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ABSTRACT.  

A quartz crystal resonator (QCR) was employed to assess the ability of C5Pe model asphaltene 

compound to form nanoaggregates in toluene and bigger flocs that adsorb on the QCR surfaces 

at higher concentration of flocculating agent. To allow comparison with real asphaltenes, 

experiments have been conducted in the same conditions on PetroPhase 2017 asphaltenes. First, 

the resonance properties of a QCR fully immersed in C5Pe/toluene solution were monitored 

during an isothermal titration experiment performed with n-heptane at atmospheric pressure. 



Then, constant mass expansion experiments were carried out to evaluate whether C5Pe 

precipitate during isothermal depressurization of C5Pe/toluene + CH4 systems with various CH4 

contents. The comparison between C5Pe and PetroPhase 2017 asphaltenes clearly revealed the 

propensity of C5Pe to self-associate in the presence of a flocculating agent whereas it shows a 

lower tendency than asphaltenes to deposit on gold surfaces. 

1. INTRODUCTION 

Crude oil production and transport pose intricate problems related to indigenous components in 

the crude oil and their interactions. These problems must be solved in order to guarantee a safe 

and regular production and transport. Major problems in the production chain concern 

deposition issues in the reservoir and on production facilities1-3 together with separation of 

water and crude oil when oil is contacted with water.4 W/O emulsions and the buildup of gel-

like plugs with a high emulsified water content are issues of concern to disturb the flow pattern. 

All these phenomena can be traced back to the indigenous crude oil components able to stabilize 

emulsions. Hence it is of paramount importance to identify these species and to characterize 

them with regard to structure and chemistry. The major problem is that crude oils are a mixture 

of many different organic compounds and hence the identification of well-defined families is 

difficult. This hampers the discovery of clear structure-property relationships. A convenient 

way out of this dilemma is to synthesize organic molecules with a chemical structure averaging 

that of indigenous crude oil components and similar properties.5 This strategy has for instance 

been successful to understand the interfacial,6,7 self-association,8-13 and flocculation14 properties 

of asphaltenes. In this paper this concept has been further developed to study asphaltene 

precipitation and deposition under realistic production conditions. 

The molecule investigated here is C5Pe which is an abbreviation of N-(1-hexylheptyl)-N’-

(5-carboxylicpentyl)perylene-3,4,9,10-tetracarboxylic bisimide, which belongs to the perylene 

group introduced and studied by the group in Trondheim.15 This molecule incorporates a fixed 



hydrophobic moiety with a branched alkyl chain attached to a polyaromatic core (perylene) and 

with an acidic end group. In this way the molecule can mimic central interactions from the 

indigenous asphaltene molecules. These interactions are hydrogen bonding (due to the acidic 

group), pi-pi interactions (due to the aromatic core) and finally van der Waals interactions (due 

to the hydrocarbon chain).16,17 All these interactions are central in crude oil media and can 

explain association and deposition phenomena of the asphaltene molecules18,19 together with 

their interactions with other crude oil components. Although they present similarities in 

functionality, the differences in chemical structure between our single model compound and 

polydisperse natural asphaltenes can lead to differences in the extent of molecular aggregation 

in organic solvents.20,21  

Asphaltenes in solution present complex properties with at least two self-association scales. 

First, asphaltenes self-associate to form nanometer-sized aggregates even in good solvents like 

toluene.22 The size of these aggregates depends on the solvation state of asphaltenes as well as 

external parameters like temperature and pressure. Various models have been suggested to 

describe the structure of these aggregates.23,24 Secondly, asphaltenes nanoaggregates destabilize 

to form aggregates of nanoaggregates (clusters) when the asphaltene solvation is reduced. This 

can happen when the pressure is reduced during oil production25 and/or the oil is mixed with an 

incompatible fluid such as aliphatic solvent26,27 or CO2.
28 The flocculation kinetic is generally 

described by the diffusion-limited or reaction-limited cluster aggregation (DLCA or RLCA) 

models.29 

Existing approaches used to sense the sizes of asphaltene aggregates in solution include 

optical microscopy,30-32 light scattering33 and UV-VIS spectroscopy34. In some cases the weak 

transmitted light through the sample can make the detection of asphaltenes challenging. As 

C5Pe model compound presents strong fluorescent intensity, C5Pe adsorption studies on 

polymer brush surfaces have been carried out by fluorescence microscopy.35 However, the low 



fluorescent intensity of natural asphaltenes prevents the correct determination of asphaltene 

adsorption amount by this technique. Therefore, alternative techniques which allow direct 

detection of asphaltene adsorption on inorganic surfaces are preferred. Among them, 

ellipsometry has been used to measure the thickness of asphaltenes films adsorbed on glass 

plates36 and in another study, Wang et al.20 characterized adsorption of C5Pe on mica surfaces 

in both toluene and heptane by a surface forces apparatus and obtained topographic images of 

the deposit by atomic force microscopy. Film thickness measurements were also performed in 

parallel on silicon wafers by ellipsometry. After comparing the results with those obtained on 

asphaltenes extracted from Athabasca bitumen (Alberta, Canada), they concluded that the 

asphaltenes and C5Pe model compound showed similar adsorption behavior to mica surfaces 

whereas much stronger aggregation of asphaltene molecules than C5Pe was observed, which 

