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A B S T R A C T   

In this study, the destabilization of asphaltenes in a crude oil sample was analyzed under various pressure 
conditions using a fully immersed Quartz Crystal Resonator (QCR) sensor. Firstly, oil samples with and without a 
chemical additive were tested at atmospheric pressure through titration with different liquid n-alkanes (C7, C9, 
and C12) as antisolvents. Then, high-pressure experiments (HP) were conducted on a recombined crude oil + gas 
system, involving constant mass expansions from 1000 bar to the saturation pressure point at various fixed 
temperatures. From these high-pressure experiments, the phase diagrams, including the asphaltene pressure 
envelope (APE), were constructed and compared for the recombined oil with and without the chemical additive 
in both P vs T and P vs composition diagrams. The results regarding the impact of the chemical additive under HP 
conditions were compared with those obtained under atmospheric pressure conditions. The comparison shows an 
strong agreement between the two sets of experiments, confirming that the test conducted to evaluate the 
effectiveness of asphaltene inhibitors can be extrapolated to high-pressure applications.   

1. Introduction 

Asphaltenes can cause significant issues in the oil production process 
when they destabilize. This leads to self-association, phase transition 
and deposition on the surface of pipelines, wellbores, production sys
tems, and transportation equipment. Their destabilization is triggered 
by changes in the surrounding conditions such a temperature, pressure, 
or composition variation (Gharbi et al., 2017). This deposition can result 
in decreased production rates, increased maintenance expenses, and 
even complete shutdowns of production facilities. These problems can 
be alleviated or prevented by utilizing additives that act as inhibitors for 
asphaltene destabilization. This, in turn, reduces costs and enhances the 
efficiency of oil production (Cenegy, 2001). 

There are several types of additives employed in the oil industry to 
address the issues associated with asphaltene destabilization (Ansari 

et al., 2022). These additives include surfactants (Wiehe and Jermansen, 
2003; Isaac et al., 2022; Alhreez and Wen, 2019), polymers (Sub
ramanian et al., 2018a; Horeh et al., 2022), and co-solvents (Ali et al., 
2022). Each type of additive operates in a distinct manner, ranging from 
impeding asphaltenes aggregation to preventing asphaltenes adsorption 
at surfaces. Regardless of their specific mechanism, their goal is always 
the same: to diminish or eliminate the propensity of asphaltenes to 
aggregate, precipitate, and deposit, thereby enhancing the stability of oil 
(Rogel, 2011). 

Asphaltenes, as a complex polydisperse mixture of large, high mo
lecular weight, and polar compounds, present a significant challenge in 
studying and understanding their destabilization process. The intricate 
nature of asphaltenes makes it difficult to determine their exact chem
ical structure, leading to complexities in characterizing their behavior 
and interactions within the crude oil (Chacón-Patiño et al., 2018; 
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Yarranton et al., 2013). Consequently, the interaction between asphal
tenes and chemical additives, such as asphaltene deposition inhibitors, 
becomes a highly complex phenomenon as well, involving various fac
tors such as π-π interactions, acid-base interactions, hydrogen bonding, 
complexing of metal ions and dipole–dipole interactions (Karambeigi 
et al., 2016; Smith et al., 2008; Madhi et al., 2017). 

Given the ongoing demand for crude oil, the understanding of in
teractions between asphaltenes and additives assumes paramount 
importance in the development of new additives and improved formu
lations. The ultimate goal is to prevent asphaltene destabilization and 
deposition, enabling oil production processes with significantly reduced 
blockages and maintenance issues. However, the quest for simple and 
reliable laboratory-based techniques that can accurately assess the 
performance of additives under realistic oilfield conditions remains a 
desired yet complex task (Mojica et al., 2023; Juyal et al., 2022; Bae 
et al., 2016; Enayat et al., 2020). 

Numerous studies have been conducted to assess chemical additives 
as inhibitors for asphaltene destabilization (Mojica et al., 2023; Campen 
et al., 2020; Yen et al., 2001; Khosravi et al., 2020; Ghloum et al., 2019). 
However, the majority of these studies were carried out under atmo
spheric condition using model solvents or diluted systems due to the 
challenges associated with evaluating additives in real crude oil under 
high-pressure reservoir conditions. Among the different techniques used 
to evaluate additives performance, sensor-based techniques using 
Quartz Crystal Resonators have recently gained prominence in investi
gating the impact of additives on inhibiting asphaltene adsorption and 
deposition (Subramanian et al., 2018a; Campen et al., 2019; Balestrin 
et al., 2019; El ghazouani et al., 2023; Cassiede et al., 2021a; Kahs et al., 
2022; Raj et al., 2019). This probing technique can be easily imple
mented under high pressure conditions and have proven to be a reliable 
tool in the flow assurance field (Roshani et al., 2021). 

