Highly complex analysis from petroleum to polymers

Carlos Afonso

Laboratoire

RUNIVERSITE
“DEROUEN




CNRS French FTICR network

Very field FTICR mass spectrometer

ra

FR Responsable Guillaume Van der Rest
FT-ICR
R 3624 Paris - UPMC Lille — ULille 1
Rouen UPMe APEX Q9. 4T® s

Univ. Rouen = % I .

SolariX XR 12 T / \ Vietz
% L'%R’Eﬁdﬁgﬁ e 5 - Uni. de Lorraine
P i lon Spec 9.4T N—
. a rl S DE LORRAINE
ESPCI ParisTech

LTQFT 7T :

= £ Palaiseau _

@ o Ecole Polytechnique
Orsay SolariX XR 9.4 T

Uni. Paris Sud pCaC)
APEX Q 7T \_\f e’
@ s

@

L!' UNIV RSITE

: INSA . . . e
' www.fticr.org Hélene Lavanant: Scientific ;g-




=
(9]
oc
[
=
=

=)
oc
Ll
=20
a e
-

Laboratoire




=

bl

£

Vg

Ay
. = “ ~
)\

%z

N
S,
v
)

I\

e U |
¥

L
o
| (W)
=0C
—_—ll
=
Ji. §
—




Laboratoire

C2MC

Complex Matrices
Molecular Characterization
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Complex mixtures
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Analysis of heavy petroleum product
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Petroleum complexity
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ra Petroleum refining processes
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Why molecular characterization

Fa

* 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...

* Problem: petroleums with similar macroscopic

descriptors may have different properties
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Crude Oil

Brent

West Texas Intermediate
Arabian Extra Lt. Export
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D
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* PetroOrg |
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— http://petroorg.com
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— http://massspec.com/composer ate of the art visualization software for petroleomics
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ra What is important for complex mixtures

(a) Resolving Power
Axiallz'n Efficlency
Scan Speed (LCMS)

* Properties
— Resolving Power
— Mass accuracy % 55e ()
— Dynamic range ®

20-FT Resoiving Power

— Number of ions e
. . lon Energy
« High field FTICR Number ofons
— All properties increase
— Linear %

— Quadratic © Peak
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- /

» ,0 .
'o}lNSA ob B(T)
"UNIVERSITE
LfDEROUEN Marshall, Rapid Commun. Mass Spectrom., 1996% 10, 18




Laboratoire

Fa

* ESI

Electrospray ionization

lon source comparison

* APCI

Atmospheric Pressure Chemical lonization

° APPI

Atmospheric Pressure Photo lonization
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Equipment
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* API sources

o ESI
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- r ESI(+): Complex petroleum mixtures

- Basic vs Non Basic N

- Z types (Z is the “hydrogen deficiency” relative
to alkanes, C.H,.+zX, in which X denotes
heteroatoms

- classes (i.e., different combinations of N, acridine (B)

O, and S atoms [(mm ]
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Fuels 2001, 15, 1186.
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lonization discrimination
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ra ESI(-) NB nitrogen

Charge C 1mg/ml MeOH/Toluene (50:50) + 1% NH40H a 28%

1403543 204 (3.500) Cm (7:366) 1: TOF MS ES+
100~ 308.2367 13904
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o\_
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Un peu de chimie structurale

terg/s. 490.44067 170415_VGOHC204_000002.d: +isCID MS
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[%]

Isolation m/z 490.449

100
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60

40+

20

170415 VGOHC204_000003.d: +MS(isCID->CASI 489.60001)

490.44073

DBE 9
C35H56N

Chemical Formula: C3gHgyN*
Exact Mass: 490.34683

DBE 16

C36H44N

490.34684

C33H48NS

490.31044 490.40434 k
i , I A ,

C34H36NS

490.25632

———— T T
490.250 490.275 490.300 490.325 490.350 490.375 490.400 490.425

—
490.450 mz

Exact Mass: 490.44073

Chemical Formula: C35HsgN™
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Spectres CID
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Selection m/z 490.449
BN [ I cR

m/z 490

20 100
80
151
00000 60
2 20000006
N1 Class S 104 0000000 40
00000000
~eee00e
eooe000ee| |,
5
0

