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in petroleum asphaltenes by derivative XANES spectra

ZHANG Long-li', WANG Chun-lan®, ZHAO Yuan-sheng’, YANG Guo-hua', SU Mei', YANG Chao-he'
(1. State Key Laboratory of Heavy Oil ,China University of Petroleum( East china) , Qingdao 266580, China;
2. Shengli Oilfield Sino-shengli Engineering Co. ,Ltd. , Dongyin 257000, China;
3. Petrochemical Research Institute, CNPC, Beijing 100195, China)

Abstract: The XANES spectrum is employed to study the sulfur functional groups in asphaltenes. Since the
asphaltenes are complicated mixture, it is difficult to distinguish different classes of sulfur compounds in
asphaltenes. Therefore, the higher order derivative spectra of sulfur XANES were introduced in order to improve
sulfur XANES resolution and to qualitatively analysis sulfur functional groups in asphaltenes. Sulfur XANES
spectra were deconvoluted by using of several Gaussian and arctangent functions to quantify the sulfur species. In
order to convert peak area percentages to atomic percentages, the relative 1s—3p transition probabilities of
different sulfur classes must be considered. The areas of the different Gaussian peaks were calculated and revised
for their oxidation state-dependent absorption cross-section. The contribution of sulfur species to total sulfur was
calculated by the corrected peak areas. The result showed that sulfur species in asphaltenes of atmospheric and
vacuum residue were mainly in form of thiophene, sulfoxide, thiophene sulfone and sulfate, while hardly
contained sulfide.
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Table 1 Elemental composition of asphaltenes

Content w/%

Asphaltene
C H S N
Du-84 83.72  8.40 0.84 1.85
Shan 56-9x11  82.87  8.56 2.42 2.02
THAR 84.85 7.21 4.23 1.35
SQVR 83.82  6.80 8.03 0.77
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Table 2 K-XANES spectral absorption parameters of standard samples and correction factors for peak areas

Electronic White-line Measured white-line Corrected white-line  Correction factor
Compound oxidation state energy E/eV absorption peak area absorption peak area for peak area

Sulfur/disulfide +0.0 2472.4 ~2472.6 - - -

Sulfide +0.2 2472.8 ~2473.0 2.136+0.058 2.060 1.20

Thiophene +0.7 2473.8 ~2474.0 2.356+0.097 2.482 1.00

Sulfoxide +2.0 2475.8 ~2460.0 3.268+0. 128 3.579 0.69

Thiophene sulfone +4.0 2479.8 ~2480.2 5.660+0. 286 5.267 0.47

Phenyl sulfone +4.9 2481.0~2481.2 6.243+0. 185 6.027 0.41
Sulfonate +5.0 2481.2~2481.4 - - -

Sulfate +6.0 2482.6 ~2482.6 6.819+0. 353 6. 955 0.36

‘-’ not analyzed
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Figure 3  Sulfur K-XANES spectra of different asphaltenes
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o S T AN i R A e, 4 v B R
B R = o R ERE 2 E R b & TR, RS
RS0 R, T Jir i e L ) SR s, 5 U 2 AR A Y
SR P R AU B W 2 BN R R 0, R A
A VU B S 50 RT AR A5 B A 1Y) 43 3 3 LR R AT g e
U A(d) VPRI UL K-XANES
— LI B U R EGE L R 4 (d) AT A
2471.0 ~2477.0 eV TUBY FHOT LA = 145 e
F AH2477.0 ~2484.0 eV, = Hr FIDUR- (5 1 L
B, WT2471.0 ~2475.0 eV SRR ILIE, — 5
B BE 75 43 T I D[] P P A8 0, B 04
VR TE G R, Y REGE BRI BETE 28 o B
JR VAR DU B S DR T BT b 0 R R & A
WEHAEAE . TR S NEA 56-9x 11 1E Pk I R K-
XANES H—{b i (% — B Fn U B S50 E E | 6 &
B, VU B G P48 s 1) W AT e 0 7 BE B S ARG

KL T 2473.0 eV &2 Ul 7 T A7- AE
REE AL, B, 56T U Bt K-XANES 3% &
A E VAT IS R A AE R 2 471.0 ~2475.0 eVIRIE
WA | SR FH U 5 50 R 2 BUCRRAIE I 047, 2 475. 0
~2484.0 eV T 1M 55 W W g R FH — B 5 8505 KT i
FEFRNE WAL 0 U 437, DTG B 22 XANES i & o fir £
FRIESER.

XS 0] R U R e | R84 R I R E
56-9x11 = J5t il 1F BEbE i 7 B K-XANES JH—
A8 A i F0 U B O A T TS, SRR
BH A AR T 0T P30 1 A ey | IR W Wy R
TR (ER) |, [FIB 25 5 R BOE B h &R &5 A2 477. 4
~2477.6 eV WL, R WEN Ny 4,6-— H I — I
W3 PR TR O S 8 B 00 7 O v 1 O Wy 25 4 R L LA R
“4,6- W IR L E e, Ho, g
56-9x11 Wit ot ik % A Bl , 25 05 b AR &



511 3

kI T1 S AT SRR A XANES SE0GIEF 5T 1333

A EEE AR EAE S0, A 5T f gy A )
B 1 WE My AL IS AR A . U0 B AR BERY C-S
SREREACAR , A5 il By 0 T | e 3 0 B o e
A, AR H i i S T I8 R R R OR R BLR
Mk B EAEAE . DN P RE R h T AR R AR AR )
BRI o3k , (5 R AR [0 45 522 557 , T AR 25
WRAF TSRS, X LA i 7 B P ST I R R, £ G
B BOEM S S XE LA T

fourth derivative

second derivative

Intensity/(a.u.)

