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Abstract

The current state of research in the field of solvent injection techniques for increase of
heavy oil production efficiency is discussed in the chapter. As a result of a series of
experiments on the physical modeling of oil displacement processes in a porous medium
in large-sized model, features of asphaltene precipitation and the formation of fixed
residual oil upon injection of solvent based on light alkanes are revealed. The oil displace-
ment by n-hexane was studied and the difference in the composition of residual oil in the
zones of dispersion and diffusion has been shown. The influence of the composition of
asphaltenes peculiarities on the dynamics of oil recovery and on the accumulated oil
recovery during the injection of n-hexane, as well as the composition and quantity of
asphaltenes precipitated in the porous medium, has been estimated. The effect of toluene
and nonylphenol additives on the proportion of asphaltenes in the residual oil and
cumulative oil recovery has been evaluated using the Ashalchinskoye field oil as an
example of heavy oil in the physical modeling of injection of n-hexane as the base solvent.

Keywords: heavy oil, composition of asphaltenes, injection of solvent,
reservoir modeling, enhanced oil recovery

1. Introduction

The results of the pilot projects on combined steam and solvent injection for increasing heavy
oil (HO) and bitumen recovery [1] have confirmed the viability of their use. The main volume
of heavy oil recovery by downhole methods is provided by using steam; for example, in
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Canada, these are mainly cyclic steam stimulation (CSS) and steam assisted gravity drainage
(SAGD). The main problems of thermal steam effect are mainly associated with energy costs
and requirement of deep water purification for steam generators. The main criterion in thermal
stem methods is the availability of fuel resources used for a steam generation: in order to
recover 1 ton of heavy oil one is required to burn averagely about 300 kg fuel, and natural gas
is often used as fuel. The combined use of solvents and steam significantly increases energy
efficiency due to the decrease in the amount of heat required in order to decrease the bitumen
viscosity. As a result of this, the operational costs are reduced as well as carbon dioxide
emissions which are important from the ecological point of view. Since 2000, various projects
have been realized in Canada for combined steam and solvent injection [2-8]: Solvent aided
process (SAP), solvent-assisted SAGD (SA SAGD), liquid addition to steam to enhance recov-
ery (LASER), expanding solvent SAGD (ES SAGD), and steam alternating solvent (SAS).
Mostly light alkanes or their mixtures (propane, butane, pentane and hexane) and gas conden-
sate were used as a hydrocarbon solvent, which were injected into paired horizontal, single
horizontal and vertical wells.

Currently, increased attention is paid to providing methods of recovering heavy oil from thin
reservoirs, where the variants of using SAGD are not applicable. For example, in western
Canada (Saskatchewan province), where about 2/3 of all Canadian heavy oil resources are
located (5.4 billion m? of proven and probable ones), 55% of the deposits are contained in the
reservoirs of less than 5 m thick. In Russia, the Tatneft Company has such reservoirs [9]. In this
connection, several variants of heavy oil recovery are considered using pure solvent: the cyclic
solvent process (CSP) and cyclic solvent injection (CSI) technologies, which are designed for
single wells. It has been experimentally established that the main technical limitations of
common CSI process are the untimely restoration of the oil viscosity due to solvent release
and loss of oil mobility during recovery associated with it. In order to overcome the said
technical drawbacks in the recent years some non-thermal process variants are proposed:
enhanced CSP (ECSP) [10], cyclic production with continuous solvent injection (CP-CSI) [11]
and gas flooding-assisted cyclic solvent injection (GA-CSI) [12]. For example, in the ECSP
method two components are used as a solvent: methane and propane. Methane provides for
enveloping the reservoir by the effect and propane reduces the oil viscosity. Analysis of the
obtained results indicates limitations of the propane use for maintaining the required oil
viscosity which implies a necessity of using hydrocarbons and oil fractions with higher boiling
points. In this connection in the pilot CSP project, the propane-butane mixture is used as a
solvent and other solvents are further assessed.

