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Influence of polymeric additives on paraffin wax crystallization in model oils
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Abstract—Wax deposition, precipitation, and gelation make the transport of crude oil in pipelines challenging. The
effect of several ethylene copolymers, and small molecules with a long alkyl chain, on wax formation was investigated
for n-C;,Hg in decane and de-aromatized white oil. Addition of a small amount of EVA (ethylene-co-vinyl acetate)
copolymers delayed nucleation by reducing the onset temperature and the wax appearance temperature. They modi-
fied the wax crystal-structure and morphology from large plates to tiny particles by adsorbing to the wax surfaces and
inhibiting growth. Viscosity and the pour-point were improved by inhibiting the formation of large aggregates. It was
demonstrated that the content of vinyl acetate groups in EVA copolymers affected wax crystallization. The small mole-
cules, propylene copolymers, and ethylene copolymers with ethyl acrylate, maleic anhydride, and ethylene glycol
showed a weak inhibiting effect. The effect of wax inhibitors was determined by the content and by the type of struc-

ture-disturbing groups in the copolymers.
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INTRODUCTION

Wax deposition, precipitation, and gelation in pipelines cause
many problems during production and transport of crude oil. Typ-
ically, waxes are solids made up of long-chain, normal or branched
alkanes with 16-50 or more carbon atoms in the chain [1]. Nor-
mal alkanes (n-paraffins) are predominantly responsible for pipe-
line wax deposition and gelation, which results in blocking of the
oil flow, when they are cooled below the wax appearance tempera-
ture (WAT) or the pour-point [1-3]. The WAT or the onset tem-
perature (T,,,) is the temperature at which wax nucleation and
crystal growth start. The properties represent crystallization event
during wax formation. The wax crystals formed can agglomerate
and entangle at the pour-point by making gel-network and increas-
ing viscosity. Typically, wax precipitation strongly depends on the
chemical components of crude oil and on environmental factors
such as temperature, cooling rate, and flow rate.

There are several ways to control wax formation downhole and
in oil pipelines [1-3]. Mechanical methods (e.g., periodic pigging
or cutting) and thermal methods (e.g,, insulation and heating of
flow lines) have been applied to prevent wax deposition [4]. Chem-
ical methods such as inhibitors, dispersants, and diluents are also
useful for preventing wax deposition and removing existing depos-
its [4,5]. Most of the thermal and chemical methods are related to
a shift in the saturation line of the wax crystallization by increas-
ing the temperature or decreasing the wax concentration. How-
ever, these control methods incur capital costs for heating pipelines
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or operational costs for huge amounts of diluents.

Wax inhibitors can provide practical, economic means for man-
aging wax deposition because only small amounts are needed and
have a large effect. Polymeric wax inhibitors are widely applied in
pipeline transportation of waxy crude oils to alleviate wax deposi-
tion and may also be used as pour-point depressants or flow im-
provers for waxy crude oils [3,6]. Ethylene copolymers with small
alkene, maleic anhydride, and acrylonitrile groups have been pro-
posed as deposition inhibitors [1,3,7-9]. EVA (ethylene-co-vinyl ace-
tate) copolymers and comb polymers can be efficient wax crystal
inhibitors [1]. Before applying wax inhibitors in oilfields, their per-
formance and effectiveness on wax inhibition should be consid-
ered for model oil systems using proper screening methods. Dif-
ferential scanning calorimetry has been used to characterize nucle-
ation of wax and the effect of wax inhibitors [10,11]. Optical mi-
croscopy and x-ray scattering methods are useful in microscopic
visualization of crystallization and determination of crystal struc-
ture [12,13]. Investigation of the pour-point, yield stress, and viscosity
has provided insight into the flow behavior of waxy crude oil [14,15].

We used several ethylene copolymers with vinyl acetate, eth-
ylene glycol, ethyl acrylate, and maleic anhydride groups, a propyl-
ene copolymer, and small molecules with a long alkyl chain, which
can act as kinetic inhibitors, to control the crystallization of a model
waxy oil in decane and de-aromatized white oil. The influence of
these kinetic inhibitors on wax formation was determined by dif-
ferential scanning calorimetry, optical microscopy, and rheometer
techniques, focused on nucleation, wax crystal growth, and flow
behavior.

