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ABSTRACT  

The objective of this paper is to propose a multi-scale method to evaluate the effect of additives 

on the destabilization and deposition of asphaltenes under conditions of non-diluted crude oil 

samples. This study shows results of probing asphaltene deposition in presence of a chemical 

additive using a quartz crystal resonator fully immersed in a dead oil while n-heptane is 

continuously added. The results obtained show that destabilization is slightly delayed and 

deposited amount is significantly decreased at concentrations above 3000 ppm of asphaltene 

deposition inhibitors. The amount of deposited asphaltenes decreases while the inhibitor 

concentration is increased. In addition, the effect of the chemical is further studied by 

centrifugation technique to evaluate the concentration of unstable asphaltenes aggregates and the 

kinetic of aggregation is investigated under optical microscopy observation. Results support the 

results obtained by quartz crystal resonator and to rule on the evolution of the size/shape of the 

aggregates.  
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1. INTRODUCTION 

Asphaltenes are compounds that have attracted a lot of attention in the oil industry, particularly 

because of the problems they cause during oil extraction, production and transportation
1
. 

Naturally occurring in crude oil in the form of suspending nanoaggregates
2
 their destabilization 

is initiated by the effect of oil composition, pressure or temperature variations, followed by an 

aggregation process. Aggregates containing unstable asphaltene molecules, identified as the 

source of deposits
3
, have a complex chemical structure and follow a complex destabilization 

mechanisms that involve multi-scale aggregation phenomena from few nanometer to hundreds of 

micrometers
4
. 

Asphaltenes are the heaviest and most polar fraction of crude oils. They contains heteroatoms 

(N,O,S) and heavy metals such as nickel and vanadium
5
, which undeniably have an effect on the 

polarity of asphaltenes and can influence their solubility
6
. Asphaltene molecules contains both 

      c            c c    w  h 4−10        c                h         h   c ch     w  h      h  

ranging from 3 to 7 carbon
7
.  

 

Numerous techniques have been used to characterize the size and shape of nanoaggregates 

such as centrifugation
8,9

, static light scattering
10

, direct-current conductivity
9,11,12

, nuclear 

magnetic resonance (NMR)
13,14

, small angle X-ray scattering and neutron scattering 

(SAXS/SANS)
15,10,16

. These studies have converged towards an organization of polydisperse 

asphaltene nanoaggregates described as a stack, with an average diameter of 1-2 nm
17

, composed 

of 5 to 9 asphaltenes molecules 
18,19,20 

created by the     interaction of the aromatic cores and 

limited by the steric repulsion generated by the peripheral alkyl chains. 
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A second level of aggregation was observed at higher asphaltene concentrations in toluene 

described as clusters that consist of less than 12 nanoaggregates and have an average diameter of 

5-10 nm
21

. The growth of self-associated asphaltene is limited to the nanoscale in good solvents, 

leaving them in suspension subject to Brownian motion and to hydrodynamic forces. Further 

flocculation of clusters is synonym to a commencing destabilization of asphaltenes.  

 

One of the most used solutions to prevent asphaltene deposits on pipeline is to perform 

continuous or batch injection of chemicals. Their selection is usually performed through 

laboratory tests to measure their capacity to disperse unstable asphaltenes from crude oils under 

diluted conditions. There are many methods to measure the dispersing capacity of additives such 

as Asphaltene Dispersion Test (ADT)
22,23

, turbidity test
24,25

, ambient pressure near-infrared 

(NIR) spectroscopy test
26

 or centrifugation test
27,28

. The ADT and turbidity tests are performed 

with diluted crude oils (1-5% volume of crude oil to n-heptane) under static conditions, as 

opposed to undiluted and flowing oil in industrial conditions. Some other tests are focused on the 

deposition of unstable asphaltenes like the coupon deposition test
29

, electrodeposition test
30

, 

packed bed apparatus
31

, capillary test
32

 or Quartz Crystal Resonator (QCR)
33,34

. Using 

piezoelectric properties of quartz, QCR disk sensors allow to evaluate mass deposition on its 

surfaces
35

 in the nanometer range. For this reason, it is also commonly referred to as a QCM 

