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ABSTRACT 

The self-association and aggregation properties of asphaltene sub-fractions obtained by 

adsorption onto CaCO3 (doi:10.1016/j.colsurfa.2016.02.011) were investigated using a 

combination of near infrared spectroscopy, isothermal titration calorimetry (ITC) and 

diffusion-ordered 2D NMR spectroscopy (DOSY). Three asphaltenes sub-fractions were 

prepared: the bulk fraction that stayed in the bulk solution (i.e., did not adsorb on CaCO3), the 

adsorbed fraction that was obtained by desorption of asphaltenes adsorbed on CaCO3 using 

tetrahydrofuran, and the irreversibly-adsorbed fraction that was obtained after dissolution of 

CaCO3. The irreversibly-adsorbed asphaltene sub-fraction, which contained a higher content 

of carbonyl, carboxylic acid or derivative groups was found to have a significantly higher 

tendency to self-associate and to form larger aggregates than other fractions. In addition, the 

properties of above asphaltene fractions were compared with fractions obtained by stepwise 

precipitation using various n-hexane/crude oil ratios to study the influence of fractionation 

procedure. The irreversibly-adsorbed asphaltenes exhibited several similarities in properties 

with the fraction precipitating first from stepwise precipitation procedure (named as 
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asphaltene 3.5V) including lower flocculation onset, higher tendency to self-associate (based 

on ITC) and a greater ability to adsorb onto stainless steel (based in QCM-D measurements). 

However, the size of aggregates determined by NMR differed, with the irreversibly-adsorbed 

asphaltenes forming aggregates of larger aggregate size (11.3 Å) than compared to asphaltene 

3.5V fractions (7.2 Å). In conclusion, our investigations indicate that the asphaltene 

precipitation tendency depends on both the aromaticity and polarity of asphaltene fractions, 

and some of the asphaltene sub-fractions present different properties than the whole (or 

unfractionated) asphaltene fraction. 
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1. INTRODUCTION 

Asphaltenes are defined as a solubility class: insoluble in n-alkanes (n-pentane or n-heptane) 

but soluble in aromatic solvents like toluene or benzene[1].  The definition of asphaltenes as a 

solubility class leads to presence of thousands of molecules with broad molecular weight 

distribution being classified under asphaltene fraction[2]. The average molecular weight of 

asphaltenes is considered to be around 750 g/mol with a majority of molecules in the range 

500 – 1000 g/mol. Asphaltenes are characterized by the presence of polycyclic aromatic 

hydrocarbons (PAH) with fused rings, aliphatic side chains and heteroatoms. Different 

models have been proposed to represent “average” asphaltene chemical structure like 

“island/continental architecture” with a single PAH or “archipelago architecture” with several 

PAHs connected by alkyl chains per asphaltene molecule[3]. Recent studies suggest the 

dominance of island architecture in the asphaltenes[4], and that the polyaromatic core 

consists of roughly 6-7 fused rings on an average[5, 6]. The presences of polyaromatic core 

in asphaltenes results in interaction among asphaltene molecules through π-π stacking, and in 

combination with interactions between polar groups induce the formation of nanoaggregates. 

According to the Yen-Mullins model, the nanoaggregates typically consist of up to 6 

asphaltene molecules, and these nanoaggregates in turn can form clusters with aggregation 

numbers of ~8[7]. In case of asphaltenes with island architecture, the aliphatic side chains 

surrounding the large PAH cause steric hindrance and limit the number of asphaltene 

molecules in nanoaggregate[8, 9]. Asphaltenes with archipelago architecture however tend to 

form complex aggregates due to the presence of bridging or ‘tangling’ chains between 

PAHs[8]. In addition to π-π stacking, asphaltene molecules can associate through acid-base 

interactions, hydrogen bonding between functional groups and charge transfer interaction[10, 

11].  
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The self-association and aggregation of asphaltenes is believed to be the first step involved 

during the process of asphaltene precipitation from crude oil[12]. Unstable crudes generally 

consist of asphaltenes with low H/C ratio and high aromaticity[13]. Several techniques have 

been employed to study the asphaltene aggregation including near-infrared (NIR) 

spectroscopy[14, 15], small angle neutron scattering (SANS)[11, 16, 17], vapor pressure 

osmometry (VPO)[18, 19], surface/interfacial tension measurements[19, 20], isothermal 

titration calorimetry (ITC)[21-23], nuclear magnetic resonance (NMR) spectroscopy[12] and 

diffusion-ordered two-dimensional (2D) NMR spectroscopy (DOSY)[24-27]. Attempts have 

also been made to fractionate asphaltenes into sub-fractions of reduced complexity and to 

identify fractions responsible for precipitation problems[11]. The least soluble asphaltene 

fraction has been found to contain more polar species, form larger aggregates and also 

contribute significantly to asphaltene aggregation[11, 28].  

 

Isothermal titration calorimeter (ITC) is a useful tool to determine the thermodynamics of 

interaction between molecules. The experimental heats obtained by ITC for asphaltenes self-

association are comparable to those obtained by molecular simulations, thereby indicating the 

applicability of ITC to study the interaction involving asphaltenes[29]. The technique has 

also been used to study the interaction between asphaltenes and resins[30], tetrameric 

acids[31], model inhibitors like nonylphenol[22, 32] and dodecylbenzene sulfonic acid[22]. 

The study of asphaltene self-association using ITC has been carried out mainly in good 

solvents like toluene[21] or xylene[22]. The tendency of asphaltenes to self-associate and 

form nanoaggregates even in good solvents have been reported[33]. The self-association of 

asphaltene molecules is believed to proceed via a step-wise aggregation mechanism in 

disagreement with the Yen-Mullins model presented above, and the enthalpy change (ΔH) 
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associated with aggregate formation is in the range of -2 to -7 kJ/mol[34]. In addition, the 

sub-fractions of asphaltenes were also found to show differences in enthalpic heats[34].  

 

Recently, pulsed field gradient spin echo (PFGSE) Nuclear Magnetic Resonance (NMR) and 

diffusion-ordered two-dimensional (2D) NMR spectroscopy (DOSY) have been employed 

for physio-chemical characterization of asphaltenes[12, 24-27, 35, 36]. Both techniques 

measure the diffusion coefficients of asphaltene molecules or aggregates as well as the 

solvent. The asphaltene sizes (hydrodynamic radius) can then be extracted from diffusional 

measurements. The DOSY NMR is a derivate of PFGSE NMR, and offers the advantage of 

obtaining a NMR chemical shift on one axis and the diffusion co-efficient on the other[37]. 