20 100
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N1 Class 151 DBE 16 Exact Mass: 490.34683
60
Selection 490.4 5
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DBE 9°
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DBE 10 N1 fragment series

lon core
X
+H AN +

N

Chemical Formula: C35HsgN* Chemical Formula: C4gHgN™
Exact Mass: 490.44073 Exact Mass: 222.12773

40V 50V

60 V
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80 80 - 80
2 6 2 60- 2 60
g 5 3
£ E £
T a0 40 401
201 204 20 -
0- 0- 0
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Laboratoire

Asphal
ra sphaltenes

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

Non-soluble in pentane or heptane but soluble in toluene

Archipelago

Org. Biomol. Chem., 2015, 13, 6984-6991
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Intens. Asphaltene_LDI : MS+
[0(/07]' 323.166749
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S
: s Sulf
ra — o o & ulfur
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[C27H S, +'Ag]*

ra ESI(+) Canadian VGO  (Cationization

1.99966 Da [C2/H S, +1Ag]*

>

&
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Evolution of RP with m/z

ra 12T
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Laboratoire

FYa ° 7TFTICR, 2s transient Absorption mode
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ROUEN crude oil spectra obtained using 7 T Fourier transform ion cyclotron resonance mass spectrometry./J Am Soc/Mass
Spectrom 2014, 25, 154.



Laboratoire

ra Quadripolar detection
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lDEROUEN of Crude Qil. Anal Chem 2017, 89, 12101.



Laboratoire

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




Laboratoire
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Laboratoire

Fa

APPI-FTICR
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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 30+

Vi
wn————— A —-

= HPLC-2

Off line chromatographic separation

C1 - dinitroanilinopropyl (DNAP) column
for separating the larger rings

C2 - propylaminocyano (PAC) column for

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 201

mass detector; V1 and V2, Rheodyne 7040 six-port switching valves.

@ [+ o © x
. < o X
| I [ | |
DAD Chromatogram
- Maximum: .46994

- | 1 1

100 200 300 400 500 600

0 TINOH
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D. C. Podgorski, Y. E. Corilo, L. Nyadong, V. V. Lobodin, B. J. Bythell, W. K. Robbins, A. M. McKenna, A.
Rodgers. Heavy Petroleum Composition. 5. Compositional and Structural Continuum of Petroleum v;f'
Fuels 2013, 27, 1268.

separating saturates and mono-aromatics
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W. K. Robbins. Quantitative Measurement of Mass and Aromaticity /
Distributions for Heavy Distillates 1. Capabilities of the HPLC-2 - .

J. Chrom. Sci. 1998, 36, 457.
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Laboratoire

Fa

. Formatior) of emulsi_ons
can be a issue for ol
production

« Some oils lead to higher
amount of emulsions
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oil droplet in

water
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%,
oid ® \”g
particlc7 JE

Emulsions
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Crude Oil =€)

heptane/t0|uene Nolslon Emulsion '
10:25 MeOH/toluene

\ .

= 66% Water Saturated 11% Water Saturated

oil droplet in
water
(stabilized)

oil droplet in
walter
(stabilized)
WERS'TE J. M. Jarvis, W. K. Robbins, Y. E. Corilo, R. P. Rodgers. Novel Method To Isolate Interfacial Material. Energy Fuels 2015, 29, 7058.



Laboratoire
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ra GPC-ICPMS
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Laboratoire

APPI-LTQ-Orbitrap On line LC/MS
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ra Electron transfer MALDI

. \ . . ~10 eV
« Selective ionization N

[M] + hv - [M]**

[M]** + [A] » [A]T* + [M] M(IE) > A(IE)

a-cyano-methyl-phenylenevinylene
a-CNPV-CHj;

NSD Giraldo-Davila D, Chacén-Patifio ML, Ramirez-Pradilla JS, et al. Selective io ization /

_ IVERSITE by electron-transfer MALDI-MS of vanadyl porphyrins from crude oils. Fy /2018
- 1 DEROU 226:103-111.



