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a b s t r a c t

Asphaltenes are the most elusive substances in waxy crude oil, especially the complex structures, which
leads to significant precipitation and aggregation characteristics of asphaltenes, and affects the
asphaltenes-wax interaction. In this study, the concept of the existence state of asphaltenes was intro-
duced to semi-quantitatively investigate the precipitation and aggregation characteristics of asphaltenes.
On this basis, the influence of the existence state of asphaltenes on wax deposition was studied by
coldfinger device and high-temperature gas chromatography, and the composition and properties of the
deposits were analyzed. Four main findings were made: (1) As the asphaltene concentration increases,
the existence state of asphaltenes gradually transitions from dispersed state to aggregated state, and the
asphaltene concentration of 0.30 wt% in this study is the starting point of the transition. (2) The existence
state of asphaltenes in crude oil does affect the process of wax deposition, as shown in the fact that the
dispersed asphaltenes promote the occurrence of wax deposition, while the aggregated asphaltenes can
inhibit wax deposition. (3) In the presence of the aggregated asphaltenes, that is, when the asphaltene
concentration is higher than 0.30 wt%, the shedding phenomenon of deposit layer was observed, and
with the increase of aggregated asphaltenes, the deposit layer fell off earlier. (4) With the increase of the
dispersed asphaltenes, the wax appearance temperature (WAT) and wax content of the deposits all
showed an increasing trend, while with the appearance of the aggregated asphaltenes, the above situ-
ation was reversed. The findings of this study can help for better understanding of the interaction be-
tween the asphaltenes and wax in wax deposition.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

With the decreasing of oil and gas resources in onshore and
offshore areas, the deepwater areas will be the focus of global oil
and gas in the 21st century (Aiyejina et al., 2011). The development
of the deepwater oil and gas is full of opportunities but also faces
many challenges. Under the harsh conditions of high pressure, low
temperature and strong heat exchange, the flow problems such as
the waxes, asphaltenes and hydrate seriously threaten the safe
operation of production systems (Valinejad and Nazar, 2013; Bai
and Zhang, 2013; Cheng et al., 2022; Li et al., 2017). One of the
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most important aspects is the deposition problem under the
coexistence of the asphaltenes and waxes, which has attracted
widespread attention in petroleum industry (Shetty et al., 2019;
Olayiwola and Dejam, 2019; Mirshekar et al., 2020).

As an important component of crude oils, asphaltenes are
defined that are insoluble in normal paraffins with low molecular
weight such as pentane and heptane, but can dissolve in aromatic
substances such as benzene and toluene. Under no external in-
fluences, such as the temperature, pressure and composition, it is as
a single phase in crude oils in the form of colloidal particles (Rogel,
2016; Choi et al., 2016; Redelius, 2004; Zhao and Shaw, 2007). Once
the above effects exist, the asphaltenes in colloidal form can pre-
cipitate and aggregate from crude oils or model oils (Taheri et al.,
2019; Shahebrahimi and Fazlali, 2018; Li et al., 2018; Guzm�an
et al., 2017; Chen et al., 2018; Davudov and Moghanloo, 2019;
F�avero et al., 2017; Nategh et al., 2018). Due to the unique properties
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Table 1
Physical properties of waxy crude oils used in this study.

