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FESES P618.13 MHFRER A

JE I R AR f 1 B, 5 R A P b ek
L&Y (E 1) . ETIO 1 DPEP ) %5 A0 MU (double
bonds equivalent, f&j#X DBE) 4351 4 17 #l1Fl1 18, DBE
e TR ALS YA AR i 250, AT A TS (1)

0 55

JEE— RS A PR G IR, MR = AL
B RS, TR, RS YL LIk 45 R

JEALE Y, SRR 2R AR R
FIH U B A DIRR AL S W07 Treibs B AL TUA
G AL THL(VO, IV) IMRRAIER (N, 1D R,
BTN BT IR R XA G WA T TR 205
H Ak (etioporphyrins,, fijFR ETIO) FIR £ H£1.49)
Btk (deoxophylloerythroetiop - orphyrins, & #K DPEP)

i

h x n
DBE—C+1—§—§+§ (1)

Kfie, hyx,n 500 F PR F, R 7, KR
JRF, BRI . BF5E N B R R Ah—nT il
(UV-Vis)YEiE AT (MS) FRAE 1 I 2 b 2 Fil

ETIO M = Ni or V=0 DPEP
P Tt b DA Rk (RITO ) ¢ 480 £1 40 iR ik ( DPEP ) 731~ &5 14 5X
Fig.1  Molecular structural formula of etioporphyrin and deoxophylloerythroetioporphyrin common in crude oil

Yt B H: 2021-03-11; {2 8] B #3:2022-01-29; 5% F H 8 :2022-03-11; B 4% HH Al B 8 : 2022-03-11
E&WB . E AR A FIRTHETESA GRS P AR %60 H (2021DJ0504) [ Foundation : China National Petroleum Corporation Forward-looking

Basic Strategic Technology Project, No. 2021DJ0504 ]
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ARNAT 45 < It IR G S MR LR BT 1 611

Jo S5 R P AR ZE ) PR Bk (diceyelie-deoxophyllo
erythroetioporphyrins , di-DPEP) , & 3 1] BN B (rhodo-
etioporphyrins, thodo-ETIO ) , 7% - i %8 i 1 47 1 Bk
(rhodo-deoxophylloerythroetioporphyrins , thodo-DPEP)
AT I A 2L W) AR (rhodo-dicyclicdeoxophy
lloerythroetioporphyrins , rhodo-di-DPEP)™”, 4> J& Hp
WAL S WA — 2R A E i A bR A e s 1 st
PRI S A S . BR T DPEP 5 ETIO PR AH X
Tt T RO SR LA b SR TR ek
Oy T USSR B A T — 2P R Tl PR AR A e
A HL—TCHLAH B AR ] B i 1 Bk AR < A B
B,

Bhh— ] DL S — ol FH A Ml 4 R
O3B T R 4 R AT A R . (H
2 i T — AR R 2R TR B W) AR MESRAE AR
WEE B < R NIk, PRI, T AR o i 2 AT o B A
e dn WAL H, DL/ AR AR S R T BF
FENGTIF R T Z R RAE 5 RN 7 v | 0451 it
JEOr T B SR IR L™, mas TR, A LA
3 e PO €033 (HPLC) MRHEJZ 3 (TLC) £E Y £
T, ER Xy B (R [ 2 A SR i A B
L FENRRK B

UTAER , i L A 4G 8 1 o] g AR 3 (FT-ICR
MS) #ei% 2 T i S 2% JEGm B oy T4 .. FT-ICR
MS EAT AR =1 9 73 B AR 1 B, RE S o ot 1%
Hr BRI Y T 2R AT 43 50", Rodgers et al.™
A IE S 5 ra 25 f B U (+ ESDFT-ICR MS B XS4
FIZER I 2l oty P R SR BIL N R R4 T 01
153 #r . McKenna e al. " 1) F Q0 ' L 5 U8
(APPD)FT-ICR MS Xif Jifl 5= A Bl 5% 12 R e /0 0 7 v
FALIRIETT T %2 . Qian et al.”™ i i3 APPI FT-
ICR MS % 55 ik s 785 9l 6% 0 77 20 70 (P4 s 7 10
2 020 mg/kg) FUINA 48 JE S Bl i A 5 2 43 (B
&8 5 497 mg/kg, PLEJE 5 B 734 mg/kg) HFAYER
NIRRT ELIN IR EAT T %85 o Zhao et al. ™ F IR K
il AR 1 R T AH €30 3k AR T 2 PN T L 5 D i
(20 C RN 1.03 g/em®, L4 8 & 1 513 mg/kg)
[ FLIRIH B S LT+ ESIFT-ICR MS %5 T 234 11
Fopr AU AL S . IR X BERIE ST 400 Oy, B
1 PR 25 23 P BT o 452 J 2% 1 ik 200% 107 fr T
TS LW 40 b B I AL S W) EAT 0T L
5G4 Bl R I [ 0 3 A 0 48 S W bk i AT 20 B