ET-MALDI vs APPI and LDI
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Laboratoire

ET-MALDI vs APPI and LDI
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Laboratoire
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Laboratoire
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Laboratoire
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lon Mobility
[ ) r a IM spectrum

Electric field

° ?ﬁgseration based on size and | (@(((@z((mm(@(;(((('

LILLLLILIL LI LIS T I LI LTI LI

— 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 s range)

* IM-FTMS coupling

— Second time scale

103 102 10" 10° 10" 102 103
".",msn
@
[

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

104 10
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Laboratoire

ra IMS-TOF and FTMS

ESI(-)

415.36 O, Class, DBE =5
O, Class, DBE=5
OH IM-TOF MS By 574
m/z 415.36
@ 415.00 415.20 415.40 415.60  "/* '

415.35816

10!
: \
o -
10
DBE =5 DBE =5 Ca
=1 m/z 429.37
FT-ICR MS ot .
10 c30
St oot ottt s ] m/z 443.39
)
10%
0

Css
m/z 457.40

415.00 415.20 415.40 415.60 ™2
471.42

" IM-TOF MS

471.00 471.20 471.40 471.60""

Cs,
m/z 471.42

471.42076

FT-ICR MS

c33
m/z 485.44
i 8. 40
m/z T

ol
471.00 471.20 471.40 471.60 200 4.00 ,6-09 8.00 10.00
Drift Time (ms)

» UNIVERSITE P. M. Lalli, Y. E. Corilo, S. M. Rowland, A. G. Marshall, R. P. Rodgers. Isomeric Separation and Structural
- "DEROUEN Characterization of Acids in Petroleum by lon Mobility Mass Spectrometry. Energy Fuels 2015, 29, 3626. 60



ESI(+)

e (ms)

rift ti

Carbon Number

25 30 35 40 45

N1 Class
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r . y r T . . Low
o P P P oAb P
Carban Numbear
N1 Class
_ :‘ i 5.30
DBE =8 '|| 100; 5.51
= 0
5]
¢ E |
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Drift time (ms)

M. Farenc, Y. E. Corilo, P. M. Lalli, E. Riches, R. P. Rodgers, C. Afonso, P. Giusti. Comparison of Atmo

Pressure lonization for the Analysis of Heavy Petroleum Fractions with lon Mobility-Mass Spectro r
Energy Fuels 2016, 30, 8896.
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N

NH*

isomer 1

N

NH*

isomer 2

114.5 A2
120.4 A2
100+
4 éDrift time (ms)é_
o_ad o
35INSR
(VEIMERT  MMFF94 force field

;

7 N\
=NH*

isomer 5

7 N\
=NH*

isomer 7

\ /- )
NH \ G
isomer 3 isomer 4
72\
—NH*
isomer 6
z
|
N
H isomer 8

Table 1: Theoretical CCS (A?) values for

putative C,,H

N* isomers

TM CS (A?)
115.0
117.5
119.8
120.4
121.8
127.4
139.0
136.8

[
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aboratnire
L0 200 Cc#18
£
0
35 40 45 50 55 60 65 70 75
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(c)_§>1oo /_\ C#20
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(d)_é'100 C#21
2 /\
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2100 C#22
(e)g /\/\
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(f) = 100 c#23
5 /\
£
0
35 40 45 50 55 60 65 70 75
drift time (ms)
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100
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<
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C
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S
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Isomeric Descriptor for the Untargeted Analysis of Complex Mixtures Using lon Mobility-Mass
Spectrometry. J Am Soc Mass Spectrom 2017, 28, 2476.
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Laboratoire

)
ora

* IMS coupling with FTICR?
— Second time scale
— FAIMS
— TIMS-FTMS

y
» )"

