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a b s t r a c t

The gelation of crude oil with high wax and asphaltene content at low temperatures often results in the
block of transportation pipeline in Africa. In recent years, it was reported that surface hydrophobic-
modified nanoparticles have important applications in crude oil flow modification. In this work, four
kinds of core-shell hybride nanoparticles by grafting poly (octadecyl, docosyl acrylate) and poly (acry-
late-a-olefin) onto the surface of nano-sized SiO2 were synthesized by grafting polymerization method.
The chemical structure of nanoparticles was analyzed by Fourier transform infrared spectroscopy (FT-IR),
scanning electron microscopy (SEM) and thermogravimetric analysis (TGA). The rheological behaviors of
crude oil and precipitation of asphaltenes in the presence of nanoparticles were studied by measuring
the viscose-temperature relationship curve, the cumulative wax precipitation amount, and morphology
of waxes and asphaltenes. The results indicate that the docosyl polyacrylate@SiO2 nanoparticle
(PDA@SiO2) can reduce the cumulative wax precipitation amount of crude oil by 72.8%, decline the
viscosity of crude oil by 85.6% at 20 �C, reduce the average size of wax crystals by 89.7%, and inhibit the
agglomeration of asphaltene by 74.8%. Therefore, the nanoparticles not only adjust the crystalline be-
haviors of waxes, but also inhibit the agglomeration of asphaltenes. Apparently, core-shell hybride
nanoparticles provides more heterogeneous nucleation sites for the crystallization of wax molecules,
thus inhibiting the formation of three-dimensional network structure. The core-shell polymer@SiO2

hybride nanoparticles are one of promising additives for inhibiting crystallization of waxes and
agglomeration of asphaltenes in crude oil.
© 2024 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

With the rapid development of the world economy, the demand
for energy is gradually increasing nowadays. As the reserves of light
oil are sharply declined due to excessive exploitation and con-
sumption, the extraction and utilization of heavy crude oil, has
attracted more and further attention (Adeyanju and Oyekunle,
2019; Alimohammadi et al., 2019; Li et al., 2019). However, with
the continuous extraction of heavy crude oil, such as African crude
oil, the external conditions (e.g., temperature and pressure) or the
composition of the heavy crude oil has been changed, thus wax
content and asphaltene content of oil have gradually increased.
ring, East China University of
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Generally, the fluidity of crude oil is closely related to its internal
waxes and asphaltenes content, structure and growth process.
With the decrease of external temperature, the solubility of wax
components in crude oil decreases sharply, which leads to its
precipitation. When the waxes and asphaltenes aggregate and
precipitate out of the crude oil, which often block the trans-
portation pipeline, and bring huge obstacles to the safe and eco-
nomic operation of oil transportation (Adeyanju and Oyekunle,
2019; Hasan et al., 2010). To solve the aforesaid problem, many
physical approaches (such as heating and oil blending) and chem-
ical approaches (such as emulsification, microbial method, and
oilfield reagent injection) have been applied. In the above methods,
injecting oilfield reagent has a lot of advantages, such as low energy
consumption, less processing cost, fewer environmental pollution,
and prosperous market potential. Therefore, it is requisite to
develop a new and efficient chemical additive to solve the problem
of pipeline blockage today.
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Table 1
Fundamental properties of African crude oil.

