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Abstract

Asphaltene precipitation in oil reservoirs has been involved with numerous problems. Therefore, 

it is required to understand the precipitation mechanisms in detail in order to diminish the associated 

difficulties. There are several ways to detect asphaltene precipitation. One of these methods is 

vanishing interfacial tension (VIT) method. In this method by plotting the equilibrium interfacial 

tension (IFT) versus pressure, the asphaltene precipitation conditions can be predicted.  In this 

study, for more accurate evaluation of asphaltene precipitation in oil reservoirs by using IFT versus 

pressure plots, synthetic oil solutions made up of toluene and normal paraffins are used. Solutions 

with different compositions of toluene and normal paraffins such as n-decane and n-heptane with 

and without asphaltene (extracted from crude oil) are prepared. Then, the equilibrium IFT of the 

solutions in the proximity of CO
2
 at different pressure conditions is measured. By plotting the IFT data 

versus pressure, the onset of asphaltene precipitation in presence of gas and the impact of different 

parameters on this phenomenon are investigated. Experimental results show that the presence of 

asphaltene in synthetic solutions changes the behavior of IFT data with pressure. For a solution 

of toluene and normal paraffin containing asphaltene, the IFT of the solution in presence of CO
2
 

decreases linearly with two different slopes at low and high pressure ranges. The results confirm that 

the presence of normal paraffin intensifies asphaltene precipitation. The experimental results show 

that the higher mass fraction of asphaltene is, the higher would be the intensity of the asphaltene 

precipitation for the attempted mass fractions.

Keywords: asphaltene precipitation, interfacial tension, minimum pressure of miscibility, carbon 
dioxide, normal paraffin.
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1.	 Introduction

Nature of heavy organics in crude oil and 
their role in extraction, transfers and processing, 
has been well understood [1-3]. Comprehensive 
investigations at different area such as 
exploration, drilling, production, enhanced oil 
recovery and processing of low quality oil have 
been performing. Injection and re-injection of 
gas into oil reservoirs are cost-effective methods 
[4]. One of the major problems in these recovery 
processes is blockage of pores  by asphaltene 
precipitation, which could significantly reduce 
oil recovery efficiency [5]. Combination of a 
miscible fluid with oil could significantly affect 
phase behavior. However, precipitation of 
heavy organic materials is a major drawback of 
phase change that could consequently affect 
production from oil reservoirs or oil flow rate 
through wells and pipelines [6]. Precipitation 
of heavy organic material usually yields pore 
blockage and wettability alteration of reservoir 
rock [7].

Asphaltene precipitation in porous media 
can also lead to a decrease of 20 percent 
effective permeability [8-9]. Due to damage to 
the formation, oil and gas production rate from 
the reservoir decreases [9]. When the reservoir 
pressure is close to the precipitation pressure, 
asphaltene precipitation in reservoir takes place; 
this creates a failure condition at the wellbore 
[10]. Asphaltene precipitation process and its 
consequences have been shown to be very 
complex [11-12].

Various methods has been used and 
proposed to detect asphaltene precipitation 
process. These methods include microscopic 
method [13], light absorption method [14], 
gravimetric method, electrical conductivity 
method [15], viscometer method, heat transfer 
measuring method and vanishing interfacial 
tension (VIT) method [16-17]. The vanishing 
interfacial tension (VIT) method is a new method 
that can accurately detect the starting point of 
asphaltene precipitation [18-19]. In this method, 
the equilibrium IFT data of oil and gas is plotted 
against pressure, and the trend of the resultant 
curve is interpreted to discover mechanisms, 

the start point and intensity of asphaltene 
precipitation [20]. In this method, as soon as 
the precipitation starts, the trend of the IFT 
plot versus pressure changes sharply [21]. This 
method is quite accurate, and a small amount 
of sample is required for evaluation [22]. The 
optimum conditions of miscible gas injection 
can be determined using the rapid VIT method 
[22-23]. 

The VIT method has been developed and 
employed to measure the miscibility conditions 
of various crude oils with deferent gases. The 
following are some of the studies in this field. 
Nobakht et al. showed that equilibrium CO

2
 

gas-oil IFT often reduces linearly with pressure 
to the pressure from which the IFT-pressure 
trend changes. This pressure is known as 
threshold pressure. They also observed that 
if the equilibrium pressure is higher than the 
threshold pressure, light oil components quickly 
get out from the oil droplet and turn into the 
gas phase. This physical phenomenon is known 
as the extraction of very light components [24].

Nobakht et al. also measured the solubility 
of CO

2
 at different equilibrium pressures and 

at 27 °C. They concluded that by extrapolating 
the first slope of the IFT data versus pressure 
down to the point at which IFT becomes zero, 
the minimum miscible pressure (MMP) can be 
estimated [25]. 

