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The paper deals with a sol-forming system for oil recovery enhancement (EOR system) used to
increase the rate of heavy oil displacement. The effect of sol-forming EOR system during the heavy
oil displacement on the composition and stability of oil sampled from the Usinskoye oil field of Russia
is investigated. The composition of a crude oil also plays an important role in changing its stability.
The work is aimed to investigate stability of heavy crude oil in regards to asphaltene precipitation.
For asphaltene toluene/n-heptane solutions, the aggregation stability of asphaltenes based on
change in the optical density with time is investigated via spectrophotometry. SARA analysis is used
to characterize the compositions of heavy oils. First, the content of asphaltenes precipitated from
the oil samples is determined and then the samples of deasphalted crude oil (maltenes) are analyzed
by the method of liquid adsorption chromatography for the purpose to study the composition of oil
sampled from the wells before and after their treatment with the sol-forming EOR system. It is found
out that the treatment of reservoir crude oil with the sol-forming EOR system results in changes in
composition of saturated, aromatic hydrocarbons, resins, and asphaltenes (SARA components) and
aggregative stability of produced oil. The results obtained showed that the aggregative stability of
heavy oil depends not only on the content of SARA components in the dispersion medium but on the
presence of metalloporphyrins in the oil. Metalloporphyrins could act as inhibitors of asphaltene
precipitation, which is an additional factor responsible for the stabilization of the oil dispersed

system.
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JAuHaMuKa U3MEHEHHSI COCTABA U YCTOMYUBOCTH HePTH
YCHHCKOro MeCTOpOXKICHUA B pe3yJbrare 00padoTku
IJ1ACTA 30J1e00pa3yonieid KOMIO3UIMel

JJIHA I/IHTeHCI/I(l)l/IKaHI/II/I He(l)TeOTIla‘ll/I

J.A. Yyiikuna, T.B. Ilerpenko, JI.JI. CTaxuna
Hnemumym xumuu nepmu CO PAH
Poccus, 634055, Tomck, np. Akademuueckuii, 4

Ymobul ynyuuwums uHmeHCUSHOCMb 8blMECHEHUS MANCENOU Hemu, UCNONB3VIOM 301€00pa3yIouyIo
Komnozuyuio 0ns yeeauvenus negpmeomoauu (EOR). Hccaeoosano enusnue 30neobpasyroujet
KOMROsuyuu 6 xawecmee memooa yeenuuenus nwepmeomoauu (EOR) npu evimecnenuu msdicenoi
Heghmu Ha cocmas u ycmouyusocms 0opasyoe uz Ycunckozo neghmsanozo mecmopodicoenusi Poccuu.
Baoicnoe enuanue na ycmoiiuugocms neghmu oxasvisaem ee cocmas. Lenvio ucciedo8anus a6uaemcs
uzyuerue yemouyueocmu maxjceioi Hepmu 6 OMHOWEHUU 0CANCOeHUS AcPaTbmeHo8. Aepecayuontas
YCMOTUYUBOCIb ACPANLINEHO8 OblIA UYYEHA HA OCHOBE UBMEHEHUs ONMUYEecKOol NAOMHOCHMU 80
8pemenu OJisl pacmeopos AcharbmeHos 8 Moayoie/H-2enmane Memooom cnekmpogomomempuu, Ons
XapaxkmepucmuKy cocmasa msaxceavlx Heghmetl UCNONb3068ANU AHATUZ COOEPHCAHUA HACHIUEHHBIX
aApoMamu4ecKux yeneeo00pooos, cmon u acpanrvmenos. Cocmas obpazyos Hedpmu u3z cK8ANCUH OO
u nociie obpabomku 301e00paszyrowelt KOMnosuyuell, UCNoIb3YemMol Ols Yeeaude s Heghmeomoau,
uzyuany  MemoooM  JHCUOKOCMHO-AOCOPOYUOHHOU  Xpomamoepaguu  Oeac@arbmuzupo8arHHouU
Hepmu (manemenos). Ilpedsapumenvho ObLI0 NPOBEOEHO BblOeNieHUe U OnpedeieHie COOePIHCAHUS
acghanvmenos 6 obpasyaxnepmu. Yemanosaeno, umo o6pabomkaniacmosou Hepmu soneobpasyoujeti
xomno3zuyueti EOR npugooum K usmeHeHuAM cocmasa KOMNOHEHMO8 (HACLIWEeHHbIX APOMAMUYECKUX
V2lie8000p0008, CMONL U ac@AalbmMeH08) U aA2pe2ayuoHHOU YCMoUuyueocmu 000vieaemol Hegmu.
Ionyuennvle pe3ynomamvi NOKA3AIU, YMO A2Pe2AYUOHHAS YCIOUYUSOCb TNANCEN0U Hedmu 3a8Ucum
He MONbKO OM COOEPIHCAHUSL HACLIUWEHHBIX, APOMAMUYECKUX Yele6000p0008, CMON U aACPaibmeHos
6 oucnepcuonHou cpeoe. J{onoiHUMENbHbIM (AKMOPOM CMAOUIUZAYUU HePMAHOU OUCHEePCHOU
cucmemvl ABAAEMCS HATUYUe MeMALIonophUPUHOs 8 Heghmu, KOmopwvlie Mo2ym Oelicmeosams KaKk

