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Abstract

Wax deposition in production tubing and pipelines is very critical in Nigeria petroleum industry. It can lead to a reduction
in production, shut-in of wells, choking of flow lines, failure of downhole equipment, increased power requirement and
loss in revenue. In the bid to address this issue, a Niger Delta crude oil sample was characterized in this study to know its
wax deposition tendency and other chemical properties. The effect of temperature on the viscosity of the crude oil sample
was studied, and the degree of viscosity reduction (DVR) of the crude oil sample in the presence of poly (ethylene-butene)
(PEB) and nano-aluminium oxide (Al,O;) blend at different temperatures was evaluated. 100 ppm of nano-Al,O5 blend with
1000 ppm, 2000 ppm and 5000 ppm of PEB, respectively, was added to the crude oil sample at different temperatures, and
the degree of viscosity reduction (DVR) in each blend at 10 °C, 15 °C, 20 °C, 30 °C and 35 °C was evaluated. The blend
with 2000 ppm of PEB with 100 ppm nano-Al,O; is the best for offshore application as it gave the highest DVR of 77.9%
and 73.7% at 10 °C and 15 °C, respectively, while the other blends gave a DVR of about 70% at 10 °C and 15 °C. As the
crude sample temperature approached the wax appearance temperature of 29 °C, the DVR of PEB/AI,O; blend drastically
reduced. PEB/AL,O; blend inhibited wax precipitation, and at low temperatures, a significant reduction in the viscosity of
the crude oil sample was observed, which makes it a good recommendation for offshore application.

Keywords Wax deposition - Flow assurance - Aluminium oxide nanoparticle - Poly (ethylene-butene) - Niger delta waxy
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Introduction

The world demand for energy has led exploration and pro-
duction companies to expand their operations to cold envi-
ronments like the deep offshore waters because oil reservoirs
near the shoreline and on land have become depleted. These
offshore operations have increased flow assurance problems
encountered during petroleum production and transportation
through pipelines. Flow assurance problems include hydrate
formation, wax deposition, asphaltenes, naphthenates, scal-
ing and equipment corrosion (Kutlik, 1998). Among the
issues mentioned earlier, wax deposition is very common
and poses a critical operational problem; it alters the rheo-
logical properties of crude oil hence impeding the flow of
the oil.
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In Nigeria, revenues from the oil and gas sector are the
mainstay of the economy and foreign exchange providing
about 35% of the nation’s GDP and 92% of total export
revenue (Mosobalaje et al. 2019). Nigeria has a reserve of
crude oils which contains moderate to high contents of par-
affin wax with low sulphur content and high API gravity
(Ajienka and Ikoku 1997). Most petroleum exploration and
production operations in Nigeria goes on in the Niger Delta
region, which is about 7.5% of Nigeria’s landmass (Taiwo
et al. 2009). The crude oil found in the Niger Delta region of
Nigeria has wax deposits in the range of 30-45% (Adewusi
1997). The deposition of wax in the pipes during petro-
leum production may cause reduced production, frequent
downtime, mechanical failure of tubular equipment and ulti-
mately, an increase in production cost (Theyab and Yahya
2018). This has necessitated the use of many wax monitor-
ing techniques and application of corrective measures.

Crude oil can be regarded as a Newtonian fluid with the
pressure drop directly proportional to the flow rate. How-
ever, crude oil often contains a good percentage of paraffin
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wax, which can cause a non-Newtonian flow behaviour as
well as increase the viscosity, pour point and yield stress of
the crude oil (Huang et al. 2015). Depending on the crude
oil composition, decreasing crude oil temperature causes
wax crystallization and growth thereby causing resistance
to crude oil flow (Abarasi 2014). Wax precipitation occurs
when the crude oil temperature drops below the wax appear-
ance temperature (WAT) (Zhang et al. 2014). The mecha-
nisms of wax precipitation and deposition include molecular
diffusion, shear dispersion, Brownian diffusion, gravity set-
tling and sloughing of wax Montalvo (2012).