IMS with FTMS
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100

200

300

m/z

400

500 600

TIMS-FTICR

Number of Structures

*

N =

N W A W N

P

CioHs

120

10 115 125 130 135

% experimental value

1151

1177

CCS(A?)
%

1197

1207

P. Benigni, R. Marin, F. Fernandez-Lima. Towards unsupervised polyaromatic hydrocarbons structural
assignment from SA-TIMS-FTMS data. Int J lon Mobil Spectrom 2015, 18, 15
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Chemometrics

ra Evaluation of the accurate determination of
calculated mixing ratios of similar crude

oils 10% Oil A PC 2
10% Oil B o 33% Oil A
0% B; 100% A 4003124 0% B; 100% A . 80% Qil C ’ 33% Oil B
2 b) " Oil C 33% Oil C
cz,H,.os\c?HHs \ CHuS c,,"cm\s\,A
CuHa0 l /
NOT L I S )
30% B, 70% A wo3ne 30% B, 70% A 6Q 1. v o/ T A e

400.4063

4002219 400.2760

4qo.1821 u

60% B, 40% A 4%0312% 0% B, 40% A

400.4063

PC 1

400.2760

400.1821 ”
I )

003126 100% B, 0% A N T

400.4063

100% B, 0% A |

45% OIilA

35% Oil B
am 20% QOil C + oils
400.15 “3‘:‘;‘;‘20 aouzs1 4;0‘_30 pryy 400.40miz : ® Oil Mixture /
’140 Theory
oilB <
-1.80

e
L! ® UNIVERSITE Photoionization Coupled to Fourier Transform lon Cyclotron Resonance Mass Spectrometry. Energy, Fuels 2015, 30,
DE




Nathalie Carasco (Univ. Paris Saclay) Tholins

Thése de Julien Maillard
Cassini Mission

95 % a 98,4 % d'azote
1,6 % a 5 % de méthane

&> Tholins
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ra Preparation of tholins in PAMPRE setup

View of the PAMPRE set up

»_g® @
% 33INSR
L! ™ UNIVERSITE
DEROU
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o A

What do we know?

ra

» Physical properties of tholins (Carrasco et al. 2009) :
Elemental analysis,
Solubility,
(35% of tholins prepared with 5% of methane are soluble in
methanol)
Absorption IR,
(Soluble and non soluble have nearly identical IR spectra)

« Analysis of soluble fraction by ESI-Orbitrap (Gautier et al. 2014):
Polymers: CH, and HCN repeat units

@ msn

L" NIV ERSITE

Hypothesis: soluble and non soluble fraction are similar
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Laser desorption analysis of soluble and
non-soluble fractions

Fa

x1085 a)
31127.097842 CHa
 ——
222.146173 SOIUbIe
Intens. l ]f:u 13alN11 C29H38Ns
: x107 CHN ]llll“ “l”l “l
718I1N4
11 Lo A AL ML
] 2 2.5 D) 305.125770 C26H18N13
o X108 gz ] 200.093083 |nso|ub|e sHaz
;_ : L oluble l :Mﬂ
1 | | | i[ | m m AW 1 Al ﬂ“ S
: X108 0] AR 7wy e ) 1> SRS LR LB b ALY
T_ 2.05 C) 214.108728
0 | \ |, : ..Ax%sf'},14§77 Tcg.t.a}le}—,lf w1 | LAY, W11 P ————r—
148.06 ; g 148.1 l“l 5122 l ] ““ 512.30 51240
S R
100 200 300 400 500 600 7|00 mz
“54INSR
J » UNIVERSITE Maillard J, Carrasco N, Schmitz-Afonso |, et al. Comparison of soluble and ingoluble
LIDEROUEN organic matter in analogues of Titan's aerosols. Earth Planet Sci Lett 2018; 495: 1854191. 21




