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ABSTRACT: Crude oil phase behavior and asphaltene
precipitation have been studied by two complementary chem-
ical imaging methods for the first time. ATR-FTIR spec-
troscopic imaging approach has revealed the chemical com-
position of agglomerated and precipitated asphaltenes upon
dilution with a flocculant. Asphaltenes, containing oxygen and
nitrogen heteroatomic functional groups, have been detected
to be least stable. Aromatic abundant asphaltenes have been
observed to have relatively high solubility in crude oil/heptane
blends. NMR imaging approach, capable of imaging in the bulk
of crude oil samples, has demonstrated that n-heptane causes
aggregation which can lead to the stable suspension or to the sedimentation followed by the formation of deposits, depending on
flocculant concentration. These processes have been monitored for small and large amounts of heptane added to crude oil. The
data obtained by ATR-FTIR spectroscopic imaging and NMR imaging have been correlated to propose a possible link between
the chemical structure of asphaltenes and a mechanism of the formation of deposits.

1. INTRODUCTION

Nowadays, the petroleum industry faces the challenging issue of
processing heavy and opportunistic crude oils which is not only
expensive but also very complex due to the necessity to refine
the most abundant feedstock with the heaviest constituents,
such as resins, asphaltenes, and maltenes. Understanding the
crude oil properties and behavior is key for effective processing
and utilization of such opportunistic crude oils. Significant prog-
ress has been made in studies of crude oils and their separate
constituents in both laboratory and industrial conditions.1

Great attention has been paid to specific asphaltene fractions to
investigate their chemical structure, physical properties, and
phase behavior.2−5 Accumulated data can potentially help to
predict and avoid possible problems, such as fouling and
deposition, and select optimal parameters for particular
operational conditions.
Based on available data presented in the literature, one can

state that there are two main ways to describe the asphaltene

behavior in crude oil. The first one is solution theory, which
states that asphaltenes and resins are molecular entities
dissolved in crude oil.6,7According to another proposed theory,
asphaltene and resin molecules form asphaltene−asphaltene
and asphaltene−resin aggregates dispersed in crude oil
media.8−10 Both of these theories include different models,
interpreting various experimental observations and data.11−13

Nevertheless, the generally accepted fact is that asphaltenes do
exhibit colloidal behavior resulting in association and
aggregation processes followed by precipitation under some
external factors, such as temperature, pressure, and chemical
composition changes.13

To investigate the issues related to crude oil properties, the
following methods are commonly used: infrared (IR) and

Received: November 28, 2014
Revised: January 5, 2015
Published: January 7, 2015

Article

pubs.acs.org/JPCC

© 2015 American Chemical Society 2646 DOI: 10.1021/jp511891f
J. Phys. Chem. C 2015, 119, 2646−2660

D
ow

nl
oa

de
d 

vi
a 

ST
A

T
E

 P
U

B
L

IC
 S

C
I 

T
E

C
H

N
 L

IB
 o

n 
O

ct
ob

er
 9

, 2
02

0 
at

 1
1:

45
:3

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/JPCC
http://dx.doi.org/10.1021/jp511891f


nuclear magnetic resonance (NMR) spectroscopy, electron
spin resonance (ESR), small-angle neutron and X-ray scatter-
ing, calorimetry, dynamic light scattering, ultracentrifugation,
optical and electron microscopy, etc.14−29 The most generally
accepted way to study precipitation from crude oil is titration
with an antisolvent such as n-alkanes (typically heptane or
pentane). It allows determining the onset of precipitation, the
amount of material precipitated, and the solubility of
asphaltenes.11,12,30 Such information plays an important role
in the understanding of precipitation mechanisms and factors
that influence the asphaltenes phase behavior. To study
complex phase behavior in crude oil systems subjected to
n-alkanes properly, in situ methods, which are capable of
analyzing chemical composition and carrying out experiments
in a wide spatial and time scale, are required.
Fourier transform infrared (FTIR) spectroscopy has been

widely used to analyze crude oil and asphaltene composition.31−43

Recently, an attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopic imaging approach, which can provide
chemical information about heterogeneous samples on the
microscale, has been developed and utilized to study heat
exchanger deposits44 and behavior of crude oils in situ.45,46

Magnetic resonance imaging (MRI) is a well-known non-
invasive and sufficiently informative technique. It was first
developed for medical applications but now is actively used
and integrated in chemical engineering and materials science.
Sol−gel transfer, polymerization and cementation processes,
sedimentation, chemical waves propagation, various catalysts
materials, and heavy crude oils have been successfully studied
by MRI.47−55 The MRI method usually provides a spatial
resolution no better than tens of microns and can study bulk
phases on a macroscale.
The advantages and capabilities of these approaches,

ATR-FTIR and NMR spectroscopic imaging, to study
heterogeneous samples with relatively high spatial resolution,
to carry out experiments using an in situ regime, to obtain
chemical and physical information about the monitored
processes give reasonable expectations to obtain new valuable
data related to crude oil and asphaltene properties, particularly
when both techniques are applied to the same oil samples. An
exciting opportunity exists for in situ studies of the onset of
processes of aggregation and precipitation of asphaltenes on
micro- and macroscales to obtain data on the chemical
composition of the precipitated species and, at the same time,
to study the behavior of the bulk phases, formed by aggregated
asphaltenes, on a macroscale. Therefore, these two comple-
mentary methods have been combined and applied in this work
for the first time to investigate the asphaltene aggregation
process in crude oil/heptane mixtures with different volume
ratios.