Wax deposition causes an increase in the crude oil viscos-
ity making crude oil transportation extremely challenging.
Without a prior reduction in the heavy crude oil viscosity,
transportation via pipeline is difficult requiring immense
energy (i.e. high pumping power) to overcome the high-
pressure drop in the pipeline due to high viscosity (Abarasi
2014). Viscosity is a profound function of wax deposition
rate, and viscosity reduction is imminent to improve the
smooth flow of the oil (Ekaputra et al. 2014). Viscosity
reduction can be achieved through thermal treatment (Albu-
querque 2019); blending viscous oil with a light oil (Mao
et al. 2014), or through the use of wax inhibition chemicals
such as pour point depressants (Deshmukh and Bharambe
2008) or wax crystal modifiers (Dobbs 1999; Towler et al.
2011).

Pour point depressants (PPD), usually, contain oil-soluble
long-chain alkyl group and a polar moiety in the molecular
structure. The long-chain alkyl group is inserted into the wax
crystal, and the polar moiety exists on the wax surface and
reduces wax crystal size (Deshmukh and Bharambe 2008).
PPD does not entirely prevent the wax precipitation but
instead shifts its manifestation towards a lower temperature
(Manka and Ziegler 2001; Chen et al. 2010). Wax crystal
modifiers, on the other hand, avoid the formation of large
wax molecules by bonding to the wax crystal and impeding
further growth (Sousa et al. 2019; Manka et al. 1999).

Wax prevention by temperature control

Several researchers have examined the relationship between
rheology of crude oil and wax deposition. Ekaputra et al.
(2014) studied the wax formation tendency of crude oil
from Malaysian oil fields. Viscosity was measured at dif-
ferent shear rates in the range of 50, 100 and 500 s~!'and at
different temperature from 5 to 50 °C. Their result showed
that there is a linear trend between density and temperature,
but there exists an inverse relationship between API gravity
and density. It was also observed that temperature reduction
causes an increase in viscosity but reduces shear stress.
Struchkov et al. (2019) studied the effect of temperature
and hydrocarbon solvent (kerosene and diesel fuel) addition
on thixotropy of waxy crude oil. It was discovered that the
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diesel-based solutions have higher WAT than the kerosene-
based solutions. This implies that the increase in wax con-
centration in solution leads to an increase in WAT. Struchkov
and Rogachev (2017) studied the effect of pressure, cooling
rate, water cut and addition of mechanical impurities on
change in wax appearance temperature (WAT) in oil. Results
show that WAT grows with an increase in the concentration
of wax in solution, increase in pressure, water cut, shear rate,
the addition of mechanical impurities and decrease in gap
size of the measuring system. Zhang et al. (2019) proposed a
new method for wax deposition location based on heat—fluid
coupling method. The regularities of temperature distribu-
tion and wax deposition location were simulated with differ-
ent fluid producing intensities and moisture contents. With
the migration of produced liquid, the temperature decreases
from bottom to upward, while the decline rate becomes less.

In tackling wax deposition in the Niger Delta, Akankpo
and Essien (2015) compared the effect of temperature on
the viscosity of Niger Delta crude. The experimental inves-
tigation was carried out on five crude oil samples obtained
from different reservoirs in the Niger Delta region. A cap-
illary tube viscometer inserted in a thermostatically con-
trolled water bath was used to measure the viscosity of the
crude samples at different temperatures. The variation of the
crude kinematic and dynamic viscosities with temperature
was studied. The results show that the viscosity of Niger
Delta crude oils reduces with an increase in temperature in
all capillary or pipeline system.

Wax inhibition using nanoparticles

With the passing of the era of easy oil and the increasing
difficulty of finding new resources, the oil and gas industry
has begun extracting more resources from fields exposed to
extremely harsh environments such as the offshore environ-
ment. The wax deposition is particularly challenging when
the affected area is difficult to reach (Sousa et al. 2019),
which is the case in the offshore environment. New tech-
nologies and solutions are being developed for reducing the
difficulties faced in producing form extremely harsh environ-
ment. Nanotechnology has received great attention recently
from the petroleum industry (Goshtasp et al. 2015; Wong
and De Leon 2010).