Physical properties Waxy crude oil

Density @ 20 �C, kg/m3 818
WAT, oC 40
Saturate, wt.% 76.6
Aromatic, wt.% 20.1
Resin, wt.% 3.2
nC7-asphaltene, wt.% 0.1
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of asphaltenes, the asphaltenes-wax interaction in waxy oils has
been studied for nearly two decades. Kriz et al. introduced that the
WAT and yield stress of system can be significantly increased when
the asphaltene concentration was 0.01 wt%; As the asphaltene
concentration increases to 0.02 wt%, WAT and yield stress decrease
significantly (Kriz and Andersen, 2005). Venkatesan et al. also
found that the presence of asphaltenes could affect the strength of
gelling structure of the waxy oil by reducing the gelation temper-
ature and yield stress, and they identified the effect of the aliphatic
hydrocarbon with the weakest polar in asphaltenes on the reduc-
tion of gelation temperature (Venkatesan et al., 2003). Li et al.
further reported that when there is no asphaltenes in the system,
the wax crystals precipitated are needle-like, and a continuous
network of wax crystals can be easy to form. However, when
asphaltenes were added, the entire waxy oil exhibits spherical
flocculation, which is beneficial to the Brownian diffusion of
asphaltenes and themolecular diffusion of wax (Li et al., 2016; Yang
et al., 2016). Oliveira et al. showed that asphaltenes can act like a
pour point depressant, but has almost no effect on WAT (Oliveira
and Lucas, 2007).

Researchers have also observed significant influences by the
asphaltenes on the process of wax deposition. Tinsley et al. found
that the wax deposition rate in model oils was reduced when the
added asphaltene concentration was up to 0.20 wt%. In addition,
they further discovered that the asphaltene concentration in de-
posits is also 10 times higher than that in original model oil
(Tinsley, 2008; Tinsley and Prud'homme, 2010; Tinsley et al., 2007).
Yao also proposed that the asphaltene concentration in deposit can
reach almost 3 times than that of original oil by traditional cold
finger apparatus, which is consistent with the observations by
Tinsley et al. (Yao, 2014). Li et al. observed that under the low
asphaltene concentrations, two-layer deposits with varying struc-
tural strengths were formed. The inner layer is solid-like with
higher WAT, wax content and asphaltene content. On the contrary,
the outer layer is loosely gelatinized and have lower WAT, wax
content and asphaltene content (Li et al., 2016; Yang et al., 2016). Lei
et al. found that there is a “critical concentration” between the wax
deposition rate and asphaltene concentration. When the asphal-
tene concentration is lower than the critical value, the wax depo-
sition rate increases with the increase of asphaltene concentration;
once the asphaltene concentration is higher than the critical value,
the wax deposition rate decreases with the increase of asphaltene
concentration. They believed that the existence state of asphaltenes
is the main factor determining the wax deposition rate, but it is not
clear how the existence state of asphaltenes works (Lei et al., 2016).
Li et al. found that compared with the absence of asphaltenes, the
wax deposition rate decreased in the presence of asphaltenes, but
the content of wax and asphaltene increased in deposits, and the
asphaltene content was several times than that of the asphaltene
content in original oil sample. In addition, they observed deposits
slough off at higher asphaltene concentrations (Li et al., 2020).

Admittedly, most of the current research mainly focus on the
effect of asphaltene type and concentration on wax deposition,
while few studies involved to reveal the influence of existence state
of asphaltenes. To this end, this study carried out an in-depth study
on the effect of existence state of asphaltenes on wax deposition.
Firstly, the asphaltenes structure was characterized by Fourier
transform infrared spectroscopy (FTIR). In addition, the differences
in the existence state of asphaltenes were achieved by varying the
asphaltene concentration added to waxy crude oil, and the micro-
scopic observation and software analysis were used to obtain the
size distribution of asphaltenes and semi-quantitatively charac-
terize the existence state of asphaltenes. Moreover, a series of
coldfinger deposition experiments were carried out, and deposit
characteristics were also analyzed by DSC and High-temperature
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gas chromatography (HTGC).

2. Experimental section

2.1. Experimental materials

One typical waxy crude oil (wax content of 15.36 wt%) that has
very little asphaltenes was used. The physical properties are shown
in Table 1, inwhich the SARA analysis of waxy crude oils is based on
the criterion of ASTM6560-17, the mass error of nC7-asphaltene is
within 5%, and the mass error of other components is within 10%.
The wax precipitation characteristics is shown in Fig. 1. In addition,
other chemicals, such as the n-heptane and toluene, etc., were
purchased from the Sinopharm Chemical Reagent Co., Ltd. (China),
and all chemicals used in this study are of analytical grade.