(quartz crystal microbalance). However, its applications are not restricted to micro weighting as 

quartz sensors are sensitive to any change in its surrounding fluid when it is in contact with a 

fluid
36

 or fully immersed in a liquid
37

. Therefore, it appeared to be particularly well suited to 

probe asphaltene destabilization by sensing both asphaltene mass deposition and bulk property 

changes
38

.  
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The main objective of this work is to propose a multi-scale set of laboratory tests for an 

efficient selection of chemical additives for asphaltene deposition reduction. For this purpose, a 

dead oil supplied by TotalEnergies was studied in the presence or not of a commercial asphaltene 

deposition inhibitors provided by TotalEnergies Additives & Fuels Solutions. A quartz crystal 

disk fully immersed in the oil was used to probe asphaltene deposition during n-C7 titration and 

the inhibition of deposition in the presence of additive was evaluated at the nanoscale. In 

addition, a centrifugation technique was used to evaluate the effect of the inhibitor on 

aggregation. Finally, detection time of the appearance of aggregates larger than 500 nm on 

microscopy and optical microscope equipped with SWIR (Short Wave InfraRed) camera allows 

to complete the results obtained by quartz crystal resonator.  

 

2. MATERIALS AND METHODS 

 

2.1 Chemicals  

The study was carried out with a dead oil, called oil X, provided by TotalEnergies from a field 

located in West Africa and already put in production. The oil was free from contamination of 

water, solid particles, production additives or drilling fluids. Standard properties as well as 

SARA analysis of the dead oil are summarized in Table  1. To conduct this analysis, a sample of 

dead oil was obtained directly from the bottom tank and flashed in a cold trap. The dead oil was 

then topped at 323 K and 20 mbar to remove light ends (C15-). The residue was diluted in 

dichloromethane at a concentration of 15 mg/ml, and an Iatroscan instrument was used to 

measure saturates, aromatics, and polar fractions (resin + asphaltenes). Saturates were eluted 
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using n-heptane, while aromatics were eluted using a solvent composed of 25 vol% 

dichloromethane and 75 vol% n-heptane. The content of asphaltenes was determined by 

precipitation, using n-pentane as an antisolvent with a weight/volume ratio of 1:40. Before each 

experiment, the oil was previously heated at 60°C which is above the wax appearance 

temperature (WAT) of the crude when the oil sample is taken. The commercial asphaltene 

deposition inhibitor used in this study is from TotalEnergies Additives & Fuels Solutions, named 

here additive A for confidential reasons and his properties are summarized in Table  2. It consists 

in an alkylphenol resin modified by an alkyl polyamine. This polymer was diluted in Solvarex 

150 type of aromatic solvent at a concentration of 42.5% by mass of the active ingredient. In this 

manuscript, the level of ppm is defined as the ratio of volume concentration of the mother 

solution (diluted active matter) in the studied mixtures. The experiments were conducted by 

titration in which the precipitation was induced by the continuous addition of n-heptane at 99+% 

purity supplied by Sigma Aldrich until the desired concentration of n-heptane was achieved. The 

concentration of additive in the mixture is kept constant throughout the entire respective 

experiments (additive initially present in crude oil and in titrant) to avoid dilution effect as 

titration progresses. 

 

Table  1. Properties of crude oil X 

Property Value Technique/Apparatus 

Average Mw (g/mol) 232  

Density (kg/m
3
) @ 60°C 871 Viscometer Stabinger SVM 

3000 – ASTM D7042 

Viscosity (mPa.s) @ 60°C 12,5 Viscometer Stabinger SVM 

3000 – ASTM D7042 

Refractive index @ 60 °C 1.4967 Mettler Toledo RM40 
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Saturates (wt%) 31.9  

Aromatics (wt%) 46.6  

Resins (wt%) 21.5  

Asphaltenes (wt%) 10.7  

ASCI classification
39

 11  

Wax appearance temperature 

(°C) 

41 Polarized Microscopy
40

 

 

Table  2. Properties of Additive A 

Property  Value Technique/Apparatus 

Density (kg/m
3
) @ 15 °C 930 Viscometer Stabinger SVM 

3000 – ASTM D7042 

Refractive Index @ 60 °C 1.504 Mettler Toledo RM40 

 

 

 

2.2 Experimental Methods  

 

2.2.1 QCR Experiment 

 

The technique considered here to study asphaltene destabilization and deposition using a 

thickness shear mode acoustic sensor is based on a titration method. The titration system, which 

was presented previously
41,42,43

 is mainly composed of a stirred batch reactor working at varying 

volume with an inserted injection system. A schematic diagram of the full experimental setup is 

presented in Figure 1. 
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Figure 1. Atmospheric pressure experimental titration QCR set-up. 

