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Upstream, Midstream and Downstream

UPSTREAM MIDSTREAM DOWNSTREAM

OIL & GAS EXPLORATION / PRODUCTION TRANSPORT & STORAGE PRODUCT PREPARATION & USAGE

IIIIIIIIIII."IIIIIIIIIIIII IIIIIIIIIIIII"'IIIIIIIIIII

OFFSHORE PROCESS DISTRIBUTION

OIL & GAS PLATFORM & STORAGE SALES / MARKETING / RETAIL

O |
H i PIPELINE

OIL & GAS TRANSFER

ONSHORE REFINING
PUMP JACK I & PURIFYING

A

TRANSPORT

Upstream mainly focuses on the exploration of crude oil and Midstream primarily involves the storage and transport of The downstream sector focuses on the refining of crude oil &
natural gas fields, as well as production & recovery. The upstream oil & gas through a network of pipelines, trucks, rail, purifying natural gas. In addition, this is where the sales,
upstream sector is also commonly known as the Exploration ships, tankers and barges to the downstream sector. marketing, product distribution and retail takes place. This
and Production (E&P) sector. sector therefore provides the closest connection to consumers.

_—
https://www.ecom-ex.com/de/loesungen/branchen/oel-und-gasindustrie/
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Petroleum products — different cuts
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} jet fuel, paraffin
}'A @ for heating
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Ciato Cyo
(diesel! oils)
. R
270°C
C20 to Cso . )
(lubricating oil) <)
- lubricating oils,
. | waxes, polishes

Caoto Cyo

fuels for ships
(fuel oil)

Ay
S ﬂ\ﬂ roads and roofing

fractions 600°C
increasing in
density and

y boiling point

>Cyq residue
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Introd uction Boduszynski Continuum Model (>
Effect of molecular structure on boiling point 40
Y 35[
~ £
Z
L 30 Paraffins ——/ ’ / /
- ﬂc1o / /
% : O©ﬁl / /,
a nCazs 4 :‘:‘ :. II //
o 25 fi nCaa d d // /
| Naphthenes : ,' )
] nCjz ¢ : / “@
) ee N? O
- WAY/Ss o /
= 20[ TR celce
= nc < i °©
o 7 X e
§ NCisd ..O:OO@ ,‘— zo:a; g
2 : Y A olyfunctiona
15 nCiad o ..‘ ©) og Compounds
PAH’s iy de 3 SN
nC : /
iy e d-e ;
O i O N
. “ .
nCe_, ; ) 3
. © =
5 = i e® o @
E gEé g i 2 e

0 ; ] i L i i 1
-18 93 204 315 427 538 649 760
0 200 400 600 800 1000 1200 1400

Atmospharic equivalent boiling point
M. Boduszynski, Energy & Fuels 1987, 1, 2-11. (1st paper in E&F)
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SARA Fra Ctionation K. Akbarzadeh et al., Qilfield Review, Asphaltenes - Problematic but Rich in Potential, 2007.
Crude oil
|
Dilute with n-alkane
|
Maltenes
| L
Adsorb on silica, Precipitate
elute with
|
I I I
n-alkane Toluene Toluene/methanol
v v v \/
Saturates Aromatics Resins Asphaltenes
GC/MS GC/MS MRMS MRMS
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Mass resolution and mass accuracy

303.21073 303.21410
CasHyr" CaoH3;S*
0.2 ppm JL 0.1 ppm
303.21414
303.20963
IS Y« 13C,CioH30S™
Crude Ui 0.1 ppm
Resolving p
n broad band I 303.20626
303.19815 13C,C,H,™
CyoHpsN* 0.1 ppm
0.0 ppm \
\ 303.20967
303.19368 303.20630
N . 303.19815
13 -1C21H24N+
0.1 ppm
303.12020 \
303.19366
303.195 . 303.205 303.210 303.215 , m/z
303.17436 —
303.13795
303.100 303.150 303.200 303.250 303.300

il
Ik

200 400 600 800 1000
m/z
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Isotopic fine structure (IFS)

mass defect [mDa]
—_
o
L

mass defect of isotopes

12¢ 1N
12.00000 14.00307
1.00335 Da 0.99704 Da
io13C 15\
i (L1%) { (0.37%)
' S 1200 S 1300 m/2 14.0 ' 15.0 m/z

Am (C5;SH,): 3.4 mDa
Am (3C,;CN): 3.6 mDa
Am (*3C;CH): 4.5 mDa

Am (C,H;3CSH,): 1.1 mDa

Am(325;34S) = 1.9959 Da

Am(12C,;13C,) = 2.0067 Da

325

1.97207
319720 1.99594 Da

0.99953Da i 33g
+—p:
I (0.8%)

0.99641Da i

ie—»: 34g

i (a.5%)
33.9?787

——

32.0 33.0 m/z
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Processing workflow in Petroleomics using PetroOrg

PetroOrg software
Molecular Formula calculation

Internal recalibration
siosa 2wl oo [l Export
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Processing workflow in Petroleomics using PetroOrg

Error (ppm)
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lonization methods for Petroleomics

Nebulizer gas (N,)

