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Abstract

A qualitative and quantitative analysis of toxict lmurrently non-regulated hydrocarbon compounds
ranging from G- C,;, before and after a zoned three-way catalytic edev (TWC) in a modern
gasoline direct injection (GDI) engine has beemwlistl using gas chromatography-mass spectrometry
(GC-MS). The GDI engine has been operated undererional and advanced combustion modes,
which result in better fuel economy and reduceelewof NOx with respect to standard Sl operation.
However, these fuel-efficient conditions are mohallenging for the operation of a conventional
TWC, and could lead to higher level of emissionsased to the environment. Lean combustion leads
to the reduction in pumping losses, fuel consunmptmd in-cylinder emission formation rates.
However, lean HCCI will lead to high levels of umbuHCs while the presence of oxygen will lower
the TWC efficiency for NOx control.

The effect on the catalytic conversion of the hygdrbon species of the addition of hydrogen
upstream the catalyst has been also investigatezhighest hydrocarbon engine-out emissions were
produced for HCCI engine operation at low engiredloperation. The catalyst was able to remove
most of the hydrocarbon species to low levels (weloe permissible exposure limits) for standard
and most of the advanced combustion modes, exampmidphthalene (classified as possibly
carcinogenic to humans by the International AgeiocyResearch on Cancer) and methyl-naphthalene
(which has the potential to cause lung damage).é¥ew when hydrogen was added upstream of the
catalyst, the catalyst conversion efficiency inuadg methyl-naphthalene and naphthalene was
increased by approximately 21%. This results inuiameous fuel economy and environmental

benefits from the effective combination of advancechbustion and novel aftertreatment systems.
Keywor ds: Hydrogen, HCCI, Hydrocarbon Speciation, GDI; Thk&ay Catalytic Converter

" Corresponding Author: Tel.: +44 (0) 121 414 4170
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1. Introduction

The motor vehicle is a significant cause of airlygadn and human health hazards, especially in
urban areas. Automotive exhaust emission regulat@oa, therefore, becoming progressively stricter
due to increasing awareness of the hazardous ®iféthe chemicals released by road traffic. These
include environmental issues such as photochemsinaly and undesirable health effects, which are
caused by hydrocarbon species emitted into the gtheoe. Furthermore, it is well known that skin,
lung and bladder cancer is associated with polycyaromatic hydrocarbons (PAHS) in the
environment [1]. Therefore, in addition to the riaged engine exhaust emissions (i.e. carbon
monoxide, hydrocarbons, nitrogen oxides), it isical that unregulated species such as methane [2],
carbonyl compounds [3] including aldehydes [4] aketones [2], toluene, benzene [5] and
polyaromatic compounds [6] such as naphthalenenaretored and that their impact (i.e. toxicity and
photochemical reactivity) on the environment iseassd.

Gasoline direct injection engines are seen asutued of commercial internal combustion engine
powertrains due to their benefits on fuel economy gaseous emissions. However, it is reported that
the levels of PM produced by these engines areehigian port fuel injection engines and diesel
engines equipped with a diesel particulate filteys there is an increased need to investigate the
emission of PM [7] and PAHSs [8] by GDI engines. Dadheir low emissions of NCand particulate
matter (PM) as well as their fuel economy beneR€CI and lean burn engines have been also seen
as enablers for cleaner vehicles. During lean catitiu operation more air than needed for the
combustion is induced to the cylinder in order &vdur the complete oxidation, this leads to
improvements in fuel economy and in-cylinder enussi formation. However, the presence of
oxygen in the exhaust dramatically reduces the géxormance of a conventional TWC. On the
other hand, in HCCI the target is to achieve lombastion temperatures and locally lean conditions
in order to reduce NOx and PM, although HCCI resuit high levels of CO and unburnt total
hydrocarbons emissions (THC) due to the low infyéir combustion temperature. Furthermore, lean
HCCI leads to high levels of CO and unburnt HCsvall as the presence of oxygen in the exhaust.
Due to this, there has been a growing interest theelast few years in the study of the carbo@y|l [
PAHs [10] and oxygenated emissions, and their oridil], in this type of engine running on
advanced combustion operation. Most of the THCsdareved from unburned fuel being released
from the crevice volumes during the expansion gtrekith increasing molecular weight of the fuel
increasing the total emissions [12]. The complectiens that take place during fuel combustion are
not yet fully understood [13], but it is reportdtht the air/fuel (A/F) ratio plays a major roleHC
emissions formation during combustion [1B{irthermore, Sl (including GDI and HCCI) engines ca
operate under stoichiometric, lean and rich cood#j making the function of catalysts in contrajlin
the combustion pollutants challenging, requiringt tbatalytic technologies are adapted to take @fare