Property Value

Density, g/cm3 0.8669
Water content, % 0.35
WAT, �C 53.86
Sulfur content, % 0.0922
Pour point, �C 33
Moisture content, % 0.3514
Saturates hydrocarbon, % 36.35
Aromatic hydrocarbon, % 19.73
Asphaltene, % 11.97
Resin, % 31.95
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Up to now, new materials derived from nanotechnology have
been used in the petroleum industry (Corredor et al., 2019; Gaihre
et al., 2018; Kumar et al., 2012; Li et al., 2018). Compared to tradi-
tional pour-point depressants (PPDs), nano-composite materials
have high surface effects, and are easily dispersed into crude oil and
adsorbed on the surface of waxes, colloids, and asphaltenes
(Deshmukh and Bharambe, 2008; Huang et al., 2018; Jia et al., 2008;
Jing et al., 2017). Among the numerous of nanomaterials, nano-SiO2
is wildly applied because of its large specific surface area, good
chemical and thermal stability. In addition, abundant hydroxyl
groups on the surface of nano-SiO2 can be substituted by other
groups, which bring high surface activity and designability to
themselves (Oyekunle and Adeyanju, 2011; Taborda et al., 2017).
Therefore, composites of conventional PPDs and SiO2 nanoparticles
are applied to enhance the performance (Mohammadi et al., 2011;
Yan et al., 2017). Poly (octadecyl acrylate)/clay nano-composite
prepared by melt blending can reduce the viscosity of gelled
waxy crude oil (Mao et al., 2020; Yao et al., 2016a). Serving as wax
nucleation centers, this nanocomposite effectively inhibits the
formation of viscoelastic gel network. Compared with poly (octa-
decyl acrylate), nano-composites impair the structural strength and
reduce the viscoelasticity of gelled crude oil. Therefore, they can
improve the rheological properties of waxy crude oils (Ning et al.,
2022; Norrman et al., 2016; Yao et al., 2016a, 2016b). In other
studies, in the presence of nano-SiO2 composites synthesized by
surface-modification and copolymerized with styrene, butyl
methacrylate and acrylamide (molar ratio of 9:10:0.8) (Qing et al.,
2020), the viscosity of waxy crude oil was reduced by 90.1%.
Since nano-composites can also be adsorbed on the surface of
asphaltenes for their high surface area and activity, they have the
capability of inhibiting the agglomeration of asphaltenes. But such
studies are rarely reported. Belal and Maen (2012) found that NiO
nanoparticles prepared in situ within heavy oil displaymuch higher
affinity toward asphaltenes adsorption. Further experiments have
shown that the adsorption effect of the NiO nanoparticles on
asphaltene has exceeded that of commercial NiO nanoparticles of
the same size range. Kazemzadeh et al. (2015) found that, in solu-
tions without nanoparticles, a high n-heptane content improves
the asphaltene adsorption onto the nanoparticles which implies
less asphaltene flocculation and precipitation.

In this work, a series of core-shell nano-composites by grafting
poly (octadecyl, docosyl acrylate) and poly (acrylate-a-olefin) onto
the surface of nano-sized SiO2 were synthesized by surface-grafting
polymerization method. The structure of as-prepared nano-com-
posites were characterized by FT-IR, SEM and TGA. The rheological
property and wax crystallization behaviors of African crude oil
were investigated by differential scanning calorimeter (DSC), vis-
cosity, yield stress and thixotropy. In addition, the effect of nano-
particles on the asphaltene agglomeration behaviors was
investigated by the initial precipitation point test and microscope
of asphaltenes. The results show that nanoparticles not only sup-
press the crystallization of waxes, but also inhibit the agglomera-
tion of asphaltenes in crude oil.

2. Experimental

2.1. Materials

g-Methacryloxypropyltrimethoxysilane (KH570, 99%), anhy-
drous ethanol (�99.0%), methanol (99%), n-heptane, toluene
(�99.0%), xylene (99%), octadecyl methacrylate (SA, 99%), a-20~24
olefin and a-24~28 olefin were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. The abenzoyl peroxide (BPO, 99%)
was purchased from Tianjin Zhiyuan Chemical Reagent Co., Ltd.
And nano silica (SiO2, 20 nm) was purchased from Xiya Chemical
3622
Technology (Shandong) Co., Ltd. The docosyl acrylate (DA) was
synthesized by ourselves in the laboratory (Li et al., 2021). The
crude oil is obtained from Africa oil field, and its properties are
shown in Table 1.
2.2. Grafting polyacrylate onto the surface of nano-sized SiO2

For instance, 1.0 g silane coupling agent KH570 and 200.0 g
ethanol-water solution (the volume ratio of ethanol to water is 9:1)
was added into a three-necked flask, stirred at 30 �C for 1.5 h. Then
10.0 g nano-SiO2 was added into the above solution, and the re-
action was conducted at 75 �C with reflux condensation for 3 h.
After reaction, the obtained KH570@SiO2 product was centrifuged
out and dried overnight at 60 �C.

