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ABSTRACT

In the present work, the mechanism of interaction (and precipitation inhibition)
between asphaltenes and a commercial fatty alkylamine inhibitor is investigated by a
combination of techniques: “macro” properties such as the asphaltene
flocculation/precipitation onset and the amount of asphaltene precipitated are measured in
combination with the heat of interaction between asphaltenes and inhibitor determined by
isothermal titration calorimetry (ITC). Asphaltene fractions as well as esterified asphaltenes
were also used to pinpoint the mechanism.

ITC shows that only a small fraction (around 6%) of asphaltenes interacts strongly
with the inhibitor, while the remaining asphaltenes exhibit much weaker interactions. This
proportion is higher in the fraction called irreversibly-adsorbed asphaltenes, which was
prepared by adsorption of asphaltenes onto calcium carbonate. These 6% are mostly
composed of acidic asphaltenes (as indicated by the measured acid-base interaction).

However, the acid-base interaction was not found to be the main interaction
responsible for the inhibition of asphaltene precipitation induced by the inhibitor, based on
determination of precipitation onset and amount of asphaltene precipitated. Other type(s) of
interaction is/are responsible for the inhibition properties of the inhibitor. These interactions
are not detected by ITC. The nature of other interactions is not known for the moment, but it
was shown that irreversibly-adsorbed asphaltene fraction contains a higher concentration of

the functionality (ies) responsible for the “other” type of interaction.
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1  Introduction

Asphaltenes represent the heaviest and the most polar component of crude oil. They
are defined primarily as a solubility class: insoluble in n-alkanes (eg. n-heptane or n-pentane),
but soluble in aromatic solvents like toluene or xylene.! Asphaltenes have an average
molecular weight of 750 g/mol, with a majority of molecules within the range of 500-1000
g/mol and are composed of polycyclic aromatic hydrocarbons (PAH) with alkyl chains along
their periphery.? In addition, asphaltenes also contain small amounts of heteroatoms including
oxygen, nitrogen, sulfur and trace metals. The tendency of asphaltene molecules to aggregate
is attributed to the m-m interactions (the intermolecular between the aromatic cores of

asphaltenes), hydrogen bonding between the functional groups and acid-base interactions.®*

Asphaltenes exist in the form of a colloidal dispersed state in the crude oil, and are
believed to be stabilized and/or solubilized by resins.>® The changes in pressure and/or oil
composition during production and transport of crude oil can destabilize the dispersion
medium, thereby leading to precipitation of asphaltenes.® In order to prevent asphaltene
precipitation, amphiphilic molecules can be added to the crude oil.” The amphiphile typically
consists of a polar functional group that interacts with the asphaltenes, and a non-polar alkyl
chain which facilitates in solubilization of the asphaltenes.® Studies by Chang et al.® showed
that the effectiveness of the amphiphile depends both on the polarity of the head group and
the length of alkyl chain. Increasing the acidity or basicity of the amphiphile head group
facilitates acid-base interaction between the asphaltene and inhibitor. Hence alkylbenzene
derived amphiphile like dodecylbenzene sulfonic acid (DBSA) has been found to be effective
in stabilizing asphaltenes.”™® Alkyl phenols like nonyl phenol (NP) also act as effective
asphaltene stabilizers. Alkylphenols interact with asphaltenes via hydrogen bonding between
amphiphile and the interaction sites (-OH and —N) of asphaltenes located at periphery.'* The
superior solubilizing ability of DBSA has been attributed to the presence of a larger and more
polar sulfonic acid (-SO3H) group in DBSA than compared to the hydroxyl (-OH) group in
alkylphenol.> However, DBSA was found to be ineffective for peptizing Cold Lake

asphaltenes while NP was effective. This behavior is not understood.

The asphaltene-amphiphile interaction has been explained to proceed via a two-step
process. The amphiphile initially interacts with asphaltenes and adsorbs onto the surface of
asphaltene. This is followed by the interaction between the adsorbed amphiphiles, thereby
resulting in the formation of hemimicelles on the surface of asphaltenes.** Adsorption studies
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indicate that DBSA adsorbs perpendicularly to asphaltene surface due to stronger interaction
of polar head, while NP tends to have a parallel orientation to asphaltene surface due to
dispersive type interactions.'* Amphiphiles with linear alkyl chain containing more 16
carbons have a tendency to crystallize. Hence, branched double tails are used as an alternative
to overcome the problem.™ The effectiveness of inhibitor is also dependent on their
concentration. Based on fourier transform infrared (FTIR) measurements, it was found that
DBSA interacts with the basic groups and C=C bonds present in asphaltenes and adsorbs
irreversibly on the asphaltene surface.” At low inhibitor concentrations, the DBSA-
asphaltenes interaction leads to formation of salt of lower solubility, thereby causing a
precipitation earlier than observed with asphaltenes.® Thus DBSA is effective only at higher
concentrations.® ' However, certain inhibitors at high concentrations tend to have a
dominance of inhibitor-inhibitor interaction (self-aggregation) in the bulk solution over

