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The thermal and oxidation stability Gdtty acids methyl esters (FAME arousing attention in

the transport industrysince they are the main components present in biodiesel products used in
the market. LowFAME stability can induce easy fuel degradatiand produce >adation
productsthatcan formsticky depositscausingserious malfunctioningndfailures of engine and
turbines component§Ve have focusethe presentvork on the study of fuel oxidation process
and the characterization of oxidation produdts order to identify the main levers to avoid
deposits formation. Soy and Rapeseed biodesete oxidizedusing a autoclave Parr reactor
and characterizelly FTIR, densityand viscosity measurementsfter oxidation, two different
liquid phases were clearly observed. These two phases tend to form canhagxemulsions

after remixingas evidenced by optical microscopihe separationbehavior of thedifferent

liquid phases remixed after oxidation were studiedusing Multiple Light Scattering
(Turbiscari™). A comparison was made between the chenfigattionsof deposits obtaineih

the liquid phase after demixingsedimented phasegnd thesolid deposits obtainedn hot
metallic surfacesResults showed @hat acomplexoil-oil dispersionseens to form duringthe
oxidation processThe phase separation rate die oil-oil emulsified systens formed from
oxidized fuelsseems stronglyelated tothe differences ofpolarity (e.goxygenates contenof
bothsedimentd and supernataqthasesThe understandingf this sedimentation ofRdemixing”
processleading to depositgan be a key feature to develop strategies to prevent deposits

formation in real systems.

GRAPHIC ABSTRACT
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metallic surface

HIGHLIGHTS

x Oxidized fuelform an oitoil complex emulsion

x Oxidized fossil diesel presents the most dense and viscous oxidation products, but it is
the slowest fuel to demix and to form depqsies products mass weight has a second
order impact on deposits formation

X The polarity of the oxidized fuel seems to play a major role in the liquid film deposits

formation
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1. INTRODUCTION

Fatty acids methyl esters (FAMEutoxidation isinvolved in many complex processesthe
healtltcare and food industry (lipids deterioran issuesl], transport industry gxidation
stability of biofuel3[2,3] andpolymers applicationss{ability of polymer$.[4] According to the
literature, bur main stepare involved in the autoxidation procdxsed on th&ee radical chain
rea¢ion mechanismprimary initiation, secondary initiation, propagation and terming&gsi.
Primary and Secondaryitiation correspond tohe formation offree radicals by temperature,
catalysis by metalg/] andor natural hydroperoxides impact over hydrocarbons chainghese
free radicals are highly reactive generating chain reactions producing more radosdégating

the degradationprocess The last step (termination) corresponds to the formatiostaible

SURGXFWV HJ SRO\PHUV GLPHUV HSR[LThEabxb@iGHK\GHYV

stableproducts are pointed out as one of the main causteedbrmation ofinsoluble inthe

liquid phase.

Depending on the oxidation levalifferent phases cabe visually observed in the sample. A

light brown to dark brown dense phase can be identified in the bottom of the flask or in the
system in contact with the fug] This insoluble phase is stigkand may beat the origin ofthe
deposits observed in real engines/turbines systdiis. kind of deposit correspond to the
SODFTXHU" DQG RU 3VWLFN BakendtaRY, thaseDlepdSits Rré Revy/HiScols

and quite adherent to the surface, they are difficult to remove even when using solvents such as
acetoneAccording to the authothis category of deposits direcly linked to polymeric films

and aged fuelsAccording to Fang et McCornidid,0] aubxidation products could be kept in
suspension into the liquid phase fuel depending on their polarity and/or molecular weight as well

as the interaction with the solve@ur last workl1] on oxidation process of biofuel surrogate
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(methyl oleatei-dodecane) has shown that during oxidation small aggregates are [fdusled
color changes and phase separation occurs when the number of clusters in the liquid phase is
higher than 10 and with a maldar weight larger than 3500 g/mdhe aggregates sizes
increases linearly with the number particlesand at the same timeoxygenate products
epoxides and ketones can be identifibey could certainlyincrease the polarity of the sample.
The depodgs observed in injector systems would be formed when the polarity and/or the
molecular weight of the autoxidation production in suspension are sufficiently high, inducing
precipitation of polymeric depositBachaet al[12] have show that the chemical composition

