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Abstract—Asphaltene deposition from crude oil, induced by n-heptane and acetone flows in a microfluidic 
device, was studied by optical and FTIR spectroscopic imaging techniques in situ. It was found that n-heptane 
and acetone penetrate crude oil in completely different ways, which is responsible for the formation of deposits  
with different structures and chemical compositions. The contact of the n-heptane flow with crude oil leads to fast 
aggregation of asphaltenes at the interface, resulting in the formation of a compact deposit fixed to the surface. 
Subsequent slow diffusion of n-heptane into crude oil causes asphaltene aggregation and precipitation of loose de-
posits. In the case of acetone, the flocculant diffuses (faster than n-heptane) into crude oil, which results in removal 
of its soluble components and in the formation of deposits appearing as strips as well. The distribution of the func-
tional groups (–OH(NH), CH2–CH3, C=O, C–O, S=O) in the deposits is spatially heterogeneous. The asphaltenes 
deposits formed at the flocculant-crude oil interface are richer in the functional groups than those formed during 
diffusion. No carbonyl groups were revealed in the deposits formed in the acetone flow, while oxygen-containing 
groups such as –OH(NH) and S=O were present, which was an unusual result.
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Asphaltenes are often compared to cholesterol 
[1], whose aggregation and following deposition 
causessimilar problems. Precipitation of asphaltenes 
together with other heavy components of crude oil, caused 
by changes in temperature or pressure or by mixing of 
different kind of crude oils, leads to contamination of 
the working surfaces of process facilities [2]. Mutually 
complementary information on the asphaltene aggregation 
and deposition can be revealed by comprehensive studies 
of the behavior of asphaltenes under exposure to various 
factors, both physical and chemical, highly efficient 
advanced physicochemical methods [3–5].

Microfluidics (microhydrodynamics) allows quickly 
capturing large amounts of data, in particular, automatically 
using small sample volumes [6]. Microfluidic technology 
holds promise for studies into enhanced oil recovery [7], 

asphaltenes deposition in porous media, separation of 
water droplets from the crude oil phase [8], selection of 
surfactants, and emulsification/demulsification processes 
in water-in-oil emulsions [9], as well as for examination 
of the rheological properties of crude oil [10].

Glass is the most used material for design of 
microfluidic devices, though transparent polymers are 
also applied for this purpose [11]. Glass microfluidic 
devices were employed to study the properties of 
asphaltenes, the onset point of asphaltenes precipitation 
[12, 13], deposition in the presence of chemical 
dispersants [14], as well as of metal oxide nanoparticles 
[15] and various types of ions [16], and for modeling 
hydrophilic porous rocks [17] and pore-throatsls [18]. 
Unfortunately, such materials are mostly transparent only 
to UV and visible light, which creates certain limitations 
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in studies of the chemical composition of liquids. In a 
recent review dedicated to microfluidic systems employed 
for asphaltenes characterization only two cases of 
application of vibrational spectroscopy for this purpose 
were discussed [19].

Vibrational spectroscopy methods (FTIR and 
Raman spectroscopy) have proved their importance 
for determining the characteristics of crude oil and its 
components [20–24]. Owing to technical capabilities, 
they offer in terms of speed, precision, sample positioning, 
etc., these methods find application in microfluidics, 
as described in reviews [25, 26]. Technically, FTIR 
spectroscopic imaging differs from classical FTIR 
spectroscopy only in using a “matrix” detector, which 
allows obtaining spatial information about the sample. 
For studying the processes in microfluidic devices, the 
transmission and attenuated total internal reflection (ATR) 
modes can be employed, depending on the layout involved 
[27, 28]. Combined use of microfluidic device with the 
FTIR spectroscopic imaging method allowed monitoring 
direct reaction of isotopic H/D exchange between H2O 
and D2O when they have been mixed [29], as well as 
studying chemical reactions in two-phase systems [30], 
live cells [31], drug dissolution [32], polymerization 
processes for monomers [33], the imaging of the ionic 
liquids mixing [34].

