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Abstract. Determining the stability threshold of oils and oil systems is an important task in the oil
industry. It is important to be able to detect the precipitation of solid phase from oils at the earliest
stages. For the first time, the ultramicroscopy method was used to study the precipitation of
asphaltenes from a toluene solution during titration with heptane. The study allowed for the
visualization of asphaltene aggregates in the toluene—asphaltene—heptane mixture at the earliest stages
of aggregation. The relationship between the numerical concentration of asphaltene aggregates and the
heptane concentration was measured. Analysis of this dependence led to the determination of the
threshold concentration of heptane, above which asphaltene precipitation and aggregation (referred to
as the “Onset point”) occurred. A comparison was made between the capabilities of ultramicroscopy
and those of dynamic and static light scattering methods for determining the “Onset point”. It was
shown that the ultramicroscopy method has greater sensitivity and can detect the onset of aggregation
at lower concentrations of the precipitant.
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Introduction

Asphaltenes are high-molecular fractions
of oil. Together with other oil fractions,
such as paraffins and resins, asphaltenes can
form asphalt-resin—paraffin deposits (ARPD)
during oil field development, as well as
during the transportation and processing of
extracted oil. The formation of ARPD leads to a
decrease in well flow rates, reduces the effective
diameter of oil pipelines and may cause the
failure of process equipment. Finding a solution
to the ARPD problem is a critical challenge in
the oil industry. One of the key steps in
addressing this issue is studying the processes of
asphaltene precipitation from oil and oil
systems.

Important information for an oil system
containing dissolved asphaltenes is under
what conditions and how asphaltenes begin to
precipitate from such a system as a solid
phase. Precipitation of asphaltenes from
solution can occur when the temperature,
pressure or composition of the oil system
changes. An established method for assessing
the stability of oil systems is the process of
titrating such a system with an asphaltene
precipitant (a liquid alkane, such as heptane or
pentane) and determining the concentration of
the precipitant, the excess of which leads to
precipitation of asphaltenes from solution and
the beginning of their aggregation. There are
many methods for detecting the onset of
aggregation.

Densitometry is the determination of the
onset of asphaltene aggregation by measuring
the density of the mixture of the oil
system during titration with a precipitant [1-3].
A widely used optical method for determining
the stability threshold of oil systems is
based on measuring the intensity of light
transmitted through a sample titrated with a
precipitant [4]. The “Spot” method- analysis of

the image of a sample spot on filter paper — is
also used [1]. Using the method of differential
scanning calorimetry (DSC), it is possible to
determine the temperature of the onset of
precipitation of asphaltenes from a solution [1].
The pressure of the onset of asphaltene
precipitation is determined using PVT
installations with the ability to detect various
physicochemical parameters of the sample. For
example, by analyzing changes in the intensity
of scattered light in the near infrared range [5],
measuring the electrical conductivity of the
sample [3], measuring the speed of sound, by the
appearance of asphaltene aggregates detected by
optical microscopy or using the filtration
method, in which a small volume of the sample
is filtered through a filter, and then the filter is
analyzed for the presence of asphaltene particles
on it [3, 5, 6]. Also, the onset of asphaltene
precipitation from a sample of an oil system
during titration can be determined using a
spectrophotometer — by changes in the
transmission spectrum [5] or by measuring the
interfacial tension at the air—sample boundary
[6, 7]. Asphaltene aggregation also leads to
changes in the viscosity of the oil system,
making viscometry another useful method for
detecting aggregation onset [3, 5, 6].

The dynamic light scattering (DLS)
method allows measuring the size of
nanoparticles in liquid media. This method is
also used to determine the threshold of
resistance of petroleum systems to asphaltene
precipitation [8-10]. At the same time, the DLS
method allows studying the Kkinetics of
asphaltene aggregate growth at early stages
of aggregation [11, 12].

Not only experimental methods, but also
modeling of petroleum systems is also one of the
ways to predict the threshold of their resistance
to asphaltene precipitation in the form of a solid
phase [13].

