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ABSTRACT: Identification of the heteroatom (nitrogen, sulphur, and oxygen)- containing compounds of petroleum is of key im-

portance when considering industrial and environmental issues associated with crude oil production. The more commonly performed 

methods of crude oil fractionation are often insufficient in the extent to which they separate oils, not allowing defined ‘molecular’ 

fractions to be obtained. Methods capable of performing a class type separation are uncommon and are often extensive, and resource 

and time intensive. Here we report a method for the separation of crude oils into discrete compound classes. The method utilizes both 

ion exchange and normal phase chromatography to generate fractions of saturate hydrocarbons, aromatic hydrocarbons, basic com-

pounds, naphthenic acids and other oxygen containing species, carbazoles, sulfones, and thiophenes from small crude oil samples 

(~0.5g). Method validation with a suite of model compounds has shown the fractions to be well-defined; with classes of model 

compounds isolated within discrete fractions. Application of the method to five crude oils of varying API gravity (12.1-38.3°) demon-

strates a potential for wide-ranging use. Sample recoveries were high (93-103%) once corrected for evaporative losses, as was re-

peatability, demonstrated by triplicate analyses of model compound mixtures, oils spiked with model compounds and oils alone. 

Separation selectivity was further demonstrated by application of the scheme to the Alaska North Slope (ANS) crude oil and analysis 

of fractions by comprehensive two dimensional gas-chromatography mass-spectrometry (GC×GC-MS) and/or liquid-chromatog-

raphy high-resolution accurate-mass mass-spectrometry methods (LC-HRAM-MS). Isolation of discrete fractions then allowed ex-

cellent separation (by LC and GC methods) of carbazole, dibenzothiophene, fluorenones, xanthones, and quinoline fractions. Indi-

vidual parent and C1-5 alkyl homologs were easily separated (GC×GC-MS) allowing high quality mass spectra (EI) to be obtained for 

the individual compounds in many cases. Analysis of fractions by GC×GC-MS also allowed a series of thioxanones to be identified. 

The inherent molecular complexity of crude petroleum is such 

that detailed compositional investigations must ideally be pre-

ceded by some form of pre-fractionation. Such investigations 

into petroleum composition are often focused on the nitrogen, 

sulphur, and oxygen (NSO) containing or so-called ‘polar’ 

compounds, with interest in these heterofunctionalised com-

pounds covering many subject areas. For instance, nitrogen 

containing compounds in crude oils are present as both neutral 

(indoles, carbazoles, and pyrroles), and basic nitrogen (pyri-

dinic and quinolines) species. Interests in these compounds are 

primarily focused on their tendency to poison processing cata-

lysts [1-3], reduce product stability [4], and on their associated tox-

icity in environmental scenarios (i.e.[5]). Likewise, major sul-

phur containing compounds in crude oils are sulfidic and thio-

phenic compounds; both are also of environmental concern [6], 

and the latter are thought to be molecular tracers for migration 

distances [7]. Oxygen-containing compounds are predominantly 

present as both naphthenic acids and phenols [8], but also as ke-

tones; including functionalised aromatic molecules [9, 10]. Naph-

thenic acids (NA) are responsible for a number of issues 

throughout oil extraction and refining processes. These include: 

corrosion during refining, storage and transportation [11, 12], tox-

icity [13, 14], and the formation of calcium naphthenate deposits 

in production equipment and refineries [15]. To facilitate inves-

tigations into such subject areas, crude oils are routinely frac-

tionated into bulk classes used to represent properties of the oil 

(e.g. asphaltenes, defined as a solubility class, total acid number 

(TAN) and total base number (TBN) by titration). The last sev-

eral decades have seen the development of a substantial number 

of methods for crude oil separation. The most common are the 

so-called SARA (Saturates, Aromatics, Resins, and Asphal-

tenes) type separations. After the initial SARA separation was 

introduced by Jewell et.al. [16], significant numbers of SARA 

separations were developed (e.g. references[17-28]), utilising a va-

riety of solid phases, techniques, and detectors. The drawbacks 

of these methodologies are well known (summarised [29, 30]), 

with commonly identified issues including method inconsisten-

cies, poor precision and repeatability, cross-contamination, and 

obligatory de-asphalting steps. Whilst recent developments in 

SARA methodologies do allow separation of whole crudes (uti-

lising PTFE packed columns and heptane solutions to precipi-

tate asphaltenes online) [31-33], in practice few labs are equipped 

to perform such separations. Although employing SARA meth-

ods can quickly provide fractions of saturated hydrocarbons for 

rapid gas chromatography (GC) analysis, compositional studies 

into the more complex resin and asphaltene fractions require 

further fractionations and studies commonly employ ultra-high 

resolution mass spectrometers (uHRMS; e.g. resolving power 

>100,000) [34-36] to attempt to overcome the complexity. The use 

of uHRMS (e.g. FT-ICR-MS and orbitrap MS) is regularly ap-

plied in petroleum analysis but does not provide information 

concerning molecular structures and even assigning functional 

groups can be difficult. For example, in excess of 20,000 mo-

lecular formulas can be assigned in a single mass spectrum (e.g. 
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[37, 38]) but no information on isomeric structures for the assigned 

formula are then available and functionality must be predicted. 