The temperature-controlled titration cell is a conical glass vessel to achieve an antisolvent 

injection reaching concentrations between 0 and 90 % in a single run. The antisolvent used in 

this study is >99% pure grade n-heptane supplied by Sigma Aldrich. Antisolvent is added into 

the vessel at constant flow rate discharged by a peristaltic pump at constant rate chosen to avoid 

any local over concentration. The titrant is withdrawn from a container that has been placed on a 

balance. The mass change in the container is continuously recorded, allowing a direct calculation 

of the composition of studied system as a function of time. To avoid radial or axial gradients in 

composition and temperature, the mixture is continuously stirred at a fixed speed of 470 rpm. 

The stirring speed is maximized while ensuring that the quartz remains fully immersed during 

the titration. The magnetic stirring bar is 25 mm long and has a diameter of 0.5 mm. Two 

electrical feedthroughs are used to plug and hold the acoustic sensor immersed in oil during the 
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entire experiment at the bottom of the cell. The acoustic sensor is a highly polished AT-cut 

quartz having a fundamental frequency of 3 MHz and a diameter of 13.6 mm with gold 

electrodes of 6.7 mm in diameter deposited on both sides. QCR sensors are highly sensitive to 

their thickness, as well as to the thickness of the electrode, and particularly to their surface 

quality. It is completely impossible to manufacture two sensors with identical properties and 

therefore with the same resonance properties in air. Thus, it is preferable to use the same QCR 

for comparative studies. If, unfortunately, the sensor breaks during a lengthy study, it would be 

necessary to characterize the untreated dead oil using the new sensor before continuing the study. 

The same quartz disk was reused in this work to allow a reliable comparison of all experiments 

carried out. It was cleaned between each experiment by consecutive immersions in toluene vials 

located in an ultrasonic cleaner. Any direct contact of the quartz surface and a solid material is 

avoided during the washing and drying as well as the storage of the sensor between successive 

experiments to limit the risk of scratching and consequently changing the resonant properties of 

the resonator. Cleaning quality is verified by measuring the resonant properties of the unload 

quartz disk at the same temperature before each new experiment. The cleanliness of quartz 

surfaces is validated only if the resonance frequency change does not exceed 10Hz / 9 MHz. 

 

The fundamental resonance frequency as well as the geometry of the quartz was selected to 

allow the sensor to be operational in an extended overtone range (from 3 to 7) in full immersion 

in viscous oils. A network analyser was used to apply a radio frequency voltage to the quartz 

sensor and to measure the input port voltage reflection coefficient S11 which is used to calculate 

the conductance of the quartz over the frequency range from fundamental to 7
th

 overtone. The 

resonance frequency    of each overtone correspond to the maximum of a conductance peak in 
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the conductance spectrum. The resonance frequencies are estimated with an uncertainty of 4 Hz 

whereas the resonance half-band half-width    (related to resonator dissipation) is determined 

with a maximum error of 5 Hz. The unloaded reference values    and     are obtained by 

applying unload measurements (air) prior to each experiment. Reference frequencies and 

dissipation are respectively used to calculate the shift in resonant properties caused by fluid 

immersion     and    .  

 

In case of full immersion within a Newtonian fluid, a simplified model can be used to correlate 

changes in resonant frequency (eq 1) and half-band half-width (eq 2) of the sensor with the 

properties of the surrounding system 
44,45,41

 : 

                  
  

    
                                                                                   (1) 

 

      
  

    
                                                                                                     (2) 

 

where        h              c  ff c      h               h  c       ch   c       c     is the 

overtone number,    is the fundamental resonance frequency of the crystal,    is the theoretical 

adsorbed or deposited mass on the quartz surface,    is the density-viscosity product of the 

surrounding fluid and   is an empirical correction term for the viscous friction of the fluid on 

rough surfaces of the sensor. Extension of this simple model to asphaltene systems by 

considering    as the sum of surface effect and asphaltene deposition makes it possible to 

estimate changes in both asphaltene deposited mass (per unit area) and viscosity-density product 

in the fluid surrounding the sensor.  
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In this work, each of the studied solutions were prepared as follows with a rigorously identical 

protocol to compare results with or without asphaltene deposition inhibitors (AI): 

i) 25 cm
3 

of the studied mixture is poured into the cell. 

ii) The crude + additive mixture is left under stirring at the working temperature for 1 hour to 

achieve equilibrium between quartz sensor surface and the surrounding oil. 

iii) The heptane is injected at constant mass flow rate of 0.25 g/min.   

