Highly complex analysis from petroleum to polymers
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Complex mixtures
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Analysis of heavy petroleum product
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Isotopic Fine Structure
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Petroleum complexity
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Petrole

Petroleum refining processes
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Context
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Conventional crude

composition Market
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ra Why molecular characterization

« Petroluem valued based on macroscopic descriptors
— American petroleum institute (API) Gravity
— Sulfur content
— Total acidity number (TAN)
— Metal content (V, Ni)...

* Understand macroscopic properties at the molecular
level
— Corrosion
— Fouling
— Emulsion...

* Petroleums with similar macroscopic descriptors may

have different properties
':,'imsn
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Crude Oil

Brent

West Texas Intermediate
Arabian Extra Lt. Export
Daqing

Arabian Light Expor
Kuwait Export Blend
Oriente Export

Maya Heavy Export
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Country of Origin

UK

USA
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China
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Mexico

Crude Oil Class

Light Sweet

Light Sour

Medium Medium Sour

Medium Sour
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Properties
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* Properties
— Resolving Power
— Mass accuracy
— Dynamic range
— Number of ions

- High field FTICR

— All properties increase

— Linear
— Quadratic
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Axializ'n Efficiency
Scan Speed (LC/MS)

(b)
2D-FT Resolving Power
Upper Mass Limit
fon Trapping Time
lon Energy
Number of lons

ra What is important for complex mixtures
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Molecular map
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Data treatment

* PetroOrg
— http://petroorg.com

+ Composer (Sierra Analytics) K&y ] LiXT:T5 |
— http://massspec.com/composer e
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* ESI

Electrospray ionization

lon source comparison

* APCI

Atmospheric Pressure Chemical lonization

° APPI

Atmospheric Pressure Photo lonization

Eluent + Nebulizer gas
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@ ""INSD

| 2 UNIVERSITE
DEROUEN

Gaseous phase ionization
Using a corona discharge

Gaseous phase ionization
Using a UV lamp hv = 10/t
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* APl sources
> ESI
- APCI
- APPI
- Direct insertion probe APCI

* MALDI

ESI Peptide
Identification

MALDI Precision
Profiling

Equipment



Exemple: Complex petroleum mixtures

ra

- Basic vs Non Basic N
- Z types (Z is the “hydrogen deficiency” relative
to alkanes, C_H,.+zX, in which X denotes

heteroatoms acridine (B)

- classes (i.e., different combinations of N,
O, and S atoms [CCO”']

2-hydroxyquinoline (B)

[@\:H ] + 1,10-phenanthroline (B)
oxindole (NB) [ CC?:) -l ]+

Carbazole (NB)

+
[O\_ﬂl *+H [ (m o ] 1 ammoanthracene (B)
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Marshall, Energy & Fuels 2001, 15, 1186-1193 /
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lonization discrimination
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Charge C 1mg/ml MeOH/Toluene (50:50) + 1% NH4OH a 28%
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Un peu de chimie structurale
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Isolation m/z 490.449
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Selection m/z 490.449
A e
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DBE 10 N1 fragment series

lon core
_—

N +
—
N
Chemical Formula: C35HseN” Chemical Formula: CqgH1gN*
Exact Mass: 490.44073 Exact Mass: 222.12773
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Asphal
ra sphaltenes

Reference asphaltene de in the framework of
PetroPhase 2017 Le Havre.

