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Abstract: The precipitation of asphaltene and waxes occurs when crude oil characteristics change
as a consequence of pressure, temperature variations, and/or chemical modifications, etc. The
costs associated with the cleaning of deposition on the production equipment and the loss of profit
opportunities can go beyond hundreds of millions of USD. Thus, there is a strong incentive to
search for ways to mitigate deposit formation during the crude production process. A light crude
bottom hole fluid sample from a deep well with an asphaltene deposition problem was analyzed in
the laboratory. Basic data on density, viscosity, bubble point, GOR, and asphaltene onset pressure
were measured at a PVT laboratory. Asphaltene characterization, as a prescreening for appropriate
inhibitors, has been conducted using asphaltene phase diagrams (APD). The APD generated from
two developed software programs in both Matlab and Excel codes were favorably compared with the
phase behavior of other oil samples available in the literature and has shown to be an excellent match.
Various test methods were used to demonstrate the asphaltene instability of the oil samples. Eleven
chemical inhibitors from five global companies were screened for testing to inhibit the precipitation.
The optimum concentration and the amount of reduction in precipitation were determined for all of
these chemicals to identify the most suitable chemicals. Finally, some recommendations are given for
the field application of chemicals.

Keywords: crude oil; SARA; asphaltene stability; precipitation; asphaltene inhibitor

1. Introduction

Asphaltene precipitation can negatively affect the oil recovery and refining processes
from its early stage in the reservoir and during enhanced oil recovery (EOR), to the flow of
produced oil in the production well, as well as surface facilities. Through the adsorption of
crude oil polar components onto surfaces, asphaltene can alter wettability. It will also block
pore spaces, resulting in reduced local permeability and, therefore, reduce oil production
rates. The asphaltene deposition can also occur in the production well where the pressure
drop is maximum, and the thickness of deposited asphaltene changes over time. If the
crude oil is sensitive to the acids used for well stimulation this may cause a decrease in the
production rate due to asphaltene precipitation. Furthermore, it is also reported that an
increase in asphaltene precipitation has been observed in sections of the well with increases
in turbulence in the flow.
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Asphaltenes are complex molecules with molecular weights ranging from 1000 to
5000 g/mol and densities of about 1100–1250 kgm−3. Asphaltene molecules contain some
heteroatoms such as nitrogen, sulfur, and oxygen. They are mainly aromatics and may
precipitate at certain thermodynamic conditions such as temperature, pressure, and oil
composition. Asphaltene colloid formation, flocculation, and precipitation processes have
been studied and reported in the literature [1–4].

The presence of resins plays an imperative role in asphaltene precipitation and de-
position. During gas injection into a reservoir for enhanced oil recovery processes, the
composition of oil changes, and, consequently, precipitation may occur [5]. In addition to
the composition of the crude oil, the type and amount of injected gas, temperature, pres-
sure, flow characteristics, and properties of the conduit (pipeline or production well) will
affect asphaltene precipitation. A recent review of asphaltene precipitation and associated
problems in production processes were made by Mohamed, et al. [6,7].

Due to the complex nature of asphaltene, the phenomenon of asphaltene precipitation
was never fully understood by the researchers despite extensive research conducted in this
area over the last several decades. The three main questions for the industry regarding
asphaltene deposition are: when it happens, how much precipitation occurs, and how to
prevent or reduce the amount of precipitation.

It is important to correctly predict the onset of asphaltene precipitation and deposi-
tion. Thermodynamic models developed for the prediction of asphaltene precipitation are
composition-dependent and they should be optimized for a given crude. We will use some
crude oil samples and will develop a suitable thermodynamic model tuned for similar oils
and reservoirs. This paper is focused on experimental measurements for a light crude oil
sample, the development of an appropriate thermodynamic model for the phase behavior
of the oil, and the determination of the regions of instability. The other major objective of
this work was to determine a suitable inhibitor or chemical that can be used to minimize
the amount of asphaltene precipitation.

2. Materials and Methods
2.1. Crude Oil Samples and Their Characterization

The oil sample was taken by the operating company from an onshore deep well
(referred to as sample A). This was the main sample used for experiments, testing, and
evaluation. Three samples, each of 500 mL were taken on 5 June 2018 at a depth of 14,000 ft.
The bottom hole pressure and temperature were 4063 psi and 242 ◦F, respectively. This
oil sample was used in the petroleum research facility laboratory at Kuwait University to
measure the basic PVT data, as given in Table 1. The bubble point was determined from a
constant mass experiment (CME) conducted at 242◦. The composition of the sample was
determined from PVT and a subsequent GC analysis. A summary of the results is given in
Table 1.

Some similar basic data on another oil sample (Sample B) from another well located in
the same field are given in Table 2. The composition of oil samples for these oils is given in
Table 3.

In addition to the live oil sample, 10 L of dead crude oil was collected by the gathering
center which was received in November 2020. Basic measured properties for these oil
samples are given in this section. Properties such as API, density, viscosity, sulfur, and
asphaltene contents were measured at Lukoil Neftochim Burgas and are given in Table 4
and the true boiling point distribution is presented in Figure 1.
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Table 1. General Properties for Oil Sample A at 242 ◦F.

Reservoir Temperature 242

Sample volume used at reservoir T & P, mL 67.5
Flashed Liquid Volume at STP, mL 47.1
GOR, scf/bbl 675.5
Basic Sediment & Water Content, wt.% 0
Reservoir Initial Pressure, psig 9300
Bubble point pressure, psia 2271.6
Asphaltene onset pressure, psia 5200
Density at reservoir condition, g/cm3 0.640
Density at 60 F, kg/m3 823.8
Mol. Wt., g/mol 194
API Gravity 40.1
Absolute viscosity, cP 4.91
Kinematic viscosity at 60 F, mm2/s (cSt.) 4.04
SARA analysis of STO
Saturates, wt.% 65.5
Aromatics, wt.% 28.3
Resin, wt.% 4.7
Asphaltene, wt.% 1.6

Table 2. SARA Analysis and BP of Oil Sample B.