 

For the interpretation of recorded data, the shift in resonant frequency and half-band half-width 

are calculated and plotted as a function of either time or volume fraction of n-heptane in the 

mixture     expressed as a function of the volume of each component: 

    
   

            
                                                                                                                    (3) 

 

 h    j          f    h                z           wh      f            “     ”       f     as 

the intersect of the opposed slopes before and after the observed inflexion point of the resonance 

frequency (Figure 2). At this point, resonant behavior deviates from the simple dilution 

Kanazawa law. In practice, frequency signal of quartz crystal resonator appeared predominantly 

affected by mass deposition of asphaltenes, if any, explaining the major change of slope of the 

frequency
46

. Consequently, the shift in frequency plot was prefeed to estimate the onset. Finally, 

the change of deposited mass was estimated by plotting        as a function of    and 

calculating its slope according to equation 1. 
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Figure 2. Determination of "onset" from resonance frequency measurements. 

 

2.2.2 Centrifugation Experiment 

 

The content of unstable asphaltenes per unit volume of crude oil at specific aging time CA(t) 

was measured here by the time-resolved centrifugation method reported by Maqbool et al
47

. The 

samples were prepared following the same protocol as presented for QCR experiments. Mixtures 

of non-treated oil and oil + additive A at 3000 ppm (in volume) were prepared with a content in 

heptane of 51.1% and 51.2% in volume respectively. After their preparation the samples with the 

desired heptane composition were sealed and maintained under stirring at 470 rpm and 60°C 

during aging process. Aliquots of 1.5 ml were taken over time and centrifuged with the Rotina 

380R from Hettich at 15,000 rpm. Centrifugation times, was fixed at 14 minutes to reach a 
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separation efficiency cut-off size of 200 nm. The calculation method used is the one proposed by 

Saidoun
48

. 

In this method, the supernatant is drained and recovered centrifuged pellets are collected as 

"wet" cakes containing unstable asphaltenes and trapped liquid solution. Pellets are washed with 

heptane several times, re-dispersed and re-centrifuged until the supernatant remains transparent. 

Finally, the mass of dried cake is used to calculate the concentration of unstable asphaltenes 

aggregates larger than the cut-off size per unit volume of initial crude oil. The concentration of 

separated unstable asphaltenes aggregates CA(t) is plotted as a function of the aging time for 

different oil-heptane blend systems for the interpretation. CA(t) is expected to increase with the 

aging time for a fixed mixture and eventually tends to an equilibrium (plateau region). 

 

2.2.3 SWIR microscopy experiment 

 

Because of the darkness of the oil, it is difficult to observe the shape and size of aggregates 

using a standard microscope with a high magnification. Instead, a short-wave infrared (SWIR) 

camera coupled to a microscope was used at wavelengths where the absorption of light by heavy 

hydrocarbons is reduced. A custom optical assembly was used, it was developed around video 

microscope unit (VMU mitutoyo)
49

 paired with a x50 to x100 objectives with a long working 

distance and correction for infrared wavelengths. A camera using an InGaAs sensor was 

              h  VM  f                   h    f          w   h f    0.9    1.7 μ .   

sample of the oil X + additive A mixture at different additive concentrations was taken at 83 

vol% of titrant and placed in a two polished windows cell with a path length of 1mm for 

immediately observation under a microscope with X50 magnification.  
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2.2.4 Detection Time Experiment 

  

Following the procedure introduced by Maqbool et al.
47

, the detection time of unstable 

asphaltenes in oil-heptane mixtures was measured with and without addition of additive. 