EXPERIMENTAL

1. Materials
Decane (C10, anhydrous, 99%) solvent and n-alkane wax, dotri-
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Fig. 1. Structure of additives: Copolymers and small molecules with a long alkyl chain.

acontane (n-Cy,Hg,, C32, 97%) were purchased from Alfa Aesar
without further purification. The white oil solvent, Exxsol D80
(b.p. 208 °C, density 0.795 g/ml at 15.6 °C, viscosity 2.18 mm?/s at
25.0 °C), which is de-aromatized (aromatic content 0.2 wt%) hydro-
carbon fluid, was obtained from ExxonMobil and used as received.
Three poly(ethylene-co-vinyl acetate) copolymers, EVA12, EVA25,
and EVA40 were used as additives (the numbers mean the vinyl
acetate content: 12, 25, and 40 wt%, respectively). Three ethylene
copolymers: polyethylene-block-polyethylene glycol (EEG, 20 wt%
ethylene glycol), poly(ethylene-co-ethyl acrylate) (EEA, 18 wt% ethyl
acrylate), polyethylene-grafi-maleic anhydride (EMA, 0.5 wt% maleic
anhydride) and one propylene copolymer: polypropylene-grafi-
maleic anhydride (PMA, 8-10 wt% maleic anhydride), were used
as wax additives. To compare the inhibiting ability against wax for-
mation of copolymers and small molecules with a long alkyl chain,
octadecyl acrylate (C18-acrylate) and stearyl glycyrrhetinate (C16-
glycyrrhetinate) were also used. All the copolymers and small mol-
ecules with long alkyl chains were provided by Aldrich and used as
received. The structures of the additives are represented in Fig. 1.

Additive stock solutions containing 1 wt% of the copolymers
and small molecules were prepared by dissolving them in decane
or D80, respectively. C32 stock solutions were also prepared by
dissolving C32 in decane or D80 and heating to 70 °C (above the
melting temperature of C32) for 10 min. By mixing the additive
stock solutions and C32 stock solutions, model waxy oil samples
of 4wt% C32, with and without 0.5 wt% additives, were prepared.
Prior to analysis, the samples of the mixtures were heated to 70 °C
and held for 10 min to remove the memory effect of the wax crystals.
2. Methods
2-1. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) analyses were performed
with a Perkin Elmer DSC 4000. After the model waxy oil was heated
to 70 °C to dissolve the wax completely, about 5 mg of model waxy
oil was placed in a DSC sample pan (20 pL) and hermetically sealed
to avoid vaporization of the solvent. After the sample was trans-
ferred to the DSC cell, it was melted at 70 °C for 10 min. The model
waxy oil was first cooled to —20 °C at a cooling rate of 10 °C/min.
After being kept at this temperature for 10 min, it was heated to
70°C at a heating rate of 10 °C/min. Since nucleation is affected by
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the operation environment, a different cooling rate was chosen in
this study to investigate its effect on wax formation, assuming dif-
ferent cooling conditions in pipelines during the transportation of
crude oil. After being held at 70°C long enough to remove the
memory effect, it was finally cooled to —20 °C at a cooling rate of
5°C/min. Herein, the temperatures, 70 and —20 °C were selected
to ensure complete dissolution and crystallization, respectively of
4wt% C32 wax. The onset temperature (T,,,), which corresponds
to the temperature at which nucleation occurs, was indicated by
deviation of the heat flow from the baseline, and was calculated
using Pyris software.

2-2. X-ray Diffraction and Optical Microscopy

To make waxy gel, 5 mL of the model waxy oil with decane was
cooled in a vial from 70 to 0°C at a cooling rate of 10 °C/min. A
10 pL aliquot of waxy gel solution was transferred to a glass sub-
strate and observed using an optical microscope (Olympus, BX-
51). The waxy gel aliquot was covered with a glass cover slip and
its morphology was analyzed. The remaining waxy gel in the vial
was filtered and solid precipitates were dried in a vacuum oven at
room temperature. The solid precipitates were ground to powder
and their structures were characterized using powder X-ray dif-
fraction (XRD, Rigaku, D/MAX-2500) from 3 to 60° using Cu Ker
radiation with a 0.02° step width.