Reservoir Temperature, F 230

Asphaltene onset pressure, psia 4500
Bubble point pressure, psia 3130
SARA analysis of STO
Saturates, wt.% 57.3
Aromatics, wt.% 28.5
Resin, wt.% 3.1
Asphaltene, wt.% 1.0

Table 3. Composition of two live oil samples from an oil field in the Middle East.

Component Sample A Sample B
mol % mol %

CO2 2.03 0.90
N2 0.12 0.03

H2S 1.91 0.03
C1 27.47 41.95
C2 12.68 10.68
C3 8.23 7.11

nC4 3.10 3.48
iC4 0.90 0.96
nC5 3.41 2.10
iC5 2.95 1.22
C6 5.36 2.89
C7+ 31.84 28.65

MW7+ 212 211
SG7+ 0824 0.843

The densities at two different temperatures were measured according to the ASTM
D4052 test method. The sulfur for each cut was measured according to the ISO 8754 test
method. These data are given in Table 5 and presented in Figures 2–4. Simulated Distillation
(GC) by ASTM D 7196 is presented in Figures 5 and 6.
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Table 4. Basic properties of dead crude oil sample.

Property Value

Density at 15 ◦C, g/cm3 0.8313
Density at 20 ◦C, g/cm3 0.8277
API Gravity, 60 ◦F/60 ◦F 39.29
Sulfur content, wt.% 1.049
C5 asphaltenes, wt.% 2.6
C7 asphaltenes, wt.% 1.6
Kin. Viscosity at 40 ◦C, mm2/s 9.4
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Figure 1. TBP Distribution for the crude oil sample. Test Methods: ASTM D2892 and ASTM D 5236.

Table 5. Density and sulfur contents of narrow cuts. Test Methods: Density: ASTM D4052. Sulfur:
ISO 8754.

Narrow Cuts BP, ◦C
Density g/cm3

Content of Sulfur, wt.%
at 15 ◦C at 20 ◦C

IBP-70 ◦C 0.6496 0.6447 0.060
70–100 ◦C 0.6949 0.6902 0.048
100–110 ◦C 0.7170 0.7124 0.061
110–130 ◦C 0.7302 0.7256 0.058
130–150 ◦C 0.7503 0.7458 0.063
150–170 ◦C 0.7675 0.7630 0.073
170–180 ◦C 0.7775 0.7733 0.070
180–200 ◦C 0.7857 0.7819 0.073
200–220 ◦C 0.7952 0.7914 0.077
220–240 ◦C 0.8029 0.799 0.107
240–260 ◦C 0.8160 0.8123 0.224
260–280 ◦C 0.8307 0.8271 0.466
280–300 ◦C 0.8442 0.8406 0.677
300–320 ◦C 0.8482 0.8446 0.787
320–340 ◦C 0.8638 0.8602 1.252
340–360 ◦C 0.8820 0.8784 1.831

>360 ◦C
360–380 ◦C 0.8885 0.8812 1.824
380–390 ◦C 0.8949 0.8916 1.815
390–430 ◦C 0.9000 0.8967 1.716
430–470 ◦C 0.9163 0.9132 1.876
470–490 ◦C 0.9291 0.9261 2.047
490–500 ◦C 0.9377 0.9347 2.248

>500 ◦C 0.9828 0.9802 3.025
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Figure 2. Density of crude cuts at 15 ◦C and 20 ◦C.
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Figure 3. API gravity and boiling point of narrow cuts.

2.2. Asphaltene Stability Test Methods

The asphaltene stability test methods employed in this study are itemized below:

• Method I: asphaltene/resin ratio deduced from a SARA analysis as described by
Yen et al. [8];

• Method II: colloidal instability index (CII) defined based on SARA analysis as ex-
plained in [8] and shown by Equation (1):

CII =
Saturates (wt.%) + Asphaltenes (wt.%)

Aromatics (wt.% + Resins (wt.%)
(1)
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• Method III: asphaltene stability test by the Stankiewicz method explained in detail
in [9];

• Method IV: based on the method suggested by Yen et al. [8] based on SARA analysis,
where the graph of the Y-X diagram is prepared with Y = Asphaltenes + Saturates; and
X = Aromatics + Resins;

• Method V: based on the method suggested by de Boer et al. [10]. It employs the
difference between initial pressure and bubble point pressure and the density of
reservoir fluid under reservoir conditions.

Processes 2023, 11, x FOR PEER REVIEW 6 of 28 
 

 

 
Figure 3. API gravity and boiling point of narrow cuts. 

 
Figure 4. Sulfur content of narrow cuts, wt.%. 

0

10

20

30

40

50

60

70

80

90

100

0

100

200

300

400

500

600

700

0.0 20.0 40.0 60.0 80.0 100.0

A
PI

 G
ra

vi
ty

, 6
0 

°F
 / 

60
 °F

Bo
ili

ng
 p

oi
nt

, °
C

Wt.%  Evaporated

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0 20.0 40.0 60.0 80.0 100.0

Su
lfu

r c
on

te
nt

, w
t.%

Wt.%  Evaporated

Figure 4. Sulfur content of narrow cuts, wt.%.

Processes 2023, 11, x FOR PEER REVIEW 7 of 28 
 

 

 
Figure 5. Simulated Distillation (GC) by ASTM D7196 for Crude Sample A. 

 
Figure 6. Simulated Distillation (GC) Graph for the Crude Oil Sample A. 

100

200

300

400

500

600

700

800

0.5 10 20 30 40 50 60 70 80 90 99.5

Te
m

pe
ra

tu
re

,°
C

Yield, wt %

Figure 5. Simulated Distillation (GC) by ASTM D7196 for Crude Sample A.



Processes 2023, 11, 818 7 of 25

Processes 2023, 11, x FOR PEER REVIEW 7 of 28 
 

 

 
Figure 5. Simulated Distillation (GC) by ASTM D7196 for Crude Sample A. 