was explained by the more complex nature of asphaltene molecules. Although these detection 

techniques are sensitive in the nanogramme range, they require that film thickness 

measurements are carried out at pre-defined times. To allow continuous monitoring of 

adsorption phenomena, other methods based on thickness shear mode resonators have been 

proposed.37-41 These sensors are highly sensitive to their surrounding media and although their 

potential applications are difficult to extend to downhole measurements, they are in contrast 

very efficient in routine laboratory testing techniques to analyse the risk of asphaltene 

deposition and to evaluate the effectiveness of chemical inhibitors.42 Therefore, quartz crystal 

resonators (QCR) have been extensively used43-47 to study the deposition of asphaltenes 

destabilized in mixtures of aromatic solvents and light n-alkanes. These sensors have the 

potential to be used under high pressure conditions28,41,48-51 and allow detecting the formation 

of the first asphaltene nanoaggregates with a size of 0.7 nm that form a monolayer on gold 

electrode surfaces.48 The QCR device can be used to measure asphaltene aggregates formed in 

good solvent, with characteristic sizes of 3-10 nm22 and bigger flocs of micrometer size which 



are formed during the flocculation. However, the calculated amount of deposited asphaltene is 

sometimes larger than the actual value obtained from other techniques when the adsorbed film 

becomes viscoelastic.52 For this reason further analysis of the resonance curves on several 

harmonics is necessary to measure the amount of asphaltenes deposited on gold surfaces using 

the QCR. In addition, as the damping of the shear wave generated by the quartz crystal depends 

on the viscosity and density of the contacting liquid, it is also sensitive to the phase changes 

occurring in binary systems composed of a crude oil and a gas. Among the potential 

applications, the QCR has been used to construct the phase diagram for different CO2/crude oil 

system including the liquid-vapor phase transition and the asphaltene instability envelope.28,48 

In order to determine the behavior of the model molecule under realistic p and T conditions 

we have undertaken atmospheric and high pressure QCR measurements. It consists in 

monitoring in real-time the changes in resonance properties of a quartz crystal sensor fully 

immersed in a C5Pe + toluene solution which has been destabilized with a flocculating agent. 

In the first part of this work that concerns ambient conditions, a continuous titration experiment 

with n-heptane of a C5Pe + toluene sample was performed and the n-heptane molar content at 

which C5Pe flocs start to appear was determined. In the second part the response of the quartz 

crystal sensor immersed in a C5Pe + toluene solution with various contents of injected CH4 was 

studied during isothermal constant mass expansion (CME) experiments. These experiments 

were carried out using a high-pressure PVT cell with a quartz crystal shear mode resonator 

inside. The pronounced effects observed on the QCR response allowed to probe destabilization 

of either asphaltenes or C5Pe model molecules during a pressure scanning. This work also 

consists in comparing the results on C5Pe with real asphaltenes. For that purpose, PetroPhase 

2017 asphaltenes (asphaltenes specially prepared for the 2017 PetroPhase conference) were 

chosen as they were thoroughly studied by several research groups,53-59 and this way could 



assess the ability of C5Pe to correctly represent the properties of asphaltene molecules under 

precipitation and deposition conditions.  

 

2. EXPERIMENTAL SECTION 

2.1. Chemicals and Materials. Samples of C5Pe molecules and PetroPhase 2017 asphaltenes 

were tested in this work. C5Pe was prepared according to the procedure by Nordgård et al.6 

PetroPhase 2017 asphaltenes were isolated from a Middle Eastern heavy crude oil, provided by 

Total, using standard ASTM D6560-12 method.60 Toluene was used as the solvent of both 

compounds, whereas heptane was chosen as a titrant to generate flocculation. Both solvent and 

titrant were acquired from Fisher Sc. with a purity better than 99 % and were used without 

further purification. The CH4 used in this work was purchased from Linde with a given purity 

better than 99.995 %. 

 

2.2. Instrumental Setup. The two apparatus used for monitoring the resonance properties of 

the QCR at atmospheric pressure and under high pressure were already presented in previous 

works.38,49,50 

2.2.1. Atmospheric pressure device. The apparatus mainly consists of a titration vessel and a 

flow titrant system. The titration cell, illustrated in Figure 1, is made up of a double wall glass 

cylinder. The interior cylinder presents two different diameters at the bottom and at the top. 

Titration is achieved from 0 to 90 % in a single run. A magnetic stirring bar rotating 

continuously into the sample allows stirring of the mixture. The vessel is closed by a cap with 

two electrical connections which are used to hold the QCR at the bottom of the cell. A heat-

carrier fluid circulates between the two cylinders to regulate the temperature of the system. All 

experiments have been conducted at 298.15 K. Titrant is displaced from its bottle to the 

measurement cell by a peristaltic pump. The feed tube dips into the cell to inject titrant in the 



vicinity of the resonator. Mass change is monitored during pumping by placing the titrant bottle 

on a balance.  

 

Figure 1. Scheme of the titration cell: (1) sealing cap, (2) electrical connector pins, (3) QCR, 

(4) magnetic stirring bar, (5) flow line for heat-carrier fluid circulation, (6) liquid solution, (7) 

double wall glass cyclinder. 