Synthesis of polyacrylate@SiO2 nano-composite (PSA, PDA@-
SiO2). 10.0 g octadecyl methacrylate (SA) and 10.0 g KH570@SiO2
were added into the flask with toluene as a solvent, which were
completely dissolved at 60 �C with the help of ultrasound. Then,
0.5 g benzoyl peroxide (BPO) was added in and the temperature
was raised to 90 �C. After reaction for 8 h under the protection of N2,
the obtained crude product was centrifuged out and washed with
toluene. This process was repeated for 3 times to remove unreacted
monomers and impurities. After drying, the octadecyl poly-
acrylate@SiO2 nanoparticle (PSA@SiO2) was acquired. Similarly, the
docosyl polyacrylate@SiO2 nanoparticle (PDA@SiO2) was synthe-
sized by the same method.

Synthesis of poly (acrylate-a-olefin)@SiO2 nano-composite
(PSA-20~24, PSA-24~28@SiO2). 50.0 g octadecyl acrylate mono-
mer, 9.5 g a-20~24 olefin and 10.0 g KH570@SiO2 were added into
the flask with o-xylene as solvent. Then 2.0 g benzoyl peroxide was
added into the flask as an initiator. Under the protection of nitro-
gen, the polymerization reaction maintained at 90 �C for 8 h. The
crude product was purified by distilling the solvent, washed with
toluene and centrifuged for 3 times. Finally, poly (acrylate-a-20~24
olefin)@SiO2 (PSA-20~24@SiO2) was acquired. Similarly, poly
(acrylate-a-24~28 olefin)@SiO2 (PSA-24~28@SiO2) was synthesized
by the same method.
2.3. Characterization

The functional groups of the nano-composite structure were
characterized and analyzed by FT-IR spectroscopy (IR Prestige-21,
Shimadzu). The grafting rate of polyacrylate onto the surface of
nano-sized SiO2 was measured by using TGA (STA449F3, Netzsch).
In TGA tests, the temperature range is 25e800 �C and the heating
rate is 10 �C/min. The morphology of nano-composites were
observed by SEM (S-3400, Hitachli).
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2.4. Rheological measurements

The oil samples were prepared by adding 1000 mg/kg different
nanoparticles into the crude oil. Before testing, all of the oil samples
were heated at 80 �C for 30 min.

In the presence of synthetic nano-composites, the viscosity,
yield stress and thixotropy of crude oil were measured by using an
Anton Paar rotary rheometer (MCR501, Austria). The viscosity of oil
sample was measured from 80 to 10 �C in 1 �C/min at a shear rate of
10 s�1. During the yield stress measurements, oil samples were
heated to 80 �C and cooled down to 50 �Cwith 10 �C/min.When the
temperature was invariant, the yield stress tests were performed
with shear stress increasing logarithmically in the range of
0.01e1000 Pa. The thixotropic tests were performedwith shear rate
increasing from 0 to 10 s�1 and decreasing from 10 to 0 s�1.

2.5. Was crystallization behaviors

Wax appearance temperature (WAT) and wax precipitation
curve of crude oil were investigated by differential scanning calo-
rimeter (DSC-Q2000, TA). The amount of wax precipitation at the
test temperature was calculated by integral method. The test
temperature range is 80e10 �C, and the cooling rate is 5 �C/min.

The crystal configuration of wax was investigated by using a
polarizingmicroscope (DM2500P, Leica). The imageswere captured
and analyzed by the software Image J.

2.6. Inhibition of asphaltene aggregation tests

By adding varying volume fractions of n-heptane to crude oil,
the sudden increase of viscosity for crude oil at different temper-
ature is defined the initial precipitation point (IPP) of asphaltene
(Yang et al., 2015). The viscosity curves with different content of n-
heptane at different temperatureweremeasured by using an Anton
Paar rotary rheometer (MCR501, Austria). In addition, the
morphology of asphaltene aggregates were investigated using an
optical microscope (DM2500P, Leica) (see Fig. 1).

3. Results and discussion

3.1. Chemical structure characterization of nano-composites

In order to verify whether copolymers are successfully grafted
with nano-SiO2, the characteristic functional groups of nano-
Fig. 1. Schematic diagram of the synthesi
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composites are analyzed by FT-IR spectroscopy (Fig. 2). As shown
in Fig. 2(a), in the infrared spectrum of SiO2, absorption at
3450 cm�1 is from the stretching vibration of eOH bond. Absorp-
tion at 1630 cm�1 is due to bending vibration of HeOeH bond, and
that at 1112 cm�1 is from asymmetric vibrations of SieOeSi groups.
Comparatively, for modified SiO2, adsorption at 2925 and
2850 cm�1 are from the stretching vibration absorption of eCH2e