 
Figure 6. Simulated Distillation (GC) Graph for the Crude Oil Sample A. 

100

200

300

400

500

600

700

800

0.5 10 20 30 40 50 60 70 80 90 99.5

Te
m

pe
ra

tu
re

,°
C

Yield, wt %

Figure 6. Simulated Distillation (GC) Graph for the Crude Oil Sample A.

2.3. Regions of Asphaltene Instability

Once it has been determined that an oil sample is unstable, based on the methods
discussed in the previous section, it is important to determine the region in the phase
diagram where asphaltene precipitation can occur. This can be done through an asphaltene
phase diagram (APD). Generation of an APD is the key to determining under what con-
ditions asphaltene formation occurs. Perturbed chain statistical associating fluid theory
(PC-SAFT) is a rather advanced approach to the estimation of the behavior of a complex
mixture originally proposed by Chapman et al. [11], and later modified by Gross and
Sadowsky [12]. Cubic-plus-association equation of state (CPA-EOS) is also another class of
EOS, which takes into account the association between the molecules. Chapman and his
group at Rice University over the last two decades showed that PC-SAFT is quite suitable
for estimating the asphaltene–crude oil PVT behavior [13–17]. They particularly proposed
a thermodynamic framework based on PC-SAFT EOS to predict asphaltene phase behavior
and named the tool the asphaltene deposition tool (ADEPT) [13]. According to Gross and
Sadowsky, the total compressibility factor can be calculated as the sum of the ideal gas, hard
chain, and dispersion contributions, as follows [12]: Z = Zid + Zhc + Zdisp. In the PC-SAFT
framework, three parameters of segment number in a chain (m), the segment diameter (σ),
and segment energy (ε/k) are used to differentiate components. So far, researchers have
proposed different methods for the estimation of these parameters [11]. There exist a few
correlations that are mostly used for asphaltene precipitation modeling, as reported by
Gonzalez et al. [15] which can be used for calculating the PC-SAFT parameters of petroleum
cuts and fractions.

In this work, the PC-SAFT approach of neglecting the association term was used
to develop software for the asphaltene phase equilibria calculation of some Kuwaiti oil
samples. Two software were developed, one with Matlab and one fully with Excel VBA
code. The Matlab version is faster as it uses its internal optimization tool while for Excel,
we developed our own optimization in the VBA codes. The input data for each oil sample
is fluid composition, SARA analysis, bubble point, and or onset pressure at least at the
reservoir or bottom hole temperature (BHT). For gas injection processes, an option for
the amount of injected gas is provided. Experimental data on bubble point and/or upper
asphaltene onset pressure (UAOP) can be used to get optimized values for the aromaticity
and molecular weight of the asphaltene component of the oil sample. These parameters
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need to be determined only once for each crude sample, and for all subsequent calculations,
there is no need for this optimization step. When optimized parameters are used, the
calculations in Excel are quite fast (similar to Matlab) and calculations are performed in
less than 30 seconds. A schematic of the flow diagram for the calculation of asphaltene
onset and bubble point pressures is shown in Figure 7.

Processes 2023, 11, x FOR PEER REVIEW 9 of 28 
 

 

in less than 30 seconds. A schematic of the flow diagram for the calculation of asphaltene 
onset and bubble point pressures is shown in Figure 7. 

 

 
 
 
 
 
 
 
 
 
 
 
                                                                       
                                                                   
 
 
 
 
 

 

 

 

 

 

 

 

Figure 7. A summary of calculation procedure for the bubble point and upper asphaltene onset 
pressures. Characterization method taken from Reference [1], PC-SAFT parameters from [15], opti-
mization procedure from [13,16–18]. 

2.4. Screening of Chemical Inhibitors for Retardation of Asphaltene Precipitation 
The asphaltene flow assurance problem can be handled in three different ways: (one) 

to prevent it from happening, (two) to reduce the extent of precipitation, and (three) to 
dissolve deposited asphaltene. It is interesting to know that if the asphaltenes in the pro-
duced fluid are in the stable dispersion form, they will not harm the production through 
permeability reduction, although they will increase the oil–solid mixture viscosity. The 
extent of asphaltene precipitation can be controlled by not allowing the size of the asphal-

Calculate fugacity coefficient for all components in the oil and asphaltene 
phases using PC Saft EOS. Then calculate equilibrium ratios (Ki)  through 
iteration procedure. 

Find a pressure that satisfies the condition of  ∑ xi Ki  = 1. If not guess a new 
pressure and return to the previous step for calculation of Ki.  Stop 
calculations when the difference between new and old pressure is less than a 
small number ( ~ 10−4 ). This would be calculated UAOP. With similar 
calculations between vapor and liquid phases bubble point pressure is 
calculated. 

Input Data: Oil composition,  MW7+, SG7+, Temperature, Pressure,  SARA 
Composition, Bubble Point Pressure, One Upper Asphaltene Onset Pressure. 

Characterize the crude oil through pseudocomponents using methods given in 
reference below. Calculate PC-SAFT parameters from reference below the 
figure. Optimize Aromaticity and MW for Asphaltene and Resin Components. 
The objective function is defined by combination of bubble point pressure and 
asphaltene onset pressure as given in references below the figure 

Figure 7. A summary of calculation procedure for the bubble point and upper asphaltene onset
pressures. Characterization method taken from Reference [1], PC-SAFT parameters from [15], opti-
mization procedure from [13,16–18].

2.4. Screening of Chemical Inhibitors for Retardation of Asphaltene Precipitation

The asphaltene flow assurance problem can be handled in three different ways: (one)
to prevent it from happening, (two) to reduce the extent of precipitation, and (three) to
dissolve deposited asphaltene. It is interesting to know that if the asphaltenes in the pro-
duced fluid are in the stable dispersion form, they will not harm the production through
permeability reduction, although they will increase the oil–solid mixture viscosity. The ex-
tent of asphaltene precipitation can be controlled by not allowing the size of the asphaltene
aggregate to grow. For example, the adsorption of nonionic dispersants onto the surface
of an asphaltene particle can avoid its growth and, therefore, will limit the size of the
aggregate, which in turn will allow the asphaltene to be carried along the oil phase [19].