For asphaltenes obtained from vacuum residue from a Venezuelen crude oil, Östlund et 

al.[35] measured a diffusion co-efficient of 2.2 x 10-10 m2/s for asphaltenes at infinite dilution 

and also proposed that the asphaltenes have a disc like shape. It has been observed that the 

diffusion co-efficient of asphaltenes tend to decrease beyond a certain concentration thereby 

indicating the onset of aggregation[26, 27, 36]. Durrand et al.[26] observed that the diffusion 

co-efficients of asphaltenes in toluene at infinite dilution were different for asphaltenes with 

continental and archipelago type structures. Asphaltenes in Maya and Buzurgan crude oils 

exhibited higher diffusion co-efficients and formed nano-aggregates with a hydrodynamic 

radius of  ~15.6Å, and was hence considered to consist of predominantly  continental type 

structure, while the asphaltenes in Athabasca crude oil had a lower diffusion co-efficient and 

formed nano-aggregates of bigger radius (~19Å), and therefore considered to have 

predominantly archipelago type structure[26]. Similarly, Lisitza el al.[27] observed that 

asphaltenes from Kuwaiti UG8 crude oil formed nano-aggregates of radius ~12Å.  
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In our earlier work[38], asphaltenes from Norwegian Continental Shelf were fractionated 

based on adsorption onto calcium carbonate. Three asphaltenes sub-fractions were prepared: 

the bulk fraction that stayed in the bulk solution (i.e., did not adsorb on CaCO3), the adsorbed 

fraction that was obtained by desorption of asphaltenes adsorbed on CaCO3 using 

tetrahydrofuran, and the irreversibly-adsorbed fraction that was obtained after dissolution of 

CaCO3. The asphaltenes fractions were characterized by elemental analysis and Fourier 

Transform Infrared Spectroscopy (FTIR). The ability of different asphaltene fractions to 

adsorb onto stainless steel surface was then studied using QCM. The present paper focuses on 

investigation of aggregation properties of asphaltenes based on Near-Infrared Spectroscopy 

(NIR), Isothermal Titration Calorimetry (ITC) and DOSY NMR techniques. A new 

procedure to fractionate asphaltenes based on stepwise precipitation from crude oil is 

developed. The characteristics and properties of asphatene fractions obtained by stepwise 

precipitated technique are studied, and an attempt is finally made to identify the similarities 

and differences between asphaltenes sub-fractions obtained from the two fractionation 

methods.  

 

2. EXPERIMENTAL METHODS 

2.1. CHEMICALS 

A chemical free crude oil from Norwegian Continental Shelf was used for asphaltene 

extraction. The characteristics of the crude oil used can be found in our earlier 

publication[38]. N-hexane (VWR, >97%) was used for extracting asphaltenes from crude. 

Fractionation of asphaltenes was carried out using precipitated CaCO3 (Specialty Minerals, 

US), anhydrous toluene (Sigma Aldrich, 99.8%), anhydrous tetrahydrofuran (VWR, >99.7), 

Chloroform (Merck, >97%), hydrochloric acid (Merck, 37%) and milli-Q water. The acidic 

polyaromatic model compound N-(1-undecyldodecyl)-N′-(5-carboxylicpentyl)perylene-
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3,4,9,10-tetracarboxylbisimide (C5PeC11)was synthesized by following the procedure 

described in Pradilla et al.[39]  The solvent used for ITC experiment was xylene (VWR, 

>98.5%), while the NMR experiments were performed with deuterated toluene (Sigma 

Aldrich, 99.6 atom% D).  

 

2.2. Asphaltene extraction 

The crude oil was conditioned at 60°C for two hours before sampling. The crude oil was 

diluted with an excess of n-hexane in the ratio 1:40 (w/v). The mixture was stirred overnight 

at room temperature (22°C) and filtered using a Millipore 0.45µm filter. The precipitated 

asphaltenes was washed with n-hexane until the filtrate obtained was colorless. The 

asphaltenes were dried under nitrogen purge at room temperature. The asphaltenes obtained 

was called as whole asphaltenes.  

 

2.3. Asphaltene fractionation 

2.3.1. Fractionation based on adsorption onto CaCO3 

The detailed procedure for fractionation of whole asphaltenes based on adsorption onto 

CaCO3 is described in an earlier work[38]. In short, whole asphaltenes were initially 

dissolved in toluene and then CaCO3 was added to it. The mixture was stirred at room 

temperature for 24 hours before centrifuging the mixture at 4000 rpm for 20 min. The 

supernatant was concentrated to dryness and the asphaltenes obtained was called as bulk 

asphaltenes. THF was added to the CaCO3 (remaining after centrifugation, containing some 

asphaltenes adsorbed to it) and the mixture was stirred at 45°C for 24 hours. The mixture was 

then centrifuged at 4000 rpm for 20 min. The supernatant was concentrated to dryness and 

the asphaltenes obtained was called as adsorbed asphaltenes. An equivolume mixture of 

CHCl3-THF was added to the remaining CaCO3 (which contained asphaltenes strongly 
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adsorbed on it), followed by addition of 4N HCl solution and stirring for 3-4 hours at room 

temperature. The organic and aqueous layers were then separated. The organic layer was 

washed with water and concentrated. The asphaltenes obtained was called as irreversibly-

adsorbed asphaltenes. It must be noted that the final drying of all asphaltene fractions (bulk, 

adsorbed and irreversibly-adsorbed) was done on a block heater (GRANT UBR) set at 70°C 

under a stream of nitrogen.  

 

2.3.2. Fractionation based on bulk precipitation 

The crude oil was initially conditioned for 2 hours at 60°C. 20g of crude oil was then 

sampled and transferred into a 1 liter flask.  The fractionation procedure followed is shown in 

figure 1.  

 

 

Figure 1:  Asphaltene fractionation based on bulk precipitation using n-hexane. Note that the 

n-hexane volume (vol) refers to volume per gram of crude oil. 
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70ml (or 3.5vol/g of crude oil) of n-hexane was added to the flask containing 20g of crude 

oil, and the mixture was allowed to stir for 24 hours at 22°C. The oil mixture was filtered 

using Millipore 0.45µm filter paper and the asphaltenes were washed with 50ml of n-hexane. 

The asphaltenes obtained (known as asphaltenes 3.5V) were dried under nitrogen at room 

temperature. The filtrate was diluted upto 6 volumes of n-hexane and was allowed to stir for 

24 hours at 22°C. The oil mixture was filtered using Millipore 0.45µm filter paper and the 

asphaltenes were washed with 50ml of n-hexane. The asphaltenes obtained (known as 

asphaltenes 3.5V-6V) were dried under nitrogen at room temperature. The filtrate was then 

diluted upto 40 volumes of n-hexane and allowed to stir for further 24 hours at 22°C. The oil 

mixture was once again filtered using Millipore 0.45µm filter paper and the asphaltenes were 

washed with 50ml of n-hexane. The asphaltenes obtained (known as asphaltenes 6V-40V) 

were dried under nitrogen at room temperature. It must be noted that the evaporation of n-

hexane during vacuum filtration was compensated during all the steps by weighing the 

filtrate. 

 

2.4. Elemental Analysis 

The elemental composition (C, H, N, O, S) and metal content (Fe, Ni, V, Ca, Na, K) of the 

crude oil and the asphaltene fractions were determined by Laboratory SGS Multilab (Evry, 

France) by thermal conductivity measurements for C, H and N, infrared measurements for O 

and S, and ICP-AE measurements after mineralization in bomb Milestone by microwave for 

metal content. The relative uncertainties in measurement of metal content are as follows: Fe 

(± 5%), Ni (±10%), V (±7%), Ca (±10%), Na (±15%) and K (±10%). 