pollutants under specific conditions such as ctdd sind stop-start operation.
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Catalysts have been used in engine exhaust aétemneat systems for almost four decades, with
continuous research and development leading to $ogmdy effective technologies. However, there
remain notable challenges associated with low teatpee combustion modes such as low engine-out
temperature, high unburned hydrocarbon emissiodstia@ presence of oxygen in the exhaust in
conventional TWC [15][16]. Hydrogen has been redesal as an additive to improve the combustion
process in GDI engines [17] and advanced HCCI catidiu operation [18], as well as a low-
temperature performance enhancer of different teg@iment components such as diesel oxidation
catalysts [19] and HC-SCR systems [20]. The berafieffects of hydrogen are attributed to its
exothermic oxidation increasing the temperaturéhefactive sites as well as its chemical role as a
promoter of catalytic reactions [21]. The main doaek associated with the use of hydrogen on-board
a vehicle is its low density. However, it has beeeviously demonstrated that only small quantities
of hydrogen are needed, which can be produced ardbilnve vehicle via catalytic fuel reforming
[18][22].

In the area of hydrocarbon emissions, speciatiodies are required because total elemental
concentration may be uninformative and even mishgadThere are no regulations or protocols
established for the sampling and speciation of H@eoules. However, there are methodologies
which have been adopted by international bodiegsHermeasurement of different HC species. The
Environmental Protection Agency (EPA) use the metfound in [23] for the measurement of
carbonyl emissions and the standard published4hhas been used by Karavalakis et al. [25] and
Fontaras et al. [26]. The Auto-Oil Air Quality Ingpyement Research Program (AQIRP), using
capillary GC, [27], achieved separation of morenthd0 compounds in the; €C;, range. This type
of single-column chromatographic approach has hésn used in Europe, where extensive studies
have been reported [12][14]. It is become incraggirclear that speciation of the individual
hydrocarbons in gasoline-engine exhaust can proxatieable information about the fuel combustion
process in the engine, the performance of the @nssontrol systems [28] and the human and
environmental hazards of the pollutants when thieyr@leased to the atmosphere.

The overall objectives of this study are to analyerent medium-to-heavy hydrocarbon species
formed under HCCI and Sl stoichiometric and |leagire® operation, and to understand the influence
of hydrogen addition on a catalyst in reducing ¢hesmpounds. Hydrocarbon speciatiog {€C,,)
of the exhaust gases from HCCI/SI engine operddésare and after the catalyst was therefore carried
out. The parameters studied here are a) enginesféect under HCCI stoichiometric condition, b) air
to fuel ratio (stoichiometric and lean), c) HCCHa®l combustion modes under the same load and d)

hydrogen addition upstream of the catalyst.

2. Material and Methods

Engine - The experimental engine was a 3L gasoline dirgettion (wall guided) V6 engine; the

specifications are listed in Table 1. The engines waupled to a Froude EC 38 eddy current

3
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dynamometer. The valve-train was modified to pewpigration in HCCI mode by the provision of a
cam profile switching mechanism. This cam profilgitshing (CPS) system was used to switch
between S| and HCCI modes. This system allowedirengwitching of valve lift from 9mm (Sl
operation) to 3mm (HCCI) operation. The HCCI opieratwas achieved by internal EGR, using
negative valve overlap which trapped exhaust gasesier to retain enough energy for auto-ignition.
The variable valve timing system of the engine magmssible to change the valve timing for the
inlet and exhaust valves within a 60 crank angl&)(@egree range. More details regarding the engine
can be found elsewhere in [29] and [30]. In HCCldex@he engine was operated with a wide open
throttle significantly reducing pumping losses. ASPACE- based system coupled to a computer
using MATLAB/SIMULINK software was used to contrthe engine parameters during operation
and data acquisition. The fuel flow rate to the ieagwas measured with the use of an AVL
gravimetric meter. The fuel injection pulse widtlhsvadjusted by the engine management system to

maintain the required engine operation conditioth AfF ratio.

Catalyst - The 3-zone monolith catalyst (supplied by John¥latthey as part of the project) was
connected to the actual engine exhaust manifolfl [3ie first zone was designed to reduce HC and
NOx under lean and stoichiometric engine conditiankigh temperatures >4 the second zone
was designed to reduce NOx by reaction with hyditmma under lean engine operation in the
temperature range of 2%D — 400C. The third catalyst zone was designed to comest of the

exhaust hydrocarbons and CO at temperatures bé&lR€ 3

Gaseous emissions analysis - A Horiba MEXA 7100 DEGR equipped with a heatecl{d9£C)
was used to measure total hydrocarbons, carbonxiu®aarbon dioxide, NOx and oxygen.
Fuel - Unleaded gasoline of 95 RON, composed of 48.38ra@d hydrocarbon, 16.2% olefins,

3.7% napthenes and 30.2% aromatics, was usedsisttidy.

Hydrogen addition - H, was added to the engine exhaust upstream of ttedystaand was
measured using a gas chromatograph (Hewlett-Padkerdel GC-5890) fitted with a thermal
conductivity detector (GC-TCD).