Sample inlet
Electrospray
needle

/

Spray shield

Heated

) drying gas (N,)

ESI e

Spray chamber inner g 0.5 mm

Capillary cap

Nebulizer gas (N,)

Sheath liquid

Spray chamber

APPI spray
needle

/Ieater (400° C)
Spray shield

Heated
ying gas (N)

N

Glass capillary
inner g 0.5 mm

Capillary cap

Waste

Nebulizer gas (N,)

Sheath liquid

Corona discharge
needle

Spray chamber

APCI spray
needle

Heater (400° C)
- Spray shield

/

Heated

) drying gas (N,)

Glass capillary
inner g 0.5 mm

Capillary cap
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Effect of lonization methods — positive ion mode
Crude oil

I L] L] L] L] I L] L] I L] I L] L] L] L] I L] L] L] L] I L] L]
L APPI
S compound class low abundant with ESI _ APCI

/ BN ESI

Crude oil

N compound class most abundant with ESI

Hydrocarbons can be detected with APCI and

/ APPI

r -+ r -+ I~ 1 """ T1 """ T~ " ™" 1°
O 10 20 30 40 50 60

relative Abundance %o
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Effect of lonization methods — negative ion mode
Crude oil

APPI

NS compound class low abundant

o with ESI

Hydrocarbons can be detected with APCI and APPI
in negative ion mode

N compound class low abundant with ESI

NSO, /
O, and SO, compound classes

S.O M high abundant with ESI

L B L U L L A B R R R B LI L R
o 10 20 30 40 50 60

relative Abundance %o
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lonization method for Petroleomics
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LDI of Crude Oil B%R

LDI at 355 nm with Nd:YAG laser

Properties of Crude Oils Used in This Study

S N
source orign  (ppm)® (ppm)” TANC
crude Napo Ecuador 20100 4011 0.8 Correlation of oxygen containing classes
.1 . . . .
e ] _ (0, and 0,) with TAN in negative ion
crude Qinhuangdao  China 2 500 4405 3.15
no. 2 mode
crude Doba Congo 1100 1 884 4.26
no. 3
(20 ; N
20 - Negative ion mode
E 10 1
2
=
= 0 - » E_
E \_ M HC s NS, 0, 0, /
=
v 10 4
-
E
g
=
7
0 -
N;” [N;-HT HC™ [HC-H] S~ [S,-H] N;S;” INyS-H O [O,-H] o, [0,-H]

Chemical class
Cho, Y.; Witt, M.; Kim, H.K., Kim S. Anal. Chem. 2012, 84, 8587-8594.



DI of Crude QOil

LDl at 355

Max

g
=

nm with Nd:YAG laser
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5
R
25
\\
\
~
~
~
~
o
o
=3
DBE
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g e S,
Y =i e 10.0 0.04
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5
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=~
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o -

(=]
i e i e i
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40.0 H
£0.45
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a =
20.0 s 0.30
- 2
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Min.

i35

0

Cho, Y.; Witt, M.; Kim, H.K., Kim S. Anal. Chem. 2012, 84, 8587-8594.



Detection of Metalloporphyrins by LDI

LDI of crude oil on stainless steel target

a)

0.60 -

Relative abundance of VO porphyrins

0.00

0.20 A

[LDI]

u Etio
= DPEP
u Di-DP

= Rhodo-Etio
= Rhodo-DPEP

DURI

EP

RAT

Detection of vanadyl porphyrins

j

[APPI]
0.10 -
L u Etio
uDPEP
I g u Di-DPEP
3 = Rhodo-Etio
c
é 005 {4 ®Rhodo-DPEP
2
©
7]
i
0.00
EOC RGB LAT NAP DURI RAT EOC
2 -
oLDI R2=0.82
e + APPI
§15 - °
: é
©
]
2 1
®©
o
pe)
(0]
€05
=3
7]
>=0.96
[ - . ; : .
00 200 3006 400
EEOC Vanadium contents (ppm) L/-;\T
Duri RAT RGB NAP

RGB

LAT

NAP

abbreviation

ETIO
DBE=17

BRUKER
V (ppm)* Ni (ppm)’

329.8 129.0
308.7 128.6
93.5 71.0
54.6 214
438 217
13 49.1

DFEP
DBE=18

Di-DPEP
DBE=19

Rhodo-ETIO
DBE=20

Rhodo-DPEP
DBE=21

Vanadyl: M = V=0

Cho, Y.; Witt, M,; Jin, J.M., Kim, Y.H., Nho, N.-S., Kim; S. Energy Fuels 2014, 28, 6699-6706.



DI vs APP! sRgReER

Comparison of ionization methods

LDI is more sensitive to nitrogen containing compound classes

90.00
80.00 | |
OAPPI of crude oil (low
sulfur)
70.00 +
OLDI of crude oil (low
60.00 L] sulfur)
o .
o
C .
3 OAPPI of crude oil
c 50.00 1 (medium sulfur)
Q
@®
@ 40.00 @ LDI of crude oil
(medium sulfur)
80.00 15 BAPPI of bitumen (high
sulfur)
20.00 +
@ LDI of bitumen (high
sulfur)
10.00 1
0.00

S2 N (0] (O NS

compound class
M. Witt, Petrophase Conference 2012.