Non-soluble in pentane or heptane but soluble in toluene

a)

Island Archipelago

rm=
=5
=
=
m

Org. Biomol. Chem., 2015, 13, 6984-6991
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ESI(+) Canadian HVGO
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Fa ° 7TFTICR, 2s transient Absorption mode

Magnitude-mode Absorption-mode
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Y. Cho, Y. Qi, P. B. O'Connor, M. P. Barrow, S. Kim. Application of phase correction to improve the
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L UDEROUEN interpretation of crude oil spectra obtained using 7 T Fourier transform ion cyclotron resonance ma
spectrometry. J Am Soc Mass Spectrom 2014, 25, 154.
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« RP150000 m/z
400 4s transient
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Quadripolar detection

1o Dipole Dectection VS 20 Quadrupolar Dectection

4(\;3)7 > &)

_(_

—
e\

++

+
|
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>

Direct detection of the cyclotron frequency Direct detection of the double cyclotron frequency

RDD=V'T RQPD=2.V'T=2.RDD

§ #UNIVERSITE E- Cho. M. Witt, M. Hur, M. J. Jung, S. Kim. Application of FT-ICR MS Equipped with Quadrupolg/Detectior for
L SDEROUEN Analysis of Crude Oil. Anal Chem 2017, 89, 12101.
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Limits

Isomers “?
— m/z depends only on molecular formula

lonization discrimination

— In complex mixtures charge tend to go to the more
basic/acidic species

— Observation of species with higher ionization efficiency
Compounds with low ionization efficiency?

Addition of separation
— Fractionation
— Liquid chromatography (on line and off line)
— Gas chromatography
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Emulsions

Fa

Formation of emulsions

can be a issue for oil

production _

. . Crude Oil K v
Some oils lead to higher EFT

amount of emulsions

heptane/toluene " no Emuision® Emulsion. -
10:25 MeOH/toluene
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'BEIIP{ERI.?EITNE J. M. Jarvis, W. K. Robbins, Y. E. Corilo, R. P. Rodgers. Novel Method To Isolate Interfacial Material. Energy Fuels 2045, 29, /
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Laboratoire

= H<IQ_N2

Figure 1. Commercial components assembled into the HPLC-2 system. A, Varian 5560 ternary solvent
pump; B, Varian 8055 autosampler; C1, 4.6 x 2500 mm DNAP column; C2, 4.6 x 250 mm PAC
column; D, HP 8451 diode array spectrophotometer (DAD); E, HP 9133 dual disk drive; F, Isco 1-mm
flowcell; G, Kiethey 195A digital voltmeter; H, Applied Chromatography Systems 750/14 evaporative
mass detector; V1 and V2, Rheodyne 7040 six-port switching valves.
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¥a Hrc2 Off line chromatographic separation

C1 - dinitroanilinopropyl (DNAP) column
for separating the larger rings
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W. K. Robbins. Quantitative Measurement of Mass and
Aromaticity Distributions for Heavy Distillates 1. Capabilities o
the HPLC-2 System. J. Chrom. Sci. 1998, 36, 457.
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Laboratoire
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Resonance Mass Spectrometry. Energy Fuels 2012, 26, 3481.
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Planar limit
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- cyclotron resonance mass spectrometry. Anal Chem 2011, 83, 6068. f
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Laboratoire
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APPI-LTQ-Orbitrap On line LC/MS
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Laboratoire

oFa

« Separation based on size and
shape
— Drift time (1-30 ms)
— Access to collision cross section

* Intrinsic property of the ion
* Predictable

* IM-MS coupling
— 2D separation
— Information on isomers

— Coupling with TOF (acquisition
in us range)

 IM-FTMS coupling

— Second time scale

ol

lon Mobility

IM spectrum
Electric field

f\\\\\\\“\“\\\\\\‘\\“&‘“\\‘i\ﬁm\)

==

LLLLLLLLLLLI LIS LL LI ST A

8 10
drift time (ms)

103

Edward Mack, Jr, J. Am. Chem. Soc. 1925, 47, 2468

102 10" 100 1071
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ra IMS-TOF and FTMS
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Laboratoire

Sra IMS with FTMS

* IMS coupling with FTICR?
— Second time scale
— FAIMS
— TIMS-FTMS
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calculated mixing ratios of similar crude
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o

Que savions nous avant cette
étude ?