£ o KA1, Bonnett et al.™ ik 75 R KA MV 2 22 1) I
I I E SR E I | LT H Makerwal b X DL & +H:
H: Canakkale-Can 31 [X. 14 #8 45 0 40 85 38 & 81 T knp
Mk, 5348, Woltering et al."'F1] FH i £ 24 HPLC 7£ 1 K
F. Eromanga 2 1 A9 - 11 S R (IR T B R Y
5 S A1 Bight 25 Hh 1Y) PR 2 20— 22 20 WA B8 DU
ooy R T e m bk, B S B T BE B0k
(Orbitrap MS) [F] I 42 7€ 1 2R ARk L BRLIN IR 5 P |
FERNBCFIAER PSS 5 AP 4 B IMIbR . Zheng et al.”"F|H
R EE TS 2 BTN Maverick 7 H %) JEE 3 2H G A%
b EY L ENP =l A N S e oyl U S DTS
o (B4 JE & i 634.2 me/kg, P14 )& 1 270.1 mg/
kg, 554 )& & 1 257.7 mgkg, 55 4 )8 & & 29.3 mg/
kg) , SR 5 il i + ESI FT-ICR MS [a] i % 52 1 Lnpbk |
£ NN 7RI 7 1 2 N S e g e N O~ W
I, H TS B2 R ER R kAL S A b TR
Tl CRIL T 473 ) R SCGAR)8 5Un w7820 B Al
RZ 7 B2 — L RN 73 B 7 Rt il P A 2
J& R A 2 200x10° AL, A RERS A TSt Y 2
BTG H A 75 SR i 42 R AL S W o) T
JRURAR B o HHT, 7648 8 WAk 5 1 73 Hr 45Uk A 4
PPN L 2 4D MERE: 1) 7R e e st oA e
JENNRAL G 5 2) 7R B EGH CRERE /N T 1.0 glem™) o
ARG 5 3) BRTE R R & /N T 10 mg/
kg 1 JTUA: it S IR <5 Je PINORK 8 235~ 2L 180 0 A 5 4) ey
PSR €Tl N R SNV &

BET Bk A MER, BB TR BhIBOG AR B
i (matrix assisted laser desorption ionization, MALDI)
FT-ICR MS#F & 1 3 8 i 754 74 5L 51 o-CNPV-CH,,
MR 1 4 Jm MR Y L B AL, AT Ak 1 4 Jm bk
AR SRR , I BB P T FEOR e o v S
HIR B R NNAL S P 8 2T oA

1 MRS Ik

1.1 RAFISERMER

NG W EEH B (DMF) =2 (TEA)
AR FEPNERAR (Pd(dba),) B2 — K& (P(OPh),) |
1-TR-4-F RS 2,27 - (1,4- L) NI . 2R
R N G EEER AR | D R 5L AR R bk AR 1 1 B
Sigma-Aldrich (4l £ K T°99.9%) . W&l 2 iR | il
1 Mizoroki-Heck 18 B 52 W24 A% a-CNPV-CH, ( &
2¢) , 76 NS5 R ) 48 DMF A, 43510 A 0.1 mmol



612 ot M

Pd(dba),,P(OPh),

CN
Br
Q +
CN

(a) (b)

TEA,DMF,120 C -
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Fig.2  Synthesis route of the matrix a-CNPV-CH,