The Nsolv process involves the injection of a pure, heated solvent vapor into a bitumen
reservoir. Its main advantage is a possibility of realization in the reservoirs of small thickness.
Moreover, the capital investments have been reduced by more than 40% compared to the
SAGD technology, mainly due to the absence of necessity of using steam generators and water
treatment plants. It is also stated [13] that the oil viscosity, coking ability and metal contents are
decreased in the Nsolv process due to partial upgrading of oil in reservoir. The technology
enhanced solvent extraction incorporated electromagnetic heating (ESEIEH) it comprises sol-
vent injection with preliminary electromagnetic heating of the reservoir using low-frequency
radio waves is carried out. The emitters in the wellbores generate electromagnetic waves and
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after the heating the solvent is introduced. At use of the pure solvent, the development of
productive deposits of small thickness is possible. No water is required in this case, and capital
investments, operational costs and total energy costs are significantly reduced (up to 85%). The
experience shows that the dissolving mixtures injected into the deposits should be mostly
gaseous in order to fill the free pore volume formed as a result of development using primary
methods. Moreover, the dissolving mixtures should have good oil solubility and should be
readily available and relatively not expensive.

At use of light alkane hydrocarbons as solvents one must take into the account the data about
asphaltenes precipitated in the oil-saturated reservoir and should develop methods of inhibiting
the precipitation [14]. The possible methods of preventing asphaltene precipitation are the
addition of aromatic compounds or use of asphaltene stabilizers (inhibitors). In various periods
many investigators have analyzed the in vitro effect of the various chemical compounds on
precipitation of asphaltenes in oils and model asphaltene systems [15-20]. For example, in the
paper [21] the effect of three groups of additives on asphaltene precipitation was studied:
aromatic compounds, heteroatom compounds (O, S, N) and hydrogen donor solvents (tetraline,
decaline). It was established that all additives except nitrogen-containing compounds have a
trend to inhibit asphaltene precipitation. In the toluene-naphthalene-phenanthrene the molecular
weight increases additive efficiency. The isomers of toluene and xylene dissolve asphaltenes,
xylene being more effective than toluene. Nonylphenol is more effective than toluene and xylene
isomers due to its alkyl chain and polar hydroxyl group. The paper [22] demonstrates that
asphaltenes do not precipitate when the ratio of alkanes to aromatic compounds is below 7 and
if this value exceeds 8 there is a possibility of asphaltene precipitation.

Depending on chemical and structural characteristics of asphaltene precipitation inhibitors
and oil characteristics (resin, asphaltenes and aromatics contents) their efficiency may be
different [23]. It is suggested to use both natural inhibitors such as oil resins and deasphalted
oils [24], and synthetic amphiphiles based on alkyl phenols, alkyl benzene and alkyl sulfonic
acids [21, 25, 26] as asphaltene inhibitors.

Apart from the contents of the solvent and collector properties, these processes should take
into the account various factors such as a ratio of resins and asphaltenes in the oil [27-29],
contents of the asphaltenes themselves [30], the presence of water, clay, etc. [31-35].

In order to understand the asphaltene precipitation processes in the reservoir upon injection of
light alkane-based solvents, it is necessary to carry out physical modeling using specifically
selected methodological approaches [36-38].

In this chapter, we used a special stand for physical modeling of the heavy oil displacement
process from the reservoir. An experimental evaluation of light alkanes solvents injection
options in a reservoir model for heavy oil extraction has been carried out. We compared
amount and composition of displaced and residual oil and investigated the distribution of
precipitated asphaltenes in the sandstone after oil displacement. Additives to prevent
asphaltene precipitation in a porous medium were selected and their minimum required
amount in the composition of the displacement solvent was determined. Using the increased
size model of reservoir allows to obtain more accurate data on the dynamics of oil production
during the experiment.
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2. Materials and methods

2.1. Physical modeling of heavy oil displacement from the porous medium using the large
oil reservoir model

To model oil displacement processes, we used Ashalchinskoye field HOs. Density, viscosity
and composition are presented in Table 1. Asphaltenes were precipitated from petroleum by
20-fold volume excess of n-hexane. After 24 h, the obtained precipitate was filtered and
washed with boiling n-hexane in Soxhlet apparatus up to decolorization of flowing solvent
to remove as much maltenes as possible. Solvent from maltenes solution was removed up to
a constant weight using rotary evaporator. Maltenes were separated into Saturates, Aro-
matics and Resins through the adsorption method on silica using n-hexane for Saturates,
Aromatics and isopropanol:benzene (1:1 v/v) for Resins according to the known procedure
(ASTM, 1993) [39].

The physical modeling of the oil displacement processes by hydrocarbon solvents was carried
out using a laboratory model which was a transparent cell made out of an acrylic glass with
the inner chamber dimensions of 450 x 450 x 20 mm [40, 41].