2.2. Experimental apparatus

2.2.1. Fourier transform infrared spectroscopy
Nicolet iS50 Fourier Transform Infrared Spectrometer from

Thermo Fisher was adopted to characterize the asphaltenes struc-
ture. During the process, an appropriate amount of asphaltenes and
dry KBr were mortared evenly in an agate. After the mixture being
put into a mold, the pressure was controlled under 15 MPa for
2 min, and the pressed tablet was taken out and placed in a high-
pressure mercury lamp to dry for 30 min before testing. The wave
number range of experimental scan is between 4000 and 400 cm�1,
and the scan number is 120 times.

2.2.2. DSC measurements
The wax precipitation characteristics and wax content of crude

oils and deposits were obtained using DSC equipment (TA20) and
followed the method presented by Chen et al. (2004). During the
process, the samples were firstly heated to 80 �C, and maintained
for 5 min, and then cooled to �20 �C at a cooling rate of 5 �C/min.
The heat generated due to wax precipitation can be tested. Note
that all samples are tested for triplicate repeatability for accuracy.
The average of three results is taken as the final result. The accuracy
of WAT measurements is within 1 �C, and the repeatability of wax
content is within 4%.

2.2.3. Coldfinger apparatus
A coldfinger apparatus is used to analyze the wax deposition of

waxy crude oil considering the effect of existence state of asphal-
tenes, as shown in Fig. 2. The coldfinger apparatus consists of the
following: a coldfinger to provide wax deposition surface, a hot
water bath to provide the temperature of crude oil, a cold-water
bath to maintain the temperature of coldfinger, and a stainless-
steel inner cavity for the storage of crude oil. The water bathes
used is HAAKE F3, and the temperature-controlled precision is
within 0.1 �C. In deposition experiments, the temperatures of crude
oil and coldfinger surface were adjusted to form temperature
gradient between them, which in turn controlled the entire wax
deposition process.



Fig. 1. Thermal spectra curve of the crude oil during cooling.

Fig. 2. Sketch of the coldfinger apparatus.
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2.2.4. High-temperature gas chromatography
High-temperature gas chromatography is used to analyze the n-

alkane composition of deposits. The device comes from the AC
high-temperature SIMDIS equipped with Agilent 6890N GC. In
addition, the analysis method was performed using the AC HT-750a
method.
2.3. Experimental procedure and method

2.3.1. Asphaltene extraction
In this study, the asphaltene extraction adopts the n-heptane

precipitation method to obtain the required asphaltenes from
Venezuelan vacuum residue. The specific steps of asphaltene
extraction are as follows:

(1) To extract as much asphaltenes from crude oil as possible,
sufficient amount of n-heptane is mixed into the Venezuelan
vacuum residue in a ratio of 40 mL:1 g.

(2) After 30min, themixturewas filtered using a glass filter with
a pore size of 10e15 mm, and then the obtained filter cake
was dissolved in toluene.

(3) After a period of time, the toluene solution containing
asphaltenes was evaporated in a vacuum oven to remove the
toluene. After that, the obtained asphaltene cake is washed
using an appropriate amount of hot n-heptane to remove the
non-asphaltene components for three times.

(4) The retained asphaltenes were dried under nitrogen flow
and stored in a closed dark environment.
Fig. 3. Fourier transform infrared spectroscopy of n-heptane asphaltenes used in this
study.
2.3.2. Optical microscopy and existence state of asphaltenes
Optical microscopy was used to observe and analyze the
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existence state of asphaltenes. The experiment procedure and
method can be seen in our previous work (Lei et al., 2016). It should
be noted that the microscopic images of asphaltenes were taken at
55 �C, which is 15 �C higher than the WAT of oil samples to elimi-
nate the interference of wax crystals. In addition, 15 micrographs
(2048 � 1536 pixels) were obtained and saved to count the size
distribution of asphaltenes for each sample, and the second
repeated experiment was also done.