asphaltene-inhibitor interaction, thereby reducing inhibitor effectiveness.®®

Isothermal titration calorimetry (ITC) has been previously used as a tool to
characterize the interactions between asphaltenes and inhibitors (DBSA, NP).2*%° Attempts to
model the interaction between asphaltenes and inhibitors was less successful due to
assumptions made in interaction enthalpy and association constant in order to fit the
experimental data. However ITC measurements have been successful in predicting the
number of active sites per asphaltene molecule which are capable of interacting with NP,
thereby forming (Asp)(NP) and (Asp)(NP), complexes.”® The interactions between
asphaltenes and DBSA are however more complex, and dependent on both the self-

aggregation of DBSA and concentration of asphaltenes in solution.?

In the present work, the bulk interactions between asphaltenes and a commercial fatty
alkylamine inhibitor is investigated. Near infrared (NIR) spectroscopy was used to determine
the ability of the inhibitor to delay the precipitation onset of asphaltenes in model oil
(toluene/n-hexane mixtures), while ITC was utilized for probing the interaction between
inhibitor and asphaltene. Calorimetric studies were further extended to study the interaction
of inhibitor with the most polar asphaltene sub-fractions (irreversibly-adsorbed asphaltenes
and asphaltene 3.5V) obtained from fractionation techniques described in our earlier
publications.”*?* The irreversibly-adsorbed asphaltenes represent the fraction of asphaltenes
which interacts strongly with calcium carbonate, and can be recovered only by dissolution of
CaCOg using an acid, while asphaltene 3.5V is the asphaltenes precipitated when crude oil
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was diluted with 3.5 volume of n-hexane/g of crude oil. Finally, an attempt has been made to
identify the functional group in asphaltene which interacts strongly with the inhibitor by

esterifying asphaltenes.

2 Experimental Section
2.1 Chemicals
2.1.1 Asphaltene preparation

Several asphaltene fractions and asphaltene derivatives were considered in the present
work. Asphaltenes were extracted from a chemical free crude oil from Norwegian
Continental Shelf based on a 40 times dilution ratio (volume of n-hexane/mass of crude oil).
The characteristics of the crude oil and asphaltenes along with the procedure used to extract
asphaltenes can be found in our earlier publications.?*** Asphaltenes obtained from this

procedure are called “whole asphaltenes”.

Whole asphaltenes were fractionated into 3 fractions by adsorption onto calcium
carbonate according to a procedure developed and described by Subramanian et al.?* Only the
most strongly adsorbed fraction was studied in the article. This fraction, named as
irreversibly-adsorbed asphaltenes (abbreviated irre-ads) represents 21 wt% of the whole

asphaltenes as determined by gravimetry.

A third sample named asphaltenes 3.5V was also studied in the article. It is the first
fraction precipitating from crude oil when diluted with moderate amounts of n-hexane. It is
obtained by adding 70 ml of n-hexane to 20 g of crude oil (or 3.5vol/g of crude oil). The
fraction is obtained after filtration and drying, and represents 28 wt% of the whole
asphaltenes. The preparation procedure and comparison of composition and bulk and
adsorption properties of irreversibly-adsorbed asphaltenes and asphaltenes 3.5V is given in

Subramanian et al.??

Asphaltenes were also esterified by methanol using sulfuric acid as catalyst according

to a procedure described in Simon et al.?, Pradilla et al.?* and Nasir et al.?®

This asphaltene
derivative was named ester-asphaltenes. Every batch of ester-asphaltenes prepared was
characterized by fourier transform infrared (FTIR) spectroscopy and interfacial tension (IFT)
measurements. The FTIR spectrum of ester-asphaltenes shows the appearance of a small

peak at around 1736 cm™, which is absent in the case of whole asphaltenes. The interfacial
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tension between 1g/L ester-asphaltenes and pH=10 buffer solution measured with a
Sinterface PAT-1M tensiometer is 24 mN/m, contrary to 12 mN/m for whole asphaltenes.

23
l.