 

2.2.2. High-pressure device. The apparatus is built around a PVT automatic moving piston cell, 

whose compression chamber is illustrated in Figure 2, and which allows working in the pressure 

range 0-100 MPa and from 273.15 to 393.15 K. The pressure inside the cell is controlled by a 

moveable piston and is measured by a pressure transducer directly in contact with the fluid 

inside the PVT cell. Calibration is performed as a function of temperature against a reference 

pressure sensor, leading to an error in pressure measurement of less than 0.05 MPa in the 

experimental pressure range 0.1-100 MPa. The temperature is measured by a platinum 
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resistance sensor inserted in a thermowell accomodated inside the cell, with an uncertainty 

better than 0.1 K. Two HP electrical feedthroughs allow the QCR to be used in high pressure 

conditions and two spherical Teflon-coated magnetic stirrers externally driven by a rotating 

magnet allow in situ stirring inside the cell. This device has been used for isothermal constant 

mass expansion experiments.  

 

 

Figure 2. Scheme of the PVT measurement cell: (1) electrical connector pins, (2) high pressure 

plug, (3) QCR, (4) protective grid, (5) pressure transducer, (6) temperature probe, (7) mobile 

piston, (8) hole for heat-carrier fluid circulation, (9) flow line for gas injection, (10) flow line 

for solution injection. 

2.2.3. QCR sensor. In both devices, a highly polished AT-cut quartz crystal with a nominal 

frequency of 3 MHz is used as a sensor. It is connected to a network analyzer that records the 

complex scattering parameters 𝑆11. The conductance 𝐺 and susceptance 𝐵 are then calculated 

according to the following relation: 
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𝐺 + 𝑖𝐵 =
1

𝑍0

1−𝑆11

1+𝑆11
          (1) 

where 𝑍0 is the characteristic impedance of the network analyzer, which is equal to 50 Ω. For 

odd harmonics ranging from 1 to 11, the conductance spectra recorded using 1601 points around 

a maximum allow determining both the resonance frequencies 𝑓, with an uncertainty of 4 Hz 

and half-band-half-widths Γ, with an error of less than 5 Hz, by noting the maximum and the 

bandwidth at half-maximum of the conductance spectrum. The shifts in resonance frequency 

Δ𝑓 and half-band-half-width ΔΓ from the values measured in vacuum at the same temperature 

are then evaluated. 

 

2.3. Sample preparation. A C5Pe + toluene solution was prepared by dissolving 25 mg of 

C5Pe with 500 mL of toluene (corresponding to a mass concentration of 0.05 g/L), put in 

ultrasonic bath for 10 min and agitated for 24 hours. This concentration was chosen because it 

is close to the saturation concentration of C5Pe in toluene. Prior to carrying out any 

measurement, it was checked by microscopy that the C5Pe sample was well dissolved in 

toluene. In addition, 1H NMR analysis showed that the positions of peak clusters in the spectrum 

of a solution C5Pe + CDCl3 measured with a 400 MHz spectrometer were similar to those 

obtained from a reference spectrum, which revealed that C5Pe sample had not changed from 

the time it was synthesized. The 1H NMR spectrum can be found in the Supplementary Material. 

 

2.4. Experimental procedure.  

2.4.1. Titration experiments. A volume of 19 cm3 of solution is transferred in the titration cell 

and the sensor is then immersed in the C5Pe/toluene solution, while the solution is kept agitated 

thoroughly by the stirrer in the bottom of the cell. A period of 2 hours is generally required for 

the resonance frequency of the sensor to reach a stable value due to adsorption kinetic and film 



formation occurring on the sensor surface. Once steady state is reached, n-heptane titration 

starts with a flow rate of 0.25 g/min.  

2.4.2 Pressure scanning experiments. A given amount of solution is transferred at atmospheric 

pressure to the PVT cell at 298.15 K. Different volumes of compressed methane are then 

injected into the cell and for each methane molar fraction, successive isothermal constant mass 

expansion experiments are performed on the same mixture in order to measure the bubble point 

pressure of the system and to examine if destabilization may occur during depressurization. The 

bubble point pressure of each system is determined by noting a rupture in both resonance 

frequency and dissipation curves49 which coincides with the sharp break observed in the 

pressure-volume data that is also recorded. 

 

3. THEORY 

In a model developed in a previous work,61 a real QCR immersed in a Newtonian liquid is 

considered as an ideal sensor with smooth surfaces coated with a thin elastic layer of thickness 

ℎ𝑙𝑎𝑦𝑒𝑟. The presence of this virtual layer takes into account all the interfacial factors occurring 

at the electrode-solution interface, including adsorption of molecules on the resonator surface, 

slippage and roughness. By assuming an asphaltene solution as a Newtonian liquid and by 

considering additivity of mass deposition on electrode surface with interfacial phenomena, the 

shifts in resonance frequency Δ𝑓𝑛,𝑙𝑜𝑎𝑑 and half-band-half-width ΔΓ𝑛,𝑙𝑜𝑎𝑑 caused by the QCR 

immersion can be expressed as a linear combination of Sauerbrey and Kanazawa type terms : 

Δ𝑓𝑛,𝑙𝑜𝑎𝑑 = −𝑛2𝐶𝑚𝜌𝐷(ℎ𝑙𝑎𝑦𝑒𝑟 + ℎ𝐷) − √𝑛
𝐶𝑚

√𝜋𝑓0
√𝜌𝑙𝜂𝑙   (2) 