339



Actual Problems of Oil and Gas. Vol. 15, No. 4, 2024

http://oilgasjournal.ru

It is important to note that at the time of
writing this article, it was not possible to find
any published works on the study of asphaltene
precipitation using the ultramicroscopy method.
In the work [14], a device based on the
ultramicroscopy method and the method of
nanoparticles tracking analysis (NTA) in oil
systems were used, but not for studying the
stability of oil systems, but for measuring
the sizes of particles added to bitumen.
An important  difference  between the
ultramicroscopy method and the above-
mentioned methods is that this method allows
one to visualize and directly count the
asphaltene submicron and nanoscale aggregates
in the sample, and to study the aggregation
process at the earliest stages.

Materials and methods

Asphaltenes for the studies were isolated
from bitumen (asphaltenes content — 18 wt%)
using the ASTM D6560 method by adding
a 40-fold excess of n-heptane.

The purity of toluene used to prepare the
samples in this work was 99.8%; heptane was of
chemically pure grade.

Ultramicroscopy — measurements — were
performed on an NP Counter nanoparticle
concentration meter (NP VISION, Russia). This
device uses a laser with a wavelength of 650 nm,
a power of 50 mW and a digital camera with a
matrix size of 5 megapixels, with a shooting
speed of up to 52 frames per second. To estimate
the sample volume in which the particles are
counted, the device was preliminarily calibrated.
A micrograph with a frame size of 640x480
pixels was taken for an object-micrometer with a
division value of 0.01 mm. Particles in the
sample were observed at the same resolution.
From the analysis of the obtained micrograph of
the object-micrometer, a connection was
established between one pixel of the image
obtained with this device configuration and the

real distances in the image plane in micrometers
of 0.619 um/px. The depth of the part of the
sample in which the particles are observed was
estimated using the formula proposed by Rudolf
Oldenburg and Michael Shribak [15]. For the
lens with a magnification of 10 times used in the
device, the depth of the field, according to our
estimates, is about 15 um.

Image analysis and particle counting
occurs only in the frame area selected by the
user (region of interest, ROI) — the central part
of the laser beam visible in the frame. When
measuring the particle concentration in a sample,
a video of the sample under study is recorded at
a rate of 30 frames per second. For each such
frame, the image is analyzed in the ROI. The
algorithms of the device software find all light
objects in the ROI and count their number. The
particle concentration is measured as the
arithmetic mean of the concentration data
obtained for each video frame.

DLS measurements were performed on a
Photocor Compact-Z particle size analyzer
(Photocor, Russia). The measurements were
taken at a scattering angle of 90 degrees.

Weighing of components during sample
preparation was performed on analytical balance
FA2204N (0.1 mg, Jaonlab, China).

Initially, a solution in toluene with a
concentration of 1 g/l was prepared from dry
asphaltene powder and kept in a dark place for
24 hours until the asphaltenes were completely
dissolved. Then, a sample for research with a
concentration of 0.1 g/l was prepared from part
of this sample and was also kept in a dark place
for 24 hours before measurements.

The threshold concentration of heptane
was determined using the following method.
0,3 ml of the solution was collected into a 2 ml
sapphire cuvette wusing variable volume
dispensers and then heptane was added step by
step (by titration). First, 100 pl was added
three times, then the step was reduced to 30 pl.
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After each addition of heptane, measurements
were carried out using the DLS and
ultramicroscopy methods. Accordingly, after
each titration step, information on the
scattered  light intensity, particle size
(if particles were detected by DLS) and particle
number concentration was obtained for the
sample.

Results and discussion

Figs. 1a and 1b show the field of view of
an ultramicroscope when observing pure toluene
and a 0.1 g/l solution in toluene respectively.
Due to light scattering on toluene molecules
(Rayleigh scattering), a focused laser beam is
visible in Fig. 1a, while no particles are

a/a

observed in toluene. In the sample of asphaltene
solution in toluene (1b), the laser beam is
slightly defocused, apparently due to local
heating of the sample by laser radiation (thermal
lens effect). Several submicron-sized particles
can also be observed. Due to the heating of the
sample by the laser beam, the particles perform a
constant convective movement upward. For this
reason, the images of luminous objects in the
photo are slightly blurred. At this stage of the
research, it is not possible to establish the exact
size and nature of these particles. Apparently,
this sample of asphaltene solution contains
components insoluble in toluene. Their
concentration can be estimated at about
10° pcs/ml.

