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Effects of Ferrocene as a Gasoline Additive
on Exhaust Emissions and Fuel Consumption
of Catalyst Equipped Vehicles .

K. P. Schug, H.-J Guttmann, A. W. Preuss and K. Schadlich

Veba Oil Ag
Gelsankirchen, FRG

ABSTRACT

A test pragramme was performed involving two
pairs of vehicles - each pair of the same
type and model, techaically matched, and
equipped-with emigsion control systems inclu-
ding lambda sensors and 3-way-tatalysts.

The aim of the programme was to investigate
the influence of gasoline containing 15 ppm
fervocene (Dicyclopentadienyliran) on the
long-term emission performance.

Vehicles were operated in a highly comparable
way. under. typical traffic conditions. encoun-
tered in the FRG. From each pair, one car wa<
fualled with clear, the other with Ferrocene-
contafning gasoling.

£ffects on the exhaust emisston-performance
were explored at intervals of about 10 000

km operation by means of the CVS method using
the FTP 75 driving cycTe.

The results demonstrate.that Ferracene. opera-
tion resulted in lower pollutant emissions.
This was confirmed when ane vehicle was swit-
ched to Ferracene operation after 40 000 km
of clear operation.

Measurements of the fuel economy during test
operatians showed distinct improvements when
vehicles were fuelled with Ferracene-contai-
ning gasolines.

Further investigations of particulate emis-
sions from the test. cars were eonducted by
an independent research institute. The re-
cults show particulate emission levels to be
Yow, with only minor changes in the particu-
late iron contents. No gaseous iron compounds
were measured within the detectiom timit.

INTRODUCTION

Ferrocene - chemically defined as dicyclopen-
tad#enyli#0ﬂ7—~belongsrt0~the»c1ass of metal-
locens and consists of two parallel C. hydro-
carbon ring systems with the iron atoM loca-
ted in-between.

Que to this unique chemical structure and the
resulting physical-chemical properties Ferro-
cenc te-used in-a-vardety-of application are-
as. Some of its uses, in the field of chemi-
atry, biochemistry, physics and minecal ail
products, are given in appendix, which aiso
contains some physical, chemical and physiolo-
gical properties of Ferrocene.

With regard ta the vuse of Ferrocene in mine-
ral oil products combustion improvement in
heating ails is a major field of applications
{1)*. By way of contrast, its well=known pro-
perty of octane enhancement in unleaded gaso-
lipes is-presantly.only.used to a small ex-
tent in racing/offroad activities and in

the after-market additive business (2, 4).

The actane enhancement by Ferrocene, however,
offers definite-energetic and economic bene-
fits in countries with significant market sha-
res of umteaded gasoline grades (3).

[

Therefore, with regard to the recent develop-
ment towards an- increasing market pemetration
of unleaded gasolines in European countries,
particularty: in-the FRG,.an investigation
programme on_the use of Ferrocene as a gaso-
line additive was fnitiated.

The test programme, still ongoing, incorpara-
ted 3 variety of different technical aspects.

+ Numbers in parentheses designate references
at end of paper
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Table 2: Technical Data of Test Vehicles

. clear
Al

Vehicle Code Ferrocena A g ;
%_‘l;;:fac turer BMIW H\lo'lkswagen
a cylinders 312 i Golf Ggl 16 v
Displacement (cm3) 1754 1760
Bore (mm) 89.0 81.0
Stroke (mm) 71.0 86.4
Max. quer (kW) 75 95
at Engine Speed (mfn-lz 5800 5800
Max. Speed (km h= 1) 154 200
we{ght' (kg) 1040 966
Injection System : Basch Basch

{t=detronic) (KE-Jatronic).
Knock Sensor without with

-Emission Controt

Date of Manufacture
Mileage before Test (km)
Mileage after Test (km}

Lambda Sensor
3-Way-Catalyst
(monolith)

Lambda Sensor
3-Way-Catalyst
{(monolith)

May- 1987 July.- 1987
< 50 < 50
85000 20000

TEST FUELS While vehictes A1 and 81
were operated with clear gasoline only, A 2
and-§ 2 were- fuelled with am tdentical gaso-
line plus 15 ppm Ferrocene.