 

2.5. Fourier Transform Infrared Spectroscopy (FTIR) 
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A Tensor 27 spectrometer (Bruker Optics) equipped with a Bruker Golden Gate diamond 

Attenuated Total Reflection (ATR) cell was used to record the FTIR spectra of the samples in 

the spectral range 4000 to 600 cm-1, with 4 cm-1 resolution. 10 g/L solutions of asphaltene in 

CH2Cl2 were prepared, and 3-5 drops of sample was placed on the cell. The measurements 

were done after the solvent had completely evaporated. 

 

2.6. Near Infrared Spectroscopy (NIR) 

A Multi-Purpose Analyzer (MPA) from Bruker Optics was used for spectral characterization 

of the samples in the near infrared range 1100 to 2500 nm. Asphaltene solutions of 

concentration 10 g/L was initially prepared by adding 9.1g of toluene to 105 mg of 

asphaltenes. The asphaltene solution was sonicated for 30 min and the dissolution was 

checked visually by observing a drop of solution under a microscope for presence of 

particles. The asphaltene solution of 2 g/L concentration at different toluene/n-hexane ratios 

was prepared by diluting the 10 g/L solution. The volume fraction of n-hexane in the solution 

was varied from 0 to 0.8.  

 

2.7. Isothermal Titration Calorimetry (ITC) 

The calorimetric investigations were carried out using NANO ITC Standard volume from TA 

instruments. An internal electronic calibration device was first used to calibrate the heat 

signal. Thereafter, the heat of reaction between Trizma and HCl was measured, and compared 

with the literature. For the experiment, the reference cell was initially filled with sonicated 

xylene. 10 g/L solution of asphaltenes in xylene was prepared by dissolving asphaltene in 

xylene followed by sonication for 30 min. The asphaltene solution was then loaded into 

250µL syringe and placed in the burette connected to the sample cell in calorimeter. Before 

starting the titration experiment, the stirrer was set at 250 rpm and the calorimeter was 
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equilibrated (i.e., baseline drift < 0.1 µW over 20 min). A 300s baseline was collected before 

injecting the 10 g/L asphaltene solution sequentially in steps of 10 µL. The injection interval 

was 400s. A 300s baseline was also collected at the end of the experiment. All the 

experiments were carried out at 25°C. 

 

2.8.  1H Diffusion-ordered Spectroscopy (DOSY) Nuclear Magnetic Resonance (NMR)  

Diffusion-ordered Spectroscopy (DOSY) provides a tool that correlates the resonance 

frequency with the molecular mobility of the sample[40, 41]. This technique allows us to 

determine the diffusion co-efficient of species in solution. 

 

 

Figure 2: The rapid DOSY experiment 

 

Figure 2 shows the ordinary DOSY sequence combined with the Spoiler Recovery (SR) 

approach[42]. The diffusion and longitudinal relaxation time measurements are traditionally 

performed by allowing the magnetization to recover back to thermal equilibrium after 

application of radio frequency (RF) and magnetic gradient pulses. However, this approach is 

time consuming. Hence a combination of two 90° RF pulses and two magnetic gradient 

pulses (GS1 and GS2) of opposite polarity are applied (known as the spoiler recovery 

sequence). The application of the SR approach in high-resolution experiments provides the 
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possibility of acquiring data from components of low-abundance within a reasonable 

measurement time of one hour.  

 

The attenuation of the Fourier transformed FID for a multi exponential system at a given 

frequency,  is written as 

 I(𝜈) = I0(𝜐) ∑ 𝜌𝑖

𝑖

(1 − 𝑒𝑥𝑝

𝑆𝑅𝐷𝑖

𝑇1
𝑖

) 𝑒𝑥𝑝
−𝛾24𝑔2𝛿2𝐷𝑖(

3
2

𝜏−
𝛿
6

)−
4𝜏

𝑇2
𝑖
 (1) 

  is the gyromagnetic ratio, i  is the weighting factor of region i, Di  is the diffusion 

coefficient,  T1
i is the longitudinal relaxation time,  g is the applied gradient strength, GS1 and 

GS2 are the spoiler gradient pulses, 1, 2,  and  are time duration parameters, and the SRD 

is the spoiler recovery delay[42].  

 

Since the recycle delay can be set to practically zero and the SR can be set to T1, several more 

scans may be accumulated within the same acquisition time as the traditional method of 

applying a recycle delay of 5 times T1.[42] By fixing spoiler recovery delay (SRD) and 

incrementing the gradient strength only, a set of FID’s (free induction delay) as a function of 

gradient strength is produced. After a Fourier transform (FT) of the FID, the spectra can be 

subjected to a one dimensional inverse Laplace routine, resulting in a distribution of diffusion 

coefficients for each frequency point in the spectra. From equation 1, it is seen that a change 

in SRD will lead to different contributions from components with different T1 relaxation time. 

This can be used for solvent suppression, as one usually wants to study macromolecules with 

short T1’s dissolved in a solvent having a much longer T1. 

 

For the experiments, the asphaltene solutions were prepared by dissolving the asphaltenes 

fractions in toluene-D8 at a concentration of 0.1 wt%. The samples were then filled into 3 mm 
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NMR tubes and measured at 25°C using a 600 MHz Bruker spectrometer equipped with a 

cryoprobe. With this probe we had access to only 50 Gauss/cm, so in order to have proper 

attenuation the 13-interval PFGSTE sequence[43] was applied with sinusoidal gradient pulse 

lengths of 3 ms and a z-storage interval of 300 ms. With the sample size applied, there were 

no significant temperature gradients over the sample, and it was not necessary to apply 

convection compensated DOSY sequences[44]. 

 

2.9. Quartz Crystal Microbalance (QCM-D) 

The adsorption of asphaltenes onto quartz crystal coated with stainless steel (supplied by 

Biolin scientific) was measured using a quartz crystal microbalance with dissipation (QCM-

D). The apparatus used was a single sensor microbalance system Q-sense E1 from Biolin 

Scientific (Sweden). Prior to the start of experiment, the crystals were cleaned according to 

the following protocol: the crystal was immersed in 1% hellmanex solution in water for at 

least 1 hour followed by washing with purified water, sonication in ethanol for 10 min, 

drying with N2 and finally treated in UV chamber for 15 min. 

 

QCM adsorption experiments were performed with the following procedure: xylene was 

initially passed through the chamber containing crystal at 20°C to obtain a baseline. The 

baseline was considered to be stable if the frequency change was less than ±1 Hz for 10 min. 

