other expo- 

jlaximum permissible exposure limit, regardless of 

kAcceptable ceiling concentration 200 ppm (866 m g / m 3 ) ;  

SQTC? OCCUSS. 

time of exposure. 

maximum 5-nin peak13 hr, 600 pprn (2598 rng/m3). 

-175- 



Ethylene 

Ethane 

( 7 4-85-1 1 

( 7 4-84-0 1 

(106-97-81 

Eenzo(a)pyrene 
( 50-3 2-8 

n-But ane 

Chrysene 
(218-01-9) 

Valeraldehyde 

Propylene 

Me t h ane 

(110-62-3) 

(115-07-1 

(74-82-8) 

Noted as being an 

Noted as being an 

asphyxiant 

a sphyx i ant 

TWA - 800 ppm, 
1900 m g / d  

Noted as an industrial 
substance suspect of 
carcinogenic potential 
for man 

To be controlled as an 
occupational carcinogen 

TWA - 50 ppm, 
175 m g / m 3  

asp hyx i ant 

as  ph yx i ant 

Noted as being an 

Noted as being an 

____-- 
_II __-__--__________ cI _l___--__l-_- _I.,..- --.--- 

aherican Confexencc o f  Governmental Industrial Hygienists. 

bNationa1 Institute for Occupational Safety and Health. 

CInclndes only those compounds found in diesel exhaust that do 

khernic a1 Abstract Reg is try Number e 

not have an OSHA standard, 

-17 s- 



TABLE B-5. C3EMICAL ~~~~S FOUND I N  DIESEL EMISSIONS FOR WHICH NO 
FEDERAL OCCUPATIONAL EXPOSURE LIMITS OR mrm AIR STANDARDS EXIST 

Ac eant h rone 
Ac ena ph t h e no 1 
Acenaphthy lene 
Acephenantbsone 
Ac et y 1 ani iaof 1 nor e ne 
1-Ac e ty lnapt ha1 en6 
Anthanthr ene 
Anthracene 
Anthracene carboxaldehyde 
9-Anthracene carboxaldehyde 
Anthracene dicarboxylic 

acid anhydride 
Ant hra c e ned i one 
Anthracene quinone 
9,lO-Anthracene quinone 
Anthracenone 
Anthranthene 
Anthroic acid 
Anthrone 
9-Anthr one 
Anthraquinone 
Barium sulfate 
Benz (j 1 aceantbrylene 
Benz(e)acephenantgrylene 
Benz acridine 
Benzaldehyde 
Benz(a1anthracene 
B enz ant 4 race ne d i c arbor 

Benz (a) anthracene-7-12- 

7H-Benz(de)anthracene-?-~~e 
Benz (j 1 flnoranthene 
Benzo(a)aathracene 
carbo xa 1 dehy d e 

Eenzo(a)anthracenequinone 
7,12-Benzo(a)anthracene 

Benzoanthrone 
7-Benzo (de 1 anthrone 
Benzo (dhf anthrone 
Benz o (b 1 c hrys ene 
Benz o ( c 1 inno 1 ine 
Benzo(ghi) flnoranthene 
Benz o (k) f l n o r  anthem 
Benzo( j> flnoranthrene 
Benzo (k) flnoranthrene 
Benzof lnorene 

B 1 d ehy d e 

dione 

qn i none 

Benzo(c) fluorene 
Benzoflaorenone 
Benzo(a1Elnorenone 
$-Benzo(a) fluorenone 
Benzofuran 
Benza(e1psrylene 
Benz o (gh i) perylene 
B enz oph enanth r ac ene- 
carboxa1 dehyde 

Benzo(c)phsnanthrene 
1-Benzopy ran-4 (4H) -one 
2E-l-Benzopyran-2-oae 
Benz o ( e  1 pyreae 
$enzo(e)pyrene-4,5-dihydrodiol 
Benzo(e)pyrene-9,10-epoxid~ 
1,6--Bsnzo(aIpyrenequinone 
3,6-Benzo(a)pyrenequinone 
6H-Bsnzo(cd)pyrenone 
Benz o ( ed 1 pyrenone 
Binaphthal ene 
B i na ph thy 1 
B ipheny 1 carboxaldehyde 
1,l '-Biphenyl-4-carbox- 

a1 dehyde 
Biphenyldicarbonitrile 
B ipheny 1 ene 
1.1 '-Biphenyl, 2-methoxy- 
11,1 P-Bipbe~ll -2-01 
I1,l r--Biphenyll-4-ol 
Butanal. 
1-Butene 
2-Botene 
Butyl-2-methylpropyl- 

Bnty lnaphthal ene 
n-Butyral dehyde 
Carbon oxide sulfide 
o-Chl a r  0 pheno 1 
Chrysene carboxaldehyde 
Chrysene qtninone 
Coronene 
Cyclodexanol 
Cyclopentacoronene 
Cyclopetltano(c,d)-pyrene 
Cyclopentano(c,d)pyrene-3,4- 

Cyc1 opentano (c , d) pyrene-3.4- 

phthnlat e 

c is-diol. 

oxide 
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LE B-5 (continued) 
I -_ 

Cyg.01 opexltano ( G , d) -pyrene- 

4n-~clopenta(def)phena~thxen- 

Cyclopelntaphenanthren-5-sna 
Cy c 1 ape nt apy rene 

Cyclop~3ntenodliboeszoayreHle 
Cycl opeat e m  (c  d) pyrene 
Cyc 1 opent en6 ( c , d 1 pyrene 
aahydr ide 

Decal in 
Decane 

Dibenz(a,j)anthracene 
Dibanz(a,h)anthracene 
dicarboxaldchyde 

Dibenz(c,g)carbazole 
Dib anz o ( de f , m o  1 c h r y  se ne 
Dibenzolb,el C1,41--diorin 
1,2 ,3,4-Dibenzsflaoranthene 
Rib e m  of 1 uor en8 
Dibenzo(a,g)flaorene 
Dibenzafaran 
1,2,3--Dibenzopyrsne 
Dibsnzo(a, ilpyrene 
1,2 ,10--Dibenzotetracene 
Dibenz o thiophene 
2 , 6-Di-t ert-bnty 1-4-methyl- 

l D 2 - a i h p d r a a c e n a p h t ~ y l ~ ~ 9  
9,10-Dihydrobenzs(e)pyr~ne 
4,5--Dihydrodihydrsxy 

b e nz o py z-8 ne 
Dihydrodihydraxy- 

f lnsrantbene 
Dihydrodihydraxypprens 
5 , 6-Dihydrsdiolbanza (a 1 - 
l,B-Dihydxodislbenzo(a)- 

4,9-Bihydrodialhe~bzo~a~- 

2,3-Dihydroindon-l-one 
iD2-nihydr0trirnsthy1- 

Dihydroxy anthracene 
9.10-D ihydmroxy anthracs ne 
Dihydsoxydinethyl- 

3,4-trans-diok 

4-one 

Cyclopenta (cd)pyremxs 

Dibeuz ( 8  D C 1 anthracene 

phenaP 

anthracene 

pyst??M 

pyrene 

mnphthal ene 

anthracene 

Dihydroxyflnorene 
aihydro~methoakybsnzene 
DihyBrorrymathylanthracene 
Dihydro~mathylfluoxene 
D ihgdroxymsthy 1 

phena nthr en8 
Dime thy 1 anthrac ena 
9 ,lO-Dime thy laathracene 
Dime thy 1 anthrao en@ 
carboxaldshyda 

Dimethylanthrone 
Di~etBylb9nz(a)anthracene 
D imbtbylbenz onaph tho- 
thiophene 

Dimethylcyclopentacene- 
naphthy 1 ena 

Dimethyldecalin 
1,9-Dimcthylfluorene 
Di~ee~ylfauo~ene~ninone 
Dimethyl fl aorenone 
Dimthy Ihydroxyaathracena 
D i m e  thy 1 hydroxy f luor $318 

Dimethylhydrolrgphenanthrene 
D ima thy l indsn 
Dimethylnaphthalene- 
carboxaldehyde 

Dimethylnaphthalene dicar- 
boxylic acid anhydride 

Dina~thylnaphthothiophene 
Dinasthylperhydrgphsn- 

Dimethylphenanthrene 
Dimethylphenanthrene 
carboxaldehyde 

Dimethyl phenaatbrone 
Dirnethyltetrahpdro- 

D i m e  thy 1 t e t r a 1  in 
2,7-Dinitrofluorene 
1,5-Diaitro-2-methyl-9,10- 

1,5-~initPoaaphehalene 
D ini t ropy r ene 
DiphenyPacenapBthyleae 
Dipheny lace ty l ene  
Dipheny lbenz ene 

Dode cy 1s J 1 shexaae 

anthrene 

naphtha1 ene 

anthraquinone 

R - D O C O S a n e  
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TABLE B-5 (continaed) 
I 

a-Eicosane 
Ethene 
Et hy 1 f 1 uo r e ne 
1-Ethyl naphthalene 
p-ethyl phenol 
Ethyl tridecane 
1 ,I I -  1 2-Ethynediy l 1 - 

b i sbenz e m  
Flaoranthene carbox- 
aldehyde 

Flnorantheneqainone 
Flaorantheno-2,3-dihydrodiol 
Flaoranthone 
Flnoranthrene 
9 -F 1 uo r en- a- one 
9H-P1 nor ene 
2-Fl nor ene carboxal dehyde 
+Fluorene carboxaldehyde 
Flnoreneqninoae 
1 ,I-Flnoreneqninone 
98-Fl nos en-+one 
9€I-FPaoren-9-one,2,4,7- 

t r ini t ro- 
n- Hen e i c o sa ne 
n-%e p t a de c ane 
1-Hept adecene 
n-Hexa de c ane 
Hexaldehyde 
Hexanol 
Hydroxyanthracene 
Hydroxyanthroic acid 
2-Hydroxybenz aldehyde 
S-Eydroxybenzo(a!aathracene 
6-Hydroxybenzo (a Ipyrene 
7-Hydroxybenzo(a)pyrene 
Bydroxychrysene 
Hydroxye or one ne 
By dso xy f 1 nor e ne 
S)-B$droxy fl uo r ene 
Hydroxy fluoxanone 
Hydroxynaphthalene dicar- 
boxylic acid anhydride 

Hydraxynaphthal i c  acid 
Hydrorynaphthoic acid 
Hydroxynitroflaorene 
1-Hydroxyphenanthrene 
Hydroxy ph e na n t hr ene 
Bydroxyphenanthroic a c i d  
Hydroxyphthalic a c i d  