ΔΓ𝑛,𝑙𝑜𝑎𝑑 = √𝑛
𝐶𝑚

√𝜋𝑓0
√𝜌𝑙𝜂𝑙(1 + 𝑅)     (3) 

where 𝜌𝐷 and ℎ𝐷 represent the density and the thickness of the deposited asphaltene layer on 

electrode surface, ℎ𝑙𝑎𝑦𝑒𝑟 is the theoretical thickness of the layer that accounts for interfacial 

phenomena, 𝑛 is the overtone number, 𝑓0 is the fundamental resonant frequency of the quartz 



resonator in vacuum, 𝜌𝑙 and 𝜂𝑙 are the density and viscosity of the contacting solution, and 𝐶𝑚 

is the Sauerbrey’s coefficient. 

𝐶𝑚 = 2
𝑓0
2

√𝜌𝑞𝜇𝑞
          (4) 

In this expression, 𝜌𝑞 and 𝜇𝑞 are the density and shear modulus of quartz, respectively. The 

parameter 𝑅 that appears in the half-band-half-width expression (eq 3) is a dimensionless 

coefficient related to the surface morphology through the rheological properties of the virtual 

layer, and is independent of pressure.51 In this model, as the thickness ℎ𝑙𝑎𝑦𝑒𝑟 can appear 

negative if slipping of molecules is dominant over adsorption or mass deposition phenomena, 

its value should be determined and serve as a correction term to obtain the real thickness of the 

deposited asphaltene layer ℎ𝐷. 

 

4. RESULTS AND DISCUSSION 

4.1. Precipitation of C5Pe and asphaltenes with heptane. Shifts in frequency 

corresponding to different harmonics recorded during titration of the C5Pe/toluene (0.05 g/L) 

system are presented in Figure 3. For each harmonic, titration curves first increase because of 

the reduction in viscosity caused by the addition of n-heptane, as observed with the titration of 

pure toluene presented in a previous work.38 At a n-heptane molar percentage of around 40%, 

the shifts in frequency start deviating from the linear behaviour and then start decreasing from 

around 55% of titrant content. Typical curves of the changes in half-band-half-width versus the 

molar fraction of the added titrant since the beginning of the titration experiment are given for 

various overtones in Figure 4. In the same way as frequency curves, changes in dissipation 

curves are divided into two parts. In the first part, dissipation smoothly decreases because of n-

heptane dissolution, whereas, in the second part, it increases as a result of C5Pe precipitation.   



  

Figure 3. Shifts in resonance frequency of different harmonics recorded as a function of 

heptane molar fraction during titration of the C5Pe + toluene (0.05 g/L) system at 298.15 K and 

0.1 MPa. ●, 3rd harmonic; ▲, 5th harmonic; ■, 7th harmonic; ●, 9th harmonic. 

 
 

 
Figure 4. Changes in half-band-half-width of different harmonics recorded as a function of 

heptane molar fraction during titration of the C5Pe + toluene (0.05 g/L) system at 298.15 K and 

0.1 MPa. ●, 3rd harmonic; ▲, 5th harmonic; ●, 7th harmonic; ▲, 9th harmonic. 
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From this behaviour, it can be concluded that C5Pe in solution destabilize and form 

aggregates. This phenomenon is probed either by the change in the frequency shift or the 

bandwidth increase of the QCR immersed in solution. In order to compare these observations 

with the QCR response to asphaltene destabilization, a titration experiment was carried out in 

the same conditions of temperature and titration kinetics with a real asphaltene/toluene system. 

By following the same protocol as for the C5Pe/toluene system, a solution composed of 

PetroPhase 2017 asphaltenes and toluene with the same mass concentration of 0.05 g/L was 

prepared and n-heptane titration experiment was repeated. Figure 5 reveals that the titration 

curves in frequency on the different harmonics deviate to the normal behaviour at a lower n-

heptane molar fraction (i.e. 30%) than for the C5Pe/toluene solution whereas the titration curves 

in dissipation do not present a change as sharp as for the model molecule (Figure 6). In order 

to obtain a precise value of the heptane/toluene ratio at which asphaltene precipitation starts, 

the dilution effect is subtracted from titration curves by adjusting three parameters of Grunberg-

Nissan-type equations to fit the first parts of both frequency and dissipation titration curves.38 

The frequency titration curves for the different systems are reported for the third harmonic in 

Figure 7 and for the seventh harmonic in Figure 8. It can be observed from these figures that in 

the first part of the experiment (i.e. from 0 to 20% of n-heptane content) the titration curve for 

C5Pe matches the one for asphaltenes on the third harmonic, whereas on the seventh harmonic, 

curves deviate from each other. According to the QCR model, this behaviour could probe either 

a change in the nature of the interfacial layer or in the density-viscosity product of the contacting 

solution. Then it can be seen graphically that the amplitude of the frequency shift on the third 

harmonic from 20 to 82% heptane molar fraction is higher (355 Hz) for the asphaltenes + 

toluene system than for the C5Pe dissolved in toluene (75 Hz) at the same mass concentration 

of 0.05 g/L. The dissipation titration curves of the different systems that are displayed in Figure 

