
E T H Y L  C O R P O R A T I O N
RESEARCH AND ENGINEERING DEPARTMENT

RESEARCH LABORATORIES 1600 WEST EIGHT MILE ROAD
FERNDALE 20, DETROIT, MICHIGAN

September lU, 1955

Dr. R. A. Kehoe 
The Kettering Laboratory 
College of Medicine - Eden Avenue 
Cincinnati 19, Ohio

Dear Dr. Kehoe:

Because of the questions you raised yesterday by te le­
phone as to the basic approach we might use in our p roposed 
paper on exhaust gas particles, probably it would b e best if 
we postpone our conference scheduled for next Monday  until 
after these questions have been worked out»

Meanwhile, I ’m enclosing my first draft of an outli ne 
for the paper to show you the material we will have  available. 
It seems to me that regardless of where we may publ ish our 
information, we will have to consider at least some  of the 
public health aspects of the .work and its possible  relation­
ship to the lead content of urban air. Otherwise, t here is 
the danger of creating an impression in uninformed circles 
that lead emission is a new and unexplored area for c oncern. 
Because of this, I would appreciate your reviewing t his out­
line and considering the suitability of' this appro ach from 
the standpoint of publication in either public heal th or 
automotive journals. Would you be good enough to le t me knoxi 
your general impressions.

7ery truly yours,_

B. il. Hirschier

DAH:mew

cc: R. K. Scales

Enel.
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Proposed Outline for Paper to be Published in 
The American Journal ox Hygiene

Particulate Lead Compounds in Automotive Exhaust Gas

Introduction

1. TEL is widely used because it performs a useful ser vice.

2. Commercial utilization of TEL involves scavengers  for removal of lead 

deposits; hence particulate lead halide and lead ox ide would be expected in exhaust

gas.

3. First use of lead was accompanied by investigatio ns by public health author­

ities in U.S. and England to appraise the magnitude  of danger due to breathing

of exhaust fumes.

U. Early investigations showed no need for concern.  This has been borne .

tm  <n̂cc/i
out; there has been no lead poisoning, and modern air a nalyses show the lead content a  

to b e ■ far below allowable limits. CO approaches the  allowable limit to the sane 

or greater degree than does lead,

5» Current intensified interest in the contribution of. the automobile to air

pollution makes it desirable to study automobile em issions in respect to lead, and

to include composition and size distribution studie s, which have not been reported

on comprehensively in the past, , . .
£=•• /'At-dt-c-L i i f t  'ax a ' - u Co«* h a  A c in  t

of--particl'es~ -in”'the~ 'respiratory-*''sysbcmv;.  - T̂he --small -airborne - partic les - are- -those  
S h.U-Uby VfJt .WMuuXZ* i.X-O.Ut-beX'-W

-■ &,— Particle-s-i-we-infAuencea—both-'settling-rate e-- and-.the -degree - -of-retention-  
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particulate .lead.,.compounds-  will-be made, these factors-governed the selection  of
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tfee-^-mieron-level-as -the--division -be tween-fine - and - ¿oar s®- - particles • ..

7. 'The work has evolved through single cylinder and  dynamometer testing to 

the use of two full scale cars on the chassis dynam ometer. Studies have been 

made of the effects of operating conditions, and of  the following fuel variables: 

TEL concentration, sulfur concentration and the add ition of phosphorus.
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Summary

Extensive studies have been made of the discharge o f particulate lead com­

pounds in the exhaust gas from laboratory engines an d from two conventional cars 

operated on fuels containing TEL. The principal fin dings from these studies, 

in which carbon and organic particulate matter in th e exhaust gas were not con­

sidered, were:

a. About 20% of the lead burned by the passenger cars was retai ned in the 

lubricating oil and in the exhaust system deposits.  This indicates that 80 % of 

the lead burned was discharged in the exhaust gas ove r a 20,000 to 30,000 mile

period of city and country driving,

b. Varying percentages of the lead burned were exhaus ted under different 

operating conditions. Under light-duty city driving,  the exhausted lead ranged 

from 20$ of the lead burned when the exhaust system was com paratively clean to 

60$ when the exhaust system was heavily deposited. Under sustained high-speed 

driving conditions, or during full-throttle acceler ations^ the amount of exhausted 

■ lead was several times greater than the amount burn ed, but diminished in quantity 

as the exhaust system cleaned up. Since the minimum lead discharge occurs under 

the low-speed driving conditions imposed by congest ed areas, atmospheric pollution 

by particulate lead is less than might be expected o n the basis of gasoline con­

sumption.

c. Exhausted particles were found to range in size from 0.005 microns to 

several millimeters. Heavy particles 5 microns or l arger, which might be expected 

to settle rapidly and not contribute to atmospheric  pollution, were found to account 

for 20 to U0 weight percent of the discharged lead. Because of this, the poten­

tially airborne lead compounds discharged in city d riving would be expected to 

represent from l /3 to 1/2 of the lead burned in the fuel,

CAxbi (MJ XC(iiAX.i£h! ¿dst+Xt  fe" ¿0 ^
' d. The particulate matter collected was found to co nsist principally of lead

chlorobromide (PbCl«£r) and lead-ammonium halide co mpounds such as 2PbCl»Br»HK^Cl|r 