of aged biofuels is mainly composed of oxygenated prodastexpectedand the molecular
weight of these products are higher than the fuel initial produdteer authors have also
pointed out the more oxygendteature ofautoxidation product&hichis inherent to free radical
chain reaction mechanisNeverthelessto the best of our knowledge, no systematic study was
performed to identifjwhich parameter betwegpolarity andmolecularweight, could leadto
insoluble depositionThis is an importanpointthat must be addressedorderto properlyframe

the problemandto focus efforts to strategically preveartdavoid thedepositionphenomenand

help in thedevelopment of more adgpted fuel additivesimproved fuel formulatiors or in the

designof specific coating$or surfaces in contact with fuels

Here we have studiethe fuel oxidation process and the characterization of oxidation
products, especially the esil complexsystem formed after oxidatiowhich separatedeading
to a supernatant phase and a sediatephase which is likely to adhereon a metallic surface
leading to deposits. Soy Methyl ester (SME) and Rapeseed methyl ester (RME) biodiesel
feedstockand Diesel (B0O)as well as their blendwere studied and characterized by FTIR,

density and viscosityneasurementsAlso, the emulsiorformed after mixing of the separated
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liquid phases obtained aftexidation was studied, in particular tiphase separatioprocess.
Depasits were formean a hot metallic surfade the laboratory conditions using a microcoking
device A comparison was made between the chenfizattionsof deposits obtaineth the

liquid phase and the deposits obtainednetallic surfaces.

2. EXPERIMENTAL METHODS

2.1 Fuel Matrix

The fuel reference used was the BO diesel fuel which is a commercial diesel fuel matching the
European Automotive Diesel fuel specification EN590 supplied by Analytic Service Gesellschaft
(ASG). The BGs free from fatty acid methyl esis (FAME). The chemical analysis is presented

in Appendix.The FAME feedstock studied vere Rapeseed Methyl Ester (RME) and Soybean
Methyl Ester (SME), both fuels do not contain antioxidant additives and were supplied by ASG.
Table 1 presestthe different samples obtained from diesel/biodiesel blends. In addition to real
fuels,methyl oleate was studie a biodiesel surrogatdethyl oleate is the main component of

RME biodiesel (chemical analysis is provided in the Appendix).

Table 1. Fuel Matrix used in the present study: fuel notation and blends compaosition.

Fuel notation | Composition

BO Diesel EN590
B1ORME BO + 10%v/v RME
B10SME BO + 10%v/v SME
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B30RME BO +30%v/vRME

B30SME BO +30%v/vSME

2.2 Fuels oxidation

To study fuels oxidation we have used an acceleraxéthtion method based an inhouse
autoclave reactolSome standard methods tise principle of accelerated oxidation testish as

the Rancimat (EN 15751) or the Rapid Small Scale Oxidation TeS@Rpalso known as
PetroOxy test (ASTM D7525for gasoline, ASTM D7545+for diesel and biodiesel). In our
case, we use an-lmuse method derived from the PetroOxy method. The autoclave reproduces
the same air/fuel ratio as the PetroOxy test, but wihathvantage to allow samplings during the
test. With this method we are able to follow not only the pressure drop, as in the PetroOxy
method, but also the chemical species that are formed during the piticesdetailed

methodology is given elsewhdE3]).

The autoclavélarr (Figure 1) was filled with 50mL of {b)fuel. The air was removed from the

cell by flushing Helium. Then, the temperature was raised under inert conditions until the desired
temperatureOnce the temperature of the test is reached, the Air is introduced in the cell,
replacing the inert gagxperiments were performed at isothermal conditioasfC during 5

hours. The fuel was maintainachder constant stirring to achieve homogenous temperature
inside the reactor chamber. The pressure variation was monitored in order to ensure a constant
air pressure of 7 bam@ndto avoid diffusional limitations ofhe autoxidation procesgurther set

up informationelsewherg13].
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Figure 1. Schema of autoclave Paff3].