Solutions of asphaltene in xylene were then injected into the chamber in a stepwise manner 

using a pump (flow rate = 750 µL/min). Sample injection time was 10 min followed by a 

waiting time of 5 min before the next sample injection was performed. Desorption study was 

done by injecting xylene after passing the most concentrated asphaltene solution. The QCM 

experiments were repeated at least twice for each measurement. 
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The QCM-D operates based on the property of piezoelectricity. The piezoelectric quartz 

crystal coated with stainless steel is located between the two metal electrodes. By applying an 

AC voltage across the electrodes, the crystal is excited to oscillate. The frequency of 

oscillation is dependent on the mass adsorbed onto the surface of the crystal. The relationship 

between the change in frequency (∆𝑓) due to the mass adsorbed (∆𝑚) was established by 

Sauerbrey[45] as (equation 2) 

 ∆𝑚 = −
𝜌𝑞𝑡𝑞

𝑓𝑜𝑛
∆𝑓 =  −

𝜌𝑞𝑣𝑞

2𝑓𝑜
2𝑛

∆𝑓 =  −
𝐶

𝑛
∆𝑓 (2) 

Where 𝜌𝑞 (=2648 kg/m3) and 𝑡𝑞 (=0.3 mm) are the mass density and thickness of the crystal, 

𝑣𝑞 (=3340 m/s) is shear wave velocity in quartz, 𝑓𝑜 (= 5 MHz) is the fundamental frequency 

of crystal and 𝑛 is the overtone number. The constant C equals 0.177 mg/m2Hz. In the 

present study, the values obtained for the 5th overtone are reported since the dissipation 

change corresponding to 3rd overtone was earlier found to be sensitive to flow changes[38]. 

The Sauerbrey equation is valid only when the mass adsorbed is evenly distributed on the 

surface, ∆𝑚 is smaller than the mass of the crystal and the adsorbed mass is rigidly attached 

to the surface[45]. 

 

The change in dissipation due to adsorption is given by the relationship[46] 

 𝐷 =
𝐸𝑑𝑖𝑠𝑠𝑝𝑖𝑎𝑡𝑒𝑑

2𝜋𝐸𝑠𝑡𝑜𝑟𝑒𝑑
 (3) 

Where D is the dissipation factor, 𝐸𝑑𝑖𝑠𝑠𝑝𝑖𝑎𝑡𝑒𝑑 is the energy dissipated during one period of 

oscillation and 𝐸𝑠𝑡𝑜𝑟𝑒𝑑 is the energy stored in the oscillating system. In the case of formation 

of viscoelastic films on the surface, the Sauerbrey’s relationship (equation 1) is no longer 

valid.  
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3. RESULTS AND DISCUSSION 

3.1. Fractional yields 

Fractionation of whole asphaltenes based on adsorption onto CaCO3 resulted in the following 

fractional yields as reported in an earlier study[38]: bulk asphaltenes (49 wt%), adsorbed 

asphaltenes (29.5 wt%) and irreversibly-adsorbed asphaltenes (20.5 wt%). The overall 

recovery of asphaltenes after fractionation was ~99 wt%.  

 

A calibration curve was necessary to determine the conditions necessary to develop method 

for stepwise precipitation of asphaltenes by diluting crude oil with n-hexane. Hence, samples 

of crude oil (10g each) were diluted with different volumes of n-hexane and the amount of 

asphaltenes precipitated was measured. The percentage of total asphaltene precipitated at 

different volumes of n-hexane dilution of crude oil is calculated based on the following 

equation 4. 

 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑎𝑠𝑝ℎ𝑎𝑙𝑡𝑒𝑛𝑒𝑠 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒𝑑 (𝑚𝑎𝑠𝑠%) =  
𝑚𝑣

𝑚40
× 100 (4) 

Where 𝑚𝑣 = mass of asphaltenes precipitated on dilution with 𝑣 volumes of n-hexane (i.e., 

ml of n-hexane/g of crude oil) and 𝑚40 = mass of asphaltenes precipitated on dilution with 40 

volumes of n-hexane. The experiments were repeated twice to check for reproducibility. 
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Figure 3: Calibration curve for crude oil dilution with n-hexane based on 2 independent 

experiments. 

 

Figure 3 shows the percentage of asphaltenes precipitated at different volumes of n-hexane 

dilution. Our aim was to separate asphaltenes from crude oil into 3 fractions of yields 20 

wt%, 30 wt% and 50 wt% (i.e., similar to yields obtained for CaCO3 adsorption method). It 

can be observed that the first 20 wt% of asphaltenes present in crude precipitates on addition 

of ~3.5 volumes of n-hexane to crude oil, the next 30 wt% of asphaltenes precipitates on 

addition of further 2.5 volumes of n-hexane and the remaining 50 wt% precipitates on 

addition of further 34 volumes of n-hexane. Hence the above conditions were chosen to 

fractionate asphaltenes for further study as shown earlier in figure 1.  

 

The yields of different asphaltene fractions (3.5V, 3.5V-6V and 6V-40V) obtained from 20g of 

crude oil based on 5 experiments are given in table 1. The average total recovery of 

asphaltenes was around 0.53g from a batch of 20g crude oil, and the recovered asphaltene 

amount represents approximately 2.66 wt% of the crude oil. This amount is similar to the 
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asphaltene content (2.5 wt%) in crude oil based on SARA analysis.[38] Thus all the 

asphaltenes have been recovered from the crude oil.  It can be observed that the percentage 

yields of fractions 3.5V and 3.5V-6V are slightly higher than expected from figure 1, while 

the percentage yield of fraction 6V-40V is lower. 

 

Asphaltenes fraction Yield (g) Yield (wt %) 

3.5V 0.145 ± 0.006 27.4 ± 0.8 

3.5V-6V 0.172 ± 0.001 32.3 ± 0.9 

6V-40V 0.214 ± 0.012 40.3 ± 1.2 

Total 0.531 ± 0.015 ~ 100 

Table 1: Yield of asphaltene fractions obtained by n-hexane dilution of crude oil on average 

of 5 independent experiments. 

 

3.2. Composition  

3.2.1. Elemental Analysis 

The elemental analysis of asphaltene fractions obtained based on stepwise precipitation using 

n-hexane dilution of crude is given in table 2. The H/C ratio of the asphaltene fractions (3.5V, 

3.5V-6V, 6V-40V) varies only over a narrow range (1.13 – 1.16), thereby indicating that the 

fractions do not show appreciable difference in their aromaticity. The sulfur content in the 

sub-fractions is evenly distributed. The nitrogen content in asphaltene 3.5V sub-fraction was 

however found to be slightly lower than the fractions 3.5V-6V and 6V-40V. Variation in 

oxygen content was however observed among the fractions, with the asphaltene fraction 3.5V 

showing a significantly higher presence of O atoms (around 50-60% relative difference) 

compared to the other two fractions (3.5V-6V and 6V-40V). A similar stepwise fractionation 

of crude oils by Fossen et al. [47]using n-pentane as precipitant showed an increase in oxygen 
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content in the first precipitating asphaltene fraction for one of the North Sea Crude oil. The 

first precipitating asphaltene fractions from two other crude oils they studied did not exhibit 

similar increase in oxygen content, which could be attributed to a less efficient fractionation 

of asphaltenes. In comparison, the asphaltenes fractions obtained based on adsorption onto 

CaCO3 showed more variation with the irreversibly- adsorbed fraction exhibiting a slightly 

higher aliphatic character and also a higher concentration of oxygen[38].  