The spatial distribution of compounds (asphaltenes, 
carbonates, sulfates, sulfoxides, oxalates, and possibly 
coke) in real crude oil deposits from heat exchanger was 
first shown by ATR-FTIR spectroscopic imaging [35]. 
More recently, this technique has been used to study  
in situ deposits formed in crude oil [36–38] and their 
blends as dependent on temperature [39] and CO2 
pressure conditions [40].

Our earlier work [41] was the first to demonstrate 
the application of FTIR spectroscopic imaging using 
microfluidic device for in situ monitoring of n-heptane 
flow-induced precipitation and deposition of asphaltenes 
from benzene solution. In [42], the capabilities of the IR 
microscopy and FTIR spectroscopic imaging techniques 
in studying complex multicomponent systems were 
compared and analyzed. The deposits formed in the 
n-heptane flow from crude oil were investigated, and their 
spatial heterogeneity with respect to certain functional 
groups was revealed.

Light n-alkane is a commonly used nonpolar flocculant 
for the separation of asphaltene fractions according to 
the solubility classification. A more detailed study of the 

composition of the asphaltene fractions relies on the use 
of other nonpolar solvents such as diethyl and diisopropyl 
ethers and hexamethyldisiloxane [43], as well as of polar 
acetone [44–47]. It was shown [45] that, compared to 
the asphaltene subfractions precipitated by nonpolar 
flocculants, those obtained from polar flocculants exhibit 
major structural differences and a tendency to aggregate. 
Also, use of acetone leads to a nonmonotonic dependence 
of the molecular sizes of the asphaltene fractions, by 
contrast to the case of n-heptane [48].

A combination of microfluidics with an advanced 
FTIR spectroscopic imaging technique together with the 
use of different types of flocculants provides new insights 
into asphaltenes deposition regularities. In this study, we 
demonstrate the application of in situ FTIR spectroscopic 
imaging to monitoring n-heptane- and acetone-induced 
asphaltenes deposition from crude oil in the flow regime 
with the use of a microfluidic device.

EXPERIMENTAL

In the experiments crude oil was used with the 
following characteristics: density 0.936 g/cm3; content,  
wt %: aromatic hydrocarbons 41.9; aliphatic hydrocarbons 
18.8; sulfur 2.2, nitrogen 0.38; asphaltenes 6.0; resins 8.8. 
n-Heptane and acetone (both for spectroscopy) were 
obtained from Komponent-Reaktiv (Russia) and used 
without further purification.

The experimental procedure employed for in situ FTIR 
spectroscopic imaging was described in detail in [41]. In 
the present study, a Bruker Vertex 70 V FTIR spectrometer 
equipped with an imaging macro chamber (IMAC) fitted 
with a 64×64 focal plane array detector was used. The 
microfluidic device was based on a liquid IR cell (Pike 
Technologies, the United States) with CaF2 optical 
windows. In view of a significantly higher viscosity 
of the crude oil relative to the solution of asphaltenes  
(5 wt %) in benzene, the shape of the channel used in [41] 
was changed to an expanded semicircular cavity.

The experiment on the formation of asphaltenes 
deposit from crude oil in a flow (n-heptane or acetone) 
consisted of the following. The cavity in the microfluidic 
device was filled with crude oil, as shown in Fig. 1 (left). 
The cell was placed in the IMAC, and the flocculant was 
injected into the microfluidic device at a rate of 1 mL/h 
(Fig. 1, middle). During passing the flocculant through 
the IR cell for 30–90 min, the FTIR spectroscopic images 
were recorded simultaneously. The deposits formed on the 
CaF2 window surface were dried for one day to remove 
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the flocculants (Fig. 1, right); they were also recorded 
using a digital VIS camera. For details on the method 
of formation of deposits and on their study by the FTIR 
spectroscopy imaging, see [41, 42].

RESULTS AND DISCUSSION

Visualization of asphaltenes deposition from crude 
oil. First, we visualized asphaltenes precipitation in the 
flow regime using the digital VIS camera with the view 
of analyzing the experimental conditions and flocculant 
feed rate and selecting deposit locations suitable for 
FTIR spectroscopy imaging studies. Also, this allowed 
observing differences in the formation of asphaltenes 
deposits from crude oil between n-heptane and acetone.