LDI vs APP] B%R

Comparison of ionization methods

Comparison of detected compounds in class S, in a crude oil by APPI and LDI

APPI, class S (radical cations) LDI, class S (radical cations)
- ¥ 7’
! g -
35 - L PR
] »” v
30 r‘_;:
| Pr \
-~
uy 25 | P \\ 7
m »7 planarlimit planarlimit
0 20 ”
15 s _ 1zonaphthothiophenes
- . L _
10 bog? z:‘:ﬁ__.ﬂ dibenzothiophenes
’ . .
- o libenzothiophenes
T
| —~ benzothiophenes
0 20 30 40 50 60 10 20 30 40 50 60

Carbon number Carbon number

LDI is more sensitive to highly aromatic compounds!

M. Witt, Petrophase Conference 2012.



Thin Layer Chromatography B%R

Experimental setup

R¢:0 5mm Re:l

1 1

Asphaﬁ:tene Resin Aromatic Saturates E

4

) A BBW :

: :
spot number: 1 5 10 15 20

 Spot diameter: 1.0 mm

* Lateral difference between spots: 1.2 mm

* 3 ulLofal:5solution of crude oil dissolved in DCM deposited on the TLC plate
* mobile phase: n-heptane:i-propanol 95:5

» stationary phase: TLC silica 60 F254 (Merck 1.05539.00001) 5 x 7.5 cm sheet

Similar measurements were done by Smith et. al., Energy Fuels, 2014.



Thin Layer Chromatography

LDI spectra of different spot numbers

200

300

400

500

600

p—>mm le:l
R Aromati Saturat : Spot no. 3
aco i :
spot number: 5 10 15 20
spot no. 8
spot no. 13
spot no. 18
700 800 900 m/z



Thin Layer Chromatography

Relative abundance of compound classes

rel. Abundance of compound classes

80

70

60

50

40

30

10

A A *
L A A ~ . .
A ®
A .
resin A 4 aromatic
fraction E A ; fraction >
L 2
A
* a4
A
<
A
* e © © §
$ 4 4 44, ,.44%. ® 2 e L, 8
D EDEREE s X s * o o o 2
s8] A 2
2 | 6 8 10 12 14 16 18 20
spot no.
R:0 5 mm Re:1
A%altene Resin Aromatic Saturates Ii
spot number: 1 5 10 15 20

# HC
@ HC [H]
AN
AN [H]
®0



Thin Layer Chromatography

Aromaticity of resin fractions: class N,

DBE

DBE

25/
20
15

10/

25,
20
15

10

10

10

spot no. 1

C,y-benzocarbazole

/

-

20 ¢ humber 30 40

spot no. 5

C,,-C,,-benzocarbazole

30 40

50

50

spot number:

puaape.

25/

DBE

15

10|

25

DBE

15|

10

5 mm

Resin

20

20

10

10

Aromatic

E 09908 G

10 15

spot no. 3

C,,-C,,-benzocarbazole

20 ¢ number 30 40

spot no. 7

C,;-C,s-benzocarbazole

20 30 40
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Rs:1

1
1
1
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1
1
1
1
1
1

20

e
ﬁ|" s
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Can we quickly tell samples apart by LDI? BRGKER

LDI of different crude oil samples
SINTEF

Oil 2

il 3

Oil 4

*Samples have been kindly provided by Dr. Kolbjgrn (SINTEF, Trondheim, Norway)
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Can we quickly tell sasamples apart by LDI? BRGKER

LDI of different crude oil samples

Oil 8 and 8a: identical oils from different bottles
Oil 9a: 0Oil 9 one day in ion source at 3 mbar

mOill
| Oil 2

Oil 3

Oil4
| Oil5
mOil6
wOil7
mOil 8
m Oil 8a
mOil9
m Oil 9a

*Samples have been kindly provided by Dr. Kolbjgrn (SINTEF, Trondheim, Norway)



Can we quickly tell sasamples apart by LDI? a%n
Reproducibility of LDl measurements
SINTEF

15t measurement o fas
ot 79508 Oil8 0il8 O0il8 0il8 0il8 Std. deviation

30110457 o Class repl rep2 rep3 rep4 rep5 [%]
ougesss 4, AM 1 ML e A HC 1297 12.17 12.83 13.04 12.25 3.3
2% measurement HC [H] 20.24 19.67 20.36 20.44 19.87 1.6
+ N 18.62 1828 1825 1821 18.22 0.9
ey ) — JLML R N [H] 2727 2874 27.47 2724 2856 2.6
3¢ measurement 0 282 262 276 271 261 3.3
O [H] 472 486 472 471  4.83 1.5
gL U\l Fh \ S [H] 214 208 215 214 211 1.4

*Samples have been kindly provided by Dr. Kolbjgrn (SINTEF, Trondheim, Norway)