The quartz crystal resonator technique was already employed to 
probe the destabilization of asphaltene in asphaltene dilute in toluene 
model solutions (Daridon et al., 2013) as well as to assess the ability of 
the model asphaltene compounds to form nanoaggregates in toluene and 
bigger flocs in heptols (Carrier et al., 2021). In the present study, the 
capabilities of quartz crystal probes were harnessed to examine the 
destabilization of asphaltenes in crude oil under both atmospheric and 
high-pressure conditions. The objective was to analyze the impact of a 
chemical additive during destabilization caused by depressurization in a 
recombined oil and to compare the results with those obtained in the 
atmospheric pressure titration of the dead oil. To achieve this objective, 
the first step involved investigating the destabilization of a crude oil 
sample under atmospheric pressure with and without the addition of an 
chemical additive. The destabilization and deposition of unstable ma
terials were monitored during a titration process using a fully immersed 
Quartz Crystal Resonator sensor in oil samples. The titration was per
formed with three different liquid destabilizers (n-C7, n-C9, and n-C12). 
Next, experiments were conducted under high-pressure (HP) conditions 
on a recombined crude oil and gas mixture. A PVT cell with an inte
grated QCR sensor, fully immersed in the recombined oil sample, was 
used. A synthetic gas, representative of the gas found in the field, was 
used for the direct recombination of the crude oil in the measurement 
cell. Depressurization experiments were carried out from 1000 bar to the 
saturation pressure point by continuously expanding the fluid at con
stant mass and fixed temperature. From these HP experiments, the phase 
transitions corresponding to the saturation point pressure (L→L + V) 
and the upper asphaltene instability pressure (L→L + A) were deter
mined. Phase diagrams, depicting fluid phase equilibria and the 
asphaltene pressure envelope (APE) of the recombined system with and 
without chemical additive, were then constructed in both 
pressure-temperature (P vs T) and pressure-composition (P vs compo
sition) diagrams. Finally, the results concerning the effect of chemical 
additives obtained under HP conditions were compared with those ob
tained at atmospheric pressure conditions. 

2. Materials and methods 

2.1. Chemicals and materials 

The dead crude oil and the synthetic gas used were provided by 
TotalEnergies, and its characteristic are summarized in Table 1 and 
Table 2, respectively. The chemical additive was provided by Total
Energies Additives & Fuels Solutions. This additive is a polymer based 
on alkylphenol resins diluted in 50% of aromatic solvent. Once diluted, 
the polymer takes a liquid form. The functional groups present are 
phenolic groups with branched hydrocarbon side chains. The alkyl
phenol resin is modified with an alkyl polyamine introducing some 
secondary amine functions on the polymer. The concentration of poly
mer is set at 50 % m/m. Pure toluene (>99.8), n-heptane (C7) (>99%) 
and n-nonane (C9) (>99%) were acquired from Fisher Scientific, n- 
dodecane (C12) (>99%) was acquired from Sigma Aldrich. The n-al
kanes were used as destabilizing agent for atmospheric-pressure titra
tion experiments, whereas the synthetic gas was used for recombination 
with dead oil to carry out depressurization experiments. 

2.2. Sample preparation 

2.2.1. Addition of chemical additive in crude oil sample 
Whether conducting experiments at atmospheric pressure or high 

pressure, the oil samples used in the study required a volume of 
approximately 20 cm3. This posed challenges in accurately adding the 
chemical additive in parts per million (ppm) by weight. To address this 
challenge, a double dissolution method was implemented. Initially, the 
chemical additive was dissolved in a toluene solution to create an ad
ditive stock solution with the desired concentration for achieving the 
intended final proportion in the oil. Subsequently, a portion of this so
lution, corresponding to a mass fraction of approximately 2%, was 
injected into the oil samples. To avoid introducing any bias caused by 
the addition of toluene to the oil, the same quantity of toluene was also 
injected into the oil used for experiments without the additive. This 
allowed for a proper comparison of results. After preparation, the oil 
sample mixed with chemical additives is subjected to agitation at 70 ◦C 
for 24 h prior to commencing the experiments. 

2.2.2. Addition of chemical additive in n-alkane antisolvents 
In order to avoid the dilution effect on the content of chemical ad

ditive during the titration process, a consistent mass fraction of the 
additive was maintained in the liquid mixture that was in contact with 
the sensor. To accomplish this, the chemical additive was also added to 
the titrant tank. This involved dissolving the necessary quantity of ad
ditive directly into the respective n-alkane (heptane, nonane, or 
dodecane) and subjecting it to ultrasound for 5 min prior to utilization. 

2.2.3. Oil and gas recombination 
Prior to each high-pressure experiment, the pressure within the PVT 

cell was reduced using a vacuum pump, and the cell wall was cooled 
down to 4 ◦C. Simultaneously, the crude oil sample (or the crude oil with 

Table 1 
Selected properties of the Crude Oil sample.  