2.3.3. Coldfinger deposition experiment
In coldfinger deposition experiment, the crude oil was firstly

heated to 55 �C to ensure that no wax is precipitated from the oil
sample. In addition, 800 g of crude oil was poured into the
stainless-steel vessel, which is sufficient to avoid significant
changes in the wax precipitation characteristics during wax
deposition. The temperatures of crude oil and coldfinger were
respectively controlled at 55 and 30 �C. In this case, it can generate a
temperature driving force of 25 �C between the crude oil and
coldfinger. Note that the deposition time lasted for 36 h, and the
deposition of each oil sample was analyzed at 5 h, 10 h, 15 h, 20 h,
25 h and 36 h, respectively. Three repeated experiments were
carried out under same conditions, and the average value of the
three results was used as the final result.

3. Results and discussion

3.1. Characterization of asphaltene structure

The structure of asphaltenes determines their properties, which
also affects their existence state in crude oils. Fig. 3 shows the FTIR
spectra of asphaltene structure. It can be found that 10 distinct
absorption peaks can be seen. For example, the first peak appears at
about 3382.3 cm�1 in the wavenumber of fundamental frequency
range, which indicates that the asphaltenes contain amine bonds
(NeH); the aliphatic ether bonds (R-O-R0) absorption peak appears
at 1133.2 cm�1; the absorption peak of sulfoxide group (S]O) ap-
pears at about 1032.6 cm�1. In addition, the rest of the absorption
peaks (2922.5 cm�1, 2852.1 cm�1, 1457.8 cm�1, 1375.8 cm�1) in the
fundamental frequency region represent the stretching vibration of
methyl or methylene, while the absorption peaks (864.7 cm�1,
803.3 cm�1, 738.8 cm�1) represent the stretching vibration of the
benzene ring or aromatic branched chains. The elemental analysis
of asphaltenes is shown in Table 2.

3.2. Existence state of asphaltenes in waxy crude oil

In this study, we added different concentrations of asphaltenes
to crude oil, and the quality of crude oil is fixed, so as to form
different existence states of asphaltenes. In order to quantitatively



Table 2
Elemental analysis of asphaltenes.

Element Mass fraction, wt.%

C 85.53
H 6.328
O 1.34
N 2.14
S 1.47
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characterize the existence state of asphaltenes, two aspects of work
were carried out: First, the microphotographs of asphaltenes were
taken; second, the size distribution of asphaltenes in crude oil was
quantified. Fig. 4 shows the micrograph of asphaltenes at different
asphaltene concentrations, and the black dots represent the
asphaltenes captured in the field of view.

It can be seen that as the asphaltene concentration increases,
the number of asphaltenes that can be captured in the field of view
also increases. Interestingly, when the asphaltene concentration
exceeds 0.30 wt%, the morphology of visible asphaltenes changes
significantly compared to the case below this concentration, and
the most obvious feature is that the size of visible asphaltenes in-
creases sharply, and asphaltene particles appear as lumps or clus-
ters. However, when the asphaltene concentration is lower than
this concentration, the asphaltene morphology is almost un-
changed, only reflected in the increase in number. To this end,
combined with the precipitation and aggregation characteristics of
asphaltenes, we put forward the concept of existence state of
asphaltenes to explain the reasons for the morphological changes
of asphaltenes in crude oil.

