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B1. Abstract

Base oil production from crude oil has become more complex as demanded product
properties, yield objective and field competition have increaststestin research
towards high viscosity index (VI) base oils. Conventional lubricant grade base oil enjoyed
biggest market share until 20@004 but now highVHVI product demands have
introducedalso novel production methods for heatype base oils such as Ficsher
Tropschmethodbased gaso-liquid (GTL) and polyinternatolefin (P1O) base oilsin

this MSc, different mass spectrometric methods for heavy and base oils where compared
and inhouse field ionization method was characteraedimethod validation was begun.
Base oil mass analytics uses mainly Fourier transformation ion cyclotron resonance (FT
ICR) ard sector mass analyzers with soft ionization methods as well as novel ambient
ionization (Al) methods. While heaviest asphaltenes compounds require resolutions that
are achievable only by FICR instruments majority of petroleum studies including
guantitaitve fraction studies can be done with more -@ffitient and operateiriendly
sectorand Orbitrapnstruments. Novel Al methods are arguably fastest expanding area

of mass spectrometry and provide interesting field to folitsefor petroleum analysis.



B2. Yht eenveto

Perusdljyjen vaaditut ominaisuudet, saanto tavoitteet ja kilpailu alalla ovat kasvaneet
muuttaen perusoljy teollisuuden tuotannon monimutkaisemmaksi ja haastavammaksi
lisdten tutkimuksen vaatimuksia kohti korkean vistexin perusoéljyja. Tavanomaiset
perusoljyt ovat olleet hallitsevassa markkasemassa vuoteen 2602004 asti, mutta
nykyaan korkean viskositeetin vaatimukset ovat tuoneet uusia tuotanteimeagkuten
FischerTropsch synteesiiperustua gasto-liquid (GTL) tai polyinternatolefin (P10O)

Oljyja. Pro Gradu tyon kirjallisessa osasssitettiin ja vertailtinmassaspektrometrisia
menetelmid perusoljyjen ja raskaiden oljyjertkimiseen. Tyon kokeellisessa osassa
yrityksen sisdinen kenttaionisaatio (FI) menetelma karakterisoitiin ja validointi aloitettiin.
Massaanalysaattorina perusoljyanalytiikka kayttdd yleisesti Fourier muunnosta
hyodyntaviaioni syklotroniresistanssi(FT-ICR) tai sektori-analysaattorejayhdessa
pehmeiden, seka Abnisaatiomenetelmien kanssa. Raskaimpien asfalteenien mittauksen
tarvitessa viela FICR analysaattoria, valtaosa tutkimuksesta voidaan tehda
kustannustehokkaammalla ja kayttgjaystavallisemmalla sektorianalysaattgailla
enenemissa maarin  myos Orbitrap analysaattorilla Nopeimmin  kasvava
ionisaatiomenetelmaalue on Al menetelmat, jotka pyrkivat ionisoimaan naytteen ilman
ylimaaraista esikasittelya. Al menetelmista useilla pystytddn mittaamaan perusoljyn
tapaisia yhdisteitd ja Al metedmat tarjoavat mielenkiintoisen alueen seurata

petrolikemian analyysimenetelmi&annalta.



CForeword
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different fractions that isuised for qualitati¢ and quantitative composition analysis of

high viscosity index base oilype samples with varying viscosities.
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E. Used albreviations

Abbreviations

Al Ambient ionization

APCI Atmospheric pressure chemigahization
API American Petroleum Institute

APPI Atmospheric pressure phetonization
ASP Average structure parameters

ASTM American Society for Testing Materials

B Electromagnetic analyzer

Cl Chemical ionization

CMRP Condensed multiring paraffins

CMSBO Chemically modified soy bean oil

DBE Double bond equivalent

DFS Dual focusing system

DIP Direct injection probe

DOSY Diffusion ordered spectroscopy

EDS Energy disperetive Xay specroscopy
EHC Emitter heating current

ESA Electrostatianalyzer

ESBO Epoxized soybean oil

ESI Electrospray ionization

FAB Fast atom bombardment

FAME Fatty acid methyl esters

FBP Final boiling point

FCC Cracking unit; Fluid catalytic cracking

FD Field desorption

Fl Field ionization

FID Flame ionizatiordetector

F-T FicsherTropsch process

FT-ICR Fourier transformation ion cyclotron resonance
FT-IR Fourier transformation infreed spectroscopy
GC gas chromatograph

GLP Good laboratory practic

GTL Gasto-Liquid products

H/C hydrogen to carborelation

HDS Hydrodesulphurization

HPLC high performance liquid chromatography
HRMS High resolution mass spectrometry
HTGC High temperature gas chromatography
ILSAC International Lubricants Standardization and Approval Comm
LC liquid chromatograph

LDI laser desorption ionization

LIAD Laser induced acoustic ionization

LIFDI Liquid injection field desorption ionization
LOD Limit of detection

LOQ Limit of qualitication

MALDI Matrix assisted laser desorption ionization

NM430 NesteMethod no. 430



NMR
OoIP
PAH
PAO
PIO
PONA
PTFE
RSD
SAE
SARA
SD
SIMDIS
SEC
SEM
SFS
SIM
SNO compounds
SS
TAN
TBN
TCC
TCD
TIC
TLC
TOF
UCBO
USGS
UV-VIS
WD
VGO
VHVI
VI

\{)
VRC
XVHI

Vi

Nuclear magnetic resonance

Oil in place

Polyaromatic hydrocarbons
Poly-alphaolefins

Poly-internatolefin

Pardfins, olefins, naphthenes antbanatics fractions
polytetrafluoroethylene (Teflon)

Relative standard deviation

Society of Autemotive Engineers

Saturates, aromatics, resinsphaltenes fractions
Standard deviation

Simulated distillation

Size exclusion chromatography

Scanning electron microscope

Saybolt Furol Seconds (Viscosity measures)
Select ion monitoring

Sulphur, nitrogen and oxygen containing compounds
Spotsize on SEM

Total acid number

Total base number

Thermofor catalytic crackinfCracking unit)
thermal conductivity detector

Total ion current

Thin layer chromatography

Time of flight

Unconventional base oils

United States Geological Survey
ultravioletvisible light spectroscopy

Working dstance on SEM

Vacuum gas oil

Very high viscosity index

Viscosity index

Vegetable oils

Vacuum reduced crude

Extra high viscosity Index
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1 Introduction to theory part

iMy f ormula for success is rise early, wo
-J. Paul Getty

Oil is majorcommaodity as largest primary energy source in all energy consungptebn
reason for politicalpetrolaggression. Oil produces energy bgmbustion andt is
precursor ilmanychemicalsplastics and lubricatef.ccording to George H.otten from

ASTM intemational, frst written uses of oils are already frefd00B.C. nearEuphrates

river banks, now known as Irag. There asphalt was used for waterproofing items as
pottery and bath§Todayuses are rather different aound 96 % of passenger cars have
either diesel or gasoline engine in Elnterestim side plotis that yeard899 and 1900

were top years for electric carsthgy weresoldand useanore than any other car types.
Historically base oils were unwanted-psoduct and waste but now they are widely used

andpricedmanufactured product.

Petroleum is broadly studied withagsspectrometras itis uniqgue method to study even
complex samples whilether methodssainfrared (IR) andNuclear magnetic resonance
(NMR) spectroscopwnd physical measurements can giwvdy averagenformation of

structure functional groupsnd characteristics of studied sample.

Base oils are most probably more studied than published data might siiggsitlyas
there is just little interest for industries to publish thregearch for competitorélso
petroleomics are a nichmarket formass spectromete@endorsandthere might be less
interest to develop methsdurther for petroleum analytics than commercially more

valuable markets.

With arising interest in ecriendliness one ofenvironmentaktoncerns is lubricant oil
biodegradaon. Mineral and synthetic lubricant oils are rarely biodegradabte show
toxic behavior in aquatic environmentste®n alternativekaveshown steady increase
also in lubrication markets. Bibased lubricant oils alude vegetalel oils and chemically
modified vegetable oilsuchas canola oiand chemically modified soy bean oil. Canola
oil hasshownsome promisingpropertiesfor automobile lubricatioR. Still bio-based
lubricant oils have under 1% market share of all lubricants mérket.



Ecological consensus along witRenewable Energy SourcéRES-directive drives
petroleum industries towards less polluting and renewable energy sources and petrol
based materials, as vehicle fualgl lubricantsThese include biplastics and renewable

oil products that can be chemically identical to crudeaiinterpartg¢such as NeXTBTL
productsfrom Neste Oy) or totally different productsuch as fatty acids methyl esters
(FAMESs) and alcohols2015 United Nations Climate Change Conference CMP21 and
Paris agreement requires profound changes in vehicleeieitiger by exploitation of
electric vehicles or changing fuel form fossil based to renewRblssibleprocesseso
producebio-baseduels are i.e. pyrolysis, Fisch@&ropschi synthesisand refining pine

oil byproduct. Prices of biofuels are still higle.iFatty acid methyl esteFAME) ton
costs around 800 dollars in 2018.is arguable that this tremishesalsoresearcHocus

for petroleum based lubricants and their alternatives.

This Ma s t éhesd discusses base and heavy oils and their mass spectrometric
measurements. Base oils are part of heavy oils distilled from crude oil and they are used
mainly in lubrication applications. Heavy oils in some definitions includes also
asphaltenes and waum distillation residue, but these are less discussed here as the topic
is already broad. Mass spectrometric measurement methods are narrowed to methods with
viable use in petroleum analysis with emphasis in honpolar base and lubricant oils. Also
their aiitability to quantitative base oil measurements is addressed. Practicality of

different methods as alternatives for current Neste method are also viewed.

Methods used in oil refining and especially in base oils and their competitive and
complementary mducts (i.e. bidbased and synthetic lubricants) are generally displayed
for better generaliew. However chromatographic techniques (i.e. GC, LC and HPLC)
and fractioning used in base oil analytics are not covered in depth within this topic. Other
oil products as gasolines, kerosenes and asphaltenes are on less importance.



2 Crude oil and olil refining

Term petroleumis sometimes used as synonym for crude oil but normally petroleum
refers also to gaseous and solid hydrocarbon format@msle oil is liquid hydrocarbon
mixture that is found beneath earth's surface in geological foundations. Crude oil consists
of liquid and dissolved gaseous hydrocarbons, but the line between gdspodsnd

solid is not unambiguousn extreme pressures and temperatures many normally
gaseous hydrocarbons are liquidlory aredissolved in liquidphaseunderhigh pressure

Oil volume is typically reported as barrels (bbl) whetsatrelequals to 159ters®

More modern oil use is believed to have begun by refining paraffin from crude oil by
James Young in 1847y 1851 the first oil well and refinery was built by E.Binney

& CO for manufacturingaraffin wax? Keroene and paraffin wax production was main
goal of refineries of 1860s and 1870s while many other oil fractialusble todayvere
though as unwanted bproduct!® Major oil fields were @covered during rest of the
19th century and by 1950 oil hunt had sifted towgkare first drilling platform was built

in Gulf of Mexico in 1947.

