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Organic lead compounds in vehicle exhaust
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Species-specific measurements of the five tetra-
alkyllead compounds used in gasoline and their
intermediate decomposition products, the tri- and
di-alkyllead species, have been made in vehicle
exhaust fumes. Under normal engine running
conditions 0.3-3%, of the lead emitted in exhaust is
as an organic compound, but cold, choked engines
emit proportionally much larger amounts of alkyl-
lead. Alkyllead is emitted in both the gas and the
aerosol phases.

Keywords: Organolead emissions, vehicle exhaust

INTRODUCTION

The addition of tetra-alkyllead (TAL) compounds
to gasoline to prevent the spontaneous premature
combustion of the fuel mixture remains by far the
largest industrial use of organic lead compounds,
representing  about 5%  of total lead
consumption.’ Of the alkyllead additive in fuel
about, 75% 1is emitted from the exhaust as a
complex mixture of inorganic lead salts with the
majority of the remainder being deposited in the
engine and exhaust system. However, a small
fraction of the TAL is emitted into the
atmosphere by evaporation from the fuel tank
and carburettor and by fuel spillage during
transport and handling. The magnitude of these
sources is uncertain but possibly amounts to
~1% of the alkyllead in fuel. A further small
fraction of alkyllead is emitted into the
atmosphere in the exhaust gases, either
unchanged as TAL or partially decomposed as
the trialkyl (TriAL) or dialkyllead (DiAL)
compounds. It is known that TAL decomposes
forming these ionic species by gas-phase
reactions,® in the liquid phase,*> and probably
by heterogeneous reactions from the aerosol
phase,® and it is therefore to be expected that a
multiplicity of organic lead compounds will be
present in vehicle exhaust in both the gas and
aerosol phases.

Various estimates have previously been
obtained of the individual concentrations of the
five tetra-alkyllead species in vehicle exhaust,’
and more recently of total gas-phase alkyllead
concentrations in exhaust (i.e. the total TAL +
TriAL+DiAL concentrations)® but prior to
this present study no complete speciation and
quantification of all these compounds in both the
gas and aerosol phases in exhaust had been
made. Such data are required as a prerequisite to
the complete understanding of the atmospheric
sources, chemistry and sinks of organic lead
compounds and the role they play in the environ-
mental cycling of the metal.

EXPERIMENTAL

Gas-phase and aerosol-phase lead compounds
were collected from the exhaust stream of
stationary and moving vehicles at 0, 30, 56 and
70mph (0, 48, 90 and 113kmh !) using the
sampling arrangement shown in Fig. 1. Ideally
the first component i such a sampling train
should be a membrane filter to remove the
aerosol-phase compounds, followed by separate
collection of the gaseous alkyllead species.
However, the condensation of water from the
exhaust gases resulted in the rapid blockage of
the filter when this was attempted. Heating the
filter holder and its inlet using electrical heating
tape was ineffective in preventing condensation
and so an alternative arrangement was devised
using a 125 cm? gas bubbler immersed in ice as a
water trap.

Two parallel sampling trains were employed,
one for the inorganic lead aerosol, the other for
the organic species. A 045um Millipore
membrane in a stainless-steel holder with a
Teflon gasket was used for collection of the lead
aerosol. However, some particulate lead will be
collected by impingement in the gas bubbler, and
so for the determination of inorganic lead aerosol
the bubbler was washed twice after sampling with
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Figure 1

10ecm? of 10% Aristar nitric acid. The washings
and condensate were added to the membrane
filter extract for analysis. Extraction of inorganic
lead from the filter was by ultrasonically
agitating the membrane in 20 cm® of 10%, Aristar
nitric acid for 1 h and analysis was carried out by
graphite furnace atomic absorption spectroscopy
(GFAA) using a Perkin-Elmer 2280/HGA 400
and the method of standard additions.® Unavoid-
able collection of gaseous and aerosol-phase
organic lead compounds both in the condenser
and on the membrane filter, with subsequent
oxidation by nitric acid to inorganic lead (Pb")
will give rise to an overestimate in inorganic lead
concentrations. This bias has been corrected for
by deduction of the organic lead concentrations
from the total lead and the resultant inorganic
lead concentrations should be in error by less
than 19/ from this cause.

The parallel sampling train was used for
collection of the organic lead species. A 125c¢m?
gas bubbler immersed in ice was again used as a
water trap, followed by a 045um Millipore
membrane filter in a stainless-steel holder for
collection of the aerosol-phase compounds and a
cryogenic trap for collection of the gaseous
species. This trap consisted of a glass U-tube, of
length 20 cm and diameter 1 cm, containing 2 mm
glass beads and immersed in a liquid
nitrogen/ethanol slush bath at —130°C. As
previously described® this quantitatively collects
both tetra-alkyllead and any ionic alkyllead
compounds present in the gas phase.

