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a b s t r a c t

The nanocomposite EVAL-CNT was produced by chemical grafting in the solution system through the
esterification of ethylene-vinyl alcohol copolymer (EVAL) and carboxylated multi-walled carbon nano-
tubes (O-MWCNT), and its structural properties were characterized. The improvement of the rheological
properties of the waxy oil system by the novel pour point depressant was investigated using macroscopic
rheological measurements and microscopic observations. The results showed that EVAL-CNT nano-
composite pour point depressant (PPD) could significantly reduce the pour point and improve the low
temperature fluidity of crude oil and had better performance than EVAL-GO at the same addition level.
The best effect was achieved at the dosing concentration of 400 ppm, which reduced the pour point by
13 �C and the low-temperature viscosity by 85.4%. The nanocomposites dispersed in the oil phase
influenced the precipitation and crystallization of wax molecules through heterogeneous crystallization
templates, which led to the increase of wax crystal size and compact structure and changed the wax
crystal morphology, which had a better effect on the rheological properties of waxy oil.
© 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Paraffins usually represent n-alkanes in the carbon number
range C16eC40, which are dissolved in crude oil in equilibrium at
relatively high temperatures (Aiyejina et al., 2011; Martinez-Palou
et al., 2011). When the temperature is below wax appearance
temperature (WAT), the wax molecules start to crystallize and
precipitate due to supersaturation. When the concentration of wax
crystals accumulates to a degree, the spatial network structure can
be formed between the wax crystals to encapsulate the flowable
liquid oil, thus the crude oil overall loses its fluidity and forms a
gelling structure, and the waxy crude oil becomes a gel system
(Chen et al., 2019; Chi et al., 2019; Lei et al., 2016). Wax crystalli-
zation will increase the adhesion of crude oil, and cause the vis-
cosity of crude oil to increase, leading to the loss of pipeline
pressure and reducing the effective transmission capacity of crude
oil pipeline (Moud, 2022; Soni et al., 2010; Subramanie et al., 2021;
Xu et al., 2013). After the pipeline is stopped, the crude oil in a non-
y Elsevier B.V. on behalf of KeAi Co
Newtonian state will re-gather and precipitate as its temperature
decreases, and the interaction will finally form a spatial network
structure, and the interaction between wax crystals will then be
enhanced, which increases the difficulty of restarting the stopped
transmission; in addition, the deposition of wax crystals in the
transmission system may also cause many difficulties in the
transmission and production and other related fields (Wang et al.,
2022).

The chemical modification of waxy crude oils by adding small
quantities of polymeric PPD to waxy crude oils has become an
effective approach to improve the efficiency of crude oil pipelines.
Ethylene vinyl acetate (EVA) copolymer is widely used as PPD for
crude oil extraction and crude oil pipeline transportation and is also
a successful commercial PPD (Zhang et al., 2022). However, tradi-
tional polymeric PPDs still suffer from weak resistance to repeated
heating and shearing, and selective effects on waxy crude oils. The
development of novel high-efficiency polymeric PPDs and the
revelation of their mechanism of action have become crucial
technical issues to be discussed in engineering applications (Alves
et al., 2023; Oliveira et al., 2016; Yang et al., 2019b).

Polymer/inorganic nanocomposites can retain the original
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Table 1
Physical characteristics of waxy crude oil.

Parameter Results Methods

Wax, wt% 20.16 SY/T 7550-2012
Resin, wt% 8.52 SY/T 7550-2012
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properties of polymers while maintaining the excellent mechanical
properties, heat resistance and special optical, electrical and mag-
netic properties of inorganic particles (Colunga et al., 2021;
Elmesallamy et al., 2022). In the past few years, there has been
extensive interest in studying the performance of nanomaterials
and polymers (Huang et al., 2020b; Kashefi et al., 2021), clays and
polymers (Al-Sabagh et al., 2016a; Huang et al., 2020a; Subramanie
et al., 2021; Wang et al., 2020), or nanohybrids composed of carbon
nanostructures and polymers (Al-Sabagh et al., 2016b) as PPDs for
waxy crude oil. The role of graphene oxide nanostructures in
enhancing the flow of crude oil has become a popular research
topic in recent years (Ding et al., 2018; Jaberi et al., 2020; Liang
et al., 2022; Mahmoud and Betiha, 2021; Qu et al., 2022; Zhao
et al., 2018). The oxygen-containing groups on graphene oxide
may be involved in the inhibition of wax growth through a surface
adsorptionmechanism. The adsorption of nanohybridmolecules on
the surface of wax molecules deactivates the wax core, thus pre-
venting further growth of the wax. As a result, crystals of wax
molecules appear very small in size or highly dispersed in the crude
oil, thereby inhibiting the reticulation necessary for solidification.