Properties of the Crude Oil 

Wax Appearance Temperature (◦C) 33 
Density65◦C (Kg.m− 3) 953.8 
Viscosity65◦C (mPa.s− 1) 136.5 
AsphaltenesC7 (wt %) 17.5 
ASI 100 (Passade-Boupat et al., 2013) (C7 wt %) 40–45 
Molecular Weight (g.mol− 1) 268 
Reservoir Temperature (◦C) 108 
Well-head Temperature (◦C) 67 
GORa (Sm (Ansari et al., 2022)/Sm− 3) 80–90  

a GOR of the reservoir fluid. 

N. Acevedo et al.                                                                                                                                                                                                                                



Geoenergy Science and Engineering 237 (2024) 212812

3

the addition of the chemical additive) was heated at a temperature of 
70 ◦C to prevent wax precipitation. Following this, the crude oil was 
introduced into the cell gravimetrically using suction, and the mass of 
the injected crude oil was determined using an analytical balance. Af
terwards, the required amount of gas was injected into the cell at a 
temperature of 30 ◦C using a syringe pump. The mass of the injected gas 
was calculated by converting the volume change of the syringe pump 
into mass, with the density data for the gas obtained from the NIST 
REFPROP software. Finally, the prepared mixture was heated to the 
operating temperature and rapidly brought to the higher pressure of the 
constant mass expansion experiment. At this pressure, the system was 
thoroughly mixed under stirring while continuously monitoring the 
resonant parameters of the quartz senor. This was done to observe the 
equilibration of both the recombined system and the sensor, and most 
importantly, to ensure that the asphaltenes did not destabilize prior to 
the initiation of the depressurization process. 

2.3. Instrumental setup and technique 

Similar to our previous studies (Cassiede et al., 2021a; Carrier et al., 
2021), two different experimental setups utilizing the QCR sensor were 
employed to investigate the destabilization of the sample. These setups 
include an atmospheric-pressure device and a high-pressure PVT cell. 
Both experimental setups employed the same type of sensor, which is a 
thickness shear resonator comprising an AT-cut beveled quartz disk. The 
sensor has a nominal resonance frequency of 3 MHz and a blank diam
eter of 13.6 mm. On the central plano-plano portion of the disk, two 
electrodes were deposited through vacuum evaporation. The deposition 
process involved applying a 10 nm thick layer of titanium as an adhe
sive, followed by a 100 nm thick layer of gold. The objective of both 
apparatus is to record the oscillation parameters of the quartz sensor 
immersed in the studied system in order to calculate the shift in reso
nance frequency (Δfn) and the change in half-band-half-width (ΔΓn)

with respect to initial conditions, which are indicative of the alterations 
in the surrounding medium during asphaltenes destabilization. Using a 
network analyzer, the resonance frequencies fn were measured for 
various overtone (n = 1,3,5 and 7) with an uncertainty of 4 Hz, while the 
resonance half-band half-width Γn (related to resonator damping) was 
determined with a standard uncertainty of 5 Hz. 

The shift in resonance can be primarily attributed to contributions 
from mass loading Δfn,m given by Sauerbrey (1959) law and liquid 
(viscous) loading Δfn,η as described by Kanazawa’s relation (Keiji 
Kanazawa and Gordon, 1985) according to the following combination: 

Δfn = − n 2CmΔm

mass loading
⏞̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅⏞

−
̅̅̅
n

√
Cm(πf0)

− 1/2 ̅̅̅̅̅ρη√

Liquid Loading
⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞

(Eq 1)  

where Cm is the Sauerbrey’s constant, Δm is the estimated deposited 
mass on the quartz active surface, ρη is the density-viscosity product of 
the quartz surface surrounding media, f0 is the fundamental frequency of 
the QCR in air at T = 25 ◦C (2999302 Hz for the sensor used here). On 
the other hand, ΔΓn, which is associated with energy dissipation, is 
predominantly influenced by liquid loading according to the following 
relation: 

ΔΓn =
̅̅̅
n

√
Cm(πf0)

− 1/2 ̅̅̅̅̅ρη√
(1 + R)

Liquid Loading
⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞

(Eq 2) 

Here, R is an empirical correction term that accounts for viscous 
friction on real roughness electrode surfaces. Further details regarding 
the theoretical description of Quartz Crystal Microbalance parameters 
and the model utilized in this study can be found in our previous pub
lications (Daridon et al., 2013, 2020; Acevedo et al., 2020). 