b/6

Fig. 1. Field of view of an ultramicroscope (NP Counter) when observing pure toluene (a)
and a sample of 0.1 g/I asphaltene solution in toluene (b)

Puc. 1. MNone 3peHnna ynbTpamukpockona (NP Counter) npu HabnogeHnn uncrtoro Tonyona (a)
n o6pasua 0,1 r/n pacteopa acdanbteHos B Tonyoe (6)

A 0.1 g/l asphaltene solution in toluene
was titrated with heptane, measuring the
scattered light intensity, the correlation function
of scattered light intensity fluctuations, and the
particle number concentration in it after each
addition of the next portion of heptane. Fig. 2
shows the dependence of the particle number
concentration (Cy) in the sample on the amount
of added heptane.

Fig.2 shows that the particle
concentration increases very slightly from 0% to
65%. Such increase in concentration is due to
the short-term formation of a local high
concentration  of  heptane  with  each

addition to the sample during titration and the
appearance of a small number of aggregates in
this, briefly supersaturated with heptane,
region. At the same time, starting from 69%,
a significant increase in the concentration of
asphaltene particles is already observed. At
concentrations of 75-76%, the ultramicroscope
field of view changes — there are a lot of
particles and their images overlap each other.
At such and higher concentrations of
particles in the sample, it is no longer
possible to measure the concentration with good
accuracy using the ultramicroscopy method
without additional dilution of the sample.
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underestimated. Fig. 3 shows an image of the
field of view of an ultramicroscope when
observing a sample of asphaltene solution of
0.1 g/l at 74 vol%.

Due to the overlapping of the images of two
particles in the frame, such objects will be
perceived by the program algorithms as a single
object and the measured concentration will be
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Fig. 2. Dependence of the numerical concentration of particles in a 0.1 g/I
sample of asphaltenes in toluene on the volume concentration of heptane during titration

Puc. 2. 3aBMCMMOCTb YUCIEHHOWN KOHLLEHTPaummn Yactuy, B obpasue 0,1 r/n
achanbTeHOB B TO/Iy0e OT 06bEMHOMN KOHLLEHTPALLMM renTaHa npy TUTPOBaHUU

Comparison of Figs.1b and 3 clearly
shows the qualitative difference in particle
concentration during this experiment, while
Fig. 2 provides a quantitative estimate of the

concentration change during titration. This
allows one to determine the threshold heptane
concentration above which asphaltenes begin to
precipitate from the solution and aggregate.

Fig. 3. Ultramicroscope field of view image of
a 0.1 g/l asphaltene solution sample in toluene
after adding 74 vol% heptane by titration

Puc. 3. M306pakeHune nons 3apeHus yabTpamMMKpPOCKona
npu HabaoaeHun obpasua pactsopa achanbteHos 0,1 r/n
B TONyone nocne pobasneHus tutposaHnem 74 06.% rentaHa
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During titration of a 0.1 g/l asphaltene
solution with heptane, the dependences of
scattered light intensity and particle size (if
detected by DLS) on the heptane concentration
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were measured simultaneously with
ultramicroscopy measurements. Fig. 4 shows the
dependence of scattered light intensity on the
heptane concentration during titration.
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Fig. 4. Scattered light intensity vs. heptane volume concentration for
a 0.1 g/l asphaltene solution in toluene during titration,
where cps is counts per second

Puc. 4. 3aBUCMMOCTb MHTEHCUBHOCTU PACCEAHHOTO CBETA OT 06bEMHOM KOHLEHTPALMM renTaHa
ans pacteopa 0,1 r/n acdanbTeHOB B TO/Iyo1e NPU TUTPOBAHUM,
rae cps — counts per second (MMNyAbCbl B CEKYHAY)

Fig. 4 clearly shows that as heptane was
added to the sample to 71-72%, the scattered
light intensity decreased due to the dilution of
the asphaltene solution (brown solution) with
a transparent liquid (heptane). Starting from
72-73%, the scattered light intensity begins to
slowly increase with increasing heptane
concentration. For a sample containing 76%
heptane, the scattered light intensity will
increase without adding heptane, since the
asphaltene aggregation process has begun in
the sample. For a sample with 76.2% heptane,
the intensity changed from 24,000 cps to
36,000 in 15 minutes after titration was
stopped.