When mentioning nanostructured carbon materials (as illus-
trated in Fig. 1), it is impossible to ignore the important role that
carbon nanotubes perform in various fields (Lin et al., 2003; Ma
et al., 2022; Mu et al., 2022; Wu et al., 2013a, 2018b). Carbon
nanotube is a new type of seamless, hollow tubular nanomaterial
formed by coiling graphene sheets with carbon atoms sp2 hybrid-
ized (Chen et al., 2001; Lin et al., 2021). The unique electrical,
structural, thermal, andmechanical properties of carbon nanotubes
can be used to enhance the properties of composite materials (Wu
et al., 2013b, 2018a). The main method of covalent modification of
MWCNTs is to use strong oxidizing agents such as concentrated
H2SO4 and concentrated HNO3 to introduce functional groups such
as carboxyl or hydroxyl groups into the ports of MWCNTs and lo-
cations where certain defects exist on the tube walls (Datsyuk et al.,
2008). It is only in the recent two years that studies of carbon
nanotubes in the oil field have started to emerge (Li et al., 2020;
Sepehrnia et al., 2022; Singh et al., 2021). Alemi et al. (2021a)
investigated the effect of single-walled carbon nanotubes in con-
trolling the formation and size growth of asphaltene particles and
wax crystals under practical production conditions. They found that
crude oil treated with SWCNTs resulted in changes in both size and
structure of wax crystals, which also confirmed the interaction
between carbon nanotubes and the active sites of wax crystals.
Carbon nanotubes can act as effective inhibitors and dispersants to
stabilize the aggregation rate of waxes and asphaltenes under high
pressure-high temperature conditions. The nanocomposite
MWCNT-Fe2O3 was prepared by Alemi et al. (2021b) to control
asphaltene particle formation and growth in unstable crude oil. The
Fig. 1. Structural schematic of carbon nanomaterials: (a) graphene; (b) s
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inhibition and dispersion properties of the synthesized composites
on asphaltene precipitation were observed by microscopy.

Inspired by this, as well as combining the previous theoretical
and experimental research base, the author came up with the idea
of combining carbon nanotube materials and modified conven-
tional PPDs in an experimental approach to preparing novel PPDs.
The author compounded traditional PPD with carbon nanotube
materials and introduced carbon nanotube composites into the
field of crude oil transportation based on the previous work (Liu
et al., 2021). Through pour point experiments and rheological
analysis, the influence of the novel nanocomposite PPD on the
rheological improvement effect of waxy oil has been investigated,
and the mechanism of the interaction between carbon nano-
materials and wax crystals has been further revealed through the
microscopy of wax crystals. The PPD dosage rate is also an impor-
tant economic indicator in the engineering field, and the study of
dosage-regulated rheology improvement of waxy crude oil is also
the key focus of this research.

2. Experimental section

2.1. Materials

The oil sample used in this paper was obtained from Daqing
Oilfield, Heilongjiang, China, which is typical waxy crude oil. The
basic physical parameters and measurement standards of crude oil
are shown in Table 1. It was carried out in triplicate and the error
calculated for this measurement also considered the uncertainties
of the thermometer (0.3 �C) and the analytical balance (0.0002 g).
Methanol (AR), toluene (AR), dodecane (AR), sodium hydroxide
(NaOH), and N-heptanewere all acquired fromAladdin Reagent Co.,
Ltd. (Shanghai). In addition, the vinyl acetate (VA) of EVA applied
here is 26 wt%, which was obtained fromMitsui Chemicals (Japan).
Carboxylated multi-walled carbon nanotubes (O-MWCNT) were
purchased from Zhongsen Linghang Technology Co., Ltd. (Shenz-
hen, China). The EVAL used here was synthesized based on the
method mentioned in a previous paper (Liu et al., 2021).