2. EXPERIMENTAL SECTION
2.1. Samples and Materials Characterization. Table 1

shows the chemical composition of crude oils studied in this
work. n-Heptane (≥99.0% purity) was purchased from VWR
International Ltd. and used without further purification.
2.2. ATR-FTIR Spectroscopic Imaging. An IFS 66/S

continuous-scan FTIR spectrometer (Bruker Optics) with a
macrochamber extension and a focal plane array (FPA, 64 ×
64 pixels) infrared detector was used for macro-ATR-FTIR
spectroscopic imaging experiments.44−46 A diamond ATR
accessory (Imaging Golden Gate, Specac, UK) was used in
the macrochamber extension for each measurement. A total of

128 scans were accumulated for each mid-FTIR spectrum
(1800−900 cm−1 region) with a resolution of 4 cm−1.
Figure 1 shows the schematic of custom designed cell

combined with an ATR accessory for in situ chemical imaging
of crude oils. The bottom of the cell is the top surface of the
diamond crystal which is used for ATR-FTIR spectroscopic
measurements. Usually 15 μL of crude oil is placed inside the
cell. After recording the crude oil spectra, a certain amount of
heptane, depending on the required heptane/oil ratio, is added
into the cell. Stirring is not applicable for this cell. However, the
mixing of crude oil and n-heptane inside the cell can be easily
monitored with the in situ spectroscopic imaging approach that
allows detecting any inhomogeneity of the studied system. One
can monitor the mixing of crude oil and heptane in situ using
this spectroscopic imaging approach. For instance, the first and
second rows in Figures 3−5 show the chemical images of crude
oil/heptane blends recorded just after mixing and several
minutes after mixing. Based on the comparison of these images,
it was concluded that crude oil and heptane blends become
homogeneously mixed within a few minutes after the addition
of heptane to crude oil even in cases where there is relatively
low heptane concentration. Taking into account the fact that
the shortest time after which precipitation was observed in this
work was 10 min we could conclude that a mixing process will
have little or no effect on the results obtained. The result for
each experiment (at particular heptane/oil ratio) was validated
by three repetitions. The FTIR data presented in this study are
reproducible.
It is important to note that, the strong absorption of crude oil

and its deposits in the infrared region presents a challenge for
measurements in transmission mode, thus the ATR-FTIR
spectroscopic imaging approach provides a unique opportunity
to study in situ crude oil behavior and particularly precipitation
of asphaltenes. However, a few points related to the experi-
mental procedure should be mentioned. The probing depth of
ATR-FTIR spectroscopy with the diamond crystal is between

Table 1. Chemical Composition of Crude Oil Samples

crude oil sample

composition (wt %) 1 2 3

saturates 21.0 18.8 23.2
aromatics 37.2 41.9 42.9
asphaltenes 6.7 6.0 2.2
total sulfur 4.1 2.2 2.0
API gravity 16.4 19.6 19.4

Figure 1. Schematic of the custom designed cell combined with a
diamond ATR accessory for ATR-FTIR spectroscopic imaging
experiments.
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1 and 5 μm, depending on the wavenumber and the refractive
index of the crude oil. Due to this fact, a relatively thin layer of
the sample can be analyzed in the vicinity of the measuring
surface of diamond crystal. On the other hand, this approach
can measure the precipitate that formed and sank from a bulk
volume of the sample. In this case, however, the crude oil
viscosity can likely affect the precipitate sinking process and
thus on precipitation the onset point measured. Consequently,
a relatively small volume of 15−30 μL of crude oil was used to
minimize the possible effect of rheological properties of the
studied samples.
The focal plane array (FPA) detector employed in this study

is a multichannel detector with thousands of pixels (4096
pixels), which is used for ATR-FTIR spectroscopic imaging.
Such a detector allows recording of up to several thousand
individual mid-IR spectra simultaneously. The images obtained
with this approach are created by plotting the distribution of
the integrated absorbance of a selected spectral band for each
pixel as a color distribution. Thus, the color scale effectively
gives the concentration distribution of the particular chemical
component related to the selected spectral band within the
measured area of the sample. For example, a spectral band at
1650−1550 cm−1 is used in this work to visualize asphaltene
precipitation from crude oil.45,46 In general, this chemical
imaging approach is considered to be reliable for detection of
trace materials that could be present in samples under
investigation.45,56,57 The individual detector (pixel) of a
multichannel FPA measures a mid-IR spectrum from a small
area of the specimen (dimensions of ca. 10−15 μm with the
accessory used in this study),58 thus providing spectral or

chemical information about localized individual components
without the spectral contribution of other materials which are
also present in the heterogeneous sample.

2.3. NMR Imaging. The imaging experiments were carried
out using NMR imaging installation based on Bruker AVANCE
DPX 200:89 mm diameter vertical bore, water-cooled and
self-shielded Bruker gradient set with a maximum gradient
strength of 292 mT/m, Bruker RF probe PH MINI 0.75,
38 mm internal diameter birdcage coil tuned and matched to
1H nuclear resonance frequency of 200.13 MHz, console
operated with Paravision 4.0 software.
Crude oil samples were placed inside the glass tube (7 mm

diameter) at room temperature followed by careful stirring with
n-heptane at given ratios. The overall volume of the crude
oil/heptane mixture was ca. 1 mL. After blending, the tube with
the sample was inserted into the MRI probe, and the process of
NMR image acquisition was started immediately. The temper-
ature of 25 ± 2 °C was maintained during the measurement.
The NMR imaging (MRI) approach allows measuring the

intensity of NMR signal that comes from the selected area of
the sample (the principles of MRI are well-known and
described in detail in ref 59). So, in fact using MRI one can
achieve either the 2D map of signal intensity distribution, that
in turn strongly correlated with local relaxation times T1, T2, or
directly the 2D map of T1, T2 distribution itself. The relaxation
time depends on different parameters of the system such as
density, chemical shift, magnetic susceptibility, speed of flow,
diffusion coefficient, and many others, because these param-
eters can change the correlation time of fluctuating local mag-
netic field via different mechanisms. Consequently, the MRI

Figure 2. Schematic of the NMR imaging approach: sample slicing, adjustment of measurement parameters, and contrast enhancement of images.
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method is highly sensitive to the small alteration of the system
parameters and allows evaluating them simultaneously. The
additional advantage of the NMR imaging approach is the
opportunity to apply the technique for the optically and IR
nontransparent species making it an excellent tool for the study
of the bulk volume of crude oils.
To obtain an informative image, one can adjust the NMR

image contrast by changing the measuring range of relaxation
times T2, where it depends mostly on the parameter that we are
looking for (such type of contrast adjusting is referred to as T2
weighting). One can do it just by changing the instrumentation
parameters (time between the radiofrequency pulses, Figure 2).
For the media with a short relaxation time, one needs to choose
a small time scale between pulses (TE) while, for a larger
relaxation time, the TE should be considerably larger to have a
good contrast.
It should be mentioned that the image acquired demon-

strates two or more areas (in most cases) separated by
interfaces. These areas are commonly defined as “phases” in the
sense of spatial domain rather than in its thermodynamic
meaning, implying that all pixels inside a particular domain
display similar behavior of relaxation times (or even equal T1,
T2 itself, if the domain contains the same chemical composition
or/and structure of medium within the interface). It allows a
quantitative description of interface dynamics instead of the
behavior of every separate pixel on the image. The description
of results followed by the discussion takes into account this
definition of “phase” term.