Hydrocarbon speciation — There is no standard procedure for measuring pétC species, as
they are not individually regulated , thus both slaenpling and measurement method were optimised
for the experimental conditions and HC speciesistudrhe hydrocarbon speciation of -GC;; was
carried out using an on-line GC-MS. A Fisons 808f6ies GC equipped with direct injector was
connected to a Fisons MD 800 mass spectrometed asea detector. The gas samples were
introduced via a heated line into a six-port Val@ve fitted with a 0.1ml sample loop. The gas
sampling apparatus was kept at a constant temperaft?06C. A 30m long x 0.53mm i.d. DB-1
capillary column with a 3um film thickness was ugedthe separation of both the polar and non-

polar compounds. The column head pressure wasakdfitpsi. The helium carrier gas flow rate was
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controlled at a flow rate of 6ml/min. The temperatprogramme settings (Table 2) were set to flush
the heavier hydrocarbons from the column. As thisrao established reference procedure and in
order to ensure the accuracy of the results, stdnmditures of paraffins, olefins and aromaticshwit

known concentrations were used to calibrate thershtograph. The components of the standards
sample were generally stable under the operatioditons used in this analysis. The retention time
of each species was calibrated daily before eaobf ®xperiments, by the analysis of a 15 component
reference gas (sourced from BOC). The total rure tias 20 minutes for the retention times of the
species given in Table 3. The integrated area df specific peak in the chromatogram was used to
calculate the concentration of the associated coewmo The VG Mass-Lab software was used to

acquire and integrate the basic GC-MS data.

Hydrocarbon species — The individual compounds that are quantified irs tstudy were chosen
because of the impact they have on air quality @tichately to human health. The Occupational
Safety and Health Administration (OSHA) have introdd permissible exposure limits for these
species. The limits (are time-weighted averageesloalculated for an exposure time of 8 hours. The
individual limits are shown in Table 4 [32]. Gendrdormation regarding the studied species is give

below.

Iso-octane is studied as it is a major componegasoline fuels. Iso-pentane is chosen as one of
the typical hydrocarbon species derived from istaoe. Benzene has been chosen as it has been
classified as human carcinogen by the Environmdntalection Agency (EPA). Toluene, which is a
derivative of benzene, is another major componérgasoline fuels and one of the major volatile
compounds in the atmosphere [33]. It has been tegdhat the higher the content of toluene, iso-
octane and aromatic hydrocarbons in the parenttheslhigher the benzene concentration formed
during combustion [15][34].

Ethyl-benzene has been classified as possible hear@mogenic by the International Agency for
Research on Cancer (IARC) [35][36]. It is a majombustion by-product of aromatic species such as
xylene isomers during the combustion process [B4lso participates in the formation of benzene,
toluene [38] and PAHs. P-xylene, which is also uadeld in this study, is often formed by the
replacement of two hydrogen atoms of benzene biayhgtoups, during the combustion process.
Naphthalene has been studied as it has been régorte the most abundant PAHs in polluted urban
atmospheres [39]. It has been defined as a hazaippollutant by the US environmental protection
agency (EPA) [40] and classified as possibly camgémic to humans by the international agency for

research on cancer (IARC) [35]. Finally, methyl-h#iyalene is monitored, which could be formed

from two benzene rings joining together while sitankously a hydrogen from the naphthalene group
can be replaced by a methyl group [41].
Engine operation condition — Two different engine operating conditions defity engine speed

and load have been chosen. Those engine condiidasted are representative of a wide range of
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urban driving conditions of the vehicle equippedhvthis engine, where the exhaust conditions (i.e.
low temperature and high HC emissions) are chalhgnfpr efficient catalyst operation (Table 5).

The influence of the combustion mode (Sl or HCEljgine load (3bar or 4bar NMEP) and A/F ratio
(stoichiometric or lean) in the engine output caricaion of NOx and the magnitude and speciation

profile of THC emissions has been studied.

3. Resultsand Discussion
3.1 Engine-out hydrocarbon species emissions

Engine output NOx and hydrocarbon speciation comgatHCCI and Sl stoichiometric
combustion modes were carried out at 4 bar NMERnhengperation condition. Engine output NOx
emissions were reduced around 4x times while tt&d toncentration of £C,; hydrocarbon species
was approximated 12% higher under HCCI stoichioimétrcomparison to stoichiometric SI engine
operation (Table 5 and Figure 2). In general tettims,engine output emission concentration for all
the studied species were higher for HCCI combustitih the exception of benzene, ethyl-benzene
and iso-octane (Table 6 and Figure 3). The highdrutned hydrocarbon emissions under HCCI
combustion are due to the lower in-cylinder tempgeand available energy to drive the complete
oxidation reactions of the hydrocarbons part offtle? and to also reduce hydrocarbon oxidation post
combustion. On the other hand, the lower conceatraif the rest of species under HCCI conditions
can be attributed to i) the conversion of iso-oetemmethane [42] (this finding supports the resoft
a previous study from this group where high conegiain of methane was found under HCCI
stoichiometric engine operation [31]), ii) a higifermation rate of toluene, p-xylene, naphthalene,
methyl-naphthalene or any other compounds deriveoh foenzene due to the higher presence of
hydrocarbon to react with, and iii) the breakdovirihe already formed toluene and p-xylene during
S| combustion process producing benzene and eéngdne.