 

The mass balance of the elements was calculated based from the following equation: 

 % 𝑙𝑜𝑠𝑠 (𝑜𝑟)𝑔𝑎𝑖𝑛 =  
𝑓3.5𝑉𝑋3.5𝑉 +  𝑓3.5𝑉−6𝑉𝑋3.5𝑉−6𝑉 + 𝑓6𝑉−40𝑉𝑋6𝑉−40𝑉 

𝑋𝑤ℎ𝑜𝑙𝑒
 (5) 

 Where, f3.5V, f3.5V-6V and f6V-40V refer to the fractional yield of asphaltene fractions 3.5V, 3.5V - 

6V and 6V – 40V respectively. Xwhole, X3.5V, X3.5V-6V and X6V-40V refer to the weight percentage 

(%) of corresponding element in whole, 3.5V, 3.5V - 6V and 6V - 40V asphaltene fractions 

respectively. 

 Element Crude oil 

Asphaltenes  

Whole 3.5V 3.5V-6V 6V-40V 

%loss or 

%gain 

C (wt%) 86.90 85.6 82.3 86.1 86.2 -0.6 

H (wt%) 11.67 8.17 7.95 8.21 8.16 -0.6  

N (wt%) 0.28 1.32 1.27 1.36 1.35 +0.9 

O (wt%) 0.46 1.85 2.84 1.73 1.79 +11.3 

S (wt%) 0.87 1.96 2.09 2.13 2.12 +7.9 

Total (wt%) 100.18 98.90 96.45 99.53 99.62 - 

H/C ratio (-) 1.610 1.145 1.159 1.144 1.136 - 
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Table 2: Elemental analysis of asphaltene fractions obtained by step-wise precipitation 

procedure. The mass balance of elements is indicated as % loss (negative) or % gain 

(positive). 

 

From table 2, it can be observed that there is good mass balance for the elements C, H and N. 

It must however be noted that the recovery of elemental mass balance for asphaltene 3.5V 

fraction is slightly lower (around 96.5%), which is consistent with the presence of higher 

metal content in this sub-fraction (table 3). There is however a marginal gain in oxygen 

(+11.3 wt%) and sulfur (+7.9 wt%) contents. The oxygen gain is most likely due to 

uncertainties in measurement and possibility of slight oxidation.  

 

The metal content in different asphaltene sub-fractions is presented in table 3. The asphaltene 

fraction 3.5V contains a very high Fe content. The amount of V and Ni is similar in various 

sub-fractions (3.5V, 3.5V-6V, 6V-40V), thereby indicating that there is no tendency for these 

two metals to be concentrated in any particular asphaltene sub-fraction. However, the whole 

asphaltenes contain slightly higher Ni and V content than any of the sub-fractions. We 

suspect that this discrepancy may have been due to sampling. Similarly, the content of 

calcium and sodium in asphaltene 3.5V sub-fraction is significantly higher (>10 times) than 

compared to the fractions 3.5V-6V and 6V-40V. This could be attributed to the presence of 

calcium and sodium salts dissolved in water. The crude oil used for the study has 0.11 wt% 

water content. The coalescence of water droplets present in crude during the first filtration 

step (to obtain the 3.5V fraction) may have most likely resulted in the precipitation of the 

water soluble inorganic salts along with the less soluble asphaltene fraction. 
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Element Crude oil 

Asphaltenes  

Whole 3.5V 3.5V-6V 6V-40V 

%loss or 

%gain 

Fe (ppm) 6 96 219 <30 57 < -3.5 

V (ppm) 17 256 190 185 178 -28.3 

Ni (ppm) 6 77 61 50 58 -27.0 

Ca (ppm) 120 1402 3694 225 401 -11.1 

Na (ppm) <50 641 3000 <250 <250 > +30.0 

K (ppm) <50 <130 <250 <250 <250 - 

Table 3: Metal content in asphaltene fractions obtained by step-wise precipitation procedure. 

The mass balance of elements is indicated as % loss (negative) or % gain (positive). 

 

3.2.2. FTIR Spectroscopy 

The FTIR spectroscopy of asphaltene fractions obtained by stepwise precipitation is shown in 

figure 4. The spectra obtained were baseline corrected by subtracting the values in spectra 

with the absorbance value at 600 cm-1. The baseline corrected spectra was then normalized by 

dividing the values in spectra by the highest absorbance value. The spectra are divided into 

two regions: (a) 3200 - 2600 cm-1 and (b) 2000 - 600 cm-1.  
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Figure 4: FTIR spectra of asphaltene fractions obtained by stepwise precipitation using n-

hexane in the spectral range (a)3200 - 2600 cm-1 (b)2000 - 600 cm-1. 

 

The absorbance peaks observed between 2935 - 2915cm-1 and 2865 - 2845 cm-1 in figure 4(a) 

correspond to asymmetric and symmetric stretching vibration of methylene groups. All the 
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asphaltene sub-fractions show similar absorbance in the above spectral range. The spectral 

region 1760 - 1665 cm-1 corresponds to stretching vibrations of carbonyl groups. Figure 4(b) 

indicates only a minor difference in the intensity of absorbance among the various asphaltene 

sub-fractions obtained by stepwise precipitation procedure (3.5V, 3.5V-6V and 6V-40V). 

Also, all the sub-fractions show similar absorbance intensities at 1600 cm-1 (which 

corresponds to C=C aromatic stretching), 1460 cm-1 (which corresponds to –CH2– bending) 

and 1380 cm-1 (which corresponds to –CH3 bending). Similarly, the presence of band at 1030 

cm-1 is an indication of sulfoxide groups, which could be due to oxidation. Thus FTIR 

spectrum indicates that the stepwise precipitation procedure has not produced any particular 

sub-fraction with enhanced or depleted concentration of functional groups. The asphaltene 

fractionation based on adsorption onto CaCO3 however resulted in sub-fractions with 

significant differences in absorption intensity at 1700 cm-1 as reported in our previous 

paper[38]. The irreversibly-adsorbed asphaltene sub-fraction exhibited the highest absorption 

intensity at this wavenumber, and is thus considered to have a larger presence of carbonyl, 

carboxylic acids or derivative groups.  

 

3.3. Properties 

3.3.1. Precipitation onset by Near Infrared Spectroscopy (NIR) 

A typical near infrared spectra obtained during titration of asphaltenes in toluene solution 

with n-alkane can be found elsewhere[48]. Figure 5 shows the optical density values 

measured at 1600 nm for solutions of asphaltene sub-fractions in a mixture of toluene and n-

hexane.  
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Figure 5: Precipitation of asphaltene sub-fractions in a toluene/n-hexane model system 

measured at 1600 nm. 