During the test programme gasoTines from
several refinery batches were consumed, all
consisting of unleaded Premium-grade ("Eurge
super”) with the stated octane specifica-
tions. All.gasalines were additized with a
high-performance type of detergent at a com-
monly applied concentration level.

Over the different batches of gasolines, the
additton of 15 ppm Ferrocene. resulted in
average octane increases of RON = 0.6 and

MON = 0.4 units. For the purpose of direct
comparison, this Ferrocene-caused octane en=
hancement was not compensated, since octane
adjustment would have-medified. the chemicat
composition of the Ferrocene-treated gaso-
line batches. C

Test fuels were provided from underground
tanks via gasoline dispenstng pumps- fdenti--
cally to those used in service stations.
Fuel quantities were measured by means of
the normal calfbrated dispense monitor. .
Additional fuel was carried in canisters for
long-distance driving.

DRIVING CONBITIONS For. the fleld test non-
professiona) drivers were hired to drive the
test cars. under typical traffic.conditions.
Vehicles A 1/A 2 were operated in two shifts
per day, resulting in a monthly average mi-
leage of about 14 DO km:
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In contrast, vehicles 8 1/8 2 were operated
at more moderate average mileages of about
4 000 km per month with one shift per day
only.

To compeasate aay-effects of individual dri-
ving habits, drivers switched cars daily.

The drivers were instructed to devide up
their driving mileage as follows: 10 % urban,
20" % extra urban; and 70 % -autobahn driving.
The actua) distribution was reported daily
and matched: the requested distribution clo-
sely for all vehicles over' the entire test
duration.
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From the driver records individual mileages
per shift were colculated and are plotted in
Fig. 2 in the form-of a-distribution function
for vehicles A 1/A 2. The results show good
agreement with peak distributions occurring
3t 500 - 550 km/shift, thus demonstrating
that test conditions were comparable for both
vehicles.

TEST-RESULTS.

EXHAUST EMISSION MEASUREMENTS During the
field test, emissions of €O, HE and NO, were-
measured at intervals of approximatelyxloooo
km. The-emission tests: were: conducted using
the FTP 75 driving cycle on a chassis dyna-
mometer. vn. accardance with the regulated
analytical methods. For all emission tests
CEC Reference Fuel (CEC-RF-08-T-85) origi-
nating from the- same fuel batch was: used
without Ferrocene addition.
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Figure 3: Exhaust Emissioﬁ Measurements
FIP.75. / €EE—RF—08~T~085-Fuecl

Results of the €O, HC and Ny, emissions for
vehicles A 1/ A 2 are shown {n Fig. 3 over

a test miTeage: of about 86 008 km correspon-
ding to 6 months of operation. At low mileage
the emissions are similar for both vehicles
and emission levels are in accordance with:
German specified 1imiting values.

With-increasing mileage. both cars show emis-
sion increase. However, for the Ferrocene-
operated car A 2 the deterioration of CO and
NO. emissions is sigaificantly lower than for
thé corresponding car Al.

In the case of HC emissions both cars exceeded
the. specified 1imit after oaly 15 000 km of
operation. Up to approximately 40 000 km no
significant difference in HC emissions occur-
red. At higher mileages, however, Ferrocene
operation agoin resulted in lower emission
levels..

Analogue emission test results for the 8 1/8
2 vehicles are shown im Fig: 4; over about.
20 000 km of operation, corresponding to a
test duration.of 6 months.
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Figurc 4: Exhoust Emlssion Measurcmentsa
FTP 7% 7 CEC=RF—0B~T=05 Test—Fuel

At the- start- of ‘the test. the emissfons were
similar for both cars and were within the
spectfied limits. Analogue to vehicles A 1/A
2 emissions went up with increasing mileages.
Up to 20 000 km the results showed no dif-.
ferences tn the emission performance of both
cars within experimental error. At this mi-
leage, however, both cars -exceeded the speci-
fied NC timit and had reached the specified
€O limft. 1t was therefore decided to break
-oFf -the comparative test at this stage.

Tuesday, December 19, 2006 (2).max



v/,

a00154

lnsﬁeqd, 2 subsequent test was conducted with
the aim-of exploring changes on-exhaust emis-
s1on performance when an identical vehicle

is switched from clear to Ferracene operation.