The engine operation at lean HCCI combustion esadilaultaneous reduction of both NOx and
the total hydrocarbon concentration of the speftim® G to C;;, compared to HCCI stoichiometric
operation (Figure 2). HCCI lean operation especiatuces very harmful aromatic compounds such
as p-xylene, naphthalene and methyl-naphthalenie wiainly increasing iso-pentane (alkane) and
iso-octane. Total £Cy; unburned hydrocarbon emissions were reduced wi@edsing the engine
load under both leani£1.4) and stoichiometric HCCI operation (Table %)nder HCCI
stoichiometric operation, increasing the engine laaluces the total hydrocarbon species in theerang
of Cs to G, while increasing the naphthalene and methyl-riggdbhe engine output emissions (Table
6). This phenomenon could be attributed to the drigh-cylinder temperature at high load which
could increase the reaction rate of naphthalenmdtion through the fusion of two benzene rings.
Further reaction pathways will form methyl-naphéma, by replacing the hydrogen atoms by methyl
groups [41]. A second mechanism for this couldheedyclisation of long-chain hydrocarbons found

in the partial combustion products. At lean HCCéxgtion the engine output concentration of all the

6
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species are reduced when engine load is incredsdl(6). It is suggested that the temperaturhen t
post-combustion phase of the engine cycle, whephthalene is formed [43], is not high enough to
significantly enhance naphthalene formation at afythe studied loads under lean combustion

operation.

3.2. Catalyst conversion efficiency

The NOx conversion of the catalyst was significardlecreased under HCCI stoichiometric
operation in comparison to stoichiometric S| (Feyd). However, the total hydrocarbon conversion
(Cs-Cyy) at 4bar NMEP for HCCI stoichiometric operation sv&ven higher compared to
stoichiometric Sl operation, despite the large o#ida in the exhaust gas temperature. Figure 4 also
shows that HCCI lean operation at 4bar NMEP enaescrease in both NO and HC conversion by
the catalyst, when compared to HCCI stoichiometperation.

The average conversion of HC species over theysatahder both SI and HCCI combustion
modes was higher than 90% for all engine conditiexsept for HCCI stoichiometric operation at
3bar NMEP (Figure 5). Figure 5 (bottom) shows thatcatalytic conversion was reduced to 60% for
most of the hydrocarbon species at HCCI stoichiametperation. It is as though, at these low
exhaust gas temperatures, only tHecatalyst is active in oxidation of C-containingesies (Table 5,
Figure 1), thus under these conditions i) the &ffecspace velocity (SV) is significantly increaszesl
only 1/3 of the catalyst array is active, and thespnce of available oxygen is required to cataiii
oxidise the HC species in the catalyst active sithsrefore, the low exhaust temperature and absenc
of oxygen in stoichiometric HCCI operation at logadl resulted in the reduced HC oxidation rates.
As expected, hydrocarbon conversion over the csttalys significantly improved for HCCI lean
operation (second zone of the catalyst is alswadltianks to the higher oxygen availability) and at
high engine load conditions (higher exhaust gagpegatures activating all the three catalyst layers)
For instance, the conversion of iso-pentane wasoappately 63% during HCCI stoichiometric
operation and improved to 93% during HCCI lean apen (Figure 2), this is despite the compound
being a saturated alkane (ie with single C-C bands)octane conversion was approximately 65%
during HCCI stoichiometric operation at low loaddaas the temperature was increased (i.e for high
load SI mode, Figure 3 condition 5) the net coneersose to 100%.

The conversion efficiency for light aromatic HC qmonents, i.e. benzene and toluene was high
for most engine conditions. For the aromatic hydrbon p-xylene (a benzene ring with two methyl
substituents), an average of 85% catalyst effigiamas achieved. However, for heavier and more
dangerous aromatic compounds that are known taffveutt to combust catalytically [44], such as
naphthalene and methyl-naphthalene, the catalystecsion was in the range of 15-80%. The low
conversion could be because the aromatic ringsnare susceptible to further dehydrogenation than
to combustion. As a result, the contact time raglifor catalytic combustion of heavy aromatic

species is longer than that for saturated HCs, lwihéduces the probability of naphthalene and



255 methyl-naphthalene decomposition to smaller hydtmma species [44][46]. Conversion was
256 improved at higher temperatures as the kinetidditiuins to combustion were overcome [42]. Storage
257 of some of the HC species, including both naphtieknd methyl-naphthalene, is expected to occur

258 in the middle zone, which contributes to the reiurcin the concentration of these species.

259 3.3 Catalyst performance with,tddition, HCCI lean operation

260 The effect of hydrogen has been investigated ®ctimg approximately 2400 ppm idpstream of
261 the catalyst, in order to improve the catalyst @enance in the reduction of harmful HC species such
262 as naphthalene (classified as possible carcinodsnl&RC) and methyl-naphthalene.,. Comparison
263 is drawn between the same engine operating condiigan HCCI combustion at 4bar NMEP) with
264  and without hydrogen addition, (Figure 6 and 7).