Fig. 5 shows a schematic diagram of the existence state of
asphaltenes as a function of asphaltene concentration. Here, on the
basis of previous research, we introduce the concepts of dispersed
asphaltenes and aggregated asphaltenes. When the asphaltene
concentration added to the crude oil is small, according to the
similar compatibility theory, the aromatic components in crude oil
can play a good dispersing effect on asphaltenes, and the interac-
tion between asphaltene monomers is not significant. In this case,
asphaltenes appear to be evenly dispersed in crude oil, and the
Fig. 4. Optical microscopic images of asph
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asphaltenes in this existence state are called dispersed asphaltenes,
which is the first stage of Fig. 5. With the increase of asphaltene
concentration, the aromatic components in crude oil continually
disperse asphaltenes, and the dispersed asphaltenes gradually in-
crease, as shown in the second stage of Fig. 5. However, once the
asphaltene concentration increases beyond the dispersing ability of
aromatic components, coupled with the increase in number of
dispersed asphaltenes per unit volume of crude oil, the interaction
probability between dispersed asphaltenes increases, such as the
collision, interaction between surface functional groups and elec-
trostatic interaction, the local interactions between dispersed
asphaltenes gradually occurs, which is manifested as “asphaltene
precipitation”. As more asphaltene precipitation intensifies, the
asphaltene aggregation occurs, which is directly reflected in the
morphology change of asphaltenes, especially the sharp change of
apparent size. This phenomenon can be represented in the third
stage of Fig. 5. At this point, the dispersed asphaltenes are trans-
formed into aggregated asphaltenes.

In order to further quantify the existence state of asphaltenes,
the size distribution of asphaltenes is shown in Fig. 6. Interestingly,
we found that 3 mm can be used as the dividing line between
dispersed and aggregated asphaltenes. When the asphaltene con-
centration is lower than 0.30 wt%, the asphaltenes are all dispersed
and their size are less than 3 mm. However, with the further in-
crease of asphaltene concentration, the aggregated asphaltenes
gradually appeared and increased, reflecting that the size distri-
bution of asphaltenes tends to increase in large size (>3 mm), which
is also consistent with the microscopic results.
3.3. Effect of existence state of asphaltenes on deposition rate and
the aging of the deposits

3.3.1. Wax deposit mass
In Section 3.2, we quantified the existence state of asphaltenes

in crude oil, which is also the basis for the study of wax deposition
in this study. Fig. 7 shows the relationship between thewax deposit
mass and asphaltene concentration after 36 h of coldfinger depo-
sition. It can be seen that at this time, the deposit mass shows a
altenes in crude oils (the black spots).



Fig. 5. Schematic diagram of the existence state of asphaltenes with the asphaltene concentration.

Fig. 6. Asphaltene particle size distribution for crude oils with varying asphaltene
concentrations.

Fig. 7. Wax deposit mass with for crude oils with different asphaltene concentrations
after 36 h.
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variation law of first increase and then decrease. When the
asphaltene concentration is 0.30 wt%, the deposit mass reaches the
maximum at this time, and coincidentally, this concentration is also
the starting point of the transformation of existence state of
asphaltenes from the dispersed state to aggregated state. Moreover,
it is interesting to note that with the increase of dispersed
asphaltenes, the deposit mass gradually increased, but when a large
amount of aggregated asphaltenes is present (at asphaltene
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concentration of 1.0 wt%), the deposit mass (4.96 g) is much smaller
than the case where no asphaltenes are present (9.2 g). In other
words, it means that the existence state of asphaltenes affects the
wax deposition process, i.e., dispersed asphaltenes contribute to
wax deposition, while aggregated asphaltenes inhibit wax depo-
sition from occurring.

In order to further grasp the influence of the existence state of
asphaltenes, we analyzed the deposit mass in multiple deposition
times under each asphaltene concentration, as shown in Fig. 8. It
can be found that when the asphaltenes exist in the dispersed state,
the deposit mass increases with the increase of dispersed asphal-
tenes and the prolongation of deposition time, as shown in Fig. 8a.
However, once the aggregated asphaltenes appeared, the deposit
mass decreases with the increase of aggregated asphaltenes in each
deposition time period, as shown in Fig. 8b. In addition, a very
strange phenomenon can also be found. Corresponding to the three
cases of asphaltene concentrations of 0.5 wt%, 0.8 wt% and 1.0 wt%,
we found that the deposit mass did not simply increase gradually
with deposition time, but existed transition point of deposit mass
reduction (indicated by the dashed red box in Fig. 8b). Moreover,
with the increase of aggregated asphaltenes, the transition point of
deposit mass reduction corresponds to the earlier deposition time.
It is also confirmed that the dispersed asphaltenes and aggregated
asphaltenes have different effects on wax deposition.