There are clearly two groups of chemical additives that can prevent asphaltene deposi-
tion. They are ADs (asphaltene dispersants) and asphaltene inhibitors (AIs). Examples of
nonpolymeric ADs are the very low polarity alkylaromatics or the alkylaryl sulfonic acids.
Examples of AIs are the alkylphenol/aldehyde resins and similar sulfonated resins, poly-
olefin esters, amides or imides with alkyl, alkylenephenyl or alkylenepyridyl functional
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groups, and alkenyl/vinyl pyrrolidone copolymers. AIs are not effective in formations but
are mainly used in wellbores and surface equipment. AIs increase the asphaltene stability
under wider operation conditions while ADs reduce the particle size and keep particles
in suspension form in the oil. These chemicals are oil-specific. For example, the presence
of nitrogen in asphaltene can interact with the polymeric inhibitors containing H+ atoms
such as hydroxyl groups. In general, AIs are polymeric-type chemicals and to be effective
we must reach a certain critical concentration while ADs act almost proportionately to
concentration. AIs can be best applied upstream of the bubble point pressure which is
commonly downhole to prevent asphaltene flocculation. It is recommended to use either
an AI or an AD, but not both. The use of live oils and dead oils in testing AIs and ADs may
give different results, however, tests with dead oil can be used for general screening of AIs
or ADs since the trends of effectiveness are similar to those with live oils. More specific
information about the properties and effectiveness of these chemical additives is given by
Kelland [19].

When an inhibitor is used to reduce asphaltene deposition, we need to determine its
performance by measuring the amount of deposit before and after a dispersant is used.
Methods of deposit test level are fully described in the literature [20–35]. The asphaltene
dispersant test (ADT) method has been used in this study to determine the effectiveness
of an inhibitor in reducing asphaltene deposition as described in our earlier study [26]
and adopted from [27]. Once the mass of asphaltene before and after the addition of an
inhibitor is measured, the efficiency can be calculated from the following equation:

Efficiency (%) =
Volume of asphalteen deposit before inhibitor − Volume of Asphalteen deposit after inhibitor

Volume of asphalteen deposit before inhibitor
× 100 (2)

The effect of the use of inhibitors to suppress sediment formation was examined by
employing an asphaltene dispersant test (ADT), as described in [27]. The oil sample is mixed
with large amounts of heptane to obtain a clear sample that allows sediment observation
through it. During this study, the crude oil sample A and the H-Oil ATB samples were
mixed with n-heptane in an amount of 93%. The blend of 7% oil/93% n-heptane was placed
in a graduated centrifuge tube and then centrifuged at 5000 rpm for 30 min. A sample of the
oils with no dispersant was used as a control. The commercial additives were mixed with
the studied oils and then homogenized in a closed beaker for a period of one hour using a
magnetic stirrer at 700 rpm. Then, three grams of crude oil sample A (0.5 grams of H-Oil
VTB samples) with the additive were placed in a graduated centrifuge tube and mixed
with 40 grams of n-heptane, and after that centrifuged at 5000 rpm for 30 min. Reading
the volume of the sediment from the graduated centrifuge represents the amount of the
sediment formed at the conditions studied. The sediment volume of the pure crude oil
sample A was 0.12 mL, while those of the pure H-Oil ATB samples were 0.40, and 0.45 mL.
The relative error of the measurement of the sediment volume was found to be 11.0%.

3. Results
3.1. Results from Asphaltene Stability Test Methods

One simple method to judge the oil colloidal stability is to calculate the ratio of
saturates/aromatics from SARA analysis. This ratio is an indirect measure of the solvating
power of an oil sample for asphaltenes (a high ratio implies poor solvating power). The
asphaltene/resin ratio, on the other hand (Method I), relates to the measure of colloidal
stability of the asphaltenes (ratio of asphaltene/resin implies good colloidal stabilization).
Oils with higher resin content are more stable with the addition of a solvent such as n-C5 or
n-C7. Another simple method is to determine a parameter known as the colloidal instability
index (CII) defined based on SARA analysis as described by Yen et al. [8]. If CII is less than
0.7, the oil is stable and if greater than 0.9, it is unstable. If CII is between 0.7 and 0.9, the oil
is mildly unstable (Method II). In addition to these methods, there are three other graphical
methods. Method III was proposed by Stankiewizc, et al. [9] and Method V is based on the
difference between the initial pressure and the bubble point pressure applied to crude oil
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sample A, as shown in Figure 8a,b, respectively. Another method proposed by Yen et al. [8]
shows three regions of unstable, mildly stable, and stable regions from the correlation of
SARA data (Method IV). Results obtained from all these methods are consistent with each
other. For example, as shown in Figure 9a,b, when Methods III and IV were used to test
oil sample B, both methods showed that the crude oil sample is unstable. For the oil in
sample B (Table 2), the ratio of asphaltenes/resins is 0.337, which is greater than 0.3, and
based on Method I, the oil is unstable. Similarly, the colloidal instability index (CII) based
on Method II was calculated for this oil as 2.03, which is greater than 0.9, and, thus, the oil
is unstable. As a result, both crude oil samples were unstable according to all these five
stability test methods.
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Test Method V Applied to Oil Sample A.
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Figure 9. (a) Asphaltene Stability Test by Stankiewicz et al. [9] method (Method III) for the Oil Sample
B (Table 2). (b) Asphaltene Stability Test by Yen’s Method (Method IV) for the Oil Sample B.
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3.2. Determination of Regions of Asphaltene Instability for the Studied Crude Oil Samples

To evaluate our program, described in Section 2.3 in this work, we used ADEPT [13]
of the Chapman group at Rice University with several oil samples, and a good agreement
was observed, as shown in Figure 10. A similar agreement was observed when tested with
other oil samples in which the ADEPT results were available in the literature.
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An asphaltene phase diagram for oil sample A is given in Figure 11 and for oil sample
B in Figure 12. The impact of injecting CO2 gas on APD for oil sample A is shown in
Figure 13 for 20% CO2 injection. By comparing Figures 11 and 13, one can see that by
adding CO2 to the oil, the unstable region increases to a wider condition.
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Figure 11. Asphaltene phase diagram (APD) for oil Sample A (in Table 3).
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Figure 13. Asphaltene phase diagram (APD) for oil Sample A with 20% CO2 (see Figure 11 for
no CO2).