These data are in agreement with the data obtained by Simon et al.“*, and show that the

esterification was successful.

2.1.2 Other chemicals

N-hexane (VWR, >97%) and anhydrous toluene (Sigma Aldrich, 99.8%) was used for
near infrared (NIR) spectroscopy measurements. The solvent used for ITC experiments was
xylene (VWR, >98.5%). A commercial fatty alkylamine-based inhibitor (molecular weight ~
1000 g/mol) was provided by AkzoNobel Surface Chemistry AB (Sweden).

2.2 Experimental techniques
2.2.1 Near infrared (NIR)

NIR spectroscopy was used to determine the asphaltene precipitation onset in
mixtures of toluene and n-hexane.
2.2.1.1 Asphaltene solutions without inhibitor

In the case of whole and ester asphaltenes, 40 g/L asphaltene stock solution in toluene
was first prepared separately and sonicated for 30 minutes before aging overnight. The
asphaltene solution was then diluted with pure toluene and pure n-hexane to obtain 2 g/L
asphaltene solutions at different toluene/n-hexane ratios. For the asphaltene fractions irre-ads
and asphaltene 3.5V, the stock solution in toluene was 20 g/L, and it was diluted to a final
concentration of 1 g/L at different toluene/n-hexane ratios.
2.2.1.2 Asphaltene solutions with inhibitor

For whole and ester asphaltenes, 40 g/L asphaltene stock solution and 40 g/L inhibitor
solution in toluene was prepared separately. The solutions were sonicated for 30 min before
aging overnight. The next day, the asphaltene and inhibitor solutions were mixed in equally
(by weight) to obtain a mixed solution containing 20 g/L asphaltenes + 20 g/L inhibitor. The
solutions were sonicated for 30 min before aging overnight. The mixed solution was then
diluted with pure toluene and pure n-hexane to obtain 2 g/L asphaltene solutions at different
toluene/n-hexane ratios. For the asphaltene fractions irre-ads and asphaltene 3.5V, the stock
asphaltene solution was 20 g/L, while the mixed asphaltene-inhibitor solution was 10 g/L
asphaltenes + 10 g/L inhibitor. The mixed solution was diluted to a final concentration of 1

g/L at different toluene/n-hexane ratios.
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The absorbance of all the asphaltene solutions was measured at 1600 nm at 1h and
1day after addition of n-hexane to see the influence of aging on precipitation onset. In case of
whole asphaltenes, NIR measurements were also done after 3 days to study the effect of
aging. The samples were also observed by microscopy (DVM Nikon Eclipse Video

Microscope) after 1h and 1 day to confirm the presence of asphaltene precipitates.

2.2.2 Quantification of amount of precipitated asphaltenes

The amount of asphaltenes precipitated was determined according to the following
procedure: The 2 g/L whole and ester asphaltene solutions at different toluene/n-hexane ratios
were prepared (both with and without inhibitor) in the same way as mentioned in the previous
NIR section (2.2.1.1 and 2.2.1.2). The 2 g/L asphaltene solutions were then stirred for 24
hours at room temperature (~22°C) and centrifuged at 4000 rpm for 30 min. The supernatant
was recovered and filtered with a 0.45 um PTFE filter (Millipore). After evaporation of the
solvent (present in supernatant solution), the asphaltenes were dissolved in a known volume
of pure toluene and their concentrations were determined by measuring the absorbance at
both A=336 nm and 500 nm using a calibration curve built beforehand. It has been checked

that the tested inhibitor does not absorb at these wavelengths.

2.2.3 Isothermal Titration Calorimetry (ITC)

ITC was used to measure the heat of interaction between asphaltenes or asphaltene
fractions and the commercial inhibitor. The measurements were done using a NANO ITC
Standard volume from TA Instruments (New Castle, DE, USA) fitted with a 250 pL syringe
and a 943 pL measuring cell. The calorimeter was periodically calibrated by titrating a Tris
base solution with a 1 mM HCI solution, and comparing the heat of reaction with the

literature values.

Asphaltene solutions were prepared by dissolving asphaltenes (or asphaltene
fractions) in xylene to get a concentration of 10 g/L. Then, the mixture was sonicated for
30min and left overnight. The solution was again sonicated for 30 minutes before being
loaded into the calorimeter cell. Inhibitor stock solution was prepared by dissolving desired
amount of inhibitor in xylene to get inhibitor solutions of 2, 4 or 10 g/L concentration. The

solution was aged overnight before being loaded into the calorimeter syringe.
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The ITC experiment was set to begin when the standard deviation of the baseline was
lower than 0.01 pW and the slope lower than 0.1 uW/h. Experiments were performed by
injecting the inhibitor solution present in the syringe into the asphaltene solution present in
the cell by step of 10 uL at a temperature of 25°C and a stirring rate of 250 rpm. The interval
between injections was varied between 400s and 2700s to allow equilibration. A 300s
baseline was collected before the first and after the last injection. The data was collected and

analyzed with the NanoAnalyze software (TA instrument).