A mixture of heavy oil (Table 1) and sand (fraction 0.250-0.315 mm) was prepared prior to
each experiment. The displacement process was carried out at 20°C by injecting the solvent
into the cell via the upper opening at the constant excess pressure of 1563.1 Pa (0.0154 atm)
provided by stable liquid level in the metering vessel. n-Hexane as a model basic solvent (one
of the main component of distillate fractions, use of which is possible in oil refineries) and also
additives of toluene and nonylphenol (product of PJSC “Nizhnekamskneftekhim”) were used.
The samples of the displaced HO mixed with solvent were sampled via the bottom opening.
The test samples (HO and solvent mixtures) were sampled starting from =5.5 hours after the
solvent was injected into the reservoir model; further, the fluid sampling was carried out with
1-hour intervals. Duration of each experiment was 16 hours. For all of the solvents the accu-
mulated oil recovery, oil percentage in the recovered HO + solvent mixture, amount of residual
oil in the reservoir model after displacement and asphaltenes contents in it were assessed.
After each of the experiments, the residual oil was removed from the model and separated into
nine identical sectors (Figure 3). In order to remove the residual oil the sand from each of the
sectors was separately washed by benzene several times with subsequent solvent evaporation
till constant weight. The asphaltenes were precipitated from the oil by the 20-fold excess
volume of n-hexane according to the aforesaid technique.

Density, g/cm®, 20°C  Viscosity, mm? /s, 20°C Composition, wt%

Asphaltenes Saturates + Aromatics Resins Light fractions <200°C

0.9540 3083 6.3 61.1 3.8 1.8

Table 1. Density, viscosity and composition of Ashalchinskoye field HOs.
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2.2. Preparation of model oils with various asphaltene contents and physical modeling of
their displacement by solvents from a porous medium

Asphaltenes (A0) of the Ashalchinskoye field HOs obtained at the separation of deasphalted
oil were fractioned into two fractions, A1 and A2, by selected toluene/hexane mixture at a ratio
of 35/65% v/v [30, 42]. After this, the “common” asphaltenes A0, and asphaltenes of the A1 and
A2 fractions were mixed with deasphalted oil in the same ratio they were present in the natural
oil. Therefore, three artificial model oils were obtained differing only in contents and structure
of asphaltenes (Table 2).

The comparative analysis of chemical contents and structure of A0, Al and A2 isolated from
the HO was carried out using various investigation methods.

Investigation of the molecular weights of the asphaltenes was carried out using the UltraFlex
III mass spectrometer (Bruker, Germany) with time-of-flight (TOF) detector using the Matrix-
activated laser desorption and ionization (MALDI) method, using 1,8,9-trihydroxyanthracene
as a matrix.

IT spectra of the asphaltenes were recorded in the 4000400 cm™' range using the Tensor-27
Fourier IT spectrometer (Bruker, Germany) with the optical resolution of 4 cm™'. The
asphaltenes were first ground in a mortar with KBr powder, and a pellet was made from the
obtained mixture using a hand press. The obtained values of the intensities allowed for
calculating the aromaticity spectral coefficients (Arom = D1600/D720 + 1380 — reflects the percent-
age of C=C bonds in aromatic fragments relative to the C-H bonds in the aliphatic structures),
aliphaticity (Al = D1450/D1600 — reflects the percentage of C-H bonds in aliphatic fragments
relative to the aromatic C=C bonds); condensation (Cond = D00/D740 + ss0 — reflects the
percentage of C-H bonds in the aromatic structures); oxidation (Ox = D1790/D1600 reflects the
personage of carbonyl groups R-C=0 at the presence of OH group) [43].

Thermal stability and possible phase transitions of the starting asphaltenes A0 and also of the
isolated A1l and A2 fractions were assessed using combined thermogravimetry (TG) and
differential scanning calorimetry (DSC) methods using the STA 449 CJupiter thermal analyzer
(Netzsch, Germany) in the argon atmosphere with total flow of 50 ml/min in the temperature
range of 30-800°C. The heating rate was 10°C/min. The weight of the sample was 6-7 mg.