ra

» Propriétés physiques des Tholins (Carrasco et al. 2009) :
Analyse élémentaire,
Solubilité,
(Le tholins préparées avec 5% de méthane sont solubles a
35% dans le méthanol)
Absorption IR,
(Validation par rapport aux données de Titan)

« Etude de la fraction soluble en ESI-Orbitrap (Gautier et al. 2014):
Polymeére, motifs CH, et HCN

Postulat fraction soluble représentative de la globalité

o @
@ ";4INSR
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Analyse par desorption laser des fractions
ra solubles et insolubles
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Laboratoire

Diagrammes de Van Krevelen de la fraction soluble

IN/C=0,5 HC=1,5

: @ = ) .
" | I | " = —
! ..I. .. u .. ;1
| 1
b ,r.
A
min
Soluble

o4 06 08 10 12 14 16 18 20
N/C

14



Van Krevelen avec x=N/C,y=H/Cetz=m/z

N/C=0 =15 |
tr,_Hﬁ,HlCA L

* Fraction soluble
100%

« Convergence des
especes

400

w

R 3004

200

Polymere de motif —C,H;N-,4
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Laboratoire

Diagrammes de Van Krevelen de la fraction insoluble

ra

« Deuxiéeme motif de croissance

N/C = 0,5; H/C = 0,75
Motif: C,HN,

® [nsoluble
. ® Commune
l"
@ ‘s INSR ® Soluble
J " UNIVERSITE
DEROUEN
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Laboratoire

: M
ra Polymeres et MS

. Polymeres Vo vV

— Motif de répétition

My = ZMN/ZN,
— Terminaisons My, = Z(M)) N/ZMN.
— Masse moyenne polydispersité D = M,,/M

CH
SI 3 [M+H]
\
CH3 N O o Formula calculated
CH3

PDMS 1 PVP 3

° ,A\dd|‘|:|‘|'}§MA2 Chimassorb 81 /C[ & 316.1211

— Anti-UV
— Antioxydants

— Photostabilisants de type
amines encombrées

+ HALS (hindered amine light R S
; stabilizants) N
@ "gHINSA
NIVERSITE Tinuvin 770 HNE?L oE(CHZ)ago
L! gEROUH\I

(0] OH

Tinuvin 326 327.1955
O\
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Laboratoire

Sra lonization of Polymers

* |onization

— M*

_ [M+HJ*, [M+NaJ*, [M+Met]* \11 J(ij[ @
« Polymers : large molecular C;S, o

diversity

— Heteroatoms (PEG, PMMA...)

— Unsaturated (PB)

— Aromatics (PS)

— Saturated (PE, PP...)

- Solubility

— In MS most ionization imply that the
sample is soluble




Laboratoire

ra Polyolefins

« Saturated polymers JFHZ Hz} ijz H {

— Most common polymers
— PE (80 million tonnes)
— PP (55 million tonnes)

. Solubility \W\ iPP
— Insoluble in most solvents - . T
. . . . \\J\/\/k/\/'\\ SPP

— Most ionization method requires
solutions

* |onization
— How to ionize large alkanes ?




Laboratoire

Corona
discharge
electrode

@ "ﬁmsn

= UNIVERSITE
'DEROUEN

r a DP-I_\_PCI

ASAP or DIP-APCI: a complex ionization
hot process

nebulizer gas lonization
By charge exchange

|| Sample e
4/\J\x +eo
j N, N Traces of O,
Sampling cone )\)\)\
P and H,0
pyrolysis
Ay Ay 2
PP [(H,0),+HI
I%)\)\/ e a
Pyrolysis w \ /H30+ " ]
products " T
m/z
0. [(H,0),+HI' ¢
NS b

[(H0)g+HI

Rel. Abund.