Wang et al. investigated the interaction of 
three Canadian crude oil (two light oil and a 
medium one) with CO

2
, by using the VIT method. 

They found that the equilibrium  IFT decreases 
linearly with the equilibrium pressure at three 
distinct pressure ranges. In the first interval, with 
increasing pressure, IFT reduces due to increasing 
solubility of CO

2
 in oil. In the second interval, 

IFT suddenly increases, then quickly decreases, 
and again becomes linear. They stated that the 
sudden increase in IFT was owing to asphaltene 
precipitation, and rapid separation of light 
compositions. They concluded that, in this 
range, the measured IFT is between relatively 
heavy compositions of crude oil and CO

2
. At the 

last stage, different light components began to 
separate from oil. At this stage, the measurement 
of IFT is between the heaviest compositions of 
crude oil and CO

2
 gas [26].
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In this study the impact of parameters 
such as pressure, asphaltene content and oil 
composition on asphaltene precipitation is 
investigated through VIT method.

ـــــــــــــــــــــــــــــــــــــــــــ

2.	 Experimental  

Synthetic solutions are prepared by mixing 
different amounts of toluene, normal paraffins 
and asphaltene, which was extracted from an 
Iranian crude oil sample. The composition of 
this crude oil sample is shown in Table 1. 

To extract asphaltene from crude oil, 
different standards are available. In this study, 

the ASTM (D2007-80) was applied [17]. 
After extracting asphaltene from the crude 

oil sample, synthetic oil sample is prepared. 
Asphaltene is insoluble in the normal paraffins; 
however, it is soluble in toluene due to similar 
ring structure. To study the effect of synthetic 
oil composition on IFT, solutions with different 
volume percent of toluene and normal paraffins 
are used. For preparing the samples, the normal 
paraffins and toluene, with desired volume 
percents are mixed. Then, 5 wt% asphaltene is 
added and the prepared mixture is shaken for 
6 hours by magnetic stirrer so that the whole 
asphaltene dissolves in the solution.  Table 2 
shows 18 oil solutions used in IFT tests. 

Component CO
2

C
1

C
2

C
3

iC
4

nC
4

iC
5

nC
5

C
6

C
7

C
8

C
9

C
10

C
11

C
12

+

Mole fraction 0.01 0.38 0.51 1.28 0.44 1.84 1.44 2.33 7.43 8.73 6.74 8.69 7.73 5.04 47.41

Table 2.  Compounds of solutions used as oil in IFT experiments

Table 1. Composition of the oil used for  asphaltene extraction

Asphaltene
)mass percent(

n-Decane
)volume percent(

n-Heptane
)volume percent(

Toluene
)volume percent(

Sample

000100T-100-A

wt% of  the solution 500100T-100-B

001090H-10-A

wt% of  the solution 501090H-10-B

002080H-20-A

wt% of  the solution 502080H-20-B

003070H-30-A

wt% of  the solution 503070H-30-B

004060H-40-A

wt% of  the solution 504060H-40-B

010090D-10-A

wt% of  the solution 510090D-10-B

020080D-20-A

wt% of  the solution 520080D-20-B

030070D-30-A

wt% of  the solution 530070D-30-B

040060D-40-A

wt% of  the solution 540060D-40-B
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CO
2
 gas (with a purity of more than 99.99%) 

was prepared from a local company. The 
pendant drop method was applied to determine 
the IFT of gas-oil at reservoir conditions. Figure 1 
shows the IFT measuring device, which includes 
a visible high pressure chamber.

The apparatus also includes a high pressure 
pump and a pressure gauge employed to 
measure the pressure in the system. The whole 
system is covered with a controllable thermal 
chamber. The IFT device is equipped with a 
high resolution camera, which is located at one 
side of the chamber, and a light source placed 
at the other side of the chamber. The camera 
is connected to a computer with drop shape 
analysis software to estimate the IFT of oil and 
gas based on the shape of the pendant drop. 

The IFT value is very sensitive to impurities; 
therefore, cleaning  different parts of the device 
is very crucial; hence, before starting any test, 
cleaning of the inside parts of the device is 
performed by injecting toluene, then, acetone 
followed by rinsing with de-ionized water. 
To start a test, the oil phase is transferred into 
the droplet fluid storage tank (DT) using a 
piston and the gas phase is transferred into 
the bulk fluid storage tank (BT). Next, the 
temperature of visible chamber and reservoir 
tanks of bulk fluid and drop are set to a desired 
temperature. A pressure producer is used to 
inject the gas into the cell and to pressurize it 
at a desired value. A capillary tube is mounted 
at the top of the high pressure cell from which 