2.2. Preparation of EVAL-CNT nanocomposite

Using the previously synthesized EVAL product, the chemical
ingle-walled carbon nanotubes; (c) multi-walled carbon nanotubes.

Asphaltene, wt% 1.59 SY/T 7550-2012
Pour point, �C 34 ASTM D-97
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grafting process was completed by the esterification reaction be-
tween the hydroxyl group on EVAL and the carboxylate group on
the carboxylated multi-walled carbon nanotubes to form a new
nanocomposite named EVAL-CNT, and the synthesis route diagram
is shown in Fig. 2. The specific experimental steps are described as
follows: carboxylated carbon nanotubes were added to toluene and
the suspension was sonicated for 30 min to make it uniformly
dispersed, while EVAL was completely dissolved in toluene on the
other side, and then the carbon nanotube solutionwas added to the
EVAL solution, and the reaction was thoroughly mixed at 90 �C for
2 h. According to themass fraction ratios of O-MWCNT to EVAL, two
types of nanocomposites were synthesized noted as EVAL-0.5% CNT
and EVAL-1% CNT.

2.3. Characterization of synthesized additives

The Fourier transition infrared spectrometry (Tensor 27, Bruker,
USA) was used to perform FTIR analysis in the wavenumber range
of 4000e400 cm�1. Thermogravimetric analysis (TGA) was per-
formed using an HTG-1 thermogravimetric differential thermal
analyzer at a heating rate of 10 �C/min to analyze the weight loss of
the synthesized products. The samples were heated from room
temperature to 800 �C under a nitrogen atmosphere. The
morphology of nanostructure was assessed with the scanning
electron microscope (SEM, JSM-6510LV, Zeiss, Germany) operated
at 30 kV.

2.4. Pour point test

The pour point, an essential indicator of crude oil liquidity
performance evaluation, is the minimum temperature at which the
oil flows and can be pumped. The pour point of the oil sample
before and after adding the nanocomposite PPDs was measured
based on the method mentioned in the standard ASTM D97-17a
(Mahmoud and Betiha, 2021). Each experiment was repeated
three times to verify the pour point and the uncertainty bars were
presented in the corresponding figs.

2.5. Rheological properties of untreated and treated crude oil

A DHR-1 Advanced Hybrid Rheometer (TA Instruments, USA)
was applied tomeasure the rheological properties of the untreated/
treated waxy crude oil. All oil samples were preheated at 60 �C for
an hour to eliminate the hot history. Each test was run three times
to verify the repeatability, and the maximum error in the distri-
bution of test results was within a reasonable range of ±2.0%.
Thereafter, only the average data was reported.
Fig. 2. Schematic diagram of the synthesis rou
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2.5.1. Viscosity-temperature curve measurement
The preheated oil samples were loaded into the rheometer and

held at a constant temperature of 60 �C for 20min. A constant shear
rate (20 s�1) was applied to the crude oil and the variation of
apparent viscosity with temperature drop was monitored at a
cooling rate of 0.5 �C/min from 60 to 15 �C (Yao et al., 2018).

2.5.2. Viscoelastic curve measurement
The viscoelasticity laboratory in oscillatory mode is an effective

way to study the sol-gel transition process of oil samples under
static cooling conditions (Sharma et al., 2019). The preheated oil
samples were put into the rheometer and kept at a constant tem-
perature of 60 �C for 20 min, and then oscillated at a cooling rate of
0.5 �C/min to 15 �C, and the strain of the rheometer was set to
0.0005 and the oscillation frequency was 1 Hz (Yang et al., 2019a).
Due to the high precision of the rheometer, the standard error of
the gel point measurement was ±0.2 �C. For comparative purposes,
virgin crude oil and oil doped with EVAL were measured to be used
as reference samples.

2.5.3. Rheological performance test
The preheated oil sample was loaded into the rheometer, and

the cooling rate was controlled to be 0.5 �C/min from 60 to 15 �C to
form a stable gel structure, and then the temperature was kept at
15/25/35 �C for 30 min, followed by the controlled shear rate from
5e200 s�1 within 10min tomeasure the rheological curve of the oil
sample (Sharma et al., 2022; Xia et al., 2022a).