As issues such as toxicity [39], catalyst poisoning [40], and depo-

sition [41] are often structurally dependent, the importance of a 

complementary combined approach, enabling chemical, molec-

ular and structural characterisation must be stressed.  

Less commonly reproduced are the extensive, class-type sepa-

rations [42, 43], and more targeted crude oil separations (e.g.[10, 44-

46]). Historically, class-type separations are laborious, generat-

ing large numbers of fractions (e.g. [43]: 36 fractions). Many nor-

mal phase separations result in significant losses due to irre-

versible adsorption (summarised [47]) and require asphaltene 

precipitation prior to separation. Despite the drawbacks, this ap-

proach has many benefits, the most significant being the ability 

to collect fractions based on compound class. Many of these 

methods utilise both ion exchange (IEX) and normal phase 

chromatography to generate fractions. Those methods utilising 

IEX more commonly apply anion exchange (AX) chromatog-

raphy [43, 48-51] as the initial point of separation and more rarely, 

cation exchange (CX)  chromatography [15, 44]. Removal/isola-

tion of higher polarity/ionic species results in substantially re-

duced losses due to irreversible adsorption to normal phases and 

also removes the need for de-asphalting steps, thus allowing 

whole crudes to be separated. Despite the common implemen-

tation of a primary AX step, the effectiveness of the CX step at 

reducing the matrix complexity of samples prior to separation 

by AX, whilst maintaining integrity of acid fractions has been 

demonstrated [15]. The consequence of such a large number of 

separations is the accumulation of substantial data sets for dif-

ferent crude oils that are to a large extent, incomparable. The 

limited specificity and poor recovery provided by SARA sepa-

rations and the extensive number of fractions arising from the 

more compound specific separations suggests that a cheap and 

reproducible method for the separation of compound classes 

from crude oils would be advantageous.  

Here we report a new method for the comprehensive separation 

of crude oils, which separates oils into fractions based on the 

functionality of the various compound classes in oils. We em-

ployed the use of authentic compounds representative of many 

compound classes known to be present in crude oils. This al-

lowed the creation of an optimised scheme in which class loca-

tion could be reliably predicted for crude oil separations. The 

developed separation allows collection of 12 separate fractions 

from crude oils samples: saturates, aromatics, basic compounds, 

NA and other oxygen containing species, carbazoles, sulfones, 

and thiophenes.  

Extraction solvents, authentic compounds and samples- Sol-

vents used for separations were at least HPLC grade (Rathburn 

Chemicals, Scotland): n-hexane, dichloromethane (DCM), tet-

rahydrofuran (THF), and toluene, except diethyl ether (DEE; 

reagent grade, Rathburn Chemicals, Scotland). Water (H2O) 

was 18.2 MΩ cm-1 grade (Elga Maxima Analytical; Elga Ltd., 

U.K.). Acid-base modifiers were reagent grade, formic acid 

(FA, 95%; Sigma-Aldrich Company Ltd., U.K.) and ammo-

nium hydroxide (35%; Fisher Scientific, U.K.). All model com-

pounds were purchased from suppliers at ≥97% purity (con-

firmed by GC-MS analysis): adamantane carboxylic acid, 5 β-

cholanic acid, dibenzyl disulfide, dibenzyl sulfoxide, dibenzo-

furan, dibenzofuran-4-carboxylic acid, dibenzothiophene sul-

fone, 4-dibenzothiophene carboxylic acid, fluorenone, 5-ni-

troindole, 4-pentylbicyclo[2.2.2]octane-1-carboxylic acid, 2-

phenyl phenol, phenanthrene and xanthone (Sigma-Aldrich 

Company Ltd., Poole, U.K.), benzo[h]quinoline, dibenzyl sul-

foxide, dibenzothiophene, fluoranthene (Acros Organics, Bel-

gium), and benzo[a]pyrene (Supelco Inc., Bellefonte, USA). 

Crude oils were obtained as follows: Alaska North Slope 

(ANS), Kuwait Blend and Brent crude from British Petroleum. 

Bonga crude was provided by the Nigerian National Petroleum 

Company and Tijuana Pesado crude from Royal Dutch Shell 

(Table S2 lists bulk crude oil properties). 

Method of Crude Oil Separation- Crude oil fractionations 

were based on a modification of the method used by Sutton and 

Rowland [15] and the sequential procedure is shown in Figure 1. 