As is known to all, the strength of wax deposition process
mainly depends on the influence of the concentration gradient of
wax molecules. Our previous study also found that the asphaltenes
in different existence states did affect the crystallization charac-
teristics of waxes. Therefore, in order to explain the influence of
existence state of asphaltenes on wax deposition, we firstly
analyzed the concentration gradient of wax molecules in crude oils
used in coldfinger deposition experiment. Fig. 9 illustrates a sche-
matic diagram of the temperature field from the cold finger wall to
2 mm outside and the concentration gradient of wax molecules.
First, in the temperature field, it can be found that in the longitu-
dinal direction, because the bottom and upper part of the stainless
steel container of coldfinger device has no insulation by hot water
bath, resulting in part of the cold and hot crude oil convection up
and down; Second, in the radial direction, there is an obvious
temperature gradient only in a very small area outside the cold-
finger (2 mm in this study).

In addition, for the convenience of expression, we denoted the
concentration of all wax molecules in bulk oils as Cw (approxi-
mately equivalent to the wax content of crude oil 15.36 wt%), the
concentration of wax molecules at 2 mm outside the coldfinger as



Fig. 8. Wax deposit mass with deposition time for crude oils with different asphaltene concentrations.

Fig. 9. Description of temperature field and concentration gradient of wax molecule near the coldfinger wall (2 mm).

Table 3
Concentration gradient of wax molecules in the CW ~ C2 and C2~C1 regions.

0.10% 0.20% 0.30% 0.50% 0.80% 1.00%

Cw 15.36% 15.36% 15.36% 15.36% 15.36% 15.36%
C2 14.87% 15.07% 15.23% 14.72% 14.53% 14.36%
C1 0 0 0 0 0 0
(Cw-C2)*104/4.15 11.81 6.99 3.13 15.42 20.00 24.10
(C2eC1)*104/0.2 7435 7535 7615 7360 7265 7180
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C2, the concentration of wax molecules on the wall of coldfinger as
C1, and the oil temperature of the bulk oils as Tbulk (55 �C), and the
wall temperature of coldfinger as Tinterface (30 �C). Here, we
assumed that the concentration of wax molecules on the surface of
coldfinger is 0 at initial time of deposition and does not change as
the deposition continues, that is, C1 ¼ 0. In addition, the concen-
tration of wax molecules at C2 is equal to the Cw minus the accu-
mulated amount of wax precipitation at 40e30 �C. Therefore,
according to the characteristics of wax precipitation (shown in
Fig. 10), we can obtain the corresponding value at the case of each
asphaltene concentration and concentration gradient of wax mol-
ecules, as shown in Table 3.

It can be seen from Table 3 that the concentration gradient of
wax molecules in C2~C1 region is much larger than that in CW ~ C2
region. In other words, during the process of wax deposition, the
Fig. 10. Cumulative concentration of precipitated wax from 40 �C to 35 �C in bulk oils
with varying asphaltene concentrations.
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concentration gradient of wax molecules is mainly controlled by
C2~C1 region, and it is obvious that the variation trend of the con-
centration gradient of wax molecules in this region is consistent
with that of the deposit mass, that is, increase first and then
decrease. Moreover, the cumulative concentration of wax precipi-
tation in crude oils in Fig. 10 also shows the influence of existence
state of asphaltenes on thewax precipitation characteristics, that is,
the dispersed asphaltenes can inhibit the precipitation of wax
molecule, while the aggregated asphaltenes can promote the pre-
cipitation of wax molecules, then resulting in the change in the
concentration gradient of wax molecules between the bulk oils and
deposition interface. The primary reason is that the aggregated
asphaltenes can directly act as the crystallization core of wax
molecules, which makes the wax precipitation process advance.
However, the mechanism of the dispersed asphaltenes inhibiting
wax precipitation is still unclear in this study, and further research
is needed.
3.3.2. Wax precipitation characteristics of the deposits
The WAT and wax content of the deposits obtained from the

coldfinger deposition experiments were characterized using DSC.
Fig. 11 presents the results of the WAT and wax contents of the