3 Results

As mentioned in the introduction section, the goal of this article is to determine the
nature of interactions between asphaltenes and a fatty amine-based inhibitor, and their
consequences on the precipitation of asphaltenes. The strategy adopted was to fractionate or
chemically modify asphaltenes to accurately pinpoint which asphaltene functionality interacts
the most with the fatty alkylamine-based inhibitor. The main technique used to characterize
interactions was ITC, while the precipitation onset and the percentage of asphaltene
precipitated were determined to characterize the consequences of asphaltene-inhibitor

interactions.

3.1 Interactions between inhibitor and whole asphaltenes
3.1.1 Effect of inhibitor on whole asphaltene precipitation onset

The first part of the study aims to determine the ability of the commercial inhibitor to
influence the asphaltene precipitation onset.

Figure 1 presents the determination of the precipitation onsets of asphaltenes in
mixtures of toluene and n-hexane, in absence of inhibitor measured 1h, 1 day and 3 days after
addition of n-hexane into the stock whole asphaltene solution in pure toluene. The three
curves present similar aspects with a constant value of optical density at low hexane content
followed by a steady increase of optical density above critical n-hexane content. This increase
is due to scattering of NIR beam by large particles in solution. Consequently, the critical n-
hexane content at which optical density increases is the precipitation onset. Even if it can be
difficult to determine the exact vol% hexane at which the optical density starts to increase, it
seems that the precipitation onset is comprised between 60 and 65 vol% after 1h and
decreases to between 55 to 60 vol% after 3 days. Concomitantly, the optical density increases

with time at constant n-hexane content values above the precipitation onset, which indicates
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that the asphaltene floc size or the amount of precipitated asphaltenes increases with time.
These results are consistent with previous microscopy data obtained by Magbool et al.?°, who
showed that the precipitation onset depends on time. Indeed, in toluene, asphaltenes form
most likely a mixture of nanoaggregates and monomers. When hexane is added, these
asphaltenes flocculate to create increasingly bigger objects until forming micrometer-sized
flocs. This aggregation kinetics is either diffusion limited or reaction limited (DLA or RLA)
as demonstrated by Yudin et al.?”?® Consequently, it takes time before the increase of
asphaltene size is detected by the used method, and the precipitation depends both of ageing

and detection technique.
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Figure 1: Flocculation onsets of whole-asphaltenes (2 g/L) in mixtures of toluene and n-

hexane determined at 1600 nm 1h, 1 day and 3 days after addition of n-hexane.

Figure 2 shows the determination of the whole asphaltenes precipitation onset in
presence of various concentrations of inhibitor. More hexane is required to induce the
precipitation of asphaltenes in presence of inhibitor: Indeed, the flocculation/precipitation
onset increases from 60-65 vol% n-hexane without inhibitor to 65-70 vol% and 70-75 vol%
at 0.8 and 2 g/L inhibitor concentration respectively. Moreover, at a given hexane content
(vol%) and above the precipitation, the optical density decreases in presence of inhibitor.
This indicates that there are less and/or smaller asphaltene colloids dispersed in toluene. All

these observations confirm the efficiency of the inhibitor to reduce the precipitation of
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asphaltenes. It can be noticed that the inhibitor concentration must be the same order of
magnitude as the asphaltene concentration to obtain a noticeable increase of the precipitation

onset (here ca. 10 vol% hexane difference for 2 g/L of asphaltenes and inhibitor).

Figure 2 must be compared to figure 3 which presents the percentage of whole
asphaltenes precipitated with and without inhibitor at various toluene/n-hexane ratios. The
curves present the following shape: Initially, at low n-hexane content, no asphaltene is
precipitated. Then, above a critical n-hexane content (i.e., the precipitation onset), some
asphaltenes start to precipitate out of solution, and the percentage of precipitated asphaltene
increases nearly linearly with the n-hexane content. The precipitation onsets determined by
this method seems to be in good agreement with the values determined by NIR for the same
contact time (figure 2). The effect of the inhibitor is clearly visible on figure 3: not only the
precipitation onset increases but also the percentage of precipitated asphaltenes at a given n-
hexane content is systematically lower in presence of inhibitor. The curves presented in
figure 3 are reminiscent of results concerning the increase of asphaltene solubility by resins (
the second most polar fraction of crude oil)*, and several authors have suggested that

inhibitors act similarly as resins.3*2
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Figure 2: Determination of the precipitation onset of whole asphaltenes (2 g/L) in mixtures of

toluene and n-hexane in presence of various concentrations of inhibitor. Measurements
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performed 1 day after hexane addition at 1600 nm. The experiments were performed with a

asphaltene different batch than in figure 1.

