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ABSTRACT: Recently, some works showed that magnetic ﬁelds may reduce the paraﬃn crystallization and the viscosity of some
types of oil. This Article shows the main results obtained in an attempt to determine some factors responsible for the oil interaction
with magnetic ﬁelds, which caused the rheological properties change in crude oil samples. Under the inﬂuence of a magnetic ﬁeld
(1.3 T in 1 min exposure), one of the six brazilian crude oil samples studied (sample 1) showed 39% reduction on its viscosity and a
reduction on the viscoelastic properties (loss modulus and storage modulus). However, the other ﬁve samples did not show any
considerable modiﬁcation of their rheological properties. We analyzed all six samples using spectroscopy to detect what kind of
component was present in sample 1 that could interact with the magnetic ﬁeld and cause the aforementioned rheological properties
change and that was not present in the other samples. The major diﬀerences observed in sample 1 were the presence of the Mn2+
paramagnetic ion (EPR spectroscopy); Sr and Br (XRF spectroscopy); highest aromatic/aliphatic molecules ratio (NMR
spectroscopy); and the highest water content (10% v/v, NMR spectroscopy). Thus, the results show that the paraﬃn could not
be the unique factor responsible for the change on the rheological properties of the crude oil samples caused by magnetic ﬁelds, as
some authors suggested previously.

1. INTRODUCTION
Today, the petroleum industry still faces organic resin accumulation in pipelines and high oil viscosity as challenges to oil
production. Among the methods utilized for correcting or
minimizing theses problems,1,2 such as chemical, heating, and
“pigging”, the magnetic treatment shows to be the cheapest,
although it is not the most eﬀective. Recently, some works311
showed that the magnetic/electric ﬁeld may improve the quality
of some types of oil, which is very desirable to the oil industry. In
particular, Flatern3 reported that paraﬃnic crude oil decreases its
viscosity after its exposure to magnetic ﬁelds. Other authors4,5,7,8
showed that magnetic ﬁelds may improve the rheological properties of crude oil, mainly paraﬃnic ones; and Loskutova11
found that magnetic treatment leads to substantial changes in the
paramagnetic, antioxidant, and viscosity characteristics of parafﬁn-base and high-viscosity oils.
Accordingly, this Article shows an attempt of ﬁnding the main
factor that could change the rheological properties of crude oils
after their exposure to magnetic ﬁelds; the study was focused on a
sample of crude oil (sample 1) that had its viscoelastic properties
modiﬁed after it has been exposed to a 1.3 T magnetic ﬁeld for
1 min previously reported in Goncalves.8 All of the samples were
analyzed and compared to each other using spectroscopic data.
The main goal of this analysis was to detect what kind of
component was present in sample 1 that was not present in
the other samples, which could interact with the magnetic ﬁeld
and cause the change of the rheological properties. The samples
r 2011 American Chemical Society

were characterized by VSM, electron paramagnetic resonance
(EPR) spectroscopy, 1H nuclear magnetic resonance spectroscopy (NMR), and X-ray ﬂuorescence (XRF).

2. MATERIALS AND METHODS
The samples utilized in this work were supplied by Petrobras. They
were taken from oil ﬁelds that have experienced problems such as oil/
water separation and transportation, caused by the high viscosity of the
oil. The average paraﬃn content of the samples, according to the
supplier, is described in Table 1.
A stress-controlled rheometer (Physica MCR-301, Anton Paar) was
used to measure the viscoelasticity of the samples. The rheometer was
equipped with a Peltier cell to control the temperature and a coneplate
geometry (50-mm diameter, angle 1). Because the magnetic ﬁeld could
interfere with the Peltier system, reducing its accuracy, an external
electromagnet (GMW magnet 3472 DC) was used to generate the
magnetic ﬁeld (1.3 T). The crude oil samples were placed in 150 mm 
17 mm test tubes in a thermostatic bath, and their temperatures were
kept constant at their wax appearance temperature (WAT) during all
experiments. As the viscosity near WAT is very sensitive to temperature
variations, the thermostatic bath temperature was constantly monitored.
If the temperature dropped below WAT by about 2 C, reheating the
sample to WAT is not enough to dissolve the paraﬃn crystals; it must be
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Table 1. Average Paraﬃn and Water Content of the Oil
Samples