Vehicle B 1, therefore, was operated over a
total - of 40 000 km and afterwards switched
to an additional 40 000 km of operation with
15 ppm Ferrocene-containing gasoline,

Emission test results obtained over both test
phases are- shown e Fig: 5 Again, alt emis-
sion tests were performed with Ferrocene-free
CEC Reference Fue).

Fig. 5 demonstrates that the earlier observed
emission deterioration continued up to 407000
km of clear operation. Except in the case of
NO,,, specified~emis$iaaﬂItmitsvuereﬂsignifb
cahtly exceeded.
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Figure 5  Exhauat Emissicn Measurements, Vehiele Bl
FTP 75 / CEC~RF~08=T—85 Test—Purl

After the change to Ferrocene operatiom a
first emission measurement was taken after
only 5 000 km. Results show a distinct de-
crease in both CO and HC emissions, while
NO, emission was unaffected. Additiona) mea-
sufements at higher mileages support the ob-
served improvements due to Ferrocene.

Cqmpared.to the high HC emission deteriora-
tmgn-durwng the-clear- phase of the test, HC
emissfons remained at a iower constant leve)
during the Ferrocene operation. CO emissions
however, also increased during the Ferrocene
phose. Finally, after B0 000 km of vehicle
Operation, the same emis sion level was ob-
served as that found after only 40 000 km

rof clear operation.

TOV- EXHAUST- EMISSION -RESULTS- During the
comparative tests an independent. institution,
the German Rheinisch-West.filischer Techni-
scher Uberwachungsverein in Essen (TOV),
conducted a series of emission tests on both
pairs of vehicles (7Y.

Lo these: tests the. US Highway.Cycle was
applied and 30 tests were performed on vehic-
les A 1/A 2 at mileages of around 60 000 km.
10 tests were performed on vehicles 8 1/8 2
at mileages of about 10 000 km.

Average results shown in Table 3 support the
observed. tendency towards improved exhaust
emission performance of the Ferrocene-fuelled
vehicle A 2.

Table 3: Results of Exhaust Emission Measure-

ments by TOV
Pollutant Vehicle
(g/km) A 1* A 2% B I%x B 2%x
co 1.013 0:566 0.416  0.099
HC 0.062 0.044 0.025  0.019

NO, 0.746 0.715 0.653 0.174

* Average of 30 US Highway Tests at 60 000
km

** Average of 10 US Highway Tests at 10 000
km.

In.contrast to the FTP emission results for
vehicles B 1/ B 2, however, the TOV measure-
ments showed significantly lower CO and NO
emissions from-the Ferrocene-fuelled vehic*e
B 2. A technical inspection of both vehicles
showed no failure or misadjustment of rele-
vant parts, thus providing no explanation for
the emission differences.

FUEL CONSUMPTION MEASUREMENTS The evalua-
tign- of fuel economy was based on the indivi-
dual refuelling operations during the field
tests. This procedure provides an accurate
measure of actual fuel consumption. Direct
comparison of fuel economy between of A 1 and
A.-2. and between B 1 .and.B.2.is possible be-
cause comparable operation in terms of traf-
fie and ctimate- eonditions was- ensured.
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Figure 7: Cumulnted Furl Consumption Vehicles B1/B2

. Fuel economy data are presented in Fig. 6
for A 1/2 and in Fig. 7 for B 1/B°2 in the
form of accumulated consumption versus mi-
teage. The-results show .that: in bath: cases
the Ferrocene-fuelled vehicles achieved bet-
ter fuel economy.

In order to verify the effect of Ferrocene
on fuel economy tmprovement an- additional:
test was performed using vehicle 8 1 only.
The vehicle was.operated over 40000 km.on
clear gasoline followed by another 40 000
km of operation on Ferrocene-containing ga-
soline.

Fuel economy data:accumslated- over beth pha-
ses of operation are shown in Fig, 8. The
results indicate an immediate improvement

in fuel -economy when the vehicle was swits
ched to Ferrocene operation.