9 show on the one hand a higher value of half-band-half-width on the third overtone for 



asphaltenes compared to C5Pe and toluene, which means that the deviation observed in the 

frequency shift on the higher overtones when titration starts is mainly due to a change in the 

fluid properties of the asphaltenes solution. On the other hand, Figure 9 reveals that half-band-

half-width increases by 80 Hz from 65 to 82% n-heptane mass fraction for C5Pe/toluene system 

whereas it remains constant in this concentration range for asphaltenes/toluene. Also it can be 

seen from Figure 10 that the ratio −∆𝑓𝑛,𝑙𝑜𝑎𝑑(1 + 𝑅) ∆Γ𝑛,𝑙𝑜𝑎𝑑⁄  calculated on the third harmonic 

has a value comprised between 1 and 1.2 during the whole titration experiment for C5Pe, 

whereas it continuously rises up to 1.65 for asphaltenes. This clearly shows that, according to 

the model, the main phenomena observed for C5Pe by the QCR is an increase in the viscosity, 

meaning that C5Pe destabilize to form aggregates or clusters that look stable in suspension in 

the solution, whereas for asphaltenes the main observation is mass deposition, where 

asphaltenes destabilize to form clusters that diffuse to the electrode surface. Each titration 

experiment was repeated at least three times and the difference in behaviour between the 

systems was higher than the accuracy and the reproducibility of the data, which confirmed the 

phenomena observed. The higher magnitude of the sensor response to destabilization in the case 

of the asphaltenes can be related to the polydispersity of the samples. As PetroPhase 2017 

asphaltenes present a high level of polydispersity,53 their precipitation occurs in a range of 

solvation conditions whereas the precipitation of C5Pe takes place at a specific heptane volume 

fraction since it is a well-defined molecule. This could explain why addition of more heptane 

is needed to cause destabilization of C5Pe than in the case of Petrophase 2017 asphaltenes. 

 



 
Figure 5. Shifts in resonance frequency of different harmonics recorded as a function of 

heptane molar fraction during titration of the PetroPhase 2017 asphaltenes + toluene (0.05 g/L) 

system at 298.15 K and 0.1 MPa. ●, 3rd harmonic; ▲, 5th harmonic; ■, 7th harmonic; ●, 9th 

harmonic. 

 
 

 
Figure 6. Changes in half-band-half-width of different harmonics recorded as a function of 

heptane molar fraction during titration of the PetroPhase 2017 asphaltenes + toluene (0.05 g/L) 

system at 298.15 K and 0.1 MPa. ●, 3rd harmonic; ▲, 5th harmonic; ■, 7th harmonic; ●, 9th 

harmonic. 
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Figure 7. Shifts in resonance frequency of the third harmonic recorded as a function of heptane 

molar fraction during titration of the different systems at 298.15 K and 0.1 MPa. ▲, C5Pe + 

toluene (0.05 g/L); ●, PetroPhase 2017 asphaltenes + toluene (0.05 g/L); ●, pure toluene. 

 
Figure 8. Shifts in resonance frequency of the seventh harmonic recorded as a function of 

heptane molar fraction during titration of the different systems at 298.15 K and 0.1 MPa. ▲, 

C5Pe + toluene (0.05 g/L); ●, PetroPhase 2017 asphaltenes + toluene (0.05 g/L); ●, pure 

toluene. 
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Figure 9. Changes in half-band-half-width on the third harmonic recorded as a function of 

heptane molar fraction during titration of the different systems at 298.15 K and 0.1 MPa. ▲, 

C5Pe + toluene (0.05 g/L); ●, PetroPhase 2017 asphaltenes + toluene (0.05 g/L); ●, pure 

toluene. 

 
Figure 10. Evolution of the parameter −∆𝑓3,𝑙𝑜𝑎𝑑(1 + 𝑅) ∆Γ3,𝑙𝑜𝑎𝑑⁄  calculated on the third 

harmonic as a function of heptane molar fraction during titration of the different systems at 

298.15 K and 0.1 MPa. ▲, C5Pe + toluene (0.05 g/L); ●, PetroPhase 2017 asphaltenes + toluene 

(0.05 g/L); ●, pure toluene. 
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From frequency shifts measured on the 3rd, 5th and 7th overtones, the values of the deposited 

layer thickness ℎ𝐷 for the different systems were calculated using eq 2, whereas density-

viscosity products were determined from half-band-half-width measurements and eq 3. The 

obtained results confirm the sharper increase in the density-viscosity product for solution 

containing C5Pe than for solution with asphaltenes (Figure 11) when destabilization occurs 

whereas the apparent thickness (Figure 12) reaches higher values for the asphaltene solution 

than for C5Pe in solution, meaning that the deposition process is more significant with 

asphaltenes than with C5Pe. Thickness values of the deposited layer on QCR surface at different 

heptane molar fractions for the two systems are reported in Table 1. It can be noted that the 

values of a few nanometers obtained for the adsorbed asphaltene film thickness are consistent 

with the values measured form SANS or neutron reflectometry studies.62-64 However, as these 

values were measured in good solvent (toluene) and not in precipitating conditions, larger 

thickness values in the case of n-heptane addition were expected. The very weak concentration 

of solute in the system (0.05 g/L) and the short time of titration experiment (90 min) can explain 

the low amount of deposited particles on the electrode surface. 