Hydro xy p y r en e 
Hydreaxytrimsthylanthracene 
Aydroxytzimet~ylphen- 

Hydroxyxanthene 
3-%ydroryxanthen-9-one 
Bydroxyxanthrone 
I-Inda none 
Indeno(l,2,3-~d)flaoranthene 
Isoalnylflaorene 
Isobotry aldehyde 
Isobutylene 
Isopent ene 
2-Isopropy lnaphthal ene 
o-Isopropylphenol 
Methorybenaz ldehydt 
Me thoxybiphenyl 
2-Methoxy,111 'biphenyl 
Methoxyf lnorene 
Methoxyphenanthrene 
Methoxyranthenone 
Me thglanthracene 
2-Methylanthracent 
9-Ms thy 1 anthracene 
Me thy 1 anthracene 
carboxa 1 dehy de 

2-Methyl-9-anthracene 
carboxaldehyde 

Methyl-9-10-anthracenedione 
Mtthylanthracenequinone 
Me thy 1-9-10-an thraceneqai none 
2-Me thy 1 - 9-1 0- anthracene- 

Methyl anthroic acid 
Me thylanthrone 
Me thy 1-9-anthrone 
4-le  tbylbenzaldehyde 
Methylbenz (alanthracene 
Methylbenzanthrone 
Me thy lbenz oa t e 
7-Me thy 1 b e nz of uran 
Me thylbenz oie acid 
Me thy lbenz o ( a  1 py xene 
Methylbeazo(e)pyrene 
10-He thy Pbenz opg rene 
3-hfethy lbntanal 
2-Me thy 1 bat an e 
Methy lcarbazo 1 e 
Me thy 1 caroaene 

anthr ene 

qainone 
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LE B-5 (continued) 
I _a_l__-- ..-- 

3-Msthylsholanthrene 

Me thy 1 cy c. 1 ohexano ne 
Me$hyl-4B-cyclopenta(def)- 

phenanthren-4-one 
Methy ldacane 
Ma thy ldi b enz o th iophene 
Me thy 1 d i hydro f 1 POP ant B e a5 
Me thy Id ihy dropy re no 
MethyXflaoranthsneqninone 
1 -Me t hgr 1 f I rpo r e IPB 

8-lethyl fluoneran 
Methyl flnsreneqninone 
Wethglflaorenone 
2-Me thy l fPrpor enone 

Me thy 1 hydro xy ant b r a c. e n t3 

l a  thy lchry s ene 

Me thy 1-9- f laor enone 

5-Methylhydrox~be~~o- 

Me thy lhydroxy f lrnor ens 
MBthyIhgdPOryphan%nthrene 
MethyPindan 
Eiiethylnaphthaldehgde 

Methylnaphthalene 
Mcthylnaphthalene 

carboxaldehyde 
Methylnaphthalene dicar-  
boxylic acid anhydride 

Methylnaghthalic acid 
Methylnaphthoic acid 
Met~yP~itroanLhraFene 
Methyhi tropyrena 
Methylpentadecane 

I-Methylphenaathrene 

phenanthrene 

S-Metbyl-2-nsphthaldabyde 

Met 11J 1 p e q 1 e 328 

2 - l e  thy lphenanthrene 
3-Me thy 1 ph e n%t 12 t h I :: rite 

4- Me t h y 1 ph e na 13. t h I e ne 
9-Methylpbnanthtene 
Me thy lphenanthrene 

carboxaldehyde 
~ethylphena8threneqainane 
~e%byP-P-lO-phenanthrene- 

Methylphenanthroic a c i d  
Methylphenanthrone 

QBL i none 

4-MethylphoR.lbgnzole)- 
F imol ine 

l e  thy lpheny 1 c i nnol ine 
Wethy lphthal ic acid 
I - le  thy 1 pyre ne 
Me thy l p y  reneqainone 
Methylqainaline 
Me thy It et pal in 
Ne thy 1 t r i ph eny X e m  
Me thy lonnda cane 
Wonom e t b  y 1 ani I ina 
Naphthalene asataldehyde 
1-Naphthalene carboxaldehyde 
%-Naphthalene carboxaldehyde 
1--Naphthalene carboxylic acid 
%-Naphthalene carboxylic acid 
Naphtha1 e m  Bicarboxaldehyde 
1 ,$-Naphthalene dicarboxylic 

Naphthalene dicarboxylic 

1H-Naphth a l  eneqninong; 
2-Naphtha1 enol 
Naphths(l234,def)c$rgsene 
Naphtho-2,3 (b 1 faran-4,9- 

Naphthopytandisne 
Naphtho(1,S-cB)pgran-I J- 

lBJ3B-Napbtho-l 8-cd-pyran- 

1-Naphtho(cd)pyrone 
Cq-Naphthothiophene 
9-Mitroanthrac ane 
6-Nitrobenzo (alpytene 
Nit roehry sene 
2-Nitrof lnorene 
3-Nitra-8-Elnorenone 
Nitragen pentoxide 
Nitronaphthal ic acid 
Nitrophenaathrene 
Ni t ropy r cnc 
I-Nitropyrene 
Ni txopy r a m  
N-NitaosornorphoX ine 
n-Noaade c ane 
a- Oc 0 ad e c a ne 
Octahydrophenant~rene 
Odor component of diesel 

emissions 
n-Pentadscane 

acid 

a c i d  waafaydrids 

dionn 

dione 

1,3-dionp: 



TABLE B-5 (continued) 

Pentaphene 
1 -Pent e ne 
Perhydrophenanthrene 
Per i na ph th indenone 
Peroxgacetyl nitrate 
Perosypropronyl nitrate 
Pery 1 ene 
Phenanthrene 
Phenanthrene carbox- 

aldehyde 
2-Phenanthrene carbox- 

aldehyde 
Phenanthrene-9-carbox- 

aldehyde 
Phenanthrene dicarboxylic 

acid anhydride 
Wenanthreneqninone 
9,10-Phenanthreneqninone 
Phenanthroic acid 
Phenanthrone 
Phenanthroquinone 
Phe ny lb enz opy fa no ne 
Pheny 1 e t  hy 1 Ire t one 
l-Phenyl-2,4-hexadiyn-l-one 
1 -Pheny l napht h a1 ene 
2-Wenylnaphthalene 
Phe ny 1 py roc a t e cho 1 
Weny lpyrrolopyridine 
Phthalic acid 
Pro pa ma 1 
Pyrene 
Pyrene carboxaldehyde 
1-Py tene carbo xa 1 de hy de 
Pyrsne quinone 
3 ,lO-Pyrene quinone 
Pyreno-3,4-dicarboxylic 

a nhyd s i de 

Py r enone 
Pyrone 
Ri ph eny 1 e ne 
Sulfur 
Sal fur trioxide 
n-Tetradecane 
1-Tetradecene 
1,2,3 ,4-Te t rahy dronaph thal ene 
Tetrahydrophenanthrene 
Tetrametbylaaphthalene 
Thioran th enone 
9H-Th ioxanthen-9-one 
Thioxanthen-9-one 
9-Thi o xanthone 
Trihydroxyanthraqainone 
Trihydroxyflnorene 
Trimethylantbracena 
Trimethy If lnorene 
Trimethylfluorenone 
Trimethyl indan 
Trimethylnaphthal ene 
Trimethy lnaphthalene 

Trimethylnaphthothiophene 
2,2,4-Trimethylpenta-l,3- 

d i  ol d i i sobaty sate (b kg 1 
Trimethylphenanthrene 
2,3 ,5-Trimethylphenoi 
Trimethyltetralin 
Trinaphthenebenzene 
Triphenylene carboxaldehyde 
Triphenylene quinone 
93-Xanthen-9-one 
9-Xanthone 
2,6-Xylenol 
3 ,S-Xy 1 enol 

carboxaldehyde 
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Acetaldehyde (ppm) 

Acetone (ppm) 

Acrolein (ppm) 

Aldehydes (total) 
( P P I  

Ammonia (ppm) 

Anthanthrene ( p g / & )  

Anthracene (pg/m3) 

Benz a1 dehyde ( ppm 1 

Benzanthracene 
(pg /m3 1 

Benzene (ppm) 

3 . 2  
0.5-4.8 
0.02-0.31 
0.27-0.67 

2.2-25.2 
1 m 42-38 .o 

1-1 9 
0.13-0.48 

0.07 

4 
0.84-17.4 

5-1Q 
0.8-42 
2.9 

0.2-0.3 
2.1-7.5 
2.1-8.4 

0.06-1.4 
0.06 

18-5 6 
3-87 
9-3 5 

13.8-58.8 
1.3 

4.2-4.7 
4.46 

0.2 

0-0.89 

1.5-16 
20-200 

0.3 
0-0.16 

0.2-1.5 
0.05-0.07 
0.10-0.31 

0-17 
<0,4-4 

0.3-1 

Vogh 1969 
Iwai et al. 1975 
Springer and Stahman 1978 
Johnson et all. 1982 

Linnell and Scott 1962a 
L i n m l l  and S c o t t  1962b 
Reckner et al. 1965 
Springer  and Sta.hman 1978 
Johnson et al. 1982 

Linnell and Scott 1962a 
Linnell and Scott 1962b 
Cohen and Altscholler 1961 
Reckner et al. 1965 
Mogh 1969 
Smythe and Karasek 1973 
Iwai et a l .  1976 
EHA 1978 
Holland 1978 
Johnson et al. 1982 

Reckmsr et a l .  19155 
Marshall and Fleming 1971 
Iwai et al. 1976 
jEHA 1978 
Williams and Chock 1988 
Creech et a l ,  1982 
Johnson et al. 1982 

Williams and Chock 198 

Recknex et al. 1965 

Reckner et al. 1965 
Holland 1978 

Vogh 1969 
Springer and Stahman 1978 
Springer and Baiaes 1978 
Creech et al. 1982 
Johnson e t  a l .  1982 

Reckloer et a l .  1965 
Ho 1 1 and 1 97 8 

Springer and Stahman 1978 
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TABLE B-6 (continued) 

Compound Concentration Reference 

Benzo (b) fluoranthene 
( w / m 3 )  

0-1 4 Reckner et al. 1965 

Benzo (k) fluorantheae @ .05-13 Reckner et al. 1965 
(pg/& 

Renzofluorenes 
( P f d d )  

0.7-4.8 Reckner et al. 1965 

Renzo(ghi)perylene 
(pg /m3 

0-1 1 Reckner et al. 1965 
0 .OS Spindt et al. 1974 

0.05-10.5 
0.16 
60- < 600 
43 

Reckner et al. 1965 
Spindt et al. 1974 
Holland 1978 
Williams and Chock 1980 

Benzo ( e  )pyrene 
(pg/m3) 