Figure 2 presents the snapshots of the channel at 
different times after the start of flow of n-heptane and 
acetone flocculants. In both cases, the first snapshot 

shows crude oil in the channel, and the next or following 
snapshots that follow demonstrate changes at the interface 
between the flocculant flow and crude oil. The n-heptane 
and acetone flows cause formation of a deposit appearing 
as a dark strip at the interface between the flocculant 
and crude oil, clearly observable after several minutes. 
Further, n-heptane and acetone penetrate into crude oil, 
and deposits appearing as strips are formed. In the case 
of n-heptane, the dark strip at the interface between the 
flow and crude oil expands over time, and the area below 
the strip gets lighter, i.e., once the asphaltenes particles 
precipitate, the solution gets lighter.

In [15], an experiment on visualization of the 
asphaltenes precipitation from crude oil by n-heptane in 
glass micromodels was carried out. The dark areas were 
attributed to asphaltenes aggregation and deposition, 
and the lighter areas were attributed, to the deasphalted 

Fig. 1. Scheme of the experiment on deposit formation in the flow regime in the IR cell channel: (left) crude oil is placed in the cavity 
of the channel; (middle) aggregation, precipitation, and deposition of asphaltenes on the IR cell window surface; and (right) dry 
asphaltenes deposits fixed on the window surface.

Fig. 2. Snapshots of the channel in the microfluidic device at different times in the experiment on the formation of asphaltenes deposits 
after the start of flow of n-heptane and acetone.

CaF2 window PTFE spacer after drying

inlet outlet

crude oil

flocculant flow

asphaltenes deposit
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oil phase. Two types of asphaltenes deposits were 
detected. Asphaltenes deposition at the interface between 
n-heptane and oil and self-aggregation of the precipitated 
asphaltenes in oil were observed.

In the present experiment asphaltene deposit was 
revealed in the form of a strip at the interface between the 
n-heptane flow and crude oil. Formation of asphaltenes 
deposit of the second type were also observed when 
passing n-heptane through the microfluidic device for 
90 min or longer. These regularities are similar to those 
observed in the asphaltenes precipitation from synthetic 
oil (solutions in toluene and benzene), as described in 
detail in [12, 41].

In the case of acetone, the flocculant diffuses into 
crude oil, washing out soluble components and forming 
deposits also in the form of a strip. After 30–35 min of 
flow, acetone completely diffuses into crude oil, and 
deposits are formed, whereas the asphaltenes precipitation 
leads to formation of deposits of the first type, i.e., 
appearing as strips. Comparison of the snapshots for 
n-heptane and acetone clearly reveals certain differences 
in the formation of asphaltenes deposits, which may be 
attributed to different rates of diffusion into crude oil. 
Through this visualization alone, it is challenging to 
understand how much faster the acetone diffuses into 

crude oil compared to that of n-heptane. In this situation, 
the FTIR spectroscopic imaging technique may be 
helpful.

In situ chemical imaging of asphaltenes 
precipitation. The FTIR spectroscopic imaging method 
provides information about the spatial distribution of 
various chemical components over measured area as a 
function of time based on the bands in the IR spectra. 
FTIR spectroscopic imaging allows simultaneous 
monitoring of the concentration and spatial distribution 
of all the components (crude oil and n-heptane, acetone) 
over time with a spatial resolution of few micrometers. 
Figure 3 shows the FTIR spectroscopic images of the 
crude oil-filled cavity at different times after the start of 
the n-heptane flow. The images of crude oil and n-heptane 
distribution were generated using spectral bands at 1650–
1560 cm–1 (stretching vibrational mode of the aromatic 
C=C bond) and 1160–1120 cm–1 (stretching vibrational 
mode of C–C skeleton bond), respectively.