100

90

80
1 —&—— no inhibitor
70 1 | —*— 2g/Linhibitor

60

50

40 -

Percentage of initial asphaltenes precipitated (wt%)

100

n-hexane (vol%) in toluene/n-hexane mixture

Figure 3: Percentage of whole-asphaltenes precipitated with and without inhibitor at various
toluene/n-hexane ratios. Initial concentration of whole asphaltenes was 2 g/L.

3.1.2 Interactions between asphaltenes and inhibitor studied by ITC

After determining the effect of the fatty-alkylamine based inhibitor on a macroscopic
property of asphaltenes (precipitation), ITC was used to probe the molecular interactions
between asphaltenes and inhibitor. Figure 4 presents examples of ITC data showing the
method used to determine the net interaction heat between asphaltenes and inhibitor. There
are three major contributions to the heat measured when an asphaltene solution is titrated by a
solution of inhibitor (AH7,tq1):

-The first one corresponds to the dilution of asphaltenes (AH,gy,). This dilution
induces a dissociation of asphaltene aggregates. This dissociation is endothermic as
previously demonstrated.”

-The second one accounts for the dilution of inhibitor (AH,,;). Figure 4 shows that the
dilution is an endothermic process which presumably originates from the dissociation of
inhibitor aggregates. The enthalpy data of inhibitor dilution can be satisfactory fitted with a
model assuming that inhibitors form dimers in solution which are partially dissociated during

dilution as shown with the following equations:
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(Inh), & 2Inh (@)

__ [Inh]?
Ka = fanm;) @

where [(Inh),] represents inhibitor dimer concentrations, [Inh] represents inhibitor monomer
concentrations, and Ky is the dimer dissociation constant. The fitted inhibitor dilution
enthalpy curves is presented in figure 4, and the determined value of K4 and dissociation
enthalpy AHq4 and entropy ASq are given in table 1. The fact that these values are independent
of the concentrations (even if Ky presents a slight increase with concentration) is a good
indication of the validity of the dimer model to the inhibitor self-association properties in
xylene.

-Finally the last one corresponds to the interactions between asphaltenes and inhibitor
(AH,;). Inter alia, the heat accounting only for the interactions between asphaltenes and
inhibitor can be deducted with the following equation:

AHppe = AHtotal — (AHAsp + AHlnh) (3)
The interactions between asphaltenes and inhibitor are significant since interaction heat is not
equal to zero. Moreover, the negative heat values obtained indicate that the interactions are

exothermic.
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Figure 4. Example of typical results showing the heat contributions of all the major processes
occurring when injecting 4 g/L inhibitor solution into 10 g/L whole asphaltene solution

(solvent: xylene). Contributions shown: dilution of whole asphaltenes (10 g/L); dilution of
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inhibitor (4 g/L); titration of whole asphaltenes (10 g/L) by inhibitor (4 g/L) and the
calculated interactions between whole asphaltenes and inhibitor determined by Eq. (3). The
values for the dilution of inhibitor are fitted with a dimer model. Note: The heat values
corresponding to first injection are not used for data analysis to account for dilution effects,

and hence not shown in the graph.

[Inhibitor] g/L 2 4 10

Kq 0.0015 + 0.0001 0.0016 + 0.0001 0.0027 + 0.0002
AHg (k3/mol) 243 + 4 257 +6 262 + 2
ASq (J-mol/K) 762+ 12 808 + 19 828+ 6

Table 1: Parameters of the dimer dissociation of inhibitor in xylene at different inhibitor

concentrations based on curve fitting.