Since the QCR technique relies on the indirect identification of dis
continuities during phase transitions, experiments need to be conducted 
by monitoring the changes in the resonant behavior of the quartz sensor, 
specifically Δfn and ΔΓn, induced by variations in any of the thermo
dynamic variables. In studies conducted under atmospheric pressure, 
the composition of the dead oil is altered by continuously adding an 
antisolvent during titration. In studies conducted under atmospheric 
pressure, the composition of the dead oil is modified by continuously 
adding an antisolvent during titration. Meanwhile, in experiments 
involving a recombined oil + gas system, the variable changed is the 
pressure by performing constant mass expansions starting from the 
higher pressure of the study. The decrease in pressure or the quantity of 
antisolvent needed to reach the detection threshold, commonly known 
as the onset of flocculation, is influenced by both the aging time of the 
system and the sensitivity of the equipment used for detection. The 
lower the sensitivity of the sensor, the later the onset is detected. Hence, 
it becomes crucial to utilize sensors that operate on the scale relevant to 
the phenomena under investigation. In the case of asphaltene, which 
operates on the nanometer scale, the QCR sensor is well suited given its 
operational range in that scale. To address kinetic effects, when using 
techniques sensitive in the micrometer like optical or centrifugation 
methods, Maqbool et al., 2009, 2011 have introduced approaches that 
account for solution aging such as microscopic time detection and 
time-resolved centrifugation. While these techniques haven’t been 
directly applied to QCR sensors, in our investigation of inhibitor effi
ciency involving a comparison with and without inhibitors, we have 
maintained consistent oil disruption kinetics. This involves a depres
surization rate of 0.3 MPa/min and antisolvent addition at 0.25 g/min. 

The crude oil sample under investigation reveals the presence of 
waxes, which possess the potential to precipitate. Such precipitation can 
introduce complications in the indirect detection of asphaltene desta
bilization conducted by monitoring QCR sensors. In order to mitigate 
these potential issues, measurements were carried out at higher tem
peratures that the wax appearance temperature. In any case, in scenarios 
where asphaltene destabilization and wax precipitation could occur 
under study conditions, an effective strategy for differentiating these 
phenomena is to plot the ratio − Δfn/ΔΓn. As the quartz sensor is fully 
immersed in oil, there is no thermal gradient between the sensor surface 
and the surrounding oil and consequently wax deposition does not 
occur. As a result, − Δfn/ΔΓn ≈ 1. Conversely, in the case of asphaltene 
destabilization, deposition occurs, leading to − Δfn

ΔΓn
> 1. Therefore, the 

ratio value proved (Daridon et al., 2020) effective in differentiating 
asphaltene destabilization and wax precipitation. 

2.3.1. Atmospheric-pressure device and titration experiments 
The atmospheric-pressure experimental device has been fully 

detailed in previous works (El ghazouani et al., 2023; Daridon et al., 
2013; Acevedo et al., 2020; Cassiede et al., 2021b; Acevedo et al., 2021; 
Saidoun et al., 2019). It mainly consists of a thermoregulated titration 
cell which contains the quartz sensor fully immersed in the sample fluid 
studied and a magnetic bar for an efficient mixing of the system during 
titrant addition. A peristaltic pump is utilized to ensure a constant flow 
rate of 0.25 g/min for adding the titrant (either n-alkane or n-alkane +
Additive Destabilizing solution). However, the amount of antisolvent 
added is measured by weighing the antisolvent tank. 

Before the titration experiment begins, the temperature of the 
experimental cell was set to 70 ◦C and this temperature was kept con

Table 2 
Composition of the Synthetic Gas, determined by Gas Chromatography.  

Composition of the Synthetic Gas 

Compound Mol % 
N2 4.002 
CO2 9.381 
Methane 53.654 
Ethane 15.698 
Propane 11.569 
Iso-Butane 1.480 
n-Butane 4.216  
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stant during the whole titration. The frequency (fn) and half-band-half- 
width (Γn) for the harmonics n = 3, 5, 7, and 9 of the QCR sensor in air 
are recorded. These measurements provide reference values for the 
resonance properties of the unloaded quartz. Then, the titration begins 
by adding 22.0 g of either Crude Oil or Crude Oil + chemical additives to 
the titration cell. Once the resonance frequency of the sensor reaches a 
stable value within a range of ±1 Hz, the titrant is added by turning on 
the peristatic pump. Throughout the entire experiment, the response of 
the QCR sensor to changes in oil properties is continuously monitored 
and recorded using a Network analyzer. 

To facilitate the comparative analysis with and without the addition 
of a chemical additive in crude oil, the experiments were conducted 
using the same QCR sensor. Therefore, special attention was given to the 
cleaning of the quartz surface. With this objective in mind, after each 
titration experiment, the sensor was washed in pure toluene and placed 
in an ultrasonic bath at 50 ◦C for 10 min to remove any asphaltene 
deposits. Subsequently, it was dried using an inert gas. During the 
washing process and the storage of the sensor between successive ex
periments, any direct contact with the quartz surface was avoided. 
Furthermore, before each new titration experiment, the resonance 
properties of the quartz in air were recorded and compared to the initial 
values. This step was taken to ensure proper cleaning and to verify the 
absence of any damage to the quartz surface caused by bending or 
scratching, which could potentially affect the reference values. 

