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Project Overview

This report summarisesignificant breakthroughs in scientific understanding of a biggnous
Combustion Catalystalled FPC from afour-year researcprogramme athe Centre for Energy,
The Univergy of Western Australia (UWA).

The FPC catalyst, with thderrous picrateas the active component,is manufactured and
commercialised by Fuel Technology Pty LEE@TPL) in Western Australia There have beea
number of laboratory tests and field trialsascertainthe effect of FPC on the performances of
diesel enging In 2007, the need for better understanding of the underlying scientific principles and
a higher level of academic rigour than was normalbgsible with field trialsvas recognised,
leading to a collaborative researgitojectbetweenthe Australian Research CouhdBHP Billiton

Iron Ore Pty Ltd FTPL and UWA Research commenced in 2040d after four years, the

outcomesaresignificantin three ways:

1 Confirmation of the significanfuel saving and emission reductibanefits of using the ferrous
picrate catalyst produced by FTPL

1 Improved understanding of the working mechanisms of the ferrous picrate catalyst in
combustiorand soot formatio processes in diesel engines

1 Extersion of the application of the catalysto improving the combustion and emission

characteristics of biodiesgbm diesel engines

Chemistry of FPC

The FPChomogeneous combustion catalismade from ferrous picrateitkh an organicsolvent
system,including picric acid,n-butanol anda complex mixture of shohain alkyl benzenes
(Recosol 100/1590asshown in Table 1Ferrouspicrate the active ingredients produced from the
reaction of picric acid and irorRicric acid (2,4,6trinitrophenol) is a highly reactive chemical,
which has been primarily used as an explosive and is an intermedtatedyeing industryDry
picric acid appears as a yellow needilee materialand is highly sensitive to heat, shock and

friction, sowateris addedduring transportatiodstorageto act as a desensir. This water is then
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removed duringhe formulation of FPCFerrous picrate is even more sensitive and explosive than
the parent picric acidlthough it should be noted once dis®d in the solvents as used in

manufacturing FPCexplosiveness negated

The manufacturéinished ferrous picrate catalysta dark greeioloured solutiomeady for usdy
dosng in dieselin appropriate dosing ratePC has the followindistinctcharacteristics:
1 Solubility in diesel fuel withouprecipitationor agglomeration durinpandling storage or
consumption.
1 Excellent catalytic activityn promoting combustion so that only a very tiny amount of the
catalyst is required.

1 No change to theuel specificatiorand does not generate secondary pollui@blems

|
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Tablel Major components FPC andheir physicalproperties

Molecular . . . . Vapaur
. . Density Flash point| Boiling point
Component Content Organic compound weight pressuré
(9/ml, 20°C) °C) (°C)
(g/mol) (kPa, 20°C)
Recosol 150 Naphthalene 128
Solvent naphtha (petroleum 10~60%/| 1,3,5trimethylbenzene 120 0.880.91 62-65.6 158214 <1.3
heavy aromatic 1,2,4trimethylbenzene
1,3,5trimethylbenzene
Recosol 100 1,2,4trimethylbenzene 120
Solvent naphtha (petroleum < 10% 1,2,3trimethylbenzene 0.87-0.88 3847 148182 0.8
light aromatic n-propyl benzene, cumer,
xylene and isomers 106
n-butanol <10% n-butyl alcohol 74 0.81 35 117.7 0.56
0.1kPa at
Picric add < 10% 2,4,6trinitrophenol 229 1.8 150 300° L5
. Phenol 2,4,8rinitro-,
Iron picrate < 10% rinitr 512 - - 250° -

iron(*") salt

Note:

often referred to as volatil@. Referring to thelecomposition temperatuoé thecompound

1. Vapour pressure is an indication of a ligumlatility. A substance with a high vapour pressure at nornmapégatures is
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Results of Laboratory Engine Tests