For the model waxy oil in decane with EVA copolymers, real-
time microscopic visualization of crystallization events was assessed
using an optical microscope coupled with a digital camera, a hot
stage (Linkam, THMS600), and a temperature controller (Linkam,
T95) that could precisely control the sample temperature from —196
to 600 °C at a maximum heating rate of 150 °C/min and a maxi-
mum cooling rate of —100 °C/min with liquid nitrogen. The sam-
ple was first heated to 70 °C and then cooled to 0°C at a cooling rate
of 5°C/min. The images were recorded every 12 s during cooling.
The WAT was measured, which corresponds to the temperature
where wax crystallites first appeared in the microscope images.

2-3. Rheometry

The rheological behavior of the model waxy oils comprising
4wt% of C32 in C10, or D80 with EVA40 copolymer, was charac-
terized with a rheometer (AR2000ex, TA Instruments) equipped
with a stainless-steel cone and plate system (60 mm in diameter,
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Fig. 2. DSC curves of 4 wt% C32 in (a), (b) C10 and (c), (d) D80, with and without 0.5 wt% additives at cooling rates of (a), (c) 10 and (b), (d)

5°C/min.

cone angle of 2°). Temperature control was achieved in the standard
configuration via a Peltier plate system. Prior to transfer of the
sample to the Peltier plate, the plate was heated to 70 °C and then
cooled to 60 °C after 5 min. A temperature-ramp experiment was
performed in the range of 60 to 0°C at a cooling rate of 1 °C/min,
at three different shear rates (1, 10, 100s ). The slow ramp rate
was chosen to minimize the thermal lag effect. The viscosity data
were recorded at intervals of 15s, and the gel point was simply
selected as that where the viscosity increased quickly.

Another temperature-ramp experiment was carried out to deter-
mine the pour-point where the solid-like behavior of a complex
fluid takes predominance over its liquid-like behavior. As wax mol-
ecules precipitate out, the solid-like behavior increases and is man-
ifested in the form of a sharp increase in the magnitude of the loss
modulus [12]. The pour-point is the temperature at which the loss
modulus (G) becomes higher than the storage modulus (G"),
hence G>G". At the pour-point, tan Jis ‘1, which is defined as the
ratio of the loss modulus to the storage modulus. In our experi-
ments, the loss modulus and the storage modulus were measured
by imposing a low-amplitude (0.1 Pa) oscillatory shear stress at a
frequency of 0.2 Hz and delay time of 10's, while the sample was
cooled from 60 to 10 °C at a cooling rate of 1 °C/min.

RESULTS AND DISCUSSION

1. Nucleation

DSC cooling curves for 4wt% C32 in decane or D80 fluids,
with and without 0.5 wt% ethylene copolymers, are shown in Fig.
2. The temperature at which the heat flow changed during cool-
ing represents the onset temperature (T,,,) of crystallization. T,

Table 1. T, for crystallization of 4 wt% C32 in C10 and D80, with
and without 0.5wt% additives at cooling rates of 10 and

5°C/min
10 °C/min 5°C/min

C10 D80 C10 D80
None 24.5 28.7 25.2 28.2
EVAI2 235 26.2 24.2 26.6
EVA25 22.7 229 23.7 24.6
EVA40 22.5 22.1 234 233
EEG 26.2 324 27.0 30.6
EEA 244 285 25.0 279
EMA 25.6 29.0 249 29.2
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Fig. 3. DSC curves of 4 wt% C32 in C10, with and without 0.1-1 wt% EVA40 at cooling rates of (a) 10 and (b) 5 °C/min.

in relation to various additives is summarized in Table 1. For the
model waxy oils in C10, at a cooling rate of 10 °C/min, T, de-
creased on addition of 0.5 wt% EVA12 copolymers (Fig. 2(a)). More-
over, T, further decreased when EVA25 or EVA40 was used,
demonstrating the effect of the content of vinyl acetate in the poly-
mer chains, on nucleation of the C32 wax crystals. Although the
copolymers have ethylene groups that can act as templates for het-
erogeneous nucleation, it is thought that crystal nucleus formation
is inhibited or delayed owing to vinyl acetate groups that have
structures different from those of the alkyl chains in n-paraffin
wax. When the content of vinyl acetate in EVA copolymers was
increased, the DSC peak was broadened, shifted to lower tempera-
tures, and with slightly less area (AH was not considered because
of small differences between samples). These results suggest that
crystallization was depressed, and occurred at lower temperatures,
by addition of EVA copolymers.