 

The optical density values in figure 5 correspond to measurements done after 1 hour of n-

hexane addition. The values at 1600 nm are reported since this wavelength has minimal 

hydrocarbon adsorption of NIR light and the optical density measured is mainly due to the 

scattering of light[14]. The precipitation of asphaltenes leads to scattering of light, and hence 

the baseline elevation is an indicator of asphaltene precipitation. The solutions were also 

visually checked using a microscope (Nikon LV 100D) for presence of asphaltene 

precipitates. The onset of precipitation observed for various asphaltene sub-fractions is given 

in table 4. 

 

Asphaltene fraction n-hexane (vol%) 

Whole 60 - 70 

Bulk 60 - 70 
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Adsorbed 40 - 50 

Irreversibly-adsorbedHCl 30 - 40 

3.5V 40 - 50 

3.5V – 6V 60 - 70 

6V – 40V 70 - 80 

Table 4: Asphaltene precipitation onset after 1 hr of n-hexane addition 

 

The onset of precipitation of whole asphaltenes was between 60-70 vol% n-hexane. 

Fractionation of asphaltenes based on CaCO3 adsorption showed that the bulk asphaltenes 

exhibit the similar precipitation onset range as the whole asphaltenes. However, the adsorbed 

and irreversibly-adsorbed asphaltenes precipitate out of the solution on addition of lower 

amounts of n-hexane. These two asphaltene sub-fractions contain a higher presence of 

carbonyl, carboxylic acid and derivative groups (based on FTIR) and also a higher 

concentration of nitrogen heteroatoms than compared to the bulk fraction[38]. This suggests 

that polar and hydrogen bonding interactions may be more dominant in the adsorbed and 

irreversibly-adsorbed fractions than compared to bulk fraction. Similarly, in the case of 

asphaltene fractions obtained based on step-wise precipitation method, it was observed that 

the asphaltene 3.5V fraction has a lower precipitation onset (40-50 vol% n-hexane) than 

compared to 3.5V - 6V and 6V - 40V fractions. This trend is in agreement with the physical 

principle of separation of these fractions. The higher amount of oxygen in asphaltene 3.5V 

indicates that polar interactions and hydrogen bonding could play a more dominant role in 

this sub-fraction. The solubility characteristics of asphaltene sub-fractions obtained by the 

two fractionation methods are in agreement with observations of Speicker et al.[11].  

 

3.3.2. Self-association properties by Isothermal Titration Calorimetry (ITC) 
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The self-association properties of the different asphaltene fractions were determined by 

injecting 10 g/L asphaltene solutions into the calorimeter cell containing pure xylene. Figure 

6 shows a typical plot obtained during the asphaltene deaggregation process followed by ITC. 

As seen in figure 6(a), the injection of asphaltene solution into xylene results in absorption of 

heat thereby indicating that the process is endothermic. Dilution results in partial dissociation 

of physical bonds between asphaltenes which are self-associated. The heat per injection was 

integrated and values shown in figure 6(b) were obtained after correction for friction heat. It 

can be observed that the heat absorbed decreases as the asphaltene content in the cell is 

increased. This is indicative of stepwise association process in asphaltenes and that there is 

no critical micelle concentration (CMC)[49]. A simple dimer dissociation model (represented 

in equation 6 and 7) was then used to fit the integrated heat data and obtain the 

thermodynamic properties.  

𝐴𝑠𝑝2 ↔ 𝐴𝑠𝑝 + 𝐴𝑠𝑝 (6) 

𝐾𝐴𝑠𝑝 =  
[𝐴𝑠𝑝]2

[𝐴𝑠𝑝2]
 (7) 

Where Asp and Asp2 refer to asphaltene monomer and dimer respectively, and KAsp refers to 

the equilibrium dissociation constant.   

 

The dimer model assumes that asphaltenes exist in the form of dimers and hence 

deaggregation leads to formation of monomers. The dimer model fit has two fitting 

parameters: dissociation constant (KAsp) and the enthalpy of dissociation (∆HAsp). The dimer 

model has been found to give the best fit for the asphaltene deaggregation process[22, 34].  
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Figure 6: Titration of asphaltenes into xylene. (a) Raw heat data (b) Integrated heat along 

with dimer dissociation model fit. The heat value from the first injection was discarded for 

data analysis. 
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The heat absorbed during titration of various asphaltene sub-fractions is presented in figure 7. 

Among the asphaltene fractions obtained by adsorption on to CaCO3, the irreversibly-

adsorbed asphaltene fraction shows significantly higher heat absorption than compared to 

whole, bulk and adsorbed asphaltene sub-fractions. The adsorbed and bulk asphaltene 

fractions however show slightly lower heat absorption per injection than compared to the 

whole asphaltenes. Similarly, the asphaltene 3.5V sub-fraction shows more heat absorption 

than compared to whole, 3.5V - 6V and 6V - 40V asphaltene fractions.  

 

 

Figure 7: De-aggregation of asphaltene sub-fractions in xylene 

 

The thermodynamic parameters of dimer dissociation model fitting for different asphaltene 

fractions are given in table 5.  
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Asphaltene fraction KAsp (M) ∆HAsp (kJ/mol) ∆SAsp (J/molK) 

Whole 0.019 ± 0.001 6.1 ± 0.1 53.2 ± 0.5 

Bulk 0.019 ± 0.002 4.7 ± 0.1 49.0 ± 0.9 

Adsorbed 0.016 ± 0.001 4.8 ± 0.2 50.5 ± 0.6 

Irreversibly-adsorbedHCl 0.010 ± 0.001 9.0 ± 0.1 68.3 ± 0.5 

3.5V 0.015 ± 0.001 7.1 ± 0.1 58.7 ± 0.4 

3.5V – 6V 0.017 ± 0.001 5.8 ± 0.1 53.4 ± 0.1 

6V – 40V 0.015 ± 0.001 5.7 ± 0.1 53.9 ± 0.1 

Table 5: Thermodynamic parameters of dimer dissociation model fitting 

 

The positive ∆HAsp and ∆SAsp (entropy) values indicate that the process is enthalpy driven. 

The ∆Hasp values obtained for the asphaltene sub-fractions are in the range 4.5 - 9 kJ/mol. 

The typical Van der Waal interaction strength values are 0.4 – 4 kJ/mol, while those of 

hydrogen bonds are 12 – 30 kJ/mol[50]. The higher ∆Hasp value (9 kJ/mol) for irreversibly-

adsorbed asphaltenes indicates the presence of stronger bonds in aggregates formed by this 

sub-fraction. Similarly, the asphaltene 3.5V fraction has a slightly higher ∆Hasp value than 3.5 

- 6V and 6V - 40V fractions. Both the 3.5V fraction and the irreversibly-adsorbed fractions 

have a higher presence of heteroatoms which indicates that the more polar asphaltene 

fractions tend to exhibit a higher tendency to aggregate. The ∆HAsp values were calculated 

assuming that the molecular weights of all the sub-fractions are 750 g/mol. It must however 

be noted that the ∆Hasp values are sensitive to the molecular weight and hence one must be 

cautious while interpreting the results based only on the ∆Hasp values. The higher heat 

observed for less soluble asphaltene fractions in the present study is in disagreement with 

studies by Merino-Garcia & Andersen[34] who observed that the insoluble asphaltene 

fractions (which was obtained by fractionation of n-heptane precipitated asphaltenes using 
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mixtures of acetone and toluene) exhibited less heat of dissociation. While the ΔHasp values 

of asphaltenes fractions in present study are in same order of magnitude as those obtained by 

Merino-Garcia and Andersen[21], the dissociation constant (Kasp) values for asphaltenes 

fractions in our study are almost 10 times higher. This could be attributed to the difference in 

origin and composition of asphaltenes. 