After 5 hours, theoxidized fuels presenteslphase separatiowith two different liquid phases

herenamed*VXSHUQDWD QW SKDV H/aDiQsEhdw id Ggue™ QW SKDVH’

fresh fuel

|}

supernatant

{ i
sediment

Pos———

Figure 2. Photo of fuel before and after oxidation as well as the indication of supernatant and sediment phases observed

after phase separation

It is important to highlight that accelerated methods as Autoclave, RSSOT and Rancimat have
already been studied in the literature by compattiey GHSRVLWY ZLWK WKH IXHO 3L(
observed during storage and/or into fuel injection syst¢tdsti 6] The deposits obtained with

these methods can be compared to the ones in real systems.

2.3 Characterization
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The ensity was measured with an Anton Paar densimeter, (DMA4500M) at Thé®@iscosity
was determined &0°C with a TA Instruments RheometeDHR?3), equipped withdouble air
gap coaxial cylinderdor low viscosities (supernatant phase) and a cone plate geometry (4 cm

diameter and angle of 2°) for higher viscosities (sedimentagg)h

Optical microscope BX51 (OLYMPUSWwith 100x image enhancememias used to observe

objects formed into each phase of oxidized samples. The lower limit of the technidie is 1

7KH 7 XU E lappaat@@assic MA2000) was used tnalyzethe separatiomate of the

different phases obtained after fuel oxidatefter re homogenization (by hand shakinghis

technique called Multiple Light Scattering (MLSgonsists in sending photons (light) into the

sanple. These photons, after beingdered many times by objects in suspension (droplets, solid
SDUWLFOHYV JDV EXEEOHV « HPHUJH IURP WKH VDPSOH DQC
sensorgtransmission and backscattering)mobile reading head, composed of a NIR diode and

two detectors, scans a glass cell containing the sample. The decrease of the transmission signal
indicates he formation of particulatesr droplets The measurements were performed after

sample homogenization so that tlrepletsformed are homogeneously disped. The results are

given in terms opercentage ofransmissioras a function of the height of liquid in the tube for

differenttimes. ORUH GHWDLOV DERXW 7XUELVFDQ@®&7D8DO\VLYV DUH

The global chemical composition of the fuel wasaluated by midR. FTIR spectrawere
recorded using a horizontal ATR cell, with ATR diamond mono reflection (Golden Gate),
covering 6004000 cm' spectral range. Each FTRTR spectrum is in the average of 100 scans
using air as reference at a resolution of 4*crand all spectra were collected at ambient

temperature.
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A microcoking device was used to evaluate the tendency of the fuel to formitdewben

heated (thermal stability). Originally it is a sthard method®GFG-Lu-27 " to evaluate lubricants
degradation. The method was adapted in order to be compatibldéuels analysisFigure 3

shows the schema tiie apparatudt consists of a meta plate, in our casenade ofstainless

steel, heated by two heating blocks where the temperature is controlled by two thermocouples
and maintained a50°C, this temperature was chosen since it is representative of real injector
temperature range in tlengines 4mL of fuel were placedsing a syringen the hollow of the
stainless steel plate. Thiene to visually observe a lacquer formation was evaluated as well as

the chemicafunctionsof the deposits formed on the plate.

Figure 3. Microcoking device The metallic plate ismade of stainless steel

It is noteworthy that the operation condition of the microcoking device favors the evaporation of
KLIJIKHU YRODWLOH FRPSRXQGV D QGempolhts tRtlr&aiwih BoQtagt | W K H
with the hot metallic surface. In the case of FAMEs, Bd&8& have studied and compared the
deposits formed into the reactor and the ones form#dthe microcoking device. The results
obtained with FTIR and thermogravimetric analysis (TGA/DTA) have shown that the deposits
obtained with PetroOxy and microcoking device are very similar presenting the same chemical

functions at FTIR and the same pl®bf the thermogravimetric analysis.