2.3.2. High-Pressure device and depressurization experiments 
The high-pressure device has been also presented in details in some 

previous works (Carrier et al., 2021; Daridon et al., 2020; Cassiede et al., 
2021b; Saidoun et al., 2019; Cardoso et al., 2014). It consists of a PVT 
cell with a movable piston that allows for varying pressure from 0.1 to 
1000 bar. This volumetric cell is equipped with a precise position sensor 
that enables the recording of volume variations with a relative uncer
tainty of 0.05%. Inside the cell, a quartz crystal disk is integrated using 
HP electrical feedthroughs. This sensor is fully immersed in the sample 
fluid under study, which is homogenized by two magnetic stirring bars 
placed inside the cell. To measure the pressure of the fluid, a pressure 
gauge is employed in direct contact with the fluid within the cell, 
ensuring that no part of the fluid is isolated from the sensing area. The 
pressure gauge is calibrated against a primary standard pressure sensor, 
providing an accuracy of better than 0.02% within the pressure range of 
0.1–100 MPa. Furthermore, to maintain a constant temperature, a 
heat-carrier liquid is circulated through channels arranged in the vessel 
wall. This heat-carrier liquid is connected to a thermostat bath circu
lator. Temperature measurements are carried out using a platinum 
resistance implanted in the body of the PVT cell, with an uncertainty of 
better than 0.1 K. Additionally, a vacuum pump and a syringe pump are 
connected to the setup to allow for the recombination of the oil and gas 
as detailed in the previous section. 

After preparing the oil and gas mixture and allowing it to reach 
equilibrium, the depressurization experiment commences by gradually 
expanding the volume of the cell at a constant depressurization rate of 3 
bar/min. Throughout the depressurization process, the sensor’s signal is 
continuously monitored to calculate the shifts in resonance frequency 
and half-band-half-width for the fundamental and three overtones (3rd, 
5th, 7th). Simultaneously, the pressure, volume, and temperature of the 
fluid inside the cell are measured and recorded. These data are used to 
plot the changes in resonance frequency, dissipation, and volume as a 
function of pressure. These plots help identify any anomalies or trends 
indicative of phase transitions. 

The resonant frequencies and half-band-half-width values in air are 
also recorded at each temperature prior to every experiment. These 
measurements serve to calculate the shift in resonant properties result
ing from full immersion in the high-pressure fluid. Subsequently, the 
hydrostatic effects on resonance frequency (Cassiède et al., 2010) (Δfn,P) 
are subtracted from Δfn to isolate the influence of fluid contact on the 
quartz surface, allowing for an accurate observation of changes in both 

resonant frequency and damping. Moreover, following this correction, 
the change in resonance frequency (Δfncorr) caused by fluid load becomes 
comparable to studies conducted at atmospheric pressure, enabling the 
use of the same equations (Eqs. (1) and (2)). Similarly, to the atmo
spheric studies, the high-pressure experiments are repeated under the 
same operational conditions, both with and without the presence of 
chemical additives. By directly comparing the resulting curves with and 
without the additive, the performance of the additive at different con
centrations can be evaluated. 

3. Results and discussion 

3.1. Atmospheric-pressure dead crude oil destabilization 

To assess the impact of the chemical additive on the destabilization 
of asphaltenes, titration experiments were first carried out at atmo
spheric pressure at 70 ◦C using a fully immersed QCR. Different n-al
kanes were employed as titrants on the dead crude oil sample, both with 
and without the additive. Initially, the concentration of the additive was 
evaluated using n-heptane as the titrant. Subsequently, the effect of the 
additive in the presence of different destabilizing agents was examined 
using n-nonane and n-dodecane, and the results were compared with 
those obtained using n-heptane. 

3.1.1. Additive concentration effect 
The destabilization of the crude oil sample was achieved using n- 

heptane as the destabilizing agent, and it was monitored using the sensor 
response. Fig. 1 shows the frequency shifts of the 3rd harmonic (Δf3) and 
the deposited mass (Δm) during the titration of the dead crude oil, both 
with (dotted curves) and without the chemical additive (solid curve). In 
this figure, the frequency shifts were directly obtained by subtracting the 
frequency measured at initial conditions (pure oil sample after stable 
signal) and the frequency measured at each composition value during 
titration. On the other hand, Δm was calculated from the slope of the 
plot of Δfn/

̅̅̅
n

√
versus 

̅̅̅
n

√
the square root of the harmonic number ac

cording to Eq. (1). 
It can be seen in Fig. 1a that the frequency shift initially increases as a 

result of the viscosity and density reduction caused by adding n-heptane 
to the system. As Subsequently, a progressive reduction of the signal is 
observed as the sample destabilization begins, followed by a sudden 
decrease in the signal, indicating the deposition of unstable asphaltenes 
on quartz surface. This trend is further supported by the Δm plot in 
Fig. 1b, where it can be observed that shortly after reaching the 
composition of 60 mol% of C7, there is a significant increase in the 
amount of deposited material, corresponding to the precipitated 
asphaltenes. 