By 1860 crude oil production wagnder 40000 barrelsannuallyin US. Oil production

overten foldedwith 4 million barrels each yedny 1869and in 21th century oil production

is measured in billions of barrels annual@il drilling has come quite far since E.W.

Bi nney & COO0s drilling times. Earlier oil
replaced by rotating drillingn the beginning o20th centuryToday around-32 millions

of barrels are produced each day as production quantities depend on number of factors

i.e. oil price, economical state and political motiVes.

This chapter introduces curresinsensusf oil origin, basics of oil drilling and refining
crude oil to base and lubricant oils, chemical composition and physical properties of oil

products and differergnalyticalmethods to study petroleum compounds.



2.1 Crude oil origin

Current onsensuss thatcrude oil originates from biomateriah@ is therefore called
biogenic ContrarilyKolesnikow? and Kutcherot? with their colleagues found that some
hydrocarbons can be formatsofrom non-biogenicorigin andtherefortheirand similar

theores are called abiogenic theories. Aiogenic theory is partly supported B)ASA

finding vast quantities of crude oil likebiogenidiquidhyd r ocar bon mi xt ur e
moon Titan observed witBassinispacecraft* Still majority of Earttts oil reservoirs are

determined tde hogenicwhile few are still under studiés.

In biogenic theory de oil is formed in so called hydrocarbon saphere large
guantities of bimaterialareburied under sedimentary rock for long periods of time in
high temperature and presswéh anaerobic conditionsProteins, carbohydrates and
biopolymers begin to break down process callednaerobic digestiowith optimal
temperatures of 5050°C. Optimal depth depends on temperature and few other factors,
but deeper than 5 km biomaterial tends to form mainly gaseous prédRraiguctscan

then condense to polymers and gemmic material begins to form mineral components.
This results in kerogen and bitumen rich sedimentary maserchl as oil shad&mallest

of these polymers are humic and fulmic acBigtime biomaterial starts to lose oxygen,

nitrogen and sulfualongsidewith other functional group®

Kerogen can then go through process catlaihgenesisvhere organic kerogens form
shorter hgrocarbonsSimilar evert is used in industrial cracking process. Catagenesis is
more efficient in higher pressure and temperature and therefore deeper oils are typically
lighter. Liquid flow happens mainly in porous saunding in secondary migration and
after that d and gas flows towards pressure minimuntilumovement stops in barriér.

According to OPEC biggest oil deposits are in Venezuela (24,9%), Saudi Arabia (22,1%)
andlran (13,1%)° Proved reserves size of 15 biggest oil deposit countries in 2014 was
around 1514 billion barrels’ Reporting reserve size is not as straight forward because
many factors play rolenimeasring oil deposit size and as David Morehouse found out,
they tend to gthroughso calledeserves growth whereoil deposits are measurbayger

by time!8 There are many reasons for this i.e. one is that extrantgthods get more
efficient and different oil deposits are now considered to be available like oil shales.



All oil in one placeas addressedasQil in Place (OIP) and from this @ertainamount can

be recovered according to recovery factor of used technology. All oil sites are not
economically recoverable andany factorsogetherare used imssistingil deposit size.
Possibleoil deposits can be plotted out by age composition, gedbgistory and oll
critical factors. Thesdactorsrule out heartlands where sediment formations are all
negative for oil deposits and this is the reasow éh in Finlandit is highly unlikely to

strike oil. Also allmountainranges angblaceswith intense heat or bedrock movement

are negative factors for oil formatién.

Most of oceaniccrustcan be ruled out as around ZOof ocean floor is covered in few
hundred maedrs thick unconsolidated eemi consolidategedimentshatare negative for

oil formationsas seein figure 1 of estimated undiscovered @dposits and tectonic plate
boundariesThis explainswhy it is unlikely to find oilwithin oceanic crust Arourd 650
billion barrels of oil and 778 billion barrels of oil equivalent is estimated to be
undiscovered according ténited States Geological Survdy$G9.1° Map ofedimated

sitescan be seen on figure 1 ataible of quantities can be sdartable 1.

\J
\

A 7_,,___.—...“—_._\

=3 — ; /

Figurel. Cumulative production and estimated undiscovered oil depB&tioutlines
continental crust from oceanic cruBtgurefrom USGS world PetroleurAssessment
2000%°



Tablel. Estimated volumes of undiscovered oil accordinfigore 1. Table from USGS

world PetroleumAssessmer2000-°

Region Qil Percent Natural gas Natural gas  Percent
(billion of world (billion barrels (trillion of world
barrels) total of oil cubic feed total
equivalent)

1: Former SovietUnion 116 17,9 269 1611 34,5

2: Middle East and North Africa 230 354 228 1370 29,3

3Asia-Pacific 30 4,6 63 379 8,1

4: Europe 22 34 52 312 6,7

5: North America 70 10,9 26 155 3,3

6: Central and South America 105 16,2 81 487 10,4

7: Sub-Saharan Africa and Antarctica 72 11,0 39 235 5,0

8: South Asia 4 0,6 20 120 2,6

Total 649 778 4469

Most of possible oil locations are offshoamd nearcontinental crust and oceanic crust
borders Today largenterestis in unconventional odlepositssuchas shale oil, shale gas
and coalbed methan¢hat were previously quite disregardedt could playimportant
rolein future oil marketFor example Estonia is over seadtifficient in energy production
and is one of the biggest shale oil exportocmuntries according to World Energy
Council? butmainly because of thj€stonia ign thetop 10when comparinghebiggest

ecologicalfootprintsof different nationsn all world *

2.2 Crude oil composition

Crude oil is highly complex mixture of hydrocarbons anguritiesand one of the most
complex samples knowhlydrocarbons range from small, simple and volatitdecules

to large, nonvolatile compoundas directional magnitude of complexiristine A.
Hugley et al?2 found over 11000 compositionally distinct components made up from
hydrocarbons wittheteroatoms@, N, § in single ESI-FTICR massspectrum of crude
oil adding up to only 1@% of all petroleum molecule#lydrocarbons imoils can be
divided and classifiedn numerousvaysbut here mosusefulwill be dividing themby
hydrocarbon compositions. Hydrocarbanscrude oilare divided into three groups:

paraffing naphtienesandaromatics

Paraffins and iso-paraffins (also known asaliphatic hydrocarbonp are linear or
branchedNaphthenesare hydrocarbons with cycloalkane ristguctures andromatics

arebenzene ring derivatigeDifferent environment produces different type of crude oil



as mentioned ichapter 2.Iresulting in thatrude oil can have certain composition of
paraffins, aromatics and napbhes. Easy presentation of this is composition triangle

where each clags at end of triangle as seearfigure 2.

100% Aromatics

Crude Oil
Classifications Characteristics

Young / Shallow higher S content (sour),
viscous

Young / Deep moderate S content, less
viscous than young shallow

Old / Shallow  lower S content,
less viscous

Old / Deep lowestS content (sweet)
least viscous
lighter color

100% 100%
Paraffins Naphthenes

Figure2. Crude oil composition triangfe.Shadedarearepresents typical crude oil
compositionsSulfur content tends to lower when oil is more paraffinic than aromatic.

and very little ofhigh naphthenic crude oil exists

Crude oil normally has nolefins (alkenes compounds with double borjdsut they are
readily produced in oil refining and olefins are usedaahemicalmarkerthat oil has
been refined. Aromatics with fused rings are calRaly-aromatic hydrocarbons
(PAHS), this classncludes alsotoxic and mutagenic compountigat have gained some

media attentiod* Chemically different crude oil fractions are displayed in figire
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Figure3. Typical chemical composition afrude oil with molecule exampldsletals

are typically as inorganic salts, organometallic compounds or with porpfyrin.

Typical aude oilheteroatoms includexygen, nitrogen, sulfur and metal impurities with
sulfur being most abundamMionmetalsare typically addressed &NO-compoundsand

their concentration is limited in environmental and commercial agreements and they also
cause prol@ms on refining. Removal of SNEmpounds is essential but also expensive

as sulfur and oxygen compounds cause corrosion in production and refinggmenui

also their combustion derivatives (§®IOx) can react with water resulting in acid rains,
and nitrogen compounds in fuels and lubricaht&gform gums and precipitates within

time of storage. Few practical methods exist in removal of them arehtymost used

method is catalytic hydrotreatméeft.

With sour crude oilssulfur may haveto be extracted already before shipping as its
compoung are corrosive anflighly toxic. Sulfur can be extracteftom crude oilwith
process called hydrodeghlrization (HDS) which usestalyst toremove excess sulfur.
Heteroatoms make up polar components of crude oils and heavy distillates generally

contain more aromatic and heteroatomic compounds than lighter countrparts.

Along paraffirnaphtheniearomatic composition divisions ar8ARA and PONA.

SARA- fractioning means toidide crude oil composition to saturatesomaticsresins
asphaltenes, there are also few different methods to measure SARA which needs to be
accounted when comparing résu PONA stands for paraffirdefinsnaphthenes
aromatics. PONAs widely usedfor intermediate products suchfagd catalytic cracking

productsto determine quality of naphtfa.



Majority of crude oil hydrocarns are under 40Da.?8 Smallpolar compounds oil are
calledresinsand they are responsible for oil adhesion. Resins are typically heterocyclic
hydrocarbons, phenols, acids, monoaromatic steroid and alcohols. bacjer some
literatureonly polar® components are calleasphaltenesvhere name isesulting from
theirasphak like propertiesHigh viscosity oils with detrimental amount of heteroatoms
with high molecular weight are typically addressedb#amen but there are some
variations to its characterization. It is typically contains paraffins, aromatics, polar
compounds and asphalterassan emulsion and it is either processigsior very heavy

crude such a8thabasca bitumet.

Asphaltene size is still quitenknown and mean molecular weight ranges over 2 orders
of magnitude for similar samples as mass spectrometryalgttiropray ionization, field
desorpton and chemical ionization MS methqutedict average weight tie around 500
1000 Da whildast atom bmbardment angdlasmadesorptiormass spctrometryas well
assize eclusionchromatographghowsintense peaks over range a@0 to > 16 Da?®
Asphaltenes are defined by solubility classification (i.e. tolsehationsof asphatenes,
n-heptanesolutions ofasphaltenes etcAsphaltenes are not dissolved in petroleum but
they are dispersed as colloaisd they tend to aggregate at low concentrations for instance

at 150mg/l in toluene produces already nanoaggregates

Asphaltenes have bestudiedquite intensively but still rather little is known about their
molecularcomposition Polar cyclic compountiave low concentration in crude oil, but
they are persistent in environment and tends to concefftrétephaltenes acts as
geochental markers and they gid valuable information from oil origin and they are
used axhemicalmarkerto distinguishoil spill origin and owner Asphaltene studis
predicted to increase as unconventional oil resources include more asphaleiods (
%) than conventional resourcés.