1C
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186 3. RESULTS

187 Agedfuels presented diphasiccomplexsystem that after remixing gives a complex emulsisn

188 observed by optical microscof¥igure 4). Two main phases can be identified: Figdréeft

189 presend the enulsionafter homogeneization by hand shaking ofliheid phases obtained after

190 oxidation The shaking method was used to achieve a soft and reproducible homogenization of
191 phases, the measurement was made during 10 seconds for each sample, it was repeated two
192 times and it is reproducible. Figuderight presentghe sediment phase dhe emulsion after

193 phase separation or demixinthe phase separatios achievedunder the only action of gravity

194 in order to dservethe process as it occunaturally in reabystens.

195 The images of fresh fuels obtained from optical microscope do not show any droplatsdes
196 (not shown here). On the other hand, images frarfubl after oxidation (Figuré-left) present
197 an interesting complex ndmomogeneous emulsion foed by supernatant droplets into
198 sediment droplets and visersa for all fuels, including B(fossil diesel biodiesdree) These
199 droplets are not homogeneous in shape or. siz@ddition,no feature or tendency baeen
200 observed to link the droplets size to biodiesel feedstock or phase separationAfate
201 demixing, the supernatant phase does not preserdisypgrsedpartides or droplets (not shown
202 here). The sediment phase presentontinuous viscous areatkvismall droplets of supernatant

203 phasdispersednto it (Figure4-right).

11



Oil-oil system after fuel oxidation: Oil-oil system after demixing:
before phase separation sediment phase
BO — after fuel oxidation / before demixing BO — after demixing / sediment phase

Iaf

Supernatant
¥ droplets

\

204

205 Figure 4. Optical microscopic images of oxidized BO before (left) and the sediment phase (right) after demixing.

206

207 The vscosity of fresifuelsas well as the supernatant and sediment phases after oxidation of all

208 fuels is presented in Figuke

30 \]/ 27.8 o fresh sample
3420 aE ® supernatant phase
25 O sediment 25
20 19,5
15 4 14,6

Viscosity at 20°C (mPa.s)

209 80 B1ORME B30RME B10SME B30SME

210 Figure 5. Viscosity of fresh fuels flue), supernatant phase ed) and sediment phasedrey)

211

212 The viscosity ofthe supernatant phase preseatslightly higher value tharthe one of the

213 correspondingresh fuels. The difference is around 30% for BO, 38% for BLOSME and B1ORME

12
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221

222

223

224

225

226

227

228

229

and achieving almost 50% for B30 RME and SME samples in comparison to fresh fuel samples.
For the sediment phas#e viscosity values are around 5 times higher for B10 samples and 2.5
to 3 time higher for B30 samples thtre viscosity of fresh fuels. The main difference between
sediment phase and fresh fuedcosityis observedn the case oBO for whichit was more than
800timeshigher. Considering the viscosity thfe sediment phaseshe rankingor the different

fuels is B3OSME < B30 RME < B10SME < B10RME <<< BO.

Figure6 shows the density results. The differences between the sedimenipanadasant phases

are less markethan forthe viscosity resultpreviouslypresentedThesediment phasgensityis

only 10to 1.5 times highethan the one of correspondifrgsh fuelsjncluding BO. Theanking
obtained is almost the same as before: BBOSME ~ B30 RME < B10SME ~ B10RMBt<4sBO0.
noteworthy that fuels containing the same amount of biodiesel have similar densities,

independeny from thefeedstock.

o fresh fuel ® supernatant phase @ sediment phase
1,2

1,0

0,8

0,6

Density at 15°C (g/cm?3)

0,4

0,2

0,0

B1ORME B30RME B10SME B30SME

Figure 6. Density of fesh fuels plue), supernatant phasered) and sediment phasedrey)

3.1Phase separatiorafter rehomogeneization ofaged fuels

13
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Based on the previous results one waimderif the demixing process is dirdgtrelated to the
increase of viscosity and density observed for oxidized f(ledace related to the molecular
weight of the producjsTurbiscan was used to determine the demixing rate oélaimogenized
fuels. The test tubes were filled with aged fuelaible 2 gives thénitial respective hghts of

supernatant and sediment phases.