Crude oil was first homogenised (1 hr, Stuart SSL1 Orbital 

Shaker, 100 rpm) and ~0.5 g was accurately weighed into a 7 

mL glass vial. The crude oil was diluted in DEE/H2O/FA 

(7mL;0.1%/0.1%; v/v/v) and mixed (vortex, 10s) before being 

introduced onto a sequentially pre-conditioned (20 mL, 0.1% 

FA (aq); 10 mL, H2O; 20 mL, THF; 20 mL, toluene; 20 mL, 

DEE; flush dried between eluents) strong cation exchange 

(SCX), solid phase extraction (SPE) cartridge (DSC-SCX, 12 

mL, 2g; Sigma-Aldrich Company Ltd., Poole, U.K.). Fractions 

were sequentially eluted from the SCX cartridge under vacuum 

(-0.1 bar) with the following solvents: DEE/H2O/FA 

(20mL;0.1%/0.1%; v/v/v; SCX0), toluene (20 mL; SCX1), 

THF (20mL; SCX2), THF/H2O/ammonia (20mL;0.1%/2%; 

v/v/v; SCX3), and THF/H2O/ammonia (20mL;0.1%/5%; v/v/v; 

SCX4), flush dried between eluents. Solvents were subse-

quently removed under nitrogen at suitable temperatures (DEE, 

THF: 30 ºC, toluene: 70 ºC). After drying, fraction SCX0 was 

diluted with DEE/H2O/ammonia (7mL;0.1%/0.1%; v/v/v) and 

applied to a pre-conditioned (20 mL, 1% ammonia (aq); 10mL 

H2O; 20 mL THF; 20 mL toluene; 20 mL DEE) strong anion 

exchange (SAX) SPE cartridge (DSC-SAX, 12 mL, 2g, Sigma-

Aldrich Company Ltd., Poole, U.K.). Fractions were sequen-

tially eluted from the SAX cartridge under vacuum (-0.1 bar) in 

the following solvents: DEE/H2O/ammonia (20 

mL;0.1%/0.1%; v/v/v; SAX0), toluene (20 mL; SAX1), THF 

(20 mL; SAX2), and THF/H2O/FA (20mL;0.1%/2%; v/v/v; 

SAX3) flush dried between eluents. Fractions were dried under 

nitrogen (DEE, THF: 30 ºC, toluene: 70 ºC). Separation on sil-

ica was conducted using a sub-sample (~0.1g) of fraction SAX 

0 which was diluted in n-hexane (100 μL) and applied to a se-

quentially pre-conditioned (10mL, THF; 10mL, DCM; 10 mL, 

n-hexane) silica SPE cartridge (Isolute® SI, 1g, 6 mL, Biotage 

AB, Sweden). Fractions were sequentially eluted from the silica 

cartridge under vacuum (-0.1 bar) with the following solvents: 

n-hexane (10 mL; S0), DCM/n-hexane (20%/80%, v/v; 10 mL; 

S1), DCM/hexane (50%/50%, v/v; 10 mL; S2), DCM (10 mL; 

S3), and THF (10 mL; S4).  Solvent was subsequently removed 

under nitrogen at a suitable temperature (30 ºC). 

Method Development- Development of separation procedures 

was focused first on achieving maximum recovery from the sep-

aration of a crude oil. Alaska North Slope (ANS) crude oil was 

subject to the framework: SCXSAXSilica, and a solvent 

scheme developed to enable maximum recovery. Experimenta-

tion utilising IEX highlighted substantial variations in isolated 

fractions (gravimetric and compositional) depending on the or-

der in which SCX and SAX separations were conducted (Figure 

S1); recovery of basic compounds was considerably lower if the 

sample had been previously subject to SAX chromatography. 
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On introduction of crude oil samples to SCX cartridges, floccu-

lation and subsequent deposition of a black ether-insoluble ma-

terial (Figure S2A) was observed. Utilisation of a toluene wash 

readily solubilised and eluted (Figure S2C) the bulk of the de-

posited material and resulted in an “asphaltene” type fraction.

 

Figure 1. Flow diagram for the compound class separation of crude oils into discrete compound classes. Fraction numbers are related to 

solid phase extraction phase, e.g. SCX = strong cation exchange, SAX = strong anion exchange, S= silica; suffix 0 refers to non-retained 

fractions and positive integers to the order of elution from SPE cartridges. Elution solvents and location of model compound elutions are 