Principle Component Analysis

Reproducibility of LDI measurements

SINTEF

PC2 PC2
Oil 8 and 8a: identical oils from different bottles
_ / Qil 7 0il 9a: Oil 9 one day in ion source at 3 mbar _
_ 0il 9 002~
14 ‘ / Qil 9a
v
1 o
: @0/ 0oil 8 ]
(o]
1 7
] Oil8a — > ¢ &0
4
04 0.00
@9
] { ]
%05 0 O /] Oil 4
| o 0il 2
- _ 0il 3
Oil 1
-14
—0il5 0027
] &£ Oil 6
(%Y J
-2
—11 —!5 —I2 —Il (I) ]I. 2I 3I PC ZI.I —O.I03 —0.I02 -O.I01 0 I00 O.bl O.E)Z PC1

*Samples have been kindly provided by Dr. Kolbjgrn (SINTEF, Trondheim, Norway)



Oil mixtures




Ternary Oil Mixtures

Compound classes of 3 different crude oils from North sea

rel. abundance [%)

50
45 -
40 -
35 -
30 -
25
20 -

15
10

o un

[H]

Compound classes plot

N N[H] NO NO
[H]

0 0[H] 02

[H]

S

S [H]

S2

mOilA
mOil B
moilc

mixture 1:
mixture 1:
mixture 1:
mixture 2:
mixture 2:
mixture 2:
mixture 3:
mixture 3:

mixture 3:

oil A
oil B
oil C
oil A
oil B
oil C
oil A
oil B
oil C

<)
BRUKER
(>

M. Witt, W. Timm, Energy Fuels 2016, 30, 5, 3707-3713.

NNLS method

measured
(%)
32.4
36.0
31.6
15.6
10.0
74.4
39.0
38.1
22.9

actjual relative error
(%) (%)
33.3 2.8
333 8.1
333 52
10.0 56.2
10.0 0.3
80.0 7.1
45.0 13.4
35.0 8.9
20.0 14.5

NNLS: non-negative least square



Ternary Oil Mixtures

Principle component analysis (PCA)

Pure oils and defined mixtures

40% Oil A
20% 0il B

e 40% 0il C
."‘. ] -.‘._-""’:::.\‘_i%

1.0 ﬂ

05 v

] . e
l20% oilA A
line

PC2 oo &

20% Oil A
40%0ilB -
0sf 40%0IC  w

=1.0-

-1.5-

S 20% Oil B line

_oilA
.9

40% Oil A
40% 0il B
20% Qil C

20% Qil Cline

.-2.0. ™ ._1_5. ™ ._1‘0. ™ -O.SI ™ .O.Q. T .0‘5. — I‘h.O. — .1_5. T

PC1

IZ,OI —

<)
BRUKER
(>

M. Witt, W. Timm, Energy Fuels 2016, 30, 5, 3707-3713.

Calculation of mixtures based on PCA of defined mixtures

10% Oil A PC2
10% Oil B - 33% OilA
) 80% Oil C : 33% Oil B
QilC 33% Oil C

200 180 160 -140 -$30---1.00..3080 060 040" 020 °

T ———

45% OilA
35% Oil B
20% OilC

OilA

X

060, 080 00 120140 160 180 200 220 240

PC1

+ oils
® Oil Mixture
4 Theory



Ternary Oil Mixtures

Determination of mixture ratios using PCA and vector analysis

M. Witt, W. Timm, Energy Fuels 2016, 30, 5, 3707-3713.

Calculation of Relative Percentages of Three Ternary Oil Mixtures Using Vector Analysis of
the Ternary Diagram Calculated with the PC1 versus PC2 of the PCA Scoring Plot

mixture 1:
mixture 1:
mixture 1:
mixture 2:
mixture 2:
mixture 2:
mixture 3:
mixture 3:

mixture 3:

oil A
oil B
oil C
oil A
oil B
oil C
oil A
oil B
oil C

measured

(%)
32.1
32.9
34.9
11.1

9.8
79.1
43.2
35.5
21.2

actual
(%)
333
33.3
333
10.0
10.0
80.0
45.0
35.0
20.0

absolute error
(%)
1.2
0.4
1.6
1.1
0.2
0.9
1.8
0.5
1.2

PCA

relative error
(%)
3.5
1.3
4.7
10.7
1.6
1.1
3.9
1.5
6.2

NNLS
relative error
(%)
2.8
8.1
5.2
56.2
0.3
7.1
13.4
8.9
14.5
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Asphaltene fractions B%R

Fractions based on solubility in different solvent E. Rogel, M. Witt, Energy & Fuels 2016, 30, 915-923,

APPI positive ion mode

Maltenes

Maltene: Heptane solubles

Asphaltene Fraction 1

Fraction 1: 15:85 CH,Cl,/n-heptane
|

Asphaltene Fraction 2

Fraction 2: 30:70 CH,Cl,/n-heptane

Fraction 3: CH,CI, solubles




Asphaltene fractions B%R

Fractions based on solubility in different solvent E. Rogel, M. Witt, Energy & Fuels 2016, 30, 815-823.

Compound classes

35.0
30.0 - m Maltenes
M Fraction 1
M Fraction 2
25.0 .
@ ® Fraction 3
o
c
=
= 20.0
=3
L0
<
Q
.g 15.0
i)
&
10.0
5.0
0.0

HC S S2 O (O} 02 N NS NO
Chemical Classes



Asphaltene fractions

Fractions based on solubility in different solvent

Normalized Response
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E. Rogel, M. Witt, Energy & Fuels 2016, 30, 915-923.