  

Figure 11. Changes in density-viscosity product as a function of heptane molar fraction 

calculated from half-band-half-width measurements during titration of the different systems at 
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298.15 K and 0.1 MPa. ▲, C5Pe + toluene (0.05 g/L); ●, PetroPhase 2017 asphaltenes + toluene 

(0.05 g/L); ●, pure toluene; ♦, Data of Iloukhani et al.65 

 
 

 

Figure 12. Changes in deposited layer thickness ℎ𝐷 as a function of heptane molar fraction 

during titration of the different systems at 298.15 K and 0.1 MPa. ▲, C5Pe + toluene (0.05 

g/L); ●, PetroPhase 2017 asphaltenes + toluene (0.05 g/L). 

 hD at x (mol %) C7 / nm 

 50 % 60 % 70 % 80 % 

C5Pe 3 4 7 8 

Asphaltenes 13 23 31 35 

 
Table 1. Thickness values of deposited layer on QCR surface during n-heptane titration of 

C5Pe/toluene and Petrophase 2017 asphaltenes/toluene systems at 298.15 K and 0.1 MPa. 

 
 

4.2. Precipitation of C5Pe and asphaltenes with methane. This investigation began by a 
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sample of 18.5 g of C5Pe/toluene solution at 0.05 g/L. For all the mixtures, a V-shape curve in 

the ∆Γ3,𝑙𝑜𝑎𝑑 versus P plot is obtained (Figure 13). The decrease in half-band-half width from 

the start of the pressure scanning experiment until the bubble point corresponds to the 

monotonous decrease of the density-viscosity product of the system as the pressure drops. By 

contrast, as shown in Figure 14, a Ʌ-shape curve is observed in the ∆𝑓3,𝑙𝑜𝑎𝑑 versus 𝑃 plot for 

mixtures containing 21% and 40%, whereas for the other systems containing 50, 59 and 65%, 

a decrease in ∆𝑓3,𝑙𝑜𝑎𝑑 is observed before reaching the bubble point. For the mixture containing 

65%, a drop of 120 Hz is observed between the depressurization onset (80 MPa) and the bubble 

point pressure (40.7 MPa). All these results show that the sensor detects the presence of 

interfacial phenomena that could change the resonance properties of the QCR during 

decompression of the C5Pe/toluene + methane system, when the molar fraction of CH4 is above 

50%. 

 

 

  

 

 

 

 

 
Figure 13. Changes in half-band-half-width ∆Γ3,𝑙𝑜𝑎𝑑 for the third overtone of the acoustic wave 

sensor immersed in C5Pe/toluene (0.05 g/L) + CH4 systems with various contents of CH4 (in 
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mol %) during constant mass expansion at 298.15 K. ●, 21%; ▲, 40%; ●, 50%; ▲, 59%; ●, 

65%; ─ ∙ ─, bubble point pressures. 

 

 

 
Figure 14. Shifts in resonance frequency ∆𝑓3,𝑙𝑜𝑎𝑑 for the third overtone of the acoustic wave 

sensor immersed in C5Pe/toluene (0.05 g/L) + CH4 systems with various contents of CH4 (in 

mol %) during constant mass expansion at 298.15 K. ●, 21%; ▲, 40%; ●, 50%; ▲, 59%; ●, 

65%; ─ ∙ ─, bubble point pressures. 

 

In order to verify that the variations observed in the frequency shifts are caused by C5Pe 

precipitation, the reference system pure toluene + methane in the absence of C5Pe was studied 

under the same conditions. The resulting curves (Figures 15 and 16) reveal that for all the 

toluene + CH4 mixtures the sensor response to fluid decompression exhibits the same behaviour 

as that observed with C5Pe/toluene + CH4. Consequently, the decrease in frequency from 50% 

of CH4 content in the liquid phase means that the sensor doesn’t probe at this point a change in 

the density-viscosity product of the contacting solution but a change occurring at the electrode-
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the continuous adsorption of molecules in the cavities and pores of the QCR rough surface when 
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the pressure of the contacting liquid decreases and the second one is linked to the decrease in 

the slippage of the fluid with pressure.51 This behaviour can be avoided if the QCR is immersed 

for a longer time, i.e., several hours, at the equilibrium pressure in order to allow the complete 

formation of the adsorbed layer on the electrode surface. However due to the mechanical design 

of the high pressure cell, this option is not practically feasible and depressurization is generally 

started only a few minutes after reaching the equilibrium pressure, and thus not allowing 

sufficient time for the interfacial layer to form. As the same trend was observed for the 

C5Pe/toluene + CH4 system and that the calculation of the interfacial layer thickness showed 

the same values compared to pure toluene + CH4, it can be concluded that no significant 

precipitation of C5Pe with methane occurs in the different systems investigated with CH4 

contents ranging from 0 to 65 %.  