Easy and relatively robust method to evaluate crude dNFikgravity measumment.
API-gravity reflecs how heavy or light crude oibr oil products areand it gives
directional information otthemical composition and crude oil pricgcale isfixed to
water so that oils with APgravity higher than 10 floats on water dads than 10 sinks

Crude oil ratingaccording to viscosity and ARjravity range can be seantable 2.
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Table 2. Crude al rating according to ARgravity range, viscosity and sampbd

reserve®

Crude oils Sample oil reserves Viscosity Range with familiar substances Typical API
(centipoise) gravity range

Tar and Bitumen  Alberta, Canaddeace River 10°-10° Window puttyto vegetable shortening  6-10

Extra-Heavy Oil VenezuelaBoscan 10°- 104 Peanut butter to tomato ketchup 10-12

Heavy oil CaliforniaKern River 10° Molasses to honey 14-22

Intermediate Oil Saudi Arabia, Arab Heavy 100 Maple syrup to corn oil 2530

Light Oil UK-Brent 10-1 water 3140

Ultra -Light Oil Texas Shale OiEagle Ford 0,1 Nail polish remover +41

API-gravity correlates highly with viscosity of crude oil that is fundamental oil and
product property andPI-gravity can be considered inverseasurement of density and
even though it is dimensionless it is normally expressed in degreesyréRtly is
affected by ratio of different hydrocarbon groups anfusudontent API-gravity is also
temperature dependent ahdt needs to be corrected the calculation. ARgravity can

be calculated fron$G (pecific gravity) as follows

~
3

500 &L QD TDT YO p o @)

Exact measuring temperatures, needed corrections and density adjusting can be found on
American Society of Testing andaterials ASTM)-literature3! API-gravity is measured

with hydrometempparatus that consists of ballast, float and stenghdlity reading is

taken at graduated stem where hydrometer floats in liquid suMa&gsurement principle

with hydrometer can be seamfigure 4.

Reading is taken at the Graduated Stem
point where hydrometer ,
stem floats in liquid e

Float

‘ Ballast

Figure4. Hydrometer used in measuring API gravity.
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Crude oll is typically valued based three factorsits origin (i.e. Brent and Arab L),
API-gravity and sulfur content that is also called sweetness and sourness. As discussed in

chapter 21 crudeoil composition depends on place of origin and formation fime.

2.3 OQil refining

Refining aims either to decrease levelsinvantedcompoundsind contaminants @o
modify compounds to more desiraldad valuablgroducts Refiningstarts from crude
oil and results in number of petrochemical produdisrefineries are normally planned
and tunedor specific type of oilfeed (ie. highsulfuroug and have according process

stepsas somgrocessesannot be used with certain feetfs.

2.3.1 Refining crude oll

Fundamental process ¢rudeoil refining isfraction distillation that partially separates

light low boiling compounds from high boiling heavy compounds with continuous
distillation. Gaseous products are condensed in condenser and distillate products goes to
receivers. Lighter distillates atgpically more valuable than heavy distillates. Yield can

be increased when distillation is done in two parts, first in atmospheric pressure and
resulting bottom fraction again in high vacudrmaction distillation columnFurtherand
commonprocesses includdesalting where excess salt is washed out with water and

desulfurization where sulfur is extracted alongside cracking utfits.

In fraction distillation oil is distilledn colon with spacers insidevithere biggest pressure

and temperature is at bottom of the colon, spacers are used to provide equilibrium stages
with different pressures and temperatures for wanted distillate prasisgtenn figure

5. Effectivity is improved with reflux, where a paot distillate is recycled back to
column.Refluxingimproves the purity but also adds price as less oil can be distilled

same time?
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Figure5. Basic principle ofraction dstillation columm with reflux flow.Image is

property of Milton Beychok.

Cracking and hydrocracking transforms catalytically heavy oils into more valuabl
lighter fractions. @e example of crackingnethods is calleduid catalytic cracking
(FCC) where the units are either stacked or side by side. Each design is licelesea
which needs to be bought for Uisem exampleExxonMobil and Sheff* Hydrocracking,

is typically used ifhydrogen to carbon ratidd(C-ratio) is relatively lowand it is used
alongside catalytic crackinVhere mrmal crackings used forchemicallysmaller and
simplermoleculedo retain olefins in example gasolineyddocrackings used fobigger
andmore complexnoleculese.g.aramatic cyclic oils and coker distillatebut there is
little selectivity as cracking affects all moleculdsydrogenation of double bonds
happes after cracking and it also reduces impurities that reacts with hydfgen.

Simplified cracking process of linear paraffin can be seen on figure 6.

VN N S
¢ Heat cracking
NN+ N

¢ Hydrogenation
N
Figure6. Crackingprocesswith linear paraffing*
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Bottom oil, also known agacuum gas oil(abr. VGO) oVacuum reduced cude, (abr.

VRC) is residues from distillation and has large portion of impurities and lowrafio.

There are few options to what to do with VRC and process depends from many factors as
company, sulfur content, used typecafide oil and economics. VRC cannot normally be
cracked as it has many catalytic poisons and low-tdfiG results in deactivation of
catalystgelativelyfast3*

An option for problematic bottom oil is taokeit. Bottom ol is coked into solid coke
while light part of it is recoveredCoking is done @ high temperature (1096260°C)

and it hadew alternatives like delayed coking, flexicoking and fluid cokMBC can be

sold also asefined bitumeror it can be hydroprocessed and solvent extracted where up

to two thirds can be used as feed for cracking procé$ses.

2.3.2 Refining processes towardsubricants and base oils.

Mineral or petroleum based lubricant oils &avy fractiondrom crude oilfraction
distillates They arespecified adypically chemicallymodified mineral oilswith high
viscosity index (V1) where nost desired molecules ahgghly branchedaraffinsand
smaltringed cyclic paraffins. VI is repregnted normally using APland SAE
classificationsthat arediscussed in chapter13.Heavy distillate fractions go through
number ofrefining processedepending on wanted product. Common proceissbsde
deasphalting to remove haafractions, solvent refiningr hydrogen refining to remove
aromatis and heteroaromatic coundssolvent or catalytic dewaxing usedremove
linear paraffins (waxes) that would crystallize in low temperatures and lastly hydrogen
finishing or clay treatrmant to remove trace impuritiegield and quality of a base stock
is dependent on the quality of crude oil and efficiency of differgrrations with

decreasing yield after every procéss.

There are two genergrocessing pipeline® produce base oifsom crude distillates
solvent refining and hydrotreating wheresimplified process diagram can be sean i
figure 7. Solvent refining extracts wanted compounds from feed and hydrotreating
chemically transforms other compounds to more valuable products and is less constrained

by feed concentratior’s
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Figure7. Solvent refining ad hydrotreating flow diagrant.

Solvent refining is simpler and cheaper but has low yield which drops exponentially when
pursuing high VI compounds. Hydrotreating is more complex and expensive method but
it has higher yield and can produce high VI compoundfierent scale when compared

to solvent refining Solvent refining separates unwantadomatcs and heteroaromatic
compounddeaving desired product, but it has several limitations, most notably yield
drops highly when pursuing higher VI components asetlare just small part of them in

feed®

Hydrotreating andhydroaacking transforms ring structures into more desirable
components and ihvolvesfollowing typical steps:extractionof sulfur and nitrogen in
desultirization and denitrogenatidollowed by double bond saturations, ring separations
and openings and lastly side chain hydrocracking and hydroisomariZHiiese steps
are visualized ifigure 8. Valuable high VI (API Il class including VHVI/UCBO, XVHI

more discussed ichapter 3base oils are mainly attained with hydrocracking.
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2H,
Partial saturation
4 H,
Ring Separation and Opening
\/\/\@/\ . O\/

Side Chain hydrocracking and Isomerization

Figure8. Example of hydrocracking heavtype molecules in oft3*

Currently hydrotreating is becoming more common and with different feeds even +140
VI range can be achieved. Attained VI range is higlflgctedby feed wax content where
under 30% wax VGO produce 10027 VI oils in API groups Il and Ill and over 2@

wax feeds produce 14044 VI products. Different feeds require pattiatiifferent
processe$ Iso-paraffins are valuable compounds in highBdkeoils as viscosity index

increases witliso-paraffin contentis seen on figure

140

R*=0.91

—_
[\
(=]

Viscosity index

100

80
0 20 40 60 80

[so-paraffin content, wt%

Figure9. VI as a function ofso-paraffin contentvith coefficient of determinatiaof
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Likewise, unwanted compounds sashinear alkanes and condensed ruity or poly
naphthenes (i.e. tetrapenta and hexanaphthengsdecrease Vicondensed multiring

paraffinconteniowersVI asseenm figure 1Q

135 -1
. R%=0.93
L]

a
W

—
v

Viscosity index

105 3

95
[CMRP], wt%
Figurel0. VI as a function opoly-naphtheneontent(here axondensed multiring

paraffincontent, CMRPvith coefficient of determinatiaf

Hydrotreating process igompromise between VIl and vyield where yield drops
exponentially when VI is increased. VI can be controlled with operational conditions i.e.
with hydrocrackingtemperature. API category, production method and composition

comparisn can be seem itable3.°

Table 3. Chemicalcompositiors of different APIcategoryand refining processed base

oils®
BaseStock A B C D E F G
API Category | | I 1l 1l 11+ I}
Processing Solvent Solvent Hydrocracked Hydrocracked Severely Severely Severely

Refined Refined Hydrocracked Hydrocracked Hydrocracked

Dewaxing Solvent  Solvent  Solvent Iso Solvent Iso- Iso-
HRMS, m-%
Alkenes (n and isoparaffins) 25,7 29,0 23,7 30,2 32,6 51,4 76,1
Mono-cycloparaffins 20,8 25,0 30,8 30,5 34,2 24,4 14,7
Poly-cycloparaffins 27,9 31,7 39,1 35,3 32,9 23,9 9,2
Aromatics 24,9 14,2 6,4 4,0 0,6 0,3 0,0
Thiophenes 0,7 0,1 0,0 0,0 0,0 0,0 0,0
Paraffins+ mono-cycloparaffins 46,5 54,0 54,5 60,7 66,7 75,8 90,8

Processing method greatly affects attained VI and hydrocarbon types. Alkaresl (
iso-paraffing portion grow with API category while aromatic portion dismisses. Mono

cycloparaffins and pobgycloparaffins content depends with processing method.
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2.4 Analytical methodsfor petroleum products

Here are expressedand shortlydescribedtypical and widespreagdhemical analysis
methodsused with petroleum products aside streamsBasic and bulk propertigse.
functional groupsnd H/C ratioscan be measureditlv spectroscopicchromatographic,
X-ray based and NMRmethods but these cannot distinguish individual elemental
compositionson molecular leveds does mass spectrometry that is furtdgressed in
chapter 4Highly used methods are chromatograpmajnly gas chromatographiGC)

and its derivatives thatn be connected to MS for further analydi€onsidered methods
include spectroscopic (UVIS, IR, Raman), NMRH, 3C) andChromatographi¢GC,
HTGC,GCxGC, HR.C, TLC) methodswvhich are introduced

2.4.1 Optical spectroscopy

Spectroscopy is valuable tool in detecting basic propertibasé oil samples andig
also usable inprimary analysis of unknown typeil based samplesApplicable
spectroscopy methodse IR that can be usedittentify functional groups anlklydrogen
bonding in mixture and also structlngearameters such as paraffini@omatic and

naphheniccharacter ohydrocarbons.