Compared with EVA copolymers, EMA slightly reduced T,
because the content of maleic anhydride in EMA used in this
study was only 0.5 wt% although the molecular size of the maleic
anhydride group is comparable to that of the vinyl acetate group
in EVA copolymers. EEG in this study had 20 wt% ethylene gly-
col groups but showed less effect on the decrease in T, than did
the EVA copolymers. It is remarkable that T, was increased by
addition of EEG. This may be related to the structural similarity
between the ethylene group in paraffin wax and the ethylene gly-
col group in EEG. However, EEA reduced T,,,, more than EEG
and EMA in some cases, because it has 18 wt% of large ethyl acry-
late groups. Taken together, both the content and the size of the
structure-disturbing groups in the copolymer chains are import-
ant factors in selection of crystallization inhibitors.

The inhibiting effect of EVA copolymers on nucleation was also
observed at the slower cooling rate of 5°C/min (Fig. 2(b)). It was
found that that T, at 5°C/min was higher than T, at 10 °C/min.
To induce spontaneous nucleation, the solution should be sub-
cooled below solubility to reach a high degree of supersaturation.
The difference between the subcooling temperature and the solu-
bility is termed as the metastable zone width (MSZW). In general,
the MSZW kinetically depends on the operation environment such
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as the cooling rate during crystallization and the slower cooling
rate results in a narrower MSZW [16]. It is also notable that the
peak area at 5 °C/min is smaller than that at 10 °C/min because of
the narrow MSZW. As in the cases described above, other eth-
ylene copolymers showed similar results for the reduction of T,
at the cooling rate of 5 °C/min.

It was noticed that the de-aromatized D80 white oil resulted in
higher T, than C10 (Fig. 2(c) and (d)). The broader peaks re-
sulted from the complexity of the solvent molecules and the differ-
ence in the solubility of C32 in them because D80 was composed
of a mixture of n-alkanes (C11 to C14), isoalkanes, and cyclic hy-
drocarbons. EVA copolymers showed an inhibiting effect on nude-
ation of C32 in D80, despite the fact that their effect was less than
in C10. As described in C10, EEA was more effective for reduc-
tion of T, than were EMA and EEG in D80.

Fig. 3 and Table 2 show that T, and the peak shape strongly
depend on the concentration of EVA40 in C10 at both cooling rates.
It was demonstrated that a very small amount (0.1 to 0.25 wt%) of
EVA40 was an effective kinetic inhibitor. Therefore, the copoly-
mers are better than conventional wax dissolvers such as toluene,
xylenes, and limonene, when considering the amount of additive
needed and its cost [1]. The ethylene copolymers used in this study
can give high-performance inhibition of wax-nuclei formation using
only a small amount of additive (<1 wt%).

2. Structural Modification
The powder x-ray diffraction pattern of the C32 paraffin wax

Table2.T,,,, for crystallization of 4wt% C32 in C10 with 0.1 to
1 wt% EVA40 at cooling rates of 10 and 5 °C/min

wt% 10 °C/min 5°C/min
0 24.5 252
0.1 23.6 239
0.25 23.0 23.8
0.5 22.5 234
0.75 21.7 22.8
1 21.5 22.6
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Fig. 4. X-ray diffraction patterns of the solid precipitates filtered from the mixtures of 4 wt% C32 and C10, with and without (a) 0.1 wt% and
(b) 0.5 wt% additives upon cooling from 70 to 0 °C at a rate of 10 °C/min.

crystals that were precipitated without additive by fast cooling showed
periodic peaks from low to mid angles (Fig. 4(a)). It is known that
even-numbered n-paraffins with C>26 usually have monoclinic,
orthorhombic, and rotator phases [13,17]. The orthorhombic struc-
ture phase can be induced by slow cooling, and the rotator phase
appears just below the melting point of wax. In our experiment, it
was intended to induce the monoclinic structure by fast cooling.
The XRD pattern represents lamellar ordering of crystals on (00])

0.5 wt% PMA

plane, where [ is an integer (=3) from 4.6°. When 0.5wt% EVA
copolymers were added (Fig. 4(b)), the intensity of the low-angle
peaks decreased, but high-angle peaks emerged around 21 and
24°. The intensity ratio of high-angle peaks to low-angle peaks in-
creased when the vinyl acetate content in the EVA copolymers was
increased from 12 to 40 wt%. Similar behavior has been reported
for poly(ethylene-butene) and poly(maleic anhydride amide-co-o-
olefin) [13,18]. The decrease in low-angle peaks is ascribed to the