When comparing the response of the sensor with different additive 
concentrations in Fig. 1a and b, it becomes evident that at a low con
centration (200 ppm), the sensor cannot detect any significant differ
ence in the onset of destabilization (60 mol% C7) or in the deposited 
mass compared to the sample without the additive (represented by the 
black continuous curve). However, when the additive concentration is 
increased to 2000 ppm, an improvement in the stability of the mixture is 
observed. This improvement is reflected in the increased amount of 
titrant required for destabilization, which rises from 60 to 63 mol%. It is 
important to note, though, that there is no reduction in the amount of 
deposited material at the end of the titration, which corresponds to 85 
mass% of titrant added. 

In a previous publication (El ghazouani et al., 2023), similar results 
were obtained in a titration of a crude oil with n-heptane using an ad
ditive at various concentrations. At a low concentration of additive (300 
ppm), a negative (almost zero) deposition inhibition efficiency 
(− 5.91%) was observed, whereas at higher concentrations of additive, 
such as 3000 ppm, the inhibition efficiency increased to 61%. However, 
in the system studied here, the additive does not inhibit the deposition of 
asphaltenes but instead increases the system’s stability by delaying the 
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onset of destabilization. 

3.1.2. Additive effect on different destabilizing agents 
Based on the previous results, the effect of the additive was evaluated 

on different destabilizing agents using a working concentration of 2000 
ppm. Fig. 2 presents a comparison of the frequency shifts of the 3rd 
harmonic (Δf 3) and the deposited mass (Δm) during the titration of the 
dead crude oil with different n-alkanes: n-heptane (represented by 
black-gray curves), n-nonane (represented by yellow curves), and n- 
dodecane (represented by blue curves), with and without the additive 
(represented by dotted and plain curves, respectively). 

When comparing the effect of the n-alkane used for destabilization 
(in chain length range: C7–C12), it can be observed that as the carbon 
chain size increases, the destabilization onset (DO, expressed in mol% of 
n-alkane) decreases as well. Although destabilization begins earlier for 
dodecane than heptane, fewer asphaltenes are destabilized (Fig. 2b) and 
consequently, deposition appears less severe with increasing the carbon 
number in the n-alkane chain, being the deposition tendency C12 < C9 
< C7. These results are consistent with those reported previously (Calles 
et al., 2008; Hu and Guo, 2001), where the amount of precipitated 
asphaltenes using different n-alkanes decreased with an increase in the 
carbon number. 

Furthermore, the results in Fig. 2 indicate that the effect of the ad
ditive on the destabilization onset remains consistent, resulting in an 
increase of 3 mol% of titrant for the Destabilization Onset (DO) 
regardless of the n-alkane used. Moreover, there is no significant 
reduction in the amount of deposited material observed at the end of the 
titration. 

3.2. Depressurization of the recombined live crude oil 

For the depressurization experiments, three temperatures (65 ◦C, 
85 ◦C, and 108 ◦C) were studied based on the operating temperatures 
shown in Table 1. Five compositions were examined for the system 
Crude Oil + Gas and Oil/Additive + Gas: 20, 41, 54, 65, and 68 mol% of 
gas. Similarly to the previous section, concentrations of 200 and 2000 
ppm were used for the additive in the Oil + Additive samples. The de
terminations of the liquid-vapor saturation pressure (Psat) correspond
ing to either L/L + V or L + A/L + A + V transitions, as well as the upper 
asphaltenes instability pressure (UAIP) corresponding to asphaltene 
separation from the liquid phase L/L + A, were performed by analyzing 
the Δf 3corr and ΔΓn vs. P curves during the depressurization, as reported 
in previous works (Daridon et al., 2020; Saidoun et al., 2019), in this 
analysis, Δfncorr represents the value of Δfn corrected by subtracting the 
change in frequency due to pressure effect (Δf 3,P). As an example, Fig. 3 
illustrates the depressurization of the Crude Oil + Gas system (65 mol 
%). The deviation from the linear trend in the signal of (Δfncorr is 
considered as the UAIP, as it has been demonstrated to indicate the 
appearance of unstable asphaltenes in previous studies works (Saidoun 
et al., 2019; Daridon and Carrier, 2017). It can be seen in this figure that 
the sensor demonstrates a substantial response (2500 Hz) to asphaltene 
separation, which is most pronounced at the saturation point. At this 
point, a sharp change occurs, highlighted by an angular point, revealing 
the appearance of bubbles in oil + destabilized asphaltenes systems. 

The values of upper asphaltenes instability pressure and liquid-vapor 
saturation pressure obtained for the system at the three temperatures 
were plotted in the P,x phase diagrams shown in Fig. 4 it can be seen that 
by increasing the amount of gas in the system the UAIP rises whatever 
the temperature investigated. This indicates that the risk of asphaltenes 

Fig. 1. QCR titration curves for the Crude Oil (− ) and Oil + Additive Mixtures (Oil + Add) at different concentrations: (●) 200 ppm and ( …) 2000 ppm. a) Frequency 
shifts (Δf3) of the third harmonic and b) Deposited Mass (Δm) on the quartz surface vs composition of n-heptane. 