bond (Table S1). The intensity of absorption at 3450 cm�1 from
SieOH bond is weakened, which indicates that the number of hy-
droxyl groups on the surface of SiO2 decreases. The reduction of
hydroxyl groups proves that KH570 is successfully grafted on the
surface of nano-SiO2. In the spectra of polyacrylate@SiO2 (Fig. 2(b)),
the presence of absorptions at 1050e1300 cm�1 is from C]O and
CeOeC bonds, which indicates the existence of ester group. In
addition, from Table S1, adsorptions at 2925, 2850 and 1470 cm�1

are due to the stretching vibration of eCH2e group. Absorption at
720 cm�1 attributed to a e(CH2)ne bridge (n � 4) group are also
present. It shows that the nanoparticles by grafting polyacrylate
onto the surface of nano-sized SiO2 were successfully synthesized.

The grafting rate of polyacrylate onto the surface of nano-sized
SiO2 is analyzed by TGA (Fig. 3). In the temperature range of
200e800 �C, the grafted polymer is gradually decomposed, ulti-
mately only SiO2 is remained. Therefore, the calculation formula for
grafting rate is (W0eW1)/W0, where W0 represents the quality of
nano-composite before testing, and W1 represents the quality of
nano-silica after testing. As shown in Fig. 3, the grafting rate of
PSA@SiO2, PDA@SiO2, PSA-20~24@SiO2 and PSA-24~28@SiO2 are
49.5%, 54.1%, 46.1% and 47.7%, respectively.

The morphology of nano-SiO2 before and after grafting poly-
mers are observed by SEM (Fig. S1). Since the high polarity of hy-
droxyl groups on the surface of SiO2, the agglomeration of particles
is apparent. However, for the KH570 grafted SiO2, it is found that
the dispersion of particles is improved. In addition, after the
grafting of PDA, the size of particles slightly increases, but the
interface between particles is clear, which indicates that the
dispersion of particles is significantly improved.

3.2. Wax crystallization behaviors of crude oil in the presence of
nano-composites

In the presence of different nano-composites, the DSC curves of
crude oil are investigated (Fig. 4). From Fig. 4(a), the initial wax
appearance temperature (WAT) and crystallization enthalpy of
crude oil are 53.86 �C and 0.95 J/g, respectively. The second wax
s of polymer@SiO2 nano-composites.



Fig. 2. FT-IR spectroscopy of (a) SiO2, KH570@SiO2, PSA@SiO2 and PDA@SiO2; (b) SiO2, KH570@SiO2, PSA-20~24@SiO2 and PSA-24~28@SiO2

Fig. 3. TGA curves of (a) SiO2, PSA@SiO2 and PDA@SiO2; (b) SiO2, PSA-20~24@SiO2 and PSA-24~28@SiO2.

Fig. 4. DSC curves of crude oil with adding different nano-composites, (a) crude oil, PSA@SiO2 and PDA@SiO2; (b) crude oil, PSA-20~24@SiO2 and PSA-24~28@SiO2
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appearance point (WAT') and crystallization enthalpy correspond-
ing to low-carbonwax are 39.20 �C and 12.95 J/g, respectively. After
adding PSA@SiO2 and PDA@SiO2, the WAT and corresponding
crystallization enthalpy show no obvious change. But the WAT' of
crude oil decreases from 39.20 �C to 36.11 and 34.35 �C, and crys-
tallization enthalpy of low-carbon wax decreases from 12.95 J/g to
11.74 and 11.45 J/g, respectively. The total crystallization enthalpy of
crude oil decreases from 13.90 J/g to 12.63 and 12.27 J/g,
respectively.

Similarly, from Fig. 4(b), after adding PSA-20~24@SiO2 and PSA-
24~28@SiO2, all the WAT' of crude oil decreases from 39.20 �C to
35.75 and 35.64 �C, and crystallization enthalpy for low-carbonwax
decreases from 12.95 J/g to 12.35 and 12.39 J/g, respectively. And
the total crystallization enthalpy of crude oil decreases from 13.90 J/
g to 13.81 and 13.68 J/g, respectively. Consequently, the total
crystallization enthalpy reduced by the composite particles follows
3624
the sequence of PDA@SiO2 > PSA@SiO2 > PSA-24~28@SiO2 > PSA-
20~24@SiO2.