Measurements of the stable free radical (SFR) and vanadyl complexes (VC) contents were
carried out using the SE/X-2544 EPR spectrometer (RadioPan, Poland) under the same condi-
tions at room temperature. At determination of SFR and VC contents in the studied samples

Sample Composition Viscosity, mm?/s, 50°C
Model oil AO Deasphalted oil + asphaltenes A0 966.8

Model oil Al Deasphalted oil + asphaltenes Al 1054.7

Model oil A2 Deasphalted oil + asphaltenes A2 647.6

Table 2. Composition and properties of model oils.
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Model 0il  n-CgH, Residual oil cCly Sand
+ —_— —_—
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Ashaltenes Deasphalted

residue

Figure 1. The general scheme of experiments on the displacement of model oils.

ampoules with 3 mm inner diameter out of molybdenum glass that did not produce a visible
signal in the EPR spectrum were used. The ampoules were densely filled with asphaltenes 13—
14 mm in height. The intensity of the stable free radical line was determined using the
amplitude of the single line in the EPR spectrum center (g = 2.003). In order to calculate the
intensity of the vanadyl complexes lines the amplitude of the +1/2 line that is near the SFR line
in the weaker magnetic field area was determined. The intensity of the SFR and VC signals of
the studied samples was discounted to the sample weights.

Vanadium and nickel concentrations in oils and asphaltenes were measured by means of direct
flame atomic absorption spectrometry using AAS-1 N spectrophotometer (Carl Zeiss Jena,
Germany), with approved standard samples of metal concentration in oil products used as
blank solutions.

The experimental displacements of the model oils A0, A1 and A2 in the porous medium by
n-hexane were carried out using a 3 x 100 cm glass column wherein the oil + sand mixture
(fraction 0.25-0.35 mm, oil saturation 10%). Further, the 3 pore volumes of hexane at 20°C were
passed by injecting the solvent through the upper opening of the tube at the constant excess
pressure of 1563.1 Pa (0.0154 atm) provided by stable liquid level in the metering vessel, and
5 cm® samples were sampled. After 3 pore volumes of hexane were passed, additional dis-
placement of the residual oil from the model was carried out by hexane until full disappearance
of coloration of the solvent passing through the column (Extract 1). The asphaltene concen-
trates precipitated in the porous volume were extracted by washing (extraction) from the
column by tetrachloromethane (Extract 2). Then the solvent was evaporated from Extract 2,
the remainder was dried in vacuo until constant weight and was dissolved in small amount of
toluene for further isolation of asphaltenes by 20-fold excess n-hexane. The general scheme of
experiments on the displacement of model oils is outlined in Figure 1.

3. Results and discussion

3.1. Physical modeling of the process of HO displacement from the reservoir by n-hexane

At modeling the HO recovery processes from the reservoir using solvents, the experiment
results were represented in the form of diagrams of plots of Cumulative oil recovery and oil
percentage in the recovered HO + solvent mixture vs. time. The experiments were carried out
under the 10% oil saturation of the sand (Figure 2).
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Figure 2. Cumulative oil recovery and oil content in the recovered HO + solvent mixture at carrying out the displacement
experiments by hexane.

The results of experiments indicate the following supposed mechanism of the oil recovery by
solvent based on n-hexane. At the first step, increased oil yield was noted from the model with
a maximum rate which stabilizes over some time. The stabilization of the oil yield from the
model occurs at the transition of the displacement mode from the dispersion (affected by
gravity force) to diffusion (in a peripheral area). Regarding the content of asphaltenes in the
residual oil, for all 9 samples from various model sectors higher values are indicated compared
to the starting bitumen (Figure 3, Table 1).

Solvent tank

Q VYO O ; ;
— 54.2:57.7: 53.0

1.2 3 ! '
Q|- R S I | S— - —
___‘f_i_f__i_f__ 60.85 53.15 67.7
O 7% y|9 e -
Q o" ’ o O 16.3: 12.1; 12.0

Sampling system

Figure 3. Scheme of an experimental setup of modeling the physical and chemical effect of solvents on the oil-saturated
reservoir and the asphaltene amount (wt%) in the residual oil by cell sectors.
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It was found that the highest asphaltene concentration in the residual oil is detected in upper
sectors where the starting step of the oil displacement occurs and where the oil contacts the
pure solvent (Figure 3). Hexane alters the solubility of asphaltenes in oil because light satu-
rated hydrocarbons affect the interaction of asphaltenes and resins destabilizing the
asphaltenes [28, 29]. Introduction of aromatic compounds in the system may positively affect
the stability of asphaltenes in the system [20, 23-26] because the asphaltenes have a
polyaromatic structure.

