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a b s t r a c t

This paper investigated the effects of pre-heating treatment temperatures (Tpre) on the flowability and
wax deposition characteristics of a typical waxy crude oil after adding wax inhibitors. It is found that
there is little difference in wax precipitation exothermic characteristics of crude oils at different Tpre, as
well as the wax crystal solubility coefficient in the temperature range of 25e30 �C. For the undoped
crude oil, the flowability after wax precipitation gets much improved and the wax deposition is allevi-
ated as Tpre increasing. At Tpre ¼ 50 �C, the viscosity and wax deposition rate of crude oil adding wax
inhibitors are higher than those of the undoped crude oil. When the Tpre increases to 60, 70, and 80 �C,
the flowability of the doped crude oil are largely improved and the wax deposition is suppressed with
the Tpre increase, but the wax content of wax deposit increases gradually. It is speculated that, on the one
hand, the Tpre increase helps the dispersion of asphaltenes into smaller sizes, which facilitates the co-
crystallization with paraffin waxes and generates more aggregated wax crystal flocs. This weakens the
low-temperature gel structure and increases the solid concentration required for the crosslink to form
the wax deposit. On the other hand, the decrease in viscosity increases the diffusion rate of wax mol-
ecules and accelerates the aging of wax deposits. The experimental results have important guiding
significance for the pipeline transportation of doped crude oils.
© 2023 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 license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Waxy crude oil is an important fossil energy source, which
contains a large number of paraffin waxes. Paraffin waxes mainly
refer to normal alkanes with 16e35 carbon atoms (Aiyejina et al.,
2011). It dissolves as molecules in the crude oil at high tempera-
tures, but as the temperature decreases, the solubility of wax
molecules in the crude oil gradually decreases. And the wax mol-
ecules crystallize out into solid wax crystal particles when the oil
temperature is lower than the wax appearance temperature (WAT)
(Chala et al., 2018). The precipitated wax crystals may accumulate
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and lead to the flowability deterioration of oil (Sousa et al., 2020).
Also, the dissolved wax components in crude oil may diffuse to the
pipe wall and deposits on the pipe wall together with other com-
ponents (such as resins, asphaltenes, sands, etc.) in the crude oil,
which reduces the circulation area and transport capacity of the
pipeline (Yang et al., 2020; Giacchetta et al., 2019; Leporini et al.,
2019). To explain the wax deposition phenomenon, scholars have
proposed a variety of wax deposition mechanisms, including mo-
lecular diffusion, Brownian diffusion, shear dispersion, gravity
sedimentation, thermal diffusion, etc. (Ragunathan et al., 2020). It is
generally believed that molecular diffusion is the dominant
mechanism for the wax deposition process (Singh et al., 2000).
Many correspondingwax depositionmodels have been established,
and the influence of crude oil composition (Fan et al., 2021), flow
rate (Kang et al., 2019), temperature (Janamatti et al., 2019), time
(Mansourpoor et al., 2019), tube wall material (Li R. et al., 2021) and
other factors on the wax deposition process were studied. In
practice, both mechanic pigging and chemical prevention are often
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Table 1
Physical properties of Changqing crude oil.

Saturates Aromatics Resins Asphaltenes Wax content r204

68.65 wt% 21.71 wt% 8.11 wt% 1.53 wt% 21.1 wt% 0.880
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used to alleviate wax deposition problems, ensuring the economic
and safe operation of oil pipelines and preventing pipeline blockage
accidents (Sousa et al., 2019).

Pre-heating treatment was found effective in Chinese waxy
oilfields early in the 1980s. An appropriate pre-heating tempera-
ture can help waxy crude oil to gain improved low-temperature
flowability and inhibit wax deposition. Evdokimov et al. (2003)
from Russia reported that a kind of Russian waxy crude oil ex-
hibits an abnormal pour point when the pre-heating temperature is
different. Xu and Huang (2010) found that the preheat treatment
may improve or strengthen the structure of wax crystals in the oil,
and different preheat-treatment temperatures to some degree
dictate a better or worse rheological property of waxy crude oil. Zhu
et al. (2018) found that there are significant differences in the
thickness and composition of wax deposits in Changqing crude oil
when pre-heated to different temperatures. Zhu pointed out that
the optimal pre-heating temperature can disperse the asphaltenes
in crude oil, and the dispersed asphaltenes can significantly modify
the wax crystal morphology, thereby improving the low-
temperature rheological (reducing the apparent viscosities in the
non-Newtonian temperature rage) and wax deposition
characteristics.