Fourier transform IR (FAR) can be used fajuantitaive analysis of functioal groups
evenwith solid hydrocarbonsgn study of B.Wilt and W. WelcH’ asphaltene content
determination of mde oil could be determined with AR quantitively with 0.95 %
coefficient of determinationqy. Their predicted asphaltene content and actual asphaltene

content that was used for calibration can be sedigore 11.

Predicted Wt. % Asphaltene

Actual Wt.% Asphaltene

Figurell. Predicted and actual asphaltene content in tested ailusienple in 1998
study by B. Wilt and W. WelcH.
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In addition,Ramarspectroscopgan be usgto analyzeromatic and olefinic compounds
in hydrocarbon mixtures and it doeot need a sample preparation but with heavy

samplespectroscopy data is more qualitative than quantitdtive.

2.4.2 Nuclear magneticresonancespectroscopy

Nuclear magnetic resonanspectroscopy{NMR) can measure compounds with odd
number nuclei ismpes. Hydrogen and carbon has@respondingH and*C isotopes
that can be used for hydrocarbon analysis. NMR detects diffexarage chemical

structures and compositionspetroleum samples

In baseoils, all protons are attached to carbon and their shift is narrow (witBjppén)
rendering'H NMR nextto uselessn oil analytics *3C is moremeaningfuland it can be

used in some length with base oilgpically, NMR has difficulties to measuraixtures

and complex compoundsd this makes component analysis of pure NMR quite ufeisab

with lubricant oils. More pramising NMR methodis diffusion-ordered spectroscopy
(DOSY) and othergitable NMR measuresincluée er age structure pa
i.e. average carbon chailength or branched hydrocarbons.) and 2D tgegas
HSQC/HMQC/HETCOR, HMBCY?

2.4.3 Chromatography

Chromatographitechniques play important role in anasysf oils including lubricants

and it is extremely efficient when combined with mass spectrometcitfromatographic
techniquessample fractions are separated wiibbile phase andtationary immobile)

phase based on their chemical and physical properties i.e. molecular size, polarity etc.
Sampleis dissolvedwithin mobile phase and witlts different adhesiono stationary
phaseleads to separation @omponentsChromatographienethods with oil products

include gas and liquid mobile phases.

Gas chromatography (GC) is used to analyze oil components that oczapdezed
without decompositionGC uses carrier gas as mobile pras#stationary phase is inside
lining of glas or metatubecalled column and itan be layer of liquid or polymeGC

detectors include destructivgpe flame ionization detector (FIDJr mass spectrometry
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(MS) ornondestructive thermal nductivity deector (TCD).GC analysis of petroleum
and TLC analysis of VGOwidely uses SARA (Saturates, Aromatics, Resins,

Asphaltenesjractioning expressed fiigure 12.

Qil
> Water content
I I
Light fraction Heavy fraction
I
I I
Maltenes -+ Cleaning |- -+ Precipitate
I I
I I | I I
Saturates | | Aromatics | | Resins Asphaltenes | | Inorganics

Figure1l Oil SARA fraction method used with G@easurement¥

Asphaltenes are hardast fractionto measure with GC as they have high boiling point.
Some success has been with high temperature GC (HTGC) with (Shorj glass
capillaryby M. Subramanian et & HTGC with simulated distillation (SD or SIMDIS)
can manage samples with boiling point umtound540 °C. Higher boiling ranges can
be coveed with short, capillary columns up to final boiling point (FBP) of 800 °C with
column temperature of 430 €&

Comprehensive twdimensional gas chromatography (GCxGC 2w-GC) extends
conventional GCO&6s wusability wi-polarcollemws di me
can be used to separate sample composition. Generated raster file can be patched with
computer software t6CxGC chromatogranGCxGCbenefits inpetroleum analysithat

include: Structured chromatograms, better separation, lagggacity and higher
sensitivity,but also suffers from peak tailing from cooling cryogenic modulator and big

file sizesof measurement® GCxGGMS can be used to separaind analyze even highly
complex samples beyond normal ®4S capabilities. Example of GCxGitbom Seeley

et al*® studiesof different biodiesels and petroleum diesel can be sefigure 13.
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Figure13. GCxGC high level signal amplificated chromatograms from Seeley et al.
studies of pure petroleum diesel and 3 types of pure biodiesel.

Chromatographyvith liquid phase includeopercolumn liquidchromatographyhigh
performance liquid chromatography (HPLC) rntteyer chromatography (TLC) and size
exclusion chromatography (SEE)LC is mostused inanalysisof crude oil with 80%
heavy oil fraction that needs temperatures higher thafi@G&)vaporize. These are more
efficiently analyzed with HPLC than GEIPLC enables to study whole sample if it is
soluble in suitable organic solveBtTLC is able to analyze newolatile products but it

is more qualitatie than quantitive andyzing methocf®



21

3 Lubrication, lubricants and base oils

Lubricants areused to reduce friction and wear of onenoore surfaces in different
applications Study oflubricatiors and overalinteracting surfaces in motidmelongs in
field of Tribology. Classical example dfiction regimesis Stribeck curvevhich plots

friction coefficient withdifferentlubrication parametef®

Fundamental properties of lubaiats are optimal lubrication film so this film should

be thick enough to ensure moving pasrtwith enoughubrication in wanted use and
environment but also thin enough to minimize additional deggording to Stribeck
curve Lubricant should have suitablehaviorwithin temperature range and also be
chemicallyand physically quiténertin used applicationise. theyshould noboil, freeze

or combustin use They should also carry away excess heat, contaminant and debris.
Important environmental property is temperature as lubricants behave differently in
different temperatures.

Most lubricants lose viscosity with increased temperature aftl comditions limits
certain type of lubricast due to crystallization of oil wagomponents. Temperature
dependd lubricant properties include Vdnd pour pointThere are dbricants in all
physicalphases but liquid lubricants and especially petroleum basetlictsare most

used. Lubricants can also be emulsions or water solutisetsi.e.in drilling but this

thesis addresses mainly petroleum based lubrication in automotive and engife uses.
Typical lubrication oil is made up of base oil and aes. Typical lubricating oil
contains about 9% of base oil and 1% ofadditives. Additives include metal detergents,

viscosity modifiersanti-foaming agents, pour point depressantgtc.

Historically adding lubrication between surfaces to reduce friction dates at least to 17th
century as residues of plant and animal oils are found from chariot axles and big
stones.In late 18th century mineral oils started to gaopularity along factory bloom.
Synthetic baseoilsi ncl udi ng P AOOG semarged in #950s torextlerneb r i ¢
conditions mainly for warfaras mineral oil tended to solidify that time because of their

high wax content, but synthetic oil could be used in subzero conditions on eastern and
northern fronts also in winter time®/i t hin 19506s and 19606s
popularity as theyauld bealso used imigh temperature uses, as in aviation engines and

metal work.
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By 197006s synt het ipubliouseinsautom®bileend hydracratkiadyo | e f
and hydrotreating were introduced as alternatives for solvent dewaxing addin@itrude
flexibility .56 Today lubricant oils are complex and tailored for specific needs and eco

friendliness are key develajirections. Newt ype | ubricants 9 nclud

In following subchapters basic use and important properties (viscosity, viscosity index,
TAN and TBN) are reviewedLubricant typedased on origin are alseewed(petroleum
based, synthetic and bmased).Main emphasisis in petroleum based automotive

lubricantsbut bio-based, synthetic and other phase lubricantalaceintroduced.

3.1 Viscosity and dassification of lubricants

Viscosity is one of the most importaieaturesn lubricant and base oils. ik expressed
as resistance to deformation orcalledinner friction of flowing liquidsunder shear or
tensile stresso thatless viscous fluidélow more freely There are different kinds of
viscositiessuch as dynamic, kinematic anbulk viscosity Dynamic viscosity(-)
expresses relationshvath Newtonian fluiddbetween shearing stre§9A) to therate of

deformation(AOTAG) and it is als@ddressed as absolute viscoéity.

- (1)

S| unit of dynamic viscosity is Pascal seconds (Pa s), but more used unit is Poise (P)
where 10 P equals to one P&&ematic viscosity isneasure of viscosity under gravity

and it isexpressed by dynamic viscosity to denéity.

Co- (2)

SI unit of kinematic viscosity is square meters per se¢ort) but more used unit is
stokes (St) and centakes(cSt). Bulk viscosity is present inompressible fluids that are
not under shear strelsat have internal friction when in compression or expandibare
are somenthernonSl-unit based viscosity measurasd grades used in lubricant and
base oilsuch as Saybolt universal second (SUSypb8Sk Furol seconds (SFS), SAE and
AP|.47
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Viscosity of oil keeps thick enough lubrication layer between surfaeagentingthem
from touching but also thin enough to redadelitionaldrag accordigto Stribeck curve
Viscosity is not constanwith changing conditions as depends from temperatuaad
pressureTemperaturelependence is measured with VI represents relationship with
viscosityand temperature and it is calculaldASTM standards in 40C and 100°C.

All hydrocarbon oils decrease in viscosity with increasing temperaBareerally higher

VI is favored as they maintain greater part of their viscosity in higher temperatires

seenm table 4where compared base oils had originally 4 ¢St viscdsity

Table4. Comparison of ifferent4 cStbase oils.