Fractions: DBE and C number abundance plot

DBE
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M Fraction 1
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Asphaltene fractions

Fractions based on solubility in different solvent

Fraction 2

Normalized Response
e © o © o © © o o =
= N w = [, ] [=)] ~J co w [=]
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E. Rogel, M. Witt, Energy & Fuels 2016, 30, 915-923.

Compound classes: DBE and carbon number

Carbon number

T

|
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Asphaltene fractions B%R

Precipitated at Different Solvent Power Conditions

E. Rogel, M. Witt, Energy & Fuels 2018, 32, 2653-2660.

Nominal
pore size:
0.22 um

24 h Filtration |

U Deposit

Crude Oil Heptane Crude Oil + ‘
Heptane Characterization
40
Intensity change of compound classes
35 HCOR C (wt %) H (wt %) H/C molar ratio
10 APPI 1 82.86 11.01 159
n L5 83.58 10.41 1.49
=1l
£ 25 2 84.08 10.00 143
wn m1.5
§ 5 80.94 8.72 129
E m2
® os 10 81.35 8.41 124
o 100 80.33 8.04 1.20
g 15 C10
I 0100
10
S1 HC S2 S3 N1 N1 O1 O1L O1L N1 $S4 N1 N1 O2
s1 s1 2 s2 o1 o1
s1

HCOR: heptane crude oil ratio



Asphaltene fractions

Precipitated at Different Solvent Power Conditions

E. Rogel, M. Witt, Energy & Fuels 2018, 32, 2653-2660.

Change of DBE and Aromaticity

DBE distributions as a function of HCOR

(based on weighted intensities)
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Asphaltene fractions a%n

Precipitated at Different Solvent Power Conditions

DBE vs. C plots: Class HC

E. Rogel, M. Witt, Energy & Fuels 2018, 32, 2653-2660.

Distribution shifts with higher HCOR to higher DBE
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Asphalte

ne fractions

Precipitated at Different Solvent Power Conditions

DBE vs. C plots: Class S,
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E. Rogel, M. Witt, Energy & Fuels 2018, 32, 2653-2660.

354
30

25+

Ll

m 20

(|
15+
10+
5 -

0

0 10 20 30 40 50 60 70 80

Carbon Number

100

5 o
0

0 10 20 30 40 50 60 70 80

Carbon Number

% Total

Low

HCOR: heptane crude oil ratio



Asphaltene fractions B%R

Precipitated at Different Solvent Power Conditions

E. Rogel, M. Witt, Energy & Fuels 2018, 32, 2653-2660.

No change in carbon distribution with HCOR

Carbon number distributions as a function of HCOR
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No change in Carbon number
0.035 distribution was observed —1
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HCOR: heptane crude oil ratio



Asphaltene fractions B%R

Precipitated at Different Solvent Power Conditions

E. Rogel, M. Witt, Energy & Fuels 2018, 32, 2653-2660.

Comparison of different aromaticity measurements: FT-IR, APPI FT-ICR MS and 'H-NMR
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Asphaltene fractions B%R

Precipitated at Different Solvent Power Conditions |
E. Rogel, M. Witt, Energy & Fuels 2018, 32, 2653-2660.

Comparison of LDI and APPI with elemental analysis
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Asphaltene fractions B%R

Precipitated at Different Solvent Power Conditions
Change of classes

Compositional distribution of unique species in the asphaltenes obtained at
HCOR =1 and 100

50

E. Rogel, M. Witt, Energy & Fuels 2018, 32, 2653-2660.
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Asphaltene fractions
Time Effects on Precipitated Asphaltene

Change of classes and hetero atom content

45

Relative Abundance (%)
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E. Rogel, M. Witt, Energy & Fuels 2019, 33, 9596-9603
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Asphaltene fractions
Time Effects on Precipitated Asphaltene

Change in DBE

E. Rogel, M. Witt, Energy & Fuels 2019, 33, 9596-9603
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Asphaltene fractions B%R
Time Effects on Precipitated Asphaltene
Change in DBE

E. Rogel, M. Witt, Energy & Fuels 2019, 33, 9596-9603
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Asphaltene fractions B%R
Time Effects on Precipitated Asphaltene

E. Rogel, M. Witt, Energy & Fuels 2019, 33, 9596-9603

Comparison of the compositional space for sulfur containing species that appear in the aged deposit
(672 h) with the ones that go back to the fluid from the initially precipitated material (1 h)
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Hydroprocessing B%R

Effect on compound classes

E. Rogel, M. Witt, Energy & Fuels 2017, 31, 3409-3416.

0.40
time (h) hydrogen (wt %) carbon (wt %)
0.35 - feed 0 8.03 83.01
product 1 368 5.92 88.08
0.30 - product 2 968 5.98 87.89
(]
c M Feed
c 0.25 -
o
S ®368h
£ 0.20 -
) 0968 h
2
® 0.15 - - :
-_ Relative abundances of the classes as a function of
&’ the time on stream. Values were calculated on the
basis of weighted intensities
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0.00 -
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Hydroprocessing

Effect on carbon distribution, aromaticity and hetero atom content

DBE

Carbon Number
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Comparison of the compositional space occupied by
molecules that disappeared from the feed during
processing to those that appeared in the products.