UHUOUMOPBI OCANCOEHUS ACPATLINEHOS.

Kniouesvie cnosa: memoowl ygenuueHus Hegpmeomoauu, 301e00pazyiowas KOMNO3UYus, eblmecHeHue,
msodicenas Hegpms, cocmas, acgarbmeHvl, CMOAbI,  Yeie8000pPOObl,  MemaiIOnOPOUPUHBL,

YCMOUYUBOCMb, CNEKMPODOMOMempuUs.
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Introduction

The oil composition changes during production, transportation, and processing of crude
oils [1, 2]. It is known that heavy oil is a continuously distributed colloid system with dynamic
stability [3]. The effects of compositional changes on asphaltene stability have been investigated
for different crude oils, fractionated asphaltenes, and resins with hydrocarbons that act either
as asphaltene solvents or flocculating agents. A literature review suggests that much attention
is now devoted to the study of the stability of oil dispersed systems, since it plays an important
role in the processes of extraction, transport, processing, storage and use of hydrocarbon raw
materials [4, 5]. The change in conditions such as reservoir pressure and temperature, as well as
its transportation and storage results in unbalance within the system and can cause changes in the
stability. Effects of the addition of resins on aggregation and stability of petroleum asphaltenes
in hydrocarbon solutions are studied by dynamic light scattering. The average aggregate size
was monitored in real time as a function of the concentration of the precipitant (heptane) and
resins. It is shown that resins serve as inhibitors for asphaltene aggregation, shifting the onset of
aggregation. However, the dependence of the onset on the concentration of resins has a tendency
to saturate [6, 7]. In the structuring of oil dispersed systems the focus is on asphaltenes, which
affect the stability of colloidal oil structure. A decrease in the stability of the oil dispersed system
during the development of the oil field and the extraction of oil is accompanied by the deposition
of asphaltene-resin-paraffin deposits, which result in the colmatation of rocks and contamination
of downhole equipment. They also hamper the technological processes of transportation of
hydrocarbon raw materials. However, it is important to accelerate the changes in oil stability
during deasphalting, deparaffination, crystallization, etc. The colloidal stability of oil systems
depends on the composition and content of the dispersed phase and dispersion medium in the
oil. To prevent the deposition of asphaltenes, additives of aromatic hydrocarbons, deasphaltisate,
resins and special inhibitory substances can be used.

Aromatic hydrocarbons and resins have a positive effect on the resistance of oil to asphaltene
deposition [8]. The number of resins should be sufficient to form an adsorption layer on the surface
of asphaltenes and stabilize dispersed systems. The presence of a sufficient amount of aromatic
hydrocarbons in the dispersion medium has a positive effect on the stability of asphaltenes, since
they have a polyaromatic structure. A large number of studies deals with the mechanisms of these
processes, since their understanding allows one to reasonably approach to the choice of physico-
chemical impacts on the reservoir, aimed at enhancing oil recovery. The composition of oils plays
an important role in changing the stability of oil in the formation, when partial dissolution of some
components in water and enrichment of oil with resin-asphaltene substances (RAS) and newly
formed ones due to chemical and biochemical oxidation take place. The application of enhanced
oil recovery (EOR) methods can also have an impact on oil characteristics. The chemical reagents
used in the course of EOR methods application can have an inhibitory effect on the deposition of
asphaltenes in a crude oil. The changes in the composition of the high-viscosity heavy oil from the
Usinskoye oil field due to the formation treatment with the oil-displacing composition containing
synthetic surfactant were studied in [9, 10]. The aim of this work was to study changes in the
composition and stability of heavy oil from the Usinskoye field during its production using a sol-