3.3. Retardation of Asphaltene Precipitation by the Use of Chemical Additives

Eleven chemical additives employed to retard sediment formation, manufactured
and supplied by five major companies around the world, were selected to be used in this
study. These chemicals and additives are used for the inhibition, dispersion, and dissolving
(dissolution) of asphaltene as well as other types of solid deposition from petroleum fluids
with applications in production fields.

The scarce information provided by the supplier indicates that the 11 chemical addi-
tives may contain amines in the aromatic solvent, poly-iso-buthylene succinimide, poly-
mer in an aromatic solvent, phosponothioc acid, poly-isobutenyl derivatives, esters with
penta-erythritol, alkenyl thio phosphorous ester, formaldehyde, polymers with branched
4 nonylphenol,ethylene-diamine, phosphoric acid, 2-ehyl-hexyl ester, C24-36 alkene, alpha-
polymers with maleic anhydride, organic acid derivative, and 1,2,4 trimethylbenzene. The
individual additives present a blend of the chemical substances mentioned above in a
proprietary and confidential ratio. They are labeled as A1, A2, A3, A4, A5, A6, A7, A8,
A9, A10, A11. In order to get some insight into the chemical nature of these 11 additives,
infrared (IR) analysis was performed. The IR spectra of the 11 additives are presented in
Figures S1–S13. The data from Figures S1–S7 suggest that the additives A1, A2, A3, A4,
A5, and A6 pertain to the group of organic acid derivatives. The additives A1, A2, A3, A4,
A5, and A6 have the same valence oscillations, however, in different ratios, suggesting a
different ratio of the active components in the distinct additives. Figure 14 presents graphs
of precipitate volume versus inhibitor concentration for the additives A1–A6 treatment of
the crude oil in sample A.
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Figure 14. Amount of deposit versus treating rate of inhibitors A1 (a). A2 (b), A3 (c), A4 (d), A5 (e),
and A6 (f) (treated crude oil sample A).

Figure 15 presents graphs of precipitate volume versus inhibitor concentration for the
additives A7–A11 treating the crude oil in sample A.

Figure 16 presents graphs of precipitate volume versus inhibitor concentration for
the additives A2 (a), A3 (b), A4 (c), A5 (d), A7 (e), and A8 (f) with H-Oil hydrocracked
atmospheric residue (H-Oil ATB)—sample 1 was treated with additives A2, A3, A4, and
H-Oil ATB. Sample 2 was treated with additives A5, A7, and A8—Table 6.
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Figure 15. Amount of deposit versus treating rate of inhibitors A7 (a). A8 (b), A9 (c), A10 (d), and
A11 (e) (treated crude oil sample A).
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Figure 16. Amount of deposit versus the treating rate of the inhibitors A2 (a). A3 (b), A4 (c), A5
(d), A7 (e), and A8 (f) with H-Oil hydrocracked atmospheric residue (ATB)—sample 1 treated with
additives A2, A3, A4, and ATB. Sample 2 treated with additives A5, A7, and A8—Table 6.

The optimum concentration and amount of reduction in a solid deposition for the
tested chemicals with crude oil sample A are given in Table 7.
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Table 6. SARA Analysis and BP of Oil Sample C.

Properties H-Oil ATB (68%Urals/32BL)
15.10.2018 Sample-1

H-Oil ATB (80%Urals/20BL)
15.10.2018 Sample-2

H-Oil VR conversion, wt.% 73.6 72.9
Specific gravity SG4

20 1.027 1.012
SARA analysis
Saturates, wt.% 28.9 31.4
Aromatics, wt.% 59.4 56.8
Resin, wt.% 3.7 4.5
Asphaltene, wt.% 8.0 7.3
Colloidal instability index 0.58 0.62

Table 7. Ranking of the commercial Inhibitors for crude oil Sample A.

Performance
Ranking Order Inhibitor ID

Figure No. for
Performance

Test

Optimum
Concentration

ppm

Optimum
%Reduction
in Precipitate

1 A4 Figure 13d 500 ppm 75%
2 A5 Figure 13e 700 ppm 75%
3 A6 Figure 13f 700 ppm 75%
4 A2 Figure 13b 700 ppm 75%
5 A3 Figure 13c 500 ppm 67%
6 A1 Figure 13a 500 ppm 67%
7 A11 Figure 14e 700 ppm 17%
8 A8 Figure 14b 500 ppm 0% (no effect)

9 A10 Figure 14d 700 ppm +42% (increasing
precipitation)

10 A9 Figure 14c 700 ppm +50% (increasing
precipitation)

11 A7 Figure 14a 1000 ppm +250% (increasing
precipitation)

The optimum concentration and amount of reduction in a solid deposition for the
tested chemicals with the H-Oil ATB samples are given in Table 8.

Table 8. Ranking of the commercial inhibitors for H-Oil ATB samples.