Brig- and PbCl»Br*HHj/)l, In addition to these compoun ds, pyromorphite
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3?b3 ( ) 2*PbCXBr was also pr esent when phosphorus-containing fuel additives

weirs present.

e. The amount 

tration in gasoline, 

phosphorus-containin 

fuel introduced defi

of lead exhausted was found to be proportional to TE L concen- 

but particle size distribution was not affected. Ne ither 

g gasoline additives nor changes in the sulfur cont ent of the 

nite changes in the amount and size of the exhauste d lead

compounds.

f. The experimental findings show that lower-speed driving conditions, as 

are encountered in the more congested areas, tend to  reduce the fraction of lead 

burned which reaches the atmosphere. This fact proba bly explains why the reported 

analyses ox city air for total lead from automobile s and all other sources continue 

to show low values in spite of increased yearly gas oline consumption and higher 

TEL concentrations. These reported values for lead usually range from 1 to $% 

of the commonly accepted allowable maximum, lead concentrat ion of 0.15 mg per cubic 

meter, and in only a few isolated instances under a dverse conditions have values 

near 2$% of the maximum concentration been found. On this ba sis there appears

to be little need for apprehension a£ to the effect s of automobile lead omissions 

jcd/w .̂kui-uAtUi y tl  M kuzhu Uuuta i*the iutwJy  ors
on public health^ and the conclusions of the Investig ation who studied this pos­

sibility upon the initial introduction of TEL in 19 26 appear justified and still 

valid.

Experimental Methods

1. Electrostatic precipitators have been used almos t exclusively in this 

work. Precipitator efficiency was found to range fr om 90 to 95/?.  ^articles 

were recovered for sise classification and analyses  by use of coatsd precipitator 

parts, which after use were stripped of the coating leaving the inorganic particles 

suspended in a liquid medium. Organic material was di ssolved end not recovered. 

Separations were made by centrifuge methods, and si ze classification was made by 

optical and electron microscope examinations. X-ray  diffraction and elemental 

analyses ware used to determine particle compositio n.
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2. M ethods of exhaust gas sampling were found to have a  large influence

on particle size distribution. The most nearly true sample was obtained by main­

taining sampled gas flow velocity equal to the velo city of the stream sampled.

Since this is difficult to accomplish except under st eady-state conditions, a full- 

flow system for the entire exhaust stream was adopt ed for cycling tests on the 

chassis dynamometer.

3. The driving schedule used for chassis dynamomete r tests was patterned 

after typical driving reported for Los Angeles by t he L, A. Air Pollution Control 

District and had a If) mph top speed.

li. Details of equipment and methods, vehicle opera ting schedules and exhaust . 

system temperatures will be included in an Appendix.

Basic Studies in Single-Cylinder Engines

1. Collection of material exhausted from a single-cyl inder engine, and deter­

mination of a lead balance for the engine showed tha t in short runs (1 to h hours) 

about half of the lead burned was exhausted and the remainder was left in the 

'combustion chamber and oil.  Ko particle size measurements were made. Longer ru ns 

showed that after about 30 hours the--lead discharge became erratic, and that  period­

ically greater amounts of lead were discharged than  was burned.

2. The erratic nature of the lead discharge was stu died by the "Scotch Tape 

impinger" and it was found that the exhaust gas con tained a continuous base of 

vaporized halides with sporadic bursts of chunks of  physically-scavenged material.

The latter process was accelerated by thermal, shoc k. The possibility of physical- 

chemical scavenging was shown, with halogen additiv es promoting the release of 

deposit chunks.

Engine Dynamometer Studies

1. Chevrolet engine tests showed (a) dependence of results on operating histor

(b) effects of speed and load (c) effects of accele ration (d) particle sise dis­

tribution (e) necessity for full-flow particle colle ction rather than sampling

■  KS 001S111



(f) effect of 3 and 6 ml TEL concentrations, which gave lead output prop ortional ' 

to lead input (g) particle composition*

Chassis Dj/namometer Studies

1» Lead retained in the exhaust system, oil, and engine  of the Ford accounted 

for 21$ of input. Probably the Cadillac data will  be similar. Muffler weights 

from ED track tests (5G1 and 711)  also show increases from 0.3 to 2.3 lbs in 

20,000 to 30,000 miles, showing that even under severe service ther e is considerable 

lead retention. Of the lead burned, about h/S is left to be exhausted in particu­

late form* X-ray results snow that the composition of deposits in the exhaust 

system is largely lead chlorobromide*

2. Ford Data

a. The amount of lead exhausted increased progressi vely with mileage accumula­

tion under mil^ driving conditions and reached 60% of input. Intervening driving

of more severe nature exhausted more lead than was bur ned and then reduced the 

lead output in subsequent mild service.

b. Comparison of 3 ana U ml TEL concentrations indica tes that load output

is proportional to lead input, with no effect on par ticle size distribution or com­

position.

c. 80J? of the particles by count are smaller than 1 micron but $0% by weight 

are between 1 and 3 microns* Particle weight distribu tion curves'show two peaksj 

1 in the 1-3 micron range, and another in a range above 10 microns*

d. Acceleration discharged up to 12 times the lead bur ned, and high speed 

driving discharged 1 to U times the input. Particle size distribution was similar 

in all types of service.

