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During the extraction of crude oil, the reservoir temperature is much higher than the surface temperature
especially when the oil is transported cross subsea. Therefore, the flow of virgin oil gets impeded due to
the precipitation of wax on the inner wall of pipelines when the temperature decreased below the wax
appearance temperature (WAT) and the flow stops if the temperature falls below the pour point.
Polymeric pour point depressants (PPD) have received considerable attention as a wax control approach
to enhance the flowability of waxy crude oil. The aim of the current study is to synthesize a novel PPD of
benhely acrylate-co-stearyl methacrylate-co-maleic anhydride (BA-co-SMA-co-MA) to improve the vis-
cosity of Malaysian crude oil using free radical polymerization. The effect of polymerization parameters,
such as reaction temperature, initiator concentration, experimental duration, and monomer concentra-
tion on the yield of the synthesized polymer was evaluated statistically with a one-factor-at-a-time
(OFAT) approach. The performance of the prepared PPD was evaluated to determine its effects on the vis-
cosity of crude oil using Brookfield DV-III viscometer. The experimental results showed that the optimum
conditions to obtain the highest yield were at the reaction time of 8 h, initiator concentration of 1.5 wt%,
reaction temperature of 100 °C, and monomers ratio of (BA:SMA: MA) 1:1:1. At the optimum conditions,
the prepared terpolymer reduces the viscosity of crude oil from 7.2 mPa.s to 3.2 mPa.s at 30 °C using
1500 ppm. The significant reduction in the apparent viscosity indicated improvement in the low-
temperature flow properties of the crude oil after applying the synthesized PPD.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction gation, deposition, and gelation. Such phases and rheological

behavioral transitions makes the crude oil turn from basic Newto-

Until the end of the 20th century, domestic consumption for
unconventional heavy and extra-heavy oil was negligible due to
its high viscosity and complexity of crude composition, creating
many technical difficulties in the supply chain that hinder their
economic viability. Increase the energy demands in the early
21st century has driven some developed and developing countries
such as China, Japan, the USA and India to manage their non-
conventional resources which require major technical advances
and thus restructuring the refining industries [1]. The low Ameri-
can Petroleum Institute (API) gravity and high viscosity crude oil
are attributed to presence of paraffin wax, asphaltenes, and com-
paratively low molecular weight compounds [2]. In such waxy
crudes, the structure of the wax shifts through three phases; aggre-
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nian fluid into a complicated non-Newtonian fluid resulting in an
immediate increase in the viscosity of the crude oil, and subse-
quent deposition of wax on the internal wall of pipeline causing
flow pipelines to be blocked and high pressure drops [3].

Consequently, the decline in flowability of such heavy and
ultra-heavy oils is deemed to be one of the costly obstacles which
contributes to costly downtime and high-priced treatment strate-
gies [4,5].

The wax molecules are the paraffinic component of the crude
oil, including alkane, cycloalkanes, and branched-chain alkane,
and the solubility of these crystals strongly related to temperature
[6]. The paraffin crystals continue to be isolated from crude oil
when the temperature decreases below wax appearance tempera-
ture (WAT) or cloud point which impedes the movement of crude
oil and increases the oil viscosity [2,7]. Beneath the cloud point, the
wax starts to crystallize as an interlocking network pulling the
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remaining liquid crude in cage-like structures due to the evapora-
tion of light hydrocarbon components [8,9]. When the crude oil
reaches the pour point (the lowest temperature at which crude
can flow freely at its weight) [10,11], the oily gel can be formed
and crude oil movement completely stops, causing the cold flow
issues, for instance, decrease in the production rate, pipeline block-
age, and prolonging breakdown [12,13]. In addition to problems
including enormous capital investment in the transport and stor-
age of waxy crude oils, another serious issue takes place during
the restart process after the pipeline shutdown [14]. The produc-
tion shutdown causes a static cooling of waxy crude oils which
leads to the transformation of the crude oil from sol to gel causing
difficulty to flow through the pipeline [15].

Many mitigation and remediation techniques were established
to solve the wax deposition issue and improve the flow properties
of the waxy crude oil’s low temperature. For instance, thermal
methods, such as circulating hot water or oil through pipelines
and wrapping crude pipelines for temperature maintenance, and
mechanical techniques such as pigging scrape the inner walls of
pipelines for the removal of deposited wax, are some methods to
assure the flow in crude oil pipelines [16]. Pre-treatment by poly-
meric additives known as flow improvers or pour point depres-
sants (PPD) is the most practical solution to this issue. Polymeric
remediation with PPDs are commonly used in the pipeline industry
in a limited dose to reduce the pour point and gelation point and
improve the low-temperature flow properties of crude and pro-
mote pipeline transport [11,17,18]. These polymeric PPDs are poly-
merization of homo or different monomers that must be
distinguished by high oil solubility and have a flexible structure
comprising a wax-like paraffin element. Also, characterized by
having long linear alkyl chains with a polar portion such as acetate,
acrylate, and methacrylate which has a high potential to interfere
with crystals wax of crude oil beneath its cloud point [15]. This
possible interaction involves nucleation, co-crystallization and
adsorption if such materials are available in a comb-like shape
polymer, the pendant chains serve as a wax-like paraffin element
that affords nucleation locations and co-crystallizes with oil’s
paraffin forming component. In contrast, the polar end groups
obstruct the wide-ranging growth of wax matrices and restrict
any crystallization. Afterward, polymers that adsorbed on the ris-
ing wax crystals sterically impeded their development, resulting
in small crystals by changing morphology and growth patterns of
wax crystals which are typically range from orthorhombic to a
compact cubic or pyramidal shape, inhibiting wax crystals to
agglomerate and creating a gel-like structure [19,20]. Therefore,
from the previous researches, it is evident that the more similar
the structure of the polymer to the wax component, the better
its performance [21].