High freezing point and yield value of waxy crude oil is generally
caused by paraffin precipitation at low temperatures and formation
of a three-dimensional network structure (Liu et al., 2021;
Mahmoud and Betiha, 2021). Apparently, in the presence of nano-
composites (PSA@SiO2, PDA@SiO2, PSA-20~24@SiO2, PSA-
24~28@SiO2), the wax precipitation amount of crude oil decreased
from 13.64 wt% to 11.79,10.52, 11.53,11.45 wt%, respectively (Fig. 5).
The wax precipitation amount reduced by composite particles fol-
lows the sequence of PDA@SiO2 > PSA-24~28@SiO2 > PSA-
20~24@SiO2 > PSA@ SiO2. Therefore, in the temperature range
10e40 �C, all of four composite particles can inhibit the precipita-
tion of wax crystals in crude oil, in which PDA@SiO2 shows the best
effect.

The influence of KH570@SiO2, PDA and PDA@SiO2 on wax



Fig. 5. The quantity of wax precipitated from crude oil without and with different
nano-composites.
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crystallization behaviors of crude oil are investigated (Fig. 6). After
adding KH570@SiO2 and PDA, the WAT of crude oil increase from
53.86 �C to 57.56 and 54.48 �C, but theWAT' decrease from 39.20 �C
to 36.05 and 35.78 �C. Total crystallization enthalpy of crude oil
decreases from 13.90 J/g to 14.24 and 13.55 J/g, respectively. With
the addition of PDA@SiO2, the WAT of crude oil shows no obvious
change, but the WAT' decreases from 39.20 to 34.35 �C. And the
total crystallization enthalpy of crude oil decreases from 13.90 to
12.27 J/g. In summary, compared to KH570@SiO2 and PDA, PDA@-
SiO2 can better reduce the WAT' and the total crystallization
enthalpy of crude oil.

3.3. Flowability at low temperature of crude oil in the presence of
nano-composites

In the presence of different nano-composites, the viscosity-
temperature behaviors of crude oil are investigated by rheological
method (Fig. 7). From this figure, in the presence of PSA@SiO2 and
PDA@SiO2, the viscosity of crude oil is apparently declined. The
Fig. 6. DSC curves of crude oil in the presence of KH570@SiO2, PDA and PDA@SiO2
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viscosity reduction of crude oil at 20 �C by PSA@SiO2 and PDA@SiO2
are 57.2% and 85.6%, respectively. At the same temperature, the
viscosity is reduced by 60.4% in the presence of PSA-24~28@SiO2,
while only 29.1% in the presence of PSA-20~24@SiO2. The viscosity
reduced by the nano-composites following the sequence of
PDA@SiO2 > PSA-24~28@SiO2 > PSA@SiO2 > PSA-20~24@SiO2.
Therefore, at lower temperature ranges, the viscosity is reduced
most by PDA@SiO2, which is also consistent with the results of wax
crystallization behaviors revealed by DSC.

The effect of PDA@SiO2 concentration (500, 1000, 1500 and
2000 ppm) on the rheological behaviors of crude oil are also
investigated (Fig. S2). The reduction of crude oil viscosity with
different nano-composite concentration at 20 �C is shown in
Table S2. When the concentration is 500 ppm, the reduction of
viscosity reaches 66.7%, from 40087 to 13348 mPa s. When the
dosage increases to 1000 ppm, the viscosity of crude oil is reduced
most and the reduction rate is 85.6%. However, when the concen-
tration is increased to 1500 and 2000 ppm, the reduction rate of
viscosity is decreased from 85.6% to 71.1% and 70.1%, respectively. It
indicates that nano-composites with a high concentration are un-
favorable for improving the flowability at low temperature of crude
oil.