() 1-7R-4- 1 3L (8] 2a) , 0.05 mol 12,2 -(1,4-F. 7
) IS (B 2b) ,0.05 mol 4 Pd (dba)2, 1mol f3F.
WERR = ZKHBE A1 0.5 mol il = 2.1 , FIFAERAWI7E 120°C
RSN 2 ho HE BN I EIA 50 mL K BEE R 5%
LR A3 BR B ATTEY . WEDIEY RS
TR 2, Tk v 8 45 515 3] o-CNPV-CH, (8] 2¢) 4l i . #]
J Gaussian 3% 4 (2009 F) %} a-CNPV-CH3 . /\ 2. FL45
Apmbk , PUOREEALIN IR B REEA TR, ARG S
7% CHR29-30],
1.2 FHNEESENE

JECTH ) 4 T o el 1o L B A A B TR
(ICP-MS, Thermo 2\ 7] it XSERIES 5 ) #4710 5
PR 1.0 mg JELIH , FFH il 2 117 6l e Ak 3L A5 21 1
FERIR G T K BE i K A T e B SCik v ikt
T&E S,
1.3 MALDI FT-ICR MS##f

# 1.0 mL 5 2.0 mL 2RSS . 7650 CF
F47 535 30 min, # E 2R O EHIF R 2 2
100 pLo S50 wL ¥ 45 W A 10 L Y 500K e il
10 wL E B E W K 5.0 mmol/L i a-CNPV-CH, )
CIEEW IR A Y5 5 T AE MALDI-FT-ICR-MS #) X
A0 [ # 43 #Hr . MALDI FT-ICR MS /& Bruker 2\ #] [
Solarix AU %% , BE 3750 B 15.0 T, 43 R N 8 M(m/z
400) , OER I NA:YAG (355 nm) , BN TR 45, e fe:
WM 35%. KA m/iz(JTH% ) 2 150~1 000 JE [ N Y
5T BT RSB 300, 15 EIRHE KX IHE
K H MALDI-FT-ICR-MS Bt & f) DataAnalysis $1F , 4
J& UMk DBE 5 5k J5 %4 ¢ & K2R A OriginPro B {F
LbF

2 HESRSIAY L R AR

MALDI (1) B8 25 AL EEE o 56 B0 i L EE 4y
A (L 3), 1 5 3 5 (M) WS B (o) A S BH

BT AMEEM) RIFHATRE 0T (A) RN A AR
PHES T H 3L (AT . S HENTTHE, A SCA Y 3
J5T a-CNPV-CH, [ HL S REZ K 8.42 eV, I\ LI BRIk
RG2S BRI BB 1) L 5 BE 43 991) 6.50 eV T 7.03 eV
McCarley et al.™"ABRIETTEE | 5256 45 5 AL P AR A
(1 3) B , MALDI A7 25 L B 1 439 25 12 i ot
HL B BE LRI 4> T 0.5 eV, FE i a-CNPV-CH, %%
2 Fhly UL 4 JE IR IGRT Y 1.39 eV, N AL BR 4
JEPMREE R T R AR

3 SR AR T o B

B BRI TZ12-4 19 42 T8 SRR 1 3% 5t 43 0 o0
3.30 mg/kg F12.37 mg/kg, JELIH % B 41 0.906 g/em’, 45
U TR I 3 % (Easy %R,) R 2.27, J& T i A% T
T A SCH T & 1) £ BT a-CNPV-CH, Al MALDI
FT-ICR MS, 45 G IR A B 26 TZ12-4 I v i) 4x
J& NS> F 2 A3 AT o TZ12-4 J5 3 Y m/z=200~600
0 [ R FT-ICR BT 3% &1 B 3% B m/z=557.15~
557.26 {1 Fl ORI 87 7E m/z=557.15~557.26 35
BBl P R 2] 3 AL bk Ak & 9 (161 4) |, 533 & DBE=
24 1y C,,H,.N,VO, DBE=18 fij C,,H,,N,VO, fil DBE=17
1 C,Hy N, VO, (K h XA o F i F B . 34
A4 W o3 08 1) £ e HE (SIN) N 4.1~9.7, K 58 2%
(error) }7-0.260~-0.449 , ¥4 /NF+1 mg/kg, thi B F1| H
MALDI FT-ICR MS 8 % b 595+ o i BA M w11
KaO0 AN oy B, RS 20 7=, B s 45
THEI Y 53T A5 R 2, N B4 43 3 B =R T
= o) [N = R A T S G T N

+e

M +  hv M (1)

mM©T o+ A M + A" (2)