Slice selective 2D NMR images were acquired using the
standard spin−echo based pulse sequence59,60 supplied by
imager software: T2-weighted images were acquired by the
Rapid Acquisition with Relaxation Enhancement (RARE)
technique; T2 maps were plotted by the processing of image
sequences acquired by the Multi Slice Multi Echo (MSME)
technique (using standard Image Sequence Analysis option
supplied by software). The parameters of image acquisition
were the following: slice thickness of 1 mm; field of view
(FOV) of 40 mm; matrixes of 128 × 128, 256 × 256 and 512 ×
512 pixels; time repetition (TR) and time echo (TE) were
adjusted over a wide range depending on samples T1 and T2;
the echo-train for the RARE technique consisted of 128 equally
spaced echoes, the number of echoes for the MSME technique
was 28. T2 maps were used for the visualization of sharp inter-
faces and areas with high contrast, while T2-weighted images,
which are more sensitive (with higher resolution), were
employed for the cases where diffuse interfaces or flat contrast
would be expected. T2 profiles were evaluated by plotting T2 vs
coordinate corresponding to the position of the pixel on the T2
map (all profiles presented in this work are plotted along the
vertical axis of the tube with the sample).

3. RESULTS
In this work, three crude oil samples were analyzed with
ATR-FTIR and NMR imaging approaches using heptane as a
titration agent to induce asphaltene precipitation. The obtained
results are presented below followed by their discussion.

Figure 3. In situ macro-ATR-FTIR spectroscopic images of the crude
oil (sample 1) and heptane system. The first row of images represents
crude oil immediately after heptane addition. The columns show the
dynamics of asphaltene precipitation at different crude oil/heptane
volume ratios: (a) 1:0.3; (b) 1:0.6; (c) 1:1.5; and (d) 1:6, respectively.
Images were obtained based on the distribution of the integrated
absorbance of the spectral band at 1650−1550 cm−1. The imaging area
is ca. 610 μm × 530 μm.

Figure 4. In situ macro-ATR-FTIR spectroscopic images of the crude
oil (sample 2) and heptane system. The first row of images represents
crude oil immediately after heptane addition. The columns show the
dynamics of asphaltene precipitation at different crude oil/heptane
volume ratios: (a) 1:1; (b) 1:2; (c) 1:4; and (d) 1:6, respectively.
Images were obtained based on the distribution of the integrated
absorbance of the spectral band at 1650−1550 cm−1. The imaging area
is ca. 610 μm × 530 μm.
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3.1. ATR-FTIR Spectroscopic Imaging Results. Figures
3−5 present chemical images of the studied crude oil samples.
As described above, these images were created using an
integrated absorbance of the band at 1650−1550 cm−1, which
corresponds to the stretching vibration of aromatic CC
bond. Thus, the images shown here represent the spatial
distribution of aromatic hydrocarbons (simple and complex)
within the measuring area of a sample using this spectral band.
The first row in Figures 3−5 contains chemical images of the
crude oil/heptane mixture or blend obtained immediately after
heptane addition to crude oil. The main false color of the
images depends on the concentration of aromatic hydrocarbons
and scale chosen for better presentation. Hence, these images
are mostly red, yellow, and green thus indicating relatively high
concentration and homogeneous distribution of aromatic
components. The columns in Figures 3−5 show the time
dependence of aromatic hydrocarbons concentration in crude
oil/heptane blends of a particular volume ratio. Dilution of
crude oil with heptane leads to the dissolution of aromatic
constituents resulting in a decrease of their concentration. In
the chemical images, this process can be seen as a color change
from red and yellow to green and blue where the later colors
correspond to lower concentration. Usually, the crude oil
dilution or dissolution process takes a few minutes and leads to
a homogeneous mixture. Further, the images show no changes
in color during the course of the whole experiment (few or
several hours) if the amount of heptane is not sufficient to
induce asphaltene precipitation (Figures 3a−5a). On the other

hand, the red/yellow isolated spots followed by bigger patterns
appear in the images (Figures 3b−d, 4b−d, and 5b−d) if the
heptane volume added to crude oil is high enough to destabilize
asphaltene molecules. These spots and patterns are shown in
red and yellow, which correspond to a relatively high con-
centration of complex aromatic hydrocarbons, indicating the
formation of precipitate particles in particular regions of the
measured sample area. Further, the chemical composition of
observed precipitate can be determined by selected ATR-FTIR
spectra analysis. Thus, the ATR-FTIR spectroscopic imaging
approach provides an opportunity to monitor in situ processes
and chemically analyze the precipitation process due to its
ability to spatially study heterogeneous samples.
It should be noted that in some cases (Figures 3d and 5b) a

stripped pattern can be seen in the chemical images. This can
be interpreted as the precipitated particles forming a structure
which is caused as a result of the experimental conditions used
(for instance heptane concentration). The formation of
suspensions and gel-like deposits of asphaltenes was monitored
with the NMR imaging approach (see section 3.2). In this case,
the deposit probably has a structure that can be seen in the
images obtained by ATR-FTIR spectroscopic imaging.