2.5.4. Yield properties
The oil samples were cooled from 60 to 15 �C at 0.5 �C/min and

then placed at a constant temperature of 15 �C for 30 min. The
change of the strain value with the shear stress was measured by
the continuously increasing shear rate, applying the shear rate from
5e200 s�1 within 10 min to obtain the stress-strain curves (He
et al., 2016; Xia et al., 2022b). When there is a sudden linear in-
crease in the strain value, the corresponding stress is defined as the
yield stress of the oil sample.

2.6. Polarized optical microscopy observation

A polarized optical microscope (ZEISS AXIO, Germany) was used
to observe the wax crystal morphology of the oil sample before and
after the addition of nanocomposite PPD at a certain temperature.
The oil samples were heat-treated at 60 �C for 20 min, then loaded
onto the microscope hot stage and cooled down from 60 to 15 �C at
a cooling rate of 0.5 �C/min, and polarized micrographs of the oil
samples at 15 �C were taken.
te of the novel nanocomposite EVAL-CNT.



Y. Liu, Z.-N. Sun, S.-Z. Ji et al. Petroleum Science 20 (2023) 3807e3818
3. Results and discussion

3.1. Characterization of synthesized products

Fig. 3(a) shows the FTIR spectrum of EVAL, O-MWCNTand EVAL-
CNT. In the FTIR spectrum of EVAL, the sharp peaks in 2905 and
1660 cm�1 represent the stretching vibration of CeH and C]C,
respectively. Moreover, peaks in the wavenumbers of 3445 cm�1

assigned to the OeH bending vibrations provide evidence of the
occurrence of alcoholysis reactions (Ren et al., 2017). Besides, in the
FTIR spectrum of O-MWCNT, the peaks in 3548 and 1410 cm �1 are
related to the stretching vibration carboxyl groups (Elmesallamy
et al., 2022). The peak around 1734 (C]O stretching vibration)
and 1303 cm�1 (single bond vibration of CeOeC) confirm the ester
bond exists in the molecular structure of the EVAL-CNT nano-
composites, suggesting that chemical ester bonding has occurred
between EVAL hydroxyl groups and O-MWCNT carboxyl group. It
also could be seen that the main peaks of EVAL and O-MWCNT
spectra are almost preserved in the EVAL-CNT spectrum. Overall,
these results indicate that EVAL-CNT was successfully synthesized.

As shown in Fig. 3(b), there are two mass loss temperature re-
gions for O-MWCNT, the first region is from 150 to 600 �C, and the
mass loss in this temperature region is 29.86%, which is mainly
caused by the removal of carboxyl groups (Datsyuk et al., 2008);
The other mass loss zone is from 600 to 800 �C, and themass loss in
this zone is 6.92%, which is mainly caused by the decomposition of
amorphous carbon and impurities left in the thermal oxidation
process of O-MWCNT. In the EVAL-CNT curve, the mass loss before
300 �C is mainly due to the residual solvent, ash and moisture from
the reaction during the grafting process, etc. The rapid mass loss
after 300 �C is attributed to the slow decomposition of the polymer
in the product. From Fig. 3(b), it can be obtained that the residual
Fig. 3. Characterization of synthesized nanocomposites: (a) FTIR spectroscopy; (b) TG
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masses of O-MWCNT and EVAL-CNT after pyrolysis were 64.23%
and 2.16%, respectively. The grafting rate of EVAL-CNT was calcu-
lated as 62.07% based on the terminal weight loss rate.

The morphological characteristics of O-MWCNTand the product
EVAL-CNT were observed using SEM, and the experimental results
are shown in Fig. 3(d). It is apparent that O-MWCNT exhibits
random distribution irregularly and tightly wound together due to
its high specific surface area and surface activation energy. In
comparison, the winding phenomenon of EVAL-CNT was signifi-
cantly weaker and the tube diameter was thicker due to the
grafting of organic material on its surface. The SEM image of the
composite EVAL-CNT has some “white dots” compared to O-
MWCNT, which are formed when the carbon nanotubes are pulled
off and wrapped in the matrix by the polymer. The small amount of
“white lines” is a small number of carbon nanotubes being pulled
out and exposed in the form of white lines. It can be inferred that
carbon nanotubes and EVAL have good interfacial bonding prop-
erties and the load can be transferred to carbon nanotubes effec-
tively. Further, good homogeneous dispersion of the composite
product in organic solvents was also observed from the dispersion
photographs Fig. 3(c) of EVAL and EVAL-CNT in dodecane solution.