Van Krevelen diagram of the soluble

fraction
IN/C=0,5 HIC=1,5

Yaso-

H/C

o AN

min

Soluble

.o 1.8 20
'o'}lNSA

D:
m=



3D Van Krevelen with x=N/C,y=H/Cetz=m/z

N/C=05HC=15_
700 |

600

Soluble fraction

Convergence of the 00
species

—C,oH3N- repeat unit

=, INSR

®UNIVE RSITE
L2 5 b0




Laboratoire

Diagrammes de Van Krevelen de la fraction insoluble

Fa

» QOther distribution with of ther
convergence point

N/C = 0.5; H/C = 0.75
Motif: C,HsN,

® Insoluble
s ® Commune
"s5INSR ® Soluble
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Laboratoire

ra Polymers and MS

Polymers Pooo®

— End-groups Mw = Z(M;) N/ZMN;

— Average mass pOlydiSperSité D = Myw/My

gIH\3 } /I:/ﬂ/ \L/K:|\ \lﬂ\ Substance Formula S
- Additives R |

— Anti-UV o o

— AntiOXidantS Tinuvin 326 327.1955

« HALS (hindered amine light
stabilizants)

I/ 7/
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OFa

lonization
— M*

- [MeH]', [MeNal', (Mo [ ) fij[ @

lonization of Polymers

* Polymers : large molecular ..,
diversity

Ut

Heteroatoms (PEG, PMMA...)
Unsaturated (PB)

— Aromatics (PS)
— Saturated (PE, PP...)

Solubility

— In MS most ionization imply that the

sample is soluble

,'ﬂ,msn

SITE

PMMA 2



Laboratoire

ra Polyolefins

« Saturated polymers JFHZ Hz][ Jer H 4
— Most common polymers H3
— PE (80 million tonnes)

— PP (55 million tonnes)

«  Solubility AL e
— Insoluble in most solvents () 2 1 : 1] spP
— Most ionization method requires | J
solutions

* lonization
— How to ionize large alkanes ?



Laboratoire

ASAP or DIP-APCI: a complex ionization
ra °~< .. process

l nebulizer gas lonization
By charge exchange

||} Sample e-
gprc;]na | ¢ r\
ischarge
electrode % J N N+
T 2 2 Traces of O,
Sampling cone )\)\)\
- and H,0
pyrolysis
PP [(H,0), +H
E NAS hor P
Pyrolysis l \ / e
prOd UCtS ’ 2|O 30 40I | 50 60
m/z
Py 100 02; *E(HZO)Z K b £
;4INSR g
3 50 H,O
» UNIVERSITE | (H,0)HT
U R.B. Cody, Anal. Chem. 2009, 81, 1101-1107 “ & S S
" DEROUEN 20 30 40 50 50 7g
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Laboratoire

(b)

®UNIVERSITE

“ DEROUEN

339 367 391.2842
PE =
|
I
: [
41913155
1
I
L
|
1
|
1
|
1
Lo
1
|
PP 353-341495 3380 |
37.8
C3H6 C3H6 C3I'?|6 :
<>« |«
311.2945 B
L
LN
: [
269.2475 ! :
1
I |
300 400

FTICR analysis

391.2842

339.36%353.3419,@5_3778
323.3308 379.3934

295.2995

300 325 350 375 m/z

35379.4823

521.5292
563.5762
605.6231

647.67010

689.7170
731.7640

500 600 700 nm'z

Differentiation of PP and PE
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RP=900000 FT-ICR Analysis

DBE 0.5
C,H

ra

:
29 5702
PE 437.4
) C,.H.,0," DBE 0.5
ngH51Oz 433.4040 C HO-* C.H.O.* C:,’OH61O+
4313884 C_H O* C.HO* C H.O* 29" 1552 284357339%9 437 4717
C. H.O-" 30" °55 28 49 "3 30! 157 435.4197 :
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C27H43O4+ Cz7H4504 435.38 3435 27 49 T4
C H + C H O + 437 .36p5
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A + 26 457 5
431.4611 \ C H. * 435.34p9 C,,H,,
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1 . ) e 72NN | L /L " .