Performance
Ranking Order Inhibitor ID

Figure No. for
Performance

Test

Optimum
Concentration

ppm

Optimum
%Reduction
in Precipitate

1 A3 Figure 15b 500 ppm 42%
2 A2 Figure 15a 500 ppm 38%
3 A4 Figure 15c 500 ppm 38%
4 A8 Figure 15f 1000 ppm 33%
5 A5 Figure 15d 300 ppm 22%
6 A7 Figure 15e 1000 ppm 4%

It is interesting to note here that while with the crude oil sample A, additive A8 had no
effect on the reduction of the precipitation volume. For the case of H-Oil ATB sample-2, the
precipitated volume was reduced by 33%. Additive A7 showed a promotion effect on the
precipitation volume of crude oil sample A, whereas, with H-Oil, ATB sample-2 exhibited
no effect. The findings in our study are in line with the reports of Mahdi et al. [22], Melendez-
Alvarez et al. [27], and Barsenas et al. [30] that the asphaltene dispersants can promote
sediment formation depending on the oil treated, chemistry of the additive, medium, and
the concentrating range. Barsenas et al. [30] showed in their study that the same asphaltene
aggregation inhibitors at lower concentrations inhibited the asphaltene agglomeration
while increasing their treatment rate and their efficacy diminished significantly. They
found that the same inhibitor during the changing of the medium (from toluene at 50 ◦C to
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o-dichlorobenzene at 90 ◦C) the asphaltene inhibitor turned into an asphaltene aggregation
promoter [30]. They suggested that the inhibitor molecules (i) significantly self-associated
in the more polar solvent (o-dichlorobenzene), which could be a reason for the asphaltene
adsorption (and enhanced agglomeration) on the surface of such inhibitors and (ii) self-
associate occulting their head polar part in the less polar solvent (toluene), which might be
a reason for the reduction in inhibitor adsorption on the asphaltene surface and worsening
of the inhibition efficiency [30].

3.4. Optimum Inhibitor Concentration at the Field and Impact of Water Cut

The optimum concentrations reported in Table 7 were obtained from laboratory tests
conducted at room conditions and with a dead crude oil sample. The conditions at the field
are quite different, specifically with the following parameters:

- Temperature;
- Pressure;
- Fluid composition (presence of lighter components);
- Flow rate;
- Water (water cut);
- Concentration of salt and metals in the brine such as Al3+ and Fe3+ in water.

The temperature of the fluid in the well is higher than the lab temperature. At higher
temperatures, the solubility of asphaltene in the oil increases, and this will result in less
precipitation and deposition at the field. Furthermore, at higher pressures, the asphaltene
stability in the oil increases, as is demonstrated in the APD of Figure 11. Another important
factor is the amount of water cut in the wellbore. Generally, as the percentage of water cut
increases, the amount of deposition decreases. With a high water cut, the oil is emulsified in
water. A high amount of water may turn the wellbore to become water wet and asphaltene
deposition may significantly be reduced. However, for the case of well A, the water cut is
low at 5%. Furthermore, the flow of oil can cause a reduction in asphaltene precipitation and,
as shown by Kor and Kharrat [31], with an increase in oil velocity, asphaltene deposition
on the wall decreases. All these factors contribute to a reduction in the amount of inhibitor
when applied in a production well. As a rule of thumb, it is believed that the amount
of asphaltene deposition in the wellbore is about 30% less than those given in Table 7.
Therefore, the optimized dosage in the field is expected to be in the range of 200–300 ppm
for recommended chemicals.

Another contributing factor to the rate of asphaltene deposition is the composition
of water in the wellbore. Salts contribute to the promotion of asphaltene deposition.
Furthermore, the presence of Al3+ and Fe3+ ions in the water also causes an increase in the
amount of deposition. For these reasons, although laboratory tests are helpful to identify
suitable chemicals, the best method to determine the optimum concentration is field testing.
It is also a good idea to test the chemicals over a period of time (a few days or more) to
evaluate their performance and compare it with the incumbent chemical’s performance.
The best chemical is the one that minimizes the amount of asphaltene deposition at the
lowest possible cost per unit barrel of crude. At higher water-cut fields use of a demulsifier
that produces the fastest and cleanest separation of oil and water at the lowest possible cost
per unit barrel of crude is recommended.

The water associated with oil sample A was separated and analyzed for metal elements
that may affect the amount of asphaltene precipitation. The instrument used for the water
analysis was the Sequential Wavelength Dispersive X-Ray Fluorescence Spectrometer or
SWD XRF–ZSX available in the Chemical Engineering Laboratory which is capable of
analyzing elements from Be to U with a microanalysis to analyze samples as small as
500 µm. The instrument is recommended for an elemental analysis of solids, liquids,
powders, alloys, and thin films. The results are given in Table 9. The water weight is 81.18%
and the remaining is total dissolved solid.
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Table 9. Test results (in both ppm and wt.%) for water associated with oil sample A collected on 28
February 2021.

Comp. Na Mg Al Si S Cl K Ca Br Sr Ba W H2O

Unit mass% mass% mass% mass% mass% mass% mass% mass% mass% mass% mass% mass% mass%
Result 5.205 0.243 0 0.001 0.019 11.42 0.241 1.530 0.082 0.062 0.021 0.001 81.18
Unit ppm ppm Ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Result 52046 2432 <29 15 192 114169 2406 15291 822 618 214 11 52046

The water was also analyzed for Al3+ and Fe3+ ions by another instrument microwave
plasma (Agilent model—4100 MP-AES) and the result indicated that the Al content was
0.4 ppm and the Fe content of the water was 3.29 ppmw. The total amount of dissolved
solids (TDS), as determined by a simple evaporation and drying method (without the use
of any instrument), was determined to be about 21 wt.%, which is just slightly above 19
wt.% determined by the XRF instrument given in the above table.

3.5. Calculation of the Required Amount of Inhibitor, Cost Analysis, and Final Recommendations

The volume rate of the inhibitor required to be injected for a certain oil production rate
and ppm can be calculated from one of the following simple relations in gallon, liter, or kg:

Required Inhibitor Rate, Gallon/day = (4.2 × 10−5) × (Oil Rate, BPSD) × (ppm);

Required Inhibitor Rate, Liters/day = (1.59 × 10−4) × (Oil Rate, BPSD) × (ppm);

Required Inhibitor Rate, Kg/day = (1.431 × 10−4) × (Oil Rate, BPSD) × (ppm);

where:
Required Inhibitor Rate, Gallon/d = Required Inhibitor Rate in Gallons per day;
Required Inhibitor Rate, Liter/d = Required Inhibitor Rate in Liters per day
ppm = Desired concentration of inhibitor in oil in ppm;
Required Inhibitor Rate, Kg/d = Required Inhibitor Rate in kilogram per day;
Oil Rate (BPSD) = Oil Production Rate (after separator and excluding water cut and

associated gas) in BPSD (barrel per service day);
Unit Conversion Factors: 1 US Gallon = 3.785 liters, 1 barrel = 42 US Gallons,

1 ppm = 1 part per million = 1 × 10-6 v/v or g/g. Approximate density of the
inhibitor ≈ 900 kg/m3 (0.9 g/mL).

