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Abstract

© 2018 American Chemical Society. We present a detailed study of electron/nuclear interaction
in a specific crude oil by continuous-wave and pulsed EPR, electron-nuclear double resonance
(ENDOR) at W-band (94 GHz), and fast field-cycling dynamic nuclear polarization (FFC-DNP) at
X-band. A perceptible non-Overhauser (solid) effect is found at room temperature as a result of
the polarization transfer from the intrinsic oil "free" radicals to the 1H nuclei with different
dynamics. On the basis of the analysis of the longitudinal nuclear relaxation times, three
dynamical components described by different electron-proton coupling parameters were found,
which in combination with ENDOR provides information about the distribution of the radicals in
the high-molecular oil components.

http://dx.doi.org/10.1021/acs.energyfuels.8b02507

References

[1] Shukla, A. K., Ed. Analytical Characterization Methods for Crude Oil and Related Products; JohnWiley & Sons
Ltd: Hoboken, NJ, 2018.

[2] Martyanov, O. N.; Larichev, Y. V.; Morozov, E. V.; Trukhan, S.N.; Kazarian, S. G. Russ. Chem. Rev. 2017, 86,
999-1023, 10.1070/RCR4742

[3] Coates, G. R.; Xiao, L.; Prammer, M. G. NMR Logging: Principles and Applications; Halliburton Energy Services:
Houston, TX, 1999.

[4] Khasanova, N. M.; Gabdrakhmanov, D. T.; Kayukova, G. P.; Mikhaylova, F. N.; Morozov, V. P. Magn. Reson.
Solids 2017, 19, 17201

[5] Briggs, P.).; Baron, P. R.; Fulleylove, R. J.; Wright, M. S. JPT, J. Pet. Technol. 1988, 40, 206-214, 10.2118/15748-
PA

[6] Yen, T., Chilingarian, G., Eds. Asphaltenes and asphalts 1; New York: Elsevier, 1994,
[7]1 Yen, T., Chilingarian, G., Eds. Asphaltenes and asphalts 2; New York: Elsevier, 2000.
[8] Chilingarian, G. V., Yen, T. F., Eds. Bitumens, Asphalts and Tar Sands; New York: Elsevier, 1978.
[9] Evdokimov, I. N. Pet. Sci. Technol. 2010, 28, 756-763, 10.1080/10916460902804739
[10] llyin, S. O.; Strelets, L. A. Energy Fuels 2018, 32, 268-278, 10.1021/acs.energyfuels.7b03058

[11] Chen, . J.; Hirlimann, M.; Paulsen, J.; Freed, D.; Mandal, S.; Song, Y. Q. ChemPhysChem 2014, 15, 2676-81,
10.1002/cphc.201402077

[12] Gutowsky, H. S.; Roger Ray, B.; Rutledge, R. L.; Unterberger, R. R. J. Chem. Phys. 1958, 28, 744-745,
10.1063/1.1744250

[13] O'Reilly, D. E. . Chem. Phys. 1958, 29, 1188-1189, 10.1063/1.1744684

[14] Wang, W.; Ma, Y.; Li, S.; Shi, J.; Teng, J. Effect of temperature on the EPR properties of oil shale pyrolysates.
Energy Fuels 2016, 30 (2), 830-834, 10.1021/acs.energyfuels.5b02211

[15] Dolomatov, M. U.; Rodionov, A. A.; Gafurov, M. R.; Petrov, A. V.; Biktagirov, T. B.; Bakhtizin, R. Z.; Makarchikov,
S. 0.; Khairudinov, I. Z.; Orlinskii, S. B. Magn. Reson. Solids 2016, 18, 16101


https://core.ac.uk/display/197477929?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1021/acs.energyfuels.8b02507

[16]

(17]
(18]

[19]
[20]

[21]

[22]
(23]
[24]

[25]
[26]
[27]

(28]

[29]

[30]
[31]

[32]
[33]
[34]

[35]

[36]
[37]

[38]
[39]
[40]

[41]

[42]

[43]

[44]
[45]

[46]
[47]
(48]
[49]
[50]

Biktagirov, T.; Gafurov, M.; Mamin, G.; Gracheva, |.; Galukhin, A.; Orlinskii, S. Energy Fuels 2017, 31, 1243-
1249, 10.1021/acs.energyfuels.6b02494

Korb, J. P. Prog. Nucl. Magn. Reson. Spectrosc. 2018, 104, 12-55, 10.1016/j.pnmrs.2017.11.001

Rakhmatullin, I. Z.; Efimov, S. V.; Margulis, B. Y.; Klochkov, V. V. J. Pet. Sci. Eng. 2017, 156, 12-18,
10.1016/j.petrol.2017.04.041