3.2. Analysis of pour point reduction

The pour point reduction data of waxy crude oil after adding
different mass fractions of PPDs are shown in Fig. 4. At the equiv-
alent number of additives, the EVAL-CNT composite PPD showed
superior reduction performance than EVA and EVAL. When EVA
and EVAL were added separately, the pour point of the oil samples
gradually decreased with the increase in dosage. In the case of
EVAL-CNT, the overall trend of pour point drop gradually increases
with the increase of the added amount, and then becomes stable or
A curves; (c) dispersion status images; (d) scanning electron microscope images.



Fig. 4. Pour point drop of crude oil with different mass fractions of PPD.
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decreases. When themass fraction of EVAL-0.5% CNT was increased
from 200 to 400, 600, 800 and 1000 ppm, the decrease of the
freezing point was 10,12,11,10 and 10 �C in order. For EVAL-1% CNT,
the pour point decreases in the order of 11,13,12,10 and 9 �C.When
the mass fraction is 400 ppm, the pour point reduction effect is the
best, and EVAL-1% CNT performs better than EVAL-0.5% CNT. A
parallel comparison can also be made with the results of previous
studies, where EVAL-GO at 1000 ppm resulted in a 12 �C drop in
pour points (Liu et al., 2021), while EVAL-1% CNT resulted in a 13 �C
drop in pour point at 400 ppm of addition.

3.3. Rheological properties

3.3.1. Viscosity-temperature curve
Fig. 5 presents the experimental data on the apparent viscosity

curves of crude oil with temperature before and after adding
different mass fractions of EVAL-CNT at a constant shear rate of
20 s�1 (Litvinets et al., 2016; Mun et al., 2022). During the high-
temperature period, the additive dosage has almost no effect on
the apparent viscosity, while it has a greater effect on the apparent
viscosity in the low-temperature period. As the temperature
Fig. 5. The Viscosity-Temperature curves of treated oil sam
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decreases, a large number of wax crystals in the oil precipitate out
and form a spatial network structure, and the viscosity of the oil
increases rapidly. At 15 �C, when 200, 400, 600, 800 and 1000 ppm
EVAL-0.5% CNT was added, the apparent viscosity of wax oil was
29.6, 29.4, 31.2, 41.3 and 46.3 Pa$s in order, and the apparent vis-
cosity of adding EVAL-1% CNT was 28.1, 23.9, 37.8, 48.2 and
63.4 Pa$s. The viscosity reduction efficiency is optimal at the dosage
of 400 ppm.

The viscosity reduction results are consistent with their inhib-
itory effect on the pour point shown in Fig. 4. This can be explained
by the fact that EVAL-CNT can act as a well-organized group to
change the growth pattern of wax crystals, while the grafted ester
group can effectively adsorb on the surface of wax crystals of waxy
crude oil, further changing the growth tendency of wax crystals and
thus reducing the viscosity of crude oil (Chen et al., 2020a). Besides,
the inhibitory effect of EVAL-CNT is closely related to its dosage in
the sample. The viscosity decreased and then increased with
increasing dosage loading. An excessive amount of esterified
polymer may produce a large number of crystals and interact with
the formed crystals, which increases the viscosity of the sample and
decreases the flow properties of the crude oil.

3.3.2. Viscoelastic properties
Figs. 6 and 7 show the viscoelastic changes of the oil samples

after adding different mass fractions of EVAL-0.5% CNT and EVAL-
1% CNT, respectively. The viscoelastic curve could be divided into
two parts: when the temperature is higher than the gelation point,
the storage modulus (G0) is smaller than the loss modulus (G00), and
the loss angle (d) is greater than 45�, which means that the viscous
response is dominant when the temperature is higher than the
gelation point; however, when the temperature is lower than the
gelation point, the storage modulus G0 is larger than the loss
modulus G00, and the loss angle d is less than 45�, which means that
the elastic response is dominant. The gelation point is the conver-
sion point of the oil sample from a sol to a gel (Yang et al., 2017).