After sampling, the lead compounds were

extracted from the Millipore membrane using
30cm® water, S5cm? hexane, 1.5g sodium

tilter pump

water trap
immersed in ice

giass cryogenic trap
immersed in liquid No

water trap
immersed in ice

Sampling system for gas- and aerosol-phase alkyllead and inorganic lead compounds

chloride and 1.5cm® sodium diethyldithio-
carbamate (NaDDC, 0.5 moldm 3).'° The water
trap and condensate were also extracted in the
same way and the extracts combined. The
contents” of the cryogenic trap were similarly
extracted. Analysis was by the species-specific
method of propylation—gas chromatography—
atomic absorption spectroscopy (GC AA).1'12
There is no interference from the presence of
inorganic lead using this technique.

Some loss of alkyllead compounds will occur
in the water trap and its condensate. Preliminary
experiments indicate that there is little loss of
gaseous tetra-alkyllead compounds in a con-
denser of this type at the flow rates used. Tonic
alkyllead compounds in the gas phase also largely
pass through such a system. However, com-
pounds in the aerosol phase are removed more
efficiently by impaction in this configuration.
However, as it was not possible to differentiate
between the contributions of gaseous and aerosol-
phase compounds to the loss, it was assumed to
be all from the aerosol phase. This will lead to a
small but unquantifiable error, underestimating
the gas-phase organic lead concentrations and
overestimating those in the aerosol phase.

A 15mm diameter glass tube was used as the
sampling probe, being inserted 10cm into the
vehicle exhaust pipe. Connections with the water
traps and subsequent components of the
sampling trains were by 7mm diameter Teflon
tubing: A 12-volt dc pump (Charles Austen Ltd,
UK) was used with sampling flow rates of
2dm?*min ! measured by a GAP rotameter and
with sampling periods of ~ 10 min.

Inevitably some lead, especially that in the
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aerosol phase, will be lost in the sampling probe
by impaction and deposition. This was minimized
by using large-diameter tubing, using the shortest
possible tube lengths and by avoiding un-
nccessary bends. However, deposition will still
have occurred and caused an unknown under-
estimate in lead concentrations. By collecting the
inorganic lead fraction in the same position in
the sampling train as the organic fraction, it is
hoped that the resultant errors in organic to
inorganic lead ratios will be small. Similarly,
problems arising from the use of a non-isokinetic
sampling regime remain unquantified.

Two  vehicles were used for  these
determinations, a Ford Transit van of 2.0dm?
engine capacity and model year 1982, and a Ford
Escort Estate car of 1.1 dm? capacity and model
year 1983. Both vehicles have been regularly
maintained and serviced since new.

For a 20dm?® exhaust fume sample and a 50 ul
injection into the GCAA system the method
gives 30 detection limits in the range 8-
55ng (Pb)m™* in the exhaust. Sensitivity is
greatest for (CH,),Pb, progressively decreasing to
(C,H,),Pb?*. The propylation method does not
allow identification of the counterion associated
with the ionic alkyllead species.

RESULTS AND DISCUSSION

Lead in exhaust concentrations

The concentrations of the five individual TAL
compounds and four ionic TriAL and DiAL
compounds in both the gas and aerosol phases,
together with the inorganic lead aerosol concent-
rations, are shown in Table 1. The data are also
summarized in Fig. 2.

For both vehicless TAL concentrations
decreased with increasing vehicle speed, with the
highest concentrations being emitted when the
engincs were cold and choked. TAL was
predominantly found in the gas phase, with
concentrations in the range 0.26-56.2 ug(Pb)m *
in the gas phase compared with 0.03-
0.61 ug(Pb)m 3 in the aerosol phase.

The lead speciation in the gasoline used in
these - tests is also shown in Table 1, with
(CH3)4Pb, (CH3)3(C,Hs)Pb  and  (C,Hg),Pb
being the dominant species. However, in the
exhaust gases (CH;),Pb was the most abundant
compound, presumably due to the increasing
reactivity and thermal instability of TAL species
with increasing molecular weight.'?

The 1onic TriAL and DiAL compounds were,
as expected, not found in the liquid gasoline
samples. However, in the exhaust gases they were
present in both the gas and aerosol phases. In the
gas phase total ionic alkyllead concentrations in
the range 8.9-46.1 ug (Pb)m ™3 were found and in
the aerosol phase 1.7-22.9 ug(Pb)m~>. In the
exhaust fume of the stationary choked vehicles
higher concentrations of TAL than ionic
alkyllead were found, but in all other samples
concentrations of the ionic species were highest.
The higher TAL concentrations in the former
case were presumably due to the greater emission
of unburnt fuel through the choked engines. In
every case more DIAL was emitted than TriAL,
but with the relative proportions of (CH,),Pb*™*
and (C,H;),Pb?* varying between samples.