Adding polymeric wax inhibitors can generally enhance the
flowability of waxy crude oil (Chi et al., 2016), reduce the wax
deposition rate, and increase the wax content of the wax deposit
layer (Chi et al., 2017). The wax inhibitors mainly interact with
paraffin wax through eutectic, nucleation, and adsorption to
improve the wax crystal morphology (Sousa et al., 2019; Li W. et al.,
2021). The efficiency of wax inhibitors is also related to wax
deposition conditions such as oil temperature, wall temperature,
flow rate, and wax deposition time. It is believed that polymeric
wax inhibitors are effective at lower oil temperatures below WAT,
but are invalid at higher temperatures. Qing and Lei (2004) found
that the wax deposition rate of the doped crude oil in the high-
temperature range was lower than that of the undoped crude oil.
And in the low-temperature range, the wax inhibitor did not inhibit
the wax deposition, and the amount of wax deposition increased
instead. Jennings and Weispfennig (2005) reported that with the
increase in shear stress, the performance of wax inhibitors gradu-
ally showed an upward trend. Chi et al. (2016) found that the effi-
ciency of wax inhibitors changes significantly with the
development of wax deposition time, sowax deposition time needs
to be considered when choosing wax inhibitors. Researchers not
only study the influence of wax inhibitors on wax deposition but
also pay attention to some changes in wax deposit properties
brought by wax inhibitors. At present, it has been generally
recognized that adding wax inhibitors will increase the wax con-
tent of the wax deposit (Jafari Ansaroudi et al., 2013; Wang et al.,
2003; Yang et al., 2021). Yang et al. (2016) added asphaltenes to
waxy oil and found that a small number of asphaltenes would cause
a heterogeneous wax deposit structure. They added a certain
amount of polyoctadecyl acrylate (POA) to waxy oil and found that
the wax deposit changed from a homogeneous to a heterogeneous
wax deposit structure, which proved that POA participates in the
wax deposition process (Yang et al., 2018). Recently, Yao et al. (2018)
developed a kind of composite wax inhibitor based on amino-
functionalized polymethylsilsesquioxane (PAMSQ) microsphere
and found that after the amino-functionalization, the flow-
improving efficiency of composite wax inhibitor is further
enhanced than that of polyethylene vinyl acetate (EVA). Further,
they carried out the wax deposit experiments by adding EVA/
PAMSQ (Yao et al., 2018b), and the results showed that the wax
deposit mass of crude oil treated with EVA/PAMSQ is reduced
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compared to the untreated oil and the oil treated with EVA. And for
the untreated crude, the strong gel structural strength of the oil is
responsible for the wax deposition, and the formed wax deposit is
like the gelled oil; For the treated oil, the reduced apparent vis-
cosities increased the wax content of the initial deposit and facili-
tated the wax diffusion.

In this paper, the main goal is to study the effect of pre-heating
treatment on the wax deposit properties of waxy crude oil adding
wax inhibitor. Firstly, by adding the EVA/PAMSQ composite wax
inhibitors, the crystallization exothermic, rheological, and micro-
scopic properties of crude oils at different pre-heating tempera-
tures were investigated. Then, the wax deposition experiments for
all the doped oil samples were carried out to study the deposit
mass, appearance, and deposit rate of wax deposition. Finally, both
the experimental and theoretical methods were applied to discuss
the mechanism of pre-heating and chemical treatment.

2. Materials and methods

2.1. Materials

2.1.1. Characteristics of waxy crude oil
As illustrated in Table 1, the waxy crude oil used here was pro-

vided by Changqing oilfield in China (Chang5 layer in Mahuang-
shan district) and is mainly composed of saturates (68.65 wt%) and
aromatics (21.71 wt%). The carbon number distribution of crude oil
is shown in Fig. 1.