Pl 3 o Al Bl O Ak WA FL B R (MALDT) Y Fi 0 AL 28
Fig.3 lonization mechanism of MALDI
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44 SN
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DBE=24 [C:,H N, VO, ] h [C+;H N, VO,]
31  S/N=4.1 DBE=18 DBE=17 -« |
error=—0.449 x 10 S/N=6.9 S/N=9.7
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Fig4 MALDI FT-ICR MS broadband mass spectrum at m/z = 200 to 600 for TZ12-4 crude oil
(insert shows enlarged selected mass spectrum at m/z = 557.15 to 557.26)
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eIC A B 5 f ORISR TZ12-4 J5ih s

INE ) 4 S BUTNBRR AR, 77 B ST RO 2
ATBLGE , 00 TR rh e SR N R AR AR IS
58P ELH

4 B HURJEM rhR 4w Tk Hr

P27 T3 BUR A 104> v i A
(%% 4 0.856~0.970 g/em’, Z55L R M 1.79~2.42) R =
S JENIRRIR 3 FAUR T . AR 1) 42 JR AU
410.35~2.60 mg/kg, 4B ER S TN 0.26~1.65 mg/kg,
R 5 ¥ Ty S BT 4 @ P ek ) - 2E B A3 AT
T T ARG S ) 4 S PN BR P 28 R R 1) T
22, HTZ12-4 JFIM 2L, 19 4 3 H O, BLrb sk Fh
Fefe 2, Hak R 0,400k, O,S, AL O, B R bk
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Table 1 Molecular compositions of various vanadium porphyrins and nickel porphyrins in TZ12-4 crude oil

e Vi Npu AR DBE S TR W BUEE Bt iR/ (mg/kg) (L
1 C,;H,,N,VO 17 44512243 44512277 -0.764 4.1
2 C,H,N,VO 17 543.232 16 543.23232 -0.295 21.9
3 CH, N, VO 17 557.24779 557.24797 -0.323 9.7
4 C, H,N,VO 17 585.279 29 585.279 27 0.034 6.7
5 C, H,N,VO 17 599.294 69 599.294 92 -0.384 6.3
6 C,H N, VO 17 753.467 15 753.467 07 0.106 44
7 C,,H,,N,vO 18 471.138 19 471.138 42 -0.488 11.8
8 C,sH, N, VO 18 485.153 86 485.154 07 -0.433 11.4
9 C,,H,,N,VO 18 499.169 6 499.169 72 -0.240 13.8
10 CyHyN,VO 18 513.185 17 513.185 37 -0.390 13.9
11 C, H,N,VO 18 527.200 86 527.201 02 -0.303 9.1
0, b
12 C,H,N,VO 18 541.216 67 541.216 67 0.000 4.6
13 C,,H,,N,VO 19 469.122 62 469.122 77 -0.320 4.7
14 C,,H,;N,VO 20 467.107 33 467.107 12 0.450 4.6
15 C,H, N, VO 20 509.153 90 509.154 07 -0.334 6.9
16 €, H,,N,VO 20 523.169 61 523.169 72 -0.210 9.8
17 CH,N,VO 20 551.200 52 551.201 02 -0.907 4.9
18 C,H, N, VO 23 615.232 16 615.23232 -0.260 55
19 C,,H,:N,VO 24 557.153 82 557.154 07 -0.449 4.1
20 C, H, N, VO 24 585.185 47 585.185 37 0.171 4.1
21 C, H,N,VO 24 655.264 20 655.263 62 0.885 52
22 C, H,N,VO 25 569.154 45 569.154 07 0.668 4
23 C,,H,\N,VO, 17 489.148 84 489.148 985 -0.296 5.7
24 C,sH, N, VO, 17 503.164 51 503.164 635 -0.248 103
25 C, H,,N,VO, 17 517.180 18 517.180 285 -0.203 7.4
26 C,,H,N,VO, 17 531.19577 531.195 935 -0311 6.8
27 C,sH,N,VO, 18 501.148 99 501.148 985 0.010 4.4
O, LRk
28 C,H,,N,VO, 18 515.164 49 515.164 635 -0.281 7.7
29 C,oH,N,VO, 18 529.180 06 529.180 285 -0.425 9.1
30 C,H,N,VO, 18 557.21144 557.211 585 -0.260 6.9
31 C,oH,N,VO, 20 511.133 79 511.133 335 0.890 5.4
32 C,sH,N,VO, 21 495.101 60 495.102 035 -0.879 47
33 C,oH, N,VO, 18 545.175 05 545.175 199 -0.273 43
34 C,HN,VO, 18 585.242 60 585.242 885 -0.487 4.1
35 CooHy N, VO, 18 685.332 27 685.331 699 0.833 4.6
36 C,H,N,VO, 0, HLIhu 19 669.299 76 669.300 399 -0.955 4.2
37 C, H,N,VO, 19 697.332 15 697.331 699 0.647 44
38 C,H,N,VO, 20 583.191 21 583.190 849 0.619 4.9
39 CysH N, VO, 21 651.253 22 651.253 449 -0.352 4.8
40 C, H, N, VOS 0,8, HLnhuk 25 755.298 12 755.298 291 -0.226 5.9
41 CoH,N,Ni 19 502.166 13 502.166 191 -0.121 4.5
HAnputk
42 CoH  N,Ni 20 444.088 27 444.087 941 0.741 4.1