3.2. Investigation of the effect of fractional asphaltene contents in the HO on the recovery
process by n-hexane

In order to identify the features of supermolecular structure formation in the porous medium
depending on the fraction contents of the asphaltenes, the approach was used that allows
discovering the content and a number of other oil components. The natural object, heavy oil
of the Ashalchinskoye field, was separated into the deasphalted oil (maltenes) and AO
asphaltenes, from which by fractioning the two fractions were isolated, the so-called Al
fraction (“island” type), the part of the asphaltenes characterized by highest condensation,
and the A2 fraction (“archipelago” type), which is regarded to be as less condensed, compris-
ing larger number of heteroatoms and alkyl substituents [42, 44, 45]. Then the obtained
“common” A0 asphaltenes, the Al and A2 asphaltene fractions were mixed with deasphalted
oil at the same ratio as they are present in the natural oil (Table 2).

In order to enable a possibility of quantitative production of the asphaltene fractions and their
characterization by physical and chemical investigation methods and also in order to obtain a
sufficient amount of model oils and carrying out modeling of the oil displacement from porous
medium by n-hexane, it was necessary for the A0 asphaltenes to be separated into fractions in
the ~ 50:50% ratio. Experimentally in the 25 to 40% range, the ratio of the solvent (toluene) to
precipitant (hexane) was found equal to 35%. As a result of fractioning the Al and A2
asphaltene fractions were obtained at the ratio of 51:49%. The A1 asphaltene fraction isolated
at various toluene percentage in the precipitant was characterized by a number of physical and
chemical methods: EPR with determination of SFR and VC contents, spectrophotometry with
determination of specific light absorption coefficient (Kj,), atomic absorption spectroscopy
with determination of vanadium and nickel contents (Table 3) and also IR spectroscopy
(Table 4) and elemental analysis (Table 5).

In accordance with the obtained results, at increase in toluene percentage from 25 to 40% in the
mixture with hexane the decrease in the Al fraction yield occurs from 62 to 39.5 wt%, corre-
spondingly (Table 3). Thereby, as the toluene percentage in the hexane mixture increases, the
gradual increase of vanadium, nickel, SFR, VC and specific Kj, occurs in contents of the Al
asphaltenes. According to FTIR data (Table 4), the Al asphaltenes at their precipitation from
the mixture of hexane with toluene are characterized by the increase in the aromaticity and
condensation coefficients, decrease in the aliphaticity and oxidation coefficients. Elemental
contents data demonstrate that as the toluene percentage increases, the carbon content insig-
nificantly increases in the asphaltenes while hydrogen content decreases. As a whole,
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Amount of toluene in the Yield A1, wt% V,wt% Ni,wt% VC,x10"® SFR”, x10'"® SFR/VC K~
mixture, % vol rel.sp./g rel.sp./g

25 62.0 0.220 0.0278 33.8 122 3.61 76.26
30 52.1 0.225 0.0278 344 126 3.66 77.20
35 51.0 0.235 0.0285 35.0 124 3.54 78.91
40 39.5 0.240 0.0291 35.1 132 3.76 79.30

"VC=Vanadyl complexes.
"SFR = Stable free radicals.
""K1. = light absorption coefficient.

Table 3. Fraction yield, contents of metals, paramagnetic centers, VC, Kj, value for Al asphaltenes isolated at various
toluene content in hexane.

Amount of toluene in the mixture, % vol Arom Cond Al Ox

25 0.43 1.15 2.39 0.18
30 0.46 1.19 2.37 0.17
35 0.47 1.25 2.33 0.17
40 0.50 1.26 2.34 0.15

Table 4. Structural-group composition of Al according to FTIR data with different toluene content in hexane.

Amount of toluene in the mixture, % vol C,% H, % N, % S, % C/H

25 72.69 7.24 2.46 5.28 10.04
30 75.44 7.45 2.66 5.16 10.13
35 75.86 7.46 2.92 5.01 10.16
40 77.58 7.61 3.11 5.63 10.19

Table 5. Elemental composition of Al with different toluene content in hexane.

differences between the asphaltenes Al obtained by using 25 and 40% toluene are quite
significant in all elemental analysis parameters (Table 5).

In order to find out the main structural differences of the A0 asphaltenes and Al and A2
fractions, the comparative analysis of data of some physical and chemical investigation
methods was carried out (Tables 6-9).