forming system used for the enhanced oil recovery (EOR system). The composition of oil samples
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was investigated and optical absorption spectra of asphaltenes isolated from the oil samples were
recorded. During asphaltene precipitation these spectra were analyzed in the visible region via

electronic spectrophotometry.

Experimental

Oil samples. Oil samples from well No. 12XX of Permo-Carbon deposit of the Usinskoye oil field
(Komi Republic, Russia ) and those before and after injection of the sol-forming EOR system were
taken as subjects of investigation.

EOR system. In the Usinskoye oil field, the sol-forming EOR system was injected by the technology
developed in the IPC SB RAS. The sol-forming EOR system (S) is based on aluminum chloride and
carbamid [11, 12]. The sol-forming EOR-system (S) injected into the reservoir generates a sol (gel) and
CO,, which results in a redistribution of filtration flows, a decrease in water cut, and an increase in oil
production.

SARA composition analysis. The content of the main SARA components (saturated and aromatic
hydrocarbons, resins, asphaltenes) was determined in the oil samples. To separate asphaltenes, the
weighed obtained samples were diluted with a 40-fold excess of hexane and left for 24 hours [13].
A precipitate of asphaltene was removed by filtration through a paper filter and then washed with
hexane from co-precipitated resins and hydrocarbons (malthenes). Malthenes were separated by
chromatography in a Soxhlet apparatus on silica gel. They were successively eluted with hexane in
order to desorption saturated and aromatic hydrocarbons (SA-HCs), and with an alcohol: chloroform
mixture (7:93) to isolate the resins [14].

GC-MS analysis. The individual and group composition of compounds in malthenes was analyzed
by gas chromatography-mass spectrometry (GC-MS) using a Thermo Scientific DFS magnetic-mass
spectrometer (Germany). The data of NIST Mass Spectral Library were used to identify compounds:
alkanes, naphthenic (Napht HCs) and aromatic (Aromatic HCs) hydrocarbons, heterorganic compounds
(HOC). Ionization was carried out by electron impact; ionizing electron energy was 70 eV; temperature
of the ionization chamber was +250 C; mass spectra were recorded in the range of 50-500 atomic mass
unit; spectrum sweep duration was 1 s.

Porphyrins analysis. Metalloporphyrins were analyzed by the method of elution chromatography
on aluminum oxide IV degree of activity. The extraction of fractions was carried out sequentially
first with carbon tetrachloride and then benzene. The metalloporphyrins were examined with the
aid of UV/VIS-spectrophotometer ‘UVIKON 943’ (KONTRON INSTRUMENTS, Italy), using the
adsorption band intensity in the visible region of the spectrum (550 nm for nickel porphyrin and 570
nm for vanadium porphyrin).

Stability. The aggregative stability of oil samples was measured by the method of spectrophotometry
using an UVIKON 943 instrument programmed to automatically record the changes in optical density
(D) over time [15]. The n-hexane in a precipitation/solvent ratio of 3:1 was added to a solution of crude
oil in toluene (3 wt% concentration). The resulted mixture was rapidly mixed and the kinetic curve of
the change in optical density over time was recorded. The optical density of the solutions was measured
at a wavelength of 650 nm in a 1 cm sealed cell for 150 minutes. The optical density of oil solutions was
also measured at a wavelength of 500 nm to calculate the specific coefficient of light absorption Ks,

(dm*/g * cm) according to the formula:
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Koo = Dsoo/C 1

where: Dsy, is the optical density of the oil solution at a wavelength of 500 nm;
— C is the concentration of the oil solution in toluene, g/dm?,
— 1is the thickness of the cell, cm;
— Ksg! is the specific light absorption coefficient of the initial oil solution in toluene, dm?/gecm;
— Kio0? is the specific light absorption coefficient of the oil solution after addition of hexane and
deposition of asphaltenes, dm?/gecm;

— and Ki,'/Ks,? is the ratio of specific indicators of light absorption.