listed along with the fraction label 

(Figure S2B). Experimentation with previously employed sol-

vents for the removal of basic material, modified methanol [43, 

44] and binary mixtures of THF/DCM [52], showed these to be a 

poor choice; solubilising only a small fraction of basic materi-

als. Neat THF proved the most appropriate, capable of solubil-

ising the higher volumes of modifier necessary to elute the more 

strongly exchanged compounds. Subsequent introduction of the 

un-retained SCX fraction to an SAX cartridge facilitated isola-

tion of petroleum acids. Further fractionation of the materials 

not retained by SCX and SAX was required to separate “neutral 

polar” compounds from bulk hydrocarbon material. Four 

phases commonly used in crude oil separations: unbonded silica 

(SiOH), alumina (Al2O3), and both cyano ((CH2)3CN), and 

amino propyl ((CH2)3NH2) functionalised silica, were evaluated 

for their ability to separate such un-retained fractions. Maxi-

mum retention of aromatic and NSO containing compounds 

was observed with separation on silica. An n-hexane-DCM 

stepped gradient was employed to separate non-ionic polar 

components from the hydrocarbons. Elutions of n-hexane and 

20% DCM-n-hexane allowed isolation of saturate and aromatic 

hydrocarbon fractions with subsequent elutions removing the 

more polar constituents. 

“Model” Compound Mixture- Method validation was 

achieved by the application of the separation scheme to a mix-

ture of 19 model compounds (Table S1). Model compounds 

represented polar and apolar compound classes known to be 

present in crude oils and included: PAHs, sulphides, sulfoxides, 

thiophenes, sulfones, furans, phenols, ketones, carbazoles, 

quinolines, nitro compounds, and NA (including additionally 

functionalised acids). This mixture was separated both as the 

neat mixture and as a mixture spiked into ANS crude oil. 

Briefly, 1 mL of the model compound mixture (0.2 mg mL-1 per 

component) was syringed into each of two glass vials. The sol-

vent was evaporated (N2, 30 ºC) and ~0.5 g of Alaska North 

Slope (ANS) crude oil was added to one of the vials and soni-

cated (10 mins, 30 ºC, Camlab, CamSonix C275T). Both vials 

were then subject to the separation as described previously. Col-

lected fractions were analysed by gas chromatography-mass 

spectrometry (GC-MS) and the compounds located within the 

scheme, allowing the prediction of compound class location. 

Quantitation of compounds within fractions was made by com-

parison with a 5-point calibration series for each compound in 

the mixture (1 mg L-1, 5 mg L-1, 10 mg L-1, 15 mg L-1, 25 mg L-

1) and data were processed using the Mass Hunter suite (version 

B.07.00; Agilent Technologies, UK). Acids were analysed as 

their trimethylsilyl esters (excess of BSTFA added to injection 

vials prior to analysis and left to stand for 1 hour). Having opti-

mised the separation scheme for recovery from the ANS crude 

oil and validated it using a suite of model compounds, both 

alone and when dosed into the ANS crude oil (triplicate separa-

tions), the method was applied to five crude oils of varying API 

gravity (12.1-38.3°). 

Instrumental Analysis- GC-MS analyses were conducted us-

ing a 7890A gas chromatograph interfaced with a 7683B au-

tosampler and a 5975A quadrupole mass selective detector 

(MSD; (Agilent Technologies, UK). Helium carrier gas was 

used (constant flow; 1.0 mL min-1) and samples (1 μL) were 

injected into a split/splitless injector (splitless; 250 °C) onto an 

Rxi-1ms (Crossbond 100% dimethyl polysiloxane) fused silica 

column (30 m x 0.25 mm × 0.25 μm; Restek Corporation, 

USA). The oven was programmed from 40 ºC (1 min hold) to 

300 ºC at 10 ºC min-1 (10 min hold). The MS transfer line was 

maintained at 280 ºC and the ion source at 250 ºC. Mass spectra 

were scanned in electron impact (EI) full scan mode (-70 eV) 

from m/z 50-550 and recorded using Chemstation (version 

F.01.01.2317; Agilent Technologies, UK). System suitability 

was routinely checked using the internal calibration procedure 

and PFTBA calibration compound. 
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Comprehensive two dimensional gas chromatography-mass 