0-87 
0 .@3 

40-<400 

Reckner et a l .  1965 
Spindt e t  al. 1974 
Holland 1978 

Linnell and Scott 1962b 
Reckner et al. 1965 

1,3-Butadiene 
( PPm) 

0.24-4.81 
0.06-13 

Butane (ppm) 
(n-Rutane) 

(0.05-0.14 
0.2 

Linnell and Scott 1962b 
Reckner et al. 1965 

1-Butene (ppnl) 0.37-7 .o Linnell and Scott 1962b 

1-But ene (+ iso-but ene ) 
( PPm) 

0.1-41 Reckner et al. 1965 

1-Butene, 2 methyl- 
( +  trans 2-pentene) 
( PPm 1 

0.1-3.8 Reckner et al. S965 

l-But ene, 3 methyl- 
(PPm) 

0 .1-2 .1 Reckner et al. 1965 

2-Butene (cis or trans) 
(PPm) 

<0  ,005-1.56 
0 -06-2.2 

Linnell and Scott 1962b 
Reckner e t  al. 1965 

0.2-3.3 Reckner et al. 1965 

Butylene (ppm 1 
is o-bu t y 1 e ne 0 . 1 4-2 .8 5 Linnell and Scott 1962b 
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TABLE B-6 (continued) 

Compound Concentration Ref e r e m e  

Bw. t yr a 1 dehyde (ppol) 
n-butyraldehyde 
iso-butyraldehyde 

Carbon dioxide 
(PPd 

Carbon monoxide 
(PPd 

Coronene (pg/m3) 

Cro tona 1 dehyd e ( ppm) 

Ethylene (ppm) 

Ethane (ppm) 

Formaldehyde ( ppm) 

0.3 Vogh 1969 
0.08-0 - 5 6  Springer and Stahman 1978 
0 .08-0 .13  Creech et al. 1982 
0.10-0.13 Johnson et al. 1982 

16900-1 42000 Linnell and Scott 1962a 
6400-91000 Recknes et al. 1965 
4000-25000 Holland 1978 

173-4800 Linnell and Scott 1962a 
220-3000 Reckner et al. 1965 
153-51 46 Marshal 1 197 8 
10-300 Holland 1978 

188 Williams and Chock 1980 

31 Reckner et al. 1965 
5-200 Holland 1978 

5.4 Reckner c t  al. 1965 

0.07-0.6 Smytbe and Karasek 1973 

0.44-1.41. Springer and Saines 1978 
0.0 8-0.20 Springer and Stahman 1978 
0.02-0.04 Creech e t  al, 1982 
0.03-0.62 Johnson et al. 1982 

0.1-0.8 Iwwai et al. 1976 

52-85.4 Linnell and Scott 1962a 
6.85-82.8 Linnell and Scott 1962b 
10-5 6 Beekner e t  al. 1965 
0 .) 9-26.7 Springer and Stahman 1978 

0.1-1.3 Springer and Stahmalo 1978 

9-120 Recknes et RI. 1965 
1.9 S p i n d t  e t  aP. 1974 

15 
2.9a--26.4 
4.6-40 

18 .3  
16-24 

5.3-18 
0-3 5 

1.24-12 -33 
9.2-34.9 

3.26-3.61 
1 a 99-3.56 

Linnell and Scott  1962a 
Liane11 and Scott 19622, 
Recknea e t  a l .  1965 

Smythe and Karasek 1973 
Iwni et a l .  1976 
Holland 1978 
Springer  and Baines 1978 
EHA 1978 
Creach et al. 1982 
SoRnsoa e t  al. 1982 

Vogh 1969 
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TABLE B-6 ( con t inued)  

Hexa Id  ehyde (ppm) 0.2 
0.05-0 0 9 

0-0.04 
0.01 

Vogh 1969 
Spr inge r  and Baines  1378 
S p r i n g e r  and Stahman 1978 
Creech e t  a l .  1982 

0 .l-20 Reckner e t  a l .  1965 

Hydrocarbons ( t o t a l )  

( P P d  
9 .I-5 4.2 
6-56 

17-4852 
27 

L i n n e l l  and S c o t t  1962b 
Reckner e t  a l .  1965 
Marsha l l  1978 
Williams and Chock 1980 

Hydrogen cyanide  (pprn) 

Indeno (1,2,3, cd)  pyrene 
(pg /m31  

Methane (ppm) 

Methyl e t h y l  ketone 
( PPm 1 

N i t r i c  ox ide  (ppm) 

0.2  Williams and Chock 1980 

0-11 Keckner e t  a l .  1965 

@.1-5.6 Spr inge r  and Stahman 1978 

0.24-0.68 Johnson e t  a l .  1982 

42-985 
42-1 85 0 

(0 .2-13.4 

L i n n e l l  and S c o t t  1962a 
Reckner e t  a l .  1965 
Holland 1978 

Nit rogen  d i o x i d e  (ppm) 3 8-40 8 
46-822 
25-150 

15 
5.5-20 

L i n n e l l  and S c o t t  1962a 
L i n n e l l  and Scott 1962b 
Reckner et a l .  965 
Holland 1978 
Williams and Chock 1980 

P a r t i c u l a t e s  
(mg/m3) 

33.3-75.3 
6.7-143.7 
0.5-236 

Frey  and Corn 1967 
Spr inge r  and S t a h a n  1978 
Williams and Chock 1980 

Pentane  (ppm) 
n-y en t ane 
i s 0-p en t ane 

0.07-0.85 
(0.55-0.24 

L i n n e l l  and S c o t t  1962b 
L i n n e l l  and S c o t t  1962b 

0 .lo-5.24 L i n n e l l  and S c o t t  1962b 

1-Pentene (+ propyne) 
(ppm 1 

0 . O W 3  Reckner e t  all. 1965 

I -Pentene,  4 methyl- 

( PPm ) 
0.2-2.3 Reckner et a l .  1965 
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TABLE B-6 (continued) 

Compound Concentration Ref e renc e 

2-Pentene (ppm) 
cis-pentene 

Perylene (pg/m3 ) 

P he na n t lhr en e 
(pg~m31 

Phenols (pg /m3)  

0.04-1 -0 Reckner e t  al, 1965 

0.01-0.14 Reckner et al. 196% 

46 
8 

Spindt et a l ,  1974 
No 11 and 197 8 

107 Spindt et al. 1974 

Propadiene (ppm) 0.03-0.1 Beckner et aP. 1965 

Propane (ppa) <O.O%-0.77 
0.2-2.1 

0-1.5 

Linnell and Scott 1962b 
Recknar et al. 1965 
Springer and Stahman 1978 

Prop ionaldehyde 
( PPm 1 

0.33-0.08 
0.03-0.69 

Creech et al. 1982 
Johnson et al. 1982 

Propylene (ppm) 1.12-23.9 
0.2-86 
0 .-I-15.1 

Linnell and Scott 1962b 
Reckner et al, 1965 
Springer and Stahman 1978 

11-57 
2.5 
4-20 

Reckner e t  al. 1965 
Spindt et al. 1974 
Holland 1978 

Salicylaldehyde (ppns) 

Sulfates ( m g / m 3 )  

0.05 Johnson et al. 1982 

0.31-2.34 
0.3 4-7.0 

4.5 

Khatri et al. 1978 
Springer and Stahman 19’98 
Williams and Chock 1980 

sulfur dioxide 
(plpm) 

3.3-85 
0.9-16 

0 - ( 0 . 5  

Linnell and Scott 1962a 
Reckner e t  al. 1965 
Holland 1978 

Springer and Stahman 1978 
Holland 1978 

0 .3 -7 .1  
0.23-44.85 

To l n a  ldehyde (ppm) 
para-tolualdehyde Creech et al, 1982 

Johnson e t  al, 1982 
0.1 
0.17 

Toluene (ppm) 0.1-1 .a Springer and Stahman 1978 
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TABLE B-6 (continued) 

Compound Concentration Reference 

----------I_---^-- ---- ----- 

Valeraldehyde (ppm) 
n-valeraldehyde 

iso-valeraldehyde 

0.01-0.02 Creech et al. 1982 

0.01-0.03 Creech et al. 1982 
0.1-1.16 Johnson et. al. 1982 

aData from selected references. Ranges given are for various 
operating conditions or engines tested. Test engines are primarily 
heavy-duty diesels, but results ate also indicative of light-duty diesel 
emissions. 
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Exposure 
(HbCO%) Reported Effects 

Behavioral Changes 

20 

1.1.3 
9 

8 . 4  
7.6 
7.3 
5 
4 . 5  
3.1 

3 
2 

Essentially no impairment in time discrimination 

No vigilance decrement (using Borvath task) 
No vigilance decrement (using Fodor-Winneke task); 

No vigilance decrement (using Groll-Knapp vigilance task) 
Longer reaction times 
Disturbance in certain perceptual and cognitive processes 
Vigilance decrement 
Longer reaction times 
initial vigilance decrement with subsequent normalization; 

Vig i 1 anc e decrement 
Impaired performance in time discrimination 

(using Beard-Westheim task) 

no change in reaction time 

no change in response latency 

- Changes in Work Performance 

6.3 Decrease in maximal work time 
4 . 3  Decrease in a maximal oxygen uptake 
4.0 (1.7") Decrease in mean exercise time until exhaustion 
2 . 5  (0.6a) Decrease in absolute exercise time in nonsmokers 

- AKgravation of Symvtoms in Patients with Cardiovascular Disease 

5.1 (l.la) Shortened time to angina response immediately 
after exposure 

2 . 9  (l.la) Shortened time to angina response 2 h after exposure 
2 . 8  (l.la) Exposure time to angina response 
2.8 (l.la) Decrease in mean exercise time until onset of 

2.7 (1.08) Shortened time to angina response 
intermittent claudications 

--- - -_-- -I_-.- -- --- - - ___- - - --- - L-- - - - --- - - -_x_ __ - I - - _. 

aHbCO% before exposure? to C O .  
Source: Adapted from WHO 1979a. 
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TMLE B-8. SUMMAICY OF CLINICAL AND EPIDEMIOLOGIC STUDIES ON 
RUMAN EXPOSURE TO NITRIC OXIDE 

Concen- Dura t ion  
t r a t i o n  of  Observed E f f e c t s  Rem a r k s  
i n  ppm Exposure 

Type of 
Exposure 

c_- - - - ---- --- - - ---- - -----I - - ----- --- -I- - -- -- -- - -- ---I- --- - -- - - 
112  3 min Ane s t h e  s i a  One p a t i e n t  showed 

a c c i d e n t  s i g n s  of cyanos i s  
and methemoglobi- 
nemia, fol lowed 
1 8  112 hours  l a t e r  
by dea th .  Autopsy 
i n d i c a t e d  seve re  pul-  
monary edema. Second 
p a t i e n t  showed s i g n s  
of cyanos i s ,  bu t  
recovered  f u l l y  f o l -  
lowing p rope r  medical  
t r ea tmen t .  