2.1.2. EVA/PAMSQ wax inhibitor
The melt blending method was adopted to prepare the EVA/

PAMSQ wax inhibitor. During the melt blending process, the mass
ratio of EVA wax inhibitor and the PAMSQ microsphere is
controlled at 20:1. EVAwas purchased from Aladdin Biotechnology
Co., Ltd. The vinyl acetate (VA) content and the melt index of the
EVAwax inhibitor are 28% and 6 g/10min, respectively. The relative
molecular weight is about 20,000 g/mol. The heat flow curve in the
crystallization process of EVA wax inhibitor is shown in Fig. 2,
which shows the initial crystallization temperature at 59 �C and the
peak crystallization temperature at 49 �C.

The doped crude oil is prepared by adding 50 ppm EVA/PAMSQ
wax inhibitors into the Changqing waxy crude oil at different Tpre of
50, 60, 70, or 80 �C.

2.2. Methods

In this paper, we first investigated the crystalline exothermic
properties of waxy oils using the highly accurate DSC method and
explained the thermal dynamics of waxy oils affected by the pre-
heat temperatures. The morphologies of waxy oils at a low tem-
perature were presented as well. Then, the rheological behaviors
were studied through the static oscillation and dynamic cooling
process, where Arrhenius activation energy, gelation point, visco-
elasticity parameters were analyzed. At last, wax deposition ex-
periments were carried out by applying self-patented wax deposit
device, where the mass evolution, wax content, composition,
appearance and distribution of wax deposit were studied clearly.



Fig. 1. Carbon number distribution of Changqing waxy crude oil.

Fig. 2. Heat flow curve of EVA wax inhibitor during the cooling process.

B. Yao, H.-R. Zhu, B.-D. Yan et al. Petroleum Science 20 (2023) 2468e2478
We finally concluded themechanism of pre-heat temperature upon
the flowability and deposition characteristics.

DSC test. The DSC821e differential scanning calorimeter (Met-
tler-Toledo Co., Switzerland) was adopted to test the wax precipi-
tation characteristics of the crude oil and wax deposit samples. The
test samplewas first heated toTpre and thenwas cooled to�25 �C at
a fixed cooling rate of 5 �C/min. During the cooling process, the
temperature and the heat flow were recorded. When the sample
temperature is higher than the wax appearance temperature (Tw),
the heat flow temperature curve is a straight baseline. The WAT is
identified to be the highest temperature that deviates from the
baseline during the cooling process. The precipitated wax amount
is calculated through Eq. (1) (Martos et al., 2008).

W ¼

ðTþdT

T

½qðTÞ � qbðTÞ�
Rc

dT

Q
� 100% (1)

where,W is the precipitated wax amount in the temperature range
of T ~ T þ dT, wt%; q(T) and qb(T) are the heat flow per unit mass
sample and the baseline heat flow, respectively, and Rc is the
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cooling rate, �C/min; Q is the average crystallization heat of wax,
the value of which used here is 220 J/g.

Microscopic observation. The crude oil sample was first heated to
Tpre and then cooled at a cooling rate of 0.5 �C/min. By using the
Olympus BX51 polarizing microscope (Olympus Co., Japan), the
microscopic morphology of the precipitated wax crystal particles
can be photographed under polarized light. The observation tem-
perature was chosen as 15 �C.

Flow curve and small amplitude oscillation shearing. The coaxial
cylinder measurement system of DHR-1 rheometer (TA Co., Amer-
ica) was used to measure the flow characteristics of crude oil. The
crude oil was firstly pre-heated and then statically cooled to 10 �C at
a cooling rate of 0.5 �C/min, during which the viscosity was
measured at a constant shear rate of 50 s�1.When testing the small-
amplitude oscillation shear characteristics of crude oil, a small-
amplitude oscillating shear with a frequency of 1 Hz and a strain
of 0.0005 was applied during the cooling process from 50 �C to
10 �C.

Pour point test. After different pre-heating, the pour points of
crude oils were measured according to the Chinese standard SY/T
0541-2009.