The effect of the FPC catalyst on the performance of diesel enginesystamaticallytested using

a fourstroke, single cylinder, direct injection engine (YANMAR L48AE, AET Ltd)der precisely
controlled laboratory environmental conditicatsthe Centre for Energy at UWA. The engine had a
70mm bore, 55mm stroke, 211tntisplacement and compression ratio of 19.%Wwatercooled,

electric dynamometer was coupled to the engine shaft to provide the load conditions. Caltex No.2
dieselsourced from a local service statioas used athe referencedieselfuel. The results of a

long term testing programmerovide clear scientific evidenceof the nultifaceted improvements

with the use of the FPC catalyst, including

1 redued brake specific fuel consumption
1 reducedgreenhousgasemissions

1 reduced exhaust particulate emissi(smoke)

Improved Combustion Efficiency

The brake specific fuel consumption is a recagd measure of fuel efficiendyigure 1 illustrates
a summary othe effect of the catalyst on the brake specific fuel consumpitofull load, with

varied engine speed and catalyst dosage.

For each dataet inFigure 1, the lefmost point representesults fromthe referencedieselfuel
with no FPC addition Increasing catalyst dosage along ¥waxis produces consistent trend of

improved fuel combustion efficiency.
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Figure 1 Brakespecificfuel consumptim atfull loadconditions and variable catalyst dosage

It was found the engine load plays a critical role in determining theaejfaf the catalyst in diesel
enginesFigure 2 illustrateshe krake specific fuel consumptioresultsat theengine speegaried
from 2800 to 3600rpm and under variable load conditionslt is obvious that theise of FPC
reduced the brake specific fuel consumption under all testgithe conditions.

Moreover, 1 is evidentthatthe effect of FPGs more obviousvhen the engi@ wasoperatedunder

light loads. As the engine load incregsthe influence of the catalyst on the brake specific fuel
consumption beconsdess significant. As anxample, at 800 rpm, the catalyst redudethe fuel
consumption from 573.1 to 548.9kyv*h™?, a 4.2 % fuel saving at a light loabut as load
(pressure) increasgbe benefitvas reduced to somethirig the region of 2.5%. This is becaubke

gas temperature in the cylinder is higher when the engine load is higher, leading to a better burning
condition of the fuéhir mixture. Consequently, the ability of the catalystirtgorove the diesel
combustion processat higher engine loads is notlaig as that at light engine loadsut is still of

significant impact at, say, 2.5% fuel saving
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varyingload conditions
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Reduced Gas Emissions

Carbon monoxide (CO) is toxic to humans @amimals ands a product of incomplete combustion

of anycarbonbaseduels. Figures 3 d cillustrate that the CO emissions are significantly reduced
whenthe FPCcatalyst is added tothereéen c e di es el f impartant(y tthesristreed 0 R
across a wide range of engine loads, represented here as Brake Mean Hfestuee (BMEP).

The trend in CGemissionreductions is similar at various engine speeds ranging from 2800 to 3600
rpm. The greatest CO reductions achieved by the addition of the FPC catalyst were in the order of
19% to 22%.

The presence ainburnedhydrocarbons (UHC) irthe exhaust alsoeflects incomplete combustion
and environmentally damagingmissions The pattern forthe UHC reduction, as illustrated in
Figures4 ai c, is very similar to that for COThe highestUHC reduction of 15%vasacdieved at
lower engine speeds.
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Figure 3 Carbon monoxide reductions by FPC at various engine conditions
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Figure 4 Unburned hydrocarbon (UHC) reductions by FPC at various engine conditions

Reduced Diesel Particulate Matter

Diesel particulatematter (DPM)typically comprisesof agglomerated primargoot particles with

absorbed unburnt hydrocarbons and iaoig matter on their surfaceghese emissions, commonly

known as soot, have a suging range of adverse impacts on human health and the environment.

During the course of this investigatiotine regulation limiting the DPM or soot emissions from

diesel enginesvas progressivelytightened Since Noember 2013, a more stringent Euro 5

emission standard has been applietheavyduty diesel engines Australia, whichregulats the

smoke(soot)emissions at the rate ofs0m™.
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The research also revealdtidat smoke emissioné D P M dnegsured asmoke opacity, were
drastically reduced by the additiontbke FPC CatalystFigure5 illustrates thathte smokeemission
wasredued with increasing catalyst dosageh e r e [Refference Diesel The smoke opacity
test results showed 7.3 to 39.5% reductiorthia overall soot emissions when the catalyst was
applied, depending on the catalyst dosage ratio and edgigelt is interesting to note that the
catalyst was more effective at both the upper and lower engaeelspparticularly the latter.