Figure 5. In situ macro-ATR-FTIR spectroscopic images of the crude
oil (sample 3) and heptane system. The first row of images represents
crude oil immediately after heptane addition. Columns show the
dynamics of asphaltene precipitation at different crude oil/heptane
volume ratios: (a) 1:2; (b) 1:3; (c) 1:9; and (d) 1:15, respectively.
Images were obtained based on the distribution of the integrated
absorbance of the spectral band at 1650−1550 cm−1. The imaging area
is ca. 610 μm × 530 μm.

Figure 6. ATR-FTIR spectra extracted from the locations of high
concentration of asphaltenes precipitated from crude oil (sample 1)
at different dilution with heptane (the time passed after mixing is
shown in parentheses): (a) 1:0.6 (250 min); (b) 1:1.5 (150 min); (c)
1:3 (150 min); and (d) 1:6 (120 min). The original spectra are
shown, no subtraction of heptane or dissolved crude oil spectra was
performed.
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Selected ATR-FTIR spectra were used to perform chemical
analysis of the observed precipitates (Figures 6−8). For that,
the spectra were extracted from obtained imaging data sets
followed by comparison with the spectra of crude oil con-
stituents dissolved in heptane or pure heptane. The comparison
was carried out both qualitatively and by spectral subtraction to
validate that selected spectra do not contain spectral bands of
either heptane or crude oil constituents dissolved in n-heptane.
However, only the original selected spectra are presented in
Figures 6−8. This procedure allows the assignment of the
spectral bands which belong to the precipitated species only.
The spectra of crude oil constituents dissolved in heptane can
also be extracted from the imaging data sets. For example,
Figure 5b (second row) presents the image of sample 3 at 30 min
after heptane addition. The precipitate formed is indicated by the
red and yellow spots, while blue shows crude oil components
dissolved in heptane. Thus, by extracting spectra from differently
colored areas of this image, one can obtain spectra for precipitate
and crude oil fractions dissolved in n-heptane.
The analysis of the spectra for samples 1, 2, and 3 at different

crude oil/heptane ratios gives the following. In each case, the
precipitation of asphaltenes was detected. The spectral bands at
1623−1588, 1307−1303, 1138−1133, 1028, 1016, and 980−
970 cm−1 were observed in all spectra of precipitates (Figures 6−8).
These bands are typical for polycyclic aromatic hydrocarbons61

which are the main component of asphaltene molecules. Fur-
ther analysis reveals that chemical components of asphaltenes
precipitated (apart from polycyclic aromatic hydrocarbons)
vary depending on heptane amount added to crude oil.
Thus, the presence of the oxygen-containing species was

observed as major heteroatomic constituents in asphaltene
molecules precipitated at ratios 1:0.6, 1:2, and 1:3 (and 1:6) for

samples 1, 2, and 3, respectively (Figures 6a, 7a, and 8a,b).
Indeed, the following bands are in the spectra: 1411−1409,
1350−1349, 1033−1032, 1024, 1015 cm−1 are due to sulfoxide
−SO− groups and 1325−1320, 1140−1130 cm−1 are due to
sulfone −SO2− groups;62 1266−1257, 1244 cm−1 are due to
aromatic ethers Ar−O−R and 1217−1215, 1185−1153, 1120−
1118, 1095−1090, and 1053−1052 cm−1 are due to C−O bond
stretching of ethers or esters.41

The precipitation of asphaltenes containing mostly nitrogen
heteroatoms has occurred when samples 1, 2, and 3 are diluted
with heptane at ratios of 1:1.5 (and 1:3), 1:4, and 1:9, respec-
tively. This conclusion is based on the corresponding spectral
analysis (Figures 6b,c, 7b, and 8c) which results in the detec-
tion of the bands at 1330−1317, 1236−1230, 1210−1204,
1140, 1086−1075, 1057−1040, and 1014−1012 cm−1. This
indicates that nitrogen atoms are introduced in asphaltenes in
the form of pyrrole and pyridine groups.63

The chemical composition of asphaltene molecules that
precipitate at crude oil/heptane ratios of 1:6, 1:6, and 1:15 for
samples 1, 2, and 3, respectively, was also studied using the
selected ATR-FTIR spectra (Figures 6d, 7c, and 8d). Thus,
these asphaltenes are mostly presented by polycyclic aromatic
hydrocarbons that are supported by the observation of cor-
responding spectral bands (see the list of these bands above).

Figure 7. ATR-FTIR spectra extracted from the locations of high
concentration of asphaltenes precipitated from crude oil (sample 2) at
different dilution with heptane (the time passed after mixing is shown
in parentheses): (a) 1:2 (340 min); (b) 1:4 (210 min); and (c) 1:6
(135 min). The original spectra are shown, no subtraction of heptane
or dissolved crude oil spectra was performed.

Figure 8. ATR-FTIR spectra extracted from the locations of high
concentration of asphaltenes precipitated from crude oil (sample 3) at
different dilution with heptane (the time passed after mixing is
shown in parentheses): (a) 1:3 (170 min); (b) 1:6 (200 min); (c) 1:9
(205 min); and (d) 1:15 (90 min). The original spectra are shown, no
subtraction of heptane or dissolved crude oil spectra was performed.
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However, there are some minor chemical differences between
the samples. For example, the presence of thiophene (1343−
1340, 1243−1234, 1080−1078, 1028 cm−1)63 was detected in
the case of samples 1 and 2 (Figures 6d and 7c). For sample
3 (Figure 8d), the asphaltenes precipitated contain sulfoxide
(1410, 1351, 1028 cm−1) and C−O (1162 cm−1) groups.
Dilution of crude oil samples with larger amounts of heptane

leads to the precipitation of asphaltenes which are similar in
chemical composition to that described for ratios of 1:6, 1:6,
and 1:15 for samples 1, 2, and 3, respectively. So, the precipita-
tion of mostly polycyclic aromatic asphaltenes was detected
under a relatively high concentration of heptane.
Table 2 summarizes the wavenumbers described above and

their assignments to certain functional groups or chemicals.
Three points should be noted for understanding of the

presented spectra. First, spectral bands corresponding to
different chemical components or functional groups of
asphaltenes sometimes have similar or a very close position
in a spectrum. This means that such bands are identified
as having the same wavenumbers due to band overlap. Second,
the bands having fairly similar wavenumbers were assigned to
the same chemical species observed in separate spectra. This
can be explained by various possible structures of asphaltene
molecules or the degree of asphaltene aggregation and interaction

thus resulting in different wavenumbers. Third, presented and
described spectra do not contain exclusively the bands that
were mentioned in each particular case. For instance, the
spectrum in Figure 8c contains not only the spectral bands
of pyrrole and pyridine species, but also the bands which can
be assigned to sulfoxide or C−O functional groups. Similar
examples can be shown using other spectra of precipitated

