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This study aimed to investigate the molecular mobility of crude oils using the linewidth of the free radi-
cal electron paramagnetic resonance signal (EPR) as a molecular mobility probe. For this, aromatic and
paraffinic crude oil samples were analyzed by X-band EPR spectroscopy, NMR experiments in time domain
(TD-NMR), and rheometry. The variations on the half height linewidth with temperature presented a similar
behavior for both samples, being related to different molecular mobility regimes. EPR results were com-
pared to the variation of viscosity with temperature obtained by rheometry and TD-NMR. The results
showed changes in the decrease trend of viscosity for the paraffinic sample at a temperature close to the
range in which it is observed the transition from rigid to liquid regime in the EPR analysis. EPR technique
showed more detailed information about the regime transition for the oil samples studied, which is
in agreement with the results obtained by rheometry and TD-NMR.

Keywords: petroleum, electron paramagnetic resonance, NMR experiments in time domain, viscosity,
temperature variation, asphaltene.
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C ucnonvzosanuem wWupuhvbl JTUHUU CUSHALA DJIEKMPOHHO20 napamazhumuoz2o pesonanca (DIIP) cso-
OOOHBIX PAOUKANIO8 68 Kauecmee 30H0A MOAEKYIAPHOU NOOBUICHOCTNU UZYHEHA MOJIEKYTISIPHASL NOOBUICHOCHDb
coipoti Hegpmu. C nomowppio cnekmpockonuu IIIP, AMP u peomempuu npoaHanu3upoeanvl 0opasysvl apo-
Mamuyeckol u napagunosoil coipoil Hegpmu. HM3zmenenus wupunsl IUHUU HA NOJIY8bICOME 8 3A8UCUMOCTIU
om memMnepamypvl OeMOHCMPUPYIOM CX0OHOE nosederue 071 060UxX 06pa3yoe, Ymo CsI3aHO C PA3TUYHBIMU
pedicumamut MOAeKyIApHoU nodgudxcrocmu. Pezynomamor DIIP no usmeHeruro 8sa3K0Cmu 8 3a8UCUMOCIU OM
memnepamypuvl CpAGHUBANUCH C NOJYUEHHbIMU ¢ nomMowvio peomempuu u AMP. Ommeuena menoenyus
K CHUMICEHUIO BA3KOCU NapaguHosozo obpasya npu memnepamype, ONU3KOU K OUANA30HY, 8 KOMOPOM
Hab0aemcs nepexoo u3 meepoo2o coOCmoaHUs 8 scuokoe npu ananuze IIIP. Memoouxa DIIP nosgonsem
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noayyums 6oaee noopodHvle OaHHbIE 00 USMEHEHUU COCMOAHUSA UCCAeOYeMblX 00pa3yos Hedhmu, Komopbvie
CONACYIOMCSL € NOTYUEHHbIMU C NOMOWbI0 peomempuu u AMP.

Kniroueevie cnosa: negpmo, 31eKkmponHblll NAPAMALHUMHBLI PE30HAHC, I0EPHbIN MACHUMHBLIL Pe30HAHC,
BA3KOCTNb, USMEHEHUEe TNEeMNEPamypbl, achanrbmeHsi.

Introduction. Petroleum is formed mostly by mixtures of hydrocarbons and in less proportion by oxy-
gen, nitrogenous, sulfated, and heavy metal compounds. Its aspect and composition are dependent on geo-
logic formation and the nature of its precursor organic material. The brown to black color presented by many
crude oils and oil derivatives is due to the presence of materials with high molecular weight [1], associated
mainly with asphaltenes [2]. Asphaltenes are important compounds of crude oils that even in small concen-
trations negatively affect several petroleum operations, such as exploration, production, transportation, and
refinement [3—5]. Many of these problems are related to its capacity to form aggregates, affecting its rheo-
logical properties [6].

Obstruction of pipelines is directly related to the high viscosity of some crude oils. Heavy crude oils are
not easily pumped through pipelines because of the high concentration of asphaltenes and several metals
in its composition, particularly, vanadium, and nickel [7]. The long chain of the paraffin hydrocarbons in
crude oil forms an interlocking gel-like structure, which can potentially block the pipeline under severe sit-
uations [8], causing damages, and bursting [9]. Pipelines are generally regarded in the petroleum industry as
one of the most economical methods for transportation of crude oils [8]. Therefore, the study of crude oil
viscosity became a very important area, and new methods to probe molecular mobility are needed. Among
them, electron paramagnetic resonance (EPR) is gaining popularity as crude oils present a strong free radical
signal in EPR studies.

Regarding different fractions of crude oils, the highest unpaired electron concentration is observed from
asphaltene samples, mainly as stable free radicals [10]. In lower proportions, there are some paramagnetic
species due to metal ions presence in the oil’s macromolecular components like vanadium, which generates
the paramagnetic ion vanadyl (VO?"). These two paramagnetic species related to the asphaltene fraction of
crude oils (free radical and VO**) can be assessed by EPR spectroscopy [11, 12]. Traces of manganese and
iron were also found, as revealed by EPR investigations of crude oils [13].