Visually, the soot reduction with increased catalyst dosage cawvitdencedn the Transmission
Electron MicroscopyTEM) imaginganalyses of soot samplaspresented in Figuss ai c. The
irregularly shaped soot aggregates were composed of a number of very spherical primary particles.
Comparing the three TEM images of the soot samples from the reference dietbed EIRG doed

fuels, a general trend can be seen #significantlylessamount ofparticles were deposited on the

TEM grids for the FPC treated fuels than for the reference diesel under the same sampling
conditions, suggesting that less soot was formeenatthe FPC catalyst was used. This is consistent

with the observation of reduced smoke emissions as shown in Bigure
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Figure5 Reductiorsin soot emissions (opacity) using FPC Catalyst relative to Reference Diesel
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Figure6 TEM imagesof soot paticles from the reference diesdh), and diesel dosed withPC
atratios of 1:10,000 (band1:1,000(c), respectively

Results of Large-scale Engine Tests

The efficacy of the ferrous picrate catalystinmproving diesel combustionag further examined
using a largescale diesel engine faciliiy this project The diesel engine used in this test program
was a Caterpillar R1700 turbocharged engine coupled with an -eddgnt dynamometer. This
engine was selected because it represents a large amouravgfdbgy diesel engines currently
used in the underground mining loader for which the catalyst is intendedhfipied. The engine

was located at Mining Equipment Spares (MES) Pty Ltd. T2Bleows the effect of the catalyst on
the fuel efficiency impreements and exhaust reductions.
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Table2 Effect of theFPCcatalyst on fuel efficiency improvements axhaustreductions

CcO UHC Fuel savings
Engine condition 1400rpm  1800rpm  1400rpm 1800rpm 1400rpm 1800rpm
25% load 7.3% 14.9% 6.8% 13.3% 4.8% 5.6%
50%load 13.8% 20.7% 12.3% 22.8% 2.6% 2.6%
75% load 6.8% 9.1% 13.5% 5.8% 1.8% 2%
100% load 11.2% 10.0% 4.8% 2.3% 1.3% 1.1%

From Table 2, it can be seen that the use of #RC catalyst significantlypromoed thediesel
combustionunder all tested conditns, with fuel savings ranging from 1.1% to 5.6%, CO
reductions ranging from 7.3% to 20.7% and UHC reductions ranging from 2.3% to 22.8%sdt is
notedthat the effect of the catalyst on the brake specific fuel consumption was greater under lower

engineloads tharunder higher engine loads, consistent with the laboratory engine tests.
Results of Engine Tests Using Biodiesel

In order to evaluate if the beneficial effects of the FPC catalyst could also be realised for biodiesel,
a fuel that is increasinglgaining popularitya set offour fuelswas tested under controlled engine
conditions namely, referencediese] diesel with FPC at dosing ratio of 1:10000a reference
biodieselobtained fromBioWorks Australia Pty Ltdand biodiesel with FPC atdosirg ratio of
1:10000.The dependency of the brake specific fuel consumption on the engine load (BMEP)

the engineoperaing with the four fuels at the engine speed of 3200rpm is presented in FKigure
The brake specific fuel consumptions of biodieseleagneater than that of diesdlje to the lower
heating value of biodieséhanthat of diesel. It is also seen that the addition of the catalyst reduced
the brake specific fuel consumption of both diesel and biodiesel, indicating that the catalyst
promotal the combustion process regardlegswhich fuel was used in the engin@/ith the
addition of FPC, &igh fuel saving of 2.8% was obtaintt the biodiesetombustion at thivad of
0.4MPaBMEP.

|
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Figure 7 The brake specific fuel consumption as a funcf the engine load (BMEP)