Table 2. Spectral Bands Observed in Selected ATR-FTIR Spectra of the Species Precipitated from Crude Oils

figure spectrum spectral bands/cm−1 assignment

6 a 1596, 1305, 1138 polycyclic aromatics
1410, 1349, 1024; 1325, 1130 sulfoxides; sulfones
1266 aromatic ethers
1201, 1153, 1095, 1071 ethers and esters

b 1623, 1309, 1139 polycyclic aromatics
1268, 1236, 1204 ethers and esters
1330, 1236, 1204, 1139, 1078, 1041, 1012 pyrroles, pyridines

c 1593, 1303, 1138 polycyclic aromatics
1278, 1230, 1207 ethers and esters
1327, 1230,1207, 1140, 1075, 1041, 1014 pyrroles, pyridines

d 1588, 1301, 1133, 999, 962 polycyclic aromatics
1343, 1234, 1082, 1028 thiophenes

7 a 1606, 1301, 1138, 970 polycyclic aromatics
1411, 1350, 1033, 1015; 1320, 1130 sulfoxides; sulfones
1257 aromatic ethers
1215, 1160, 1120, 1053 ethers and esters

b 1612, 1302, 1140 polycyclic aromatics
1156, 1065 ethers and esters
1317, 1230, 1210, 1140, 1086, 1040, 1013 pyrroles, pyridines

c 1609, 1304, 1149−1132, 1016 polycyclic aromatics
1340, 1243, 1078, 1028 thiophenes

8 a 1600, 1303, 1138, 970 polycyclic aromatics
1409, 1350, 1032, 1015; 1322, 1130 sulfoxides; sulfones
1178, 1155, 1118 ethers and esters

b 1600, 1308, 1133 polycyclic aromatics
1410, 1350, 1028 sulfoxides
1257 aromatic ethers
1217, 1185, 1169, 1120, 1090, 1061 ethers and esters

c 1600, 1307, 1140, 980 polycyclic aromatics
1409, 1350 sulfoxides
1156, 1122 ethers and esters
1330, 1230, 1204, 1140, 1057, 1030, 1013 pyrroles, pyridines

d 1605, 1304, 1138, 1028 polycyclic aromatics
1410, 1351, 1028 sulfoxides
1161 ethers

Figure 9. Diagram of the main types of crude oil/heptane behavior.
Crude oil sample 1 is presented by diamonds, sample 2 by triangles,
and sample 3 by circles. Heptane vol % and crude oil:heptane volume
ratios are depicted along the X-axis.
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asphaltenes. So, this means that we do not observe the separate
precipitation of chemically individual asphaltenes induced by
different amounts of heptane, but normally the mixture of
various asphaltenes with the prevalence of some particular com-
ponents or functional groups has been observed. These prev-
alent components were the species that are listed and described
above for each crude oil sample and crude oil/heptane dilution
ratio.
3.2. NMR Imaging Results. The precipitation of

asphaltenes is a consequence of the aggregation process
that occurs in the bulk of the crude oil. Since ATR-FTIR
spectroscopic imaging approach tests a relatively thin layer
(1−5 μm) near the bottom of the sample, as was mentioned
above, the behavior of bulk phases formed by aggregated
asphaltenes can be studied by NMR imaging. Based on the
results obtained with the MRI method for the different oils and
the wide range of oil/heptane ratios, three main types of crude
oil behavior can be observed: the fast aggregation process in the
bulk followed by the formation of suspension with further
shaping and packing of the deposits (Case 1, red area in Figure 9),
rather slow formation of the sediment-like deposits near the
bottom of the sample without noticeable (within MRI resolution)
aggregation in the bulk of the crude oil (Case 2, green area),
and no considerable deposit formation (Case 3, blue area).
According to the MRI data, the structure and properties of
deposits within the areas depicted in Figure 9 are quiet similar
for different crude oil samples, which allows us to describe
the results obtained for every case following this three-type
classification.
Case 1: Substantial Excess of Flocculant. NMR images

(Figure 10) clearly demonstrate the appearance of two bulk
phases (stratification), having remarkably different spin−spin
relaxation times (T2), in crude oil/heptane systems almost
immediately after components blending. The upper phase is

characterized by a relatively long T2 relaxation time with the
uniform distribution within the phase area. Hence, this phase is
homogeneous and consists of crude oil components dissolved
in heptane. Conversely, the lower phase, possessing shorter T2
relaxation time with slightly nonuniform initial distribution, is
inhomogeneous and should be considered as those comprising
the aggregates of asphaltenes that form suspension. The T2
relaxation time distributions over the samples during evolu-
tion are presented on profiles in Figure 11. In the course of
evolution (time), the interface of two separate phases moves
downward in a nonlinear manner with the simultaneous
decrease of mean T2 relaxation time of the lower phase. At the
same time, the upper phase keeps the initial T2 relaxation time
that is clearly demonstrated by Figure 11. Such changes of T2
relaxation time for the lower phase indicate the compaction of
suspension as the increase of mean density, which was followed
by formation of the deposit phase.