265 From the results it can be observed that hydrogeatly enhances the catalyst performance by
266 66% and 100% respectively (Figure 6) in reducinghtidalene and methyl-naphthalene (Figure 7).
267 There are several likely causes: (i) Hydrogen diata in the first zone increases the catalyst
268 temperature by 5 to 20, enhancing the oxidation rate of the aromatiabgarbons (ie the exotherm
269 effect of hydrogen); (ii) We have earlier reportbdt hydrogen oxidation in for example a P#@y
270 catalysts, increases the availability of NtBat is consequently consumed in the oxidatiothefC-
271 containing species [19]; (iii) Hydrogenation is #mer possibility, in which H reacts with the
272 aromatic compounds to form less unsaturated cyoilid aliphatic hydrocarbons that are easier to
273 combust. However, although the hydrogenation reastiare overall exothermic, there is a high

274 activation barrier to overcome.

275 4. Conclusions

276 Engine operation under low temperature combustiah lean engine operation strategies enable
277 the simultaneous increase in fuel efficiency andearease in both NOx and particulate matter
278 emissions. However the CO and unburnt HC emissewel$ increase, while the low exhaust
279 temperature and presence of oxygen result in mdw@lenging conditions for conventional
280 aftertreatment devices to reduce CO and unburrmoegdbon emissions.

281 In this research a catalytic system was evaluatgd the aim of oxidising the HC species
282 produced under those fuel-efficient, but challeggiaxhaust conditions. Exhaust hydrocarbons have
283 been speciated, and the efficiency with which they oxidised by the catalyst has been assessed
284 under different engine operation conditions. Spesigch as iso-octane, benzene, and ethyl-benzene
285 are mainly found in the engine exhaust during Sjire operation, while heavier species such as
286 naphthalene and methyl-naphthalene are presenglerconcentrations under stoichiometric HCCI
287 engine operation.

288 The three-zone catalyst reduced most of the hydsocacompounds in both (HCCI and SI)

289 combustion modes, except for methyl-naphthalenenaptithalene, which are known to be hazardous
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both to the environment and to human health, aadcammonly found in the atmosphere in urban
areas. The catalyst was, therefore, less capabbkctofating a fused pair of benzene rings than
aliphatic or mono-aromatic molecules. However, dglddition of hydrogen upstream of the catalyst
during HCCI lean engine operation substantiallyagres the conversion of both methyl-naphthalene
and naphthalene species. This is attributed tonarease in the local temperature as a result of
hydrogen oxidation, and due to its reactivity wile aromatic compounds to form molecules that are
more readily oxidised by the catalyst. Therefohes tesearch work has demonstrated that, through
the integration of advanced combustion technologigls novel aftertreatment systems, it should be

possible to achieve notable benefits in fuel econand in air quality.

Acknowledgements

The DTI (now Innovate UK) and EPSRC (GR/S81964/ad9 acknowledged for funding the
project “Controlled Homogeneous Autoignition Supenged Engine (CHASE), 2004 — 2007”. The
School of Mechanical Engineering at the UniversityBirmingham (UK) is gratefully acknowledged
for the PhD scholarship to Mr. A.O. Hasan. Johntathey Plc is also thanked for supporting this
work and by supplying the catalysts. Jaguar LandeRds acknowledged for supporting the work
with the research engine used in this study. DrTlrner thanks Engineering and Physical Science
Research Council-EPRSC project (EP/G038139/1)upperting the research work.

References

[1]. Boffetta P, Jourenkova N, Gustavsson P, Cancerfrigk occupational and environmental

exposure to polycyclic aromatic hydrocarbons. Ca@aeises Control 1997. 8: p. 444—-472.

[2). Kumar S., Nayek M., Kumar A., Tandon A., Mondal Yijay P. et al. Aldehyde, Ketone and
Methane Emissions from Motor Vehicle Exhaust: AtiCal Review. American Chemical
Science Journal, 2011. 1(1): p. 1-27.

[3]. Villanueva F., Tapia A., Notario A., Albaladejo Jartinez E. Ambient levels and temporal
trends of VOCs, including carbonyl compounds, anohe at Cabafieros National Park border,
Spain. Atmospheric Environment, 2014. 85: p. 256:26

[4]. Nielsen G.D., Wolkoff P. Cancer effects of formdigde: a proposal for an indoor air
guideline value. Archives of Toxicology, 2010. 84(6. 423-446.

[5]. Fruin S A, Denis M J St, Winer, A M, Colome S D,rmann F W, Reductions in human
benzene exposure in the California South CoastBagin. Atmospheric Environment, 2001.
35(6): p. 1069-1077.



322
323
324

325
326

327
328

329
330

331
332
333

334
335
336

337
338
339

340
341

342
343

344
345
346

347
348
349

350
351
352

[6].

[7].

[8].

[9].

[10].

[11].

[12].

[13].

[14].

[15].

[16].

[17].