Table 2. Heights of sediment and supernatant phases in the Turbiscan test tube

Aged fuel | Sediment Supernatant Ratio (%)
Phase(mm) | Phase (mm) (sediment/supernatan

BO 3 70 4

B10 SME |8 67 12

B10 RME |6 65 9

B30 SME | 8 65 12

B30 RME | 4 71 6

Figures 7a-e show thetransmission signgirofile of the fuels as a function dtie test tube height

at different times. Initially, the transmission signal is close to zero all along the Tthes,
phases begin to separate into a supernatant and sediment phés@socess of separation can
be quite long, as in the case of BO f@hich even after 170h, the transmission signal is not
completely flat in the supernatant pha&eshort times, it is noteworthy that the fastest demixing

rate is obtained for B30 SME (more than 20% of transmission in the supernatant at 10 min) and

14



243  the lowest with BO (less than 10% at 10 min), the behavior of the other fuels being very similar.

244 At longer timesthe differences between the aged biofuels is less pronounced.

d BO
1 i
0.8
8 —— 10 min
206
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246 Figure 7a-e. Turbiscan results- Evolution of the transmission signal versus test tube height at different times for different

247 aged fuels: a) B0, b) B10 SME, c¢) B10 RME, d) B30 SME, e) B30 RME (0: no transmissiaft: 100% of transmission)
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The evolution of the transmission signal in the middle of thettke was plotted for each aged

fuel as a function of time in Figure 8. These results confirmagat biofuels exhibit similar
separation rateg,e. they seem to be fairly good surfactants and so favoring the demixing
process. B10 and B30 samples achimore than 60% Transmission after only 5h, achieving
100% Transmission in less than 25 h for the B30 fuels and 45 h for the B10. It means that the
phases are completely separated. On the other B@nd,characterized by a very low demixing

process comared to the otherst does not achieve 100% Transmission even after two days

testing
100 A BO
A B

. 80 A
g A .
= [ ] M B10 RME
S 60 —H
2 CB10 SME
E
2 40 N A B30 RME
[
= ‘ A B30 SME

20 +B0

0 : : . : : :
0 10 20 30 40 50 60
Time (h)

Figure 8. Turbiscan results: time to achievedifferent level of the transmission signalin the middle of the test tubefor BO,

B10RME, B30RME, B10 SME and B30SME.

Thus the ranking for the phase separatiomate is BO<<< B1O0RME~B10SME~B30RME
~B30SME, with B30 samples being the fastest ones to present the viscous sediment phase

observed in oxidized sampldsis noteworthythat thisrankingis completely the opposite tie

16
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one obtained previously for density and viscodityndicatesthat the fuel presenting the highest

dense and viscous sediment phase is not the first one to achieve phase separation

The obsevation confirms the hypothesibat ®me oxidation products seeta remain quite
stable disperseth the oil-oil systemwhich could cause the slophase separatiorate of the
sample.In order to understand what causes the stability of some oxidatiomgsod the
emulsion,an infraredspectroscopyvas carried out for th&resh system beforexidation, for
both supernatant and sedimephases after oxidation (phaseseparatioh as well as for the

deposits formed using the microcokidgvice as described in the experimental section.

3.2Aged fuels and depositenfrared spectroscopycharacterization

The FTIR spectra profiles of BO, BLORME and B30RME are presented on Bigldeand11
respectively 7TKH UHVXOWYV Qdrrdddnd ® th® RIVR. 8fectra of deposits generated
over thestainless steeurface For all fuel two main regions of the spectra can be distinguished:
the one around 366B000cn corresponding ta®OH band and the region around 177D10cm

! linked to €£=0 vibration. In all fresh fuels these regions are flat, no band intensity is detected.
However,these regions are prominent for #lé aged fuels as well as the deposits over stainless

steel.