EPR probe of vanadyl has been used to investigate the asphaltene macrostructures under different tem-
peratures using dilute solutions of isolated asphaltene [14]. Recently, the VO** signal was used to study the
dynamics of asphaltenes in a native hydrocarbon environment, relating changes in the EPR spectra with rota-
tional mobility in the crude oil when submitted to temperature variation [15-17].

Whereas not all crude oils have a concentration of vanadium that is detectable via EPR spectroscopy
(and even if it is detectable, the free radical signal is always much more intense, masking the vanadium signal),
the present study investigated the use of the linewidth of the free radical signal to probe molecular mobility
in two different crude oils. It was possible to divide the variation of half height linewidth into four different
regions that can be linked to molecular mobility as a temperature function. Rheology and NMR experiments
in time domain (TD-NMR) showed complementary information that corroborates with the EPR analysis.

Materials and methods. The two crude oil samples were obtained from Kohat-Potwar Basin (Upper
Indus Basin) in the Kohat City, Khyber-Pakhtunkhwa Province, Pakistan. The samples were labeled as aro-
matic (P-RCA-III) and paraffinic (P-RCP-I), according to a previous study describing sample characteriza-
tion [18]. EPR experiments were conducted at the Electron Paramagnetic Resonance Laboratory (LARPE)
(State University of Londrina, Londrina, Brazil) with a X-band JEOL JES-PE-3X EPR spectrometer coupled
to a temperature variation controller JES-VT-3A. The samples were inserted into sealed quartz tubes, and the
temperature ranged from 298 to 555 K. In all measures a modulation magnetic field of 0.1 mT was used, and
the microwave power was set to 1 mW (saturation was not observed in the saturation test). The magnetic
field marker MgO:Mn?" was used as an internal standard for the experiments. The field marker was posi-
tioned offset from the cavity’s center, so that the spectra were obtained simultaneously (the marker is pro-
tected from the air flow used for temperature variation). The viscosity measurements were performed with a
Physica MCR Serie 301 rheometer (Anton Paar Germany GmbH, Germany) using Rheoplus software, cou-
pled to a Peltier P-PTD200. Measures were conducted in a temperature range from 300 to 473 K. The shear
rate was constant at 100 s

TD-NMR were performed with a Bruker Minispec MQ20, with a static magnetic field of 0.5 T, Larmor
frequency of 20 MHz, and a Bruker BVT 3000 temperature controller, with an error of £3 K. The CPMG
[19, 20] sequence was used, with 50 k pulses and 15 s recycling time. The experiment was conducted in a
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temperature ranging from 303 to 443 K. Transverse relaxation times (72) were extracted by bi-exponential
curve fitting and correlating with viscosity through [21]

W) = a/T>’, (1)

where o is the fluid’s viscosity, and a and b are the empiric parameters related to the fluid.

Results and discussion. EPR spectra at room temperature from the aromatic and paraffinic samples
showed similar characteristics, as presented in Fig. 1. It is possible to observe an intense resonance line cen-
tered at g = 2.003 with a peak-to-peak linewidth (AHpp) of 0.49 mT and a half height linewidth (AHi) of
1.10 mT for the aromatic crude oil. For the paraffinic sample the resonance line is centered at g =2.003, with
AHpp = 0.42 mT and AH;» = 0.96 mT (parameters calculated according to well-known methods [22]). These
resonance lines are characteristic of organic free radicals, and the parameters obtained from the spectrum are
in accordance with literature [11, 23]. The two small lines at both sides of the spectra are due to the
MgO:Mn*" field marker.

From the increasing temperature experiments we observed the variation of the linewidth with the EPR
signal. Figure 2 shows the AH,; variation as a function of temperature from both samples, revealing similar
behavior between them. It is possible to observe an increase and a posterior decrease in AHj.,. In addition to
the temperature variation experiments, EPR spectra were recorded after heating and subsequent cooling to
room temperature. In this case, no significant changes in parameters were observed when the samples were
measured after cooling. Thus, effects caused by possible evaporation of oils with increasing temperature
were disregarded.
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Fig. 1. Free radical EPR spectrum at room temperature for the paraffinic and aromatic samples.
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Fig. 2. Half height linewidth of free radical EPR signal for paraffinic (a) and aromatic (b) samples.
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Crude oils usually present high viscosity at room temperature, which means that these oils could be
considered as rigid systems regarding their molecular mobility [11, 15, 24]. In rigid systems, it is common to
observe EPR signal similar to those obtained from powders [24, 25], presenting both parallel and perpendic-
ular components of the spectroscopic factor (g factor) [11, 15, 24]. Indeed, this behavior was obtained from
crude oil samples at room temperature, where the hyperfine parameters and the g factor of vanadium pre-
sented parallel and perpendicular components [15, 17]. In this research, the samples under analysis presented
only the free radical signal; thus, one can also expect to observe both perpendicular and parallel components
of the g factor. However, these components are not resolved in X-band EPR spectroscopy because of the
overlapping of resonance lines.