50 H,O
R.B. Cody, Anal. Chem. 2009, 81, 1101-1107 j - " = T -
m/z




FTICR analysis

339 3671 391.2842 339.362%, 3, 365.3778 [0
(a) ' 323.3308 379.3934
PE :“: 295.2995
1 1
| |
41913155
1 1
| |
: LI AU
! 300 325 350 375 s
|
1
|
1 1
(b) 353.3414 -
PP ' 395.388|3 !
37435
C,H,| C,H,| CH’ :4 479.4823
<> |
311.2945 Tk 521.5292
HE 563.5762
i (| 605.6231 yd
I I 94_5‘
269.2475 L 647.67010
' 689.7170 /
' 731.7640 /

% "!'?j"'m 300 400 500 600 700 y,m/z
) j’ )

U-BE%T% Differentiation of PP and PE /



RP=000000 FT-ICR Analysis

+
C,Hs,0,
PE 437.4
C,.H..0.°* DBE 0.5
C H O+ 29" 1532 .
20 1517 433.4040 C.H. O~ CoH 0| BpH,, O
4313884 C H_O* C,,H O. + 29°°55 72 437 3989| 437.4717
30 55 28" 1493 CsoHs'fo 435.4197 . ;
C;.H.-0O." 433.3676 433.4404 C.HO* .
28' 1473 28 '51-3 Ca 590 C..H O*
C H O + C H O 435.38 3435 27 4974
27 '43™4 ¢ Ho* 27" 4574 CHO"* ' 437.36p5
\ 31" 59 433.3312 27 1474 c C,H,:04
431.4611 435.34p9 *
431.3540 431.4?147 \ J C,He* 435 31b5 4%1;1%324 437.3362
. 43:.31?6 l j f 431.5‘2948 J 439.475? R 1 2 5/ 43L7.2q98 .
431.30 431.40 43150 433.30 433.40 43340  435.30 435.40 435. 437.30 437.40 437.50
+
C29H5702
437.4353
C4oHs,0"
435.4560
.
C30H57o
+ +
C.H O* CzeHsaoz / ngHssoz
30° °55 433.4040 C_H. O +435.4147
431.4247 433.4404 28 '513 +
S 433,366 35 3433 437 3989 C3oHs1O
L] L] l L] T l L] gl L] l Ll I T L] L] % L] . I| L] L} L] //I T . L] | Il - L] ll L]
431.30 431.40 431, 433.30 433.40 433, 435.30 435.40 435564 437.30 437.40 437.50

st s Oxygen containing species for PE and PP
kL Low DBE species detected for PE not for PP

MU . Witt, K. Craven, C. Barrere-Mangote, C. Afonso, P. Giusti. Characterization of Polyolefin Pyroly ys Specieg; ;
u P nder Ambient Conditions by Fourier Transform lon Cyclotron Resonance Mass Spectrometry a d lon Mg
Mass Spectrometry. J Am Soc Mass Spectrom 2017, 28, 507. /




Laboratoire

Oxygen number distribution (FT-ICR)

PE PP
m PE
= PPi
OO0 O1 02 03 04 05

Number of oxygens

Higher number of oxygens for PP related to ramificationg’'?



Laboratoire

"9

- I' DBE distribution C,H, (no oxygen) (FTICR)

N
o

Relative Intensity
N w
o o

-
o o

0.5 .
DBE

= PE

m PPi

= PPa

15 2.5 3.5 4.5 5.5 6.5

IS “53INSR 4
§  UNIVERSITE /

L * DEROUEN '/ 74



Laboratoire

H;
polybisphenol A carbonate (PC) 2270 = T1+T2+n%x254.09+23
O n < 2247/254=8.8
(o]

254.09 u n=8 254.09 x 8 = 2032.7
254 T1+T2=214.3

[I\/I+Na!+ 16 o o—%— 3
[M+Na]* 16 I O/T O

2270 [M+K]* o [M+K

2286 2564 5580 137.02 77.04

n < 2541/254.09=10.00

2524
2541 T1+T2=0
polymeére cyclique
@ T EEREE O SR PRSI 0[RS NLE R IR LR LR L B OSSR B SRR
2300 2400 2500 2600 2700 2800 ml/z
S ——
\= /IDEROUEN Michel W. F. Nielen, Anal. Chem. 1998, 70, 1563-156

2564 = T1+T2+nx254.09+23

75



Laboratoire

ai. | 1120 1140
6.00406{ e ,
3.0e+06
0.0e+00
1100
]
L) .‘
5INSR

1160

P
...........
-------- n
_________
........
.....