Analysis of EPR, spectrophotometry and atomic absorption spectrometry data allowed for
identifying a number of principal differences in the asphaltene fractions (Table 6). Thus, from
the Al fraction higher values of all parameters, Kj,, vanadium, nickel, SFR and VC contents
were found. The least difference in the values is found in the VC content which does not
exceed 10%. In all other parameters, the observed value difference is 1.6 to 1.9 fold.
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Sample V, wt% Ni, wt% VC, x10" rel.sp./g SFR, x10"® rel.sp./g SFR/VC Kia

A0 0.185 0.0232 33.8 100 2.96 60.28
Al 0.235 0.0285 35.0 124 3.54 78.91
A2 0.120 0.0161 30.8 69 2.24 49.79

Table 6. Results of determining the contents of metals, SFR, VC and also Kj, for the asphaltenes.

At comparison of the molecular weight of the asphaltenes the value of the average molecular
weight is used that, according to the MALDI mass spectra, is equal to 1600 and 1200 amu for
the asphaltenes of the Al and A2 fractions, correspondingly, and for the A0 asphaltenes the
value of 1400 amu is found.

Thermal stability and possible phase transitions for A0 asphaltenes and isolated Al and A2
fractions were assessed by the combined thermogravimetry (TG) and differential scanning
calorimetry (DSC) methods (Table 7). The threshold temperature of the intimation of intensive
thermal destruction of Al and A2 fraction asphaltenes in significant degree are determined by
their structural features: ratio of naphthene-aromatic and fused aromatic structures. For the A1l
fraction, the higher condensation degree is characteristics than for the A2 fraction and contents
of the alkyl substituents in the A2 asphaltene fraction molecules is higher than in the Al
asphaltene fraction molecules (Table 8). This factor mostly determines thermal stability of the
asphaltenes. Intensive weight loss begins in the Al asphaltene fraction at 436°C and in the A2
fraction at 360°C. The temperature of half weight loss for the A1 and A2 asphaltene fraction is
501.6 and 470.2°C, correspondingly, and for the A0 asphaltene fraction it has an intermediate
value of 493.0°C. Also, the characteristic feature of the A1l asphaltene fraction compared to A2
is a higher yield of residue (coke) after heating to 800°C.

Most of the parameters allow for identifying the asphaltene fractions reflecting specifics of
their structural features. Thus, from the A2 asphaltene fraction higher values of aliphaticity

Sample Loss of mass in the temperature range (°C),% The temperature Yield of
of half weight residue,
loss,”C %

30-100 100-200 200-300 300-400 400-500 500-600 600-700 700-800

A0 0.36 1.12 1.94 5.99 41.98 4.92 4.96 4.99 493.0 33.74
Al 1.15 3.86 0.98 4.74 39.03 4.17 1.59 1.02 501.6 43.46
A2 - 2.79 6.25 9.57 40.58 3.62 1.10 0.63 470.2 35.46

Table 7. Results of thermal analysis for the asphaltenes and for their A1 and A2 fractions.

Sample Arom Cond Al Ox

A0 0.46 1.33 2.44 0.23
Al 0.53 1.73 2.32 0.16
A2 0.44 1.24 2.76 0.25

Table 8. Structural-group composition of samples according to FTIR data.
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Sample C,% H, % N, % S, % CH
A0 78.42 8.13 2.08 443 9.65
Al 7541 7.75 2.91 345 9.79
A2 72.48 7.64 1.79 6.05 9.49

Table 9. Elemental analysis data for the asphaltenes and for their A1 and A2 fractions.

and oxidation are found. At the same time for the A1 asphaltene fraction higher condensation
and aromaticity can be noted (Tables 8 and 9).

As a result of performed experiments, it was found that at the displacement of the A1 model oil
with n-hexane the number of supermolecular asphaltene-resin structures formed in the porous
medium is more than 2-fold higher compared to the A2 model oil. The asphaltene content in
such asphaltene-resin concentrates differs insignificantly for the A1l and A2 oils, 74.5 and
61.1 wt% correspondingly. Thereby in the case with model Al oil, the main weight (59%) of
the asphaltenes present in the oil remains in contents of the asphaltene concentrates formed in
the porous medium. For the A2 oil, this parameter is much lower, just 18.9% (Table 10).

The identified features of asphaltene precipitate formation in the porous medium affect
dynamics and the oil recovery rate. Thus, for the A2 model oil maximum oil recovery rate is
observed at displacement with hexane (Figure 4).