Case 2: Medium Concentration of Flocculant. Decrease
in the flocculant concentration in the crude oil/heptane sys-
tem leads to another type of behavior. The NMR images
(Figure 12) demonstrate slow formation of a new phase with a
diffuse interface near the bottom of a sample. It is observed by
tracking the T2 relaxation time within the sample and detecting
T2 changes in the near bottom region, where spin−spin
relaxation time becomes shorter compared with other parts of
the system. Both upper and lower parts are considered to be
homogeneous with the former having longer T2 relaxation time.
Contrary to Case 1, the formation of the interface in the top
part of the samples was not observed. Additionally, the thick-
ness of the deposit in the near bottom region first increases
(interface moves upward), but further evolution results in a
thickness decrease. During this process, the T2 relaxation time
uniformly reduces within the bulk of the deposit (T2-profiles
are presented in Figure 13). T2 relaxation time for the upper

Figure 10. T2 maps of vertical central slices in the course of crude oil/heptane system (volume ratio 1:5) evolution: sample 1 (a), 2 (b), and 3 (c).
The domain consisting of an oil/heptane blend is represented by red (orange) whereas asphaltenes-enhanced suspension is represented by yellow
and green, slowly transient into blue during the compaction and formation of deposit.
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part shifts to slightly higher values indicating changes of
composition or/and structure of the crude oil within this part.
Case 3: Low Concentration of Flocculant. The crude

oil/heptane systems with very low flocculant concentration do
not show any phase separation (Figure 14). The corresponding
T2 profiles confirm constant and uniform distribution of
relaxation times over the sample during the week-long period of
experiment.
It is important to note that the areas depicted in Figure 9 do

not have certain concentration boundaries. There is a smooth
transition from one type of behavior to another. For instance,
when passing from Case 1 to Case 2 (sample 1), the deposit
becomes considerably inhomogeneous and its compaction
is accompanied by accumulation of a small amount of
precipitating particles, which form a sediment layer on the
bottom within the phase of colloidal suspension (Figure 15a).
When passing from Case 2 to Case 3 (for the same sample), the
low concentration of heptane used is able to cause the aggrega-
tion and precipitation of only the most unstable asphaltenes.
The deposit phase can be observed not earlier than 24 h after
blending (the layer at the bottom part of images in Figure 15b).

It is consistent with data obtained by optical microscope experi-
ments: the time required to detect asphaltene instability, under
particular conditions, can vary from hours to several weeks and
even months.64,65

4. DISCUSSION
4.1. Complementarity of NMR Imaging and ATR-FTIR

Spectroscopic Imaging Methods. First, the difference in
crude oil behavior observed with ATR-FTIR spectroscopic and
NMR imaging approaches should be mentioned and explained.
Apparently, the minimum amount of heptane, at which
asphaltene aggregation and precipitation are detected, varies
for the same crude oil sample depending on the method used.
Thus, the onset of asphaltene precipitation was observed with
ATR-FTIR spectroscopic imaging at a crude oil/heptane ratio
of 1:0.6 for sample 1 (Figure 3b), 1:2 for sample 2 (Figure 4b),
and 1:3 for sample 3 (Figure 5b). On the contrary, the MRI
method revealed (Figures 9 and 12) asphaltene precipitation at
different crude oil/heptane ratios: sample 1, 1:1.5; sample 2,
1:1.2; and sample 3, 1:1.
Such apparent dissimilarity of the obtained results can be

explained by differences in the two experimental methods and
conditions used for both approaches. For ATR-FTIR spec-
troscopic imaging, the volume of the blends was relatively small
(20−240 μL, depending on the ratio studied), and the
homogeneity of self-mixing samples was verified and controlled
by the method. The volume used for the MRI experiments was
larger, ca. 1 mL, therefore stirring was applied to blend the
crude oil and heptane properly prior to measurement. So, we
do believe that the effect of blending or stirring factors is
negligible.
However, the MRI approach studies the bulk of the sample,

while ATR-FTIR spectroscopic imaging probes only a thin
layer (few micrometers) in the vicinity of the measured surface
of the ATR crystal, so at the bottom of a miniature container
of crude oil, as it follows from the experimental procedures
described above. Therefore, it is expected that crude oil or
precipitate properties, such as viscosity, rheology, size of
agglomerates, density, etc., can influence the ability of spec-
troscopic methods to detect precipitation at the bottom of the
container.
Any precipitate formed should sink to the bottom of the

container, which is the measuring surface of the ATR crystal, to
be observed by the ATR-FTIR chemical imaging approach.
Moreover, the precipitate particles must settle to the particular
area (610 μm × 530 μm) of the ATR crystal at which the IR
light is focused (which is about 10% of the surface of the bot-
tom area of the container). Most importantly, the precipitate
could float in the crude oil/heptane mixture volume without
sinking or the amount of precipitate could be insufficient,
and, in this case, ATR-FTIR spectroscopy will not observe
precipitate. Apparently, in the case of appropriate conditions,
namely high dilution of crude oil with heptane, the most
unstable asphaltenes will aggregate and sink to the ATR crystal
surface first, and thus these species will be detected with
ATR-FTIR spectroscopy. Other more stable asphaltenes will
aggregate further and will be observed by chemical imaging.
However, due to relatively high concentrations, asphaltenes
having different stability can aggregate and precipitate simul-
taneously. In this case, ATR-FTIR spectroscopy observes a few
types of the asphaltenes precipitated. Nevertheless, the chem-
ical composition of different asphaltenes can be studied by
varying the heptane amount added to crude oil.

Figure 11. T2 profiles for the crude oil/heptane system evolution
(volume ratio 1:5): sample 1 (a), 2 (b), and 3 (c).
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On the other hand, the MRI method has lower spatial
resolution of ca. 50−100 μm compared to ATR-FTIR chemical
imaging (10−15 μm), therefore the size of aggregated particles
has to be large enough to be detected (basically a separate
phase of precipitate should be formed). Based on this, the
explanation why ATR-FTIR spectroscopic imaging detects
aggregation processes for sample 1 starting from a crude
oil/heptane ratio of 1:0.6, while MRI observes precipitation
only at a ratio of 1:1.5, is now clear. This may mean that the
asphaltene aggregation process occurs at a ratio of 1:0.6, but
without precipitation, i.e. the formation of the bulk deposit
phase.
Obviously, each spectroscopic approach has its own

limitations and advantages. MRI probes macroscale precip-
itation occurring in the bulk of the sample, while ATR-FTIR
spectroscopic imaging can obtain chemical information about
the same sample on a microscale. The nature of ATR-FTIR
spectroscopy to measure thin layers of the sample may be
advantageous when the onset of precipitation, related to onset
fouling, is studied. So, these two methods are complementary,
and it is essential and beneficial to apply them together to get
more reliable data about crude oil behavior.
4.2. Correlation between Asphaltene Chemical