For example, for each 1000 bbl of oil to have an inhibitor concentration of 300 ppm,
a volume of 47.7 L (12.6 US Gallons) or about 43 kg of inhibitor should be injected into
the wellbore. If the inhibitor price is taken at 5 EUR/kg, the chemical injection cost would
be about 200 EUR for each 1000 bbl of crude oil produced. The above relations show that
the inhibitor rate is directly proportional to the oil flow rate or desired concentration in oil
in ppm.

Any selected chemical, when used over a period of time, must be economically
attractive and contribute to the overall return on investment (ROI). Cost analysis can be
gauged through ROI, which can be calculated as:

ROI = (Incremental Revenue-Incremental Cost of Treatment)/(Incremental Cost of Treatment) ×100

where:
Incremental Revenue in USD = (oil production after treatment, BPSD – oil production

before treatment, BPSD) × (oil price, $/bbl);
Incremental Cost of Treatment in USD = (Rate of inhibitor injected in Gallons per day)

× (unit price of inhibitor, $/gallon);
It is very important that a chemical is injected at the right and optimized dose. An

overdose or a low dosage may cause adverse effects resulting in an increased amount of
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asphaltene deposition. One way to avoid this is a regular monitoring plan and testing in
the field more often.

4. Discussion

The employed methods to determine the asphaltene stability of studied crude oil samples
denoted that crude oil samples A and B are unstable (or mildly unstable) (Figures 8 and 9). Thus,
one may expect that they would be prone to precipitate asphaltenes and form sediments
in the process of crude oil production. In order to minimize the probability of asphaltene
precipitation 11 commercial chemical additives designed to inhibit the sediment formation
process were examined. It was found that six of these additives were capable of asphaltene
precipitation minimization (Figure 14, Table 7). The IR-spectra (Figures S1–S7) of these six
additives showed the presence of valence oscillations in the region 3000–2800 cm−1, typical
for the presence of aliphatic groups, with bands at about 2960and 2870 cm−1 corresponding
to the symmetric and asymmetric oscillation of CH3 groups, whilst those at 2860 cm−1

corresponding to the symmetric oscillation of CH2 groups, with bands at around 1600 and
1500 cm−1 which are probably a result from the oscillation of C-C bonds in the aromatic
ring. There is a maximum at around 1770 cm−1 which is an indicator of the presence of C=O
ester and cyclic ester. The band at around 1700 cm−1 is probably a result of the oscillation
of the C=O bond participating in the carboxylic group. There is a band at about 1460 cm−1

characterizing the asymmetric oscillation of CH3 groups. Therefore, the additives A1-A6
could be considered to be composed of aliphatic, aromatic, and organic acid derivative
components. However, the ratio between these components seems to be different for the
distinct additives judging from the different areas of the peaks responsible for the diverse
component structures.

The additives A9, A10, and A11 exhibit the same valence oscillations as those of
additives A1-A6, however with different intensities (Figures S10–S12). This suggests a
different ratio between the aliphatic, aromatic, and organic acid derivative components.
The additives A9, A10, and A11 exhibited either a very small inhibiting effect or the pro-
motion of asphaltene precipitation (Figure 15, Table 7). Therefore, the ratio between the
component structures seems to be crucial for the performance of the chemical additive.
Barsenas et al. [30] showed that the same inhibitor during the changing of the medium
(from toluene at 50 ◦C to o-dichlorobenzene at 90 ◦C) turned from an asphaltene inhibitor
into an asphaltene aggregation promoter. Thus, the ratio between the aliphatic, aromatic,
and organic acid derivative components seems to control the efficiency of the additive as
an asphaltene precipitation inhibitor. The IR spectra of the additive A7 (Figure S8) showed
that it contains bands in the region of 3000–2800 cm−1 at 1463 and 1380 cm−1, which is
typical for the presence of aliphatic groups. Three broad bands at about 2700–2500 cm−1,
2400–2100 cm−1, and 1800–1600 cm−1 are due to the presence of hydroxyl groups that are
strongly involved in hydrogen bonding to phosphoryl oxygen atoms in acidic organophos-
phorus acids. The very strong and broad band at 1213 cm−1 is due to the P=O stretching
vibration. The strongest and also very broad absorption at ~1024 cm−1 is attributed to the
P-O stretching vibrations. Several weak bands between 881–650 cm−1 are characteristic of
the ethylhexyl groups. The absorption intensities at 1607 cm−1 and 1505 cm−1 correspond
to carbon–carbon stretching vibrations in the aromatic ring, indicating the presence of
aromatic compounds. Obviously, the existent ratio between the component structures in
additive A7 is unfavorable for asphaltene precipitation in crude oil sample A, making it
an asphaltene precipitation promoter instead of an inhibitor. This component structure
ratio in A7, however, as evident from the data in Figure 15e (Table 8) which does not
make it an asphaltene precipitation promoter when H-Oil ATB is treated, which confirms
again that the additive performance is oil specific, as reported in another research [23]. A
more informative view of the functional groups identified to be present in the 11 studied
additives by the use of FTIR is presented in Table 10.
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Table 10. Assignments of IR absorption bands in the spectra of all tested additives (A1–A11).