Accidents  due 
t o  contami- 
n a t i o n  of 
n i t r o u s  oxide  
by n i t r i c  ox ide ,  
t h e  analysis 
of which was 
no t  desc r ibed .  

3 Working Occupat iona l :  Exposed workers had Exposure t o  
l i f e t i m e  Ni t rogen  h ighe r  carboxy- and carbon monoxide, 

f e r t i l i z e r  methemoglobin ammonia, and 
p roduc t ion  l e v e l s  i n  t h e i r  mixed oxides  

b lood  compared with of n i t r o g e n .  
c o n t r o l s .  Exposed 
workers developed 
py rox id ine  def i c -  
ienc  y.  

2-10 Unknown Occupat iona l :  S l i g h t  i n c r e a s e  i n  Exposure t o  
Arc welding methernoglobin mixed oxides  

of n i t r o g e n .  l eve  1 s . 
------ -- I- - - -- - - ----I --- - - -- --- - ----_-I- --- - - -- ------.- -- - 

Source: Adapted from NIOSR 1976, Table  XIII-B, p. 178. 
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TABLE B-9. SUMMARY OF W F E a S  OF EXPOSURE TO NITRIC OXIDE 
I N  EXPERIMENTAL ANIMALS 

______I______I_____-______ _____ --I.. 

Concentration Duration of Type of 
Observed Effects Exp o s UT e Expo sur e Species in ppm 

5000-20000 Dog Up to 50 min Continuous 5000 ppm: Decreased 
arterial oxygen ten- 
sion, rise in 
methemoglobin and 
arterial carbon 
dioxide tension. If 
exposure g r e a t e r  
than 24 min, death 
occurred 7-120 min 
after exposure. 
20000 ppm: Death in 
15-50 minutes. 

2 5 00-5 000 White 
mice 

310-3500 White 
mice 

175-2100 Mice, 
guinea 
P ig 

Up to 12 min 

Up to 8 hr 

Up t o  6 hr 

Continnous 

Continuous 

Continuous 

Animals exposed at 
5000 ppm died after 
6-8 min. Animals 
exposed at 2500 ppm 
died after 12 rnin of 
exposure. 

LC5o = 320 ppm. All 
animals survived an 
8-hr exposure a t  310 
ppm. At high concen- 
trations, nitric 
oxide 4 times more 
toxic than nitrogen 
dioxide. 

lice exposed at 2100 
ppm for 30 min pro- 
duced 80% methemo- 
globin. Exposure at 
322 ppm for 6 hr 
produced 60% 
methemsg 1 ob in. MQ 
change in recovery 
of resting respira- 
tory rhythm in 
guinea pigs at 175 
ppm for 120-150 mine 
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TABLE B-10. SUMMARY UF WPIDEMXOLQGIC AND EXPERIMENTAL STUDIES ON 
HUMAN EXPOSURE ID NITROGEN DIOXIDE -- - ___-__I ___I 

Concen t ra t ion  Length of 
Expo 6 ur  e i n  ppm 

Type of 
Erposure 

Observed E f f e c t s  Remarks 

Low Exposure = 24 h r l d a y  Community : 
0.106 Ambient a i r  
Eigh Erposure = 
0.711 

nea r  TNT p l a n t  

Less than  2 . 8  Unknown 

0.4-2.7 

Occnpa t i o n a l  : 
P r i n t i n g  shop 
and s u l f u r i c  
a c i d  p l a n t  

4-6 yea r s  Occupat iona l :  
Chemical works 

Higher inc idence  of 
acu te  r e s p i r a t o r y  
d i s e a s e  i n  h igh  
exposure community 
compared wi th  low 
exposure community. 
p a r t i c u l a r l y  i n  
c h i l d r e n  below age 
12. No d i f f e r e n c e  
i n  ch ron ic  r e s p i r a -  
t o r y  d i s e a s e  between 
communit i e s  

Suspended n i t r a t e s  
and t o t 4 1  suspended 
p a r t i c u l a t e s  h ighe r  
i n  h igh  exposure 
community compared 
wi th  o t h e r  communi- 
t i e s .  Concent ra t ions  
of s u l f u r  d iox ide  
and o t h e r  contami- 
nan t s  no t  r epor t ed  

Denta l  e r o s i o n  and 
g i n g i v i t i s ;  emphy- 
sema and pulmonary 
t u b e r c u l o s i s ;  ca rd io -  
v a s c u l a r  hypotonia 
and bradycard ip ;  
polycythemia rub ra  , 
granu locy tos i s ,  
b a s o p h i l i a ;  dec reased  
osmotic f r a g i l i t y  of 
r ed  b lood  c e l l s ,  ac- 
c e l e r a t e d  agg ln t in -  
a t i o n  of t he  blood 
c e l l s ;  reduced ca to-  
l a s e  index, reduced 
a l k a l i  r c se rve .  
reduced blood suga r  

Complaints of sporad- 
i c  cough, mucopuru- 
l e n t  expec to ra t ion ,  
and dyspnea on ese r -  
t i o n .  Normal c h e s t  
X-ray, sp i rome t ry ,  
and blood pH. 
Carbon d iox ide  par -  
t i a l  p r e s s u r e  and 
t o t a l  carbonic  a c i d  
i n  blood inc reased .  
S i g n i f i c a n t  dec rease  
i n  serum p r o t e i n s  and 
s i g n i f i c a n t  i nc rease  
i n  u r i n a r y  amino 
a c i d s  and glycopro- 
t e i n s  

Workers probably  
exposed t o  su l -  
f u r i c  a c i d  mists 
and s u l f u r  d iox ide  
a t  unknown con- 
c e n t r a t i o n s  

C o n f l i c t i n g  r e s u l t s  
on t h e  presence  o f  
chron ic  o b s t r u c t i v e  
pulmonary d i s e a s e .  
T o t a l  l ack  of 
environmental  d a t a  
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TABLE B-10 (Continued) 
. . ..... __.__ __ ---____-...l._ll II___ 

Observed Effects Remarks Concentration Length of Type of 
in ppm Exposure Exposure 

0.5-5 .O 

0.03 .O 

4-5 

2 .o-10.3 

15-60 min Experimental: 
Continuous 
inhalation 

30 breaths 
or 15 min 

10 min 

Unknown 

Experimental : 
Cont inuous 
inhalation 

Experimental: 
Continuous 
inhalation 

Occupational: 
Arc welding 

Significant reduction 
in carbon monoxide 
diffusing capacity in 
16 healthy male sub- 
jects exposed for 15 
min at 5 ppm. Signifi- 
cant decrease in 
arterial oxygen partial 
pressure with corre- 
sponding increase in 
alveoloarterial oxygen 
pressure gradients in 
14 chronic bronchitis 
patients exposed for 
15  min at 5 ppm. Con- 
tinued exposure to 
60 min did not sig- 
nificantly change 
findings at 15 min.  
Increased airway 
resistance in 70 
chronic bronchitis 
patients exposed at 
and above 1.5 ppm 

Exposure at 1 . 5 - 5 . 0  
ppm increased airway 
res istance. Signifi- 
cant decrease in 
arterial oxygen ten- 
sion, and significant 
increase of end- 
expiratory arterial 
pressure at 4-5 ppm. 
No effects noted 
below 1.5 ppm 

Decrease in effective 
lung compliance with 
corresponding increase 
in expiratory and 
inspiratory maximum 
viscous response 

Slight increase in 
methemoglobin levels 
in blood 

88 chronic 
bronchit is 
patients 

5 healthy adult 
male  subjects 

Fsposure to 
oxides of 
nitrogen 
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TABLE B-10 (Continued) 

Conc entr at ion Length of 
in ppm Exposure 

Type of 
Erposure Observed Effects Remarks 

4-20 Acute, Occupa t ional : Conj unc t ivi t is and Exposnre to 
duration Open arc 
not stated we 1 ding subsided 18 hr nit rag en 
after exposure after exposure 

pharyngitis which oxides of 

62-158 3 separate Fxperimental: 62 ppm for 1 hour: Probable expo- 
exposures Continuous Laryngeal irritation, sure t o  nitric 
ranging from inhalation but no other effects. oxide and air- 
10 rain to 25-100 ppm for borne nitric acid 
2 hr 2 hr:  Marked in addition to 

muc os a 1 ir r it a t ion, nitrogen dioxide 
increased pulse and 
respiratory rates. 
158 ppm for 10 
minutes: Coughing, 
irritation of nasal 
and laryngeal mucosa, 
lac rimat ion, headache, 
nausea, and vomiting. 
No delayed or long- 
term illness 

38-345 Wosking 
1 i fe t ime 

Occupational: Forced Ezpiratory 
Shotf ir ing Volume (FFX 0.75)  
operations in and vital capacity 
in coal miners reduced, residual 

volume and total 
lung capacity in- 
creased relative to 
controls 

._I_cI--- ----- ~ - ~ l - - - - - _ I _ _ _ c I  

Inapp r op r in t e 
control saaple. 
Erposure to 
high levels of 
carbon monoxide 
and carbon dioxide 
in addition to 
"nitrous fumes" - 

Source: Adapted from NIOSR 1976, Table XIII-7. p .  176-177. 
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TA3LE B-11 {Continued) 
I_- --- 

Concentration Duration of Type of Depend en t Results 
in ppm Species Exposure Exposure V a x i a b l e ( s )  

----__I _I 

1.0 Rabbits 1 hr Cont inuons Changes in Peak shift in ab- 
protein strnc- sorbance spectrum 
ture of lung in animals killed 
tisane immediately after 

exposure. Absor- 
bance spectrum 
returned to normal 
in animals killed 
24-48 hrs after 
expo sur e 

1 

1.3 

Guinea 
Pigs 

Rats 

180 days 8 hrtday Macro- and 
microscopic 
changes in 
the lung. 
Hematologic, 
urinary, and 
immuno l o g  ic 
changes 

Evidence of chronic 
respiratory disease 
such as bronchitis 
bronchopneumonia, 
extravasation of 
blood in lungs ,  
and foci of emphy- 
sema. Urinary 
hydroxproline and 
ac id muc opo lysacc - 
harides were in- 
creased. Decreased 
serum proteins, 
immunoglob ins, 
and weight gain 