Table 2. Wax Appearance Temperature (WAT) of the Samples Obtained by Rheometry Technique

sample

sample

1

2

3

4

5

6

paraﬃn content (% w/w)

11.0

6.3

11.0

25.0

1.0

2.5

water content (% v/v)

10

2.72

0.03

0.97

0.02

0.44

heated to 10 C above the WAT. This method minimizes the “memory
eﬀect” caused by paraﬃn crystals on the sample rheology. To avoid this
nuisance, the samples were placed inside test tubes and heated to 55 C
in a thermostatic bath; the bath temperature was measured by a 51NIST 76,275 thermometer. To prevent heat losses when removed from the
bath, the test tubes were kept in larger diameter tests tubes also ﬁlled
with water, which, in turn, were kept in a Dewar ﬂask. For exposing the
samples to the magnetic ﬁeld, the larger diameter tubes themselves were
taken out and exposed to the ﬁeld for 1 min and then returned to the
ﬂask. In the rheometer, temperature control was achieved by a Peltier
cell. Before the samples were taken to the rheometer, the water ﬂask
temperature was checked. Next, the rheological properties of the
samples were measured before and after their exposure to the magnetic
ﬁeld so that any temperature eﬀect on their rheological properties would
be systematic. In addition, for WAT measurements by rheometry to be
possible, the oil should exhibit a paraﬃnic character. If the rheological
change in sample 1 (11% of paraﬃn m/m) was due to the temperature
eﬀect on the paraﬃn crystals formation, sample 4 (25% of paraﬃn m/m)
and sample 5 (also 11% paraﬃn m/m) should exhibit the same
rheological changes, but this behavior was not observed.
The rheological properties of the samples were measured before and
after their 1 min long exposure to the 1.3 T magnetic ﬁeld. A VSM
Lakeshore 7404 was used to measure the strength of the interaction
between the samples and the magnetic ﬁeld. The paramagnetic behavior
of the samples was measured using a higly sensitive electron spin
resonance spectrometer, Bruker ESP-300, operating at the X-band
(9.6 GHz) microwave frequency. For measuring the aliphatic/aromatic
chains ratio, the nuclear magnetic resonance spectrometer Bruker
Avance III 500 (11.75 T) was used. Finally, the elements with Z g 11
(gNa) present in the samples were detected by the XRF spectroscope
(XRF), Shimadzu EDX700.

3. RESULTS AND DISCUSSION
3.1. Rheological Study. As proposed by Rocha,7 the reduc-

tion of the oil viscosity after its exposure to the magnetic field
could not be observed in a temperature 10 C above the sample’s
WAT, because the paraffin crystals would be dissolved in the oil.
In contrast, at 10 C below the sample’s WAT, the errors can
become meaningful as the oil does not behave like a Newtonian
fluid anymore. The WATs of the samples were measured using
the rheometry technique, and the results are described in Table 2.
The sample’s viscosity was measured as a function of the
temperature: the samples were heated at 80 C and cooled to
10 C at a rate of 2 C/min. The inflection points of the curves
indicate the sample WAT.
Once the WAT of the samples was measured, we kept the
samples in a thermostatic bath at the same temperature as their
WAT. First, the viscosity of the samples was measured. Next, the
samples were exposed to the 1.3 T magnetic ﬁeld; afterward, the
viscosity of the samples was measured again. We would like to
emphasize that the temperature of the samples was kept constant
during all experiments. The inﬂuence of the 1.3 T magnetic ﬁeld
on sample 1’s rheology is displayed in Figures 13.

WAT (C)

1

2

3

4

45

29

39

41

5

6

Figure 1. Steady shear viscosity of sample 1: before, immediately after,
and 150 min after exposure to the magnetic ﬁeld.

Figure 2. Curves of the storage modulus (G0 ) and the loss modulus
(G00 ) as a function of the angular frequency before and after the exposure
of sample 1 to the magnetic ﬁeld.