Nanoparticles (NPs) possess unique qualities that enhance
its wide application in the petroleum industry. These proper-
ties are its high surface area to volume ratio which enhances
interaction sites (Sneh and George 1995; Mehdi et al. 2018);
NPs can act as receptors for polymers, (Mao et al. 2014);
and NPs are hydrophobic or hydrophilic in nature (Tuteja
et al. 2008). Nanoparticles have higher stability, superior
adsorption, catalytic behaviour and excellent dispersion abil-
ity (Haijiao et al. 2016). The uniqueness of nanoparticles is
tied to its size. NPs have a dimension in the order of 100 nm
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(Afolabi and Yusuf 2019). Some applications of nanotech-
nology in the petroleum industry include corrosion inhibi-
tion (Atta et al. 2013), drilling fluid formation (Srawanti
et al. 2020), enhanced oil recovery (Goshtasp et al. 2015;
Abbas and Hadi 2015); asphaltenes stabilization (Moham-
madi et al. 2011) and wax prevention (Davidson et al. 2012;
Shah et al. 2010).

Some researchers have investigated the effect of the use
of nanoparticle and polymer or surfactants for wax preven-
tion. Yang et al. (2015) studied the effect of poly octadecyl
acrylate (POA) and silica nanoparticle on the rheology and
cloud point of a model waxy crude. The gelation point of
the system was observed to decrease gradually with increas-
ing POA concentration. However, it was observed that the
polymer nanoparticle hybrid system had a significant effect
on the rheology at lower concentrations than using only
polymers as pour point depressant and offered optimal per-
formance at 100 ppm.

Koroleva et al. (2017) studied the effect of various
compounds such as non-ionic surfactants, Eumulgin O10
(polyethylene glycol and cetyl/oleyl alcohol ether), poly-
mer molecule of polyvinyl alcohol (PVA) and SiO, and
Al,O5 nanoparticles on the complex stabilization of par-
affin wax emulsions. The concentration of Eumulgin O10
was observed to effect an increase in the average diameter
of the particles with increasing surfactant concentration. At
the same time, the stability of wax dispersion will reduce
if Eumulgin O10 concentration exceeded 2.0 wt%. When
silica and alumina nanoparticles were introduced, the aver-
age diameter of paraffin particles increased 90-100 nm, but
the diameter is not as high when the concentrations of other
stabilizers are increased. Therefore, an increase in the size
of wax particles is associated with an increase in velocity of
the homogenizing mixture.

Subramanie et al. (2019) evaluated the effect of polymers,
nanoparticles and the effect of their blend on the viscosity of
Malaysian crude oil at different temperature and shear stress.
Sodium cloisite Na+ nanoparticle and two wax inhibitors,
namely: poly (ethylene-co-vinyl acetate) (EVA) and poly
(maleic anhydride de-alt-1-octadecane) (MA) were used to
improve the Malaysian crude rheology. A significant reduc-
tion in viscosity was observed when nanoparticle was added
to the crude sample. At a temperature below the WAT, the
nanoparticles were seen to reduce the viscosity of the crude
oil. However, as the temperature approached WAT, there
was no much effect on the crude oil viscosity. The effect of
inhibitor at different concentrations of EVA and MA was
investigated. EVA/sodium nano-clay blend was found to be
the best combination which improved the value of viscosity
followed by MA/sodium cloisite blend and then EVA and
MA alone.

In Nigeria, the petroleum industry has incurred signifi-
cant loss in revenue due to increased operational cost from

tackling wax deposition. It is, therefore, imperative to seek
efficient methods to prevent wax deposition and improve
the flowability of crude oil in order to optimize produc-
tion. This work investigates the effect of aluminium oxide
(Al,05) nanoparticle, and poly (ethylene-butene) (PEB)
blend on wax deposition in Niger delta crude at tempera-
tures between 10 and 35 °C.