The addition of FPC in biodiesel wasso effective in reducinghe CO and UHCemissions as
observed in Figures 8 and 9. Under the tested conditibasteduction rati® of CO and UHC

ranged from 4.2~17.3%and 2.5~3.8% resgectively. Note that theCO level from the untreated
biodiesel was lower than that of the reference diesel under the low and medium load conditions, due
to the extra oxygen content in the biodiesel and thus more complete combustion than the
conventional disel. However, CO was deteriorated from the load of 0.33MPa BMEP and upwards
for the biodiesel fuel. This can be explair®dthat the akfuel mixing process was affected by the
difficulty of biodiesel atomisation because of its higher viscosity and getaifether with the fact

that less air was available when more fuel was injected to the engine cylinder at higher loads,
resulting in locally fuekich mixtures andhereforemore CO formation.
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Figure 9 Unburnedhydrocarborreductiors by FPCundervarious engine conditions

Figure 10 illustrateshe smokeemissionlevels from the fuelsesedat the engine speed of 3200rpm
and four load conditiondt can be seen that the sneokmission from biodiesel was lower than that
from diesel due to the extra oxygen contanthe biodiesel moleculdt was also noted that the
smoke emission was further suppressed by the addition of FPC under edl destitions.
Compared to thadf the untreated biodiesel, the smoke from the E®&d biodiesel was reduced
by 11.5~24.4%.
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Figurel0 Reduction in soot emisgis (opacityfrom biodiesel combustionsing FPC Catalyst
Mechanisms of the FPC Catalyst in Fuel Combustion Processes

The combustbn efficiency ofa diesel engine depends on the peak flame temperature and the time
to complete the combustion. The rate of diesel combustion is determined by a number of factors
such aghedroplet size antdhe degree ofuel-air mixing. The catalyst impves fuel efficiency by

acting on one or more of these factdfgure 11 illustratesthe effect of FPC on the combustion
characteristics of diesel in a diesel engine. These combustion characteristics otyinder
pressure, heat release rate, ignitielay and combustion duration. It is evident that FP& w
capable of increasing the gdecylinder pressure artbating releaseate, promoting diesel ignition

and reducing the duration of diesel combustion. Based on theofath®rmodynamis, a faster
buming rate in diesel engine resiit a higher fuel efficiency
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Another way ofevaluatingthis accelerated heat reledaseo measure theate ofcombustion of a
single droplet othefuel undersystematicallycontrolled conditionsWhen a fuel droplet is exposed

to a hot oxidéing environment, it absorbs heat, vaporises and if the temperature is high enough,
ignition occus and fuel burning commences and continues until the fuel in the droplet is consumed.
Figure 12 compare$e burning rates and flame temperatwkdiesel and biodieséropletsdosed

with the catalyst at various aiemperaturesit is evident that theaddition of the FPQatalyst
increasedhe burning rateand flame temperatured both fuelsForexample, at 973K, the burning

rate increased from 0.83nifm to 0.88mm's for the diesel and from 0.97mis to 1.06mm's for

the biodieseland the flame temeratures of the diesel and biodiesel droplets bysaround 40K

with the catalysadded at theatio of 1:10000.
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Figurel2 Effect of FPConburning ratga)and flame temperatufe) atvarious air temperatuse

It was found thathe boiling points bboth diesel and biodiesel were higliean the decomposition
temperaure of ferrous picrate (523K). Therefore, the mechanism of the ferrous picrate in the
combustion process of diesel and biodieis proposed as follows: upon heatintpe surface
tempeature of the fuel droplets increastll reaching their boiling points. When the surface
temperaturef the droplets of the fuelith FPC treatmenis higher than 523K, the ferrous picrate
decomposgand releaseiron atoms into the reaction zone, whictoqmotes the oxidation of the

fuel vgoour. This resultsn higher reaction rates and arciiease in the flame temperatwethe
catalyst doseduel droplets. Consequently, the heat transfer to the draplenhanced by the
increasedlame temperature, ralting in a higher burning rate arshorter burnout timeOverall,

the fuel combustion efficiency is improved by the ferrous picrate catalyst.
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Mechanisms of the FPC Catalyst in Soot Formation Processes
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Figure 13 Weightloss curves of soot oxidation in air