Fresh BO diesespectra(Figure 9) doesnot presentany oxygenate chemical function. On the
other hand, BO oxidized samples (supernatsedimentand depos)tpresent asery broad band
corresponding teOH at 36063000cm® as well asa large banét 130-1725m* anda sharper
band centered a715-1710cmi* which may correspondo ketones aldehydesand carboxylic

acid chemical functionsthe latesbeingin agreement with the©OH presenceln addition, the

17
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299

deposit presesta broad band at 1772 &mvhich could be assigned mhydrides acidsThis

band is much less marked on the supernatant and sediment phesesrth mentioningthat

there is no marked difference between supernatant and sediment giesheinical functions

of BO supernatant and sediment phases are the sanmew clemical groupsio not emergen

the sedimentspectrain comparison to supernatant spectthis can indicate that the BO
degradation products can remain relatively stable in suspension which is in agreement with

Turbiscan™ results.

------- BO (fresh) BO (supernatant) -----BO (sediment) —BO (deposit)

& 1715 em®

sediment

1780 1730 1680 1630

3800 3400 3000 2600 2200 1800 1400 1000 600

Wavelenght (cm™)

Figure 9. FTIR spectra of BO fresh (dot blue) , aged fuel after demixing supernatant (orange) and sediment phase (dash

dark) as well as the deposit formed over the stainless steel (red line) surface using the microcoking device

It is interesting to notice the difference between the deposit and the sediment spectra. As already
mentioned, the chemical functions are mainly the same, but the broad band assigbétl to

function and the band at 1772¢nthat could correspond to anhydridese different in both

18
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samples. TheOH is less marked in the deposits whereas the 1772@md is less marked in
the sediment. One of the mechanisms to anhydrides formation is the dehydration of carboxylic

> A R R—/<O 0

>_R A O—/<
HO a

acids: R. The speas involved in this reaction mechanism
would be in agreement with the observation of the less makRetlbands in the deposits than in
the sediment and, on the other hand, the appearance of the 17 B2muhin the deposit spectra.
This type of reaction can occurs at T > 100 °C without catalyst which means that the stainless

steel surfacevould probably hae no impact on the deposits formation, i.e. no catalytic effect.

This hypothesis will be further westigated in a future work.

In the case of biodiesel fuelshe differencedetween supernatant and sediment phaseslear

(Figure 10 and Figurell). A large band aB600-3000cm’ is observed for both fuels in the

sediment phaswhich corresponds teOH chemical functionAlso, the band at +711cm is

intense in the sedimenihdicating the formation ofompounds containingldehydesketones,

and/or carboxylic acidshemical functionsThe same trend is obtained for the bands aédm3

and 137&m™, corresponding to vibrations€-2+ EHQGLQJ |IRU FDUE-REAOLF DFL

bending (for ketonegp0][21].

Thus,as expectedypxygenate chemicajroupsonsetcan be observed for B10 and B30 fuats

for BO. The main difference is that for BO the supernatant phase and the sediment phase do not
present a marked different in both specira. they present very similar chemical functions,
which couldindicate that there is very little polarity contrast between supernatant and sediment
phases for the BO Diesel fuel. On the other hdodB10RME and B30RMEhere is a clear

difference between sediment phase and supernatant fohdseh-OH region andC=0 region
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For these fuelghe supernatant phase is similar to the fresh fuel, especially feDtheegion
whereaghe sediment present a remarkably higher ratioxgfienatesqonsidering thénydroxy

and carboyl groups). TheB1ORME deposits overtainless steel present the same chemical
profile as the oxidized fuel, no new chemical function is observed in the deposits in comparison
to the sediment phasdevertheless, a dimertOH stretch can be distinguistifor the B30ORME

deposit, aB505cm’* ard 3466cm* which is not present on liquid samples.

—B10RME (deposit) ----- B10RME(sediment) B10RME(supernatant) ---—B10RME(fresh)

) NS

2550 3350 3150 50| {1 H 1730 1
Wavelenght (enr) i Wavelenght fem ')

3800 3400 3000 2600 2200 1800 1400 1000 600

Wavelenght (cm™)

Figure 10. FTIR spectra of BLORME fresh (dot blue) , aged fuel after demixingupernatant (orange) and sediment phase

(dash dark) as well as the deposit formed over the stainless steel (red line) surface using the microcoking device
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Figure 11. FTIR spectra of BO (A), BIORME (B) and B30RME (C) of:fresh samples (blue)supernatant phase (ed),

sediment phase (blackpnd deposit over stainless steel surface

It is noteworthy that the deposit spectra for both biodiesel samples do not present the band
assigned to the anhydride that was present in thsalBnpleln addition beyondits presencgthe

dimeric #OH bandin the deposit seems to bre intense in comparison to the BO sample.