the oil droplet is injected to the bulk gas. To 
achieve equilibrium conditions (i.e. constant 
temperature and pressure conditions) enough 
time should be given. Then the IFT between 
two fluids is recorded over time until reaching 
the thermodynamic equilibrium conditions. In 
order to reach to thermodynamic equilibrium 
at a shorter time, several drops (20-30 drops) 
of oil are injected into the chamber. The test 
is considered at the equilibrium condition 
when the IFT does not change with time 
significantly. All experiments were performed at 
constant temperature of 323.15 K. To estimate 
IFT, it is necessary to determine the density 
of two fluids at experimental temperature 
and pressure conditions. Therefore, the fluids 
density was measured at different pressures 
and temperatures using a hydrometer (Anton 
Parr device) with high accuracy (i.e., 0.00001 
(g/ml)  .(Density of CO

2
 gas at any pressure and 

temperature is taken from valid references [27].

ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ

3.	 Results  and Discussion 

3. 1 Impact of normal paraffin on asphaltene 
precipitation

Interfacial tension of toluene-n heptane 
solutions and CO

2
 gas was measured at different 

pressure conditions ranging from 3 to 7 MPa and 
the temperature of 323.15 K, and the results are 
shown in Figure 1. Since n-heptane is lighter than 
toluene (in terms of molecular weight), as more 

Figure 1. Schematic illustration of the experimental setup
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heptanes is added to the mixture, molecular 
weight of the solution decreases. Thus, the IFT 

between synthetic solution and CO
2
 decreases 

by increasing the heptanes content. 

Figure 2. The equilibrium IFT versus pressure diagram of toluene-n heptane and CO
2 
solutions at temperature 323.15 K

The linear data presented in Figure 2 shows 
that the difference between IFT data of various 
solutions reduces at high pressure conditions. 
That is at high pressures the impact of heptane 
content on IFT values reduces. The IFT of 
toluene-normal paraffins solutions containing 5 

wt% asphaltene with CO
2
 was measured in order 

to investigate the impact of asphaltene on IFT 
in the synthetic solutions. Figure 3 shows the 
IFT of toluene-n heptane-asphaltene and CO

2
 at 

different pressures. 

Figure 3. The equilibrium IFT versus pressure diagram of toluene-n heptane-asphaltene and CO
2
 at 323.15K

As shown in Figure 3, IFT decreases with 
two different trends at low and high pressure 
intervals. The IFT reduction at low pressure 
interval (i.e. 3-5.5 MPa) could be mainly due to 
higher mass transfer between the gas and oil 
phase as the system is more pressurized. As 
pressure increases, more CO

2
 dissolves in the oil 

phase and hence the oil phase swells and gas-oil 

IFT decreases. However, the rate of IFT reduction 
at high pressure range (i.e. 6-8 MPa) is smaller 
compared to that of the low pressure interval. 
At high pressure range, although dissolving CO

2
 

causes the reduction of IFT value, accumulation 
of asphaltene at the interface of the oil phase 
and CO

2 
occurs, which results in increasing IFT. 

Increasing trend of  IFT critically intensifies when 
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the surface coverage of the particles surpassed 
a threshold value (e.g., + 60 % surface coverage) 
[28-29]. However, the effect of CO

2
 solubility 

on IFT is more intense than surface coverage. 
Therefore, at high pressure range the rate of IFT 
reduction is much smaller than that of the first 
interval. 

From the experimental data shown in Figure 
3, it can be also concluded that as the heptane 
content increases in the oil solution, more 
asphaltene accumulation and precipitation 
would take place.  Tracking the trends of the 
plots indicates that upon raising the heptane 
content of the oil solution, the second trend 
starts at a lower pressure. This means that 
asphaltene starts to precipitate at lower 
pressures if heptane content of the test oil 
increases.

 Table 3 shows the correlations obtained to 
relate IFT and pressure for each one of the oil 
solutions at two different pressure regions. 
The first column of the table specifies the 
tested sample. The second column shows the 
test pressure ranges and correlations relating 
IFT to pressure are given in the third column.  
The corresponding R2 values for each of the 
proposed equations are reported in the fourth 
column, showing the goodness of fit.  Minimum 
miscible pressure was estimated for each mixture 
by putting P equal to zero in the pertinent 
IFT-pressure correlation and is presented in 
the fifth column. The last column shows the 
percent increase of minimum miscible pressure 
calculated from the second interval equation 
compared to that of the first period.