Wax deposition experiment. The self-developed Couette wax
deposition experimental device was adopted to carry out the wax
deposition experiments. The structure diagram of the device is
shown in Fig. S1 of the supporting information. It is mainly
composed of a wax deposition cylinder, a sample cylinder, and a
hot/cold water bath. The wax deposition cylinder is connected to
the cold-water bath to simulate the inner wall of the pipeline. The
sample cylinder can contain oil samples, and the outer wall of the
sample cylinder is connected to the hot-water bath. The outer wall
of the sample cylinder represents the center of the oil flow in the
pipeline. The sample cylinder can be driven by a servo motor. After
pre-heating, the oil sample is placed in a cold-water bath and
cooled to the experimental oil temperature at a cooling rate of
0.5 �C/min. Then the oil sample was poured into the sample cyl-
inder. The wax deposition time is set as 1 h, 3 h, 6 h, 12 h, and 24 h,
and just after that, the wax deposition cylinder can be raised by the
lifting system. At this time, the wax deposits can be scraped off and
weighed. A small amount of surface and bottom layer wax deposits
are sampled with a sampling spoon for subsequent analysis.

HTGC test. The Varian 3800 GC gas chromatography and STAR
workstation were used to perform gas chromatography analysis to
obtain the carbon number distribution of crude oil and wax deposit
samples. The injection volume is set to 0.4 mL, the injection port
temperature is 320 �C, and the initial column temperature is 50 �C.
After 5 min of constant temperature, the temperature is increased
to 320 �C at a rate of 8 �C/min, and then the temperature is kept
constant for 30 min. The carbon number distribution can be ob-
tained by analyzing the experimental data, which is detailed found
in reference (Ruwoldt et al., 2019).
3. Results and discussion

3.1. DSC

The DSC curves and wax crystal solubility coefficients of crude
oils at different Tpre are shown in Fig. 3(a) and (b). Here, the
reproducibility of temperature and heat flow is less than 0.1 �C and
0.1W/mg. It can be seen that the DSC curves of crude oil samples all
show two exothermic peaks around 35 �C and 20 �C. The effect of
Tpre on the wax precipitation process of the doped crude oil can be
ignored. The Tw at Tpre ¼ 50 �C is 39.6 �C, while it slightly decreases
to just less than 39 �C as Tpre increases to 60, 70, and 80 �C. Ac-
cording to Eq. (1), the calculated precipitated wax amounts
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at �20 �C at Tpre ¼ 50, 60, 70, and 80 �C are 18.6, 18.5, 18.6, and
18.7 wt%, respectively. As illustrated in Fig. 1(b), when the tem-
perature is lower than 20 �C, the wax crystal solubility coefficients
of the doped crude oils show a slightly increasing trend with Tpre
increase. However, the wax crystal solubility coefficients basically
do not change with Tpre increase around 25 �C. Compared to the
data reported in previous articles (Ruwoldt et al., 2019; Kurniawan
et al., 2021; Dorsman et al., 2022), the different Tpre may affect the
initial interactions around the Tw where the paraffin waxes start to
precipitate with wax inhibitors, indicating that the good dispersion
state of polymers facilitates the wax inhibitors to take effects. Here,
wemust mention that the cooling rate used here is a specific choice
that cannot reflect the non linear correspondence of Tw with
cooling rate, and Ruwoldt et al. (2018) have conducted a compre-
hensive work upon this point.

3.2. Microscopic morphology

In Fig. 4, for the undoped oil samples, the wax crystals at
Tpre ¼ 50 �C showed a fine and dispersed state; when Tpre was
increased to 60 �C, there was no significant change in the
morphology of wax crystals, and when Tpre was increased to 70 �C,
the wax crystals showed a dispersed and broken spherical aggre-
gating morphology; At Tpre ¼ 80 �C, the agglomeration and size of
crude oil wax crystals further increased, but the morphology did
not change significantly. For the doped oil samples, at Tpre ¼ 50 �C,
the wax crystals of crude oil are the same as the undoped one; by
contrast, once Tpre increases higher than 60 �C, the morphologies of
wax crystals change significantly. At Tpre¼ 50 �C, the dispersed wax
crystals agglomerate together to form clusters, and the size of the
wax crystal aggregations increase a lot; when Tpre ¼ 70 �C and
80 �C, this agglomeration effect is further enhanced gradually, and
the size of the clusters of wax crystals continues to increase, which
agree with the findings in references (Zhao et al., 2021; Makwashi
et al., 2021).