 

3.3.3. Aggregate size by DOSY NMR  

In the case of dilute systems (0.1 wt% asphaltene solution), we can apply the Stokes-Einstein 

relation[51] to relate the measured diffusion coefficient to the hydrodynamic radius as 

follows (equation 8). 

𝐷𝑁𝑀𝑅 =  
𝑘𝑇

6𝜋𝜂𝑅𝐻
    ↔    𝑅𝐻 =

𝑘𝑇

6𝜋𝜂𝐷𝑁𝑀𝑅
 (8) 

Where DNMR is the measured diffusion coefficient, k is Boltzmann constant, T is absolute 

temperature  is the viscosity and RH is the hydrodynamic radius. As the resulting data from a 

sample of different molecular sizes, an inverse laplace of the experimental data will return a 

distribution of diffusion coefficients, or as shown in figure 8, a distribution of hydrodynamic 

sizes. 
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Figure 8: Size distribution of asphaltene fractions and C5PeC11 at 0.1 wt% concentration in 

toluene-d8 

 

The average size distribution of all the sub-fractions is summarized in table 6. In the case of 

acidic polyaromatic compound C5PeC11, the particle size distribution varies over a narrow 

range between 1.3Å and10.2Å, with an average hydrodynamic radius of 4.6Å. This value is 

consistent with the existence of C5PeC11 in a mixture of monomers and dimers[52]. The 

broader particle size distribution along with a higher average hydrodynamic size for 

asphaltene fractions than compared to C5PeC11 indicates that the asphaltene fractions exist 

as a mixture of molecular monomers and nanoaggregates. The average hydrodynamic radius 

of asphaltene fractions in our study is comparable to the values obtained by Andrews et 

al.[53] for coal-derived and petroleum asphaltenes. 

 

Figure 8 shows that the adsorbed and irreversibly-adsorbed asphaltene fractions have an 

ability to form nano-aggregates of large hydrodynamic radius. The irreversibly-adsorbed 
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asphaltenes form nano-aggregates with a size distribution of 1Å - 100Å with an average 

hydrodynamic radius of 11.2Å.  Similarly, the adsorbed asphaltenes form nano-aggregates 

between 1Å and 60Å, with an average hydrodynamic radius of 11.5Å. Both the adsorbed and 

irreversibly-adsorbed asphaltenes fractions contain a higher concentration of carbonyl, 

carboxylic acid or derivate groups compared to other fractions (based on FTIR)[38]. The bulk 

and whole asphaltenes however form aggregates of lower size with an average hydrodynamic 

radius of 8.2Å and 8.9Å respectively. There is one noticeable difference in the size 

distribution of hydrodynamic radii for asphaltene sub-fractions obtained by the stepwise 

precipitation method. These sub-fractions (3.5V, 3.5V - 6V, 6V - 40V) also show some signal 

below 1Å. Consequently, the average hydrodynamic radius is lower for these fractions than 

compared to the fractions obtained by adsorption onto CaCO3. The asphaltene fractions 

3.5V – 6V and 6V – 40V exhibit a bimodal distribution and show signals below 1Å.  Since the 

shortest carbon-carbon bond length is typically 1.2Å – 1.3Å[54], the origin of signals below  

1Å obtained for asphaltene fractions 3.5V – 6V and 6V – 40V could be attributed to the 

impurities.  

 

Asphaltene fraction 

Average hydrodynamic 

radius (Å) 

Whole 8.9 

Bulk 8.2 

Adsorbed 11.5 

Irreversibly-adsorbedHCl 11.2 

3.5V 7.2 

3.5V – 6V 6.5 
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6V – 40V 7.1 

C5PeC11 4.6 

Table 6:  Average NMR hydrodynamic size of asphaltene fractions and C5PeC11 

 

3.3.4. Adsorption onto stainless steel (QCM) 

The ability of the whole, bulk, adsorbed and irreversibly-adsorbed asphaltene fractions to 

adsorb on to stainless steel surface has been reported in our earlier publication[38]. The 

amount of asphaltenes adsorbed on stainless steel (before washing with xylene) followed the 

order: irreversibly-adsorbed (~ 8 mg/m2) > adsorbed (5.2 ± 0.3 mg/m2) > bulk (4.4 ± 0.1 

mg/m2) > whole (3.7 ± 0.1 mg/m2). The difference in adsorption capability was attributed to 

the higher presence of carbonic groups, carboxylic acid or their derivative groups. Also, only 

15-25 wt% of the asphaltenes desorbed from the stainless steel on washing with xylene[38].  

 

Figure 9 shows the amount of asphaltenes adsorbed onto stainless steel at various asphaltene 

concentrations in the case of asphaltene fractions obtained by stepwise precipitation 

procedure. The asphaltene 3.5V fraction shows the highest adsorption (4.3 ± 0.1 mg/m2) onto 

the stainless steel surface. This fraction has a slightly higher ability to adsorb onto the surface 

than compared to the whole asphaltenes (3.8 ± 0.1 mg/m2). In comparison, the 3.5V - 6V 

fraction (3.4 ± 0.2 mg/m2) and 6V - 40V fraction (2.9 ± 0.1 mg/m2) adsorb to a much lower 

extent on to stainless steel. The 3.5V fraction has a significantly higher content of oxygen 

heteroatoms in it than compared to the other stepwise precipitated fractions. However, all the 

stepwise precipitated fractions (whole, 3.5V, 3.5V - 6V, 6V - 40V) have similar aromaticity 

(from elemental analysis), aggregate size (based on NMR) and no significant differences in 

presence of functional groups (based on FTIR analysis). Similarly, only 18 - 28 mass% of the 

asphaltenes were desorbed from the surface on washing with xylene. The small differences in 
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composition (based on elemental analysis and FTIR spectra) reported for fractions obtained at 

different n-hexane/crude oil ratios are in good agreement with QCM data. Indeed the 

adsorbed amounts vary in a limited range between the asphaltene fractions 3.5V (4.3 mg/m2) 

and 6V - 40V (2.9 mg/m2). This behavior is different from the fractions (bulk, adsorbed and 

irreversibly-adsorbed) obtained by adsorption onto CaCO3, which presented a large 

difference in their adsorption properties[38]. 

 

 

Figure 9: Amount of asphaltenes adsorbed onto stainless steel surface before desorption with 

xylene. 