Methodology

This study experimentally investigates the effect of a blend
of polyethylene butene (PEB) and Al,O5; nanoparticle on
the viscosity of a Niger Delta crude oil sample at varying
temperatures. The materials used in this research include
Nigerian Niger Delta crude oil sample, polymer—poly
ethylene butene (PEB), nanoparticle—aluminium oxide
(AL,03) and xylene as a solvent.

The Al,O; nanoparticle is spherical with silt size
of 75 nm, the density of 3.9 g/cm?®, the molar mass of
101.96 g/mol, a boiling point of 2977 °C and melting point
of 2040 °C. It is hydrophilic. PEB used has a molecular
weight of 84.16 g/mol and density of 0.865 g/cm?.

Four different concentrations of poly (ethylene-butene)
(PEB); 500 ppm, 1000 ppm, 2000 ppm and 5000 ppm solu-
tion were prepared by mixing 0.02 ml, 0.04 ml, 0.08 ml
and 0.2 ml of PEB, respectively, in 40 ml (for each con-
centration) of xylene (solvent) at continuous stirring in a
mixer at 1500 rpm for 30 min. 100 ppm nanofluid was pre-
pared by mixing 0.01 g of nano-aluminium oxide (Al,05)
in 100 ml of xylene (base fluid) continuously using a
Hamilton beach mixer at 1500 rpm for 30mins to achieve
homogeneity. In preparing the polymer/nanofluid blend,
1wt% (3 ml) of the nanofluid was added to 3wt% (9 ml)
of each concentration of polymer solution prepared and
stirred at 28 °C for 30mins prior to being added to 300 ml
of the crude oil sample.

An electrical water bath and a chiller were used in
conditioning the crude temperature to the required tem-
perature prior to viscosity readings from the 12—speed
rotary viscometer with measurement accuracy +4%. The
dynamic viscosity of the blank crude sample (without
inhibitor) and the viscosity of the crude oil mixed with the
polymer and nanoparticle blend at different temperatures
were obtained using the viscometer. The dial reading was
taken after 1 min when the system reached equilibrium,
and the pointer was stable. The specific gravity of the
crude sample and the API density were obtained empiri-
cally using a hydrometer. The pour point of the crude was
measured using a pour point tester, and the crude oil com-
position was obtained from a gas chromatograph carried
out on the crude sample.
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Degree of viscosity reduction (DVR)

It is essential to evaluate the degree to which the viscos-
ity of the blank crude sample reduced at different tempera-
ture in the presence of the different polymer/nanoparticle
blend concentration. The DVR can be used in assessing the
efficiency of the inhibitors; a higher DVR indicates a more
efficient inhibitor. The DVR is obtained from correlation by
Subramanie et al. (2019) as shown in Eq. 1:

Hret — Hieat % 100. (1)

Href

DVR% =

Results

The physiochemical properties of the blank crude oil sample
(Table 1) show that the crude has wax content of 36.58% and
density of 0.81 g/cm?, wax appearance temperature (WAT)
of 29 °C, and the pourpoint is 10 °C. The API gravity is
43.19°, showing that the cde is light. The chromatography

Table 1 Physiochemical

properties of crude oil sample Viscosity mPaat35°C 4.8

WAT, °C 29
Pour point, °C 10
Wax content, % 36.58
Density, g/cm’ 0.81
°API 43.19

of crude sample (Fig. 1) shows that the crude contains about
37% of hydrocarbons of more than 16 carbon chains (wax
formers).