The image recorded prior to starting the n-heptane 
flow clearly demonstrates the crude oil profile. After the 
flow of n-heptane is fed into the microfluidic device, the 
concentration front of crude oil and n-heptane is blurred 
over time, that is, n-heptane diffuses into the volume.
Already after 6 min of the experiment, formation of the 

Fig. 3. FTIR imaging of crude oil interaction with n-heptane flow at different time in microfluidic device registered  
in situ. The color scale for the images represents the corresponding integrated absorbance of the spectral band. Image size  
is 2.56 mm × 2.56 mm.
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asphaltenes deposit as a strip at the interface between 
the n-heptane flow and crude oil is observed. Although 
the band at 1650–1550 cm–1 was used for analyzing 
the spatial distribution of the crude oil, the same band 
served for analysis of the distribution of asphaltenes. This 
band has been applied in our previous works to tracking 
asphaltene precipitation from crude oils in static conditions  
[36, 37, 39]. This confirms that the bands observed in the 
FTIR spectroscopic images correspond to asphaltenes 
deposits. In this study, FTIR spectroscopic images were 
also plotted using the integrated absorbances of the 
band at 1750–1650 cm–1, associated with the stretching 
vibrations of the C=O bond of the carbonyl groups in 
asphaltenes. These images also demonstrate well-visible 
deposits, suggesting a fairly high concentration of the 
C=O groups.

The results obtained are indicative of n-heptane 
penetration into crude oil, leading to its partial removal 
from the cavity with formation of carbonyl-containing 
asphaltenes deposits appearing as strips. After 25 min 
of the experiment, the interface between crude oil and 
n-heptane becomes less certain, indicating n-heptane 
penetration into crude oil.

Figure 4 presents the FTIR images of the cavity filled 
with crude oil at different times after the start of acetone 
flow. The images obtained for the crude oil and acetone 
are based on the distribution of the intensities of the 
bands in the range of 1650–1560 and 1120–1070 cm–1 
(–CH3 rocking vibrational mode of acetone), respectively. 
Starting from the first minute of the experiment, one 
can observe removal of crude oil from the cavity by 
the acetone flow and formation of strips of deposits, for 
which the corresponding images reveal the presence of 

the band at 1650–1550 cm–1, described of asphaltenes. 
Within 6 min of the experiment acetone removes crude 
oil from the FPA array detector area in the cavity of the 
microfluidic device.

Comparison of Figs. 3 and 4 reveals generally similar 
trends in the asphaltenes deposition under n-heptane and 
acetone flow, specifically, those to formation of deposits 
appearing as strips. However, acetone causes formation 
of deposits faster than n-heptane at the same flow rate; it 
diffuses faster into crude oil and removes it, and formation 
of asphaltenes deposits is observed. Unfortunately, the 
range of vibrations of the C=O bonds is overlapped by 
the absorption bands of acetone, which are much more 
intense than those of n-heptane.

Ex situ study of asphaltenes deposits. The method 
developed by us for deposition of asphaltenes in a 
flocculant flow onto the surface of an IR-transparent 
material (CaF2) enables studies by the FTIR spectroscopic 
imaging technique [41]. Asphaltene deposit formed in 
nonequilibrium conditions of a flocculant flow can be 
spatially inhomogeneous of chemical composition, which 
might provide significant data on the mechanism of the 
precipitation and deposition. Experiments were carried 
out repeatedly with both n-heptane and acetone in order to 
obtain deposits that are firmly fixed to the CaF2 window 
surface. Unfortunately, it was not always possible to 
obtain a well-fixed deposit with a thickness suitable for 
FTIR spectroscopic studies. Previously [42], crude oil 
deposits formed by the n-heptane flow were studied by 
the IR microscopy and FTIR spectroscopic imaging, 
and their spatial heterogeneity with respect to certain 
functional groups was revealed. Herein, we will briefly 

Fig. 4. FTIR imaging of crude oil interaction with acetone flow at different time in microfluidic device registered in situ. Image size 
is 2.56 mm × 2.56 mm.
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describe those results for the sake of comparison with the 
data obtained for the deposits formed under acetone flow.

Figure 5a presents the snapshot of the asphaltenes 
deposits formed from crude oil in the n-heptane flow, 
which are fixed to the CaF2 window surface, and  
Fig. 5b shows the area that has been examined by the 
FTIR spectroscopic imaging. The FTIR spectroscopic 
images presented in Fig. 5c were obtained using the 
integrated absorbances of the bands in the ranges of 3600–
3100, 3000–2800, 1800–1650, 1200–1100, and 1100– 
980 cm–1, associated with the stretching vibrations of the 
O–H(N–H), С–Н, C=O, C–O, and S=O bonds in hydroxyl 
(amino), aliphatic (CH3/CH2/CH), carbonyl, ether, and 
sulfoxide groups in the deposits, respectively.