3 months 12 hriday Reproductive Significant changes 
effects in estrus, litter 

s i z e ,  and fetal 
weight s 



Conc etstrst i o n  Duration of Type of Dependent Species 
in pprn Ex p o s ur e Expos us e Variable(s) Results 

-----11--- ------I_ - 
2.5  and 3.5 Mice 2 hr Cont inuous Susc ep t ib il i ty Increased susc ep t i- 

to Klebsiella bility a t  3 . 5  ppm, 
pneumonnisa but not at 2 . 5  ppm 

0.5-12 

1-14.8 

Monkeys , 90 days 
dogs, 
rabbits, 
guinea 
pigs. rats 

Mice 

Continuous Hematologic Bronchitis, broncho 
changes pneumonitis, pneu- 
weight gain, monia, and foci of 
gross lung multinucleated cells 
pathology noted in animals ex- 

posed at 12 ppm. 
No lung pathology 
observed in animals 
exposed at and 
below 5 ppm 

1.9-14.8 ppm Cont inuous Antibacterial 
for 4 hr activity of 
and I, 2 . 3 ,  animals in- 
6 . 6  pprn for fec t ed with 
17 hr radiophos- 

phoras- lab e 1 ed 
S t  aphvl oc c o- 

~ GUS aureus 

Decreased bacteri- 
cidal activity in 
animals infected 
then exposed to 
7 ppm. Exposure 
at 2 . 3  ppm for 
17 hr prior to 
infection a1 so 
resulted in reduced 
bactericidal re- 
spons e 



TABLE B-11 (Continued) 

Concentration Duration of Type of Dependent 
Species Resul ts in ppm Exposure Exposure Va r iab 1 e ( s ) 

I -- - -- - -------- -- 
15 2 2 Bats 1, 2 ,  and Cont inuoas Ultrastruc- Bronchiolar epithe- 

7 days tural changes lium was less 
of lung tissue columnar, brush 

cells increased in 
number, microvilli 
became smaller, 
and number of 
macrophages in- 
creased 

3-16 

5-16 

Dogs 1 hr 

Dogs and 1 hr 
rabbits 

Continuous Microscopic Bleb formation, 
changes of loss of pinocytic 
endothelial vesicles, and 
cells mitochondrial 

swelling. Exposure 
at 3 ppm resulted 
i n  bleb formation 
without other 
changes 

Cont inuoas Microscopic Exposure had 
changes of greatest effect 
capillary en- on capillary endo- 
dothelium and thelium. Findings 
alveolar epi- included bleb 
the1 ium formation, endo- 

thelia1 cell organ- 
elles in the capillary 
lumens, and sppear- 
ance of platelets and 
polymorphonuclear 
leukocytes in 
lumens of capillaries 
adjoining bleb5 
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TABLE 8-11 (Continued) 
I - --- 

Concentration Duration of Type of Dependent 
Variable(s1 Species in ppm Exposure Exp o s ur e Results 

-- - -__I---- 

26 Dogs 191 days 15 ppm-cont. Macro- and 1 dog showed bullous 
40 ppm-int, : microscopic emphysema. Others 
112 hr every changes in showed a striking 
2 hr for pnlmona ry increase in the 
4 112 hr system firmness of the 

lungs and emphysema, 
mic ro s c op i c a 1 1 y 

8-40 Rabbits 3 hr 15 ppm-cont. Cellular dis- S igni f ic ant inc re as e 
40 ppm-int. : distribution in in intraalveolar 
112 hr every lung tissne heterophiles from 
2 hr for exposure at 8 ppm 
4 112 hr 

10,22,36,45 Rats Single 4-hr Continuous Micros cop ic Normal trachea and 
periods changes in lungs 4-8 days after 

tracheal and expo sure 
lung tissue 

5-50 Rabbits 3 hr Continuous Phagocytic Suppression of virus- 
activity induced resistance 

and phagocytic ac- 
tivity 
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TABLE B-12. S U W Y  OF DIESEL EMISSION LEVELS AND EXPOSERE LIMITS OF ALDEBYDESa 
-___---I_ 

Concentration 
Chemic a1 

(mg/m3) (PPm) 
Comments Reference 

ACETALDEHYDE 

ACROLEIK 

0.4-3.3 
1.6-4.1 

- 

3 60 
270 
180 
- 

0.5-0.8 

0.25 
0.8 
0.25 
- 

Emission levels 
3.2 
a )  4.8 
b) 2.6 
c) 0.5 

- 
- 
0.56-0.7 6 

Exposure limits 
200 
150 
100 
- 

Emission levels 
1.6-11.4 

2.9 
0.2-0.3 

a1 7.5 
b) 4.3 
c )  2.1 

a) 8.0-8.4 
b )  2.1-2.8 
c) 3.7-3.9 
d) 4.1-5.0 

Exposure limits 
0.1 
0.3 
0.1 - 

Engine not identified 
a) Cetane No. 40 
b )  Cetane No. 45 
c) Cetane No. 55 
Direct injection. 12 L, 
V6 and V10, 500 rpm 
1.4L. direct inject. 
5.7L. direct inject. 
No. 2 diesel fuel. Engine 

not identified 

OSHAb 8-hr ‘IWA 
ACGIHC STEL 
ACGIH 8-hr TLV 
No MSHAd standard 

2 cycle, 6 cyl. 220 hp. 
No. 2 fuel, 50-cetane 
Engine not identified 
1972 Mercedes Benz 

a) Cetane No. 40 
b) Cetane NO. 45 
c) Cetane No. 55 

220 anto 

Direct injection. 12L. 
V6 and V10, 500 rpm 

4 cycle engine, idle 
4 cycle engine, half load 
2 cycle engine, idle 
2 cycle engine, full load 

OSHA 8-hi TWA 
ACGl3 STEL 
ACGIB 8-hr ‘I%V 
No MSBA standard 

Vogh 1969 
Iwai et al. 1976 

Springer and Baines 1978 

Creech et al. 1982 

OSHA 1982 
ACGIH 1982 
ACGIR 1982 
MSEIA 1982 

Linnell and Scott 
1962a 

Vogh 1969 
Smythe and Karasek 

1973 
Iwai et al. 1976 

EBA 1978 

OSHA 1982 
ACGIH 1982 
ACGIH 1982 
MSHB 1982 



I 

TABLE E-12 (continued) 
-I- I 

Chemical Concentration 
(mg/m3) ( P a d  Comments Reference 

ALDEHYDES (total) 

Emission levels 
9-97 

I 

- 
0.2-1.5 
0.3-0.6 

- 

- 
c 

6-53 

3-26 

a) 35 
b )  22 
c) 9 

a) 56.4-58.8 

b) 13.8-17.3 
c) 15.2-18.3 
d) 25.3-30.3 
1.3 

4.2-4.7 

Exvosur,e limits - 

Emission levels 
0.3 - 
- 

0.05-0.07 

Exposure limits - 
- 

4 cycle, direct inject., 

4 cycle, direct inject. turbo 
nat, aspir. 

4 cycle precombustion, turbo 

a) Cetane No. 40 
b) Cetane No. 45 
c) Cetane No. 55 

Direct injection, 12L 
V6 and V10, 500 rpm 

for No. 1 and No. 2 fuels) 
4 cycle engine, idle (range 

4 cycle engine, half load 
2 cycle engine, idle 
2 cycle engine, full load 
5.7 L automobile (FTP) 

Engine not identified 

No OSHA standard 
Diluted exhaust 
No ACGIB recommendation 

Engine not identified 
1.4L, direct inject. 
1.4L. direct inject. 
Engine not identified 

No OSHA standard 
No WSHA standard 

Marshal 1 and Fleming 

Marshall and Fleming 

Marshall and Fleming 

Iwai et al. 1976 

1971 

1971 

1971 

EEA 1978 

EHA 1978 
EHA 1978 
EBA 1978 
Williams and Chock 

1980 
Cteech et al. 1982 

OSHA 1982 
MSBA 1982 
ACGIH 1982 

Vogh 1969 
Springer and Baines 1978 

Creech et al. i982 

OSHA 1982 
MSBA 1982 



I 
k 4  
0 
P 

1 

T.4BLE B-12 (continued) 
_____- -- 

Concentration 
(mg/rn3) (PPm) 

Chemic a 1 Comments Ref e renc e 

CROTONALDEHYDE 

FORMALDEHYDE 

0.2-3.2 

0.46-1.3 4 
0.44-1.41 - 

6 
6 
18 
- 

- 
- 

1.24-12.33 
1.41-12.05 

- 

Emission levels 
0.3 

0.08-0,13 

Exposure limits 
- 

Emission levels 
0.4 

0.7-0.6 

a) 0.8 
bj 0.5 
c) 0.1 

- 
- 
0.02-0.04 

Exposure limits 
2 
2 
6 

Emission levels 
18.3 
1.8-28.4 

- 
- 
3.26-3.61 

¶-Butyraldehyde. Engine 

iso-Butyraldehyde. Engine 
not identified 

not identified 

No OSHA standard 
No MSHA standard 

Engine not identified. 
Analytically not separable 
from valeraldehyde 

220 auto 
1973 Mercedes Benz 

Cetane No. 40 
Cetane No. 45 
Cetane No. 55 
Direct injection. 12L. 
V6 and V10, 500 rpm 

1.4L. direct inject. 
5.7L. direct inject. 
Engine not identified 

OSHA 8-hr TWA 
ACGIB 8-hr TLV 
ACGIH STEL 
No MSHA standard 

Engine not identified 
2 cycle, 6 cyl. 220 hp. 
No. 2 fuel, 50-cetane 
1.4L, direct inject. 
5.7L. direct inject. 
Engine not identified 

Vogh 1969 

Creech et al. 1932 

OSHA 1982 
MSHA 1982 

Vogh 1969 

Smythe and Karasek 

Irai et a l .  1976 
1973 

Springer and Baines 1978 

Creech et al. 1982 

OSHA 1982 
ACGIH 1932 
ACGIH 1982 
MSHA 1982 

Vogh 1969 
Linnell and Scott 
1962a 

Springer and Baines 1978 

Creech et a l .  1982 



TABLE B-12 (continued) - ---__ -- 
Cheeica 1 Concentration 

(5g /m3)  ( PPm ) 
Comments Reference 

--- - 
FORMALDEEYDE (cont .) 