Effect of temperature and inhibitor
on the Newtonian behaviour of the fluid

The plot of shear stress against shear strain rate at different
temperatures for the blank crude sample shows that at 35 °C,
30 °C, 25 °C and 20 °C, a linear shear stress/shear strain rate
relationship. This implies that crude oil had Newtonian fluid
properties. However, as the crude oil temperature was cooled
down to 15 °C and 10 °C, the crude sample exhibited non-
Newtonian fluid behaviour as the shear stress/shear strain
rate relationship became nonlinear (Fig. 2).
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A plot of shear stress against shear strain rate for the vari-
ous inhibitors used in this study (Fig. 3) gives a better view
of the Newtonian/non-Newtonian behaviour of the crude
in the presence of inhibitors. For Newtonian fluids, as the
shear strain rate increases, the shear stress increases pro-
portionally. Figure 3a shows the plot of shear stress against
shear strain rate at varying temperature when 100 ppm of
the nanofluid was added to the crude. Notice that the crude
still exhibited non-Newtonian behaviour at 10 °C and 15 °C
(Fig. 3a). This implies that the nanofluid added did not pre-
vent wax precipitation at 10 °C and 15 °C. When 1000 ppm
PEB and 100 ppm Al,O; blend was added to the crude
sample, the crude exhibited Newtonian fluid (linear shear
stress/shear strain rate curve) behaviour at all the shear stress
studied (Fig. 3b). A similar linear trend was noticed in the
plot of shear stress against shear strain rate in the experi-
ment conducted with 2000 ppm PEB and 100 ppm Al,O,
(Fig. 3c) This implies that the inhibitor was able to prevent
non-Newtonian fluid behaviour as was initially observed in
the 10 °C and 15 °C in the blank crude. The plot of shear
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stress against shear strain rate of crude sample contaminated
with 5000 ppm PEB and 100 ppm Al,O; blend (Fig. 3d)
showed a linear trend, confirming the effectiveness of the
inhibitor in preventing non-Newtonian fluid behaviour.
The Non-Newtonian behaviour noticed at 10 °C and
15 °C in the blank crude and the crude inhibited with
100 ppm nanoparticle is as a result of precipitation of wax
particles. Therefore, a plot of shear stress against shear rate
for the inhibitors understudy at 10 °C (Fig. 4), and 15 °C
(Fig. 5) clearly shows that with increasing shear strain rate,
the shear stress increased linearly until the shear rate was
340 s~ At this point, the wax particles deposited were suf-
ficient to prevent a corresponding increase in shear stress for
the increasing shear strain rate. Therefore, the shear stress/
shear strain curve deviated to the right, signifying the onset
of non-Newtonian fluid behaviour. However, in the samples
inhibited by the nanoparticle PEB blend, the linear rela-
tionship between shear stress and shear strain at 10 °C and
15 °C was consistent at all shear strain rates. This implies
that these blends were able to prevent wax precipitation or
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keep the size of wax particles small enough for the fluid to
remain a Newtonian fluid.

Effect of shear strain rate and temperature
on the viscosity of the fluid

The plot of the viscosity of blank crude against shear strain
rate at varying temperatures (Fig. 6) shows that the increase
in shear strain rate results in a decrease in viscosity. This is
because the flow encounters less resistance at higher shear
rates due to the long molecular chains (wax molecules)
being broken, stretched and reoriented parallel to the driv-
ing force, thereby reducing the fluid viscosity. Also notice
that for each shear rate considered, the viscosity of the crude
sample at 10 °C was higher than the viscosity of the crude
sample at higher temperatures. This is because an increase
in temperature melts and keeps the wax particles in solution,
hence decreasing the oil viscosity. In contrast, a reduction
in temperature facilitates wax precipitation and increases
viscosity.
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Effect of temperature and inhibitor on the viscosity
of the crude oil sample

The viscosities of the blank crude oil sample and crude
sample in the presence of 100 ppm nanofluid, 5000 ppm
polymer/100 ppm nanoparticle blend, 2000 ppm poly-
mer/100 ppm nanoparticle blend and 1000 ppm poly-
mer/100 ppm nanoparticle blend were evaluated at different
temperatures (Fig. 7). As the temperature of the crude oil
increases, the cohesive forces between the high molecular
waxy components of the crude oil molecules decrease and
their kinetic energy increases, reducing the agglomeration
of waxy particles and thereby decreasing the viscosity of the
oil and making it flow easily (Fig. 6). This implies that a rise
in temperature increases the crude oil viscosity.