 

4. Comparison of asphaltene fractions obtained by the two fractionation techniques 

A comparison of the properties of different asphaltene fractions obtained based on adsorption 

technique and stepwise precipitation method is given in table 7.  

 Asphaltene fractions 

Whole Based on adsorption on CaCO3 Based on stepwise precipitation 
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Bulk Adsorbed 

Irreversibly-

adsorbedHCl 

3.5V 3.5V-6V 6V-40V 

Elemental Analysis:    

Oxygen content (wt%) 1.85 2.33 3.27 4.22 2.84 1.73 1.79 

H/C ratio 1.15 1.14 1.14 1.19 1.16 1.14 1.14 

    

Presence of carbonyl, 

carboxylic acid and 

derivative groups 

(FTIR) 

- - 

Slightly 

high 

High Same as whole asphaltenes 

      

Flocculation onset 

(n-hexane vol%) 

60-70% 60-70% 40-50% 30-40% 40-50% 60-70% 70-80% 

        

Self-association 

properties (ITC) 

- 

Slightly lower than 

whole asphaltenes 

Significantly 

high 

Slightly 

high 

Same as whole 

asphaltenes 

      

Average hydro-dynamic 

size in Å (NMR) 
8.9 8.2 11.5 11.2 7.2 6.5 7.1 

        

Adsorption on stainless 

steel in mg/m2 (QCM) 

~ 3.8 ~ 4.5 ~ 5.3 ~ 8 ~ 4.3 ~ 3.4 ~ 2.9 

Table 7: Comparison of asphaltene fractions  
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Fractionation based on adsorption onto CaCO3 has resulted in obtaining asphaltene sub-

fractions characterized by significant differences in properties.  The properties of the bulk 

asphaltene fraction (which constitutes about 50% of the whole asphaltenes) are more 

representative of the average properties of the whole asphaltenes. The asphaltenes were also 

found consisting of sub-fractions (adsorbed and irreversibly-adsorbed) that are characterized 

by a higher presence of functional groups, tendency to form bigger aggregates and exhibiting 

lower flocculation onset. The observation that larger aggregate size observed for these two 

sub-fractions leading to an increased tendency to flocculate is in agreement with previous 

studies[12]. The adsorbed and irreversibly-adsorbed asphaltene sub-fractions however differ 

in the aromaticity, oxygen content as well as ability to adsorb onto stainless steel. However, a 

lower flocculation onset of the irreversibly-adsorbed asphaltenes inspite of having a higher 

H/C ratio (or lower aromaticity) is in contradiction with other studies[12, 13].  The ability of 

the less aromatic asphaltenes to associate and form larger aggregates have been reported 

earlier[55]. The irreversibly-adsorbed asphaltenes appears to follow this observation, but the 

adsorbed asphaltene fraction contradicts the same. This discrepancy may be due to structural 

differences between these two fractions. The irreversibly-adsorbed asphaltenes are more 

polar than the adsorbed asphaltenes, and hence there exists a possibility of greater influence 

of specific polar interactions in irreversibly-adsorbed asphaltenes in addition to π-π bonding 

interactions respectively.  

 

In comparison, the stepwise precipitation procedure resulted in asphaltene fractions with 

fewer differences in structure and properties. The sub-fractions 3.5V – 6V and 6V – 40V show 

similar properties with limited difference mainly in their ability to adsorb onto stainless steel. 

The asphaltene 3.5V sub-fraction however has different properties and is characterized by 

higher oxygen content and slightly enhanced self-association properties (observed in ITC). 
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The properties of asphaltene 3.5V fraction have several similarities with the irreversible- 

adsorbed fraction. These two fractions are characterized by higher oxygen content, lower 

flocculation onset, higher self-association properties (observed by ITC) and a slightly higher 

ability to adsorb onto stainless steel. However, the asphaltene 3.5V and irreversibly-adsorbed 

fractions differ in aggregate sizes and the aromaticity. Thus the tendency of asphaltenes to 

precipitation does not seem to be limited to the solid surface adsorption property.  

 

5. CONCLUSION 

The self-aggregation characteristics for asphaltene sub-fractions obtained from a North Sea 

crude oil has been investigated using NIR, ITC and DOSY NMR. Asphaltenes were 

fractionated based on two different techniques: adsorption onto CaCO3 particles and stepwise 

precipitation from crude oil. The sub-fractions obtained by adsorption of asphaltenes onto 

CaCO3 showed a significant variation in their characteristics and properties. The less 

aromatic irreversibly-adsorbed asphaltenes fraction, containing more carbonyl, carboxylic 

acid or derivate groups, showed the highest tendency to self-associate (ΔHasp= 9.0 KJ/mol), 

formed large aggregates (~ 11.2 Å) and exhibited a lower flocculation onset (30 - 40 vol% 

hexane). Similarly, the adsorbed asphaltene fraction containing a slightly higher presence of 

carbonyl groups, formed larger aggregates (~ 11.5 Å) and had a lower flocculation onset (40 

– 50 vol% n-hexane). The whole and the bulk asphaltenes formed smaller aggregates (8.9 Å 

and 8.2 Å respectively) and had higher flocculation onset (60 – 70 vol% n-hexane). The bulk 

and adsorbed asphaltenes however exhibited a slightly lower ΔHasp than the whole 

asphaltenes. 

 

On the other hand, only the asphaltene 3.5V fraction obtained by stepwise precipitation 

procedure exhibited significantly different properties than 3.5V - 6V and 6V - 40V asphaltene 
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sub-fractions. The asphaltene 3.5V fraction contained a higher presence of oxygen atoms, 

exhibited a slightly higher ∆Hasp values and had a greater ability to adsorb onto stainless steel 

than the remaining two fractions.  The asphaltene 3.5V fraction also had a low precipitation 

onset (40 – 50 vol% n-hexane). The fractions 3.5V - 6V and 6V - 40V had a higher 

flocculation onset (60 - 70 vol% and 70 - 80 vol% n-hexane respectively). The three fractions 

formed aggregates of similar size.  

 

A comparison of fractions shows that the irreversibly-adsorbed asphaltenes and the 

asphaltene 3.5V fraction had several similarities in properties including a higher oxygen 

heteroatom content, higher tendency to aggregate and greater ability to adsorb onto stainless 

steel surface compared to rest of the fractions. A difference in aromaticity and size of 

aggregate formed by these two fractions was however observed. Even though these two 

fractions represent the most polar sub-fractions in the respective fractionation techniques, 

there appears to be a difference in the nature of interaction present, with the irreversibly-

adsorbed asphaltenes probably having a higher influence of polar interactions than compared 

to the asphaltene 3.5V fraction. The observation that a slightly less polar adsorbed asphaltene 

sub-fraction exhibiting several similar properties as irreversibly-adsorbed properties 

including lower precipitation onset and similar aggregate size despite of having a lower ∆Hasp 

values indicates that the asphaltene precipitation phenomena depends on both the polarity as 

well as aromaticity.  
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