HEXALDEHYDE 

PKOPION ALDEHYDE 

20-30 

1.2 

3 .O 
1.5  

- 
0 .os-0 .09 

- 

Emission levels (cont,) 
a) 18 
b) 11.5 
c) 5.1 

16-24 

a) 32.3-34.9 
b) 9.2-12.1 
C) 10.4-12.6 
d) 19.3-23.3 

a) 10 
b )  5 
c) 3 

Fkposure limits 

- 

1.0 

2 
1.0 

a) Cetane No. 40 Iwai et a l .  1976 
b) Cetane No. 45 
c) Cetane No. 5 5 .  direct 

inject V6, V10, 500 rpm 
1973 Mercedes Benz Smythe and Karasek 

220 auto 1973 
4 cycle, idle EBA 1978 

EEA 1978 4 cycle, half load 
2 cycle, idle FflA 1978 

EaA 1978 2 cycle, full load 

a) OSHA 30 min ceiling value OSHA 1982 
b) OSHA ceiling value 
c) OSHA 8 hr TWA 
No standard for underground MSHA 1982 

NIOSH 30 min ceiling, NIOSH 1982 

ACGIH ceiling (current) ACGIH 1982 
ACGIE ceiling (proposed) ACGIH 1982 

mining 

recommendation 

Emission levels 
0.2 Engine not identified 

0.01 Engine not identified 
- 5.7L. direct inject. 

Exposure limits 
- No OSHA standard 
- No MSHA standard 

Emission levels 
- 0.03-0.08 Engine not identified 

Exposure limits - - 
- - 

No OSHA standard 
No MSHA standard 

Vogh 1969 
Springer and Baines 1978 
Creech et al. 1982 

OSHA 1982 
MSHA 1982 

Creech et al. 1982 

OSHA 1982 
MSHA 1982 



TABLE B-12 (continued) 
I- ___ 

Conc ent ra t ion 
Comments Reference 

(mg!m3) (PPI 
Chemic a1 

-I___-- -s 

TOLOALDEHYDE 

Emission levels 
- 0.1 para-Isomer. Engine Creech et al. 1982 

not identified 

Exposure limits 
- - No OSHA standard OSHA 1982 - - No MSHA standard MSAA 1982 

Emission levels 
- 0.01-0.03 iso-Isomer. Engine Creech et al. 1982 

- 0.01-0.02 n-Isomer. Engine Creech et a l .  1982 
not identified 

not identified 

Exposure limits 
- - No OSHA standard OSHA 1982 
17 5 50 ACGIH 8 hz TLV ACGIB 1982 
- - No MSHA standard MSHA 1982 

______II- 

aLiterature data, arranged alphabetically by compound. Engine type described in 

bOccapa t ional Safety and He a1 th Administration. 
CAmerican Conference of Governmental Industrial Hygienists 
dMine Safety and Health Administration. 

comments . 



TABLE B-13. S W M M Y  OF fI?3ALTB EFFECTS OF ALDEFZDES' 

Species Aldehyde Dose Exposurt Roat e Effects Ref erenoe 

Carcinoaenicitp: 

Enman Acrolein 

Eamster Acet. 2500-1650 ppm 7 Brld, 
5 dfwk. 
52 wk 

Acrolein 9.2 m g l d  ( 4  ppm) 7 hr/d, 
5 d i w k .  

Form. 30 ppm 

Form. 0.1-2.5 pg!mL 

Mouse Ace1 . 10-100 pg/ml 

Form. 2.1-14.1 ppm 

Rat Form. 2.1 ppm, 
5.6 ppm. 
14.1 ppm 

Cardiovancular Effects: 

Rat A c e t .  0.5-30 p g l m l  

Propion. 3.0-200 pgfml 

Bematolonicnl Effects :  

Emstar Acet. 4560 ppm 

52 wk 
5 hr/d. 
5 did. 
life- 
t i m e  
5 h r l d ,  
life- 
time 
2 4  hr 

24 hr 

6 hrld, 
5 d/wk. 
1% no 

6 hrld, 
5 d l w k ,  
18 mo 

1 min 
inter- 
VllS 

1 mln 
Inter- 
vals 

6 hrtd, 
5 dfwk, 
90 days 

inhalat ion 

inhalation 

inhalation 

inhalation 

in vitro 

in vitro 

inhalit ion 

inhslat ion 

inhalation 

inhalation 

inhalation 

Insufficient data for assess-  IARC 1979 
meit of oarcino&enicitp 

Nasal and laryngeal cBrcinomas Feron et al. 1982 
formed 

No risnificant increase in Feron and Kruyrse 
tumors of the respiratory 1977 
tract 
No tnmors of respiratory tract Dalbey 1982 

No tumors of respiratory tract Dalbey 1982 

lnltiated trsnoformation of Boreiko et a1 1980 
CSB/lOW, cells by TPA 

Initiated transformation of Abernethy et SI. 
C Z K l l O  cells by tumor pro- 1982 
motes 12-0- 
tetradecanoylphorbol-13- 
acetate ('PA) 
Not tumorlgeaic Swenherc e t  al. 1980 

Eyperplartic and metrplsrtlc Swenberg et 11. 1980 
lekioas of uasal epitheilirm 
seen  a t  2.1 and 5 . 6  ppm and 
significant number of nasal 
carcino.Las seen  at 14.1 ppm 

23.0 p g l m l  resulted i n  rlgni- E g I c  1972 
f icant  increases in 3P. 12 and 
30 pBJm1 increased heart r i t e  
significantly 
110.0 pglml resulted in signi- Egle 1972 
ficaat increase in BP. L20 
pg/ml tucreased heart rtte 
sisnif scant ly. 

Females showed sli~htly Kruysse et a l .  1975 
increassd erythrocyte oounts 
and slightly decresred leuko- 
c y t e  counts. Sernm enzymes 
normal except for slightly 
raised alkaline phosphatase 



TABLE B-13 (cont inned) 

Species Aldehyde Dose Exposure Route Effects Ref ercncc 

Hematoloaical Effects (continued) 

Rat 

w: 
Eamrter 

88 t 

Lethality: 

Enman 

Rat 

Acet. 

Acet. 

Acrolein 
croton. 
Form. 
Propion. 

Acet. 
Ac ro I e in 
Croton. 

Acet. 

Ac r o l  e io 

Acroi e in 

Form. 

6 hrld, 
5 dlrk, 
4 wk 

6 hrld, 
5 d l w k ,  
90 days 

30 min 
30 min 
30 min 
30 min 

4 hr 

6 hrld. 
5 dlwk. 
13 r k  
4 hr 

inhalation Increased neutrophils and 
decreased lymphocytes 

inhalation Increase in relative weight. 
bnt no pathological changes. 
Crinc reduced in volume and 
darker in color. Glntamic- 
oralacetic acid transaminase 
activity increas cd. 

inhnlition Hyperemia 
inhalation Hyperemia and hemorrhages 
inhalation Perivascular edema 
inhalation Aypcremia 

m50 
m50 
W50 

inhalation ID50 

inhalation Lethal to 2-4 of  6 animals 

inhalation Lethal to 6 of 1 2  animals 

inhalation Lethal to 2-4 of 6 animals 

Applcman et al. 1992 

Krnyssc et ai. 1975 

Skog 1950 
Skoe 1950 
Skog 1950 
Skog 1450 

Dreisbach 1980 
Dreisbach 1980 
Dreisbach 1980 

Appleman e t  11. 1982 

Carpenter et a1. 
1949 
Feron et a l .  197.9 

Carpenter et 81. 1949 
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TABLE 8-13 (continued) 

Species Aldehyde Dose Exposure Route Effects Reference 

L U ~ K S  and Respiratory 
Traot (continued) 

Rat, Rabbit, 
Hamster 

Ra t 

Mutailenic i tx: 

Bacteria 
:E. u, 

Bacteria 
(8 .  rvshimuriom) 

Acrolein 

Butyr. 

croton. 

Form. 

Propion. 

Acet. 

Acet. 

Acrolein 

Ac ro 1 e in 

Benz. 

Butyr. 

cro ton .  

Form. 
Prop ion. 

0.4, 1.4. 4.9 ppm 

>66000 mg/m3 

> I O O  mg/m3 

>600 malm3 

>32000 m g / m 3  

0.1% 

0.01-2.5 pmol/platc 

a )  3 
p o l e s  /plate 
b) 0.3 
paolerlplate 

0.05-0.15 vnol/l m1 

3 prnolelpistc 

3 polelplate 

0.5-1.5 pmolel2 sl 

0-8 * g / d  
3 pmole/p?ate 

6 hrld, 
3 dlwk.  
13 wk 

30 ain. 

30 min 

30 min 

30 min 

- 

90 min 

90 min 

120 min 

inhalation 

inhalation 

i n h i l a  t ion 

inhalation 

inhalation 

A m e s  
assay 

Birtopathological changes 
!hyper and metaplasia of 
epithelinn) seen in a11 
species at 4.9 ppm and in rats 
at 0.4 ppm 

Perivascular interstitial 
edema and changer in the w a l l s  
of the venne in the form of 
swelling and vacuolation of 
smooth muscle cells. 
Uyperemia and hemorrhages but 
no edema 
Lethal levels resulted in 
hemorrhages and intraalveolar 
and perivascular edemn. 
Lethal lcvels resulted in 
bronchitis and bronchopneom- 
monia 

Increased the spontaneous 
mutation frequency b y  4.5 
times 

Nonmutagenic with and without 
metabolic activation. 

a )  Eighly toxic 

b) Not mutagenic to TA98, 
TAIOO. TA1535 and TA1531 in 
spot test 

Mutagenic to TA100 without 
metabolic activation. S-9 mix 
eliminated motagenicity 
Not mutagenic eo TA98. TA100, 
TA1535 and TA1537 with and 
without metabolic activation 
Not mutagenic to TA96. TA100, 
TA1535, and TA1531 with and 
withont metabolic activation 
Mutagenic to TAlOO without S-9 
m i x .  S-9 m i x  reduced mutageni- 
city. 
leak mutagen to strain TM 677 
Not mutagenic to TA98, TAIOO, 
TA1535, and TA1537 w i t h  and 
withont metabolic activation 

Feron et a1. 1978 

Skop 1950 

Slog 1950 

Skog 1950 

Skog 1950 

I g a l i  and Crazro 
1980 

Pool and Wiesrler 
1981 

Florin et 8 1 .  1980 

Lutz et 81. 1982 

Florin et a1. 1980 

Florin e t  si. 1960 

Neudecker et 11. 
1981; 
Lutz et a l .  1982 

Florin et a1.  1980 
BOreikO et 81. 1980 



TABLE B-I3 (continued) 
I_-- ___ - 

Ref e re nce Species A 1 de hyd e Dose Erposnre Route Effects 
-_-I--.-__I.____ - -- 
Mutagenicity (continued) 

Human Form. 