As a whole, at the comparison of the A1 and A2 asphaltenes obtained after oil displacement
the analogous picture is observed as for the starting asphaltenes Al and A2. For the Al
asphaltenes higher contents of vanadium, nickel, vanadyl complexes and also K|, are obser-
ved; however, the SFR content in the A2 asphaltenes is significantly higher (Table 11). In most
cases, the values of the analyzed parameters remarkably differ at the comparison of the
starting asphaltene fractions and those formed after oil displacement. Therefore, contents and

Sample Asphaltenes in Asphaltenes percentage in the Extract-2 vs. potential
Extract-2, wt % content in the starting oil, wt%

Model oil A0 70.9 45.7

Model oil A1l 74.5 59.0

Model oil A2 61.1 18.9

Table 10. Results of displacement of model oils with n-hexane from the porous medium (asphaltenes percentage in the
extract 2 vs. potential content in the starting oil, wt%).

Sample V, wt% Ni, wt% VC, x10" rel.sp./g SFR, x10"® rel.sp./g Ki,

A0 0.185/0.160 0.0232/0.020 33.8/22.5 100/116 60.28/56.04
Al 0.235/0.175 0.0285/0.025 35.0/31.4 124/116 78.91/70.87
A2 0.120/0.165 0.0161/0.021 30.8/30.9 69.0/163 49.79/60.38

Table 11. Contents of metals, paramagnetic centers, VC, K|, values for the asphaltenes isolated from the starting model
oils and sediments formed after the oil displacement process with hexane (model oil/extract 2).
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Figure 4. Cumulative oil recovery at the displacement of model oils with n-hexane from the porous medium.

properties of the asphaltenes formed during displacement of heavy oil in the porous medium
by n-alkanes differ from the starting asphaltenes. Thereby, from the high molecular weight
asphaltene fraction, Al, this trend has insignificant changes whereas for the A2 fraction
significant increase is observed. This fact allows for supposing that during oil displacement
process in case of the A2 asphaltenes their further fractioning occurs in the porous medium, as
a result of which higher molecular weight asphaltene concentrates are formed compared to the
starting asphaltenes.

3.3. Physical modeling of the HO displacement process with n-hexane with additives
inhibiting precipitation of asphaltenes on a large oil reservoir model

The primary function of asphaltene stabilizers in the oils is played by resins forming solvate
shells that prevent asphaltene precipitation. When the solvate shells are dissolved by saturated
hydrocarbons, the asphaltenes precipitate. Therefore, in order to stabilize the oil + solvent
mixtures one can use the additives of oil resins, synthetic alkyl phenols or aromatic com-
pounds which are asphaltene solvents.

In order to increase the colloidal stability of the asphaltene components of the Ashalchinskoye
HO field during its displacement with n-hexane, an experimental selection of chemical addi-
tives was carried out (sand fractions 0.250-0.35 mm, oil saturation 10%, temperature 20°C).

Originally, toluene and nonylphenol were used as an additive for the main solvent to decrease
the amount of asphaltene residue. Moreover, the preliminary injection of free toluene was
tested with subsequent injection of n-hexane. In this case, the toluene to n-hexane ratio was 5
and 95% correspondingly. As a result of experiments, the cumulative oil recovery was assessed
(in percents to the oil contained in the model cell) over time (Figure 5).
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Figure 5. Cumulative oil recovery at carrying out the experiments on HO displacement with various solvents.

Use of toluene and nonylphenol mixed with n-hexane at displacement significantly affects
alteration of total oil recovery and oil content in the extracted products. The cumulative oil
recovery at HO displacement only with n-hexane is 69.8% whereas the addition of 5 and 10%
toluene to n-hexane increases the accumulated oil recovery to 86.6 and 89.0% correspondingly.
Use of nonylphenol gives the values of cumulative oil recovery comparable with those with
toluene use of 85.4 and 88.0% for 2 and 3% nonylphenol in n-hexane, correspondingly. The
highest oil recovery (93.2%) from the reservoir model is achieved when toluene is injected prior
to n-hexane at 5:95 toluene-hexane ratio.

After each experiment, the residual oil was extracted from the model separately in each of the
nine sectors by benzene extraction. An amount of asphaltenes in the residual oil samples was
measured (Figure 6).