0.1 wt% EEG

Fig. 5. Optical microscope images of the model waxy gels from 4 wt% C32 and C10, with and without 0.1, 0.5 wt% additives upon cooling
from 70 to 0 °C, at a rate of 10 °C/min. Scale bars represent 100 um.
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breakage of the lamellar ordering of crystals, and the increase in
high-angle peaks is attributed to the development of (110) and
(200) reflections of the monodlinic structure [19] by addition of
the EVA copolymers. This implies that the EVA copolymers can
change the structure of C32 crystals by acting on the crystal planes.
Similar to the actions of modifiers used in bio-mineralization [20],
the alkyl chain of EVA copolymers can attach to the methylene
group of (110) or (200) planes, thereby inhibiting the growth of
the planes or disrupting the lamellar structure.

Addition of 0.5 wt% EEA and 0.5 wt% EMA also showed a dis-
tinct change from low-angle peaks to high-angle peaks. Addition
of 0.5wt% EEG did not increase high-angle peaks and showed a
doublet, probably by orthorhombic structure. The reason is not
clear yet. The difference in the inhibiting effect between EEA and
EEG is attributed to the aforementioned difference in molecular
structures of their polymer chains. Unlike the ethylene glycol groups
in EEG, the ethyl acrylate groups in EEA significantly hinder the
formation of the lamellar structure of C32 crystals because of their
structural difference from the ethylene groups in n-paraffin wax.
PMA copolymer with propylene groups did not change the XRD
patterns. Furthermore, small molecules with a long alkyl chain
(C18-acrylate and C16-glycyrrhetinate) also did not affect the low-
angle and high-angle peaks of C32 wax crystals (data are not shown).
Therefore, it may be concluded that the presence of ethylene groups
in additives is necessary for adsorption onto wax crystal faces, and
that the ethylene group should be large to cover the wax crystal
lattice.

When the concentration of the additives was 0.1 wt%, the inten-
sity of high-angle peaks decreased, but the effect was more distin-
guishable (Fig. 4(a)). Since the increase in high-angle peaks is at-
tributed to the change of the C32 crystal structure, the effect of co-
polymer additives increased in the order EEG<EMA~EVA12<
EEA<EVA25<EVA40. 1t is interesting that the change effect of
wax crystal structure by the additives is similar to their inhibitory
effect on nudleation as shown in Fig. 2. It may be thought that the
structure change of wax crystals is closely related to the structure
of the copolymer additives.

3. Morphological Modification

As shown in Fig. 5, C32 precipitates within n-paraffin wax,
have a thin plate-like morphology with a large (001) face. The side
faces of the monoclinic crystals are composed of (010), (110), and
(100) [21]. When 0.5 wt% of EVA12, EVA25, and EVA40 copoly-
mers were added, the habit of crystals was changed to long nee-
dles and tiny particles, respectively. The morphological change is
closely related to the size reduction of the (001) face. The surface
(001) consists mainly of the methyl groups at the end of alkane
molecules, while surface (010), (101) and (111) comprises mainly
the methylene groups of alkane molecules [22]. The ethylene groups
in EVA copolymers have affinity to the methylene groups and there-
fore adsorb to the (010), (101) and (111) faces. This results in the
inhibition of crystal growth on the side faces and reduction of the
(001) face. Similar behaviors were reported for wax crystallization
in the presence of poly(octadecyl acrylate), poly(ethylene-butene),
and poly(maleic anhydride amide-co-crolefin) [8,11,21,23-25].
The content of vinyl acetate affected the growth inhibition ability
of EVA copolymers (as mentioned above) for inhibited nucleation
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and structural modification. A smaller (0.1 wt%) addition of EVA12
and EVA25 copolymers was less effective in morphological modi-
fication. However, EVA40, which showed the strongest effect on
nucleation inhibition and structure modification, produced nee-
dle-like crystals with 0.1 wt% of addition.

The other ethylene copolymers, EEG, EMA, and EEA produced
plate-like, stick-like, and needle-like C32 crystals with 0.1 to 0.5
wt% of addition. This suggests that their inhibiting effect increased
in the order EEG<EMA<EEA but was weaker than the EVA co-
polymers. Good agreement was observed among the inhibition
strengths of nucleation, and both structural and morphological
modifications. The small molecules with C18 or C16 alkyl groups
did not change the morphology at all. This is because they did not
hinder crystal growth or block growth sites whether they were
incorporated into the crystal faces or not.