A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 Functional Group/
AssignmentsGroup Frequency, Wavenumbers (cm−1)

3450 3449 3483 3448 3447 3400 3426 3386 −OH; −NH stretch

3002 3017 =C−H stretch

2963 2957 2963 2959 2956 2956 2961 2953 2964 2953 2958 C−H asymmetric
stretch

2931 2926 2933 2926 2926 2927 2930 2925 2925 2925 2925 C−H asymmetric
stretch

2873 2872 2872 2872 2871 2873 2873 2871 C−H symmetric
stretch

2856 2855 2858 2854 2855 2855 2856 C−H asymmetric
stretch

1770 1772 1780

C=O stretch
1736 1736 1735 1735

1717
1711

1706 1701 1702 1702

1607 1608 1607 1607 1602 1602 1607 1607 1607 carbon-carbon
stretching vibrations
in the aromatic ring

1577
1516

1505 1506 1505 1505 1505 1505 1505 1505

1462 1464 1461 1462 1464 1466 1463 1459 1455 1466 1462 C−H bend:CH2

1386/1366 1385/1366 1389/1366 1377/1366 CH(CH3)2

1366 1380 1377 1377 C−H bend: CH3

1388/1377/1366 1385/1377/1366 1389/1377/1366 C(CH3)3

1213 P=O stretch

1024 P−O stretch

900–700 900–700 900–700 900–700 900–700 900–700 900–700 900–700 C−H out-of-plane
bend

750–400 Metal—oxygen stretch

The data in Table 8 (Figure 15) displays that additives A2, A3, and A4 demonstrated
good performance as asphaltene precipitation inhibitors also when H-Oil ATB was treated.
The efficiency of the asphaltene precipitation reduction, however, was almost double as
low as that of the crude oil sample A (Table 7) implying that the efficiency of asphaltene
inhibition is also oil specific. The additive A5 being Nr.2 in the ranking of asphaltene
inhibitors for crude oil sample A (Table 7) also showed precipitation reduction when H-Oil
ATB sample 2 was treated (Figure 15d). However, with the H-Oil ATB, the ranking of A5 is
number five indicating again that the efficiency of asphaltene inhibitor performance is oil
specific. Therefore, the selection of a chemical additive to inhibit deposit formation during
oil production or during refining operations is a subtle matter.

The proper selection can provide an opportunity to improve profitability by increasing
the cycle length of the operation equipment, reducing maintenance costs, and creating
higher reliability in crude oil production and oil refining facilities to overcome chemical
costs. The improper selection, however, can have a deleterious effect on the economics of
both crude oil production and refining.

5. Conclusions

Two crude oil samples (A, and B) from the same deep reservoir located in Kuwait were
analyzed for asphaltene instability. A simulator was developed to construct asphaltene
phase diagrams and to show regions of instability. The crude oil samples were qualified as
unstable or mildly unstable based on the five methods applied to assess crude oil stability.
Eleven commercial chemical inhibitors were examined to reduce asphaltene precipitation by
the use of an asphaltene dispersion test. IR spectra of the inhibitors revealed that they were
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composed of aliphatic, aromatic, and organic acid derivative components in different ratios.
Six of the inhibitors were ranked as suitable for field application, reducing the asphaltene
precipitation between 67 and 75%. The other five chemical additives were considered
inappropriate since they either had no effect or promoted asphaltene precipitation.

Aside from crude oil sample two, H-Oil ATB samples were also tested with six com-
mercial chemical inhibitors. It was found that four of the inhibitors reduced the asphaltene
precipitation in the H-Oil ATBs as they did when the crude oil sample was treated. How-
ever, their efficiency was lower than that observed during the crude oil treatment. An
inefficient additive for the crude oil sample was found efficient when the H-Oil ATBs were
treated. An additive that promoted asphaltene precipitation during crude oil treatment did
not show the same promoting effect when the H-Oil ATBs were treated. This confirms the
conclusion made by other researchers that additive performance is oil specific. The paper
concluded with some recommendations for the field application of chemical inhibitors.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr11030818/s1, Figure S1: IR-spectra of additive A1; Figure S2: IR-
spectra of additive A2; Figure S3: IR-spectra of additive A3; Figure S4: IR-spectra of additive A4;
Figure S5: IR-spectra of additive A5; Figure S6: IR-spectra of additive A6; Figure S7: Combined
IR-spectra of the additives A1, A2, A3, A4, A5, and A6.; Figure S8: IR-spectra of additive A7; Figure S9:
IR-spectra of additive A8; Figure S10: IR-spectra of additive A9; Figure S11: IR-spectra of additive
A10; Figure S12: IR-spectra of additive A11; Figure S13: Combined IR-spectra of the additives A7, A8,
A9, A10, and A11.
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Nomenclature

ADEPT Asphaltene Deposition Tool
ADs Asphaltene Dispersants
ADT Asphaltene Dispersant Test
AIs Asphaltene Inhibitors
APD Asphaltene Phase Diagrams
APDD Asphaltene Phase Diagram and Deposition
API Gravity The American Petroleum Institute gravity
ATB H-Oil hydrocracked atmospheric residue
BHT bottom hole temperature
BP Bubble point
BPSD Barrel Per Stream Day
CII Colloidal Instability Index
CME Constant Mass Experiment
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cP Centipoise
CPA-EOS Cubic-plus-association equation of state
cSt Centistokes
EOR Enhanced Oil Recovery
GC Gas chromatography
GOR, scf/bbl Gas Oil Ratio, standard cubic feet of gas per barrel of oil
H-Oil ATB H-Oil hydrocracked atmospheric residue
IBP Initial Boiling Point, ◦C
ID Identity
IR Infrared
KOC Kuwait Oil Company
Mol. Wt. Molecular weight
MW7+ Molecular weight of C7+
PC-SAFT Perturbed chain statistical associating fluid theory
Psia Pounds per square inch absolute
Psig Pounds per square in gauge
PVT pressure–volume temperature
ROI return on investment
SWD XRF–ZSX Sequential Wavelength Dispersive X-ray Fluorescene Spectrometer
UAOP Upper asphaltene onset pressure
VBA codes Visual Basic for Applications
XRF X-ray fluorescence
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