In the presence of PDA@SiO2, the thixotropic property and yield
stress of crude oil are investigated (Fig. 8). The thixotropic property
reflects the recovery ability and structural strength of crude oil gel
structure. In Fig. 8(a), the hysteresis ring area of crude oil decreases
obviously after adding PDA@SiO2 and the reduction rate is 60.1%. In
addition, the shear stress of crude oil also decreases, which in-
dicates that the flowability of crude oil is improved. From Fig. 8(b),
in the presence of PDA@SiO2, the yield stress value of crude oil
decreases from 240 to 90 Pa and the reduction rate is 62.5%, which
indicates that the structural strength of gel in crude oil is impaired.
3.4. Wax crystal morphology analysis

The morphology of wax crystals in the presence of KH570@SiO2,
PDA and PDA@SiO2 into crude oil are investigated (Fig. 9). As shown
in Fig. 9(a), thewax crystals exhibit a long needle-like structure and
the average statistical size is 340 mm (Table 2). In the presence of
KH570@SiO2 (Fig. 9(b)), although the wax crystals mainly needle-
like structure, but the size is much shorter, which is reduced to
325 mm. In the presence of PDA and PDA@SiO2 (Fig. 9(c)e(d)), the
wax crystals exhibit short needle and irregular complex structures,
and the average sizes of wax crystals are reduced to 77 and 35 mm,
respectively.

Fig. 10(a)e(b) show the statistical size analysis and statistical
area analysis of wax crystals precipitated in crude oil, respectively.
As shown in Fig. 10(a), after adding PDA@SiO2 nanoparticles to
crude oil, the size of the precipitated wax crystals is the smallest. In
addition, the area in Fig. 10(b) indicates the amount of wax crystals
precipitated in the crude oil. After adding PDA@SiO2 nanoparticles,
the wax crystals precipitated the least in crude oil, and the pre-
cipitation amount decreased from 21.17% to 12.28%. Compared to
other nanoparticles, PDA@SiO2 exhibits the best inhibitory effect on
the precipitation of wax crystals in crude oil, which is consistent
with previous experimental conclusions. In general, hydrophobic
nano-composite particles can provide plenty of heterogeneous
nucleation sites for wax crystallization, resulting in a much smaller
size of wax crystals (Soni and Bharambe, 2008; Soni et al., 2010).
Therefore, as the wax crystal size continues to decrease, the flow-
ability of crude oil is gradually improved, which is also consistent
with DSC and rheological results.



Fig. 7. Effect of different nano-composites on the viscosity-temperature behaviors of (a) crude oil, PSA@SiO2 and PDA@SiO2; (b) crude oil, PSA-20~24@SiO2 and PSA-24~28@SiO2.

Fig. 8. (a) Thixotropy curve and (b) yield stress curve of crude oil in the presence of PDA@SiO2

Fig. 9. Microscopic images of wax crystals in crude oil with and without nano-composites, (a) crude oil; (b) KH570@SiO2; (c) PDA; (d) PDA@SiO2.
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3.5. Inhibition of asphaltene agglomeration

As we all know, asphaltene is soluble in toluene, but insoluble in
n-heptane. Therefore, if adding different volume fractions of n-
heptane to crude oil, the flocculation and deposition of asphaltenes
will be changed. To investigate it, the viscosity-temperature be-
haviors of crude oil are tested (Fig. S3). It can be seen that, when the
3626
temperature is above 30 �C, the viscosity of crude oil is still very low
after adding n-heptane, indicating that no obvious precipitation of
asphaltenes is happened. Besides, the viscosity changes of crude oil
at low temperature (15, 20, 25, 30 �C) are investigated (Fig. 11(a)).
Apparently, after the dosage of n-heptane, the viscosity of crude oil
gradually decreases. Nevertheless, when the volume content of n-
heptane reaches 23%, the viscosity of the oil sample abruptly begins



Table 2
Average statistical size of wax crystal of crude oil with and without nano-
composites.

Category Average statistical size of wax crystal, mm

crude oil 340
KH570@SiO2 325
PDA 77
PDA@SiO2 35
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to increase, which is defined as the initial precipitation point (IPP).
When the content is beyond IPP, the viscosity of crude oil drops,
which generates a bulge. The appearance of bulge indicates that
asphaltene have experienced agglomeration and deposition.
Moreover, with the decrease of temperature, the bulge becomes
more obvious, which indicates that the deposition of asphaltenes
increases accordingly.

The influence of PDA@SiO2 on the deposition of asphaltenes in
crude oil was also investigated (Fig. 11(b)). After adding PDA@SiO2
into the crude oil, the IPP is increased and the viscosity at the bulge
is largely reduced. Compared with the crude oil without any ad-
ditive, the bulge area is reduced by 74.8%, which further shows that
PDA@SiO2 can effectively inhibit asphaltene agglomeration and
deposition.