The crystal growth event for 4 wt% C32 in C10, with and with-
out EVA40, was monitored using an optical microscope with a
temperature-controlled hot stage. Upon cooling at 5 °C/min, plate-

(@) (b)

Fig. 6. Real-time monitoring of wax crystallization events for the
mixtures of 4 wt% C32 and C10 (a) without and (b) with 0.5
wt% EVA40. Optical microscope images were taken upon
cooling from 70 to 0°C at a rate of 5 °C/min. Scale bars rep-
resent 100 pm.
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Fig. 7. Viscosity change during cooling of model waxy gels from 4 wt% C32 in (a), (b) C10 or (c), (d) D80 at shear rates of 1 (squares), 10 (cir-
cles), and 100 (triangles) s '. The concentrations of EVA40 were (a), (c) 0, and (b), (d) 0.5 wt%.

like crystals were observed at 31 °C, in the absence of additive (Fig.
6(a)). The temperature at which wax crystals appear is defined as
the WAT. The WATSs were about 30 and 27 °C for 0.5 wt% EVAI2
and EVA25, respectively (images not shown). The WAT further
decreased to 25 °C when 0.5 wt% EVA40 was added to the model
waxy oil (Fig. 6(b)). The difference in T, and the WAT probably
originated from the environment of the system, which can affect
the kinetics of crystallization. It is notable that the crystals were
dramatically changed to tiny particles, and that their size was not
significantly increased during further cooling to 0°C. The reduc-
tion of the WAT by addition of EVA40 agrees well with its inhibi-
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tion effect on nucleation. Moreover, the morphological change ob-
served using real-time microscopic visualization accords with the
modification observed in the aforementioned macroscopic crystal-
lization.
4. Flow Behavior

Fig. 7 shows viscosity as a function of temperature for 4 wt% 32
waxy oil, with and without 0.5 wt% EVA40, in C10 and D80 sol-
vents. The shear rates chosen were 1, 10, and 100s". These are
within the typical shear-rate range found in oil pipelines (about
20s™"). For the model waxy oil in C10 without EVA40, the viscos-
ity slowly increased at temperature above 32 °C, showing Newto-

(b) = —m-—Ci0at1s1 --O--D80alds1
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Fig. 8. Effect of EVA40 concentration in the mixture of 4 wt% C32 with C10 or D80 on (a) the viscosity at 10 °C, and (b) the gel point.
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Fig. 9. Loss modulus (G, squares), storage modulus (G”, circles) and tan ¢ (triangles) during cooling of model waxy gels from 4 wt% C32 in
(a)-(d) C10 or (e), (f) D80 with or without EVA40. The concentrations of EVA40 were (a), (c) 0} and (b), (d) 0.5 wt%.

nian behavior. The reduction of viscosity by addition of inhibitors
has been similarly reported for copolymers [15,26,27]. When the
temperature was around 31 °C, the apparent viscosity dramatically
increased. The gel point temperature is defined as that at which a
waxy gel is formed. Regardless of shear rates (from 1 to 100s™), the
gel points values were similar (Fig. 8(b)). However, the viscosity of
the model waxy gel decreased with increasing shear rate (Figs. 7
and 8(a)). When 0.05wt% EVA40 was added to the model waxy
gel in C10, the gel point dropped to 28 °C. With increase in the
amount of EVA40 added (to 0.5wt%), the gel point further de-
creased to about 23 °C. D80 fluids showed slightly lower gel points
than did C10 without EVA40. However, the decrease in the gel
point by EVA40 was small for D80. The decrease in viscosity by
EVA40 also was reduced for D80. The reduced effect of EVA40 in
D80 may be related to complexity in the composition of D80 flu-
ids, but more detailed investigation is needed.