With temperature increase (and consequent decrease in viscosity), there are two effects expected: a de-
crease in the relaxation time and an approximation of the parallel and perpendicular values of g (due to the
gradual change of the system from a rigid to an isotropic regime). These two effects cause variations of the
linewidth of free radicals. The gradual changes in the mobility regime leads to a decrease in the relaxation
time, contributing to broadening the resonance lines [26]. Spin exchange interactions between paramagnetic
centers within the asphaltene can also contribute to this effect. On the other hand, with the macromolecular
mobility changing from the rigid to the liquid regime, the EPR signal changes from powder to isotropic sig-
nal. This effect leads to approximation of the parallel and perpendicular resonance lines, where a complete
overlap can be observed. Thereby, considering that the free radical lines can be composed of parallel and
perpendicular components, with decreasing viscosity the linewidth is expected to decrease.

Thus, a possible explanation to the observed result lies in the fact that there are two competing effects
regarding the linewidth of free radical. Let us divide the variation of half height linewidth with temperature
increase into four different regions.

When the regime is predominantly rigid, an appreciable variation of the linewidth (Fig. 2, rigid region)
is not observed. The crude oil shows a mixture of regimes, but the rigid behavior still predominates (Fig. 2,
slow motion region). In this slow-motion regime, the broadening in EPR linewidth (caused by the decreasing
in the relaxation time) overcomes the narrowing caused by the approximation of the parallel and perpendicu-
lar components. With the fast-motion regime, i.e., with the overcoming of the isotropic phase in relation to
the rigid, the effect of narrowing overlaps the broadening effect, resulting in the observed linewidth decrease
(Fig. 2, fast motion; region). The system is considered to be predominantly isotropic, and no marked lin-
ewidth variation is observed (Fig. 2, isotropic region).

From Fig. 2 it is observed that the temperature for maximum linewidth (which represents the transition
from slow to fast motion regime) is higher for the paraffinic sample (443 K for paraffinic and 418 K for ar-
omatic samples). This can be associated with the molecular structure of the sample. It must be emphasized
that EPR spectroscopy detects free radicals, which are mainly present in the asphaltene fraction. In paraffinic
samples, the asphaltene fraction is composed of longer chains than that in aromatic samples [27], leading to
a lower molecular mobility, which explains the described behavior.

The viscosity variation as a function of temperature can be related with the linewidth variation of the
free radical signal. Figures 3 and 4 show the variation of viscosity measured by rheometry and TD-NMR.
From Figs. 3 and 4 it is observed that the aromatic sample presented higher values for both dynamic and kin-
ematic viscosities in the whole temperature range. From Fig. 2, it can be observed that the aromatic sample
showed transition from the rigid to the isotropic regime at lower temperature, which agrees with the higher
molecular mobility of the aromatic sample [27].

From Figures 3 and 4 we observed a subtle change in the decrease trend of the viscosity with tempera-
ture from the paraffinic sample, which does not occur for a specific temperature but in a range of tempera-
tures. These changes in the viscosity are observed in a temperature range close to that temperature range
where the linewidth shows mixed behavior (solid and liquid).

A possible explanation for the slight discontinuity observed at ~380 to ~400 K in Figs. 3 and 4 could be
the changes in the viscosity due to the transition from the rigid to the isotropic regime. As this study is lim-
ited by the lack of information regarding the behavior of the molecular mobility and properties of the sam-
ples under analysis, more studies are necessary to support this hypothesis. This first analysis can be comple-
mented with future works applying this method to crude oil samples that show EPR signals of free radicals
and vanadium.



142 ABSTRACTS ENGLISH-LANGUAGE ARTICLES

Viscosity, cP

. Aromatic 6 1
= Paraffinic
.._‘ 4 '
10 | 380 400 420 440
M""‘*-;-'I.Z::
300 340 380 420 460 T.K

Fig. 3. Dynamic viscosity obtained by rheometry experiments of paraffinic and aromatic crude oils.
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Fig. 4. Kinematic viscosity calculated by TD-NMR data of paraffinic and aromatic crude oil.

Conclusions. Aromatic and paraffinic samples presented EPR signals with characteristics of organic
free radicals. The linewidth variation with temperature was related to the changes in the relaxation time and
the parallel and perpendicular values of spectroscopic factor g. The half heights linewidth was approximately
constant in the rigid regime, presented an increasing trend in the slow-motion regime, decreased in the fast
motion regime, and was approximately constant for the isotropic regime. EPR spectroscopy showed more
detailed information about the mobility regime transition for the crude oil samples under study, which can be

related to results obtained by rheometry and TD-NMR techniques.
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