4. DISCUSSION

The free radical mechanism is the most accepted and studied pathway to fuels autoXidation.
includesmainly three main steps: initiation, propagation and terminatjdi2224]. Initiation
corresponds to free radicals formation by temperature, catalysis by metals, and natural

hydroperoxides (ROOH) impact ovBAME molecule(RH). Schaich[6] hasstudied different
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343 pathways involving not only hydrogen abstraction, which is the most studied pathway, but also
344 internal cyclization, addition, scission, and disproportionatiactrens. According to the author

345 these pathways are competitive or even dominant under some conditions, leading to variations in
346 oxidation kinetics and, in particular, the final products obtaifibé.free radicalformed which

347 are highly reactive, gendeabranching chain reactions producing more radicals causing fast

348 degradatior{propagation phaseRadicals chain reactions slow down when more stable products

349 HJ SRO\PHUV HSR[LGHV DOGHK\GHV F\FOLF SHUR[LGHYV «
350 Deposits observed on fuel systems are formed from these stable oxidation prBAMES.

351 molecules structurgespecially the terminal carboxyl and unsaturation lewelpacts the

352 reactivity and the stable products that are formed during autoxidation pr8egsral routes can

353 be considered during theitiation and propagation process.

354 Here, $able oxidation productsnsetareobservedin oxidized fue$ asindicatedby the different

355 chemical functional groups &TIR analysis The formation of thse productsmay correspond to

356 the termination pha&s[1,25,26] (see Figure 12)Once the termination process starts with the

357 formation of stable products, which are the deposits precursors, a liquid phase separation can be

358 observed leading to a dense viscous phase in thenbatid a supernatant phase.

359

360
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Figure 12. Schema of the deposits formation mechanism proposed

Optical microscopyperformed on oxidized fuels after rehomogenizasbows thaa complex
oil-oil systememulsionis formed,with the presence odmall dropletsdispersed in the fuel.
These dispersed objects go through a precipitation proEkeesidemixing” rate of B3OSME is
much faster than BO diesel as observed by Turbiscan measurementsderhixing” of
B10SME, B10RME and B30ORME are very similar but faster than BO diesel as Wnell.
separation of the oxygenamompounds fromthe fuel phase is not dirdgtlinked to the
difference ofdensity and viscosity of these products since Turbiscan resulenptas opposite
ranking Indeed density ahviscosity results have shown much higher values for BO diesel than
for the other sampledt means that the fastest fuel to produce deposits is not the onthevith
most dense or viscous sediment pha3dere is no straightforward link between the

molecular weight of particulatesand the deposits observed.
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375 Therefore, the difference of polarity between particulates formed by oxygenates species
376 and the fuel seems tobe the main driving force of deposits precipitaton after fuel

377 degradation.

378 By analyzing both phasgsupernatant and sedimefirmed after particulates precipitation by
379 FTIR, it seemsthat the particulate objects are mainly composed of oxygenate molecules as
380 carboxylic acidsalcohols,aldehydesestersandketonesThese oxygenate species correspond to

381 the chemical functions observed at deposits over stainless steel.