Figure 13 illustrates the thermal behaviour of s@articlesfrom the combustion ahe four fuels

tested i ncluding reference diesel (ter medeiri RDO)
respectiveFPC treat¢d derivatives, as tested in the therngr@avimetric analyser (TGAAs marked

on the plotsthree major mass loss events are clearly noticeable, corresponding to the evaporation
and desorption of light hydrocarbons dhe soot surfaces(Peak 1}, oxidation of heavy
hydrocarbons attached soot(Peak 2)and the dry soot oxidatiofiPeak 3) For the last eventt is
notedthatthe soot fromthe FPC treated fuels was ignitedalower temperature and the oxidation

was completed soonerhis indicates that iromiFPC deposited ame soot during combustioand

subsequently catalysed the oxidatioriredf soot of botldieseland biodiesel.

Usingthe Transmission Electron Microscojayaging techniquand theoretical equations, the sizes

of soot particles were obtaéd as shown iffable3. It is noted thathe sizes of primary sooD()
and aggregatesD() from the dieselandbiodiesel with FPC treatmentgere consistently smaller

than thosdrom the untreated diesednd biodieselfuels, respeately. This suggestghat the fuel
combustion was substantially enhanced by FPC, resulting in less soot precursors in the combustion

zone and therefore the smaller primary soot and aggragaiees
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Table3 Comparison of theizesof primary soot paitles and soot aggregatiem thefuels with
and without FPC treatment

Note:D_

Dy (nm) D, (nm)
RD soot 24.5+0.4 29516
FPGD (1:10000)s00t  23.540.4 28345
BD soot 23.1+0.3 20214
FPGB (1:10000)soot 22.5+0.3 186+4

» is the average diametef the primary soot particle®s 1S the average gyration diameter,

representing thaveragesizeof thesootaggregate

Soot precursors  Nuclei Primary soot Soot aggregate

PAH

C,H
Hydrocarbon 2 ‘y. Surface ,q® "‘
ot O s | oot
fuel Pyrolysis Nucleation «-:  growth *®e - Agglomeration
e °

\J

Smaller primarysoot
Less unburned hydrocarbon fragments

\J

Smaller soot aggregates
Lessoverall soot emission

Figure 14 A schematic of the mechanisms of FPGheasoot formation processes

The mechanism of FPC affecting the statnationprocessesvasthusproposedas illustrated in

Figure X4. The addition of FPC promotekesel andiodiesel combustion by increasing the burning
rate, flame temperature and shortening the burnout ti@aeling to more complete combustion of
gasphase hydrocarbon fragments and less soot precursors to form the primgpgrsiotes thus

the smaller sizes of the primary soot and aggregdiben the FPC actively accelerates the
oxidation ofthe soot formed, as indicated by the lower ignition terapge andasteroxidation
reaction Following the aforementioned mechanism, diressel andiodiesel combustion in a diesel
engine is substantially improved by the FPC catalyst, resulting in reduced fuel consumptions and

lessoverall soot emissions.

|
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Conclusions

The evaluationof the effectiveness of théerrous picrate basediesel combustion catalyst
manufactired by Fuel Technology Pty Ltiasconfirmed that the catalyss capable of improving
fuel efficiency, which is supported by both laboratory diesegine tests and field trial data.
Furthermore, the addition of the catalyst in the dies®l biodiesekan significantly reduce the

emissions of smoke, unburned hydrocarbon and carbon monoxide

It hasbeenscientifically proven that the ferrous picgatecomposes and releases atons into the
flame zone during the combustion process of the droplets. The combustion rate is enhanced by the
iron atoms in the flame, resulting in a higher flame temperature. Consequently, the heat transfer
between the flme front and the diesel droplet surface is improaedthe higher burning rate of

diesel in the engine leads to higher fuel efficiency.

The improved combustion by FP@élso leads tomore completecombustionof the gasphase
hydrocarbon fragmentandlesssoot precursors to form the primary s@airticles. Thereforehe
smaller sizes of the primary soot and aggregyate observed when using FRAE the later stage of
combustion,FPC actively accelerates the oxidation of the soot formesiilting ina significant

reduction in the overalootemissions from Cl engines
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