spectrometry (GC×GC-MS) analyses were performed using a 

7890A Gas Chromatograph (Agilent Technologies, UK) inter-

faced with a Zoex ZX2 GC×GC cryogenic modulator (Zoex, 

Houston, TX, USA) and a Markes/Almsco Bench Tof dx™ 

time of flight mass spectrometer (Markes International, 

Llantrisant, Wales, UK). Helium carrier gas was used (constant 

flow; 1.0 mL min-1) and samples (1 μL) were injected into a 

split/splitless injector (splitless; 250 °C). The first dimension 

column was a 100% dimethyl polysiloxane (60 m × 0.25 mm × 

0.25 μm) Rxi®-1ms (Restek, Bellefonte, USA), and the second-

dimension column was a 50% phenyl polysilphenylene siloxane 

(2.5 m × 0.25 mm × 0.25 μm) BPX50 (SGE, Melbourne, Aus-

tralia). The oven was programmed from 35 ºC (1 min hold), to 

120 ºC at 5 ºC min-1, then to 280 ºC at 2 ºC min-1, and finally to 

320 ºC at 5 ºC min-1(10 min hold). The hot jet was programmed 

to a temperature of 105 ºC (1 min hold), heated to 190 ºC at 5 

ºC min-1, then to 350 ºC at 2 ºC min-1, and finally to 390 ºC at 5 

ºC min-1. The secondary oven was heated from 85 ºC (1 min 

hold) to 170 ºC at 5 ºC min-1, and finally to 330 ºC at 2 ºC min-

1(10 min hold). The modulation times were 4 and 5 s (sample 

dependent). The MS transfer line temperature was maintained 

at 300 ºC and the ion source at 250 ºC. Mass spectrometric pa-

rameters were as follows: ionisation energy -70 eV, scan speed 

50 Hz, recorded mass range 50-550 m/z. Data was collected in 

ProtoTof (Markes International, Llantrisant, Wales, U.K.) and 

processed with GC Image (version 2.3; Zoex, Houston, TX, 

USA).  

Ultra high performance liquid chromatography high-resolution 

accurate mass-mass spectrometry (uHPLC/HRAM-MS) was 

carried out using a U3000 uHPLC liquid chromatography sys-

tem interfaced with a Q Exactive Focus mass spectrometer fit-

ted with a heated electrospray ionisation source (HESI II) with 

Xcalibur 3.0.63 software used for data acquisition and all pro-

cessing (Thermo Scientific, UK). Chromatographic separation 

was carried out using a ACE Excel 3 SuperC18 (100 x 2.1 mm) 

column (Advanced Chromatography Technologies Ltd, UK) at 

70°C with an eluent flow rate of 500 µL min-1. Injection volume 

was 10 µL with a needle wash of methanol (MeOH). The sol-

vent gradient for the analysis of basic fractions was as follows: 

0.1% FA (aq)/ 0.1% FA in MeOH/ 0.1% FA in acetonitrile/ IPA 

(90:5:5:0 to 0:5:5:90; 30-minute runtime). All solvents were 

LCMS grade (Sigma-Aldrich Company Ltd., U.K). The mass 

spectrometer settings were: nitrogen sheath, auxiliary, and 

sweep gas (53, 14, and 3 Arbitrary units, respectively), vapor-

iser temperature (300 °C), polarity (positive or negative ion), 

spray voltage (+3500/ -2500 V), capillary temperature (270°C) 

and S-lens RF level (50). The resolution was set at 70,000 at 

m/z 200 with a full scan (m/z 100 -1000), AGC target (1e6, au-

tomatic gain control) and micro scans (1). External mass cali-

bration (≤3 ppm) was used with auto-calibration using Pierce 

LTQ Velos ESI positive ion calibration solution (n-butylamine, 

caffeine, MRFA, and Ultramark 1621 (Thermo Fisher Scien-

tific, UK)) and Pierce LTQ Velos ESI negative ion calibration 

solution (sodium dodecylsulfate, sodium taurocholate and Ul-

tramark 1621 (Thermo Fisher Scientific, U.K.). 

Separation of Model Compounds- Separation and quantita-

tion of nineteen model compounds representing twelve com-

pound classes known to be present in crude oils, enabled us to 

identify where compound classes eluted within the scheme 

(Figure 1). Separations were performed in triplicate to assess 

method repeatability. Overall, the method performed well, with 

all but three compounds (representing 3 classes) being isolated 

entirely within individual fractions. (It was important to per-

form the separation exactly as described (Experimental); if var-

iations to the method are necessary due to supply of phases etc., 

the ‘model’ compound mixture can be used to re-check the elu-

tion of the fraction types). 

Initial separation using SCX SPE resulted in the successful iso-

lation of two of the model compounds. The SCX phase, a poly-

merically bonded benzene sulfonic acid functional group, pro-

vided a mixed mode separation with both ionic and hydropho-

bic interactions facilitating retention. The use of such phases for 

the isolation of benzoquinoline and other pyridine derivatives 

has been reported previously with similar success [44, 52, 53]. As 

with previous studies, benzoquinoline was isolated completely 

in the basic fractions (Figure 2C; SCX4).  
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Figure 2. Averaged gravimetric data (n=3; error bars represent separation of compounds between fractions) illustrating which chromato-

graphic fraction contained each of the model compounds. Compounds are grouped into charts of similar compound class: Oxygen-containing 

(non-acid) compounds (A), sulphur-containing compounds (B), nitrogen-containing compounds (C), acids (D), and aromatic compounds 

(E). Single coloured bars indicate a model compound was recovered in a single fraction.

Analysis of fractions by GC-MS showed no division of the 

quinoline model compound between the two basic fractions, in-

dicating strong ionic interactions between the basic nitrogen 

compound and the chromatographic phase. 