At the penultimate titration step (75.6%),
no particles were detected in the sample by the
DLS method — processing of the correlation
functions of the scattered light intensity did not
provide reliable information on the particle

sizes. At a concentration of 76.2% (the last
iteration of titration), processing the correlation
functions measured by the DLS method allows
us to detect the presence of particles in the
sample and measure their hydrodynamic
radius. The size of asphaltene aggregates
(hydrodynamic radius) in the sample after
completion of titration (76.2%) measured by the
DLS method was about 60 nm. Since the
concentration of heptane in such a sample is
close to the threshold, the growth rate of
the average size of aggregates is quite low.
15 minutes after the end of titration, taking into
account the accuracy of the DLS measurement,
the average particle size in the sample did not
change, despite the fact that the intensity
during this time increased from 24,000 cps
to 36,000 cps. At heptane concentrations
significantly higher than the threshold, the
growth rate will be high [11].
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As seen from the conducted studies, the
threshold concentration values of heptane for the
studied sample, determined by two different
methods (DLS and ultramicroscopy), are very
similar. The ultramicroscopy method detects the
onset of asphaltene precipitation from the
solution at lower concentrations compared to
the DLS method, which measures the size of
the precipitated asphaltene aggregates. This is
because, for DLS to accurately measure particle
size in a liquid, the concentration of the particles
must be sufficiently high.

Conclusion

For the first time, the ultramicroscopy
method was used to determine the threshold
concentration of heptane that leads to the onset
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OnpeaeneHune nopora Hayana ocaxkaeHua acpanbTeHOB
B MOAe/IbHOU HepTAHOM cucteme Tonyon—acdanbreH—renTaH
MEeTOA0M Y/IbTPAaMUKPOCKONUM

B.H. Kypbakos D1
NHcTutyT Nnpobnem HedTn 1 rasa PAH, Mocksa, Poccus

AHHoTauuA. OnpegesieHMe NOpora YCTOMYMBOCTU HedTer UM HedTAHbIX CUMCTEM — BaXKHas 3ajauya
B HedTAHOW oTpac/in. BaxKHO 6biTb CNOCOBHbLIM AETEKTUPOBATL BbiMNageHue TBepaol dasbl us HedTen
Ha CaMbIX pPaHHWUX CTaguax. BnepBble MeTOAOM YAbTPAMMUKPOCKONUW MPOBEAEHO WCCAefOoBaHUE
BbiNageHna achanbTeHOB M3 pacTBOpa B To/yose Mpu TUTPOBaHWWM rentaHom. [lpoBeseHHble
nccnefoBaHMA MO3BOJIMAM BU3YasIM3MPOBATb NOABMEeHUE acdaNbTEHOBbIX arperatoB B MOZE/bHOWM
cucteme Tonyon—acdanbTeHbl—renTaH Ha CaMbIX PaHHWMX CTaauAx arperaumu. MamepeHa 3aBUCMMOCTb
UYMCNEHHON KOHUEHTPauumM achasbTEHOBLIX arperatoB OT KOHUEHTpauuKu renTaHa. AHAAM3 TaKoi
33aBMCMMOCTM MO3BO/IMA ONPeSeInTb NMOPOroBy0 KOHLEHTPALMIO renTaHa, Npu NpeBbIleHUNn KOTOPO
B 06pasue HauMHaeTca BbiNageHue achanbTeHOB M3 PacTBOpPa M UX arperauus («Mopor ycToiuymBocTn»).
MpoBeaeHO cpaBHEHME BO3MOXKHOCTEN METOLO0B YAbTPAaMWMKPOCKOMMU M MeTofa AMHAMWYECKOro U
CTaTUYECKOro paccesiHUA CBeTa A1A onpefesieHus «rnopora ycTomuMBocTM». OKa3aHO, YTO MEeTof
yAbTpamMUKpoOCcKonun obnagaeT 60/blue YyBCTBUTE/IbHOCTbIO M MO3BOMAET AETEeKTUPOBaTb Havasno
arperauum npu 60s1ee HU3KMX KOHLEHTPALMUAX ocaauTens.
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