Inorganic lead aerosol concentrations in the
range 600-11730 ugm * were measured in the
vehicle exhaust, with concentrations increasing
with vehicle speed. This is consistent with the
greater fuel consumption expected at higher
engine loads.

The measured alkyllead concentrations may be
compared with those previously found in vehicle
exhausts. Reamer et al’” collected TAL

" compounds on a cooled adsorbent (109, SE-52

on Chromosorb-P in a Teflon tube cooled by a
dry ice-methanol slush bath) from which they
were removed by freeze-drying and extraction
into hexane. Analysis was by gas chromato-
graphy-microwave plasma detection. The total
TAL concentrations so found were much less
than those obtained in the present study, being in
the range 0.3-1.0 ygm 3. This is surprising as the
lead content of the fuel previously used was
approximately four times that used in the present
study. Whether their sampling method was not
able to collect quantitatively the lead species at
the high concentrations expected in vehicle
exhausts is not known, and neither is it clear
whether samples were obtained from stationary
or moving vehicles.

Total gas-phase alkyllead (ie. TAL+TriAL+
DiAL) has recently been determined in vehicle
exhaust by collection on activated carbon,
conversion to inorganic lead (Pb"™) by boiling
nitric acid and analysis by conventional AA.®
Particulate organic lead was excluded from the
carbon trap by a membrane filter and any lead
collected on this was assumed to be inorganic
lead. Using the European Community (EC)
vehicle emission standard test cycle, total gas-
phase  alkyllead concentrations of  3.0-
144 ug(Pb)m* were found. At 50mph



+29d*CH®) *,  Tad

£, 2Qd ("HD) LTI LQdfCHPD) L TaUL L, 4dS(PHD) L TNLe qd"CHTD) “TAL Ad*CH*DXHD) “TALIA Ad*CHDI*(HD) "13ANA AdCHD)CHD) “TANL ‘d’("HD) “TW L.

(¢ _wp Fw)
¢ wpdwgg=[ei10L €1 I'6 99T (44 81T qd auljosen)
€0 ﬁ 70 0 o> L101 166 920 91 4 600 LLT 00> 970 100> 100> 100> seny
10 1’0 170> 0Ith 0L L9S €00 (459 170 SO0 600 200> €00 100> 100> 100> [osory
G -yuy g1 1) yduw gy
¢z ﬁ $T $T 10> veLY €9y 1T 0022 90'91 £9°¢ e 200> 950 100> L£0 3€°0 sen)
o> o> 10> 0£8] 8L1 PLT $00 £ F10 91°0 €10 200> +00 100> 100> 100> Josoxay
G ywy o) yduw o
vy * 'y 0¢ 1z 9T 6907  L91T 016 L91 I8¢ 119 81 v0'C 8t ELY <8 seny
£0 €0 10> 066 PO'E LT ¥E0 orl SO1 910 6£0 €00 ¥T0 100> 00 100> [oso1y
(payoy2) Lumuonng
WP I'[ Modsq pioy (g)
(- wp3w)
¢-WpSw ol =jeioL, 0'€E 23! €81 ¥'6 067 qd autjosen
€0 W 10 10 10> 7061 S9€l LET 158 14%4 850 9T 200> 910 SO0 o ¥0'1 sen
0 70 0> QELIT 80°€C 887C  STO 1§°1¢ 850 (A%)] LSO 00> 900 100> 100> 600 Joso13y
(; ywygry)ydu gy
0 ,M €0 T0 10 Lyl S8 79¢ 9% LLE 010 9€0 T 600 SO0 900 0L seD)
€0 70 10> 00LE 8€'6 106  LEO 90°L 890 SE0 W60 §0°0 900 100> 00 170 [osoloy
(; 4wy 05) ydue 95
- ,“ ¥z 07 ¥0 8LE STIE  L99 STIT 00 L] £l §T0 S¥0 60°1 980 (41} 7 SED)
$0 80 o> 001 87C1 LLIT 150 $8°01 €70 820 170 00> $10 100> 100>  LEO joso1ay
) (. yury gp) ydu g¢
15l ,ﬁ LTt o T8 ¥5°08 £€VT 1798 06 SEvl Ly0 34 ov's 229 LTEL §€'9 88°6T seD)
€1 €1 10> 009 6¥'6 88'8 190 008 600 620 050 £0°0 200 10°0 1o §%0 [osoray
(payoyo) apwyaa Lauonpyg
¢WP (7 Nsuen piog (y)
YAl (%) %) ..9d pes]  pedfiAyje  TVL +1A1A L TN L TINL L TINML T4L THIW THAWd TdWL TAL aseyqd
ped[ [e10], Pped[[el0]  ped| peajiye ol [mol
peayAnly  peapkye IFIOL feloL JeioL aPEAfIA e Sruo} JIVL projiAYe-e1oL
ool VL

[parestpu; asimaay1o ssoqun . _wi(qq)F7] souIny JSNEYXS SPIYaA LI B3] S1uRSIOUl PUB PEIIAN[E JO SJUSWDINSEIJA] | AqEL

98



Organic lead compounds in vehicle exhaust

99

as phase
20 gas p

[7 A ionic alkyliead
a RzPb2*+ R3PL*

70 tetraalkyllead [ Pl

Z

60 J (a) Ford Transit 2.0L

.