Chen S C, Liao C M, Health risk assessment on huexaosed to environmental polycyclic
aromatic hydrocarbons pollution sources. Sciencéhaf Total Environment, 2006. 366(1): p.
112-123.

Wang C., Xu H.M., Herreros J., Wang J., Cracknellr®pact of Fuel and Injection System on
Particle Emissions from a GDI Engine, Applied Ene2014. 132 (1): p. 178-191.

An Y. et al. An experimental study of polycyclicoamatic hydrocarbons and soot emissions

from a GDI engine fueled with commercial gasolifeel, 2016. 164: p. 160-171.

Elghawi U.M. and Mayouf A.M. Carbonyl emissions geated by a (SI/HCCI) engine from
winter grade commercial gasoline. Fuel, 2014. p1609-115.

Elghawi U.M., Mayouf A., Tsolakis A., Wyszynski M.Vapour-phase and particulate-bound
PAHSs profile generated by a (SI/HCCI) engine frowiater grade commercial gasoline fuel.
Fuel, 2010. 89: p. 2019-2025.

Dec, J., Sjoberg, M., Hwang, W., Davisson, M. etDatailed HCCI Exhaust Speciation and
the Sources of Hydrocarbon and Oxygenated HydrocaBmissionsSAE Int. J. Fuels Lubr.
1(1):50-67, 2009.

Kaiser E W, Siegl O, Cotton D F, Anderson R W, Effef fuel structure on emission from a
spark-ignited engine. 2. Naphthene and aromatis fé@vironmental Science and Technology,
1992. 26(8): p. 1581-1586.

Dec J, Sjoberg M, A parametric study of HCCI contlous- the sources of emissions at low
loads and the effects of GDI fuel injection. SABP3. 2003-01-0752.

Kaiser E W, Maricqg M, Xu N, Yang J, Detailed hydadioon species and particulate emissions
from a HCCI engine as a function of air-fuel ra®AE, 2005. 2005-01-3749.

Poulopoulos S, Samaras D P, Philippopoulos C JulRegl and speciated hydrocarbon
emissions from a catalyst equipped internal combusengine. Atmospheric Environment,
2001. 35(26): p. 4443-4450.

Westerholm R, Christensen A, Rosen A, Regulatedwamdgulated exhaust emissions from
two three-way catalyst equipped gasoline fuellediates. Atmospheric Environment, 1996.
30(20): p. 3529-3536.

Fennell D., Herreros J.,. Tsolakis A, Cockle Kgrigin J. and Millington P. Thermochemical
recovery technology for improved modern engine faebnomy — part 1: analysis of a
prototype exhaust gas fuel reformer. RSC Advar@2@ss. 44 (5): p. 35252-35261.

10



353
354
355

356
357
358

359
360
361

362
363
364

365
366

367
368
369

370
371
372

373
374
375

376
377
378
379

380
381
382

383
384

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

Tsolakis A, Megaritis A, Yap D, Application of extst gas fuel reforming in diesel and
homogeneous charge compression ignition (HCCl)rexsgiuelled with biofuels. Energy, 2008.
33(3): p. 462-470.

Herreros JM, Gill SS, Lefort I, Tsolakis A, Millimgn P, Moss E, Enhancing the low
temperature oxidation performance over a Pt and-RdRdiesel oxidation catalyst. Applied
Catalysis B: Environmental 2014. 147: p. 835-841.

Abu-Jrai A, Tsolakis A, Megaritis A, The influenoéH, and CO on diesel engine combustion
characteristics, exhaust gas emissions, and aéiatmient selective catalytic NOx reduction.
International Journal of Hydrogen Energy, 2007 132(p. 3565-3571.

Salomons S., Votsmeier M., Hayes R.E., Drochner\Aagel H., Gieshof J. CO and H2
oxidation on a platinum monolith diesel oxidatiatalyst. Catalysis Today, 2006. 117: p. 491—
497.

Golunski, S. What is the point of on-board fuebrefing?. Energy and Environmental Science,
2010. 3: p. 1918-1923.

Compendium Method TO-11A. Determination of Formalghie in Ambient Air Using
Adsorbent Cartridge Followed by High Performancguid Chromatography (HPLC) [Active
Sampling Methodology], URL: http://www.epa.gov/tinil/files/ambient/airtox/to-11ar.pdf.

ISO 16000-3:2011. Indoor air - Part 3: Determinatmf formaldehyde and other carbonyl
compounds in indoor air and test chamber air --ivkctsampling method, URL:

http://www.iso.org/iso/catalogue detail.htm?csnumbé812.

Karavalakis G., Stournas S., Bakeas E. Effectsiesallbiodiesel blends on regulated and
unregulated pollutants from a passenger vehicleabpa over the European and the Athens
driving cycles. Atmospheric Environment, 2009. g31745-1752.

Fontaras G., Karavalakis G., Kousoulidou M., Nthiggtos L., Bakeas E., Stournas S. et al.
Effects of low concentration biodiesel blends agilon on modern passenger cars. Part 2:
Impact on carbonyl compound emissions. EnvironmeRalution, 2010. 158(7): p. 2496-
2503.