Solutions were prepared with the same protocol described in earlier sections. When the desired 

volume fraction of heptane in the oil-heptane mixture was reached, the flask was sealed, and the 

mixture was kept in this condition at 60°C under constant stirring (at 470 rpm) for the time 

necessary to achieve the full study. Aliquots of each sample were taken at controlled aging times 

using a capillary and observed under a microscope with a magnification of x20. The detection 

time corresponds to the aging time after which asphaltene flocs are first observed and confirmed 

to further grow by microscopy. The experiment was repeated for multiple volume fractions of 

antisolvent with and without additive. A plot of the detection time as a function of the volume 

fraction of heptane was obtained as a result the experiments. This plot is referred to as the 

detection time curve. It ranges from few minutes for large antisolvent fraction up to a hundred of 

hours for low antisolvent fraction. The lowest concentrations of antisolvent for which the 

detection-time is less than 5 minutes is considered as the instantaneous detection condition by 

microscopy.  

 

2.2.5 Turbidity experiment 

 

In addition, absorbance measurements were carried out to compare the results obtain with 

other techniques. Asphaltenes were precipitated by adding 100 µL of crude oil sample with (or 
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without) additive to 3 mL of n-heptane in a vial. The mixture was manually homogenized, and 

the absorbance evolution of the blend was measured as a function of time.  

The turbidity measurements were obtained using a Cary 60 UV-Vis Spectrophotometer from 

Agilent using a near-infrared light source of 800 nm.  

 

3. RESULTS AND DISSCUSION 

The role of an asphaltene              h                   c           h ck                     

build-up period. However, the addition of an additive does not systematically lead to a positive 

effect for preventing asphaltene deposition. Moreover, Barcenas et al. demonstrated that 

increasing the amount of additives injected does not always results in a higher interaction with 

asphaltenes
50

. To evaluate the efficacy of an additive, laboratory tests were conducted to identify 

the working concentration that shows a positive effect on asphaltene destabilization and on 

diffusion deposition process trying to replicate driving forces of asphaltene destabilization in 

industrial operating conditions. The results of these tests were summarized below. 

 

3.1 Turbidity experiment  

 

The turbidity test is one of the most common approach used in laboratory for evaluating the 

effectiveness of additives based on the dispersion efficiency of asphaltenes in presence of 

chemicals. This method evaluates the ability of an additive to keep destabilized asphaltenes in 

suspension. The higher the absorbance, the more dispersed the asphaltenes are. The results of 

absorbance measurements with concentrations ranging from 10 ppm to 3000 ppm (in volume) of 

additives in oil/n-heptane mixtures are shown in Figure 3. From 100 ppm the absorbance is 
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maintained at a higher value than for the untreated reference oil. The unstable asphaltene 

aggregates are therefore maintained in suspension in the presence of the additive over this period 

of one hour. The effect of the concentration above 300 ppm appears negligible. With this type of 

technique where the destabilizing precipitant/oil ratios have to be higher than 90% in volume and 

the medium remains static during the measurement, the question of representativeness with field 

conditions can be asked. Hence the need to resort to experiments with more realistic 

destabilizing precipitant/oil ratio conditions and focusing on scales of measures that enable to 

more clearly discriminate the effectiveness of additives. 

 

 

Figure 3. Relative absorbance of Oil X in presence of additive A at different concentrations: 

(red) 0ppm, (black ) 10ppm, (yellow ) 30ppm, (purple ) 100ppm, (green ) 

300ppm, (blue ) 1000ppm, (grey ) 3000ppm. 
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3.2 QCR experiment - Additive effect on crude oil: Raw data (  and    ) analysis 

 

Titration experimentations of n-heptane in dead crude oil with an immersed QCR sensor were 

carried out with various additive dosages and compared with crude oil free of chemical additives. 

During these experiments both the shift in resonance frequency and changes in bandwidth along 

various overtones (1 to 7) of the resonating sensor were recorded and analyzed for comparison. 

The change in resonance frequency of the third overtone peak measured by the quartz crystal 

immersed in pure crude oil and in the presence of additive with different contents ranging from 

300 to 20 000 ppm (in volume) are shown in Figure 4. It can be noted in this figure that for an 

addition of 300 ppm of additive, destabilization is shifted to lower heptane composition in 

comparison to the shift in frequency of free additive crude oil. No change was detected on the 

destabilization curve beyond the onset. At 1000 ppm no significant effect was observe on the 

threshold whereas a decrease in the amplitude of the shift in frequency was noted after the onset. 