Ly e L L AL
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+
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+
C30H570
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C H O+ C29H5302 / CZQHSSOZ
300 °55 433_4(‘)‘%% 4404 C.H O +435.4197 .
431.4247 . 28" '517°3
C31H59+ 433 3616 435.3833 437.3989 C30H61O ’
T T |‘ l T T l T //l T l T l T T T /l/ T = ll T T T //l T A T l ll A T ll T
431.30 431.40 431 % 433.30 433.40 433.% 435.30 435.40 435.5# 437.30 437.40 437.50

Oxygen containing species for PE and PP
Low DBE species detected for PE not for PP

-y
5INSR

. Witt, K. Craven, C. Barrere-Mangote, C. Afonso, P. Giusti. Characterization of Polyolefin Pyrolysis Specigs Produc

/

WMylgiRRgT: W ! ]
L:A@ ditions by Fourier Transform lon Cyclotron Resonance Mass Spectrometry and lon Mobility-Mass Spegtrometryy
Mass Spectrom 2017, 28, 507. /
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"9

Oxygen number distribution (FT-ICR)
ora
PE PP
w ¢ 4
45
_40
£35
830
ﬁ 25 m PE
£ 20 = PPi
E 15 " PPa
10
5
0 h ‘ -~
00 01 02 03 04 05
Number of oxygens
oy . e .
‘¢iINSh Higher number of oxygens for PP related to ramificationg’?

» UNIVERSITE
L! " DEROUEN
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Fa

DBE distribution C,H, (no oxygen) (FTICR)

I
o

Relative Intensity
N w
o o

m PE
u PPi
= PPa
15 25 3.5 45 55 6.5 /
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Hs
polybisphenol A carbonate (PC) 2270 = T1+T2+n%x254.09+23
n < 2247/254=8.8
0

n=8 254.09 x 8 =2032.7

254.09 u
254 T1+T2 =214.3
<€ >
[M+Na]" 16 oTo_g_ ..
2270 + [M+Na]" 16 ©/ 0 O
. [M+K] «—> [M+K]*
2286 (W] 137.02 77.04

2564 2580
1

2564 = T1+T2+n%x254.09+23
n < 2541/254.09=10.00

2524

2541 T1+4T2=0

polymére cyclique

q ‘I"ll"l“lll L !
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ESI-FTICR PDMS

ESI-FTICR
poly(dimethylsiloxane)

<l .ofl o\l _
Si [Si |Si
ali. 1120 1140 1160 1180 1200 1220 1240 miz | | |
6.00406{ e, I "
3.0e+06 -
Suspected oligomer series n® Theor. Exp. Error
“-L mass mass (ppm)
0.0e+00 + 17 (|:H3 —l C|H3
1100 1300 1500 1700 mlzi HaNCaHg—[——§—O0——H—CiHelHy 13 11374067 11374121 47
CH; n CH;
+ — CXHJT CIH3 +
iH;NC sHg ?I_OJ SC3HGNH,; 29 23227152 23227144 0.3
L—  CH; n CH;
. [ C‘H3j
@ | H3NC 3Hg $i—0——CHs 14 11103595 1110.3599 0.4
L,
3 n
[ ]
1) "
35INSR R
0 iHaNcsHs* %io}u 15 11703626 11703588 3.2
— CHs n
Ma@%ﬂ%ﬁf‘\ﬂacromoleculesﬂ999,32,4411 - . 84
Degree of polymerization
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Fa

il

PEO HO-(EO),-H
PPO-diol HO-(PO),-H
PPO-triol H,C—O— (PO),—H
|
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Polymer mix
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EROUEN combined with Kendrick mass defect analysis. J Am Soc Mass Spectrom 2014, 25, 1346.

L!. UNIVERSITE H. Sato, S. Nakamura, K. Teramoto, T. Sato. Structural characterization of polymers by MALDI spiral T%mass%ometry
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s

Alpha-olefin poly-alpha-olefin

lubrifiants

photoionization

Electron capture dissocation
e + CH2C|2 —Cl + CH20|

Anion attachment
Alcane + CI- ——> [Alcane+CI]

'-'.’Nsp Thesis Anna Siqueira

L! o 'F‘{ERS”E Mendes-Siqueira A-L. Analyst 2018.

Alkanes: halide attachment
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