Koehl W J, Benson J D, Burns V, Gorse R A, HochbaésM, Reuter R M, Effect of gasoline
combustion and properties on vehicle emission; Ai&e of prior studies- Auto-Oil-Air

Quality Improvement Research Program. SAE, 1992321.

Olson K L, Sinkevith R M, Sloane T M, Speciationdaquantitation of hydrocarbons in
gasoline engine exhaust. Journal of Chromatogr&gimnce, 1992. 30(12): p. 500-508.

11



385
386
387

388
389

390
391
392

393

394
395

396
397
398

399
400
401

402
403
404

405
406
407

408
409
410

411
412
413

414
415
416

[29].

[30].

[31].

[32].

[33].

[34].

[35].

[36].

[37].

[38].

[39].

[40].

Xu H, Williams A, Fu H, Wallace S, Richardson S¢iRirdson M, Operating Characteristics of
a Homogeneous Charge Compression Ignition Engindh Wdam Profile Switching —
Simulation Study. SAE, 2003. 2003-01-1859.

Xu H, Liu M, Gharahbaghi S, Richardson S, WyszyrigkiMegaritis T, Modelling of HCCI
Engines: Comparison of Single-zone, Multi-zone @adt Data. SAE, 2005. 2005-01-2123.

Hasan A O, Leung P, Tsolakis A, Golunski S E, XuvKH Wyszynski M L, Richardson S,
Effect of composite aftertreatment catalyst on dkaalkene and monocyclic aromatic
emissions from an HCCI/SI gasoline engine. Fuel1200(4): p. 1457-1464.

Material Safety Data Sheet [MSDA]. Ref No: LS 352Q03.

Li W B, Chu W B, Zhuang M, Hua J, Catalytic oxidatiof toluene on Mn-containing mixed
oxides prepared in reverse microemulsions. Catalysday, 2004. 93-95: p. 205-209.

Zervas E, Montagne X, Lahaye J, Influence of fuedl air/fuel equivalence ratio on the
emission of hydrocarbons from a Sl engine. 1. Brpantal findings. Fuel, 2004. 83(17-18): p.
2301-2311.

IARC. International Agency for Research on Cant&®RC Monographs on the evaluation of
carcinogenic risk to humans, Suppl. 7,overall eatidun of carcinogenicity: An updating of
IARC Monographs. LARC, 1987. 1-42.

IARC. International Agency for Research on Can&ermaldehyde, 2-Butoxyethanol and 1-
tert-Butoxypropan-2-ol. IARC Monographs on the HEndion of Carcinogenic Risks to
Humans. 2006.

Gregory D, Jackson RA, Bennet PJ, Mechanisms fondtion of exhaust hydrocarbons in a
single cylinder S| engine, fuelled with deuteriuabélled ortho-, meta- and para-xylene.
Combustion and Flame, 1999. 118: p. 459-468.

Yang B, Li Y, Wei L, Huang C, Wang J, Tian Z, YaRg Sheng L, Zhang Y, Qi F, An
experimental study of the premixed benzene/oxyggaraflame with tunable synchrotron
photoionization. Proceedings of the Combustionitinst, 2007. 31(1): p. 555-563.

Yuan M-H, Chang C-Y, Shie J-L, Chang C-C, Chen J-88i W-T, Destruction of naphthalene
via ozone-catalytic oxidation process over PifAlcatalyst. Journal of Hazardous Materials,
2010. 175(1-3): p. 809-815.

USEPA (US Environmental Protection Agency), Estinmtcancer risk from outdoor
concentrations of hazardous air pollutants in 199BA, Environmental Research Section,
Washington, DC 20460, USA, 2000. 82: p. 194-206.

12



417
418

419
420

421
422

423
424
425

426
427
428

429
430

[41].

[42].

[43].

[44].

[45].

[46].

Stone R, Introduction to Internal Combustion Engind999. Third edition (Palgrave

Macmillan).

Tian W, Xue W, Zeng Z, Shao J, Kinetics of 2-MetbByhcetyl-naphthalene Liquid Phase
Catalytic Oxidation. Chinese Journal of ChemicayiBeering, 2009. 17(1): p. 72-77.

Kim D H, Mulholland J A, Ryu J-Y, Formation of palglorinated naphthalenes from
chlorophenols. Proceedings of the Combustion Witsti2005. 30(1): p. 1245-1253.

Ramdas R, Nowicka E, Jenkins R, Sellick D, DaviesG@lunski S, Using real particulate
matter to evaluate combustion catalysts for diregeneration of diesel soot filters, Applied
Catalysis B: Environmental, 2015. 176: p. 436-443.

Elghawi U, Misztal J, Tsolakis A, Wyszynski M L, Xd M, Qiao J, GC-MS speciation and
quantification of 1,3 butadiene and other C1-C6rbgdrbons in SI/HCCI V6 engine exhaust.
SAE, 2008. 2008-01-0012.

Glassman I, Combustion 3rd edition. San Diego. &oad Press, 1996.