From 3000 ppm the destabilization is slightly shifted towards higher compositions and this effect 

is more marked as the additive concentration is important. For 3000 ppm we observe a shift in 

destabilization of +2.2 % in volume fraction compared to the reference measurement (pure crude 

oil) and +8.5% and +11.4% for 10 000 ppm and 20 000 ppm respectively. These results show 

that more than 1000 ppm of additive A is required to shift the destabilization of asphaltenes to a 

higher antisolvent composition. In addition, the onset shift is greater as the concentration of 

additive is increased but appears to reach a plateau value near 20 000 ppm.  
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Figure 4. Shift of resonance frequency (3
rd

 harmonic) recorded during experimental titration of 

crude oil X + additive A at different concentrations as a function of the volume fraction of 

heptane: (red) 0ppm, (green ) 300ppm, (blue ) 1000ppm, (grey ) 3000ppm, (brown ) 

5000ppm, (yellow ) 10 000ppm, (purple ) 20 000ppm. A zoom of the frequency shift 

between 0.5 and 0.75 volume fraction of heptane is shown in the inner box.  

 

As for the change in resonance frequency, the shift in the bandwidth was only plotted for the 

third overtone peak in Figure 5. This figure shows for each concentrations an increase in 

dissipation with a maximum then a decrease. Daridon et al. demonstrated, using the simple 

Einstein viscosity equation, that for an oil with a viscosity similar to that of Oil X (10 mPa.s), 

small changes in ΔΓ can be associated with a change in volume fraction. The sensor is capable of 

detecting a minimum value equivalent to          for the 3
rd

 harmonic, for a ΔΓ of 5 Hz
46

 . 
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For all samples, titration curves first decrease because of the reduction in viscosity caused by the 

addition of heptane (dominating dilution effect). Then the increase in dissipation is related to the 

destabilization of the asphaltenes and the growth of asphaltene aggregates suspended around the 

sensor. The quartz disk therefore detects larger and/or more objects close to its surface. This 

increase in dissipation is shifted towards higher heptane compositions as the AI concentration is 

increased. Furthermore, the amplitude of the dissipation peak increases as the additive 

concentration in solution is increased.  

 

From these measurements and from equation 1 and 2 it is possible to extract the mass 

deposited on the quartz surface as well as the change in density viscosity product of the fluid in 

contact with the sensor. The apparent viscosity is calculated according to the following equation:  

        
   

  
   

   

   
 
 

                                                                                                                    

(4) 

Where     here is      as a function of the square root of 3 (eq 2). Only the 3
rd

 harmonic was 

used for several reasons. Firstly, it appears that the first harmonic is particularly affected by 

intrinsic properties of quartz crystals such as piezoelectric stiffening and edge effects
51

, which 

means that it behaves differently from other harmonics and cannot be used. For the largest 

harmonics, it has been shown that inharmonic resonances interfere with the main resonance 

peaks
52

. Finally, the 3
rd

 harmonic has the greatest penetration length of the acoustic wave in the 

contacting media (eq. 5). The ratio 
   

   
 is proportional to 

 

  
 , which makes it possible to estimate 

the bulk viscosity-density product from 3rd harmonic peak with less impact from the properties 

of the deposited layer than with higher harmonics. 
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(5) 

 The density is calculated using the molar mass/molar volume ratio of the mixture during 

continuous addition of heptane. Theoretical viscosity change with addition of heptane was 

calculated using the Grunberg-Nissan type of equation
53

 (eq 6) assuming a binary mixture 

composed of crude oil + heptane.  

 

                                                                                                        

(6) 

 

In this expression, the Grunberg-Nissan parameter G was adjusted to match the apparent 

viscosity measured by QCR before asphaltenes destabilization. 

Results in Figure 6 indicate that the aggregation of asphaltenes after heptane addition promotes 

a slight increase of the viscosity. A shift in the increase in dissipation is observed in presence of 

additive and it is proportional to the additive concentration.  
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Figure 5. Shift of dissipation (3
rd

 harmonic) recorded during experimental titration of crude oil X 

+ additive A at different concentrations as a function of the volume fraction of heptane: (red) 

0ppm, (green ) 300ppm, (blue ) 1000ppm, (grey ) 3000ppm, (brown ) 5000ppm, (yellow 

) 10 000ppm, (purple ) 20 000ppm. 
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Figure 6. Apparent viscosity of the surrounding fluid calculated during experimental titration of 

crude oil X + additive A at different concentrations as a function of the volume fraction of 

heptane: (black -) theorical viscosity, (red) 0ppm, (green ) 300ppm, (blue ) 1000ppm, 

(grey ) 3000ppm, (brown ) 5000ppm, (yellow ) 10 000ppm, (purple ) 20 000ppm. 