In the presence of n-heptane and PDA@SiO2, the morphology of
asphaltene aggregates is investigated (Fig. 12). From Fig. 12(a), a
small amount of asphaltene aggregates are suspended in crude oil,
and no obvious large aggregates is found. However, after adding
25% n-heptane, a large number of aggregates are found in the oil
phase (Fig. 12(b)). When both n-heptane and PDA@SiO2 are added
into the crude oil (Fig. 12(c)), the size of asphaltenes decreases
obviously, which indicates that PDA@SiO2 can well inhibits the
agglomeration of asphaltenes. By statistically analyzing the average
Fig. 10. (a) Statistical size analysis and (b) statistical area

Fig. 11. Viscosity of crude oil (a) before and (b) after adding PDA@SiO2 w
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particle size of asphaltene aggregates (Fig. 12(d)e(f)), they are 3.75,
6.52 and 4.35 mm, which further confirms the microscopic
observation.
3.6. Possible mechanism

In order to understand the flowability of crude oil after adding
core-shell composite nanoparticles, a possible mechanism is pro-
posed (Fig. 13). Due to their large specific surface area and polar
surface, nanoparticles are particularly prone to agglomeration in
the oil phase. The agglomerated particles cannot provide sufficient
nucleation sites for wax crystallization. Therefore, they cannot
reduce the size of wax crystals and improve the flowability at low
temperature of crude oil.

After grafting the suitable polymers, core-shell composite
nanoparticles, as heterogeneous nucleation sites, largely change
the crystallization behaviors of waxes, which hinder the formation
of three-dimensional network structure. Moreover, the long
aliphatic chains of polyacrylate can attract asphaltenes through the
hydrophobic association and adsorb on the surface of asphaltenes.
Meanwhile, these long aliphatic branches also generate steric
hindrance (repulsion) between surrounding asphaltenes, thereby
avoiding the formation of stable and large-sized agglomeration of
asphaltenes. When the aliphatic branches are short, the attraction
outweighs the repulsion. But when they are longer, it is vice versa.
The attraction is fundamental to the action of the composite par-
ticles. If they cannot be adsorbed on the asphaltene surface, the
composite particles cannot play a role. But if there is only attraction,
but no repulsion, asphaltenes cannot be dispersed. So, there must
be a point where the two balance out. It also explains why there is a
reasonable aliphatic length.
analysis of wax crystals precipitated from crude oil.

ith different volume content of n-heptane at different temperature.



Fig. 12. Microscopic images and average particle size distribution of asphaltenes in crude oil with (a), (d) no additive; (b), (e) 25% n-heptane; (c), (f) 25% n-heptane þ 1000 ppm
PDA@SiO2.

Fig. 13. Possible mechanism of core-shell hybrid nanoparticles inhibiting crystallization of waxes and agglomeration of asphaltenes in crude oil.
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4. Conclusion

A series of core-shell nanoparticles by grafting polyacrylate onto
the surface of nano-sized SiO2 were synthesized by solution poly-
merization method. The study on the wax crystallization behaviors
of crude oil show that after adding four types of nano-composite
particles, there is no significant change in the WAT of crude oil,
but the crystallization enthalpy and wax precipitation amount
decrease to varying degrees. In addition, the rheological results
indicate that the nanoparticles can not only effectively improving
the flowability at low temperature of crude oil, but also obviously
decrease the thixotropic area and yield stress. Especially, in the
presence of PDA@SiO2, the wax precipitation amount of crude oil is
3628
reduced from 21.05 to 14.74 wt%, the viscosity reduction is 85.6% at
20 �C, the yield stress decreases from 240 to 90 Pa, and the average
wax crystal size is reduced by 89.9%. Besides, the agglomeration of
asphaltene of crude oil is apparently inhibited, since the IPP is
increased from 23% to 29%. Consequently, the improvement of
flowability for crude oil is due to the balance of attraction from
hydrophobic association and repulsion from steric hindrance pro-
vided by the aliphatic branches on the nanoparticles. In summary,
the surface grafted polymer nanoparticles exhibit excellent
comprehensive properties, which can not only hinder the crystal-
lization growth of wax but also inhibit the settling of asphaltene,
which would bring broad application prospects in the fields for
crude oil production and pipeline transportation.
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