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h i g h l i g h t s

� Small dosages of the PMSQ microsphere (�10 ppm) improve the performance of EVA PPD.
� The best dosage of the PMSQ microsphere is found to be around 2.5 ppm.
� The EVA molecules can adsorb and concentrate on the PMSQ microsphere.
� The formed EVA/PMSQ composite particles can act as the nucleation template for wax precipitation.
� The formed composite particles greatly modify the precipitated wax crystals’ morphology.
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a b s t r a c t

In a previous work, the addition of the polymethylsilsesquioxane (PMSQ) microsphere (50–400 ppm) can
improve the flow behavior of waxy crude oil through the spacial hindrance effect. However, the flow
improving efficiency of the neat PMSQ microsphere is not as good as the traditional polymeric pour point
depressants (PPDs). In this paper, the effect of the ethylene-vinyl acetate copolymer (EVA2806) PPD
together with the PMSQ microsphere (with the size around 2 mm) on the flow behavior of a typical waxy
crude oil was investigated. The results show that adding 50 ppm EVA PPD can greatly improve the flow
behavior of the oil. The neat PMSQ microsphere cannot improve the flow behavior of the oil at small
dosages (�10 ppm), but can significantly improve the performance of the EVA PPD. The gelation point,
G0 , G00, transient apparent viscosity and yield stress of the oil decrease further after adding both
50 ppm EVA and a small amount of the PMSQmicrosphere (�10 ppm). The best flow improving efficiency
is found at 50 ppm EVA + 2.5 ppm PMSQ. The addition of the PMSQ microsphere has little influence on
the WAT and precipitated wax crystal amount of the oil doped with EVA, but outstandingly changes
the morphology of the precipitated wax crystals into larger and more compact flocs. The adsorption tests
show that the EVA molecules can adsorb and concentrate on the PMSQ microsphere, thus causing the for-
mation of the EVA/PMSQ composite particles. The composite particles can act as nucleation templates for
the wax precipitation, resulting in larger and more compact wax microstructures and then further
improving the flow behavior of the oil. The PMSQ microsphere dosage and the amount of EVA PPD
adsorbed on the microsphere obviously influence the performance of the composite particle with the best
performance at 50 ppm EVA + 2.5 ppm PMSQ. The findings mentioned above provide a new way to
improve the performance of polymeric PPDs efficiently.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The precipitation of paraffin waxes brings huge challenges to
the production and pipeline transportation of waxy crude oil.

When the temperature of waxy crude oil is below its wax appear-
ance temperature (WAT), paraffin waxes start to precipitate from
the oil due to super-saturation [1]. The precipitated wax crystals
are normally irregular (plate-like or needle-like) and are liable to
form a continuous three dimensional network at relatively low
wax crystal concentrations (around 1 wt%) [2,3]. The formed wax
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crystal network structure occludes large amounts of liquid oil and
then seriously aggravates the rheology of waxy crude oil, which
makes the pipeline transportation of waxy crude oil more difficult
and dangerous [4,5].

Polymeric pour point depressants (PPDs) are often added into
waxy crude oil to improve the rheology of the oil, thus ensuring
the safe and economic transportation of the oil in pipelines [6].
The molecular structure of polymeric PPDs normally contains both
the non-polar long alkyl chains (�C18) and the polar groups. The
long alkyl chains, which could be located either in the backbone
or in the side chain of PPD molecules, can take part in the precip-
itation process of paraffin waxes through nucleation, adsorption
and co-crystallization effects. The polar groups such as the ester
group, maleic anhydride group, and vinyl acetate (VA) group, could
control the dispersion state of PPD molecules in oil phase and
interfere the growth of wax crystals [7,8]. Ethylene-vinyl acetate
copolymer (EVA) is a kind of effective polymeric PPDs and has been
widely used in pipelines transporting waxy crude oil [6,9–12]. The
polyethylene group of EVA belongs to the long alkyl chains, while
the VA group of EVA is a polar group. Much work has been done on
the mechanism and performance EVA PPD so as to guide the appli-
cation of EVA PPD better [6,9–12]. The results showed that the EVA
PPD favors the formation of island defects on the wax crystals sur-
face and weakens the interactions between the precipitated wax
crystals [6,10,12]. Therefore, the tendency of wax crystals to inter-
lock into a continuous network structure is impeded and the rhe-
ology of waxy crude oil is improved. Meanwhile, the VA content
and the average molecular weight are the two key factors influenc-
ing the performance of EVA PPD [9,11]: the EVA containing VA con-
tent around 28 wt% usually has the best pour point depressing
performance, while the optimal average molecular weight of EVA
may be varied for different waxy crude oils.