Fig. 2. QCR titration curves for the Crude Oil (− ) and Oil + Additive Mixture 2000 ppm with different n-alkanes as destabilizing agent: n-heptane (Black curves), n- 
nonane (yellow curves) and n-dodecane (blue curves). a) Frequency shifts (Δf3) of the third harmonic and b) Deposited Mass (Δm) on the quartz surface vs 
composition of n-alkane. 
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destabilization increases with higher gas content in the system. By 
extrapolating the linear trend of the UAIP (—) until it intersects with the 
Psat curve (represented by black ●), the minimum gas content required 
to destabilize asphaltenes in solution was estimated. For the system 
without Additive, the estimated values range between 59 and 62 mol% 
of gas. The use of Additive at low concentration (200 ppm) has no effect 
on the values of UAIP, confirming the results obtained at atmosferic 
pressure. However, at a concentration of 2000 ppm, there is a decrease 
observed in the UAIP at all temperatures studied. As a result, the 

intersection with the Psat curve is altered, requiring an increased 
amount of gas (2–4 mol%) to destabilize asphaltenes. This indicates that 
the Additive interacts favorably with the asphaltenes in solution, 
keeping them in a stable state even at higher gas compositions. Of 
course, due to the small quantities incorporated, the addition of addi
tives at these levels has no effect on the liquid-vapor saturation curve. 

The effect of the addition of the chemical additive in recombined oil 
even more noticeable when looking at the pressure rather than the shift 
in injected gas content. For this reason, the reduction in UAIP due to the 

Fig. 3. Saturation Pressure (Psat) and UAIP determination from the Δf 3corr values during depressurization of the system Crude Oil + Gas (65 mol%) at 108 ◦C.  

Fig. 4. Pressure vs composition phase diagrams for recombined Oil + Gas (blue ●), Oil + Additive (200 ppm) + Gas (yellow ▴) and Oil + Additive (2000 ppm) + Gas 
(red ▴) at 65 (a), 85 (b) and 108 ◦C (c). 

Fig. 5. Pressure vs Temperature diagrams for recombined Oil + Gas (blue ●) and Oil + Additive + Gas (red ▴). a) 65 and b) 68%mol gas.  
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addition of the Additive at a concentration of 2000 ppm, for the tem
peratures studied, is presented in Fig. 5a and Fig. 5 b, which represent 
Pressure vs Temperature diagrams for 65 mol% gas and 68 mol% gas, 
respectively. 

In the case of 65 mol% gas, the asphaltenes instability domain is 
reduced by approximately 42%, occurring around 80 bar. However, for 
68 mol% gas, the reduction occurs at around ~60 bar, resulting in only a 
19% decrease. This indicates that the effectiveness of the Additive is 
dependent on the composition of the system. At higher gas concentra
tions, the impact of the additive is less pronounced. 

As in the case of atmospheric pressure titrations, the estimation of 
the deposited mass (Δm) on the sensor during the depressurization 
experiment was made possible through the analysis of multiple har
monics. The plots of obtaned Δm vs P can be found in the supporting 
information. 

Table 3 presents a comparison of the maximum value of Δm (Δm 
Max) for the system with and without Additive during the depressur
ization for compositions of 65 mol% and 68 mol% gas at different 
temperatures. It is evident from these figures that the Additive not only 
reduces the asphaltenes instability domain but also significantly de
creases the amount of asphaltenes deposited on the sensor. The reduc
tion is more pronounced at low gas composition (65 mol% gas) 
compared to 68 mol% gas, where the reduction ranges from 23% to 
52%. 

These results are fully consistent with those obtained at atmospheric 
pressure (see Fig. 2), where the additive has a greater impact on 
reducing the amount of deposited asphaltenes on the sensor at concen
trations closer to the destabilization onset (DO). However, for higher 
concentrations of the destabilizing agent, this reduction is not 
significant. 

3.3. Comparison of high pressure with atmospheric pressure experiments 

The results obtained from both sets of experiments, atmospheric 
pressure titration of the dead crude oil and isothermal depressurization 
of the recombined oil using the QCR technique to evaluate the effect of 
an additive on asphaltenes destabilization, show good correlation be
tween them. These experiments provide consistent qualitative and 
quantitative insights into the influence of the chemical additive on 
asphaltene destabilization. Firstly, the results indicate that the addition 
of the additive at a low concentration (200 ppm) does not influence 
enough asphaltenes destabilization or deposition to be detectable by the 
quartz sensor. However, at a higher concentration (2000 ppm), there is a 
notable increase in the stability of asphaltenes in the crude oil, resulting 
in a delay in the onset of destabilization during titration or constant 
mass expansion experiments. This effect is observed regardless of the 
destabilizing agent used, whether it is C7, C9, or C12 for atmospheric 
pressure titration, or a Synthetic Gas mixture (C1+C2+C3+C4 = 87%, 
CO2+N2 = 13%) for depressurization experiments. 