Parameter Test Method PAO 100N 100N 100NLP VHVI VHVI VHVI
SAE v I I I 1 1] 1]

KV at 100 °C, cSt ASTM D445 3,84 381 4,06 4,02 3,75 5,2 3,98
KV at 40 °C, cSt  ASTM D445 16,7 18,6 20,2 20,1 16,2 NR 16,61
KV at -40 °C,cSt ASTM D445 2390 Solid Solid Solid Solid Solid Solid
VI ASTM D 2270 124 89 98 94 121 127 141
Pour point, °C ASTM D 97 -72 -15 -12 -15 -27 -18 -38*
Flash point, °C ASTM D 92 213 200 212 197 206 210 225

*Probably pour point depressed
** \Jolatility at 250 °C after 1h, alternative is ASTM D5800

Vlis affected and it can be modified by base oil composition. Paraffinic saturates increase
VI while aromaticsnaphtheneandimpurities (mainly suflur) decrease Vas discussed

in chapter2.3. VI can be modifiedafter base oil productiowith additiveswhich are
widely used in multigrade oils. These include polymémsatcan bethought as polymer

coils which are tangled in cold and expand in high temperature increasing viscosity and
reverting out temperatureffect onviscosity Typical viscosity classifications include
SAE, API, ILSAC and ASTM fromwhich SAE and API are discussed in oncoming
chapters.Classifications and grades include number of tables thatdes®edto be
excluded from this thesis as thane easily findable fromomman literature and thegdd

little informational valudo basic theory§

Some baseils are still in SUS units and they candieided into four different classes:
low (90-150N) medium (208250N), heavy(500-600N)and lsight stock (very heavygs
expressen Chevron Information Bulletin 1%8. Additional letters are also used to

address oil type such is N that stands for neatndl SN for solvent neutral
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SAE defines oil gradee. viscosity characterists and engine can bauilt to certain
viscosity grade lubricant oil. API groups define oil type what oil composes of and

how it has been manufactured. Also API standards have minimum requirements in
lubrication, heat capacity and cooling efficiencyldney havecertificatesfor lubricants

meeting specific requirements (example ARA).°

Otherimportant properesof oils arepour point, TAN andTBN. Pour point is the lowest
temperature where oil will flow under standarditest conditions and it is relevant when
lubrication is used in cold conditions. Normally lubrication oils have pour poudiOato

0 °C. There are different pour points i.e. viscosity pour point and wax pour joiat.

acid number (TAN) measures increaf oil oxidation and also increased concentratio

of corrosive acidic compounds afdtal base number(TBN) represents reserve acid
neutralization capability of the oil. TAN and TBN cross themselves over time when oil is
usedfor long period of time

3.1.1 SAE

Society of Autemotive Engineers (SAEB3 U.S. based standardization organization with
emphasis in transport industrieSAE has widely used SAE 300 and SAE J 306
standard thatclassifiesautomotive engintibricant oils into 12 groups (OW5W, 10W,

15W, 20W,25W, 20, 30, 40, 50, 60) where W stands for winter. Groups have different
requirementsn different temperaturé hereis also similar classification fatutomotive

gear lubricant viscosity grades (70W, 75W, 80W, 85w, 80, 85, 90,1#1),©0 and
250). There are different requirements for different temperatumesxample for high
temperaturgequirements aras follows: minimum kinematic viscosity at 100 °C, high
temperature maximum kinematic viscosity at 100 °C and high shear rate tyisgtd$0

°C. All requirements can be found in SAE publicatiéns.

SAE classified lubricants can be divided immnograde or multi -grade. Monograde
fulfills one SAE viscosity standard where mugitadeneedsto fulfill two standards in
different conditions i.e. 15W/40 oil meets 15W standard in cold climate arsfadt@lard
in normal operation temperature. Currently majority of automotive oils are-gnattei
type where properties are achieved with additatgshas VEmodifier while monograde
usesareseasoal or restricted usécrude example beinigwn mowe) and g@plications

that are sensitive to Whodifiers®
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3.1.2 API lubricant grades

API lubricant grades (also known astock categoriep are widely used in petroleum

industry and itinclude five classes with some additional remarks. API groups are |, I,

[, IV and V, they are determined from viscosity index and manufactpriocesseseed

to obtain certain viscosity typ@PI 1509 Appedix E). Groups I, Il, and Il are for

petroleum based base odled somevi t+ho i n

addition for

PAO type oils (synthetic) and V is for all the rest (including synthetic anddsed).

Different API groups,corresponding/l, composition and manufacturing methods are

arranged intable 5%

Table 5. API groups and corresponding viscosity indexes (VI), coitipasand

manufacturing methofs

API Vi Composition Manufacturing type

grade

I 80-120 Saturates <9% and/or sdur >0.03%. Solvent extraction, catalyti

(Aromatics >10%) dewaxing, hydrofinishingprocesses

Typical base oils are 150SN (Solve

I+ 103108 Saturates <98 and/or sdur >0.03% neutral), 500SN. 150BS
(brightstocR

Il 80-120 Saturates > 9@ and sulfur < 0.08 Hydrocracking and solvent ol
catalytic  dewaxing  processe

I+ 113119 Saturates > 9@ andsulfur < 0.03%  Virtually all hydrocarbons are
saturated which increast
antioxidation properties.

I >120 Saturates > 9%, sulfur < 0.03%6 Manufactured furthefrom base oils

1+ >140 Saturates > 9, sulfur < 0.03% with isohydromerization

v - Poly-alphaolefins alphaolefin polymerization

(PAOSs)

Vv - i.e. Esters Modified vegetable oils  varies

(Other)

For more detailed chemical composition with API grades, see taBlel3ll classbase

oils arealso known as very high viscosity indexH{V1) oils orunconventionabase oils

(UCBO) by different manufacturer®ils with VI over 140 are also known astra high

viscosity index XHV1) oils.

spec
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3.2 Types of lubricants

Lubricants can be dividedy number ofways by their physical phase (solid, liquid),
lubrication properties, origiryseetc Here expressed division is based on their origin
crude oil basednineral lubricant oils, synthetically made lubricant @lsd bio-based
lubricant oils Other lubricants are shortly expressed butreaewed furtherDivision is
still quite artificial as many synthetic lubricant bagiés originate from petroleum
prodicts and petroleumis alsoconsidered biogeniBecause othis synthetic oilare

specified here to nam bae oils from other sources than crude oil.

Synthetic and mineral oil differences ayeite shallow as conversion of VGO to high
grade API Il oilsmodifies chemically over 8% of its componentand in some literature
highly modified mineral oil (APl grade 1ll) iaddresseds fully syntheti® There is
exponentially larger number of lubricamsall usescombined.e.industrial, aviatio and

marine Used oil is normally selected based ose andorice Synthetics have some
benefits when compared to petroleum based oils, but not all factors are better. Important
notice is also the price aareand far refined oils armore expensive #n basic oils as

seennm table 6

Table6. Western European List Prices for Lubricant Bais® March 200%

Fluid List price ($/ton) Relative priceto Group |
Group | base oils 370 1.0
Group Il (VHVI) base oils 600-700 1.61.9
Group Il + (XHVI ) base oils 900-1000 2.42.7
PAO 14001500 3.84.1
Polyalkylene glycols 23003500 6.0-6.6
Polybutenes 9501750 2.64.7
Diesters 23003500 6.29.5
Polyol esters 30004000 8.1-10.8
Phosphate esters 37505250 10.1-14.8
Alkyl benzenes 13501450 3.63.9

Current interest is in biodegradability and ultigh performance products i.e. alkylated
aromatics and especially alkylated naphthalenes as they have outstanding -thermos
oxidative and hydrolytic stability with good VA.
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3.2.1 Mineral lubricant oil

Petroleum based lubricant oils have carbon nurtypécally within Ci5-Cs0.2 They are
manufactured from high boiling crude oil fractiotisat are eithesolvent refined or
hydroprocesseds discussed ichapter 23. Chemical composition depends highly from
feed and processing histoand base stocks are composefithousands of different
chemical components artteir isomersunlike synthetic stocks that contain just few
chemically different molecule®.

Mineral lubricant oilscan be grouped in similatategoriesas crude oil:paraffins
(including nparaffins and isgaraffins) naphthenes (most commordycloparaffinsand
dicycloparaffins, but polycycloparaffins with 3, 4, 5 and higher saturated rings can be
present in smaller concentrationd)ineral based lubricant oils are graded with API
grades as discussed ¢hapter3.1® Chemical and physical comparison of same class
(150N) base oil with different APl groups can be seernle 7.

Table7. Comparison of 150N Basel @iPI groups |, 11, lIl, and I\?
API Group I Il 1] v
Processing Solvent Lube Hydro VHVI Synthetic

refined cracking PAO

Physical characteristics
KV at 100 °C, cSt 30,1 29,6 32,5 31,3
KV at 40 °C, cSt 51 51 6,0 59
\ 95 99 133 135
Pour point, °C -12 -12 -15 -60
Flash point, °C 216 222 234 240
CCS, viscosityat -20 °C, cP 2100 2000 1230 900
NOACK**, % loss 17,0 16,5 7,8 7,0
Chemical characteristics
Sulphur, ppm 5800 300 <10 <10
Nitrogen, ppm 12 4 <1 <1
Composition, wt%
Paraffins 27,6 33,4 55,5 100,0
Aromatics 22,5 3,5 0,8 0,0
1-ring naphtenes 20,8 30,2 20,4 0,0
2-ring naphtenes 25,9 17,2 12,1 0,0
3-ring naphtenes 2,9 9,3 9,1 0,0
4-ring naphtenes 0,3 51 2,1 0,0

5-ring naphthenes 0,0 1,1 0,0 0,0
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It is evident that higher API group presents higliér lower pour point and higher
flashpoint. These physical qualities are result of chemical composition. With higher API
group heteroatom concentration and aromatic fraction decreases while paraffin fraction
increaseskor example, extra high MII- API categorycontainsover 90% of paaffins

andonly trace amounts of aromatitss.

Solvent refining produces mainly low VI basds (APl | and API Il classes) and
Hydroprocessingvith isomerizatiorproduces high VI base oils (API 11l including VHVI
and XVHI base oils)Trend in lubricant base oils increase of high VI (AP1 Il including
VHVI and XVHI) products and decrease oftd/1 oils (mainly API I class). In 200#rst
time API Il andlll class oil productiorcapacitysurpassed thgroduction capacitgf API

| oils with clear trencas seennfigure 14.
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Refineries have significant investments in hydroprocessing technologies and several
breakthroughs in catalyst development and utilizatiasbeen madéo maximize feed
flexibility and VI retention® As reminder ofchapter 2.5lsomerized and saturated
paraffins are preferred and as they have higthemd lower pour point.High upside in
hydropiocessing is that itan be used to upgrade lower quality into high value high VI
base oilsMineral oil quality is related to portion of paraffins and monocycloparsaffin
Chemical difference between synthetic PAO (up to 100 % isomerized paraffins) and

cheaper API grade lll is getting smalfer.
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3.2.2 Synthetic lubricant oils

Synthetidubricantoils arechemically produced and they cannot be extracted troiahe
oil. Synthetic lubricantsre classified in API categories IV and V where PAO A
gradelV and everything else i$1iAPI grade V Syntheticswereused mainly as nickhe
product as thenadsome properties superior to mineral based bamts i.e. pour point
and VI buttodaysynthetic oilsmarket share is greand difference between PAO and

API 11l is getting smaller? Different synthetic oitypes can be seén table8.