As shown by the in situ study above, spatially 
heterogeneous deposits appearing as strips were formed 
along the flow direction at the interface between n-heptane 
and crude oil. Deposits of this type are formed in the 
initial stage of the crude oil contact with the n-heptane 
flow. Formation of deposits closer to the channel walls is 
due to n-heptane diffusion into crude oil; above the line 
corresponding to the channel wall one can observe spots, 
which are essentially the residual oil that got between the 
PTFE spacer and the CaF2 window.

In view of the spatial distribution of the O–H(N–H), 
C–H, C=O, C–O, and S=O groups, the highest 
concentration of these groups is observed specifically in 
the deposits formed by the n-heptane flow. This suggests 
predominant formation of deposits rich in heteroatomic 
functional groups from crude oil in the n-heptane flow. 
That fact is also confirmed by the data on the asphaltenes 
deposition from benzene solution in n-heptane flow [41], 
as well as from benzene solution and crude oil under 
static conditions [36]. This also agrees with the reported 
concentration of the most polar components in the least 
soluble asphaltene subfraction [49].

Figure 6 shows the FTIR spectroscopic images of the 
asphaltene deposits formed from crude oil in the acetone 
flow. Given the spatial distribution of the aliphatic groups, 
the deposits are concentrated at two locations, but deposits 
in the form of strips with low content of aliphatic groups 
are observed as well. The O–H(N–H) groups are more 
uniformly distributed over the deposits. The sulfoxide 
(S=O) groups, on the contrary, are concentrated at 
locations characterized by high content of CH2, CH3 
groups. Within the measurement accuracy, the lack of 
C=O groups in the deposits is in evidence. As mentioned 
in the Introduction, acetone finds very limited use as a 

Fig. 5. Snapshots of the asphaltenes deposits and FTIR spectroscopic images of the spatial distribution of various functional groups in 
the asphaltenes deposits formed from crude oil by n-heptane flow: (a) snapshot of the asphaltenes deposits fixed to the CaF2 window, 
formed from crude oil under n-heptane flow, (b) area examined by the FTIR spectroscopic imaging, and (c) FTIR spectroscopic images 
of the distribution of the functional groups. Image size is 2.56 mm × 2.56 mm.
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flocculant for the precipitation of asphaltenes and other 
crude oil components.

The influence of acetone as a polar flocculant on the 
properties of fractionated asphaltenes was discussed in 
most detail in [45, 47]. Precipitation was effected by 
adding acetone portions to a solution of asphaltenes to 
obtain their subfractions. In the first fraction the oxygen 
content was low; in the next fractions it increased, but 
the sulfur and nitrogen contents did not change. In the 
present study we observe the absence of specifically C=O 
groups, while –OH and –(NH), as well as S=O groups 
are present in the deposits.

To conclude, we revealed that n-heptane and acetone 
penetrate crude oil in completely different ways, which 
is responsible for the formation of deposits with different 
structures. Fast diffusion of acetone into crude oil leads to 
removal of its soluble components and fast aggregation 
of asphaltenes with formation of deposits fixed to the 
surface. The contact of the n-heptane flow with crude 
oil also results in fast aggregation of the asphaltenes, 
followed by the formation of stable deposits, though at 
points of contact only. However, further the n-heptane 
flow does not remove crude oil; rather, it slowly diffuses 
therein, causing aggregation of asphaltenes and their 

subsequent precipitation and compaction. Thus, our study 
demonstrated for the first time that n-heptane and acetone 
flows produce different effects on crude oil and on the 
formation of asphaltene-containing deposits.

Detailed analysis of various types of asphaltenes 
deposits revealed structural heterogeneity with respect 
to various functional groups (–OH, –(HN), CH2–CH3, 
C=O, C–O, S=O). The highest concentration of these 
groups is observed specifically in the asphaltenes deposits 
formed under flow rather than during slow diffusion. It 
was found that the deposits formed by the acetone flow 
do not contain carbonyl groups, while oxygen-containing 
groups such as –OH(NH) and S=O are present, which 
turned out to be an unusual result.
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