In Figure 1, the empty circles and the ﬁlled ones represent the
average of measured points before and after sample 1’s exposure
to the magnetic ﬁeld, respectively, while the bars represent the
standard deviation. Sample 1’s viscosity was measured three
times; it was measured one time before and after its exposure to
the magnetic ﬁeld and then it was eliminated; the second and
third measurements followed the same procedure. According to
the graphic, the viscosity of sample 1 before its exposure to the
magnetic ﬁeld was 66 cP, and immediately after that, it was
reduced to approximately 39 cP, that is, a reduction of 40% of the
viscosity. Nevertheless, the reduction was not stable; slowly the
viscosity of sample 1 showed a tendency of returning to the
original state. After 150 min, the viscosity of sample 1 was
measured again, at the range of 46 cP, that is, 30% reduction
from the original state.
Furthermore, the inﬂuence of the 1.3 T magnetic ﬁeld on the
viscoelastic properties of sample 1 was analyzed. An oscillatory
test was performed at angular frequency sweep (Δω) from 1000
to 1 s1, strain γ = 0.1%, and constant temperature of 45 C,
where each measurement lasted 40 min. Figure 2 shows the
storage modulus (G0 ) and the loss modulus (G00 ) as a function of
3538
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the angular frequency before and after the 1 min long exposure of
sample 1 to the 1.3 T magnetic ﬁeld.
In Figure 2, before sample 1 was exposed to the magnetic ﬁeld,
the “crossover” (at ω ≈ 50 s1) is observed at 6.3 Pa, and after
the exposure, it is observed at 1.8 Pa. These results show that
both elastic and viscous properties were reduced after sample 1’s
exposure to the magnetic ﬁeld. Using the same condition as
described before, Δω = 1000 to 1 s1, γ = 0.1%, T = 45 C, the
complex viscosity of sample 1 was also analyzed, and it is shown
in Figure 3.
Figure 3 shows that the complex viscosity of sample 1 was
reduced after its exposure to the 1.3 T magnetic ﬁeld, especially
for ω < 100 s1, where the viscosity remained almost constant,
meaning that sample 1 behaved like a Newtonian ﬂuid. So, these
results showed that the 1.3 T magnetic ﬁeld modiﬁed the
rheological properties of sample 1.
The other samples were conditioned at their WAT, and they
were exposed to the 1.3 T magnetic ﬁeld for 1 min. The average
viscosity of these samples was measured before and after their
exposures to the magnetic ﬁeld, as is shown in Figure 4.
Figure 4 shows that sample 2 did not exhibit any considerable
modiﬁcation of its viscosity after its exposure to the magnetic
ﬁeld, even though it presented 6% w/w of paraﬃn content.

According to some authors,4,5,7 the crude oil viscosity reduction
after its exposure to the magnetic ﬁelds is mainly caused by the
presence of paraﬃn in the oil, and the eﬀect of the magnetic ﬁeld
increases with the paraﬃn content. On the basis of that speculation, we intentionally increased the paraﬃn content in one
sample. We prepared a mixture of crude oil and paraﬃn
(sample 3). Originally, this crude oil had 1% w/w, and we added
10% w/w of a blend with 550 g/mol average weight, molecular
distribution between C15 and C58, with 75% w/w aliphatic and
25% w/w cyclic and branched molecules. The sample resulted in
a mixture of crude oil with 11% w/w of paraﬃn content. Next, we
adopted the same method as used for sample 1; sample 3 did not
show any considerable modiﬁcation on its rheological properties
after the exposure to the magnetic ﬁeld. We also analyzed a
sample with 25% w/w of paraﬃn content (sample 4), and it did
not show any considerable modiﬁcation of its rheological properties after its exposure to the magnetic ﬁeld.
Considering the works of Tao4,5 and Rocha,7 which reported
that the reduction of oil viscosity is mainly caused by the
interaction of paraﬃn with magnetic ﬁeld, it would be expected
a reduction in the viscosity of samples, which presented high
paraﬃn content (>10% w/w). However, the results showed
that the paraﬃn could not be the unique factor responsible for

Figure 3. Complex viscosity curves of sample 1 before and after its
exposure to the magnetic ﬁeld.

Figure 5. Magnetization curves of sample 1 at diﬀerent temperatures.