Ilamst er Ace t . 
Form. 

Rat Acet. 

Eiervoos System: 

Eouse hcet. 

Rat a 1  Acet., propion. 
and butyr. 

b) Form., croton.. 
and acrolein 

Pulmonary Function: 

Human Acrolein 

Form. 

Fvrm. 

Mice Acrolein 
Form. 

10-500 ppo 14-48 hr -- in vitro Dose-dependent increme in Obe and B e e t  1 9 7 9  
sister chromatid exchanges in 
lymphocyte 6 

2 . 5 - 1 5  ppm 24 hr 
1-4 ppm 2 4  hr 

n )  10-4-10-2 M 12 h r ,  
b) 10-5-10-3 M 24 hr. 

48 hr 

a )  2 .2  mg/kg 
bl 2 . 1  mg:kg 
c) 100 6gIkn 

Lethal doses 

0.09-0.30 ppm 

0 . 4 3  
mg/m3 
1 0 . 3 6  
ppm) 
> I  m g / m 3  
0 0 . 8  ppm) 

l . ?  ppm 
3 . 1  ppm 

30 min 

8 hr 
work 
day 

5 hr 

10 min 
10 min 

-- in vitro Dose-dependent increase in Obe and Beek 1 9 7 9  
-~ in vitro bister chromatid exchanges in 

ovary cells 

-__  in v i t r o  a1 Dose-dependent increase in Bird et a:. 1 9 8 2  
micronuclei in akin fibrob- 
last cell cultures 

metaphases with chromosomal 
abarrat ions 

bl Dose-related increase in 

1" a) F950 for depresston of f i n e  Eioltzman and 
Schretder 1974 motor activity 

bl ED50 for depression of 
gross motor activity 

c )  Profound behavioral dcpres- 

inhalation e )  Strong narcotic effect Skog 1950 

s Ion 

b) M i l d  narcotic effect 

inhalation Respiratory frequency Weber-Tschopp et ~ 1 .  
decreased with increasing con- 1977 
cent r8 t ion 

of bronchocons tric tion 1982 
inhalation Pulmonery effects suggestive Alerandersson et a i .  

inhalation Resistance to breathing Andersen 1978 

inhalation 5G% reducllon in resp. rate Kane and Alaric 197? 
inhalation 5m reduction ~n resp. rate Kane and Alaric 1977 



TABLE B-I3 :continued) 
... .-.. ..._.... . - . ~ ~  ~~~~ ~ ~ ~ ~ . .  . . .. . ... ... ___________ ------ --- 

S p e C l c S  Aldehyde Dose Exposure Route Effects Reference 
___ _____ ___- 

Sensory and Respiratory __ Tract . Irritation __ 
Fluman hcet. 

Acet. 

Acer. 

Acet. 

Aero 1 e in 

Ac ro l  e in 

Ac ro l  e xn 

inhalation 
Inhailtion 

inhalation 

inhalation 

inhalation 

inhalation 

vapor 
vapor 
vapor 
inhalation 

inhilation 

inhalation 

vapor 
vapor 
inhalation 

inha l a  t ion 

iP 

iv 

injection 

in culture 

oral 

Eye irritation 
Eye irritation, sensitive per- 
S O I S  

Threshold effect for nose and 
throat irritation 
Threshold effect for respira- 
tory tract irritatin 
Causer lachrymation and e y e ,  

nose. and throat irritation 
Acute irritation 

Severe eye irritation 
Mild eye irritation 
Severe eye irritation 
No irritation 

Benschler (no date) 
Aenschler (no date) 

Aenschler (no date1 

Benschler (no date) 

S i m  and Pattle 1957 

Weber-Trchopp et al. 
1 9 1 1  
Srephenr et 81. 1 9 6 1  

50 PPm 
2 5  PPm 

200 ppm 

: 3 4  ppm 

2 . 5  mg1m3 ( 1  ppm) 

0.30 ppm 

a )  1-2 ppm 
b) 0 . 5  ppm 
c )  0.5 ppm 
6 90 
mg1m3 
(234 
ppm) 
1 2  
mg1m3 
( 4  PPml 
l i . 3  
m8 I m3 
( :2 
m m )  
a !  4-5 ppm 
b) 1-4 ppm 
3 2 4  
malm3 
( 133 
ppm) 

0 . 8 5 - 3 . 4  ppm 

I5 m i n  
15 m i n  

I5 min 

30 ain 

5 min 

10 min 

5 min 
5 min 
I1 min 
30 min Sim and Pattle 1951 Uutyr. 

Irritation of eye, nose. and 
upper respiratory tract 

Eye and nasal irritation 

Sim and Pattle 1957 Croton. 10 mia 

S i m  and Pattle 1957 Form. 30 min 

Stephens et a l .  196: 

Sim and Pattle 1957 

Form. 

Prop ion. 

5 min 
5 min 
30 min 

Severe eye irritation 
Mild eye irritation 
Only mildly irritating 

10 min In the presence of 10-140 ppm 
SO2 a ratio-dependent anta- 
gonistic effect occurred 

Kane and Alarie 1979 Mice Acrolein 

Ter h to a en ic i z~ : 
Rat Acet, 50-100 mgltxlday lOth-12th day 

of geatarion 

7th.  8th. 9th 
day of gestation 

Teratogenic Sreenathan et aI. 
1 9 8 2  

O'Shea and Kanfman 
1979 

10 day old embryos exhibited 
abnormalitiea of the CNS 

House Acct. 0.1 m1 of 12 or 2% 
in s a l i n e 1 2 5  g 
body weight 

0.05 p o i l e g 8  Chicken Acrolein LD50, injected into air space 
of egg. No tcratosenic 
e f  f ects. 

No teratogenic effects 

Kankaanpaa et a 1 .  
1979 

Rat Acro 1 e in 50-250 pM 10.5-1Z.Jth 
day of 
g e a  ta t ion 

4-56th day 
of ~cstation 

Schmid et a1. 1981 

1 2 s .  375 ppm No malformations Uurni and Ohder 1 9 7 3  Dog Form. 

.Table arranged alphabetically by effect. 



TABLE 13-14. SUMMARY OF  STATE^ AND FEDERAL 
AIX QUALITY STANDARDS AND MONITORING METHODS FOR SULFATES -- - ---_I_-_ .̂- - - ---1_-_1 

State S t anda r d Monitoring Method 
- 1_11-- - _--_I-.I__I_______._I___-__I_ __- 

Alabama 

Alaska 

Arizona 

Axkansa s 

California 

Color ado 

Connecticut 

Delaware 

Florida 

Georgia 

Hawa i i 

Idaho 

I1 1 inoi s 

Indiana 

Iowa 

Kans a s 

Kentucky 

Louisiana 

Maine 

Ma ryl and 

Massachusetts 

Michigan 

!A inneso ta 

Miss i s  s ipp i 

Mi s sour i 

Montana 

Nebraska 

Nevada 

New Bampshire 

None 

None 

None 

None 

25 p g / d b  

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

- 
None 

Barium sulfate turbidimetric analysis 

Technicon antoanalysis of TSP samples 

Barium sulfate turbidimetric method . 
Automated methylthymol blue. 

None 

Tu r b id ime t r i c 

Colorimetric analysis o f  rainwater 

None 

None 
- 
- 

Ion chrmcatography of TSP samples 

Ion chromatography; methythymol blue 

autoanalysis 

None 

Ion chromatography of TSP samples 

Methylthymol blue autoanalysis of TSP 

None 

Methylthymol blue autoanalysis 

Methylthymol blue analysis of TSP samples 

Analysis of TSP samples 

Ion chromatography 

None 

None 
- 
- 
None 

Barium sulfate turbidimetric 

Nephelometry of TSP samples 
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TABLE B-14 (continued) 
-- 

State Stand a rd Monitoring Method 

New Jersey 

New Mexico 

New York 

North Carolina 

North Dakota 

Oh i o  

Oklahoma 

Oregon 

Penns y 1 van ia 

Bhode Island 

South Carol inti 

South Dakota 

Tenne s s e e 

Texas 

Utah 

Vermont 

Virginia 

Washing ton 

West Virginia 

Wisconsin 

Wyoming 

Federal 

None 

None 

None 

None 

411g/m3d 

12 pg/m3e 

None 

None 

None 

10 pg/m3f 

30 pg/mgb 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

Ion chromatography of rainwater 

Nan e 

Turbidimetric 

None 

Automated methylthymol blue method 

lethylthymol blue method for TSP 

None 

Chromatographic analysis of cellulose 

acetate filter extracts 

Colorimetry - methylthymol blue 

Barium sulfate - turbidometric 
Automated methylthymol blue method 

None 

None 
- 

None 

Colorimetric 

None 

Colorimetry - barium chloranilate 
Ion chromatography of TSP samples 

Ion chromatography of TSP samples 
- 

a Information obtained through personal contacts with appropriate 
state agencies. 

b24-hr average. 

'Maximurn annual arithmetic mean. 

Acid deposition standard will be implemented in 1986. C 

e 24-hr concentration not to be exceeded 1% of the time. 

f30-day average. 
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TABLE B-1s.  SUMMARY OF EEALTl3 EFFECTS OF SULFATES 

Species Compound Exposure Route Dose 
(aerosol size) Effects Reference 

Lethality: 

Guinea pig Sulfuric acid a )  30 mgfm3 
( 0 . 8  pm) 
b )  109 mg1m3 
( 0 . 4  pm) 

22.1 ppm 
((2 xm) 

100 mglm3 

140 ppm 
( ( 2  xm) 

374 ppm 

178 ppm 

((2 xm) 

inhal. a )  LCso 
b )  50% mortality not reached. 
Higher concentrations 
increased particle size. 

Lowest lethal dose 

Wolff et al. 1979 

Guinea pig Sulfuric acid 2.75 hr inhal. Treon a t  al. 1950 

inhal. 

inhal. 
Le50 
Lowest lethal dose 

Guinea pig Sulfuric acid 

Mouse Sulfuric acid 

Schwartz et a l .  1979 

Treon et al. 1950 

- 

3.5 hr 

Rabbit Sulfuric acid 3.5 hr inhal. Lowest lethal dose Treon et a l .  1950 

7 hr inhal. Lowest lethal dose Treon et a x .  1950 

Chaney et al. 1980 

Rat Sulfuric acid 

Hematology/- Chemistry: 

Human Sulfuric acid 4 hr 

10-14 days 

inhal. 

inhal. 