50 4
40

304

aerosol phase

20 4

gas phase
gas phase

Concentration ug(pbim -3
o =
W aerosol phase
@

erosol phase

aerosol phase
t\ \ Wgaa phase

50 .

40 |
{b) Ford Escort 1.1L

NN

30 |

20 |

NN

no
) sample.

30 mph 56mph 70 mph

0 74

0 mph

Vehicle speed
Figure 2 Concentrations of alkyllead in vehicle exhaust.

(80kmh~!) the concentration range was 0.1-
2.7 ug(Pb)m 3. In the present study much higher
total gas-phase alkyllead concentrations of 10—
80 ug(Pb)m * were found from stationary and
moving vehicles. The lead content of the gasoline
used by Royset and Thomassen was 0.4 ygdm 3,
and the inorganic lead concentrations measured
in the exhaust fumes werec in the range 1060-
14300 ug (Pb) m 3, comparable with those found
in the present study.

Alkyllead to total lead ratios

Because of the highly variable concentrations of
organic lead and inorganic lead found in the
atmosphere at different sampling siles and at
different sampling times, arising from various
site-specific and meteorological parameters, it is

most convenient to express organic lead concen-
trations as a percentage of the total ambient lead.
Table 1 shows the data in this form. Total
alkyllead represented 0.3-3.2%, of the total lead
emissions from the hot moving vehicles, and 4.4
and 13.19 from the cold, choked vehicles.

Except when stationary, cold and choked, both
vehicles emitted « 19, TAL compared with total
lead, and <0.1% TAL at higher speeds.
TAL/total lead ratios of 8.2% and 2.1%, were
found when the engines were cold and choked.
These compare with ratios of 2.2 and 1.99 for
TAL/total lead previously reported.’

Total gas-phase alkyllead/total lead ratios of
0.1-24%, were found from the hot moving
vehicles (and 4.1 and 11.7%, from the cold choked
engines) compared with 0.002-0.44%, 8

Comparison with ambient lead in
air measurements

Measurements of both gas- and aerosol-phase
organic lead compounds in the atmosphere at a
variety of sites have been extensively reported
and reviewed."'® Because of the considerable
variation in reported concentrations, it is often,
as noted above, more useful to compare organic
lead measurements from different sites in terms of
their percentage of the total lead concentrations.
In urban air total gas-phase alkyllead to total lead
ratios of 5-6%,'% 3-149,,° 2-7%'° and 3-49,'°
are typical values. These correspond closely to
ratios of 0.1-11.7%; found in exhaust gases in this
study.

Tetra-alkyllead to total lead ratios of 2-3%,'°
2-7%,* and 39%'® are typical of those reported
for urban air. These are much higher than the
ratios found from the hot, continuously moving
vehicles used in this study, presumably because
of the wuse of the choke and continual
acceleration/deceleration during urban driving.
The few species-specific measurements of the
ionic alkyllead compounds in urban air that have
been made indicate TriAL + DiAL/total lecad
ratios of ~3%,'' compared with 0.2-3.5%, found
in vehicle exhaust.

In ambient urban air the quantity of TAL and
ionic alkyllead compounds associated with the
aerosol phase is small, being ~1% of the gas-
phase alkyllead.'® In the vehicle exhaust aerosol
phase TAL was found to be insignificant, whilst
aerosol phase ionic alkyllead represented 0.1-
1.39; of the total lead.
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Possible presence of monoalkyllead
in vehicle exhaust

During analysis of most of the vehicle exhaust
samples, GC AA peaks which we ascribe to a
monoalkyllead species were found. Whether these
arc due to the presence of such a compound in
the exhaust or are an artifact of the propylation
technigue arising from the rearrangement of
other, more stable, ionic alkyllead compounds,'”
or are an artifact of the GC AA system itself,'® is
not clear. These unstable species have not, to
date, been unequivocally identified in environ-
mental samples.

CONCLUSIONS

Despite the limitations of our sampling method it
is clear that gasoline vehicles directly emit not
onty TAL but also the ionic TriAL and DiAL
species directly into the atmosphere. Under
normal engine running conditions probably 0.3
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