At use of n-hexane for the oil displacement, in the residual oil on average 50 to 60 wt%
asphaltenes is contained. The asphaltene content is significantly lower in the lower part of the
model cell, which is on average about 12 to 16 wt%. The results show that use of the compo-
sitions based on n-hexane with toluene and nonylphenol allows for significantly decreasing
the asphaltene contents in the residual oil compared to the using of n-hexane only. For the
10 wt% toluene or 3 wt% nonylphenol in the mixture with n-hexane the asphaltene contents in
the residual oil in the lower part of the model cell is on average less than 10 wt% what
insignificantly exceeds their contents in the starting oil. Use of such method as pre-injection of
toluene prior to injecting the base solvent allows for achieving even higher inhibition of
asphaltenes in the residual oil. In this case, the amount of toluene used is only 5% of the total
solvent amounts, which finally allows for significantly decreasing its consumption and, as a
consequence, improves the project economy.
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Figure 6. Changes in the amount of asphaltenes in residual oil for different solvent used. (a) n-hexane, (b) 5% toluene

+95% n-hexane, (c) 10% toluene +90% n-hexane, (d) 5%toluene, after — 95% n-hexane, (e) 2% nonylphenol +98% n-hexane,
(f) 3% nonylphenol +97% n-hexane.

The increased asphaltene contents observed in all of the performed experiments at transition
from the upper part of the model to the lower ones can be explained by the fact that at the
beginning of each experiment upon the oil contact with solvent asphaltene precipitation occurs

and then the solvent is enriched by deasphalted oil that facilitates decrease in the precipitate
amount in the residual oil.

If one refers to the distribution of the asphaltene contents in horizontal, at the use of pure n-
hexane, in the side parts of the model, where the slow diffusion process occurs, an elevated
content of asphaltenes is observed compared to the central part of the model where the contact
of the oil with n-hexane occurs faster. Upon addition of nonylphenol and toluene to n-hexane
aligning of asphaltene contents in the residual oil in the neighboring model segments is
observed and achievement of better encompassing of the model porous medium by a solvent.

Natural inhibitors acting as solvating agents are also effective; they, in contrast to the aromatic

solvents are compliant with ecological safety regulations. These are oil resins and deasphalted
oil [23, 46, 47].

Earlier in our paper [48] we have carried out a comparative analysis of various methods for
assessing the efficiency of asphaltene precipitation stabilizers for Ashalchinskoye field HOs.
According to the results of performed studies, it was established that the deasphalted oil of
Ashalchinskoye field HOs is quite an effective stabilizer of asphaltene precipitation, which is
not inferior to the aromatic hydrocarbons. The oil resins as asphaltene precipitation inhibitors
differ insignificantly in efficiency from expensive synthetic products. It was established that
the percentage of benzene resins of not above 6.5% per hexane volume allows for fully
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providing asphaltene stabilization during heavy oil displacement process. Also, it was found
that alcohol-benzene resins at normal conditions are not the effective asphaltene precipitation
inhibitors.

4. Conclusions

In modeling, the oil displacement process by injecting n-hexane, the influence of the molecular
weight and condensation of asphaltenes on parameters of their deposition in a porous medium is
shown. It was revealed that features of structural and group composition of heavy oil asphaltenes
affect the dynamics and completeness of oil extraction. Under the same conditions, the process of
displacement of model oil with low molecular weight asphaltenes makes it possible to achieve
almost 5% more accumulated oil recovery than that for high molecular weight asphaltenes.

In a separate series of experiments, it was shown that the composition and properties of
asphaltenes formed during the displacement of heavy oil in a porous medium by n-alkanes
differ from that of the initial condition of asphaltenes. Herewith for the fraction of high-
molecular-weight asphaltenes Al this trend is weak, while for fraction A2 it is pronounced
significantly. This fact suggests that in the process of oil displacement the less condensed
asphaltenes A2 undergo additional fractionation in a porous medium, resulting in higher
molecular weight asphaltene concentrates in comparison with the initial asphaltenes.

As a result of several experiments for the physical modeling of heavy oil displacement in
porous medium in a large-sized model, the opportunities of using various composite solvents
based on n-hexane with toluene and nonylphenol additives were assessed.

By taking the example of the Ashalchinskoye field heavy oil, we have shown that accumulated
oil recovery by n-hexane only appears at the level of 69.8%, whereas adding the toluene in 5-10
or 2-3% nonylphenol amount rises the recovery to 85-89%. The largest oil recovery (93.2%)
from the reservoir model is achieved when toluene is injected prior to n-hexane (5% of toluene
relative to the volume of n-hexane).
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