Table 3. I FT and minimum miscible pressure of different mixtures of toluene-n heptane-asphaltene and CO
2
 at 

temperature of 323.15 K

FCM / MCM
MMP 

(MPa)
R2

IFT vs Pressure correlation

P: 

Pressure

P: 
Sample

1.76
8.660.9984

Sample-(T-100-B)
15.270.9844

1.79
8.600.9995

Sample-(H-10-B) 
15.400.9913

1.91
8.590.9993

Sample-(H-20-B)
16.380.9548

1.95
8.570.9994

Sample-(H-30-B)
16.700.9627

2.39
8.600.9994

Sample-(H-40-B)
20.590.9302

As shown in Table 3, for each oil solution, 
the IFT plot versus pressure could be treated 
as two lines with two different slopes for low 
and high pressure ranges.  The decrease of IFT 
with pressure in the first period could be related 
to the accumulation of asphaltene particles 
[23], and the decrease in the second period 

would be caused by asphaltene precipitation 
at the interface [23]. The latter gentle slope 
would be due to asphaltene precipitation, and 
consequently altering the intermolecular forces 
at the interface of two phases. As Figure 3 and 
the corresponding equations in Table 3 show, 
slope of the first and the second lines become 
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gentler by increasing n-heptane content of the 
oil solution. For instance, for sample (T-100-B), 
which is free of n-heptane, decline slopes of 
the first and second period reduce from 2.5096 
((mN/m)/MPa) to 2.0503 ((mN/m)/MPa) and from 
0.6410 ((mN/m) /MPa) to 0.3787 ((mN/m)/MPa), 
respectively, when the amount of n-heptane 
in the solution reaches to 40 percent. This 
change in the slopes could be an indication 
of this point that asphaltene precipitation in 
solutions containing n-heptane is more severe. 
According to the theory of vanishing interfacial 
tension (VIT), when IFT of two fluids becomes 
zero two fluids dissolve completely in each 
other. Based on the presented relationships 
in each of the pressure periods, there will be a 
certain pressure at which the IFT is zero. In the 
fourth column of Table 3, the minimum miscible 
pressure estimated from extrapolating the data 
of each period to zero IFT is given. As shown 
in this table, the minimum miscible pressure 
estimated from the first period is lower than 
that from the second period. This is because the 
minimum miscible pressure (MMP) estimated 
from the first period represents the multiple 
minimum miscible pressure (MCM) and the 

minimum miscible pressure estimated from the 
second period represents first contact miscible 
pressure conditions (FCM) [30]. The MMP at 
MCM conditions is not significantly affected by 
heptane content of the oil solution, whereas the 
MMP at FCM conditions is drastically affected by 
heptane content. The last column shows  the 
ratio of the MMP estimated based on the data 
of the second period (high pressure range) to 
that based on the data of the first period (low 
pressure range). This column shows that this 
ratio increases as the heptane content increases. 
This could be due to asphaltene precipitation, 
which mainly increases the FCM pressure 
condition up to two times. The level of change 
in MMP shows the need for accurate prediction 
of asphaltene precipitation pressure.

Figure 4 shows the IFT versus pressure of 
toluene - n decane solutions in the proximity of 
CO

2 
gas. Molecular weight of n-decane is closer 

to molecular weight of toluene compared to 
that of n-heptane. Therefore, the IFT values at 
a constant pressure are closer to each other for 
different solutions of n-decane and toluene 
in comparison with different solutions of 
n-heptane and toluene.

Figure 4. The equilibrium IFT versus pressure diagram of toluene-n decane solutions and CO
2
 at temperature of 323.15 K

Figure 5 also shows that IFT values reduce 
linearly with pressure for different oil solutions 

and CO
2
 systems.
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Figure 5 shows the IFT versus pressure of 
different toluene-n decane solutions with 5 wt% 
of asphaltene at temperature 323.15 K. Similar to 
the data of n-heptane solutions, these data can 
be divided into two groups, each with different 
slope. The trend of the experimental data 
specifies that asphaltene precipitation occurs at 
lower pressure, if the amount of n-decane in the 

oil solution increases. 
Table 4 shows the equations fitted to the 

experimental data of IFT versus pressure for each 
of the oil solutions at two different pressure 
periods. The minimum miscible pressure 
estimated for each solution, and their percent 
increase in each period have been also reported 
in Table 4.

Figure 5.  The equilibrium IFT versus pressure diagram of toluene-n decane-asphaltene solutions and CO
2
 at 323.15 K

Table 4. IFT and minimum miscible pressure of mixtures of toluene-n decane-asphaltene and CO
2
 at temperature of 

323.15 K 

FCM / 

MCM

MMP 

(MPa)
R2

IFT vs Pressure correlationPressure
Sample

1.76
8.660.9984

Sample-(T-100-B)
15.270.9844

1.79
8.700.9997

Sample-(D-10-B) 
15.550.9904

1.84
8.650.9993

Sample-(D-20-B)
15.940.9859

1.97
8.580.9934

Sample-(D-30-B)
16.870.9873

2.26
8.640.9990

Sample-(D-40-B)
19.570.9960