E. Rogel, M. Witt, Energy & Fuels 2017, 31, 3409-3416.

Heteroatom contents as a function of time on stream
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Hydroprocessing

Appearing and disappearing compound by hydroprocessing
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E. Rogel, M. Witt, Energy & Fuels 2017, 31, 3409-3416.
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Compositional and Structural Continuum
of Petroleum




Compositional and Structural Continuum of Petroleum agti%n

Distillation series A. McKenna et al., Energy Fuels 2010, 24 (5), 2929-2938.
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Compositional and Structural Continuum of Petroleum agti%n

Distillation series — Boduszynski Continuum Model A McKenna et al., Energy Fuels 2010, 24 (5), 2929-2938.

Boduszynski Continuum Model
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Compositional and Structural Continuum of Petroleum

Distillation series

A. McKenna et al., Energy Fuels 2010, 24 (5), 2929-2938.

Athabasca Bitumen HVGO Distillation Series

HC Class
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Compositional and Structural Continuum of Petroleum a%%n

D|St|”at|0n series Athabasca Bitumen HVGO Disti"ation Series A. McKenna et al., Energy Fuels 2010, 24 (5), 2929-2938.

343-375°C 375-400°C 400-425°C 425-450°C
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Compositional and Structural Continuum of Petroleum agti%n

Distillation series

A. McKenna et al., Energy Fuels 2010, 24 (5), 2929-2938.

Athabasca Bitumen HVGO Distillation Series
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Compositional and Structural Continuum of Petroleum B%n

Distillation series A. McKenna et al., Energy Fuels 2010, 24 (5), 2939-2946.

Middle Eastern Heavy Crude Oil Distillation Series

3

71- 510 °C 30 H 371 -510°C
B 510 - 538 °C
B 538 -593 °C
B 593+ °C

-~

510 - 538 °

N
o

g

Relative Abundance %
T

538 - 593 °C

‘

-
o

593* °C

.

0
300 600 900 1200 S

S, HC S§,0, S; N,S, O, O, N,O,
m/z Compound class

-



(O
—
D
=
>
G
o
-
O
)
(q9)
-
O
)
O
(O
| -
L




Fractionation of Naphthenic acids
MAPS fractionation (MAPS: modified aminopropy! silica)

APS Extraction

MAPS Extraction

APS
Conditioned with DCM

1

CN 1 (83.0 £ 0.4%)
(100%) DCM, 20 mL

l

CN 2 (2.4 £1.0%)
(50/50) DCM:MeOH, 15 mL

l

CA1 (3.5 £ 0.4%)
(50/50/5) DCM:MeOH:FA, 10 mL

APS Extraction
Total % Recovery = 88.9 £ 1.1%

MAPS Extraction
Total % Recovery =91.9 £ 0.8%

APS
Conditioned with DCM

1

MN 1 (87.2 £ 0.7%)
{100%) DCM, 20 mL

1

MN 2 (1.3 £ 0.1%)
(50/50) DCM:MeOH, 15 mL

|

MN 3 (N/A)
(100%) MeOH, 15 mL

1

MN 4 (N/A)
(70/30) MeOH:H,0, 15 mL

MA 7 (0.5 % 0.1%)
(50/50/5) DCM:MeOH:FA

t

MA 6 (0.2 * 0.1%)
(20/80/5) DCM:MeOH:FA , 10 mL

t

MA 5 (0.1 % 0.1%)
(5/95/5) DCM:MeOQH:FA , 10 mL

t

MA 4 (0.6 % 0.1%)
(100/5) MeOH:FA , 10 mL

t

MA 3 (0.6 + 0.1%)
(90/10/5) MeOH:H,0:FA , 10 mL

t

MA 2 (0.6 £ 0.1%)
(80/20/5) MeOH:H,0:FA, 10 mL

t

MA 1 (0.8 + 0.1%)
(70/30/5) MeOH:H,O:FA, 10 mL

S. Rowland et al., Energy Fuels 2014, 28, 5043-5048
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Fractionation of Naphthenic acids B%R

MAPS fractionation (MAPS: modified aminopropyl silica) S. Rowland ot &l Energy Fusls 2074, 26, 50435048
O, Heteroatom Class O,S, Heteroatom Class
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Fractionation of Interfacial Material
MAPS fractionation (MAPS: modified aminopropyl silica)

MAPS Extraction of Interfacial Material

A. Klingenpeel et al., Energy Fuels 2017, 31, 5933-5939.

Bitumen IM Singly-Charged Acids

MA 1

MA 2

MA 3

MA 4

Collectively
APS MA3(3.4%) MA 4 (3.1%) 30 —2ed 1
Conditioned with (90:10:5) (100:5) MeOH/FA
DCM MeOH/H,0/FA Total 201
1 T 1 Percent 0,
Recovery: 104
MN 1 (44.1%) MA2 (4.7%) MA 5 (1.9%) 86.9%
(100%) DCM (80:20:5) (5:95:5)
MeOH/H,0/FA DCM/MeOH/FA 0+—""————
! T ! 3°
MN2(10.3%) MA1(4.5%) MAG(2.5%) MA9 (3.6%) e
(50:50) DCM/MeOH (70:30:5) (20:80:5) (20:40:40:5) =) s
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! T | I A 3
MN 3 (N/A) __, MN 4 (N/A) MA 7 (5.4%) MA 8 (3.4%) 30
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o,
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Island and archipelago structures
of asphaltene molecules




Structure of Asphaltene molecules
CID of an Asphaltene fractions (APPI pos)

Q-isolation with a small mass window of 10 Da.