Nowadays, polymer/inorganic nanocomposites have been pre-
pared in large scale and widely used in industry due to their excel-
lent mechanical stability, thermal stability and toughness, etc
[13,14]. Inspired by the advances of polymer/inorganic nanocom-
posites, some kinds of polymer/inorganic nanocomposite PPDs
were recently developed and evaluated. He et al. [15] prepared a
nanocomposite PPD by dispersing nanoclays into an EVA PPD. They
found that the nanocomposite PPD could further decrease the pour
point and viscosity of a waxy crude oil based on the neat EVA PPD’s
performance. Yang and Norrman et al. [16,17] prepared a
nanocomposite PPD by dispersing hydrophilic nanosilica into poly-
octadecylacrylate (POA) PPD. They found that: (a) the prepared
nanocomposite PPD can exist in oil phase as micro-sized composite
particles (dozens of micron); (b) the composite particles can act as
nucleation templates for wax precipitation and change the mor-
phology of precipitated wax crystals into large spherical-like flocs,
thus further improving the rheology of waxy oil; (c) the compati-
bility between the hydrophilic nanosilica and the organic POA
PPD is poor and then the composite particles dispersed in oil phase
are unstable, causing that the performance of the nanocomposite
PPD decreases with time. In order to improve the compatibility
between the inorganic nanoparticles and the polymeric PPDs, Yang
et al. [18,19] first prepared organically modified nanoclays (abbre-
viated as organic nanoclays) through cationic exchange and then
dispersed the organic nanoclays into POA PPDmatrix. The obtained
POA/organic clay nanocomposite PPD disperses well in oil phase as
small composite particles (several microns) and the composite par-
ticles can also act as nucleation templates for wax precipitation.
Therefore, the precipitated wax crystals’ morphology is greatly
modified after the addition of the nanocomposite PPD, resulting
in the further improvement of waxy crude oil rheology. In addition,
the time-effectiveness of the POA/organic clay nanocomposite PPD
was also greatly improved. Al-Sabagh et al. [20,21] successfully
prepared the poly(methylmethacrylate)/graphene oxide (PMMA/

GO) and PMMA/montmorillonite (PMMA/MMT) nanocomposite
PPDs by dispersing the inorganic nanosheets of GO or MMT in
the organic PMMA matrix via in situ free radical polymerization.
They found that the two nanocomposite PPDs disperse well in oil
phase as small composite particles (several microns) and the per-
formance of the two nanocomposite PPDs is much better than
the neat PMMA PPD. They attributed the excellent performance
of the two nanocomposite PPDs to the nucleation effect of the com-
posite particles and the electrostatic repulsion between the com-
posite particles.

Based on the research work mentioned above, it is clear that the
polymer/inorganic nanocomposite PPDs have become a research
hotspot in petroleum industry. In order to further develop the the-
ory of nanocomposite PPDs, it is necessary to understand if the
nano and micro particles alone can improve the rheology of waxy
crude oil. Polysilsesquioxane (PSQ) microsphere is a kind of
organosilicone materials, which has excellent morphological and
structural properties [22–24]: the PSQ microsphere is normally
monodispersed sphere with the size ranging from nano to microm-
eter; the PSQ microsphere has specific organic-inorganic hybrid
structure, which imparts the PSQmicrosphere outstanding thermal
stability, mechanical stability, solvent resistance, lubricity, and
excellent dispersiblity in organic solvents or polymers. Recently,
Yang et al. [25] synthesized the polymethylsilsesquioxane (PMSQ)
microsphere with different sizes and found that: (a) the PMSQ
microsphere disperses well in oil phase as single spheres; (b) add-
ing 50–400 ppm PMSQ microsphere can greatly improve the flow
behavior of waxy crude oil; (c) the best dosage and size of the
PMSQ microsphere are 200 ppm and 2–5 mm, respectively; (d)
the PMSQmicrosphere cannot participate in wax precipitation pro-
cess and change the morphology of precipitated wax crystals, but
can impede the interactions of the precipitated wax crystals
through the spacial hindrance effect, which inhibits the develop-
ment of wax crystal network structure and then improves the flow
behavior of waxy crude oil; (e) however, the flow improving effi-
ciency of the PMSQ microsphere is not as good as the traditional
polymeric PPDs. Could it be possible to obtain a better flow
improving efficiency by adding both the polymeric PPDs and the
PMSQ microsphere into waxy crude oil? And if so, what is the syn-
ergistic mechanism?

To answer the questions mentioned above, in this paper, the
effect of an EVA PPD together with a monodispersed PMSQ micro-
sphere (with the size around 2 mm) on the flow behavior of a typ-
ical waxy crude oil is investigated. It is found that the neat PMSQ
microsphere cannot improve the flow behavior of the oil at small
dosages (�10 ppm), but can significantly improve the performance
of the EVA PPD (fixed at 50 ppm dosage). The performance improv-
ing mechanism of the PMSQ microsphere on the EVA PPD is also
discussed based on the microscopic images of precipitated wax
crystals and the adsorption behavior of EVA molecules onto the
PMSQ microsphere.

2. Experimental

2.1. Materials

All the chemicals (including the EVA PPD) used here were pur-
chased from Sigma-Aldrich Co., Ltd and used as received. The PPD
used here is EVA2806, which has the best performance on the
crude oil used in this work (performances of some other PPDs
can be seen in the Table S1 of the support information). The VA
content and the melting index of the EVA2806 are 28 wt% and 6,
respectively. The PMSQ microsphere used here was synthesized
based on the method mentioned in a previous paper [25]. As seen
in Fig. 1, the synthesized PMSQ microsphere is monodispersed and
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