Toluene was used to elute fraction SCX1 for practical reasons 

as it solubilised material suspected to be ‘asphaltenic’ in nature 

that was observed to deposit upon introduction of some crude 

oil samples to the SCX SPE cartridge. Inclusion of asphaltene 

model compounds[54, 55] in the test mix may give an indication 

as to whether this fraction is asphaltenic or whether the model 

compounds behave in the same manner as crude oil components 

when separated in this way. The sulfoxide model compound 

was recovered using THF from both of the IEX cartridges 

(SCX2 and SAX2; Figure 2B). 

Chromatography utilising the SAX SPE cartridge resulted in the 

successful isolation of all the carboxylic acids in a single frac-

tion (SAX3; Figure 2D). Ionic interactions between carboxylic 

acids and the quaternary amine phase appear to be unaffected 

by the presence of other functional groups or structural features. 

Retention of carbazoles and phenols to anion exchangers has 

been reported previously [43] but, was considered counterpro-

ductive. In this study however, exploitation of these interactions 

allowed isolation of carbazoles (SAX2; Figure 2C) and phenols 

(SAX2; Figure 2A) within one fraction with no carryover into 

later fractions observed in any instance. The nitroindole com-

pound was also recovered in the SAX3 fraction suggesting the 

addition of the nitro group increases the dissociation of the in-

dole functionality, thus increasing the ionic interactions with 

the phase. 

Normal phase chromatography conducted on silica provided 

separation of those neutral compounds which were not retained 

by the SCX or SAX SPE cartridges. Quantitation of dibenzothi-

ophene in the silica fractions revealed the compound to be di-

vided between fractions S0 and S4 (Figure 2B). Despite subse-

quent elution with increasingly polar mixtures of n-hexane and 

DCM, 10% of the compound was only collected upon elution 

with THF. Whist this suggested the method did not provide 

fractions ideally suitable for quantitation of sulphur com-

pounds, subsequent separations of crude oils resulted in an S4 

fraction composed of a number of thiophene and other sulphur 

containing compounds. Separation of oxygen compounds on 

silica was successful with furan, fluorenone and xanthone elut-

ing in separate fractions (S0, S2 and S4 respectively; Figure 

2A). Dibenzofuran eluted in fraction S0, indicating minimal re-

tention of the compound to the silica phase. Similarly, aromatic 

hydrocarbon model compounds eluted in fractions S0 and S1, 

indicating limited retention (Figure 2E). Increasing numbers of 

rings resulted in an increase in retention, with benzo(a)pyrene 

eluting within fraction S1.  

Authentic model compounds were then spiked into the ANS 

crude oil in order to investigate the effect of the matrix on com-

pound separation. Only minor differences were observed in the 

distribution of model compounds (Figure S3) when the chroma-

tographic scheme was applied to the model compounds in a 

crude oil matrix compared to the model compounds mixture 

alone. In particular, no matrix effects were found for sulfide, 

sulfoxide, carbazole, phenol, and acidic and basic fractions. 

Dibenzothiophene sulfone eluted later in the scheme, divided 

slightly between fractions SAX1 and SAX 2 when dosed into 

the crude oil. Aromatic compounds eluted later, with penta- and 

tetra- aromatic compounds eluting completely in fractions S1. 

Separation of phenanthrene remained largely unchanged, but 

tetra- and penta- aromatic compounds eluted later (S1 rather 

than S0). Separation of oxygen containing compounds also 

showed a slight increase in retention with dibenzofuran eluting 

in both fractions S0 (83%) and S1 (17%). Fluorenone and xan-

thone eluted later with the former separating between fractions 

S2 (88%) and S3 (12%) and the latter between fractions S3 (9%) 

and S4 (91%). Finally, thiophene splitting appeared reduced 

with >98% present within fractions S0 and only slight retention 

and elution in fraction S4.  

Application to Crude Oil Samples- Separation procedures 

were further evaluated by the fractionation of five crude oils 

(Table S2). Total recoveries from the separation of the five oils 

(Table 1) were good (77.4-97.5%) and very good (92.6-102.5 

%) once corrected for simple evaporative losses (N2 blowdown; 

Figure S4). This demonstrates the ability of the method to allow 

isolation of high molecular weight/highly polar material, thus 

allowing almost complete sample recovery from subsequent 

separations. Previously reported large scale fractionations tend 

to suffer from low recoveries [42, 43]. Excellent recovery of the 

TJP crude (97.5%; API gravity 12.1°), with a low volatiles con-

tent supports this further, also indicating that losses due to irre-

versible adsorption were low compared to other methods. Re-

coveries obtained by Willsch et al. [42] varied from 56.6%-

76.3% with high losses likely due to irreversible adsorption on 

the numerous employed silica separations. Snyder et al. [43, 56] 

reported no recoveries, but our attempts to reproduce their sep-

aration using ANS crude oil, resulted in a recovery of only 

~67%. The method presented herein requires no sample pre-

treatment and in our hands at least, demonstrated exceptional 

recovery on crude oil samples with a broad range of physio-

chemical properties. 