Results and discussion

In [6, 15] was shown that the one of the main factors affecting the colloidal stability of crude oil is
the high content of aromatic hydrocarbons and resins. The resistance of oils to asphaltene precipitation
depends on the resin content and the steric position of resins relative to asphaltenes. The stabilization
of asphaltenes occurs when resins are adsorbed by aromatic ‘heads’ on the surface of asphaltenes,
while the aliphatic part of resins, so-called ‘tails’, being in the dispersion phase form a stabilization
layer. An additional condition is the chemical affinity of the aliphatic part of resins and a dispersion
medium [16].

Table 1 shows the component composition of oil sampled from the wells No.12XX before and after
treatment with the sol-forming system S. The total content of saturated and aromatic hydrocarbons
(SA-HCs) and resint+asphaltene substances (RAS) in the initial oil sampled from the well No. 12XX
was, 71.5 and 28.5 wt%, respectively. The resin/asphaltenes (2.8) and RAS/SA-HCs components (0.4)
ratios make it possible to evaluate the aggregative stability [17] (Table 1).

Before the treatment, the content of aromatic hydrocarbons in the initial oil samples was 63% rel.,
while that of saturated hydrocarbons 33% rel., where 26% were naphthenic hydrocarbons and 7% —
alkanes (Fig. 1).

In Figure 2 are shown the curves of the changes in optical density for oil solutions, which make
it possible to evaluate the stability to precipitation of asphaltenes in samples from the well No. 12XX
before and after injection of the gelling S composition.

At the initial stage after the addition of n-hexane, a structural rearrangement of the system is
observed, which consists in the flocculation of asphaltenes. The optical density increases due to

an increase in the contribution of growing particles to the absorption of light. The flocculation is

Table 1. Composition of oil samples taken out from the well No. 12XX before and after treatment with the sol-
forming system S

Oil sample. Content, wt% Aslljfl;rt‘esnes RAS/
Sampling date SA-HCs Resins Asphaltenes ratio SA-HCs ratio
Initial oil 71.5 21.0 7.5 2.8 0.4
1 month later 68.2 23.5 8.3 2.8 0.5
3 months later 63.5 26.6 9.6 2.8 0.6
5 months later 65.9 243 9.8 2.5 0.5
11 months later 75.0 18.2 6.8 2.7 0.3
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completed, asphaltene particles precipitate, as can be seen from the decrease in the optical density of
the solution as a function of time (Fig. 2).

The injection of the sol-forming system S resulted in a redistribution of the filtration flows within
the formation, which promoted the involvement of heavier high-resin oil into the extraction. The one,
three and five months later, the content of RAS in the oil composition has increased from 28.5 to
31.8 — 36.2 wt%, while the resins/asphaltenes ratio remained unchanged. The ratio of RAS to SA-HCs
components increased from 0.4 to 0.5 — 0.6 (Table 1). The content of aromatic hydrocarbons decreased
by 7% rel., while that of saturated hydrocarbons increased by 2% rel. In particular, the content in
naphthenic HCs increased by 6% and that in alkanes decreased by 4% (Fig. 1). It is evident from Fig. 2
(curves 3 and 4) that the oil sampled 3 and 5 months after the injection of the system S have a higher
resistance to asphaltene precipitation. This resulted in an increase in the aggregative oil stability.

Eleven months after treatment, the ratio of resin-asphaltene components to hydrocarbons (RAS
/ SA-HCs) decreased to 0.3 (Table 1). The content of aromatic hydrocarbons decreased by 15% rel.,
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Fig. 1. Group composition of the saturated and aromatic hydrocarbons for oil samples from the well No. 12XX,
sampled at various time periods (before and after treatment with the sol-forming system S)
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Fig. 2. Changes in the optical density of the solution during asphaltene precipitation from oil samples: well No.
12XX (the sol-forming system S)
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while the content of saturated hydrocarbons increased by 12% rel. as compared to the initial oil sample.
In particular, the content in naphthenic HCs increased by 1% and that in alkanes by 11% (Fig. 1). The
combination of these indicators affected the stability of the oil. Hence, the oil sample exhibited the
lowest optical density, and thus, the lowest stability (Fig. 2, curve 5).