Secondly, it was seen in both cases that the addition of the chemical 
additive leads to a significant reduction in the amount of asphaltenes 
deposited on the QCR sensor in proximity to the destabilization 

threshold conditions. However, whether at atmospheric or high pres
sure, as the concentration of the antisolvent increases, the decrease in 
deposition becomes less pronounced, eventually becoming negligible for 
a highly destabilized system (>75 mol% n-alkane). These observations 
can be interpreted in two ways.  

i. The concentration of the additive may be insufficient compared to 
the total amount of asphaltenes far from the onset, resulting in the 
additive being unable to interact with the newly formed aggregates 
once the unstable asphaltenes exceed its capability. It is important to 
note, however, that while this situation could potentially occur 
during depressurization experiments, which are conducted at a 
constant mass, it is less likely to happen during titration in atmo
spheric pressure experiments. In the latter case, efforts were made to 
maintain a constant additive concentration in order to avoid dilution 
bias. This was achieved by continuously increasing the amount of 
additive in the system with the addition of the destabilizing agent. 
Consequently, in this case there is always a renewal of free chemical 
additive that can interact with the asphaltenes likely to destabilize 
far from the threshold. 

ii. ii. The additive selectively interacts with a small fraction of asphal
tenes, specifically targeting the most unstable ones. This interaction 
prevents their destabilization and deposition, consequently delaying 
the onset of destabilization to higher concentrations of the titrant. 
However, when the concentration of the destabilizing agent reaches 
a certain threshold, the more stable asphaltenes destabilize inde
pendently, without any affinity for the additive. Consequently, these 
asphaltenes aggregate and deposit on the QCR sensor, resulting in no 
discernible difference in mass between the destabilization of an 
additive-free oil and an oil + additive mixture. 

The latter scenario is not surprising considering the high poly
dispersity of asphaltenes. This polydispersity leads to varying degrees of 
interaction between chemical additives and different fractions of the 
asphaltenes. In their publication, Subramanian et al. demonstrated that 
only a small fraction (approximately 6%) of the studied asphaltenes 
strongly interacts with a commercial fatty-alkylamine inhibitor. This 
proportion of interacting species was found to be higher in the sub- 
fraction of irreversibly-adsorbed asphaltenes, which mainly consists of 
acidic asphaltenes (Subramanian et al., 2018b). Fig. 6 illustrates the 
interaction strength of the additive with the asphaltenic fraction of the 
crude oil studied here. 

4. Conclusions 

A comparison was conducted to evaluate the effect of an additive on 
asphaltenes destabilization using two different experimental setups: 
atmospheric pressure titration of dead crude oil and depressurization of 
recombined live crude oil using a fully immersed Quartz Crystal Mi
crobalance (QCR). The obtained results showed a strong correlation 
between the two sets of experiments for the additive and the system 
under study. At a low additive concentration (200 ppm), no significant 
effect on asphaltenes destabilization or deposition was observed. How
ever, at a higher concentration (2000 ppm), the additive acted as a 
retardant, delaying the destabilization process and increasing the 
amount of antisolvent required destabilizing agent required for initiate 
destabilization by approximately 3 mol%, regardless of the n-alkane 
used (C7, C9, or C12) for atmospheric pressure titration or Synthetic Gas 
for depressurization experiments. Regarding the deposition of unstable 
asphaltenes, the use of the additive led to a substantial reduction in 
deposited material during the early stages of destabilization. However, 
this effect became less pronounced as the content of the destabilizing 
agent increased. This indicates that the additive primarily interacts with 
the most unstable asphaltenes, which constitute only a small fraction of 
the total asphaltene content in the oil. 

These findings suggest that atmospheric pressure titrations with n- 

Table 3 
– Comparison of the Maximum Deposited Mass (Δm Max) during depressur
ization experiments between the pure oil and the oil + Additive mixture at 65 
and 68 mol % Gas.  

Composition (mol% 
Gas) 

Temperature 
(◦C) 

Δm Max (g.m− 2) Reduction 
(%) 

Oil Oil +
Additive 

65 65 0.68 0.24 66.20 
85 0.47 0.09 80.85 
108 0.26 0.02 92.31 

68 65 0.81 – – 
85 0.66 0.51 22.73 
108 0.54 0.26 51.85  
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alkanes can be extrapolated to isothermal depressurization experiments 
with live crude oil, which provide more representative conditions for 
oilfield applications. Nevertheless, there remains uncertainty in pre
dicting field inhibitor performance based on laboratory testing alone. 
Therefore, future studies using different additives and crude oil samples 
are necessary to confirm the effectiveness of this approach. 
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