3.3. Flowability

3.3.1. Viscosity-temperature relation
The viscosity-temperature curves of undoped and doped crude

oils at different Tpre are shown in Fig. 5. The reproducibility of
viscosity and temperature is less than 1 mPa s and 0.1 �C. At
Tpre ¼ 50 �C, the apparent viscosities of doped crude oil increased
slightly compared to that of undoped crude oil. When Tpre increases
to 60, 70, and 80 �C, the wax inhibitor exhibits a viscosity reducing
effect. Taking 25 �C as an example, the viscosity of the undoped
crude oil at Tpre ¼ 60, 70, and 80 �C is 540.7, 380.2, and 83.1 mPa s,
respectively, and the viscosity of the doped crude oil is reduced to
Fig. 3. DSC curves (a) and wax crystal solubility c
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43.2, 38.2 and 39.5 mPa s, respectively, with the viscosity reduction
rate of 92%, 90% and 52%, respectively. Among them, the viscosity
reduction rate at Tpre ¼ 60 �C is the highest.

Furthermore, flow curves above 40 �C (higher than WAT of all
the crude oil samples) were applied to calculate the apparent
Arrhenius activation energy (Uapp) for all the undoped/doped
samples. Results shown in Fig. 6 indicate that Uapp of the doped
crude oil at the same Tpre is slightly higher than that of undoped
crude oil. By definition, Uapp alters the formation/deformation of
internal bonds for dispersants in crude oil. As the temperatures
range beyond WAT, Uapp is actually indicative of the interactions
between asphaltenes/resins and wax inhibitors. The oil sample at
Tpre¼ 50 �C possesses the highestUapp around 19 kcal/mol, which is
located in the range of 14e20 kcal/mol that is reported for the
asphaltene activation/association energies (Wong and Yen, 2000).
As Tpre increases, Uapp of undoped/doped crude oil exhibits a
decreasing trend, meaning that the structures of associated
asphaltenes/wax inhibitors are easier to be destroyed, which is in
accord with the data tested by the impedance spectroscopy (Chen
et al., 2019).

3.3.2. Small amplitude oscillation shearing
The small-amplitude oscillation characteristics of undoped and

doped crude oils at different Tpre are shown in Fig. 7. The gel point of
the undoped crude oil is 26.7 �C at Tpre ¼ 50 �C. As Tpre is increased
to 60, 70, and 80 �C, the gel point changed to 27.6, 26.4, and 21.9 �C,
respectively. For the doped samples, the gel point decreases from
29.7 �C to 9.4 �C with Tpre increasing from 50 to 60 �C. When Tpre is
higher than 70 �C, the gel point can decrease to be lower than 5 �C.
A great difference in the values of storage/loss modulus at the same
temperature can also be found between the undoped and doped oil
samples. At Tpre ¼ 50 �C, the doped crude oil has only slightly lower
storage/loss modulus values than those of the undoped, but pos-
sesses a higher gel point, indicating that the added wax inhibitors
cannot improve the flowability of oil at Tpre ¼ 50 �C. When Tpre is
above 60 �C, the gel point and storage/loss modulus of the doped
crude oil are significantly lower than those of the undoped crude
oil.

3.3.3. Pour point
The pour points of undoped/doped crude oil were also tested

here and shown in Table 2. The deviation of pour point is 1e2 �C.
When Tpre increases from 50 �C to 70 �C, the pour point of undoped
crude oil only decreased by 3 �C, and when Tpre continues to in-
crease to 80 �C, the pour point of the crude oil significantly
decreased by 8 �C. In comparison, the effect of pre-heating treat-
ment temperature on the pour point of the doped crude oil is
particularly obvious. The pour point of doped crude oil at
oefficients (b) of crude oils at different Tpre.