This confirms the dependence of the oil stability on the content of natural stabilizers represented
by resins. It was found out in [15] that the ratio of the specific light absorption coefficient of the initial
oil solution (Kjsy,') to that of the solution after asphaltene precipitation (Ks,?) correlates well with the
resins/asphaltenes ratio. So, the higher the fraction of resins and lower the value of Kiy'/Ksy?, the
higher is oil stability.

Based on the spectral data in the UV visible region of spectrum the ratios of specific light
absorption coefficients (Kso,'/Ks.2) for the oil samples from the Usinskoye oil field were calculated. Oil
samples from the well No. 12XX sampled 3 and 5 months later after treatment are characterized by the
minimum Ks,!/Ks? ratio, 1.45 and 1.48, respectively, which indicates its higher stability.

It was shown in [18] that the introduction of a concentrate of vanadylporphyrins into the model
mixture results in an increase in the aggregative stability of the system obtained. It is known that
one of the important factors affecting the stability of oil is the nature of the asphaltenes themselves.
Oil vanadylporphyrins are close in size and molecular weight to the structures of the light fraction
of asphaltenes, so they act as dispersants, preventing agglomeration of asphaltene nanoaggregates
and formation of flocculi [19]. Vanadylporphyrins inhibit the asphaltene precipitation due to multiple
intermolecular interactions. Hence, the addition of the concentrate of vanadylporphyrins to oil resins
increases their effectiveness as asphaltene precipitation inhibitors, which is of practical importance. It
has been shown that with an increase in the content of vanadilporphyrins in the resins of heavy oils,
their ability to precipitate asphaltenes decreases. The addition of the concentrate of vanadylporphyrins
to petroleum resins increases their effectiveness as an inhibitor of asphaltene precipitation, which has
practical prospects in technological processes of production of extra-viscous oil using hydrocarbon
solvents based on light alkanes.

Metalloporphyrins have been identified in the oil samples from the Usinskoye oil field. They
contain large concentrations (170 — 310 nmol/g) of vanadyl complexes [20]. Comparison of data on
stability with those on the content of metal complexes in oil samples showed a relationship between
these parameters. Hence, a decrease in the content of porphyrins is proportional to a decrease in
aggregative stability (Ksg'/Ksg?) of 0il sampled 1 month after treatment with the sol-forming system
S (see Fig. 3). Thus, a study of the samples of heavy high-viscosity oil from the Usinskoye oil field
has been shown that in the case of field application the aggregative stability of oils increases with
increasing content in metalloporphyrins.

Over time (3 and 5 months after the injection of the system S) the content of metalloporphyrins in

the samples increased by 1.3 -1.8 times. The stability of the oil was observed also increased.

Conclusions

The results obtained showed that the aggregative stability of crude oil is affected not only by
the content of aromatic hydrocarbons and resins in the dispersion medium. An additional factor in
stabilizing the oil dispersed system is the presence of metalloporphyrins in the oil, which can act

as inhibitors of asphaltene precipitation. The ratio of the specific light absorption coefficient of the

— 470 —



Darya I. Chuikina, Tatiana V. Petrenko... Dynamics of Changes in Composition and Stability of the Heavy Oil Sampled...

A5 - . Mg+ 0-p D Vg
400 4 5 months
3 months
;350
g 11 manths
£ 300
] e
€ 2004 "™ 1 month
£
[=
-]
a
B
E
o
=
[+]
5]
151 1.48 1.45 1.54

Ksoo'Ksoo®

Fig. 3. Dependence of the content of porphyrins and the stability (Kso!/Ksoo’ ratio) for oil samples from the well
No. 12XX, sampled at various time periods (before and after treatment with the sol-forming system S)

initial oil solution (Ks,') to that of the solution after asphaltene precipitation (Ks,,*) makes it possible
to rapidly evaluate the oil stability. The selection of the necessary minimum high-performance
additives of asphaltene precipitation inhibitors optimizes the processes of super-viscous heavy oil

production.
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