382 The presence addame type obxygenatedchemical functionsn the sediment phasand in the

383 metallic surfacendicates that the ayin of deposits ovemetallic surfaces are mainly due toeth
384 occurrenceof the deposits precursois liquid phase These productgould form dimersor

385 trimersand form aggregates whighrecipitate and sediment duettee difference in polarity in

386 comparison to the fuel phask the BO sample, fossil diesel, these aggregates are kept in
387 suspension since the @il complex system formed after fuel aging does not present important
388 differences in polarity between the aggregates anduipernatantmedia. On the other hand,
389 biodiesel oitoil complex system is unstable, the polarityvien aggregates and solveeems

390 to beremarkableThis is in agreement with the work of Bierrgdt al [27] that showed the
391 increase of the polarity of oxidized FAME (at 95 °C, oxygen flow rate of 3 L/h) by using
392 Electrochemical Impedance Spectroscopy (EI®).is noteworthy that since BO formulation
393 contains only paraffins, naphtenes and aromasigst doesnot contain any oxygenated specie
394 prior to oxidation whereas biodiesel samples have a great amount of methyl esters as well as
395 unsaturated moleculdgsothof whichare known to favor the oxidation proc¢28] Furthermore,

396 alkanes and esters will not form the same products after oxidgtijrit seems that the products

397 formed by BO do not affectpolarity in the same extend as the biodiesel produdiss is
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419

consistent with the observation madereal engine systems where oxidized BO does not affect

the injection system as much as an oxidized biodiesel saj29|a0]

To better study the polarity of the system it would be interesting to study furthposkile
preséice andimpact of nonradical species that could probably play an important role in the
phase separation, and so in the insoluble deposits forma@tenimpact of nowradical species
over fuels degradation is poorly studied in the literatlihés featurewill be further investigated

in a future work.

The adhesionf these aggregateés metallic surface seems to be related to other paramasers
roughness, surface temperature and surface upper surfaces molecules affinity towards the
oxygenated products present in the sedimBEm study of teseparameters isotin the scopeof

the present study and will aeldressedn afuture work.

5. CONCLUSION

Fuel oxidation process and the characterization of oxidation products were studied in order to
identify the main levers to avoid deposits formationengines It was possible to observe by
optical microscopy a complex emulsion on oxidized samples.different phases observed after
oxidation were studied, in particular thehase separatioprocess, which could lead to the
deposits observed in real systems. Turbiscan results tfabthe ranking for thedemixing rate

is BO<<< BIORME~B10SME~B30RME B30SME, with B30 samples being the fastest ones to
present the viscous sediment phase observed in oxidized safitpkesrder is the opposite in
comparison to density and viscosity results. Therefore, there is no straightforward link between

the weight 6 particulates and the deposits obseriagtead, itseems to benainly related to the
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polarity (e.g.oxygenatescontent differences of both sediment and supernatant passtow

by FTIR results This feature can indicate that the deposits precusserformed in liquid phase,

and so, it is not primarily induced by the surface in contact with the fuel. This hypothesis is
under investigation to understand the impact of-ramhical species that could be formed during

the fuels degradation process andtticould probably play an important role in the phase
separation. The insoluble deposits formation based omrathcal species reactions will be
discussed in detail in our further work by using Electrochemical Impedance Spectroscopy (EIS).
The understandg of sedimentation gzhase separatigorocess leading to deposits can be a key

feature to develop strategies to prevent deposits formation iarrgalesystems.
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ABBREVIATIONS

FAME fatty acids methyl esters

FIS fuel injection system

IDID LQVROXEOH LQWHUQDO LQMHFWRUTTV (
RME Rapeseed Methyl Ester

SME Soy Methyl Ester

TAN total acid number

BO Diesel without additives and without esters

B10 BO + 10%v/v of FAME

B30 BO + 30%v/v of FAME
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EIS Electrochemical Impedance Spectroscopy

APPENDIX

Parameter (EN142)}4 Unit BO RME | SME
Ester content % m/m >99 |98.8
Density at 15°C Kg/m® 836.5 | 882.9 | 884.9
Viscosity at 40°C mmé/s 2.52 |4.402 | 4.133
Flash Point °C --- 176.5 | 168.5
Oxidation Stability at 110°C| h 51 8.1 6.0
Acid Value mg KOH/g <0.01 | 0.083 | 0.194
lodine Value 114 | 128
linolenic acid methykester % m/m 104 | 7.2
Water content mg/kg 0.006 | 272 98
Metals | (Na+K mag/kg <1 1,2
Metals Il (Ca+Mg mg/kg <1 <1
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