Galtsev, V. E.; Ametov, I. M.; Grinberg, O. Y. Fuel 1995, 74, 670-673, 10.1016/0016-2361(94)00009-G

Sapunov, V.; Denisov, A.; Saveliev, D.; Soloviev, A.; Khomutov, S.; Borodin, P.; Narkhov, E.; Sergeev, A;
Shirokov, A. Magn. Reson. Solids 2016, 18, 16209

Pradhan, A.; Ovalles, C.; Moir, M. Characterization of Heavy Petroleum Fractions by NMR Techniques. In The
Boduszynski Continuum: Contributions to the Understanding of the Molecular Composition of Petroleum;
Ovalles, C., Moir, M., Eds.; ACS Symposium Series; OUP: Washington, DC, 2018; pp 73-86. 10.1021/bk-201-
-1282.ch004.

Poindexter, E. Nature 1958, 182, 1087, 10.1038/1821087a0
Poindexter, E. H.; Torrey, H. C. Overhauser effect well logging. U.S. Patent, US 3096476A, 1963.

Alexandrov, A. S.; Archipov, R. V.; Ilvanov, A. A,; Gnezdilov, O. I|.; Gafurov, M. R.; Skirda, V. D. Appl. Magn.
Reson. 2014, 45, 1275-1287, 10.1007/s00723-014-0606-7

Peksoz, A. Magn. Reson. Chem. 2016, 54, 748-752, 10.1002/mrc.4445
Peksoz, A.; Almaz, E.; Yalciner, A. J. Pet. Sci. Eng. 2010, 75, 58-65, 10.1016/j.petrol.2010.10.014

Firat, Y. E.; Yildirim, H.; Peksoz, A. ]J. Dispersion Sci. Technol. 2016, 37, 1349-1359,
10.1080/01932691.2015.1101607

Leblond, J.; Uebersfeld, ).; Korringa, J. Phys. Rev. A: At., Mol., Opt. Phys. 1971, 4, 1532,
10.1103/PhysRevA.4.1532

Neudert, O.; Mattea, C.; Stapf, S.; Reh, M.; Spiess, H. W.; Minnemann, K. Microporous Mesoporous Mater. 2015,
205, 70-74, 10.1016/j.micromes0.2014.07.036

Neudert, O.; Mattea, C.; Stapf, S. J. Magn. Reson. 2017, 276, 113-121, 10.1016/j.jmr.2017.01.013

Stapf, S.; Ordikhani-Seyedlar, A.; Ryan, N.; Mattea, C.; Kausik, R.; Freed, D. E.; Song, Y.-Q.; Hurlimann, M. D.
Energy Fuels 2014, 28, 2395-2401, 10.1021/ef4024788

Mims, W. B. Proc. R. Soc. London, Ser. A 1965, 283, 452-457, 10.1098/rspa.1965.0034
Stoll, S.; Schweiger, A. J. Magn. Reson. 2006, 178, 42-55, 10.1016/j.jmr.2005.08.013

Neudert, O.; Raich, H.-P.; Mattea, C.; Stapf, S.; Mdnnemann, K. J. Magn. Reson. 2014, 242, 79-85,
10.1016/j.jmr.2014.02.001

Song, Y.-Q.; Venkataramanan, L.; Hurlimann, M. D.; Flaum, M.; Frulla, P.; Straley, C. J. Magn. Reson. 2002, 154,
261-268, 10.1006/jmre.2001.2474

Neudert, O.; Mattea, C.; Stapf, S. J. Magn. Reson. 2016, 271, 7-14, 10.1016/j.jmr.2016.08.002

Gizatullin, B.; Neudert, O.; Mattea, C.; Stapf, S. ChemPhysChem 2017, 18, 2347-2356,
10.1002/cphc.201700539

Abragam, A.; Goldman, M. Rep. Prog. Phys. 1978, 41, 395-467, 10.1088/0034-4885/41/3/002
Wollan, D. S. Phys. Rev. B 1976, 13, 3671-3685, 10.1103/PhysRevB.13.3671

Biktagirov, T. B.; Gafurov, M. R.; Volodin, M. A.; Mamin, G. V.; Rodionov, A. A,; Izotov, V. V.; Vakhin, A. V.;
Isakov, D. R.; Orlinskii, S. B. Energy Fuels 2014, 28, 6683-6687, 10.1021/ef5017494

Mamin, G. V.; Gafurov, M. R.; Yusupov, R. V.; Gracheva, I. N.; Ganeeva, Y. M.; Yusupova, T. N.; Orlinskii, S. B.
Energy Fuels 2016, 30, 6942-6946, 10.1021/acs.energyfuels.6b00983

Mukhamatdinov, I.; Gafurov, M.; Kemalov, A.; Rodionov, A.; Mamin, G.; Fakhretdinov, P. (2018, May). Study of
the oxidized and non-oxidized bitumen modified with additive >Adgezolin< by using electron paramagnetic
resonance. In IOP Conference Series: Earth and Environmental Science (Vol. 155, No. 1, p 012004).