More information about the interactions are obtained if the net interaction enthalpy
per mole of inhibitor molecules are plotted as a function of the mole ratio of inhibitor and
whole asphaltenes (figure 5). The molar mass of asphaltenes is assumed to be 750 g/mol in
agreement with the data by Groenzin and Mullins®®. Figure 5 shows that all the data obtained
at various inhibitor concentrations can be superimposed on a single master curve. The figure
also shows that absolute enthalpy values decrease nearly linearly up to inhibitor/asphaltene
mole ratio close to 0.06, and then the curve levels off reaching very low values of heat of
interaction. This curve could mean that only a small fraction of the asphaltenes, representing
only approximately 6 % of the whole asphaltenes, would significantly interact with the fatty
amine-based inhibitor. The other ca. 94 % of the whole asphaltenes would interact much less
with the inhibitor as showed by the low absolute values of net interaction heat above an
inhibitor/asphaltene mole ratio of approximately 0.07. This distinction between strongly
interacting asphaltene fraction and weakly interacting asphaltene fraction is, of course, an
oversimplification of the reality since it can be seen that the absolute net heat of interaction

decreases when the inhibitor/asphaltene mole ratio increases.

Figure 5 can also be compared with previously reported results concerning the
interactions between asphaltenes and long chain carboxylic acids such as tetrameric acids and
stearic acids®. Indeed, the variations of the net interaction enthalpy per mole of carboxylic
acid function as a function of long chain carboxylic acid/asphaltenes mole ratio present
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similar variations as for the asphaltenes/inhibitor system. This could mean that in all these

systems, a small fraction of asphaltenes interact with the single molecules tested.
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Figure 5: Net interaction enthalpy per mole of inhibitor as a function of mole ratio of
inhibitor/whole asphaltenes during titration of whole asphaltene solution (10 g/L) with

inhibitor of different concentrations.

3.2 Interactions between inhibitor and asphaltenes fractions
3.2.1 Interactions studied by ITC measurements

In order to determine which part or functionality of the whole asphaltenes interact
with the fatty amine-based inhibitor, two asphaltene fractions were tested by ITC. These are
irre-ads asphaltenes and asphaltenes 3.5V. These fractions incorporate some of the most
extreme asphaltenes i.e. the asphaltenes which are the most strongly adsorbed onto calcium
carbonate fraction for irre-ads asphaltenes, and the first asphaltenes to precipitate from crude
oil when diluted with n-hexane for asphaltenes 3.5V. The bulk and adsorption properties of

these fractions have been previously determined.?*??

Figure 6 compares the net interaction enthalpy per mole of inhibitor as a function of
mole ratio of inhibitor and whole asphaltenes or asphaltene fractions. This figure shows that
the magnitude of interactions with inhibitor is different between whole asphaltenes, irre-ads

asphaltenes and asphaltenes 3.5V. First among the three asphaltene systems, irre-ads
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asphaltenes present the highest net interaction enthalpy. The variations of the interaction
enthalpy with inhibitor/asphaltene mole ratio for irre-ads asphaltenes present a first plateau at
low ratio (lower than 0.04), which is absent in the case of whole asphaltenes, and then a
decrease of absolute net interaction enthalpy which tends to level off. This behavior most
likely indicates that irre-ads asphaltenes contain a higher content of asphaltene compounds

(aggregate or molecule) that interact with inhibitor than whole asphaltenes.

The values of the interaction enthalpy for asphaltenes 3.5V are similar to whole
asphaltenes at inhibitor/asphaltene mole ratio lower than 0.05-0.06 i.e. for asphaltenes that
strongly interact with inhibitor. This could mean that the asphaltene population that strongly
interacts with inhibitor is the same in both whole asphaltenes and asphaltenes 3.5V.
Consequently, that could imply that the fractionation process of asphaltenes based on
precipitation using different ratios of n-hexane and crude oil does not enrich or concentrate
the population of asphaltenes that strongly interacts with inhibitor in the asphaltenes 3.5V
fraction. At inhibitor/asphaltene mole ratio higher than 0.05-0.06, the net interaction enthalpy
is higher in the case of asphaltenes 3.5V than for whole asphaltenes. We do not have

satisfactory explanation for this difference.
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Figure 6: Comparison of net interaction enthalpy per mole of inhibitor as a function of molar

ratio of inhibitor/(whole asphaltenes or asphaltene fractions) while titrating whole asphaltene,
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irre-ads asphaltene or asphaltene 3.5V solution (10 g/L) with different inhibitor

concentrations.