Fig. 4. Micromorphology of wax crystals of crude oil at different Tpre: (a) undoped, 50 �C; (b) doped, 50 �C; (c) undoped, 60 �C; (d) doped, 60 �C; (e) undoped, 70 �C; (f) doped,
70 �C; (g) undoped, 80 �C; (h) doped, 80 �C.
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Tpre ¼ 60 �C is already lower than that of the undoped crude oil at
Tpre¼ 80 �C.When Tpre rises to 80 �C, the pour point of doped crude
oil is already below 0 �C.
3.4. Wax deposition characteristics

3.4.1. Wax deposition rate
Here, the reproducibility of wax deposit mass is less than 0.2 g/

dm2. From Fig. 8(a), at Tpre ¼ 50 �C, the wax deposit mass of doped
crude oil is slightly higher than that of undoped crude oil, indi-
cating that the wax inhibitor has no wax inhibition efficiency.
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When Tpre is higher than 60 �C, the wax deposit mass of undoped
and doped crude oils will decrease with the increase of Tpre.
Compared to the undoped crude oil, the wax deposit mass of the
doped crude oil is significantly reduced. At Tpre ¼ 60, 70, and 80 �C,
the wax deposit mass of the undoped crude oil is 10.7, 2.2, 1.2 g/
dm2, and the wax deposit mass of the doped crude oil is 2.4, 1.9,
1.1 g/dm2, and the wax inhibition efficiency is 78%, 14%, 8%,
respectively. According to Fig. 5(b), thewax content of wax deposits
formed by the undoped and doped crude oils increases with the
increase of Tpre. Taking doped crude oil as an example, the average
wax content of wax deposits at Tpre ¼ 50 �C is 19 wt%. When Tpre



Fig. 5. The viscosity-temperature curve of undoped and doped crude oil treated at different Tpre: (a) 50 �C; (b) 60 �C; (c) 70 �C; (d) 80 �C.

Fig. 6. Effect of Tpre on the apparent Arrhenius activation energy.
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increases to 60, 70, and 80 �C, the average wax content of wax
deposits increases to 22, 27, and 33 wt%, respectively.

As illustrated in Fig. 9, the wax deposit mass at different Tpre
gradually increases with deposition time. Taking Tpre ¼ 70 �C as an
example, the wax deposit mass at 1, 3, 6, 12, and 24 h are 1.0, 1.5, 1.9,
2.2, and 2.4 g/dm2, respectively. In terms of wax deposition rate, the
wax deposition rate of 1e3 h, 3-6 h, 6-12 h, and 12-24 h are 0.25,
0.13, 0.05, and 0.01 g/(dm2$h). It can be seen from Fig. 9 that as Tpre
increases, the wax deposition rate decreases. Taking 6 h as an
example, the wax deposit mass of the doped crude oil at
Tpre ¼ 50 �C is 6.2 g/dm2. As Tpre gradually increases to 60, 70, and
80 �C, the wax deposit mass decreases to 2.4, 1.9, and 1.1 g/dm2.
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3.4.2. Composition and structure of the wax deposit
The composition and structure of thewax deposit formed by the

doped crude oil at different Tpre after 6 h are shown in Figs. 10e13,
respectively. The wax deposit thickness is about 3.5 mm. The WAT
of the surface and bottom layer wax deposits are 37 and 38 �C,
respectively. The wax content of the surface and bottom layer wax
deposits are 18.8 wt% and 19.9 wt%, respectively. Therefore, thewax
deposit shows a homogeneous structure.

When Tpre increases to 60 �C, the wax deposit thickness de-
creases to 1 mm. Moreover, the WATs of the surface and bottom
layer wax deposits increase to 41 and 43 �C, respectively. The wax
content of the surface and bottom layer wax deposits also increase
to 21.4 and 24.9 wt%, respectively.

When Tpre increases to 70 �C, the wax deposit thickness con-
tinues to decrease to 0.5 mm. The WAT and wax content of the
whole wax deposit increase to 45 �C and 26.9 wt%.

At Tpre ¼ 80 �C, the wax deposit thickness is lower than 0.5 mm.
The WAT and wax content of the wax deposit dramatically increase
to 45 �C and 32.8 wt%.