Table 1. Total and individual cartridge recoveries (weight %) of 

crude oil samples separated in this study and recoveries corrected 

for losses on N2 blowdown. N2 blowdown data from sample con-

centration for 30 minutes at 30 °C under a steady stream of N2. 

 

Method repeatability with regard to crude oil separations was 

investigated by the separation of triplicate samples of the ANS 

crude. Average fraction masses with standard deviations are 

presented in Figure S5, and show low variability with regard to 

individual fraction masses. A highly reproducible method for 

the compound class separation of crude oils that requires no 

specialist equipment offers advantages compared to other meth-

ods (e.g. SARA-type methods) where problems with reproduc-

ibility are common [30]. 

Instrumental analysis of fractions obtained from separation 

of ANS crude oil- GC-MS analysis of fractions obtained from 
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separation of ANS crude oil resulted in a series of chromato-

grams characterised by resolved peaks and unresolved complex 

mixtures (UCMs; Figure 3). Extracted ion mass chromatograms 

of molecular ions (e.g.: carbazole m/z 167, dibenzothiophene 

m/z 184, xanthone m/z 196, fluorenone m/z 180) and also 

M+14n, revealed alkylated homologs of the parent heterocom-

pounds. In a number of instances SPE separations resulted in 

fractions in which parent compounds and alkyl homologous (C1 

and C2) were sufficiently well resolved using conventional GC-

MS for identification. For example, chromatograms of xan-

thone (Fraction S3; Figure 3E) and dibenzothiophene (Fraction 

S4; Figure 3F) fractions show resolved, homologous series. 

 
Figure 3. GC-MS TIC of ANS whole crude oil (A) and fractions 

obtained SPE: Fraction S1 (PAHs; B), Fraction S2 (fluorenones; 

C), Fraction SAX 2 (carbazoles; D), Fraction S3 (xanthones; E), 

and Fraction S4 (dibenzothiophenes; F). 

However, to obtain better quality mass spectra for later eluting 

compounds within the GC-MS UCM, GC×GC-MS was used.  

The GC×GC-MS Total Ion Chromatogram (TIC) from the anal-

ysis of the carbazole fraction (Fraction SAX2; Figure 4A) ob-

tained from ANS crude oil shows a homologues series of well-

resolved peaks (Figure 4B). Closer inspection of the TIC shows 

Fraction SAX2 represents an almost exclusive separation to-

wards carbazole and its alkyl homologues. Identity of the parent 

carbazole was confirmed by co-injection of the authentic stand-

ard and comparison of the two dimensional retention position, 

and mass spectrum (Figure S6 A and Ai). Assignments of C1, 

and C2 carbazoles were made by comparison with library 

(NIST) spectra (Figure S6 B and Bi and S6 C and Ci) and fur-

ther identifications made based on chromatographic co-ordi-

nates of peaks and mass spectral interpretation (Figure S6 D-F). 

GC×GC-MS analysis of the thiophene Fraction (S4) obtained 

from the separation of ANS crude oil, resulted in excellent chro-

matographic separation (Figure 5A). The TIC (Figure S7A) in-

dicates that the DBT series are the most abundant components

 
Figure 4. GC x GC- MS TIC of Fraction SAX2 from the separation 

of ANS crude oil with carbazole series highlighted (A), and EIC of 

carbazole and C1-5 homologs (m/z 167, 181, 195, 209, 223, 237) 

(B). 

within the mixture and. Alkylated homologues are likely re-

sponsible for the observed UCM in the GC-MS TIC (Figure 

3F). Extracted ion monitoring allowed clear, distinguishable 

mass spectra to be obtained for individual C1-4 DBTs (Figure 

S8). Substantial complexity accompanying the later eluting C5 

dibenzothiophenes results in significant co-elution even when 

GC×GC-MS was used. Identification of the parent DBT was 

confirmed by co-injection of the authentic standard, allowing 

comparison of both mass spectra (Figure S8 A and Ai), and pri-

mary and secondary GC retention indices. Assignment of indi-

vidual methyl, and dimethyl or ethyl DBT isomers was not pos-

sible without co-injection of authentic compounds. However, 

comparison of mass spectra with those of the NIST database 

(Version 2.0; Figure S8B and Bi and S6C and Ci) provided suf-

ficient confirmation of the presence of the series.  
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Figure 5. GC×GC-MS EICs for DBT and C1-5 DBT homologs (m/z 

184, 198, 212, 226, 240, 254, respectively) from the analysis of the 

thiophene Fraction (S4; A) and for xanthone and thioxanthone, and 

respective C1-4 homologs (m/z 196, 210, 224, 238, 252 and m/z 212, 

226, 240, 254, 268, respectively) from the analysis of the xanthone 

Fraction (S3; B and C respectively) from the separation of the ANS 

crude oil.    