Table8. Examples of di#rent synthetic lubricant types

Synthetic type Example

Pure hydrocarbons PAQO, PIO, alkyl cyclopentane:
alkylated aromatics

Oxygen containing hydrocarbons Polyalkylene glycols, carboxylit
acid esters, polyphenyl ethers a
polymethacrylates

Oxygen and phosphorus containing hydrocarbons Phosphoric aciésters

Silicon and oxygen containing hydrocarbons Silicone oils, siloxanes an
silicate asters

Fluorine and oxygen containing hydrocarbons Polyfluoroalkyl ethers

Fluorine and chlorine containing carbonscompounds  Chlorofluorocarbons an

chlorotrifluoroghylenes

Quantitativelymost important synthetic lubricantgsePAO, esters an®AO/esteiblends
as seenn table9. In addition, many synthetics especially different esters are used as
additives on base stocks because of their superior lubdoitypared to typical base

stocks®

Table9. Pathmaster Marketing estimated consumptions (tepssumptions of synthetic

Baseoils in western Europe between years 19902°

Year 1990 1996 1998 2000 2001 2002
Synthetic type(tons)

PAO 45 90 125 190 220 220
Esters 45 55 90 110 120 125
Polyisobutenes 22 28 38 46 50 52
Polyalkylene glycolg 15 18 23 25 25 26
Phosphate esters 4 4 5 5 5 5
Alkyl benzenes 8 9 11 11 11 11
Others 6 8 9 10 11 11
Total (tons) 145 212 301 397 442 450

*PAG content only.
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Most important synthetitubricant in volumeis poly-alpha-olefins (PAO) which are
practicallysaturated olefin oligometbkat can be categorized as parafflr80 was first
presentedby Gulf Oil Company andater Chevronacquired it Today PAO includes
catalytic oligomerization products of linear olefins with six to ten carbon atemsO 6 s
are producedn two-step reaction segnce from linear alphalefins. First step is
oligomer mixture production with catalyst (typically BFwith protic cocatalyst with
hydroxide group RH (such as water or alcohoBlphaolefins produce alphalefin
dimers, trimers, tetramers &t Second step after washing away catalysts is
hydrogenation of unsaturated oligomer and distillation ofeacted or unwanted
monomes. Hydrogenation is typically performed with metal catalyst (i.e.
palladium/alumina). Viscosity of product depends on used catalyst and higher viscosity
(40 and 100 cStPAO are produced with different catalysischas TiQs or alkyl
halides®>°

Other synthetitiydrocarbortype stock arepoly-internatolefins P10), GTL and esters

PIOi s produced i n si mi folefinsanreasechas feedstdnkiead P A OO
of alphaolefins®® Lubricant siitability of PIO is still being studieél.Gasto-Liquid

(GTL) usesFischerTropsch (FT) synthesisvax as feednd itis capable to produce

high gradefuels, chemicals and lubricating products from natural gas or sitedar
expensivdeed and this has gained merit for GTL. GTL and oth€&nfased oils are close

in compsitional comparison to PAOs and high A1 I+ mineral oils®

Esters are produced with classioaversible Fischer esterification between alcohol and
acid. Typical lubricant esters includarboxyl acid based estedsesters and polyolstas

but these represeonnly minute part of all ester productioBio-based esters typically

have quite poor thermoxidative stability as unsaturated fatty acids oxidize even at room
temperature. Because of the number of possible different esters, they provide almost

limitless structural and performance possibilifies.

3.2.3 Bio-based lubricant oilsand modified bio-lubricants

Biodegradable lubricant fluids have shown steady growth in last decad®agd
lubricant oils normallydefined asagricultural naterialsand their derivatives, suchs
animal fat,vegetable oils (VOand chemically modified VOS hesecan be considered

figreem as they are renewablepossesshigh levels of biodegradability, low aquatic
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toxicity and do not accumulate on the environmé&irst new age bidubricant oil was
used in 1996nvhen canola oil was used to pursue ecofriendly alternatives for vehicle
lubricants and now many lubricant oil vendors have developed products that use fully or

partially animal or plant based oifs.

Chemically bo-based lubricantgenerallymeancompounds with long carbon chains with
carboxylic acid or estergroups such adriglycerides and fatty acidShort triglycerides

or fatty acidchainsarewater soluble, but as chain length increases the water solubility
decreases. Linear (saturated) chains lads@high melting point and are mainly solids in
room temperaturémiting their use Most of VO compositios are triacylglyserols and
other oils irtlude free fatty acids, sterols, diglycerols &tegetable oils normallyclude

high portion of unsaturated fat$olyunsaturated fatty acids hadeuble bonds in
multiple sites up to typical aximum ofsix. Lipid peroxidatiorreadilyrises while degree

of unsaturation increaseBouble bonds can also lmnsbondsand thesdransfats

increasahermal stability but has little impact omeltingpoint®

Vegetable oils have in some applications (as in rolling, cuttingleawling)some better
propertiecompared to conventional oilscludingsuperior lubricity, good anticorrosion,
better viscositstemperatureharacteristicand low evaporation loss. Vegetable oils are
bad in coldenvironmentas they have poor lotemperatre fluidity and they have low
thermoeoxidativeand hydrolytic stability Highly unsaturated fats aegsovulnerable to

rancidification®

V O6 s cganeticalyeorchemically altered to improve cold environment properties
and oxidativestability together with additives, diluents or functional fluiddost of
chemically modifi ed bibd thesg areandoeel®xpensivé @déns a
common VOO6s or mi nMosteommdn &G ise sbybéan dil and the n t s
cheapess easly available VO worldwide while ther VO include canola, rapeseed,
sunflower, peanuts etc. Different chemifiabctional groupslepending ovO feedcan

be altered. @mmon functional sites are doulidends that can be epoxidized with acids

or hydrogenperoxide to produce epoxidized G i .idized seypearxoil (ESBO)
that is potential chemical product precursor with many materialst&®oxy sie can be
easily functionalizedESBO based diester derivatives, chemicalbydified soybean oil
(CMSBO), havegood oxidative stability and lossemperature properties in lubricant use
compaed to mineral based lubricartfs.
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3.2.4 Other lubricants

Other lubricants includenontliquid lubricants, i.e.solid lubricants agyraphite, metal
alloys,polytetrafluoroethyleneRTFEor brand name Teflorgnd molybdenum disulfide;
gaseoudubricantssuch as air cushior® air bearingsand phase mixturessmukions

and solutions.

Solid or dry lubricants are typically used in high temperature uses when liquid and oil
based lubricates cannot be selected. Main solid lubricants are molybdenum disulfide and
graphite where lubricating properties can be explained by layered structureeaikh
forces between layers as with graphhlief consensusas shifted once graphene was
noticed to lose its lubricative properties in spaaan& nonrlamellar structures express
good lubricating properties as weallich assoft metals, metal alloys andrse oxides.
Resent development in solid lubricants are nypooous polymeric lubricants (MPL)
where polymer structure contains small pores that can bd #8Ven over 50 0 with

lubricant. Plymer structure can absorb or release oil when ne@déd.

Gaseous lubrigas have lowest viscosity known and contrary to liquid lubricants their
viscosity increases with temperatuBaseous lubricants include air, nitrogen, helium and
oxygen. They can be used in ultrgh and ultrdow temperature uses such as
aerodynamic and aerostatic bearings, but their viscosity limits carrying capacity to much

smaller than with liquid or solidubricants>?

Phase mixtures and emulsiamntain many components possibly in different phases i.e.
waterin-oil emulsions and refrigerafiibricant mixtures. They are gically usedas
compromise for both source material qualities. Watesil mixtures contain water
emulsified in oil as fireresistant hydraulic fluids and it trades lubrication compared to
pure oil to fireresistivity. Refrigerators and aitonditioning gstems useefrigerant
lubricant mixtures that are strongly asymmetric and can contain complex phase behavior
suchas open and closed miscibility gaps, ligliglid-vapor equilibrium and density

inversions?



33

4 MS methods forbase andheavy oil samples

Mass spectrometiig one of the most important analysis tools in petroleomics eveh as o
samples ardediousto measure with mass spenmeter. Mass spectrometrgives
information of elemental compositiongindividual moleculesndit can be coupled with
other important analytical instruments, such as chromatography discussed in chapter
2.4.3. Using chromatographic separation methods with increasingly heavier oil samples
with heteroatoms becomes harder and more practical method is to ugeddalghion

massspectromely with direct insertion or infusion.

Difficulties with baseand heavy oilsr& result fromnonpolar andhighly complexsamples

in quite large mass range includirsgbaric ions withclosem/zvaluesalready without
fragmentation (i.e=C versus2CH (4.5 mDa)*CH versus?CD (2.9 mDa), and Hversus

D (1.5 mDa)) Qils also have low vapor pressure and thus high boiling point for
atmospheric pressure ionizatideachniqueswhere nonvolatile and thermally labile
samples are problematandpetroleum productsuffer from fragmentatioaven with soft

ionization methods

Base oil sample properties requeeft and suitable ionizingnethodwith high enough
resolutionn mass analyzeo distinguish peaks from another and short enough fiigss
time for sample not to fragmenthallenging petroleunsamples can be argueds
benchmark ofmass spectrometiethodperformancen some case?.For perspective,
positive ESIMS spectrum consisting of only polar components of crud€L6i?o of all

molecules)® with mass range between 200 and 80@can be seen ifigure 15.
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Figure13. ESI spectrum in positive ionization mode of crude’il.

In 2007there wag/et no robustMS method tocharacterizenolecular mass distributions
or chemical structuresbroadly of petroleum derived products abowe400450 Da
according to Alan A. Herodst al.*® overview Different ionization methodwith mass
analyzercan be used to attadifferent chemical informatioof petroleum samples with
over 450 Da mass rang®il sample results can be further analyzed dividimvagspeaks

to different groups and categories based on homologous series.