As can be seen in Fig. 6(a), for the initial crude oil, the energy
storage modulus and loss modulus are very small above 50 �C. As
the temperature decreases, G0 and G00 grow significantly, indicating
the beginning of a network precipitation aggregation and the for-
mation of a gel structure with certain strength (Chen et al., 2020b;
Deka et al., 2020). When the temperature is at 42.3 �C, G0 and G00 are
equal, which means the gelation point of unadulterated waxy oil is
42.3 �C. When the temperature was below 35 �C, G0 became large
ples doped with (a) EVAL-0.5% CNT, (b) EVAL-1% CNT.



Fig. 6. Viscoelasticity curves of the waxy crude oil doped with (a) undoped, (b) 400 ppm EVAL, (c) 200 ppm EVAL-0.5% CNT, (d) 400 ppm EVAL-0.5% CNT, (e) 600 ppm EVAL-0.5%
CNT, (f) 800 ppm EVAL-0.5% CNT, (g) 1000 ppm EVAL-0.5% CNT.
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Fig. 7. Viscoelasticity curves of the waxy crude oil doped with different mass fractions of EVAL-1%CNT: (a) 200 ppm, (b) 400 ppm, (c) 600 ppm, (d) 800 ppm, (e) 1000 ppm.

Table 2
The G0 and G00 of the undoped/doped crude oil at 15 �C.

Crude oil sample Dosage, ppm G0 , Pa G00 , Pa

Undoped / 801,242 185,085
þEVA 400 400,581 90,841
þEVAL 400 177,597 54,759
þEVAL-0.5% CNT 400 113,076 36,788
þEVAL-1% CNT 400 72,048 17,036
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and G0 was higher than G00, which indicated that the wax oil
changed to a more structural gel status at low temperatures. In
Fig. 6(b), it can be obtained that the gel temperature of the oil
sample decreased to 40.6 �C after the addition of 400 ppm EVAL.
From Fig. 6(c)‒(g) and Fig. 7(a)‒(e), it is observed that when the
mass fraction of the additive was 200, 400, 600, 800 and 1000 ppm,
the gelation temperature of crude oil modified with EVAL-0.5% CNT
was 38.2, 38.1, 38.3, 38.3 and 38.7 �C, and the gelation temperature
of crude oil loaded with EVAL-1% CNT was 38.3, 37.9, 38.0, 39.9 and
40.5 �C in order.

As can be observed from Table 2 and Fig. 8, the gelation point of
the unadulterated oil sample was 42.3 �C, and the G0 and G00 values
at 15 �C were 801,242 and 185,085 Pa, respectively. The high G0 and
G00 values indicated that the unadulterated oil sample had a very
strong gelation structure at 15 �C. After the addition of 400 ppm
EVAL, the gelation point of the oil was reduced to 40.6 �C, while the
3813
G0 and G00 values were significantly reduced to 177,597 and
54,759 Pa. The reduced G0 and G00 demonstrated that the strength of
the gelling structure formed by the oil sample at 15 �C was signif-
icantly weakened by the addition of EVAL depressant. What stands
out in the table is that after adding the same dosage of EVAL-1%
CNT composite PPD, the gelation point, G0 and G00 of the oil



Fig. 8. Gelation point of waxy crude oil in different systems.

Fig. 9. Relation between shear rate and viscosity for undoped and doped crude oil at
different temperatures: (a) 15 �C, (b) 25 �C, (c) 35 �C.
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samples were further reduced, and the gelation point was further
reduced by 2.7 �C compared with that of the EVAL-activated oil
samples. Data from the study proved that the ability of the
depressant to weaken the gelation structure of crude oil was
further enhanced after the combination with carbon nanotubes.