Fig. 11. Relationship between WAT and wax content of depisits when the deposition time is fixed at 36 h.

Fig. 12. N-alkanes content of depisits when the deposition time is fixed at 36 h.
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deposits when the deposition time is fixed at 36 h. As can be seen
from Fig. 11, when no aggregated asphaltenes exist but only
dispersed asphaltenes, the WAT and wax content of the deposits
continuously increases with the increase of the dispersed asphal-
tenes. This trend can be explained by a mechanism of aging, in
which internal diffusion of wax into the deposit causes the deposit
to become increasingly wax-rich. However, when the aggregated
asphaltenes appeared, with the decrease of dispersed asphaltenes
and the increase of aggregated asphaltenes, the WAT and wax
content in deposits showed a downward trend. The main reason is
the influence of the dispersed asphaltenes and aggregated
asphaltenes on the concentration gradient of wax molecules in
deposition experiments, which leads to the change of number and
carbon number distribution of wax molecules diffused into the
deposits.
3.3.3. N-alkane composition of deposits
In this study, the n-alkane carbon number distributions of the

deposits were characterized using HTGC. Fig.12 shows the n-alkane
carbon number distributions of the deposits, and all deposits were
obtained after 36 h deposition experiment. As can be seen from
Fig. 12, the carbon number distribution in deposits mainly presents
two regions: low-carbon number region (C10~C30, shown in blue
dotted box) and high-carbon number region (C40~C50, shown in
red dotted box). In addition, slight differences could be observed.
For instance, when no aggregated asphaltenes exist but only
dispersed asphaltenes, the content of high carbon number is
significantly higher than that of the existence of aggregated
asphaltenes. However, when the aggregated asphaltenes are pre-
sent, the content of low-carbon waxes in deposits increases rela-
tively. This is also consistent with the wax precipitation
characteristics of deposits.
4. Conclusions

Currently, the influence of asphaltenes on the wax deposition
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has long been studied, yet whether the existence state of asphal-
tenes would influence the process of wax deposition is an unre-
solved issue. With regard to this, by adding asphaltenes into awaxy
crude oil and forming dispersed asphaltenes and aggregated
asphaltenes in waxy crude oils, this study shows that the existence
state of asphaltenes dose affect the process of wax deposition.

It was observed that when asphaltenes are present in dispersed
state, the dispersed asphaltenes can inhibit the precipitation pro-
cess of wax molecules, and increase the concentration gradient of
wax molecules between the bulk crude oils and deposition inter-
face. In the coldfinger deposition experiments, the deposit mass
increases with the increase of the dispersed asphaltenes. However,
once the dispersed asphaltenes is transformed into the aggregated
asphaltenes, the precipitation of waxmolecules in bulk crude oils is
promoted, and a large number of wax molecules lose the oppor-
tunity to diffuse to the deposition surface, resulting in the inhibi-
tion of wax deposition process. Furthermore, a shedding
phenomenon of deposits was found, which is closely related to the
presence of the aggregated asphaltenes. It was found that the more
the aggregated asphaltenes, the earlier the deposit shedding.
Moreover, we also demonstrate that the component of n-alkane in
deposits is associated with the existence state of asphaltene. This
work provides a fundamental understanding about the role of
asphaltenes in the process of wax deposition, and reveals the in-
fluence of the existence state of asphaltenes on wax deposition,
which is rarely considered in current studies.
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