13



Abbreviations

AQIRP Auto-Qil Air Quality Improvement Research Program
AlF Air to fuel ratio

Al,O4 Alumina

BOC British Oxygen Company

CA Crank Angle

(6{0) Carbon Monoxide

CPS Cam profile switching

EGR Exhaust Gas Recirculation

EPA Environmental protection agency

GC-MS Gas chromatography-mass spectrometry
GC-TCD Gas chromatography-thermal conductivity detector
GDI Gasoline direct injection

HC Hydrocarbons

HCCI Homogeneous charge compression ignition
IARC International agency for research on cancer
NOx Nitrogen oxide

NO Nitrogen Monoxide

NO, Nitrogen dioxide

NMEP Net Indicated Mean Effective Pressure

OSHA Occupational Safety and Health Administration
PAH Polycyclic aromatic hydrocarbon

PM Particulate Matter

Pt Platinum

RON Research Octane Number

Sl Spark Ignition

SV Space Velocity

THC Total Hydrocarbon

TWA Time-weighted average

TWC Three-way catalytic converter

List of tables

Table 1. Engine specification summary.
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Table 3. Retention times of detected compounds.
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Table 5. Engine conditions and emissions under HCCI anai@&les at 2000 rpm speed.
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engine conditions at 2000rpm engine speed.
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Tablel

Description Specification
Engine type V6, 24-V, GDI
Bore 89mm
Stroke 79.5mm

Fuel Gasoline, RON 95
Compression ratio 11.3
Intake valve timing Variable
Exhaust valve timing Variable
Intake temperature Variable
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Table?2

Instrument Parameters

Description

Column
Detector

Oven Temperature

Flow Rate

DB-1; 30m; 0.53mm ID; 3um film
MS:; Source 260

40 initial; 5 min hold,
10°C/min to 246C; 5 min hold,

6ml/minute; He
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Table3

Peak NO Compound Retention Time (minute)
1 iso-pentane 3.77

2 benzene 7.04

3 iso-octane 7.85

4 toluene 9.42

5 ethyl-benzene 11.54

6 p-xylene 11.72

7 naphthalene 18.19

8 methyl-naphthalene 20.66
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Table4

Chemical Species

Exposure Limits

(ppm) TWA

iso-pentane 1000
Benzene 1
iso-octane 300
Toluene 200
ethyl-benzene 100
p-xylene 150
Naphthalene 10
methyl-napthalene N.A

TWA- time weighted average
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Tableb

uonipuo) auibug

M ode HCCI HCCl HCCI HCCI 9| HCCI+H,
A 1.0 1.0 1.4 1.4 1.0 1.4
NMEP (bar) 3.0 4.0 3.0 4.0 4.0 4.0

0, (%) 1.2 1.2 6.29 6.55 1.06 6.55
CO, (%) 12.31 13.92 10.31 10.34 13.81 10.34
Cs-Cui (ppm) 1718 1683 1731 1222 1500 1222
Tex (°C) 385 413 349 386 661 406
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Table6

HCCI HCCI HCCI HCCI Sl HCCI+H,
A=1, 3.0bar A=1, 4.0bar A =14, A=14, A =1, 4.0bar A =14,
(ppm) (ppm) 3.0bar 4.0bar (ppm) 4.0bar
Compound (ppm) (ppm) (Ppm)
B A B A B B A B A B A
iso-pentane 150 55 100 15 174 15 125 8 36 6 125 39
benzene 72 25 58 2 68 0 52 4 140 10 52 27
iso-octane 151 52 N.A  NA 180 39 160 27 80 0 160 A N.
toluene 597 144 420 41 616 30 508 14 345 34 508 40
ethyl-benzene 130 29 105 19 NA NA NA NA 115 1I9N.A° NA
p-xylene 454 115 442 46 476 20 296 39 360 63 296 27
naphthalene 114 55 344 69 170 144 58 44 335 159 580
methyl-napthalene 50 33 214 66 47 42 23 23 89 89 230
Total G-Cy; 1718 508 1683 258 1731 290 1222 159 1500 380 12233

B- before catalyst
A- after catalyst
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Figure 1. Schematic of experimental setup.

Figure 2. Engine output €C;; hydrocarbon species and NOx at 4bar NMEP and rdiite
combustion conditions.
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Figure 5. HC conversion efficiency of the catalyst at diffiet combustion conditions 4bar NMEP
(top) and 3bar NMEP (bottom).

Figure 6. HC conversion efficiency of the catalyst at 4bavilP with and without hydrogen
addition.

Figure 7. Hydrocarbon concentration downstream of the cstalyth and without hydrogen addition.
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Toxic non-regulated hydrocarbon compounds Cs- Cy; from modern GDI engine were analysed
The analysis was carried out for stoichiometric and lean combustion engines.

The catalyst ability to control heavy HC (C5 — C11) was also studied

Naphthalene and methylnaphthalene were the most resistant compounds

Hydrogen addition in the catalyst improved methylnaphthalene and naphthalene reduction