Notice that when 100 ppm of nanofluid alone was added,
it increased the viscosity of the crude from 72.5 to 75 mPa s
at 10 °C and from 59 to 62 mPa s at 15 °C which of course
is undesirable. However, as temperature increased to 20 °C,
the nanofluid reduced the viscosity to 15.2 mPa s from
26 mPa s at 20 °C (Fig. 7). There was no significant effect of
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the nanofluid on the viscosity of the crude at 25-35 °C. The
blank crude viscosity curve and the viscosity curve of the
crude with 100 ppm nanofluid matched closely at 25-35 °C.

Notice that the polymer/nanoparticle blend effected
drastic viscosity reduction at 10—15 °C with the 2000 ppm
polymer/100 ppm nanoparticle blend performing best when
compared with the others by reducing the viscosity of the
crude sample from 72.5 to 16 mPa s at 10 °C and from 69 to
15.5 mPa s at 15 °C (Fig. 7). However, the polymer/nanopar-
ticle performance decreases as the crude sample approached
the WAT of 29 °C. At temperatures of 30 °C and 35 °C, there
was no significant change in viscosity with the addition of

the Al,0O5 nanofluid or PEB/AI,O; blend. Increased tempera-
ture improves crude oil flowability and reduces its viscosity.

Therefore, it is imperative to evaluate the performance
of the inhibitor at low temperatures for offshore application
where the crude oil cools rapidly, and excellent inhibitor
performance at low temperature is desirable.

Effect of PEB/AI,O; blend on the viscosity
of the crude oil sample at varying temperature

The degree of viscosity reduction of the 100 ppm Al,O;
nanofluid, 5000 ppm PEB/100 ppm Al,O; nanofluid
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Fig.8 Comparison of the 90.0
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blend, 2000 ppm PEB/100 ppm Al,O; nanofluid blend and
1000 ppm PEB/100 ppm Al,O5 nanofluid blend at varying
temperature was plotted (Fig. 8). For offshore application,
the inhibitor performance is best evaluated at low tempera-
tures. Notice that the DVR of the 100 ppm nanofluid was
negative at 10 °C and 15 °C. This is because adding 100 ppm
Al,O; nanofluid had an undesirable effect on the crude vis-
cosity as it increased the viscosity of the crude sample at
10 °C and 15 °C. The nanoparticle alone was ineffective at
low temperature due to its reduced surface area. A higher
temperature increases the dispersion of the nanoparticle and
effects a higher viscosity reduction.

However, the blend of PEB and Al,0; nanofluid gave
desirable results at low temperature. At 10 °C, the 2000 ppm
PEB/ 100 ppm Al,O5 nanoparticle blend is the optimum as
it reduces the viscosity of the crude by about 78% while
the other blends effected a viscosity reduction by 68%.
As the temperature rises to 20 °C, the DVR for 2000 ppm
PEB/100 ppm Al,O5 nanoparticle blend and the 1000 ppm
PEB/100 ppm Al,0O; nanoparticle blend reduced rapidly
to 43% and 37%, respectively. However, the 5000 ppm
PEB/100 ppm Al,O; nanoparticle blend recorded a higher
DVR form 68% at 10 °C to 79% at 20 °C. As the temperature
of the crude sample approached the WAT, the three blends
experienced a rapid DVR decrease from 25 to 30 °C and
there was an eventual slight increase in DVR in the three
blends at 35 °C.

Conclusion

The effect of PEB/AI,O5 nanoparticle blend on the vis-
cosity of Niger Delta crude oil was investigated through
experimental procedures and empirical correlations. It was
observed that the rise in temperature and shear rate would
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result in a decrease in viscosity. Therefore, flow assurance
problems will be more prominent at low temperatures where
the crude oil viscosity is high. The addition of the different
concentrations of PEB/Al,O5 nanoparticle blend to the crude
oil sample greatly reduced the viscosity at low temperature
with the best blend for offshore operation as the 2000 ppm
polymer/100 ppm nanoparticle blend as it gave a DVR of
77.9% and 73.7% at a temperature of 10 °C and 15 °C. At
higher temperatures, it is difficult to properly evaluate inhibi-
tor performance as temperature already plays a key role in
reducing the viscosity of the crude.
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