Quadrupole
isolation window

Q-Isolation:
m/z 595 - 605

200 400 600 800 1000 1200

- confidential -

M. Witt et al., Petrophase 2018.

Island structurec
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Structure of Asphaltene molecules B%R

CID of an Asphaltene fractions (APPI pos) M. Wittet al., Petrophase 2018,
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Structure of Asphaltene molecules

Asphaltene fractions (APPI pos)

PetroPhase 2017 asphaltenes
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Martha L. Chacén-Patifio et al., Energy & Fuels 2018, 32, 314-328.
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Structure of Asphaltene molecules B%R

Asphaltene fractions (APPI pos) Martha L. Chacén-Patifio et al., Energy & Fuels 2018, 32, 314-328.

I\ N ) I e |
\ /e B [ \ 4 T \ { S /i > ( -y
(2 (2 (] (2 ] 9
Purified C \ ?‘ { < 5 i nr) Z } < )
urified C, . ) (. e [ () (.
asphaltenes ﬁh ﬁiﬁh ﬁ:—ﬁ.& ﬁk‘m ﬁh s Petrophase 2017 asphaltenes - Recovery 84.7%
adsorbed on . d gR L L
Sio, . = W W "W = 40 4 r 5
24h 24 h° 4 h 24h 24 h g 30 - 4 S
0.6% Loading M ] 1 ! ] g =
(__ . = / | A \\ r [ f" _(,- 5 25 4 L 3 2
@ @ " @ 3 R ol :
' C f— - - & 15 L2 S
_ e N/ N ' L ‘?- a 10 |, &
N Heptane Hep:Tol Toluene Tol:THF HF THF:MeOH § 5 4 a
0 4 F 0
| &Q\a é@{\a v.c}\ v é‘a Q_,'«o\ «o\ \.‘_\‘é{ &th "‘&0‘2“
ng o Q\"’Q F <9 Qg
& <
Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5§ Fraction 6 Fraction 7 Fraction 8
Pet h 2017 wt.%
strophase 2017WL%  47.4 0.2 6.9 11.3 8.7 19.7 75 13.0

Recovery 84.7%



Structure of Asphaltene molecules

Asphaltene fractions (APPI pos)

Petrophase 2017 asphaltenes
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Martha L. Chacén-Patifio et al., Energy & Fuels 2018, 32, 314-328.
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Structure of Asphaltene molecules B%R

As P haltene fractions (AP Pl pOS) Martha L. Chacén-Patifio et al., Energy & Fuels 2018, 32, 314-328.

Petrophase 2017 asphaltenes mo/c OSs/IC ENIC
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0.00

Polarity —»

%RA Weighted Atomic Ratio



Martha L. Chacén-Patifio et al., Energy & Fuels 2018, 32, 314-328.

Structure of Asphaltene molecules
Asphaltene fractions (APPI pos)
whole sample * Acetone ACN Heptane Hep:Tol
% Precursor ions * * *
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400 500
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Carbon Number

————— Precursor ions
Island (above) & Archipelago (below)



Structure of Asphaltene molecules

Asphaltene fractions (APPI pos)

Petrophase 2017
Acetone
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Martha L. Chacén-Patifio et al., Energy & Fuels 2018, 32, 314-328.

Destabilized Asphaltenes (Mass %)
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Structure of Asphaltene molecules a%n

AFM — Atomic Force MiCI’OSCOpy B. Schuler et al., Energy Fuels 2017, 31, 6856-6861




Bio-oil analysis




Bio-oil analysis B%R

Pine pellet oily (red) and aqueous (blue) phase analysis J. M. Jarvis et al,, Energy Fuels 2012, 26, 3810-3815.

18 Negative ESI 9.4 T FT-ICR MS
® Oily Phase

16 Pine Pellets ® Aqueous Phase
14
12

10

% Relative Abundance

02 03 04 05 06 07 03 09 01'2.‘! 011 012 013 014
Heteroatom Class



J. M. Jarvis et al., Energy Fuels 2012, 26, 3810-3815.

Negative ESI 9.4 T FT-ICR MS

0

Bio-oil analysis
Pine pellet oily (red) and aqueous (blue) phase analysis
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Effect of Maturity

Effect of Maturity on oil composition
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Effect of Maturity

Effect of Maturity on oil composition

Relative Intensity [% TMIA]
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Effect of Maturity

Effect of Maturity on oil composition

S. Poetz et al, Energy Fuels 2014, 28, 4877-4888.
Maturity-Driven Generation and Transformation of

Compounds in the Organic-Rich Posidonia Shale
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Improving S/N and mass resolution
Spectra stitching

.