267718 4
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Fig.5 Relative ion abundance plots (DBE vs. carbon number) of (a) O, vanadium porphyrins; (b) O, vanadium porphyrins;
(¢) O, vanadium porphyrins; (d) O,S, vanadium porphyrins; and (e) nickel porphyrins, as well as the speculative molecular

structures of the selected porphyrins in each type

F2 BEAZMNANSHEARBENEZE.R, FIRSERENHNE BN ESHE

Table 2 Density, R, vanadium and nickel content of 11 high maturity crude oils from the Tarim Basin,

and their the types and numbers of porphyrins detected in them

EE SR

G BUMREE BRI/ (gem®) R %

R nhFRE

wit/melke  Fhtmghks o gbde o BN O,BUIN O, BUINH BN FRSATT

1 TZ14-2 0.906 2.27 3.30
2 LN14-KH 0.962 1.99 1.91
3 LN57 0.965 1.79 1.49
4 RP3013 0.925 231 1.35
5 XK4-3 0.936 2.15 2.01
6 XK8-1 0.942 2.19 2.60
7 FY101 0.923 225 1.02
8 TZ4-6-10 0.856 242 1.67
9 Ha6¢ 0.970 1.87 0.35
10 HD25-1 0.947 1.97 0.86
11 LN2-34-5 0.966 1.85 0.87

2.37
1.12
0.93
0.78
1.06
1.65
0.66
1.52
0.26
0.77
0.57

22 11 6 1 2 42
14 4 0 1 5 24
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Fig.6  Speculative geochemical formation process of oxidized O, vanadium porphyrins, O, vanadium porphyrins,
0,S, vanadium porphyrins and Ni porphyrins
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Novel Approach for Molecular Characterization of Trace
Metalloporphyrins in Crude Oils

ZHU GuangYou, WANG Meng

Research Institute of Petroleum Exploration and Development, PetroChina, Beijing 100083, China

Abstract: Metalloporphyrins in crude oil are of great significance since they reveal the organic/inorganic interactions
and oceanic anoxic events during paleoenvironmental change. To date, few studies have been reported on the molecu-
lar composition of metalloporphyrins in high-maturity crude oils with metal content < 10 mg/kg. In this study, a new
matrix with ionization energy 1.3 eV above that of metalloporphyrins was synthesized for the matrix-assisted laser/de-
sorption ionization (MALDI) source to promote ionization of the metalloporphyrins. Metalloporphyrins in high-maturity
crude oil (equivalent R =1.79 to 2.42) from the Tarim Basin were enriched by liquid-liquid extraction. The molecular
composition of the trace metalloporphyrins in these crude oils with metal content <4.0 mg/kg was analyzed by MALDI
combined with Fourier Transform ion cyclotronic resonance mass spectrometry (FT-ICR MS). A total of 10 O, vanadi-
um porphyrins, seven O, vanadium porphyrins and one O,S, vanadium porphyrin were newly discovered and identi-
fied in the Tarim oils. Simultaneity analysis of the trace vanadium porphyrins oxidized and nickel porphyrins con-
firmed the presence of metalloporphyrins in highly mature crude oils. The formation mechanism of the new metallopor-
phyrins is also discussed.

Key words: metalloporphyrins; molecular composition characterization; crude oil; Tarim Basin