Figure 4. Average viscosity of samples 2, 3, 4, and 6, respectively, before and after their exposure to the magnetic ﬁeld.
3539
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Figure 6. Derivative of the absorption spectra of samples 1, 2, 4, 5, 6, and pure paraﬃn as a function of the applied magnetic ﬁeld.

interacting with the magnetic ﬁeld and causing the modiﬁcation
on the rheological properties of sample 1. To ﬁnd the responsible
factors, the ﬁrst step was to analyze the strength of the interaction
of the samples with the magnetic ﬁeld using a vibrating sample
magnetometer.
3.2. Characterization of the Samples. The major objective
of the magnetization curves measurement by VSM (Lake Shore
7404) was to verify if the magnetic behavior of sample 1 could be
differentiated from that of the other samples. The magnetization
curves as a function of the magnetic field applied to sample 1, in
the temperature range from 25 to 55 C, are shown in Figure 5.
At the center of Figure 5, the alignment to the magnetic ﬁeld
indicates the presence of paramagnetic substances in sample 1.
Yet the magnetization curves opposed to the magnetic ﬁeld as it
increased; this fact indicated that most of the substances behaved
as diamagnetic ones. A decisive answer was not ﬁnd here, because
all of the samples behaved almost like sample 1; all of them were
composed mainly of diamagnetic and paramagnetic substances; if
there were ferromagnetic substances in the samples, the amount
of them was not detected by the VSM.
Because the magnetization curves indicated the presence of
paramagnetic substances, it was needed to further investigate
what kind of component would be the main reason for the
modiﬁcation of the rheological properties after the exposure of
the sample to the magnetic ﬁeld. To gather information about
these paramagnetic substances, the technique of electron paramagnetic resonance spectroscopy (EPR) was used. The EPR

measurements were performed at room temperature, at the
X-band (9.6 GHz) microwave frequency, with swept static
magnetic ﬁeld and the usual modulation and phase-sensitive
detection tecniques. Figure 6 displays the derivative of the EPR
absorption spectra where one can see that all samples showed the
presence of free radicals, represented by the major peak at the
center of each spectrum. Because of their very high concentrations, the resonance absorption of the free radicals can be excited
using the small microwave power of only 0.2 mW, or less. The gfactor values obtained are 2.0031 for sample 1; 2.0032 for sample
2; 2.0031 for sample 4; 2.0031 for sample 5; and 2.0030 for
sample 6. The EPR study of crude oils shows that the g-factor
decreases with increasing maturation of the sample.12,13
Besides the resonance line of the crude oil free radicals, the
spectrum of sample 1 at the high microwave power of 50 mW
[Figure 6a] also displays the six hyperﬁne lines characteristic of
the Mn2+ ion. To the best of our knowledge, this is the ﬁrst report
of a well-determined spectrum of Mn2+ in crude oil. A not so
clear spectrum due to Mn2+ impurities was reported for a
Venezuelan oil,14 and the presence of Mn2+ in oil shale15 and
sand bitumen16 is well-known.
As for sample 2, at low or high microwave power, the EPR
spectrum [Figure 6b] displays only the resonance line due to the
free radicals. The spectra of samples 4 and 5, however, also
display a broad resonance line due to the presence of Fe3+
impurities [Figure 6c and d] not attributed to the oil phase of the
samples, as has been reported in the literature.17,18 The spectrum
3540
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Figure 7. XRF spectra of the crude oil samples studied.

of paraﬃn [Figure 6f] also displays the broad Fe3+ resonance line
with g = 2.1377. Finally, the spectrum of sample 6 [Figure 6e]
displays the resonance line of the free radicals and also the
hyperﬁne lines characteristic of the VO2+ center of vanadyl
porphirins, well-known and established in the literature11,1823
as being in the oil phase of the sample.
In summary, the EPR technique can be used to detect the free
radicals in the crude oil samples and also the presence of other
paramagnetic substances, such as Mn2+, Fe3+, and VO2+. However, although the VO2+ radical (sample 6) and the Fe3+ ion
(samples 3 and 4) are both paramagnetic, only sample 1 with the
paramagnetic Mn2+ ion showed a rheological change after being
exposed to a magnetic ﬁeld. To gather more information from
the EPR experiments, the content of the Mn2+ ion in sample 1
was investigated. The intensity of each resonance line was
obtained by the usual procedure, and the spin density of the
sample was calculated by using the weak pitch resonance line as a
reference. The weak pitch sample (0.0003% coal pitch in KCl)
has a g-factor of 2.0028 and a total of 2.5  1013 spins. The ratio
between the intensities of the lines implies that the content of
Mn2+ in sample 1 is of the order of 6.0  1015 spins/cm3.
Moreover, when the semisolid sample was ﬁrst diluted with
mineral oil and next with ultrapure water, the solution was
separated in two distinct phases: black oil phase ﬂoating over a
“brown water” phase containing some precipitated material. The