No significant changes indica- 
tive of tissue damage 

Temporary elevation in WBC, 
PCV and plasma protein Neutro- 
penia and lymphophilia as 
exposure progressed 

Metabolic alkalosis 

125-154 rng/m3 Mice SUI Fur ic ac id Schwartz et al. 1979 

6.3, 6.6 Qg/Q3 6, 13 wk inhal . Lewkowski et al. 1979 Rat Sulfuric acid 

Mutagenicity: 

Bact eria Ammonium sulfate 

Yeas t Ammonium sulfate 

Pulrnonarq Effects: 

Hum B n Ammonirua bisulfate 

2 .-lo% 

2,5-10% 

2-4 days 

3-5 days 

Not mutagenic 

Not mntagenic 

Litton Bionetics Inc. 1975 

Litton Bionetics Inc. 1975 

Amen assa 
- 

4-47 Rgim3 2 hrld. 
2-3 days 

inhal. Few if any significant changes 
in pulmonary function were 
seen in normal, sensitive, or 
asthmatic sub j ects 

Few if any significant chsages 
in pulmonary function were 
seen in normaI, sensitive, or 
asthma t io sub j ect s 

No effect on bronchial clear- 
ance, resistance, compliance. 
or  deposit ion 

Avol et el. 1919 

117-337 pg/m3 Human Ammonium sulfate 2 hrid, 
2-3 days 

inhal. Avol et al. 1979 

Donkey Ammonium sulfate <ZOOO pg/m3 
(0.3-0.6 pm) 

I hr inha 1 Schlesinper e t  al. 
1978 



TABLE B-15 (continued) 

Species Compound Exposure Rout e Dose 
(aerosol size) 

Effects Reference 

Pulmonary Effects (continued) 

Rat 

Ra t 

Human 

Buman 

Ruman 

Buman 

Buman 

Human 

Human 

Human 

Donkey 

Ammonium sulfate 0.01-1.0 nmole 

Sodium sulfate 1 mole 

Sulfuric acid 93-111 pg/m3 

Sulfuric acid 110 pg/m3 

Sulfuric acid 1000 pg/m3 

Sulfuric acid 

Sulfuric acid 

Sulfuric acid 233-1107 pg/m3 
(0.91-0.93 pm) 

Sulfuric acid 0.35-5 mglm3 
(1 pm) 

Sulfuric acid 108 xg/m3 

Sulfuric acid 194-1364 pg/m3 

( 0 . 5  xm) 

30 min 

2 hrld 
2-3 days 

1 hr 

1 hr 

4 hr 

10 min 

2 hr 

5-15 min 

4 hr 

1 hr 

intra- 
tracheal, 
in vitro 

inhal. 

inhal. 

inhal. 

inhal. 

inhal. 

inhal . 
inhal. 

inhal. 

inhal. 

1 pmole caused a reduction in 
respiratory volume probably as 
a result of the release of 
histamine stores. 

Cobalt, mercury, cadi-. and 
nickel increased sulfate 
adsorption substantially; iron 
and zinc to a lesser degree 
and manganese not at all. 

Fer if any significant changes 
in pulmonary function were 
seen in normal, sensitive. and 
asthmatic subjects. 

Transitory alterations in 
mucociliary clearance 

Decrease in mucociliary clear- 
anc e 

No adverse effects on pul- 
monary fnnct ion 

No significant adverse pal- 
monary effects 

No significant change in pul- 
monary function 

77% average retention of acid. 
Lowest dose produced shall 
lower rapid breathing 

No effect 

Decrease in bronchial clear- 
ance rate. No effect on pul- 
monary resistance, dynamic 
compliance, or regional depo- 
sition. 

Charles et al. 1977 

Charles et al. 1977 

Avo1 et al. 1979 

Leikauf et al. 1981 

Leikauf et a l .  1981 

Kerr et al. 1981 

Sackner et al. 1978 

Eorvath et al. 1982 

hdur et al. 1952b 

Borstman et al. 1982 

Schlesinger et al. 
1978 



TABLE B-15 (continued) 

Species Compound Dose 
(aerosol size) Erp o sur e Route Effects Reference 

Pulmonary Effects (continued) 

Guinea pigs Sulfuric acid 0.1-1 mg/m3 
a )  0 . 3  pm 
b) 1.0 pm 

Guinea pig Sulfuric acid 

Guinea pig Sulfuric acid 

Respiratory Irritation: 

Human Sulfuric acid 

Buman Sulfuric acid 

i hr 

1 hr 

32.6 nglm3 4 hr 
(1.0 pm) 

233-1107 pg/m3 
( 0 . 9 2  v m )  

a )  4.1-39 m g l m 3  
b) 2.9-39 mg/m3 

(1 xm)) 
e )  11.5-38 mglm3 

(1.5 x m ) )  

2 hr 

a )  10 min 
b) 60 min 

c) 30-60 min 

Susceptibility Infect ions : 

Mouse Ammonioa sulfate - (5.3 mgim3 3 hr 

Mouse Zinc ammonium sulfate 22.1 mg/mJ 9 hr 

Mouse Zinc sulfate 

i n h a l .  

inhal. 

inhal. 

inha 1. 

inhal. 

i n h a l .  

iahel . 

inbal. 

a )  Increase in pulmonary flow 
resistance and decrease in 
pulmonary compliance. 
b) Observed effects not as 
large as those seen at 0.3 pm) 

a )  No pulmonary function 
changes 
b) 8 of 27 animals showed a 
dose-independent incrcase in 
total pulmonary resistance and 
decrease i n  dynamic compli- 
ance. 

Bronchiolar epithelial desgua- 
nation. Lung lesions were 
prevented by pretreatment with 
strop ine . 
Throat and respiratory irrita- 
tion, but no adverse changes 
in pulmonary function. 

a )  Coughing, bronchoconstric- 
tion, rales 
b) Coughing, bronchoconstric- 
tion, rales (62% rel. hmi- 
dity) 
c) Severe coughing, lacrima- 
tion and rhinorrhea (91% rel. 
humidity) 

No effect on mortality or sur- 
vival time foIlowing exposure 
t o  infections bacteria. 

22,1 m g ~ m 3  r e s n ~ t s d  in signi- 
ficant increase in mortality 
and reduction in survival time 
following exposure t o  infec- 
tious bacteria. 

Significant increase in mor- 
tality and reduction in sur- 
v i v a l  time following exposure 
to infectious bacteria, 

hdur et al. 1978a 

Silbaugh et al. 
1981a 

Brownstein 1980. 

Horvath et al. 1982 

Sin and Pattle 1957 

Ehrlich 1980 

Ehtlich 1980 

Ehrlich 1980 
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LIST OF ABBREV1[ATIONS 

ACGIH 

A/F 

A 1  

AMER 

bhp 

Ea 

bsfc 

C 

Ca 

CRO 

OC 

Cas04 

cfm/hp 

co 

0 2  

Cr 

cu 

dB 

dBA 

DF 

DF-A 

DF-1 

DF-2 

DF-2 CONUS 

DF-2 QCONUS 

American Conference of Governmental I n d u s t r i a l  E y g i e n i s t s  

a i r - to - fue l  r a t i o  

aluminum 

a c c e p t a b l e  maximum emiss ion  r a t e  

b rake hor s ep owe r 

barium 

b rake  s p e c i f i c  f u e l  consumption 

carbon 

ca lc inm 

aldehyde group 

degree  C e l s i u s  

ca lc ium s u l f a t e  

cub ic  f e e t  p e r  min p e r  r a t e d  horsepower 

carbon monoxide 

carbon d i o x i d e  

chromium 

copper 

d e c i b e l  

dec ibe  1-ad j us t ed 

d i e s e l  f u e l  

diesel .  f u e l  - a r c t i c  grade  

d i e s e l  f u e l  - w i n t e r  grade 

d i e s e l  f u e l  - No. 2 grade  

d i e s e l  f u e l  No. 2, c o n t i n e n t a l  U . S .  

d i e s e l  fue l  No. 2 ,  outside c o n t i n e n t a l  E. S. 
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DNPH 

DQAS 

EGR 

EPA 

QF 

Fe 

€t3  

2,4-dinitrophenylhydrazine 

diesel odor analysis system 

exhaust gas recirculation 

U.S. Environmental Protection Agency 

degree Farenheit 

iron 

cubic feet 

gram 

gallon 

grams per brake horsepower hours 

grams per cubic centimeter 

grams per hour 

grams per hour per rated horsepower 

grams per kilogram 

grams per kilometer 

grams per mile 

grams per milliliter 

hy d r o g en 

hemoglobin 

carboxyhemoglab in 

hydrocarbons 

water 

hydrogen sulfide 

sulfuric acid 
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ha 

WLC 

hr 

in3 

iv 

kW 

L 

lb 

Ibm 

lbm/ lb-mole 

horsepower 

high precision liquid chromatography 

hour 

cubic inches 

intravenous 

kilowatt 

l i t e r  

pound 

pound-mass 

pound-mass per pound mole 

pound per hoar 

pounds - f e e t 

liquid chromatography - oxygenates 

lethal dose - 50% of test animals 

3-methyl-2-benzothiazolone 

met hemog 1 ob in 

milligrams per kilogram 

milligrams per  cubic meter 

microgram 

micrograms per cubic meter 

micron 

micromoles per liter 

miles per gallon 

minute 

mil lil iter 

manganese 

moles 
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MSHA 

N 

Ni 

N-m 

NaS04 

NDIR 

NXOSH 

NO 

NO2 

NOx 

0 2  

03 

OSHA 

% 

Purpa 1 d 

PAE 

Pb 

PM 

PPm 

Ru 

rPm 

s 

Si 

SO2 

so3 

s q -  

STE& 

Mine Safety and Health Administration 

nitrogen 

ni c Le 1 

newton-me ter 

sodium sulfate 

nondispersive infrared absorption spectroscopy 

National Institute of Occupational Safety and Health 

nitric oxide 

nitrogen dioxide 

nitrogen oxides 

molecular oxygen 

ozone 

Occupational Safety and Health Administration 

percent 

4-amino-3-hydrazino-5-mercapto-l,2,4-triazole 

polycyclic aromatic hydrocarbons 

lead 

particulate matter 

parts per million 

relative humidity 

revolutions per minute 

sal fur 

silicon 

sul fur dioxide 

sulfur trioxide 

sulfate 

short-term expasare limit 
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THC 

Ti 

TIA 

TLV 

TWA 

w 

vol 9(, 

wk 

wt F 

Zn 

total hydrocarbons 

titanium 

total intensity of aroma 

threshold limit value 

time weighted average (concentration) 

ultraviolet 

volume percent 

week 

weight percent 

zinc 
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