Therefore, with the increase of Tpre, the wax deposit thickness
gradually decreases, but the WAT and the wax content of the
formed wax deposit increase. When Tpre is 50 �C, the wax deposit
shows a homogeneous. When Tpre is above 60 �C, the wax deposit
shows a dramatic aging rate.
3.4.3. Carbon number distribution of wax deposit
The development of the n-alkane composition of the wax de-

posits formed by the doped crude oil at different Tpre with time is
shown in Fig. 14. At Tpre ¼ 50 �C and 60 �C, the critical carbon
number (CCN) of wax deposit is C21 and C22, respectively, that is, the
n-alkanes with carbon number > CCN continuously diffuse from
the bulk oil into the wax deposit with time, while the n-alkanes
with carbon number � CCN continuously counter-diffuse from the
wax deposit into the bulk oil with time. When Tpre increases to
70 �C and 80 �C, it increased to C23, meaning that the increase of Tpre
contributes to the rich of higher carbon number n-alkanes in wax
deposits.



Fig. 7. G'、G'' and d of crude oil with the temperature at different Tpre: (a) undoped oil, 50 �C; (b) doped oil, 50 �C; (c) undoped oil, 60 �C; (d) doped oil, 60 �C; (e) undoped oil, 70 �C;
(f) doped oil, 70 �C; (g) undoped oil, 80 �C; (e) doped oil, 80 �C. (Red: storage modulus; Black: loss modulus; Blue: loss angle).

Table 2
Pour points of crude oil.

Tpre 50 �C 60 �C 70 �C 80 �C

Undoped 27 26 24 16
Doped 26 14 6 <0
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3.5. Discussion

3.5.1. Effect of Tpre on the flowability of the undoped/doped crude oil
It can be seen from Section 3.2 that Tpre influences the low-
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temperature flowability (i.e. apparent viscosity, storage/loss
modulus and pour point) of the undoped/doped crude oil greatly.
For the undoped crude oil, the asphaltenes/resins can act as the
natural pour point depressants or flow improvers, but their effi-
ciency needs to be activated by the pre-heating treatment above a
critical Tpre. At an appropriate Tpre, the bonds and interactions
among asphaltene/resin aggregations are rebuilt in the solvent
environment. The asphaltene/resin aggregations are dispersed into
smaller sizes and lots of the saturated carbon chains in asphaltene/
resin backbones are exposed in the crude. During the cooling
process, more saturated carbon chains anticipate the crystallization



Fig. 8. Effect of Tpre on the mass and wax content of the wax deposit (a) Wax deposit mass; (b) Average wax content.

Fig. 9. The development of wax deposit mass of doped crude oil with time.
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of paraffin waxes to facilitate the co-crystallization and the polar
groups interfere with the growth of crystals. Therefore, the
increased agglomeration and size of wax crystals with the Tpre in-
crease were observed. The in-situ characterization of asphaltenes/
resins in the original crude oil, however, is challenging due to the
dark nature of crude oil. Here, we carried out the DLS experiments
by adding toluene/heptane solutions (crude oil concentration is
10 vol%) for dilution and asphaltene destabilization (see Fig. S2 of
support information file). We can clearly find that the increase of
Fig. 10. The DSC curve of wax deposit formed by the doped crude oil at Tpre ¼ 50 �C
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temperatures disperses the asphaltenes into smaller aggregations,
which is also found in the reference (Sun et al., 2019). Future
research will be carried out by our lab to study the revolution of in-
situ asphaltene/resin aggregation with temperatures and the crit-
ical dispersion state of asphaltenes/resins that is beneficial to
interact with paraffin waxes.

For the doped crude oils, the active components above WAT
include asphaltenes/resins, wax inhibitors, and solvents. At
Tpre ¼ 50 �C, neither wax inhibitors nor asphaltenes/resins can
disperse completely in crude oils, that is, the functional groups
cannot stretch fully in the solvation environment, thereby the
limited improvement of doped crude oil flowability after paraffin
wax precipitation is achieved. As Tpre increases, the solvation effect
is strengthened and the asphaltenes/resins and wax inhibitors are
better dispersed for stronger interactions between wax inhibitors
and asphaltenes/resins. As discussed in previous works (Yao et al.,
2018a; Yao et al., 2018b), the asphaltenes and EVA/PAMSQ can
form the EVA/PAMSQ-asphaltenes composite particles in crude oil,
thus improving the flowability of crude oil by inducing the mutual
aggregation of wax crystals and compacting themorphology of wax
crystal aggregations.