Montanari, L.; Clericuzio, M.; Del Piero, G.; Scotti, R. Appl. Magn. Reson. 1998, 14, 81-100,
10.1007/BF03162009

Guedes, C. L. B.; DiMauro, E.; Campos, A. Int. . Photoenergy 2006, 1, 1-6

Barbosa Guedes, C. L.; Di Mauro, E.; Antunes, V.; Mangrich, A. S. Mar. Chem. 2003, 84, 105-112,
10.1016/S0304-4203(03)00114-2

Petrakis, L.; Grandy, D. W. Anal. Chem. 1978, 50, 303-308, 10.1021/ac50024a034

Lund, A.; Sagstuen, E.; Sanderud, A.; Maruani, J. Radiat. Res. 2009, 172, 753-760, 10.1667/RR1890.1
Hausser, K. H.; Stehlik, D. Adv. Magn. Opt. Reson. 1968, 3, 79-139, 10.1016/B978-1-4832-3116-7.50010-2
Di Mauro, E.; Guedes, C. L. B.; Nascimento, O. R. Appl. Magn. Reson. 2005, 29, 569, 10.1007/BF03166333

Ramachandran, V.; van Tol, J.; McKenna, A. M.; Rodgers, R. P.; Marshall, A. G.; Dalal, N. S. Anal. Chem. 2015,
87, 2306-2313, 10.1021/ac5040809g



(51]

[52]

[53]

[54]
[55]

[56]

[57]

(58]
[59]

[60]

[61]

[62]
[63]

[64]

[65]

Gafurov, M.; Lyubenova, S.; Denysenkov, V.; Ouari, O.; Karoui, H.; Le Moigne, F.; Tordo, P.; Prisner, T. Appl.
Magn. Reson. 2010, 37, 505, 10.1007/s00723-009-0069-4

Deng, F.; Xiao, L.; Chen, W.; Liu, H.; Liao, G.; Wang, M.; Xie, Q. J. Magn. Reson. 2014, 247, 1-8,
10.1016/j.jmr.2014.08.003

Vorapalawut, N.; Nicot, B.; Louis-Joseph, A.; Korb, J.-P. Energy Fuels 2015, 29, 4911-4920,
10.1021/acs.energyfuels.5b01142

Fleury, M.; Romero-Sarmiento, M. J. Pet. Sci. Eng. 2016, 137, 55-62, 10.1016/j.petrol.2015.11.006

Korb, J.-P.; Vorapalawut, N.; Nicot, B.; Bryant, R. G. ]J. Phys. Chem. C 2015, 119, 24439-24446,
10.1021/acs.jpcc.5b07510

Chen, J. J.; Hurlimann, M.; Paulsen, J.; Freed, D.; Mandal, S.; Song, Y. Q. ChemPhysChem 2014, 15, 2676-2681,
10.1002/cphc.201402077

Ordikhani-Seyedlar, A.; Nedert, O.; Stapf, S.; Mattea, C.; Kausik, R.; Freed, D. E.; Song, Y.-Q.; Hirlimann, M. D.
Energy Fuels 2016, 30, 3886-3893, 10.1021/acs.energyfuels.6b00273

Mullins, O. C. Energy Fuels 2010, 24, 2179-2207, 10.1021/ef900975e

Yordanov, N. D.; Duber, S.; Zdravkova, M.: Budinova, T. Fuel 1990, 69, 818-820, 10.1016/0016-2361(90)9022-
-D

Hertel, M. M.; Denysenkov, V. P.; Bennati, M.; Prisner, T. F. Magn. Reson. Chem. 2005, 43, 5248-5255,
10.1002/mrc.1681

Shimon, D.; Feintuch, A.; Goldfarb, D.; Vega, S. Phys. Chem. Chem. Phys. 2014, 16, 6687-6699,
10.1039/C3CP55504F

Afeworki, M.; Schaefer, J. Macromolecules 1992, 25, 4092-4096, 10.1021/ma00042a007

Costa, J.; Simionesie, D.; Zhang, Z. J.; Mulheran, P. A. ]J. Phys.: Condens. Matter 2016, 28, 394002,
10.1088/0953-8984/28/39/394002

Gourier, D.; Delpoux, O.; Bonduelle, A.; Binet, L.; Ciofini, I.; Vezin, H. J. Phys. Chem. B 2010, 114, 3714-3725,
10.1021/jp911728e

Ben Tayeb, K.; Delpoux, O.; Barbier, J.; Marques, J.; Verstraete, J.; Vezin, H. Energy Fuels 2015, 29, 4608-4615,
10.1021/acs.energyfuels.5b00733