1 L 1 L 1 L
2470.0 2480.0 2490.0

Binding energy E /eV

K5 H56-9x11 JiH Bk K-XANES # 1)
i D S L
Figure 5 Second and fourth derivative
of sulfur normalized K- XANES spectra
of asphaltenes of Shan 56-9x11 crude oil

2.2.3 &R K-XANES EE4

JETE VR R B AT A A — RO
W S g Fey e vy B O A g ) IR ' B AR A A -
Fb R 2 A S 43 HT 5 53—l ) TR A0 g g T AL
FEDEAT RE T AT HTS  DORE St 335 Pl v 2 R i i i 0
0 3 0 R A 0 1 0 g s 0 AT B A T A AT

IS B S AR IE S E 4, OF H R
AN B AR AIE I WA U A AE A BT, PR #E XANES
TP L DN U R AT A BT AR R AT AN
(), FTLATE XANES fm B 808 i i L iz F )
A-H/R e At A7 a7, BAR B K RE g
BB EE T IF 45 TR A A W7, L Fl 10 75 I
R AFEZ RIS BMEAE S B S 0E 1, &2 S
Z A —E A BT, X B & TR A6
) S FEIABE A5 BN T M, ELR BE BRI — P AR e A
Wi WO R A et — e, R, SR
Mg ke g T RS IEERTEANS
SHE

BT - L 2% s A A0 ) L Y A Sy 0 e O A 06 g 0
AR, U TR A 5 A ) PR B R P IR R A B

2460.0 2500.0

I WA U 1 0 TR RS2 A it PR 2R RIS ki PR 2R %) S0 L 0
i S /N8 RIS U U T AR A 7 T S U
e, M XANES 335 & ol L% 21 £ 8 2585 B X iz
37 TR AR AT AR FH G 400G 1 O 2 A DR I i
WS A, &G Wk FEA 5 EilS
(peak fitting ) ""'**) 1 3= JC 43 #r ( PCA, principal
component analysis) "', SE56 L B bR AR AT BE
Wi BT v 9 S PR A7 TR PR 28 S 0K 3 T 143
WAEADLE Kb B it i 5T 3 U 4D i £ T A R 2
Athena >k 19 J& Levenberg-Marquardt JF 28 1 £ /)
TIPS, HAEE TN e R T 1s-3p BRiT I
K 100% vy 357 bR BCHE 3 335 P v 22 W g g F 5% Wi
W2 ELAG Jre T A5 I, DT 0 S 1 9% A 2% W i e
AFEAR I by 3 TR e 5 S FH P AN S IE )
PR RGN 1s [ ELLAR R ERAT , 430 s Ik
AL (<+4) Fim EAE (>=+4) MR AT
S R T PR P I T B AR AEARES (<+4) 0%
FEPRAETE0.2 ~ 1.0 eV, mE S (>=+4) [RETE
1.2 ~2.2 eV IR S0 A AN B 43 & i (7T
) 25 B A8 W8 1E 5 v 07 0g T AR o A T AR Y
el

DARE-84 5 5t Sy 491, a7 B4 R A 3 1 HU
R BARILE 6,

—u
~ fit
— step |
++ peak 1
-~ peak 2
oo peak 3
+ peak 4
=+ peak 5
— step 2

stepl | -- difference

. step 2

S
T

[\S)
T

Nomalized absorption

2450 2460 2470 2480 2490 2500 2510
Binding energy E /eV

Kl 6 Ft-84 B iE Bk I 75 A
K-XANES i i fe/h — el
Figure 6 Least-squates fit of sulfur K-XANES
spectra of asphaltene of Du-84

MAYE T 18] o AN HfE e B 38 s ik J LA 258 mT
PABHF MU 5 2 k-84 SE 03 ], #0045 i 4R 45 52 5
TEEIEEATE G MR LA S5 R4 2 R A
o BT AR, 455 4% 1 I TR BB IE X, T3
FAL BRI 1 235 & A T R A 2
KA FUh AL SRR &, LR 3,

WRIEZ 3 R, 455 & W BURHROLR SR,



1334 woBk b 2= 2 il 41 %

TG RIS E 6 A DT b A 4 X 5 1 (LB T
=it), Wk 4,

WEMY AL IIBE EE LR 32, LR S EmRAN
TR R TR 0 2 S AR, i v s A7 7 A 24 55 1 O B
FH2 3 FIIER 4 ml A1, A [R5 0 A vk i 75 5 fik , Horp FE-84 BRI BB FR TR & A, X
FIESWMN T EEZSBRA B EEWAEIES N g5 R E %,
®3 PIERYBHNEERAREMNSESS

Table 3 Sulfur speciation and its relative contents in various asphaltenes

Content w/ %

Asphaltene sulfide thiophene sulfoxide thiophene sulfone sulfate
2473.0eV 2473.8 eV 2475.8~2476.0eV  2479.8~2480.2eV 2482.4~2482.6¢eV
Du-84 - 57.11 21.54 13.35 8.01
Shan 56-9x11 13.22 55.13 17.30 12.36 1.99
THAR - 62.93 19.94 13.06 4.07
SQVR - 60.93 19.21 13.02 6.84
x4 PFERDPAAESHHENSETL
Table 4 Quantitative analysis of sulfur species in various asphaltenes
Asphaltenes - 5 Conter.lt w/% :
sulfide thiophene sulfoxide thiophene sulfone sulfate
Du-84 - 0.48 0.18 0.11 0.07
Shan 56-9x11 0.32 1.33 0.42 0.30 0.05
THAR - 2.66 0.84 0.55 0.17
SQVR - 4.89 1.54 1.05 0.55
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