3.3.3. Shear viscosity curve
In view of the results of the above analysis, the dynamic vis-

cosity curve at the optimal dosage (400 ppm) was investigated
experimentally. Fig. 9 illustrates the viscosity versus shear rate for
crude oil blended with different types of PPD and virgin crude oil at
15, 25 and 35 �C (Al-Sabagh et al., 2016b; Yao et al., 2016). The
apparent viscosities of the oil samples are higher at low shear rates,
and with the increase of the shear rate, the apparent viscosities
decrease significantly at first, but the decrease rate slows down
after 100 s�1 and finally stabilizes gradually. The viscosity of the
initial crude oil is high and decreases when the oil sample is treated
with PPD. In the comparison of the four groups of materials, EVAL-
1%CNT showed excellent viscosity reduction performance at all test
temperatures. There is a clear trend of decreasing viscosity in
Fig. 8(a), which means that EVAL-1%CNT nanocomposite PPD ex-
hibits excellent viscosity reduction performance at low
temperatures.

The rheological behavior of crude oil added with PPD (400 ppm)
at temperatures below or above the pour point (15, 25 and 35 �C)
was compared with that of the unadulterated crude oil and the
results are presented in Table 3. At a shear rate value of 79.78 s�1,
the viscosity decreased by 85.4% for EVAL-1% CNT (from 17.61 to
2.57 Pa$s) and 58.7% for EVAL-0.5% CNT (from 17.61 to 7.27 Pa$s) at
15 �C, while the viscosity decreased by 44.9% with virgin EVA (from
17.61 to 9.71 Pa,s). In addition, it can be concluded in the table that
the viscosity decreases with increasing temperature due to the
dissolution of wax crystals in the crude oil. The reduction in sample
viscosity was attributed to the para-wax crystal effect of the
nanocomposite, where the carbon nanotubes effectively reduced
the formation of a three-dimensional network of wax crystals,
allowing only a limited number of wax crystals to network,
ensuring easier mobility of the oil sample at low temperatures.
Thus, the experimental data also indicated the significant effec-
tiveness of EVAL-CNT in viscosity reduction as well.

3.3.4. Yield characteristics
The yield curves of the initial crude oil and the crude oil loaded

with different types of PPD at a temperature of 15 �C are shown in
Fig. 10(a), and the corresponding yield values are shown in
3814
Fig. 10(b). The yield value of the oil sample with the addition of
400 ppm EVAL depressant was 679.5 Pa, which was 55.1% lower
compared to the virgin crude oil (1514.13 Pa), and 64.5% lower for
the same concentration of EVAL-0.5%CNT. The best-performing



Table 3
Effects of different PPDs on the transient apparent viscosity of waxy crude oil.

Oil Sample Temperature, �C Viscosity, Pa$s

21.30 s�1 79.78 s�1 138.30 s�1 196.77 s�1

Undoped 15 34.61 17.61 11.00 7.08
25 6.96 4.57 3.25 2.37
35 0.87 0.32 0.23 0.19

þEVA 15 26.93 9.71 6.41 5.14
25 4.95 1.63 1.00 0.81
35 0.59 0.30 0.21 0.18

þEVAL 15 25.37 7.30 5.14 3.85
25 4.01 1.29 0.68 0.54
35 0.36 0.20 0.18 0.16

þEVAL-0.5% CNT 15 24.62 7.27 4.97 3.80
25 4.03 0.82 0.56 0.47
35 0.35 0.19 0.17 0.16

þEVAL-1% CNT 15 9.50 2.57 1.73 1.12
25 2.20 0.78 0.56 0.46
35 0.30 0.19 0.16 0.15

Fig. 10. Comparison of yield properties of initial crude oil and doped crude oil.
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EVAL-1%CNT nanocomposite reduced the yield value to 216.27 Pa, a
reduction of 85.7% from the initial oil sample. The result shows that
the gelling structure formed by the crude oil with EVAL-CNT is
inferior to that with conventional PPD, which is easy to be
destroyed. The reduction of yield value can reduce the peak pres-
sure of crude oil pipeline shutdown and restart, and improve the
safety of pipeline operation, which has practical engineering
significance.
3.4. Microstructural properties of wax crystals