Xanthone and alkyl homologs were found to be present in Frac-

tion S3 of the ANS crude oil as determined by GC-MS (Figure 

3E) and GC×GC-MS (EIC Figure 5B; TIC Figure S7B). Co-

injection of an authentic xanthone standard allowed confirma-

tion of parent molecule (Figure S9 A and Ai) and fragmentation 

pathway (Figure S10) also supported compound identification.  

Library spectra for alkylated xanthones were not available in 

the NIST library (Version 2.0). Studies concerning the presence 

of xanthones in crude oils are uncommon, with perhaps only 

two reports in the literature ([9, 57]). Without available standards 

or model spectra to confirm identifications, assignments of C1-5 

alkyl xanthones were made on two dimensional retention time, 

molecular mass and interpretation of spectra. Mass spectral 

studies of the alkyl xanthones and indeed homologues of other 

oxygenated PAHs (e.g., benzofurans, fluorenones) are rare ([58-

60]) and none have interpreted the mass spectra of alkylated 

structures. Interestingly, mass spectra of the methyl substituted 

compounds did not exhibit the common M+∙-15 losses (Figure 

S9 B), indicative of the loss of a methyl substituent (CH3). In-

stead, these appeared to lose a neutral CHO (M+∙-29) fragment 

and to undergo subsequent rearrangement with the alkyl sub-

stituent being incorporated into the benzene ring to which it was 

attached, forming a 7 membered ring (postulated fragmentation 

illustrated in Figure S11).  

 
Figure 6. LC/HRAM-MS EIC’s from the analysis of Fraction 

SCX4 from the separation of the ANS crude oil. Presented EIC’s 

represent one of the more abundant, lower molecular weight series. 

Accurate masses (protonated) are shown, alongside assigned mo-

lecular formulae.  

However, structures possessing a larger degree of alkylation 

(C2-C5) do appear to lose a methyl group during fragmentation 

which is then followed by a loss of CHO (Figure S8 C-E) and 

subsequent characteristic losses. 

Thioxanthones and alkyl thioxanthones not previously reported 

in crude oils, were tentatively identified in Fraction S3 of the 

ANS crude oil (Figure 5C). Identification of the thioxanthone 

parent molecule was facilitated by mass spectral comparison to 

a NIST library spectrum (Reverse Match 903; Probability 97%; 

Figure S12 A-Ai). Inspection of mass spectra of thioxanthone 

and alkyl thioxanthones (Figure S12 B-E) reveal similar frag-

mentation patterns to that of the xanthone series and the frag-

mentation is rationalised in Figure S13. 

Not all fractions were amenable to analysis by GC-based tech-

niques. Application of LC/HRAM-MS to the benzoquinoline 

fraction (SCX4) revealed a highly complex mixture. Mass spec-

tral ions primarily presented with even masses (indicative of an 

odd number of N), high ring double bond equivalency and oc-

curred within the mass range m/z 150-1400. EICs of a more 

abundant series (Figure 6) demonstrated separation of structural 

isomers, allowing MS-MS experiments to be conducted on in-

dividual compounds. Generation of molecular formulae from 
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accurate mass measurements suggested the series to be N-con-

taining aromatics with increasing degrees of alkylation. These 

identifications were further supported by the elution of the ben-

zoquinoline model compound within this fraction, indicating 

the likely presence of N-containing aromatics. However, it can 

be seen that even at relatively low molecular masses (e.g. m/z 

~250; Figure 6D), the number of isomers still produces a chal-

lenge to LC resolution using a one dimensional separation 

method such as LC/HRAM-MS 

Previously reported methods for the molecular class separation 

of crude oil have been shown to suffer from many issues. Here 

we have demonstrated a robust method for the chemical sepa-

ration of crude oils. Analysis of the resultant fractions by ap-

propriate gas and liquid chromatographic techniques demon-

strated that the method is capable of providing well defined 

fractions of various compound classes, allowing rapid identifi-

cation of common and rarely reported crude oil NSO com-

pounds (e.g. carbazoles, DBTs, xanthones, thioxanthones, NA, 

hydrocarbons). uHPLC-HRAM-MS analysis of ionic fractions 

was shown to be a promising technique for the separation and 

characterisation of such fractions, allowing assignment of ele-

mental formula through accurate mass measurements and an in-

sight into the structural complexity of individual molecular for-

mulae.  

Mass spectra of all identified compounds are provided in the sup-

porting information (Figures S6-S11). This information is available 

free of charge via the Internet http://pubs.acs.org. 
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