 

 

 

 
Figure 15. Changes in half-band-half-width ∆Γ3,𝑙𝑜𝑎𝑑 for the third overtone of the acoustic wave 

sensor immersed in pure toluene + CH4 systems with various contents of CH4 (in mol %) during 

constant mass expansion at 298.15 K. ●, 20%; ▲, 40%; ●, 50%; ▲, 59%; ●, 65%. ─ ∙ ─, bubble 

point pressures. 
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Figure 16. Shifts in resonance frequency ∆𝑓3,𝑙𝑜𝑎𝑑 for the third overtone of the acoustic wave 

sensor immersed in pure toluene + CH4 systems with various contents of CH4 (in mol %) during 

constant mass expansion at 298.15 K. ●, 20%; ▲, 40%; ●, 50%; ▲, 59%; ●, 65%; ─ ∙ ─, bubble 

point pressures. 

The same experiments were then repeated with a PetroPhase 2017 asphaltenes + toluene 

solution at 0.05 g/L. Different constant mass expansion experiments were performed after 

injecting the same amounts of methane as in the previous experiments. It can be seen in Figures 

17 and 18 that the sensor response to immersion in the asphaltenes solution for both half-band-

half width and resonance frequency is different from that observed for the systems pure toluene 

+ CH4 and C5Pe/toluene + CH4. In order to distinguish between rheological changes in the 

QCR surrounding medium and mass deposition phenomena, the thickness values ℎ𝐷 were 

calculated and plotted as a function of pressure in Figure 19. Observation of this figure indicates 

that the deposited layer thickness tends to increase with the CH4 molar fraction, reaching a 

maximum of 20 nm around 40 MPa at 65 % of CH4 content. This trend matches the results 

obtained at atmospheric pressure presented in Figures 11 and 12, where higher density-viscosity 
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products and mass deposition were observed for asphaltenes/toluene than C5Pe/toluene up to 

65% of heptane molar fraction. 

  

 

 

 
Figure 17. Changes in half-band-half-width ∆Γ3,𝑙𝑜𝑎𝑑 for the third overtone of the acoustic wave 

sensor immersed in PetroPhase 2017 asphaltenes/toluene (0,05 g/L) + CH4 systems with various 

contents of CH4 (in mol %) during constant mass expansion at 298.15 K. ●, 20%; ▲, 40%; ●, 

50%; ▲, 59%; ●, 65%; ─ ∙ ─, bubble point pressures. 
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Figure 18. Shifts in resonance frequency ∆𝑓3,𝑙𝑜𝑎𝑑 for the third overtone of the acoustic wave 

sensor immersed in PetroPhase 2017 asphaltenes/toluene (0,05 g/L) + CH4 systems with various 

contents of CH4 (in mol %) during constant mass expansion at 298.15 K. ●, 20%; ▲, 40%; ●, 

50%; ▲, 59%; ●, 65%; ─ ∙ ─, bubble point pressures. 

 
Figure 19. Changes in deposited layer thickness for PetroPhase 2017 asphaltenes (0.05 g/L) + 

CH4 systems with various contents of CH4 (in mol %) during constant mass expansion at 298.15 

K. ●, 20%; ▲, 40%; ●, 50%; ▲, 59%; ●, 65%; ─ ∙ ─, bubble point pressures. 

 

 Therefore, as no significant C5Pe flocculation phenomena was observed up to 65% of 

methane concentration, new samples were prepared to investigate if higher methane content 

would induce more C5Pe flocculation and/or deposition on the quartz resonator surface. As 

higher volumes of methane need to be injected in the PVT cell in order to reach such high molar 
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compared to pure toluene + CH4 mixture with the same CH4 content at the beginning of the 

depressurization ramp (90 MPa). Then one can note an increase in 𝜌𝑙𝜂𝑙 until 71 MPa, followed 

by a decrease up to the bubble point. This behavior means that C5Pe molecules are already 

precipitated when depressurization starts, causing an increase in the density-visosity product of 

the solution until C5Pe flocs reach their final size. For the asphaltenes/toluene system, it can be 

observed that 𝜌𝑙𝜂𝑙 decreases with pressure in the same way as the pure toluene/CH4 system, 

although it starts from a higher value, which means that asphaltenes are also precipitated at the 

equilibrium pressure of 90 MPa. Calculation of ℎ𝐷 reveals that the deposited layer thickness 

reaches a value of 20 nm for asphaltenes/toluene whereas it doesn’t exceed 5 nm in the case of 

C5Pe/toluene (Figure 21). The same behaviour was observed during experiments conducted 

with 80% and 85% of CH4 content (in mol %). These results confirm the observations made at 

atmospheric pressure, i.e., on the one hand low adsorption on the quartz resonator surface but 

significant increase in the density-viscosity product of the contacting C5Pe/toluene solution, 

and on the other hand higher adsorption and lower increase in density-viscosity product for 

asphaltenes/toluene solution. Also, it can be noted that the maximum values of the adsorbed 

layer thickness during depressurization with methane are lower than those obtained during 

continuous titration experiments with heptane. This behaviour can be explained by two main 

reasons. The first one comes from the difference in mechanical stirring mode between the two 

devices. In the atmospheric pressure apparatus, the rotation at high speed of the magnetic bar 

at the bottom of the titration cell would be more efficient for the aggregates to diffuse to the 

QCR surface, compared to the movement of the two spherical magnetic stirrers which would 

only provide limited stirring of the mixture, and therefore would not be optimal for particle 

deposition on the sensor surface. The second reason is the lower amount of studied sample from 

72% of CH4 molar content. Indeed as the injected volume of solution is reduced by half in the 



high pressure cell compared to the titration cell, the quantity of molecules that would precipitate 

and adsorb on the quartz surface is all the more reduced.  