 

The deposited mass can be evaluated by expressing equation 1 in terms of        as a 

function    and by calculating the slope of the obtained straight line
38

. The values obtained by 

this method during the titration were displayed in Figure 7. Starting from a concentration of 1000 

ppm of additive A, a clear decrease of the deposit compared to non-treated oil is shown. 

For the purpose to evaluate and compare the positive additive effect on deposition reduction, 

the deposition inhibition efficiency in the presence of additive A at a volume concentration of 80 

vol% was calculated according to the following equation: 
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(7) 

 

The results are reported in Table  3. As it can be inferred from this Table  3 very few effects 

were observed at low concentration of additive (300 ppm). At excessive concentrations of AI 

(>10 000ppm) the effects seem to tend towards an inhibition efficiency of 90% at a volume 

composition of 80% in antisolvent. The subsequent working concentration was set at 3000 ppm 

for further evaluation of the additive because at this concentration the deposition inhibition 

efficiency is sufficiently clear, and the concentration is not excessive in relation to the real use 

conditions in the industry. 
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Figure 7. Deposited mass calculated during experimental titration of crude oil X + additive A at 

different concentrations as a function of the volume fraction of heptane: (red) 0ppm, (green ) 

300ppm, (blue ) 1000ppm, (grey ) 3000ppm, (brown ) 5000ppm, (yellow ) 10 000ppm, 

(purple ) 20 000ppm.  

 

Table  3. Deposition inhibition efficiency of oil treated by additive A at 80 vol% heptane 

composition. 

Additive A concentration (ppm) Deposition inhibition efficiency 

300 -5.91 % 

1000 32.84 % 

3000 60.96 % 
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5000 75.27 % 

10,000 88.51 % 

20,000 92.28 % 

 

3.3 Centrifugation experiment 

 

 

Figure 8. Concentration of unstable asphaltenes larger than 200 nm separated by centrifugation 

as a function of the aging time of prepared blends of crude Oil X and heptane: (red ) non-

treated Oil X + 51.1 vol% of n-C7, (orange ) Oil X + additive A (3000ppmv) + 51.2 vol% of 

n-C7. The dotted lines are made to facilitate the reading of the trends. 

 

The concentration of unstable asphaltenes aggregates larger than 200 nm centrifuged per unit 

of volume of crude oil at specific aging time CA(t) is represented as function of the aging time of 
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the crude oil-heptane mixture in Figure 8. The results show that the amount of separable 

asphaltenes destabilized from oil-heptane mixture is reduced by the presence of additive A. 

Equilibrium plateau values are reached at aging times higher than 500h; about 1.9 kg/m
3
 oil in 

the presence of additive A compared to 7.2 kg/m
3
 oil for the untreated oil.  

 

3.4 SWIR microscopy 

The titration tests carried out with the quartz crystal sensor indicated a delayed destabilization 

of asphaltenes, reduced mass deposition on quartz surfaces, and an increased dissipation of the 

signal in presence of additive. This increase in dissipation (proportional to an apparent viscosity) 

can reflect a change in the morphology of the flocs formed far from the onset of destabilization. 

To observe this change in floc structures in the micrometer range SWIR microscopy 

observations were performed at the end of the titration. To make these observations comparable, 

a sample of titrated oil was taken instantaneously after the titration experiment and directly 

transferred to the glass cell of the microscope. All the samples investigated corresponded to a 

heptane volume fraction of 0.83. The results are shown in Figure 9. Without additive, the 

aggregates have a size between 25 and 45 micrometers in diameter and have a globular-like 

shape in this condition of sampling (Figure 9. A). A clear decrease in aggregate size is observed 

above 3000 ppm (Figure 9. C, D, E and F) in the same conditions of sampling. From 10 000ppm 

the size of aggregates does not seem to decrease anymore. Moreover, as the concentration of 

additive A is increased, the aggregates are less and less spherical and some aggregates with 

needle shapes are observed.   

The reduction of the size of the aggregates observed in presence of chemical additive at this 

micrometer scale is very likely related to the stabilization of aggregates by amphiphilic 

properties of additive. Indeed, it was reported in the literature that amphiphiles with their polar 
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head will react with the active sites of asphaltenes
54,55,56

. Once attached to the asphaltenes, the 

hydrophobic tail of the amphiphiles will generate a steric repulsion and thus limit the size of the 

asphaltene aggregates
55,57

. 