500154

Ferroecne Operation
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Figure 8: Cumulated Pucl Consumption
Vehicle 8 1

This test vehicle, however, was equipped
with a knock sensor. The effect of knock
serser performaace on. the. fuel economy was
recently investigated and no significant ef-
fect was observed (8), Nevertheless, it is
presently impossible to state definitively
to what extent the fuel economy improvement:
was affected by the- slightly higher octane
level of the Ferrocene containing gasoline.

FURTHER EMISSION MEASUREMENTS [t can be
concluded that Ferrocene is combusted with
the fuel to produce iron-oxides. However,
if combustion is incomplete either Ferrocene
itself ar organic iron compounds could be
emitted in the exhaust gases.

Therefore, a test programme was launched to
investigate the possible contribution of Fer-
rocene-derived combustion praducts on parti-
culate and gaseous exhaust emissions.

This investigation was performed by the
Fraunhofer-Gesellschaft, Institut fur Umwelt-
chemie und Ukotexikelegie (FhG), Schmallen-
berg, in cooperation with the Rheinisch-West-
falischer Technischer Oberwachungsverein
(TOV), Essen.

Whtle TOV- conducted the driving tests and
applied the appropriate sampling techniques,
FhG was responsible for sample analysis, For
the generation of test samples vehicles A 1/
A2 and B 1/B 2 were used at 60 000 km and
10 000 km, respectivety.

In-order. to obtain. sufficient quantities of
sample material for analysis, the vehicles
had to be operated more than four hours per
test on successive US Highway cycles.
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During the tests exhaust gas samples were
analyzed with regard to

- size djstributinn of particulate matter
- determination of gaseous organic iron com-
pounds and

" quantity and- iron content- of particulates.

The most important results from the detailed
test report provided by FhG can be summarized
as follows (9):

- Impactor measurements for both vehicles

- Clear and fer  rocene-operated - Showed
that the major fractions of particulates
were collected in the cascade end filter
with diameters < 0.1 um,

- Ne-organic iron compounds: were determined
in the exhaust gases at concentrations
higher than»ghe.analytjcal detection limjt
of < 7 ug/Nm~, ‘

- Particulate emission levels are much lower
than those from vehicles with diesel engi-
nes. Comparison of test results from ¢lear
and Ferrorene-operated) cars show onlTy in-
significant increases for Ferrocene-opera-
tion with regard to particutate quantities
and their iron contents,

Particulate emission data from triple mea-
surements for A 1/ A 2 and 2 single measure-
ment for B I 8 2 are shown tmFtg: 9, white
corresponding values of the particulates
iron contents. are campilted: inm Fig. 10.
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CONCLUSIONS_

The present report provides test results on
the use of Ferrocene as a gasoline additive,

In-spite of the-limited-data base presently
available, the test results give an indica-
tion. that Ferrocene provides the following
advantages:

- Octane enhancement in unleaded gasolines
- Stabilisation of emission performance in

the case of emission controlled vehicles
- Improvements. in fuel economy

A1) these-effects result in enviromental
benefits.

While the octane increase caused by Ferro-
cene 15 readily measurable, the extent of
improvements in emission performance and
fuel economy may depend on the test condi-
tions.

These were specifically selected to reflect
actual German traffic conditions and can
be" regarded as "worst case” conditions for
the~v§-traf£ie situation.
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APPENDIX.

Applications
1. Eftects of Ferrocenc on Combustion-Procasses
1.1 Increase in the ate of combustion of Improoery

1.2

i3
14

1.5
1.6

17

1.8

combusled hydrocsrbons

Cpmbu:-llnn improvemam Iri Gasollne- and
Diesciengines.

Octane enhancement In gasoline

Reduclion of the smoke number of tuel oit, dicsel all
and coal

Improvement of the smoke point of furbine fuals

Stablliaation and accelioration.of combustion of satld
and liquid rocket fuels and pyrolechnicat prodicts

Improvement of the combustion of oit camets fosiing
on-wates-

Reduclion nf 500! development from burning plastics

The Catalytic Etfretof-tho Ferrocene Matecule on

Reduction/Oxidation Proceszes is Used

2.1

22
23

2.4
25

26
2.7

In {he synthesis of alcohal, amania, turfuran,
butyric acis

For the combustion In tuel cells
As.A peacidase in aquecus and noraquious

solutlons
For the thermat decomposition of cumene
Ry ide:

for the polymerisation of styrene, alkyl slloxanes,
fubber. unsaturated eslers, epoxy and phenol resincs