EPR measurements of both phases conﬁrmed the presence of the
Mn2+ ion only in the “brown water” phase; no sign of Mn2+ was
detected in the oil phase. This result is strong evidence of the
presence of a Mn2+ mineral impurity in the sample, but needs
further investigation.
To improve the characterization of the samples, X-ray ﬂuorescence spectroscopy (DEXRF) was used to detect other non
paramagnetic elements. The spectrometer, Shimadzu EDX700,
was equipped with an Rh source of 15 kV to detect elements with
atomic number from Z = 11 (Na) to Z = 21 (Sc) and 50 kV to
detect elements with Z = 22 (Ti) to Z = 92 (U). All samples
showed the presence of Ca and S. The spectra in Figure 7 show S
and Ca as the common elements in all samples studied. The
spectrum of sample 1 shows the presence of Br and Sr, which
were not present in the other samples. The amount of Br and Sr
was 143.6 and 35.5 ppm, respectively. The presence of these
elements in sample 1 also needs further investigation.
Finally, the characterization of the samples using the NMR
technique showed some very interesting results. The acquisition
of the 1H NMR spectra was performed with the Bruker Avance
III spectrometer operating at room temperature, using CDCl3,
99.8% from CIL (Cambridge Isotope Laboratories) as solvent of
the samples and tetramethylsilane (TMS) as standard reference.
Figure 8 shows the absorption spectra of 1H NMR from all
samples studied in this Article; on the right side, between shift
3541
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Figure 8. 1H NMR spectra of the crude oil samples studied.

Table 3. Aromatic/Aliphatic Hydrocarbon Ratio Present in
the Samples As Given By the Spectra in Figure 8

Table 4. Main Physical and Chemical Properties of Sample 1
properties

value

method

oil samples

aromatic/aliphatic ratio

density (deg API)

36.5

D 5002 (densitometer)

sample 1

1:52

pour point

33.0 C

D97

sample 2

1:31

WAT

48.3 C

DSC (5 C/min)

sample 3

1:25

asphaltene

<0.5% m/m

IP 143 (modiﬁed)

sample 4

1:39

sample 5

1:22

(insoluble in heptanes)
sulfur

0.06% m/m

D 4294 (Horiba)

sample 6

1:18

nitrogen

0.14% m/m

D 3228 B€uchi (modiﬁed)

saturated hydrocarbons

68.8% m/m

SFC/MPLC/IP143

13.0% m/m

SFC/MPLC/IP143

deviation 1.9 and 0.2 ppm, the radiation absorption is mainly
caused by the aliphatic molecules, and on the left side, between
shift deviation 9.3 and 6 ppm, by the aromatic ones. The area
under the absorption curve is proportional to the number of
molecules that absorb the rf radiation. The quantity of molecules
absorbing at that shift deviation then can be estimated by the
integration of this area. The results obtained are given in Table 3.
In Table 3, we can observe a notable diﬀerence between
sample 1 and the other samples: the lowest ratio of aromatic/
aliphatic chains. Moreover, the NMR spectrum of sample 1 in
Figure 8 showed a peak in the shift deviation between 5 and 4
ppm, which was caused by the rf absorption by water molecules.
Utilizing a centrifuge MTD III plus 1500 , 3500 rpm (ASTM
D1796 method), the oil/water phases were separated, and it was
observed 10% v/v of water content in sample 1; this was the
highest volume of water in all samples. Next, additional information about the physical and chemical properties of sample 1 was
provided by the supplier; Table 4 shows the main properties of
sample 1 after its dehydration.
Comparing Table 4 with Table 3, the aromatic/aliphatic
chains appear to diverge; the aromatic/aliphatic ratio measured
by NMR (1:52) is lower than that measured by SARA (13:68.8).
The ﬁrst hypothesis to explain this diﬀerence is that the NMR
and SARA techniques measure diﬀerent properties of the substances; NMR measures number of 1H directly connected to