The effects of EVAL-CNT composite PPD on the microstructural
properties of wax crystals from Daqing crude oil are shown in
Fig. 11. For virgin crude oil the wax crystals precipitated were large
in number and small in size, showing a messy ordering in the oil
phase system. Fig. 11(b)‒(f) demonstrate the wax crystal
morphology of wax oils with different mass fractions of EVAL-CNT
additions at 15 �C. The graph reveals that the distribution of wax
crystals in the oil before the addition of the PPD is large and the
profile is small. With the addition of the EVAL-CNT, thewax crystals
show a striped distribution, and the distribution range is reduced,
the outline is clear, and the space not occupied by wax crystals is
obviously increased. Changes in the microscopic morphology of the
wax crystals can reflect some extent the degree of improvement in
3815
the macroscopic rheology of the crude oil by the depressant. At
lower dosing rates, the wax content within the crude oil system is
relatively high and the effective concentration of PPD is low, which
will result in a low inhibition effect as PPD cannot fully interact
with the wax crystals. Moreover, due to the large specific surface
area of MWCNTs and the strong van der Waals attraction between
carbon tubes, excessive amounts of MWCNTs are very prone to
agglomeration in the polymer matrix and cannot take full advan-
tage of their structure and properties. Therefore, the inhibition of
wax crystals decreases with increasing additions. And the increase
in the crystallization ability of waxes leads to an increase in the
pour point of crude oil containing waxes, which explains the phe-
nomenon that the pour point first decreases and then increases.
3.5. Mechanism

From the above experimental results and the microscopic image
analysis of the wax crystals, it can be deduced that EVAL-CNT
nanocomposite PPD provides a “heterogeneous crystallization
template” for the precipitation of wax crystals during the cooling
down process of wax molecule crystallization, which promotes the
precipitation of wax molecules and makes the wax crystals show a
striped distribution with clear outlines. The schematic diagram of
the mechanism is shown in Fig. 12. This is also consistent with



Fig. 11. Polarized microscopic images of crude oil doped with different dosages of EVAL-1%CNT at 15 �C: (a) 0; (b) 200 ppm; (c) 400 ppm; (d) 600 ppm; (e) 800 ppm; (f) 1000 ppm.

Fig. 12. Schematic diagram of performance improving mechanism of the nanocomposite PPD on wax crystals.
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classical nucleation theory, as nanocomposites are heterogeneous
nucleation systems with many “EVAL-CNT” two-phase interfaces
between the carbon tubes and the EVAL matrix, where the Gibbs
free energy required for nucleation is relatively low, making
nucleation easier. The tubular structure of carbon nanotubes also
makes the microscopic pictures of wax crystals show a different
morphology from that of EVAL-GO.

Carbon nanotubes provide nucleation sites for the heteroge-
neous nucleation process, thus further narrowing the crystal-liquid
interface, contributing to the formation of a more compact wax
crystal structure and inhibiting the formation of network-like wax
crystals. These led to the reduction of crude oil viscosity, improved
low-temperature flow properties, and weakened the gel structure
formed in crude oil at low temperatures. Adequate amounts of
MWCNT can be dispersed uniformly in the shallow layers of the
EVAL surface, providing nucleation sites for heterogeneous nucle-
ation in these regions, and at the same time the carbon tubes are
isolated from each other and do not interfere with each other, so
the addition of adequate amounts of carbon nanotubes is beneficial
for activity enhancement. However, when the addition level is
3816
excessive (>400 ppm), the carbon nanotubes and their agglomer-
ates stack on top of each other, connect and form a continuous
network structure. In this case, the further increase in the content
of carbon tubes is of limited use in “promoting heterogeneous
nucleation” and the strong interaction between the carbon tubes
and their agglomerates leads to irregular precipitation of wax
crystals, which deteriorates the flow properties of the crude oil.

4. Conclusions

Based on previous studies, carbon nanotube materials were
introduced into the crude oil fluidity study system through chem-
ical grafting, and the effects of the additional amount on the pour
point and rheological properties of Daqing crude oil were high-
lighted. EVAL-CNT reduced the pour point of wax oil by 13 �C and
the low-temperature viscosity by 85.4% at the same dosage rate and
treatment temperature, further inhibiting the formation of the
three-dimensional network structure of wax crystals and further
weakening the structural strength and viscoelasticity of the
modified gelling oil. The research results in this paper have some
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reference value for the application of polymer-based carbon
nanotube composites in the field of crude oil transportation.
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