EVA40 copolymer showed an inhibiting effect on nucleation as
well as on morphological and structural modifications of C32 wax
crystals. As mentioned earlier, EVA40 lowered T, and the WAT,
meaning wax crystallization was inhibited. Note that EVA40 reduced
crystal size remarkably by adsorption to wax crystal surfaces. In
general, large plate-like wax crystals formed in oil can be aggre-
gated by packing and deposited onto the interior surface of the
pipeline. However, from the decrease in viscosity and the gel point,
it is inferred that they did not make large aggregates or a waxy gel
network. It is rather thought that the above-mentioned tiny wax
particles produced by adding EVA40 did not stick together. EVA40
copolymer has vinyl acetate groups with a different molecular struc-
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ture from the alkyl groups in wax. When EVAA40 is incorporated
into the wax surface, the vinyl acetate groups may be exposed on
the outer surface of wax particles. Therefore, they can act as sur-
factants or dispersants for wax particles and inhibit the formation
of large aggregates. Copolymers forming tiny stabilized wax parti-
cles can alleviate flow-assurance problems, although wax crystals
are inevitably formed in oil pipelines [28].

In Fig. 9, the loss modulus (G') and the storage modulus (G") as
a function of temperature, are shown for 4 wt% C32 in C10 and

34
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Fig. 10. Effect of EVA40 concentration in the mixture of 4 wt% C32
with C10 or D80, on the pour-point.
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D80, with and without 0.5 wt% EVA40. For the wax in C10, G" is
larger than G and tan ¢ is larger than ‘1" above 32°C (meaning
the liquid-like behavior is dominant). When the temperature was
lowered, a steep increase in G" and G’ was found [14,29]. At the
pour-point (~32 °C), G" became smaller than G"and solid-like be-
havior was dominant for the model waxy oil. By addition of EVA40
to the oil, it was found that the pour-point decreased. With increase
EVA40, the pour-point decreased to 22 °C for 0.5wt% of dosage
(Fig. 10). Likewise, it has been reported that the pour-point and
the relative yield-stress decreased with the concentration of effec-
tive flow improvers [6,7,18,30,31].

For both solvents, C10 and D80, the pour-points are in a good
agreement with the gel points. These values are slightly higher than
the T, revealed by DSC analyses, probably because of the differ-
ence in the environment or the fluidity of samples. The pour-point
from D80 was slightly lower than that from C10, for the oil with-
out EVA40. When 0.5 wt% EVA40 was added, the pour-point for
D80 was higher than that for C10, meaning that the inhibiting
effect of EVA40 on the pour-point could be lessened. The effects
of several copolymers on nucleation, structural/morphological modi-
fications, and flow behavior were investigated for model waxy oil
by various methods. Further studies are needed for development
of characterization methods for opaque oil. More complex sys-
tems with various components that could represent crude oil more
realistically also need to be evaluated for potential application of
copolymer wax inhibitors in oil-field operations.

CONCLUSIONS

The effect of ethylene copolymers and small molecules with a
long alkyl chain was studied using DSC, optical microscopy, XRD,
and rheometry. Adding small amounts of EVA copolymers and
EEA lowered T, and changed the DSC peak shape for the C32
model waxy oil system in both C10 and D80 solvents, suggesting
delayed nucleation. EVA and EEA copolymers disrupt the lamel-
lar structure of the wax formed in C10 without additive, possibly
by adsorbing to the wax crystal surfaces and thereby inhibiting
their growth. By ex situ and in situ optical microscopy, these addi-
tives changed the morphology of the wax crystals from large plates
to tiny particles and decreased the WAT. 1t is notable that the in-
creasing content of vinyl acetate groups in the EVA polymer chains
affected nucleation, structure, and morphology of the C32 wax
crystals.

Compared with EVA and EEA, EMA with 0.5 wt% maleic anhy-
dride content, and EEG with ethylene glycol groups, were less ef-
fective for inhibition, concluding that both the content and the size
of the structure-disturbing groups in copolymer chains are import-
ant factors in the selection of crystallization inhibitors. It was de-
monstrated that small molecules (C16 to C18 alkyl chains) did not
affect crystallization, suggesting that the alkyl chains should be
large enough to cover the crystal face, in order to hinder the growth
of wax crystals. With increased amount of EVA40, T, the gel
point, and the pour-point were reduced, as revealed by DSC and
rheometry. The ethylene copolymer was effective, even by addi-
tion of less than 1 wt%. This additive reduced viscosity; the gel point,
and the pour-point by making tiny wax particles and by inhibit-

ing the formation of large aggregates. Wax crystallization inhibi-
tors such as ethylene copolymers are promising for controlling
wax deposition and thereby improving oil flow in pipelines.
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