1300

1180

1200

1500

1220

Maﬁggﬁafmﬂacromolecules, 1999,32,4411

ESI-FTICR PDMS

ESI-FTICR
poly(dimethylsiloxane)

>

~J..ofl o\l

: Si |Si |Si

1240 miz | | |
Suspected oligomer series n' Theor. Exp. Error
mass mass (ppm)

CHs CHs
+ | |
1700 mlz- H3NC 3Hs ‘_ ?i—o—l $I—C3HeNH, 13 1137.4067 11374121 47

L CH;—JnCH,

Co T
-H3NC;H5 ISi—O Sii—C;HGNHs 29 23227152 2322.7144 03
—— CH3; —nCH;
+ [ CIH3_]
9 | H3NC 3Hg Tai—o CHj 14 1110.3595 1110.3599 0.4
— CH3 —p
" —
-H3NC 3Hg Si—O—] H 15 1170.3626 1170.3588 3.2
[
= CH3 n
* Degree of polymerization [4e)

rr 7

W

AN
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H,C—O0—(PO),—H

HC—O—(PO),—H

PEO HO-(EO),-H
PPO-diol HO-(PO),-H
PPO-triol
I
|
PPO-tric

lll’ ulllll Lﬂ

@‘I 000 1200 1400 1600 1800/2000 2200 2400 2600 2800 3000

i

H,C—0—(PO),—H

~ PPO-diol

 PEO

ALIHEL.

UNIVERSITE H- Sato, S. Nakamura, K. Teramoto, T. Sato. Structural characterization of polymers by MALDI spiral-T
DEROUEN spectrometry combined with Kendrick mass defect analysis. / Am Soc Mass Spectrom 2014, 2
I

KMD

Polymer mix

nominal mass of base unit

KM = observed IUPAC mass X

IUPAC mass of base unit

mass scale based on PO units

-CH(CH,)CH,0
0.35
<
s’O
0.30 - ..'o
0.25 ’.’.
PEQ,Q"
0.20
0.15 -
7
ﬁf
0.10 #
PPOQO-triol
o - 898 PPO-diol
---8200906600000066808----- =
000 4 _ | Y
800 1200 1600 2000 2400 2800
NKM

1346

O/
y/
77



Alkanes: halide attachment

CH, LI C,.H,,
100_ 10181 CH, " fontln
1158.3
cBOHJEZCI-
1298.5
c H cl' clOnHZDZCIu
“sr79 T g W e
1579.9
) oy ] | PR e oo
I 18603
lubrifiants A L e
Alpha-olefin pon-aIpha-oIefin 1001 N Gl St Gl G GllaT
% CH_CI
Sk 132762 % CogH O | € O | oM CT
pid r 1074.2 1130.3 1186.4
p h Otolo n IZatIO n 1050 11‘01! 11‘50 12‘00 m/z
VUV
Q o * ¢ cssl-ll:L:aCSIZT.9
821.9
. . ol \ .|1||||||'.......l||l“lli||... 2
Electron capture dissocation ch g ERE f
€ + CH,Cl, —=CI” + CH,CI DV o S0 1%02
. 1102.2
Anion attachment = ’Hﬁggoﬂmcr
Alcane + CI~ — [Alcane+ClI]~ [ 944 ¢ y g )
(12705 4
C
’ l‘ C,H,. O
@ ¢HNSR - Thesis Anna Siqueira .

52 106
765.8

u . UNIVERSITE
DEROUEN Macromolecules 2008, 41, 3772-3774 o ' m/z

500 2000 2500 3000
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