Composition and Precipitation Behavior. ATR-FTIR
spectroscopy revealed that the chemical composition of aggre-
gated and precipitated asphaltenes depends on the amount of
heptane added to crude oil. This can be interpreted such that
certain heptane volumes or concentrations cause destabilization
of different asphaltenes, and thus the stability of asphaltenes
depends on their chemical composition. So, it is reasonable to
suppose that a small portion of heptane induces the pre-
cipitation of less stable asphaltenes, while a high heptane con-
centration results in the destabilization of relatively soluble

species. Thus, the results obtained with the ATR-FTIR
spectroscopic imaging approach allow us to correlate
asphaltenes stability with their particular chemical composition.
Furthermore, based on the obtained results, we propose a
possible connection between the main functional groups or
chemical species that asphaltene molecules contain and the
tendency of asphaltenes to aggregate and precipitate following a
certain behavior, which were monitored by the MRI approach
in the bulk crude oil state.
As mentioned above, asphaltene molecules containing mostly

oxygen heteroatoms, incorporated in the forms of sulfoxides,
sulfones, ethers, and esters, aggregate and precipitate at a low
concentration of heptane. Indeed, the ATR-FTIR spectra
corresponding to the precipitates observed at crude oil/heptane
ratios of 1:0.6 (sample 1, Figure 6a), 1:2 (sample 2, Figure 7a),
and 1:3 and 1:6 (sample 3, Figure 8a,b) show spectral bands
that belong to the mentioned type of functional groups. So,
such oxygen-containing asphaltenes can be considered as less
stable species as only a relatively small amount of heptane can
be used to cause their precipitation. Asphaltene molecules
incorporated by pyrrole and pyridine groups can be assigned to
species with medium stability. This is due to the fact that
asphaltenes having nitrogen heteroatoms in the structure were
detected to be the main constituent of precipitates at
intermediate crude oil/heptane ratios, namely, 1:1.5 and 1:3
for sample 1 (Figure 6b,c), 1:4 for sample 2 (Figure 7b), and
1:9 for sample 3 (Figure 8c). Dilution of crude oil with large
portions of heptane results in precipitation of aromatic-
abundant asphaltenes. The ATR-FTIR spectra of species
precipitated at crude oil/heptane ratios of 1:6 (sample 1,
Figure 6d), 1:6 (sample 2, Figure 7c), and 1:15 (sample 3,
Figure 8d) show predominantly bands from complex or
condensed aromatic compounds. Thus, asphaltene molecules

Figure 12. T2-weighted images of vertical central slices in the course of crude oil/heptane system evolution: (a) sample 1 (ratio 1:2), (b) sample 2
(ratio 1:1.2), and (c) sample 3 (ratio 1:1). The domain consisting of an oil/heptane blend (top part of the system) is represented by red; slow
accumulation of settling particles consisting of asphaltene agglomerates is represented by yellow and green. The evolution of sediment resulting in
deposit formation is accompanied by a change of green into blue.
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consisting of polycyclic aromatic hydrocarbons with the minor
presence of heteroatoms seem to have relatively high stability
compared to species enriched with oxygen, nitrogen, and sulfur.
Previously Hoepfner et al.66 have studied asphaltene behavior

in crude oil. The changes in fractal dimension of asphaltene
clusters were observed after a small amount of heptane addition
to crude oil. The largest clusters are formed by the most
unstable asphaltenes which experience the strongest interag-
gregate attractions or weakest repulsion. Such asphaltenes are
supposed to associate preferentially with one another due to
strong intermolecular interactions. The interaction between
asphaltene molecules that leads to their aggregation followed
by precipitation is mainly associated with polycyclic aromatic
sites.67−69 However, heteroatoms present in the asphaltene
molecules can give rise to dipole−dipole interaction or H-bond
formation due to additional charge separation.69−71 So, it is
reasonable to suppose that asphaltenes with a particular chem-
ical composition can have different tendencies to aggregate
and thus precipitate due to various available ways of stronger
intermolecular interaction.
So, taking into account our current findings, it can be

proposed that asphaltenes containing oxygen and nitrogen
heteroatoms (oxygen-containing asphaltenes are the least
stable) have a tendency to precipitate at low heptane

concentrations due to their ability for strong intermolecular
interactions. Indeed, this proposition is supported by recent
modeling results.69 It was concluded that the interaction
between asphaltene aromatic cores is a driving force for the
association and thus aggregation. The strength of this
intermolecular interaction depends on the presence of
heteroatoms which can reduce the electrostatic repulsion.
H-bonding was also proposed to have an effect on aggregation
by providing additional association sites in large asphaltene
aggregates. This is in good agreement with our results as
oxygen- and nitrogen-containing functional groups can have
various available ways for stronger intermolecular interactions
such as dipole−dipole interactions, H-bond formation, etc. So,
such asphaltenes are less stable due to a more pronounced
tendency to associate and aggregate.
Similarly to the ATR-FTIR spectroscopic microscale study at

the bottom of the crude oil container, the behavior of the crude
oil/heptane blends was monitored with NMR imaging on the
macroscale in the bulk state. The analysis of processes that
occurred in the crude oil/heptane blends revealed the
formation of new phases in the initially homogeneous systems
for particular volume ratios. It was observed that the structure
of these phases, mechanisms of their formation, and evolution
strongly depend on the flocculant concentration.
For Case 1, no gradient, but uniform decrease of the T2

relaxation time was observed for the whole deposit phase
during its evolution, and the process of accumulation of the
settling particles is slowed down. Hence, the deposit has a
structure, which is different from that of any suspension with
free gravity-driven sedimentation. The appearance of different
types of sedimentation and their characterization by means of
MRI have been previously described.72 Obviously, the phase
consisting of particles settling separately must form the
sediment layer on the bottom of a sample with a thickness
increasing over time. However, not one of the systems studied
under the conditions of Case 1 demonstrates such behavior.
Based on the current MRI results in combination with those