 

Figure 9. SWIR camera capture at X50 magnification of crude Oil X + additive A samples at 83 

vol% heptane: (A) 0ppm, (B) 1000ppm, (C) 3000ppm, (D) 5000ppm, (E) 10 000ppm, F 

20 000ppm.  

 

 

3.5 Detection Time experiment 
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Figure 10 : Necessary aging time to detect particles by visual microscopy observations as 

function of the volume fraction of heptane in heptane-oil blends: (red ) non-treated Oil X, 

(orange ) Oil X + additive A at 3000ppmv.  

 

The detection time curves are shown in Figure 10 for Oil X as pure reference crude oil and the 

same oil treated by additive A at 3000 ppm in volume. The instantaneous microscopy detection 

of asphaltene aggregates in Oil X + heptane was observed at  58 vol% of heptane and  61 vol% 

for oil treated with additive A. This result is consistent with observed minimum shift in 

frequency (- f) of the resonating immersed sensor; i.e. at 55.2 vol% of heptane in Oil X and 57.4 

vol% of heptane treated oil X with 3000 ppm of additive A (refer to Figure 4). This way, the 

larger sensitivity of the quartz resonator compared to microscopy is also verified, as expected. 

Indeed, the microscope observations describe the appearance of aggregates larger than 500 nm 

while the quartz allows the detection of nanometer level. Nevertheless, both techniques show a 
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delay of the same order of magnitude in the observation destabilization of asphaltenes in the 

presence of additive at nanoscale and microscale.  

The presence of additive A in crude oil delays the observation of asphaltene aggregates by 1 to 

2 orders of magnitudes at heptane fractions inferior to 60 vol% in oil X. Results suggest that 

Additive A stabilizes asphaltene aggregates by keeping them in suspension.  

 

4. CONCLUSION 

 

Raw and processed data obtained from the QCR sensor were used to compare asphaltenes 

destabilization and deposition during a titration of pure crude oil and crude oil with additive. It 

allowed to evaluate the efficacy of an AI through measurements in the nanometer scale. Results 

show that additive A shifted the destabilization towards higher antisolvent compositions with an 

increased effect as the concentration of additive in solution is increased. From 1000 ppm 

onwards a decrease of the deposit with an increase of the AI concentration was observed. This 

effect seems to be limited between 10,000 ppm and 20,000 ppm, and it can be assumed that there 

is a threshold above which the increase in AI concentration no longer has a significant impact on 

deposition. Excessive AI increase did not negatively impact the amount of deposition and no AI 

self-assembly effect was observed. Moreover, the results obtained in QCR were supported by the 

results obtained in centrifugation where a clear decrease in concentration of destabilized particles 

larger than 200 nm was observed in the presence of additive. The effect of the additive on the 

aggregation kinetics was also highlighted by the detection time measurements with a delay in 

appearance of unstable asphaltenes aggregates larger than 500 nm. 
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These observations are consistent with the results obtained by the QCR and the effect of 

additives on the response of quartz to dissipation. Indeed, it has been described previously that 

the increase in dissipation is linked to an increase in the viscosity of the crude-heptane mixture, 

which is itself linked to the appearance of flocs in the environment close to the quartz disk.  

Absorbance measurements showed the capacity of the additive to maintain these particles in 

suspension and thus to limit their size. 

Increasing the concentration of additive A showed a shift in the increase of viscosity compared 

to the pure crude oil which is consistent with the shift in the appearance of aggregates under the 

microscope and shows the effect of the additive in delaying the destabilization towards higher 

antisolvent compositions. 

This research aims at providing solutions to the industry, confronted to problems related to the 

accumulation of asphaltene deposits on the walls of pipelines but also to the accumulation of 

sedimented particles under static conditions. Hence, results of this manuscript show that 

evaluating effectiveness of an additive in laboratories must study the deposition as well as the 

aggregation kinetics. In addition, the study of viscosity is interesting especially for the evaluation 

 f  h   ff c          f   “f  w         ”         . 

Immersed resonating sensors and centrifugation (or microscopy) methods are showed to be 

complementary techniques for the screening of asphaltene inhibitors.  
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