3.5.2. Effect of Tpre on the wax deposition characteristics of the
undoped/doped crude oil

It can be seen from Section 3.3 that as Tpre increases, the wax
deposition rate of the doped crude oil gradually decreases, but the
average wax content of the formed wax deposits gradually in-
creases. This is mainly due to the gradual improvement of the low-
temperature flowability of crude oil as Tpre increases, and this is
beneficial to the diffusion of wax molecules. On the other hand, the
aging rate of wax deposits accelerates, and the averagewax content
of wax deposits increases.

As shown in section 3.3.1, when Tpre is 50 �C, the wax inhibitor
after 6 h: (a) the exothermic characteristics; (b) the precipitated wax amount.



Fig. 11. The DSC curve of wax deposit formed by the doped crude oil at Tpre ¼ 60 �C after 6 h: (a) the exothermic characteristics; (b) the precipitated wax amount.

Fig. 12. The DSC curve of wax deposit formed by the doped crude oil at Tpre ¼ 70 �C after 6 h: (a) the exothermic characteristics; (b) the precipitated wax amount.

Fig. 13. The DSC curve of wax deposit formed by the doped crude oil at Tpre ¼ 80 �C after 6 h: (a) the exothermic characteristics; (b) the precipitated wax amount.
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cannot inhibit the wax deposition rate and cannot increase the wax
content of the formed wax deposit. Because at this pre-heating
treatment temperature, the wax inhibitor has no significant effect
on the crude oil viscosity and low-temperature gel structure
strength and basically does not affect the wax crystal morphology
and crystallization exothermic characteristics of the crude oil.
These parameters are the main factors related to the wax deposi-
tion process. When Tpre is higher than 60 �C, the addition of wax
inhibitors has a significant wax inhibition effect on the crude oil
and the wax inhibition efficiency decreases with the increase of
Tpre. With the increase of Tpre, the addition of the wax inhibitor will
increase the wax content of the wax deposit. It can be seen from
Fig. 7 that at Tpre ¼ 60 �C, the storage modulus of the undoped and
doped crude oil are 1834.3 Pa and 0.201 Pa, respectively. With the
increase of Tpre from 60 to 70 �C, the values changed to 119 and
0.7 Pa. At Tpre ¼ 80 �C, the values changed to 1.1 and 0.7 Pa. The
difference between the storage modulus of undoped and doped
crude oil decreases with the increase of Tpre. The wax deposit mass
2476
is mainly controlled by the gel structure strength of the bulk oil
near the pipe wall. During the wax deposition process, the stronger
low-temperature gel structure strength is conducive to the adhe-
sion and growth of the wax deposits. At Tpre ¼ 60 �C, the difference
in the gel structure strength between undoped and doped crude oil
is the largest, so the difference in wax deposit mass between
undoped and doped crude oil is the largest. With the gradual in-
crease of Tpre, the difference between the gel structure of undoped
and doped crude oil gradually decreases. The difference in wax
deposit mass is decreased due to the increase of pre-heating
treatment temperature, which causes a decrease of wax inhibi-
tion efficiency.
4. Conclusion

The rheological and wax deposition experiments at different
pre-heating treatment temperatures (Tpre) were carried out thor-
oughly here to study the pre-heating temperature induced



Fig. 14. Development of the n-alkane composition of the doped crude oil wax deposits with time (a) 50 �C outer-layer; (b) 60 �C outer-layer; (c) 70 �C; (d) 80 �C.
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flowability and wax deposition characteristics of crude oil adding
wax inhibitors. It is found that as Tpre increases, the solvation effect
is strengthened and the asphaltenes/resins and wax inhibitors are
better dispersed for stronger interactions between wax inhibitors
and asphaltenes/resins, which decreases the quality of doped wax
deposit while increases the wax content of wax deposit. The main
mechanism was concluded that Tpre increase improves the low-
temperature gelling structure strength of crude oil, which is unfa-
vorable to the adhesion of wax deposits on the wall, and increases
the solid wax concentration required for the formation of wax
deposits on the wall, and the improvement of fluidity is also
conducive to the aging of wax deposits.
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