I

Quad Isolation at m/z 560

Quad Isolation at

_ulil

m/z 580

il

I

Quad Isolation at m/z 600

_.,, hl J] l:

550

560

570

580 590 600 610 620 630

m/z

no. of peaks

no. of assigned peaks/percentage of total
no. of monoisotopic peaks

rms mass error for assigned peaks (ppm)
number-average neutral mass (Da)
number-average carbon number
number-average neutral DBE

approximate total analysis time (s)

Number of Peaks

broad band

59015

42182 (71.5%)
23946

0.19

647.5

44.7

159

2000

30000

25000

20000

15000

L. C. Krajewski, Anal. Chem. 2017, 89, 21, 11318-11324.

Peaks per 100 Da
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126 264 (74.2%)
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49.7

15.3



Improving S/N and mass resolution

Spectra stitching and keeping mass resolution

Number of assignments per Da

D-F: Broadband

D-F: OCULAR

ND-F: OCULAR

- confidential -

D. C. Palacio Lozano, Chem. Sci., 2019, 10, 6966.

Stitched
Average resolving power (m/z 260-1505) 3.12 x 10°
Resolving power at m/z 400 3.07 x 10°
Monoisotopic peaks assigned 106 871
Total peaks assigned 244 779
% Assigned 88.44%
RMS mass error for assigned peaks 0.11 ppm
Mean molecular weight 890.3 Da
Peaks with mass error =1 ppb 2305
Peaks with mass error =20 ppb 66 814
Peaks with mass error =50 ppb 122 911
Max. number of peaks assigned per Da 307



Improving S/N and mass resolution sRgkeR

Concept of dipolar and quadrupolar detection

Standard 1w Dipole Detection 2w Quadrupolar Detection (QPD)

N =
TCER =S WS
= o

QUADRUPOLE-DETECTION FT-ICR MASS SPECTROMETRY*
L. SCHWEIKHARD, M. LINDINGER and H.-J. KLUGE published 1990

7

Direct detection of the cyclotron Direct detection of the double cyclotron
frequency w, frequency 2w,
RDipoIe =v-T RQPD =2-v-T=2- RDipoIe

= Double mass resolution



Improving S/N and mass resolution
12T 1w measurement with AMP, APPI, Oil Residue, m/z 250-800

600 ions
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Improving S/N and mass resolution a%n
7T 2w measurement with AMP, APPI, Oil Residue, m/z 250-800

500 ions_ _________________________________________________________________________________________________________________________________________________________________________________
0 | {TH _{ n...
| , 1 Mass resolution (m/z 400): 1,950,000
0 | h}? _______________________________________________________________ Mass accuracy: -20 + 168 ppb
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Compounds: 18200
200 | H __________________________________________________________
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S PP 500 | 1600250
aM Resolution 600 1313480
. 700 1083770
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M 900 771530
1000 677000
1M
m/z

200 400 600 800 1000



Improving S/N and mass resolution
7T 2w measurement with AMP, APPI, Oil Residue, m/z 200-800

number of ions

300

250 A
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CASI with 55 Da isolation windows

Isolation mass: m/z 325
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Improving S/N and mass resolution a%n
7T 2w measurement with AMP, APPI, Oil Residue, m/z 200-800

CASI with 55 Da isolation windows

Y 1] i Resolution (m/z 400): 2,750,000
Sweo ) rl T Mass accuracy: 8 ppb
E f - Compounds: @
E 1000 I
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Petrophase 2017 asphaltene

7T solariX 2xR, quadrupolar detection, AMP
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Compound classes plot
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Petroleomics with scimaX

Petroleomics with scimaX

sclmax
RP > 900,000
> 50 formulae assighed in
0.40 Da
@7T
...... 700.40 700.50 700.60 700.70 .

Crude oil, APPI analysis: scimaX 7T |

200 300 400 500 600 700 800 900 1000 m/z

DBE plots

Carbon Number

T T T T T T T T
L .08 G

Petroleomics with scimaX

e Study of TAN, corrosion, fouling
processes

* 2xR technology

e Easy import of data in Petroleomics
software (PetroOrg/Composer) to
generate classical plots

* compatible ionization sources to access
different molecular species:

= ESI for basic and acidic compounds

= LDI, APCl and APPI to access
aromatic and non-polar
compounds
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Summary B%R

* LDI of crude oil, shale oil (correlation with acidity, detection of metallo porphyrins)
* Analysis of TLC fractions of crude oil by LDI

* Fingerprint of crude oils by LDI

* Analysis of oil mixtures

* Asphaltene fractions: - different solvent fractions
- fractions at different solvent power
- time effects on precipitation
- island and archipelago structures

* Effect of hydroprocessing

e Continuum of Petroleum

* Fractionation of interfacial material and naphthenic acids
e Bio-oil analysis

* Effect of Maturity

* Improving data quality - Spectra stitching and quadrupolar detection
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