High resolution masgpectrometryHRMS) can assign ions from solvent processed base

oils (APl group ) into 38 hydrocarbon groups: Paraffins- (and ise),
monocycloparaffins, noncoedsed polycycloparaffins, condensed polycycloparaffins,
aromatic types (16 classes) having between 1 and 7 condensed aromatic or saturated rings,
aromatic types (16 classes) containingwuandaromatic types (3 classes) containing
oxygen API group | bae stocks have wider range of base stock components including

thiophenes and aromatittsan those thaire present in Group Il and 1ll base sto€ks.
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Other coping methods to ease complex petroleum analysighiy lexploitedgraphical

comparisorof Kendrick mass defect versus Kendrick mass plots, 2D or 3D van Krevelen

analysis (H/C ratio vs O/C ration or N/C ratio or S/C) and isoabunezmteured plots

of DBE and carbon numbers. Kendrick mass sets chosen fragment (typica)lyoCH

integer vale in Da. For example, CHs given value of 14 Da instead of IUPAC value

of 14.01565. IUPAC value mass defect versus nominal mass would give visually skewed

pl ot when compared to
can be seen digure 16 °"%8
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Kendrick mass plot gives faster visual evaluation of different compound classes (e.g. NO)

and different types of hydrocarbons differ in mass defect and distribution 0frGtips

than purely statistidalata would give?

In this chaptermass spectrometris generally introduced andommon petroleum

ionization methodsand analyersare discussedMethods capable to analyze nonpolar

samples are emphasizedt also some widespreadethods capable to analypelar

samplesare presenteth small extentObject is not to listll ionization methods and

analyzers as onlgmall portionare suital@ with petroleum based sampl&ifferent

ionization methods are discussectiapter 4.2and different analyzeiia chapter 4.3.
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4.1 Mass spectrometry

Mass spectrometdMS) distinguishes differentons based on theidifferent massto-
charge rat (m/2 by secondary measurement methods sudhghs time, flight path or
resonance frequenc$ample molecules are first ionized in ion source aed tbns are
separated by masmalyzer.Lastly ions ae¢ detected with ion detector together with
computer data syster®verview of MSmagnetsectorinstrument can be seemfigure

17. There are many kinds of ionization techniques for different kinds of samples and

number ofdifferentanalyzers that separdtms based on their mass"®

electromagnet
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Figure14. Basic principle of MS instrument withl ion sourceand sector analyz&?

Modern MS issensitive, rapid and informative analyticabl that can be used both in
guantitative and qualitative measurements from pure compounds and isotopes to
extremely heavy and complex mixtuiasall phases. MS methodse abledealdown to
101102 M analyte concentrationand wherthisis compa e d t o Avogadr o¢
(6.02210%) we can see that these methods get closer to absolute limit of amalysis

sensitivity®!

There are considerableumber of different assemblies of ionization methaudsss
analyzers and detectofSsew of many ramples of mass spectrometryses argrotein

sequencing and characterizatiodtug discovery by determining drugtructures
metabolites and disease biomarkersgenomics by determing oligonucleotide
sequencesgnvironmeral testingto analyzewater purity or food quality as well as

geology to carbon dating and petroleum conitjs®?
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MS can be combined witmumber of differentanalytical methods into saalled
hyphenated or hybrid techniqaieForexample,GC-MS stands for gashromatograph
connected to M&ndUPLC-ESHQ-TORMS consists of mass spectrometer whbere
is first UPLC that is Waters corporation trademarked high performance liquid
chromatograpland similar methods bgther competingnterprisedhiave abbreviateds
UHPLC. This is followed byESI which is sample ionization method byeetrcspray
ionization, Q stands for quagrole that can be used eithanalyzer or collision chamber

andTOF is analyzer method where different ions apasated by their time of flight.

According t o s &rtcd%ir SpecthdscopRmeysas 2013, MS demand

trend has been ascendant as more mass spectrometers are sold each year. MS focus ha:
been on clinical analysis sector that is the strongest industrial driver of demand for mass
spectrometers and RIS add up to 50% of all speotnder demand in 2012 as seen i

figure 18.
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Figure15. Worldwide demand for Mass spectrometric methods in 2912,

There are only few mass spectrometer manufactureserewhen considering risen
demand for MS equipmeniThere is still steep entry barrienainly due to design,
manufacture, marketing and support complexity. Major vendors and their market shares
have remained fairly consistent during the past decade but competitiszdpe has
shifted considerablyOne of the most recent trends include fimer6 s Or bi t r ap s

popularity as mass analyzer but has little available market shar® data.
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4.2 lonization methods

lonization method is tool ionize sample molecule for mass analyzer iffiedert
ionization methods can be used with heavysaihpledepending on studied properties
together certain mass analyzey® oneionization method is optimal for total spectrum
of oil samples and thereforaffdrent portions of crude oil and oil products @aized
with different ionization methods, i.e. polar components caarbeed steady with ESI,
volatile nonpolar components with FD and heatasphaltenes with LDI baseanbient
ionization methodse. Matrix assisted laser desorption ionizatiddALDI ) andtwo step
laser ionizatio(L?MS) .

One way to divide ionization methodsi@ source operatiopressureCorventional

ionization techniques operate high vacuum (El, Cl, MALDI, FAB/LSIMS, FI/FD)
from which El, CI and FI/FD useslso high temperaturesAtmospheric pressure
ionizationmethodsncludeESI, APCI, APPJAPLI and ARMALDI.

Newest and probablyost fasprogressing MS ionization field is ambient ionizat{é)
techniguesAmbient ionizationrmethodsare methodshat canonize samplesn situ(i.e.
pharmaceuticatesting and explosiveresidues).Some &amples ofAl include spray
basedchemical ionization based and also acoystit as Huanwen Ch&hpointed out
therearefi o v26 different ambient surface desorption/pastization methods fothe
analysis of medium to low volatility compounds have been described in the literature in

t he | ast Thereigustyaraionalityto address all of theimere

Progression and possible npalar sample capability shanymethodsmakes Al really
interesting field to followalso from petroleomics point of vieas they propose novel
petroleum ionization methoddviany of them display sametypes of limitations as
conventional ionization methods that thaye based on.df example, spray based
methods are less adequatedwize nonpolar samples as ksSl. Al techniquedave yet

very little literature on petroleum products and are therefore less expressed here.

Suitable ionization methods are capable to ionize nonpgthobarbons of wanted size
without excess fragmentatioBampleslemental compositiorsets requirementer mass

analyzerto distinguish differentlosem/zor isobaric ions
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According to A. Marshall and R. Rodgefs from 2008 suitable soft ionization methods
for nonpolar petrochemicals are APPI and FD with possible opportunitias. il and
LIAD. On same direction was BchauB® in 2005 proposing alsdow voltage El, Cl,
LDI (laser desorptiononization) APCI, MALDI and Fl Also Kenttdmaalabs from
Purdue University has developed petroleum ionizatimethodssuchas LIAD and
APCI®"R. Rodgers and A. McKenna wrote exhaustive reti@fipetroleum analysis in
2011 discussing many new advancements on broad scale mgrhatnpared ionization

methods.

ESI and ESI b a s e dto stubtlydpslar petrodeum paodugtiat Feactivel s e d
DESI is used to study petroleum produétSome other ionization methods have been
used for small petroleum studies but these are not addressed further as no additional

information of them is published to date.

4.2.1 El

Electron ionization (El, orformerly Electron Impact ionization) uses high energy
electrons, typically70 eV, to ionize sample. Electronare detachedy thermionic
emissiorfrom filament and they are accelerated towards collectorpitteslectric field
Evaporated ampleis flown between filament and collector.idgth energy electronsom
filamentionize some of the samplaolecules when enough energy is transferred and
electron can be expelled frobonding or nonbonding electron frasample molecules

but noactualelectronimpact happens?
0 Qo0 B ¢Q 3)

Producing predominantly positive radical ions as molecular ibyygcally 1020 eV is
transferred to molecule armpproximately 10eV is enough to ionize most organic
molecule and excess energy leads to fragmentztiExcesenergytransferredo sample
moleculefrom electroncan produce radica&lations,carbocation fragmenind different
ion pair formations by numerous different methadserviewof El ion source can be

seen irfigure 19.
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El is classical andhard ionization method because it carries large amount of energy to
sample which produces more fragmentation.This fragmentation and produced
fragmentation pattercan howeverbe used as information of molecule structase
different isomersfragment differentlyNumber of fragmentation patterns are included in
commercial libraries that can be compared to sample reguldrawback is that
fragmentation lowers molecular ioabundanceand makes spectra more complex.
Hydrocarbons demonstrate fragment pattern wetgs repeatedly lost as seerfigure

20.
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El in petroleum analysis can be used to ionize sample bypéhe problem with base oils
and lubricantshat El ionization causes fragmentation among base oils compldigty
fragmentation makes EI quite unsuitable for already highly complexddas®alysis and
molecuar ions of big molecules araall quantities cannot tsteadilyionizedas nmass
range islimited to approx.1000 D&° According to Alexander B. Fialkoet al.®
conventional Ewith mass analyzas poor at measuring other than minor components in
petroleum products geetroleum spectra typically exhibits dominant low mass fragments

andthe spectra are quite simit@reach other

One useful method of petroleum EIl analysi®w voltage Ekexpressed already in 1988
by Thomas Azcel and C.S Hduwhere El used0-18 eV instead of 7&V to reduce
excess fragmentatiofhis is supported with study ynmei Fu? thatdemonstrated that
low voltage EI coupled with FTCR is viable method that can be used to study even
moderately heavy olil fractions and VGOs Other EI ionization option to reduce

fragmentation is CokEEl discussed ichapter 4.1.2

One important use of El with petroleum products isigdbility tooil spill identification
with standardASTM D5739 fi Oi | Idenpificdtidn by Gas Chromatography and
Positive ElectronImpactLow Resolution Mas$Sp e ¢ t r o Thes tA8TIM Gtandard is
from 1995 andit was updated in 2013 This application ofEl is importantevenin
Finlandwhere it hasdrge border with Baltic Seahich traffics high quantitiesf crude

oil and oil products. Fingerprinting and identification of oil spill reduce historical

Amystery spillso as oiohchapteri2g.i n can be i d:¢

4.2.2 Cold- El

Cold-El, also known as supersonic GC/N&Sdeveloped by Aviv Analytical LTRnd its
Director Aviv Amirav.3Cold-El isbased on conventional El, butigesultra-low sample
temperaturedefore ionizatiorreducing fragmentation GC effluent is expanded with
makeup gashroughsmall nozzle. This resdin supersonic expansion and molecular
beam formation that reduces rotational and vibrational energies of sample molecules
within the beamTemperature drops from transfere temperature (up to 35C) toeven

-253°C and excess carrier gas is skimmed oSeen m figure 21.
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Figure21. Basic principle of ColeEl ion source’”

According to PerkinElmer Application ndfe Cold-El limits fragmentatiorbut it does

not fully eliminate allof it and different fragmentatiorpatterrs canstill be usedfor
spectral library searchefRepresented studied molecules were both linear up- to n
heptacontane (fg) as well as branched squalane where all relative molecular ion peak

intensities were enhanced

Generally larger molecules havexponentially greater relative molecular ion
enhancement with ColEl when enhancement factor and carbon number is plotted

Comparison of El and Colel can be seen with-Dotriacontane spectra figure 22.
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Figure22. Comparison of El and Coll mass spectrum ofDotriacontane?