obtained by ATR-FTIR spectroscopy, the following model
can be proposed. Under the acting of substantial excess of
flocculant, various types of asphaltenes presented in micellar
form lose their aggregation stability, including species
containing the most stable functional groups (aromatic core,
thiophenes). The fast aggregation processes observed by the
MRI approach followed by precipitation of initial colloidal
particles results in formation of a colloidal suspension
consisting of agglomerates. The big size or/and branched
structure of agglomerates (fractal nature of agglomerates
suggested in ref 73) interacting with each other leads to the
hindered particles settling73−75 to the bottom. Thus, the
hindered settling and interaction of agglomerates with each
other are the reasons for transformation of the suspension into
the gel-like deposit observed avoiding the accumulation of the
sediment-like deposit (Figure 16).
The constant value of T2 relaxation time for the upper phase

during the whole process of system evolution (Figure 11)
can be explained by the constant chemical composition: all
destabilized asphaltenes have already precipitated from the
solution. This proposed model is in good agreement with the
data obtained by dynamic light scattering: gelation processes
are suggested to be a reason for power-law collapse in the
sedimentation front due to continuous aggregation of particles
settling all together (reaction limited aggregation).76−78

Figure 13. T2 profiles for crude oil/heptane system evolution: (a)
sample 1 (ratio 1:2), (b) sample 2 (ratio 1:1.2), and (c) sample 3
(ratio 1:1).
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In terms of the proposed precipitation model, Case 2
behavior of crude oil/heptane blend can be described by the
following. Relatively low flocculant concentration leads to the

crude oil/heptane behavior, when only certain types of
asphaltenes lose their aggregation stability (the least stable
having oxygen- and nitrogen-containing functional groups as

Figure 14. T2-weighted images of vertical central slices in the course of the crude oil/heptane system (volume ratio 1:0.5) evolution with
corresponding T2 profiles: (a) sample 1, (b) sample 2, and (c) sample 3. The same color (red) on both images and the same T2 on profiles during
experiment evidently demonstrate the stability of the system composition.

Figure 15. T2-weighted images of the sample 1/heptane system at volume ratios of 1:2.5 (a) and 1:1.5 (b). Red (orange) represents the oil/heptane
blend (top part of the systems) while suspension and deposits are represented by yellow and green.
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was detected by ATR-FTIR spectroscopy). This proposition
is in good accordance with recent studies, which demonstrate
that upon flocculant addition to crude oil only a fraction of
asphaltene nanoparticles aggregates, while the rest of the
species, referred to as stable asphaltenes, remain in solution.66

In this case, small amounts of asphaltenes, which have a
tendency for strong intermolecular interactions, participate in
the aggregation processes followed by settling of the slowly
formed agglomerates, while another asphaltene fraction exists in
a micellar form. Since the amount of destabilized asphaltenes is
relatively small, agglomerates can slowly grow as big as possible
and precipitate separately (diffusion-limited aggregation)76−78

forming sediment-like deposit. Slow aggregation of asphaltenes
and their removal from the solution phase results in gradual
change of the upper phase composition, which is observed by
the T2 relaxation time increase for the upper phase (Figure 12).
So, depending on the heptane volume ratio, we can observe

two types of asphaltene precipitation: the formation of sus-
pension with a power-law collapse of the sedimentation front
(Case 1) and accumulation of sediment-like deposit with a
rising front (Case 2). Moreover, ATR-FTIR spectroscopic
imaging data suggest that the reason for these different
behaviors of deposit is a result of the chemical composition
of the asphaltene species. Oxygen- and nitrogen-abundant
asphaltenes are less stable due to the ability for strong
intermolecular interactions to be formed. Such asphaltenes
can be easily destabilized by small concentrations of heptane
forming separate agglomerates, which settle as sediment-like
deposits. On the contrary, asphaltenes with high aromatic
content are more soluble in the crude oil/heptane blend and
are destabilized by a relatively high amount of heptane. Under
such conditions, these type of asphaltenes give a colloidal
suspension that consisted of agglomerates, which further turns
to a gel-like deposit.

5. CONCLUSION

ATR-FTIR and NMR spectroscopic imaging approaches were
used in this work to study crude oil samples under various
conditions of dilution with heptane. Importantly, while ATR-
FTIR spectroscopic imaging is particularly suited to study
precipitation in such systems, NMR imaging can analyze the
bulk phases. The precipitate formation and evolution were
observed and monitored in the case of each sample at particular
crude oil/heptane ratios. Based on the ATR-FTIR spectra,
precipitates were identified as asphaltenes having various
chemical constituents. Application of NMR imaging to study
crude oil behavior in situ allowed three types of crude oil/
heptane behaviors to be established that result in different
phase equilibrium. The formation of the gel-like and sediment-
like deposits was found for blends depending on the asphaltenes

and flocculant concentrations. These deposit phases are different
in terms of their structure and phase behavior. Using the data
obtained by ATR-FTIR spectroscopic imaging and NMR
imaging the chemical composition of asphaltenes was brought
into correlation with their stability and behavior during
precipitation.
Relatively small amounts of heptane cause the aggregation

of the most unstable asphaltenes, which have a tendency for
stronger intermolecular interactions due to the presence of
oxygen- and nitrogen-containing functional groups. The
number of such asphaltenes in crude oil is low, thus they
give sediment-like deposit, which consists of particles settling
separately. High concentrations of heptane result in major part
of asphaltene fraction, consisting of aromatic species predom-
inantly, aggregation followed by precipitation. The precipitation
is occurring via hindered settling due to the relatively large
amount of precipitated material giving gel-like deposit.
Thus, the benefits of the combined application of two com-

plementary methods, namely ATR-FTIR spectroscopic imaging
and NMR imaging, have been demonstrated. Providing in situ
data on properties of asphaltenes and crude oils, these approaches
are able to provide valuable insight into the mechanisms of deposit
formation and to reveal correlations between molecular chemical
composition and bulk phase behavior.
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