3.2.2 Consequences of interactions between asphaltene fractions and inhibitor on

precipitation onset
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Figure 7: Determination of the precipitation onset of (a) irre-ads asphaltene and (b)
asphaltene 3.5V (1 g/L) in mixtures of toluene and n-hexane without and in presence of
inhibitor (1 g/L). Measurements performed 1 day after hexane addition at 1600 nm.
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Figure 7 shows the determination of the precipitation onset for the fractions (a) irre-
ads asphaltene and (b) asphaltene 3.5V both with and without inhibitor. It can be noticed that
the inhibitor has only a moderate influence on the precipitation onset of asphaltene 3.5V
fraction with an increase from 40-45 to 55-60 vol% n-hexane in presence of 1 g/L inhibitor.
This increase is much higher in the case of the irre-ads asphaltene fraction with an increase
from 25-30 to 55-60 vol% n-hexane in presence of 1 g/L inhibitor. This indicates that the
inhibitor has a much bigger effect on the precipitation onset of irre-ads asphaltene fraction

Subramanian et al. have previously compared the composition of irre-ads asphaltenes,
asphaltenes 3.5V, and whole-asphaltenes in a series of two articles®*?. They have noticed by
FTIR that irre-ads asphaltenes have a higher content of carbonyl groups, such as carboxylic
acid and derivative groups, than whole asphaltenes. This difference in composition is not
observed when asphaltenes 3.5V and whole-asphaltenes are compared. Consequently, it could
be hypothesized that the asphaltene population that strongly interacts with inhibitor is
composed of asphaltenes containing carbonyl groups and more particularly carboxylic acid
groups. This hypothesis will be tested by measuring the interaction enthalpy between

esterified asphaltenes and inhibitor in the next section.

3.3 Interactions between inhibitor and ester-asphaltenes
3.3.1 Interactions studied by ITC measurements

In order to determine if carboxylic acid-functionalized asphaltenes i.e. acidic
asphaltenes are the asphaltene fraction that strongly interacts with inhibitor, whole-
asphaltenes were esterified by methanol to produce ester-asphaltenes. After that, the net
interaction enthalpy between ester-asphaltenes and the fatty-amine based inhibitor was
measured by ITC (figure 8). The shape of the curve presenting the variations of net
interaction enthalpy per mole of inhibitor as a function of mole ratio of inhbitor/ester-
asphaltenes are similar to the whole asphaltenes with a sharp decrease of absolute enthalpy
then a plateau. However, the absolute enthalpy values obtained in the case of inhibitor/ester-
asphaltenes interaction are significantly reduced compared with inhibitor/whole-asphaltene
interactions, and, furthermore the plateau is reached at very low inhibitor/ester-asphaltenes
ratios (0.015-0.02). This indicates that esterification of whole-asphaltenes dramatically

decreases the proportion of asphaltenes that interacts strongly with the fatty-amine inhibitor.
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The observation therefore confirms that acidic asphaltenes are responsible for most of the

interactions with the inhibitor measured by ITC.

The concentration of acidic asphaltenes in an asphaltene sample can, a priori, be
determined by acid-base titration. However, the direct determination of the total acid number
(TAN) of whole asphaltenes via potentiometric titration (TAN standard ASTM D664-95(1P
177/96)** and Simon et al.*®) was not successful owing to the weak solubility of asphaltenes
in the toluene/isopropanol/water mixed solvent used for the titration. Consequently, the TAN
values for asphaltenes (7.6 mg/g given in Simon et al.®) was obtained by the difference
between the values determined for crude oil and maltenes. Assuming a molecular weight for
asphaltenes of 750 g/mol and 1 carboxylic acid group per asphaltene molecule, it can be
calculated that 10 % of asphaltene molecules are acidic. This value is higher than the ratio of
asphaltenes interacting with inhibitor determined by ITC in figure 5 but in the same order of
magnitude, and this could indicate that not all the acidic asphaltenes interact with inhibitor.

This hypothesis however needs further evaluation.
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Figure 8: Comparison of net interaction enthalpy per mole of inhibitor as a function of molar
ratio of inhibitor/asphaltenes between whole asphaltenes and ester-asphaltenes. Whole or
ester asphaltene solutions (10 g¢/L) were titrated by inhibitor solutions of different

concentrations (4 or 10 g/L).
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In addition, even though it was not the purpose of this article, the ester-asphaltene
aggregation properties were studied by ITC since the data were required to calculate the net
interaction enthalpy presented in figure 8: Experiments were performed by injecting 10 pL
aliquots of a 10 g/L ester-asphaltene solution in pure Xxylene. The obtained results are
presented in figure 9. The results show that the dilution of ester-asphaltenes is an
endothermic process which originates from the dissociation of ester-asphaltene aggregates.
Similar to the inhibitor, the enthalpy data can be satisfactory fitted with a dimer dissociation
model. The fitted values of K4 (0.012 + 0.001 M) and enthalpy of dimer dissociation (4.0
0.1 kd/mol) are significantly lower than the values for whole asphaltenes in xylene (0.019 *
0.001 M and 6.1 £ 0.1 kJ/mol respectively), but they are not equal to zero. This means that
carboxylic acid groups present in asphaltenes are partially responsible, via the formation of
hydrogen bonds, for the aggregation of asphaltenes. However, other functionalities are also
involved in the formation of the asphaltene nanoaggregates. Similar reduction in heat
adsorption in ITC was observed by Merino-Garcia and Andersen®® for methylated