Finally, the bubble point pressures determined from the P,v curves for the different systems 

are reported in Table 2. According to the depressurization rate value of 0.4 MPa/min, the 

experimental uncertainty taken for the bubble point pressure measurement is 0.5 MPa. All the 

resulting values appear to fall within the range of this measurement uncertainty. To our 

knowledge, no experimental data for the liquid-vapor phase transition of the methane + toluene 

system along the 298.15 K isotherm are available in the literature. However, graphical 

representation reveals that our measurements are in good agreement with the trend of the 

available literature data along other isotherms,67-69 especially near the critical region, as shown 

in Figure 22. This study confirms how suitable the QCR technique is to work with the different 

systems C5Pe/toluene + CH4 and PetroPhase asphaltenes 2017/toluene + CH4. Moreover, the 

C5Pe and asphaltene stability-instability phase boundaries were not detected during these 

constant mass expansion experiments and therefore were not reported in Table 2. 

 

 

 

 

 

 



  
 

Figure 20. Changes in density-viscosity product calculated from half-band-half-width 

measurements on the third overtone for the different systems with 72 mol % of CH4 during 

constant mass expansion at 298.15 K. ▲, C5Pe/toluene (0.05 g/L); ●, PetroPhase 2017 

asphaltenes/toluene (0.05 g/L); ●, pure toluene; ♦, Data of Baylaucq et al.66; ─ ∙ ─, bubble point 

pressure. 

 
Figure 21. Changes in deposited layer thickness ℎ𝐷 for the different systems with 72 mol % of 

CH4 during constant mass expansion at 298.15 K. ▲, C5Pe/toluene (0.05 g/L); ●, PetroPhase 

2017 asphaltenes/toluene (0.05 g/L); ─ ∙ ─, bubble point pressure. 
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System CH4 % (mol %) Bubble point (MPa) 

C5Pe 21.7 9.8 

Asphaltenes 20.7 8.9 

Toluene 20.3 8.9 

C5Pe 39.8 22.5 

Asphaltenes 40.3 21.7 

Toluene 40.3 22.0 

C5Pe 50.1 30.6 

Asphaltenes 50.3 29.6 

Toluene 50.3 29.8 

C5Pe 59.0 37.3 

Asphaltenes 59.2 36.4 

Toluene 59.2 36.5 

C5Pe 65.1 40.7 

Asphaltenes 65.5 40.0 

Toluene 65.5 39.7 

C5Pe 72.0 43.4 

Asphaltenes 72.0 43.2 

Toluene 72.2 43.1 

C5Pe 80.1 43.7 

Asphaltenes 80.0 44.0 

Toluene 80.2 43.6 

C5Pe 85.0 43.2 

Asphaltenes 85.0 43.4 

Toluene 85.0 43.5 

 



Table 2. Bubble point pressure values determined for the different systems C5Pe/toluene + 

CH4, PetroPhase 2017 asphaltenes/toluene + CH4 and toluene + CH4 with various CH4 contents 

(in mol %) at 298.15 K.  

 

 
Figure 22. Vapor-liquid equilibrium data for the system methane-toluene: ●, 298.15 K isotherm 

(present work); ▲, 313.2 K isotherm (Data of Legret et al.67); ♦, 277.59 K isotherm (Data of 

Lin et al.68); ⁎, 293.15 K isotherm (Data of Hugues et al.69). 

 

5. CONCLUSION 

In this work the ability of the model compound C5Pe to correctly represent the solution 

properties of asphaltenes was investigated by an acoustic wave sensor. It has been first 

demonstrated during a continuous titration experiment at atmospheric pressure that C5Pe 

molecules dissolved in toluene precipitate upon addition of n-heptane, and thus meet the 

solubility definition of asphaltenes. It has also been shown that the model compound starts to 

self-associate at a higher heptane molar fraction compared to PetroPhase 2017 extracted 

asphaltenes. This behaviour has been confirmed by carrying out constant mass expansion 

experiments with various amounts of injected CH4. During a pressure scanning, destabilization 

of C5Pe molecules was only significant for systems containing more than 65% CH4 whereas 
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destabilization of extracted asphaltenes was sensed in a wider range of CH4 content. However, 

the flocculation of C5Pe was probed by a change in the density-viscosity product of the 

contacting solution rather than a significant increase of the adsorbed layer on the gold surface. 

Conversely, the amount of adsorbed PetroPhase 2017 asphaltenes was higher during titration 

or depressurization. However, as the resonance frequency and dissipation curves did not present 

significant discontinuities or breaks during depressurization of the different systems, the 

boundaries of the C5Pe and asphaltene instability domain could not be clearly assessed. The 

reason that the model compound does not self-associate to the same extent as the extracted 

asphaltenes could most probably be due to the difference in polydispersity between the two 

compounds. The C5Pe molecule only represents one subfraction of indigeneous asphaltenes as 

a whole and because the interactions between different asphaltenes compounds are lacking, the 

model compound cannot fully address the behaviour of asphaltenes in solution. In the future it 

would be necessary to test more complex structures to mimic the association behaviour of 

asphaltenes. 
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