In-the-dimerisation of atkyl-phenals
Flamé relardancy of plastics

I, Efvete of the Phyateat Properties - -

Ferrocene and ita derivativea are used as a basic materal,
addilives. o¢ a3 .a.ceMing in solid and tiquid matenials,
Therchy these aauiﬁc specific groperties such as

L

3

20

33
34.
3§
a6
3.7
38
39

Low heat ahrinkage (libres)

Threomal stabitily (lubricants, plastics)

Photosensitivity light-degradable foils)

Lighi and.gamma ray sensitivity (Copolymers, coating)
Chemical stabliity (plastlc coatings)
Dielectric-stabllity (insutaiors)

Semi-conductar propentes—

Electricat conduclivity :

Luminescance -

3.10 Tiboelectrical charging.

41

42

. Basic Materiat-for the Rroductian.of

Blochemical agents (such as insecticldes, pesticides,
fungicides. growlth Inhibitors or agents to prevent
arraeminy -

Organic an¢t blochemical analysis reagents (ttrants,
tracers, derivation aqcnts)
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5. Baslc-Materlot for the production of Polymess-with

functional Groups

6. Bastc Materiat tor Solar Teehnotagy ~ Selar Cells.

{photavoitaic)

7. Basic Materlal and Additive for Lubsieants.

Physical data

Measgured-

value Unit Remarks
Formuta Fe(Catls)r - — -
Molecular welght 18604 - -
Demaity- 1.49 g/iem’ -
Melting point 173 °C -
Baohing point 249 °C 1.035 bar
Shrivel point 183 °c -
Vapour pressunt 0.066 mbar 40°C

a4 mbar 100°C

Heat of fusion 178 k.4/5 Mot 175°C
Heat of vaporization - 72 kJ/q Mol 175°C
Heat of cubtimation 702 kJ/q Mol 25°€
Start of decompogition 465 “C -

Magngtic cuscoptibiity dinmagnetie..

Chomical Properties

- 13 reslatance 1o watcr air, fight and heat as well 83 the anti-
corrosive affnct of some of ta derlvatives fachiiate handling

and stosans,

- As tar ag lts reactivity is concerned, it is more aromalic than
tanzcne, Therclore electrophilic reactions. auch as siiphond-

CRAFTS alkyiation and acclylation can 1ake

place more easlly on Ferrocgne than on tive perzene fng.

Fﬁysiotagical*merucx;_ ;
Toxia Effects on Rodent

tethat Dose LDy
(mg Ferrocencrkg-Redentt

Form of Administration Mouse R
Orl 1,650~ IR0
fntravnnous 178

Intraperitoncal 355 S00

~ Efect on tho Organism of Mammals

Ferracene derivativas ara under dlacussion as agents-te--

prevent anaemia, Oralty adfministered Fefrocenc Is stored

unchanged In the {atly-tiseua and/of Is excreted In the ured
matabolife,

a5 an eazymatically by

~ Maximum Exposurc Levele (MAK levels).

As no levels for exposurc nave

nin

yd»bmmmdcw X
Germany. the flgures of the American Nationat Insihute of
Gataly and Health (NIOSH, June 1982) have been quoted

TWIWA 10 mg/m®”

STEL 20 mg/m* DTWVS

The shavexmentioned-dats are given to the best of our
«nowledge and beflat but cpn not brere - i
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This paper-is-subject to-revision: Staicments.and apinions ad-
vanced in papers ot discusson are the authot's and arc his
responsibility, nat SAE's; however, the papee has been edited
by SAL for uniform styling and format. Discussion witi be
printed with the paper if it }s published in SAE Transactions.
For permission to publish this paper in full of in part. contact

fhe SAE Publicstions Division,

Pcrsons wishing 10 submit papers 10 be considered for pre-
wcntation ot publication through SAB should tend the manu-
script ot a 300 word abstract of a ptoposcd manuscript to:
Secretary, Enﬁvefing-,\cnmym SAE,
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