asphaltenes.
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Figure 9: Comparison of the titration of whole asphaltenes (10 g/L) and ester asphaltenes (10
g/L) in pure xylene. Lines represent the dimer fitting.
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3.3.2 Consequences of interactions between ester-asphaltenes and inhibitor on precipitation

onset

The precipitation onset of ester-asphaltenes (2 g/L) in mixtures of toluene and n-
hexane has been determined by NIR and shown in figure 10. It increases from 55-60 vol%
without inhibitor to 65-70 vol % n-hexane in presence of 2 g/L inhibitor, indicating an
increase of ca. 10 vol % n-hexane. The 10 vol% increase in ester asphaltene precipitation
onset is similar to the increase observed for whole asphaltenes (figure 2). As ITC results
presented in figure 9 allows us to expect a big difference between whole asphaltenes and
ester-asphaltenes in presence of inhibitor, it was decided to also determine if the inhibitor
influences the amount of whole asphaltenes and ester-asphaltenes precipitated (figure 11). As
previously noticed (section 3.1.1), the precipitation onset determined from the percent of
precipitated asphaltene values are consistent with NIR data (figure 2, 10 and 11). In addition,
figure 11 shows that the variation of amount of precipitated ester-asphaltenes as a function of
the n-hexane content is similar to whole asphaltenes. The influence of inhibitor on the amount
of precipitated ester-asphaltenes is also similar to whole asphaltenes with a shift of values of
amount of precipitated asphaltenes by approximately 10 vol% n-hexane. This similarity is
even strengthened if the figure 11 is replotted with the n-hexane (vol%) at the precipitation
point of asphaltenes (i.e., 60 vol% n-hexane for whole asphaltenes and 55 vol% n-hexane for
ester-asphaltenes) in absence of inhibitor considered as reference point (i.e., zero) as shown
in figure 12. This means that fatty-amine based inhibitor has the same flocculation and
precipitation effects on acidic and non-acidic asphaltenes. Consequently, there exists
interactions between asphaltenes and the tested inhibitor other than acid-base ones that are
responsible for the asphaltene precipitation inhibition activity of the inhibitor. These
interactions are strangely not detected in the ITC experiments, but the functionalities
responsible for the “other” interactions are more concentrated in the of irre-ads asphaltene
fractions as shown in figure 7. The nature of these interactions is for the moment unknown,
but it is thought that it could be related to the presence of other polar functionalities present in
asphaltenes (such as phenol, pyridine, pyrrole...). However, more works are required to

prove or disprove this hypothesis.
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Figure 10: Determination of the precipitation onset of ester-asphaltenes (2 g/L) in mixtures of
toluene and n-hexane without and in presence of 2 g/L of inhibitor. Measurements performed

1 day after hexane addition at 1600 nm.
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Figure 11: Percentage of whole-asphaltenes (2 g/L) and ester-asphaltenes (2 g/L) precipitated
with and without inhibitor (2 g/L) at various toluene/n-hexane ratios. Initial concentration of
asphaltenes was 2 g/L.
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3.4 Conclusion

The goal of this article was to determine the nature of interactions existing between
asphaltenes and a commercial fatty amine-based inhibitor. This task was undertaken by
measuring “macro” properties such as the asphaltene precipitation onset and the amount of
asphaltene precipitated in mixture of solvent/precipitant and quantifying the heat of
interactions between asphaltenes and the inhibitor by ITC.

ITC results show that acid-base interaction between inhibitor and asphaltenes does
exist. However, they are not the main interaction responsible for the inhibition of asphaltene
flocculation/precipitation induced by the inhibitor. Other type(s) of interaction is/are
responsible for the inhibition properties of the inhibitor. The nature of other interactions is
not known for the moment but it was shown that one of the fraction prepared in this study
(irre-ads asphaltene fractions) interacts more with asphaltenes, and therefore contains a

higher concentration of the functionality(ies) responsible for the “other” type of interaction.
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