Cold-El is more suitable faneavy andase oil analysis than common EI and major-MS
vendors havesuitable analyzerand even applications with Cold-El for example
PerkinElmer AxIONIQT™ GC/MS/MS mass spectrometer making GBEId more

serviceable when compared to ot market niche products.

Downsides of ColEl arethat cooled molecules can reheat via refleeedscattered
helium atoms near skimmer. Furthermore as Aviv Amiedval.® pointed in their
publication, desired molecular ions can go through undesirable colirgioced
dissociation in similar manner as in tandem mass spectrometry and magnitude of
dissociated molecules can be significant for Ebiydrocarbon ions as in petroleamd

base oilsamples
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Cold-El can be enhanced in some measurements using low voltage ionization in El as in
Aviv Amirav et al research first in 1998 and further in 2018 where theydevelogd
combination of low voltage (18V) andcold-El. Since 1995 vibrational cooling has been
improved and CokEl was combined with advanced commercial GC/MS. They also
modified ColdEl parameters such as nozzkeammer distance and helium pressure to
reducegreatly unwanted collisiemduced dissociation. This ionization method was

determined as soft coldl.

Petroleum samples have been studied broadly by-Eldthce 1995 when first Coll
and Soft ColeEl utilizing analysis of hydrocarbons was pghkedby S. Dagan and A.
Amirav. Theystudiedsuccessfullystraight alkanes from €to Ci0 as well as branched
squalane, heteroatomic methylstearate, clorohexadecanesbramdexadecane and
dioctylphtalate’®

Alexander B. Fialkov along with Aviv Amirav and Alexander Gorirz008analyzed
petroleum fuels( di e s e | fuel and kerosene) by nt
transformer oils with fast (2 s) sampling without separation for oil and fuel
fingerprinting.GC-MS is extensively used in areas of oil fingerprinting especially within
range of biomarkers and used C&d broadens G@AS usability exponentially as

identification could be done in ~<2'°

Reducing iorzation voltage below 18V resulted in marginally increased molecular ion
abundancdut ionization yiéd dropped steeplySoft-Cold-EIl was utilized successfuy
in measuring squalene thegular ion with good intensity comparedtdeV ColdEIl or

conventional El. Effect of ColEl and SoftCold-El can beseenm figure 23.7°
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Figure23. Comparison oSoft-Cold-El, Cold-El and El of squalené?®

Cold-El hasalsobeenused successfulipn JP8jet fuel analysis togethevith Pulsed Flow
Modulation GCxGEMS by U. Keshetgt al’’ Pulsed Flow Modulation GCxG®IS is

two dimensionalGCxGGmodulator that does not consume cryogenic gases thus limiting
operation costsThis method was hyphenated as PIMGEXGCGMS and it was further

developedand commercializetly Aviv Analytical LTD.

Cold-El shows promising results from petroleum products and bastSoiieasurements
especially together with low voltage Edndering it as sofbnization method. ColEl

and SoftCold-EI combines gas chromatography methods and mass spectrometric
methods fluently together enabling novel petroleum related methods. BotteCaral
SoftCold-El are relatively new methods angete is still relativet little independent

research done with it to elwate its suitability further.
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4.2.3 APCI

Atmospheric Pressure Chemical lonizati@PCl) is atmospheric pressure ionization
method related to chemical ionization. AP@ilizes ionization of gaseousamplein
normal atmospheric pressure via APCI probe and corona discharge itasdiasedn

two consecutive ionizationgygt ionizationhappens whegas reagenduch asnethane

or ammoniais ionized wih electrons inhigh voltagecorona discharge anceand
ionization happens whethis ionized reagentgas ionizes sampleapor with example
proton transfer, proton abstraction, adduct formation or charge exctiawign non
polar samples, discharggased ionization methods typically occurs by charge transfer
and hydrideabstraction ionization pathway8 Overviewof APCI ion source cabe seen

infigure 24.
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Figure24. Overview of APCI ion source Property of ThermeScientific.”
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APCI can be consideremk soft ionization method and results in simpler spectrum than
energeticionization methods such as Blut many possible ionization routes result in
multiple molecular ionslonization routes depend largely from used reageaking

spectrgpossibly highlycomplex.

APClis more efficient than CI because in atmospheric pressure there is higher collision
frequency better ionization effiierncy and it is softer than Cl due collisional cooling

where ions collide softly with gas atoms decreasing internal gnBagvnside is that

APCI can produce different ions from same compound that can be hard to distinguish

from others moisture and sample vaporization can be problematic and reagams
selective in some exteritike otheratmospheric pressure ionizatiomethods, APCI can
be coupled with prioseparation methods such as LC or & it is therefore popular

with trace analysis angsharmacologicatudies>®

One of firstpromisingpetroleum APCI studies were conducgertcessfullypy Suzanne

E. Belf®in 1994. Bell studiedon mobility and ionization pathways alkanes, alkenes
and cycloalkanewith APCI, CEMS and IMS Bell concluded that APCI ionization of
alkanes favorethydride abstractiomver proton transfer pathways resulting in-QIyI*

and [M-3] *ion formationsas proposed for cyclohexane on fig@ke

"/a// \b;
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[M-1]+H_0 . g [m-3}+ H,0
2 A+
A: Primary carbonium B: Secondary carbonium C: Secondary carbonium
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[F~1] H,0 . [*2~]H0
N
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Figure25. Proposed APGMS i oni zation of cyclohe®¥ane

Results were utilizablurtherbut thee were some problems widxcessragmentation
of molecular iong° Further studies showed that high molecular weight alkanes can be

ionized intact by using ligateshetal ion chemistry by cationization methods for example
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with silver catiors by Gracest al8!in 2005and Roithovaet al®?in 2007, or by transition

metals (FeCo andNi) by Jacksoret al®® already in 1986.

N. Hourani and N. Kuhnéttstudied ionization of pure model compounds and motor oil
samples with APCI in 201Z'heir approach was optimize APCITOF-MS in positive
ionization mode specifically fdnard to ionize compounds. They managed to ionize all
model compounds without any atides and without fragmentatiéfh Same research
group in the same yedevelopedAPCI method 6ér nonpolar compounds further. They
developed and testedvel directinfusion APCI method for heavy hydrocarbon analysis
This was reported to produo®inly [M-H]" ions between ¢ and Gounder nitrogen gas
source from light shredder wastéis study vas successful in measuring model molecule
mixtures and real life shedder waste samples effectively, but quantification was
problematic as few alkanes did not respond effectively in additional experiments with
APCI-TORMS and it is yet to be applicable foyutine analysis of waste samples due to

high investment and instrument co%ts

APCI-MS has been used to study petroleum products and lubricants in some extent and
it has beeround useful with oil samples in Purdue Ueisity withlinear quadrupole ion

trap (LQIT) andFT-ICR analyzer For example APCWwas usedvith CIMn(H20)* and
laserinduced acoustic desorption (LIAD) study byKenttamaaet al®®8” LIAD is

further discussed inhapter 4.2.7.

C. Jin et al® compared APGMS and FIMS for analysis of large saturated
hydrocarbonsAPCIl was combined with LQIT and FI wittouble focusing sectobDES)
analyzer.Hydrocarbon class distributions were measured from lubricant base oils and
APCl was found to yield average molecular weights and distributions over three lubricant
base oils. AEBI-MS measurementeproducibility was found to be substantially better
while paraffinic content and carbon chain length increase with viscosity was Stilar.
This suggestthat APCImight overtakepopular FI-MS in heavy petroleum analysis.
APCI with LQIT was also used by Gat al®® who studied wide range of saturated and
unsaturatethydrocarbonsvith HPLC/APCI. By using pentane, hexane and cyclohexane
as solvent/reagent they were able teasure linear anranchedalkanes with low

fragmentation.
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Direct analysis in real time (DARIYS utilizes penning ionization and was used to
evaluate PAH measurements and crude oil analysis by Ruetna&® in 2010. They
useda custombuild DART coupled with FIICR for NIST Heavy Sweet crude oil
samples that could be measured for long times and resulted in batd eadl protonated

molecular PAH ions. This method was limited to relatively low boiling comporéfits.

Recent interesting new ionizationethods include atmospheric solid analysis probe
(ASAP) and its GC combined ensemble APGC by C.aWal’® in 2015. ASAP and
APGC were able to measure paraffins, isoparaffins, and alkylbenzenes standards with
high expectatio that it could also be suitable for heavy saturate petroleum fractions.

4.2.4 APPI

AtmosphericPressure Phottonization (APPI) is soft ionization method thates 1M

eV and 10.6eV photons fromkrypton dischargelamp to ionize compounds with
ionization energiesunder photon ionization energyThis selectively ionizes suitable
sample moleculebut not typical solvents and gaes APPI ionization efficiency can be
increased by dopamsuch as toluenthat acts by proton transferaations and results in

even electron ions i.gM+H] ™.

APPI has beertombined with FTICR for few reasons: APPI ionizes broader range of
compound classes and its spectra contagmsarkablymore peaks thain spectra
measured usingSFMS. SecondlyAPPI generatesadical cation[sl\/l]’s* that can further
abstract proton from abundant solvent to f¢k+H]* ions from same molecule, making
it necessary to resolf&]* with *3C from[M+H]* with 2C that havenass differencef

only 45 mDa®>®!Basic principle can be seanfigure 26.
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Figure26.Basic operatioprinciple of APPlion source”®

Suitability of APPI with wanted sampléepends on ionization energy rather than proton
affinity aswith ESI and APCI. APPtan ionize wideangeof polaritiesand it istolerant

to matrix components of HPLC additives.

Current petroleum related research usiA§Pl is related to environment and biotic
samples and tracking or ganAPPIl hgs ®Vehrgatea n t
sensitivity than moreommonly usedESI with unconjugated steroida Yamamotoet

al.% research. They were able to measure telavel of ng/L from water samples.

Pengxiang Yanget al.”® found that APPI was most suitable ionization noek when
compared with ESI and AP@lith mass analyzelo measure petroleum sample in their
brief comparison in collaboration with Thermo Scientific. APP1 was complementary with
ESI and APCI where ESI could ionize polar and light samples, APCI polar anadf pa
nonpolarwith medium weight samples and APPI mostly nmap and heavy samples as

seenm figure 27.

















































