<3. Sulfur variation from .03 to .10 had a negligible  effect on amount or size 

distribution of the lead and changed the compositio n only slightly toward the lead 

sulfates*

ICC
f. The addition of phosphorus as and TCP may have in creased the discharge

' K£  0 0 1 8 1 1 2
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of fin es and total lead but the results are not conclusiv e in this respect.

Phosphorus did change the composition of part of th e exhausted material to pyro- 

norphite. The rapidity cf this composition change s howed that the fine material 

is largely freshly formed, whereas coarse material i s first deposited and then 

broken off and discharged,

3. Cadillac Data

a. The amount of exhausted lead is somewhat lower tha n the Ford, but the 

reduction is mainly due to less coarse material, an d fines are exhausted in about 

the same amount as in the Ford,

b. Particle size distribution in the fines is the sa me as with the Ford,

c. Although the effects of TEL concentration are ra ther inconclusive, when 

only the results from consecutive runs on 3 and U m l TEL are considered, measure­

ments made after prolonged road service at both TEL  concentrations show exhausted 

lead to be proportional to TEL concentration,

d. ¥ork is still incomplete on the effects cf accele ration and high-speed 

driving. Similarly, the amount of lead retained by t he oil and exhaust system is 

yet to-be  determined. It is expected that the data will be gen erally similar to 

that from the Ford,

Ii. Particle Composition Data

a. Fines and most of the coarse material are of simil ar composition and 

consist of ammonium lead halides, lead halide, and lead oxyhalide. However, the 

very coarse particles (larger than $0 microns) contain mostly iron oxides and lead 

sulfates.

b. Solubility data on lead salts found in exhaust ( vt .

Discussion of Results

1. Under each type of service, an engine and exhaus t system tends to approach 

an equilibrium condition as to lead retained and le ad exhausted. Mild, part-throttle 

conditions favor low lead discharge and high lead r etention, while severe condi­

tions favor-high lead discharge and low retention. A lengthy period of conditioning
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is r equired under any given condition.if particulate stu dies are to bs representa­

tive of that condition. Otherwise, magnified transi ent effects may bo observed 

while the system, is seeking its new equilibrium.

2. Lead discharge from cars in average owner servic e probably follows a 

cycle. In city  driving the car exhausts little lead while the exh aust system

is clean, but the amount exhausted may gradually incre ase over a 5, 000' to 10,000 

mile period to the point where I 4.O- 6O% of the lead burned is exhausted, of which 

about 3/h is in potentially airborne size ranges. Then when t he car is occasionally 

subjected to full-throttle service or to high-speed  highway driving, considerably 

more lead is exhausted than is burned, which cleans t he exhaust system and returns 

it to a condition where it again retains a high propor tion of the lead burned.

3. The foregoing mechanism probably explains why ur ban atmospheres have been 

found to contain lower lead concentrations than migh t be expected on the basis

of TIL consumption* For example, Larson has estimate d that 11 tons per day of 

lead is burned in gasoline in Los Angeles. If this we re diluted by the respective 

Clear and inversion air volumes reported for Los An geles, lead concentrations of 

*008U mg/li3  and .O 8I4. mg/ii3 would result. These concentrations are far  higher than 

have been found in any street level surveys of lead  content from all sources under 

the respective conditions. This is not surprising if in city driving something 

less than half of the lead burned reaches the air i n fine particulate form*

U. Trends toward multiple mufflers and larger exhau st systems which would 

run cooler and have lower gas velocities will probably  reduce still further the 

amount of lead exhausted by automobiles. The current  work shows that low speeds 

and engine outputs, and hence lower exhaust system temperatures tend to reduce lead 

emission. Similarly, work reported in 1927 by the B ureau of Hines showed that an 

engine with a 12 foot exhaust pipe exhausted only  2.$% of the lead burned, whereas 

with a 2§ foot exhaust pipe the engine exhausted 2̂ *6% of the input lead.

9. Fuel additives have different degrees of importa nce. Lead exhausted is
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proportional to T SL concentration, but particle size and composition  are not 

affected. Phosphorus additives alter the compositio n of the exhausted lead com­

pounds, and possibly tend to increase slightly the o utput of fine particles. Sul­

fur appears to have substantially no effect.

Acknowledgements: Beaver, Lamb, Lyben, Gilbert, Hie bylski, Analytical Group.
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en tests

Exhaust particle collector

Description of system, and data showing.precipitato r efficiency based 

in which tandem precipitators and millipere filters were used*

2. Sample handling and processing

Methods, and tests made to determine any influence of processing on 

particle size,

3. Particle count and weight distribution techniques

Methods used to correct for particles smaller than 0,2 micron and lienee 

invisible to optical microscope. Correction for los t particD.es,

k. .Car  cycles, operating conditions and.exhaust system te mperatures
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