(SARA)
aromatic hydrocarbons
(SARA)
resins (SARA)

18.2% m/m

SFC/MPLC/IP143

asphaltenes (SARA)
salt

<0.5% m/m
67.74 mg NaCl/L

SFC/MPLC/IP143
MB 298

diﬀerent types of molecules, and SARA measures weight percent
of saturated, aromatic, resin, and asphaltenes hydrocarbons. As
the aromatic/aliphatic ratio measured by NMR is achieved by the
integration of the area under ther the absorption curve, the limits
of integration became a crucial factor for making the measurement accurate. According to to Espada24 and Molina,25 the
percentages of Haromatic (hydrogen atoms in aromatic rings),
Hradical (hydrogen atoms next to functional groups), Hβ
(methylene hydrogen atoms), and Hγ (methyl hydrogen atoms)
can be obtained by integration in the following limits: Haromatic
(9.26.5 ppm), Hradical (3.81.8 ppm), Hβ (1.801.03 ppm),
and Hγ (1.030.40 ppm). Because the limits used for integration
of the area under the peaks in Figure 8 were 96 ppm for
Haromatic and 1.90.2 ppm for Haliphatic, the limit used for the
aliphatic involved the methyl and methylene hydrogen atoms,
which could be bonded to the aromatic chains. Moreover, the
process of dislitation for the SARA measurement could not
3542
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dissolve all aliphatic chains, and thus a fraction of them remained
bonded to the aromatic ones. Yet, in general, the highest aliphatic
concentration measured by NMR was precisely for the samples that
showed the highest amount of paraﬃn. Finally, as the NMR result
indicates that sample 1 presents the lowest aromatic/aliphatic ratio,
this also may be an important factor for promoting the changes of the
rheological properties caused by magnetic ﬁelds. In this regard, the
present results for oils with high paraﬃn (paraﬃnic type) concentrations agreed with those in Tao4 whereby the magnetic ﬁelds were
more eﬀective in modifying the viscosity of paraﬃnic crude oils.

4. CONCLUSION
This work showed some factors that may be involved in the
process of modiﬁcation of rheological properties of crude oils
caused by magnetic ﬁelds.
One sample of crude oil (sample 1) showed a reduction of
39% in its viscosity and a reduction in its viscoelastic properties
after its 1 min long exposure to a magnetic ﬁeld of 1.3 T. The
rheological properties of the other samples did not show any
signiﬁcant modiﬁcation after the samples’ exposure to the
magnetic ﬁeld. Regarding the substances that may be involved
in this process, sample 1 presented some speciﬁc indicators: the
EPR measurements indicate the presence of Mn2+, and the NMR
measurements show the lowest ratio of aromatic/aliphatic chains
(1:52) and the biggest water content (10% v/v). Besides this, the
XRF measurements indicate the presence of the elements Sr and
Br. The most important of these results, however, because the
sample is separated in oil and water phases, is the presence of
Mn2+ only in the water phase, as a substitutional impurity in a
mineral, or could it be as a trapped ion in a metallic porphirin23
bounded to water molecules in the original sample? In any case,
the Mn2+ ion has a large magnetic moment due to the ﬁve
electrons of the 3d5 state, implying that the structures containing
this ion will interact strongly with the applied magnetic ﬁeld. This
will give rise to an “ordered state” of the Mn2+ structures in the
sample and consequently to the reduction of the viscosity. In the
absence of the magnetic ﬁeld, this “ordered state” disappears, due
to thermal ﬂuctuations and Brownian motion of the structures,
and the viscosity increases to the original value. Future works are
needed therefore to better quantify the inﬂuence of the Mn2+
structures on the rheological properties of this crude oil under
the action of magnetic ﬁeld. The results presented in this Article,
however, conﬁrm that the presence of paraﬃn is not the only and
unique factor responsible for the modiﬁcation of the rheological
properties of crude oil, as some previous works had suggested.
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