There are several polymeric additives with these structural
properties, of which different forms are available as commercial
PPDs such as alkyl acrylate polymers, alkyl methacrylate, alkyl
esters, and particularly ethylene vinyl acetate polymers which
are utilized in large amounts in the oil field. Combine-shaped poly-
mers of maleic anhydride with different monomers like alkyl esters
and styrene are also revealed as great PPDs. One of the long chain
alkyl groups is stearyl methacrylate in particular. It is a type of
acrylic monomer that has a strong association with non-polar sol-
vents, also dispersed widely in synthesizing the PPDs. Neverthe-
less, poly stearyl methacrylate appears to be in the crystalline
phase, and as a result, the long chain in the alkyl groups will crys-
tallize in spite of an amorphous backbone that inhibits oil absorp-
tion [22]. Several studies have been conducted on acrylic
monomers in the recent years, since the monomers are the enor-
mous multilateral type utilized to create acrylate polymers, and
shaped by acrylic-based acid-structure polymers with carboxylic
acid content and vinyl groups [23,24]|. Moreover, acrylic and
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methacrylic ester groups are essentially among the chemicals that
have been used for this purpose because of high ability to inhibit
the wax deposition and flow modifiers [24|. Many of the research-
ers [20,25-29] have applied methacrylate and acrylate monomers
in the production of PPDs polymers for their extremely reactive
vinyl bonds. Such polymers may also be used to increase crude
oil flowability and to lower the wax accumulation in the crude
oil pipeline, such as a PPD chemical inhibitor.

Over the last few years, methacrylate and maleic anhydride
polymers have received particular attention as potential perfor-
mance additives owing to their highly polar functional groups
[30,31]. Than et al. [32] showed that stearyl methacrylate, behenyl
acrylate, vinyl acetate and AIBN as initiator decreased the pour
point temperature by 15 °C and the amount of deposited wax by
70%. Behenyl acrylate has a vital role in enhancing additive perfor-
mance because of the long chains of hydrocarbon and polar ends
molecules. These three monomers have integrated a new-fangled
terpolymer that other wax inhibition scientists have not yet
invented. Soliman, et al. [1] prepared a PPD of maleic anhydride
with alkyl linoleate, which led to a decrease in pour point temper-
ature by 18 °C.

The objective of the current study is to screen and pre-evaluate
a novel terpolymer of behenyl acrylate with stearyl methacrylate
and maleic anhydride (BA-co-SMA-co-MA) as PPD that can prevent
the precipitation of wax in crude oil pipelines. The methods for
characterizing the prepared polymer through FTIR and HNMR data
have been discussed in the previous paper Elganidi, et al. [33].
Polymerization parameters that can result in optimal conditions
for polymerization reaction in terms of reaction yield and the high-
est performance were screened. The effect of operating parameters,
such as reaction temperature, initiator concentration, experimen-
tal duration and monomer concentration on the yield of the syn-
thesized polymer was evaluated statistically with a one-factor-
at-a-time (OFAT) approach. Consequently, factors that influence
experimental results and the optimal levels of such aspects were
determined in order so that future research can be designed to
achieve maximum sensitivity [34,35]. Moreover, the performance
of the synthesized polymer was evaluated through viscosity
measurement.

2. Experimental section
2.1. Materials

Behenyl acrylate (BA) (99%), maleic anhydride (MA) (<99%), and
stearyl methacrylate (SMA) (96%) were used as monomers and
were supplied by Aladdin chemicals. Toluene (>99%) and benzoyl
peroxide (BPO) (99%) were used as a solvent and an initiator,
respectively, and they were obtained from Sigma- Aldrich. The
crude oil sample that tested in the current study is Malaysian crude
oil, which explicitly taken from Petronas Refinery Plant, Kerteh,
Malaysia.

2.2. Preparation of terpolymer

Behenyl acrylate-co-stearyl methacrylate-co-maleic anhydride
was polymerized using free radical polymerization technique in a
250 mL three-necked glass flask at different ratios of monomers
concentration, as shown in Table 1. The reactor was equipped with
a thermometer, nitrogen gas inlet (for the first 30 min) to eradicate
the presence of O, in the reaction, and magnetic stirrer. Under a
constant stirring (400 rpm), the monomers mixture was dissolved
in 50 mL of toluene at a range of reaction time from 4 to 12 h and
polymerization temperature from 60 to 120 °C. Besides, benzoyl
peroxide was used as the initiator for the reaction in the range of
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Table 1

Effect of monomer ratio on PPD yield.
Polymer Monomer Amount of produced polymer Yield wt
code ratio” (g) %
PPD 1 1:1:1 14.057 86
PPD 2 1:1:0 16.654 77
PPD 3 1:0:1 10.339 72
PPD 4 0:1:1 7.063 54
PPD 5 2:1:1 15.112 84
PPD 6 1:2:1 13.802 79
PPD 7 1:1:2 10.202 74

" ratio is referred to (behenyl acrylate (BA): stearyl methacrylate (SMA): maleic
anhydride (MA).

0.5 to 2.5wt% (of the total of monomers) and dissolved in an
appropriate amount of toluene. Then, the initiator solution was
added drop-by-drop to the reaction mixture every 15 min for the
first hour of reaction. At end of the reaction, the solution was kept
at room temperature to cool and then washed by methanol three
times; after that vacuum filtered, dried, and weighed to acquire
the terpolymer. The chemical reaction of the synthesis process of
(BA-co-SMA-co-MA) is shown in Scheme 1.

2.3. Performance evaluation of terpolymer

The Brookfield DV-III viscometer with Spindle model 31 was
utilized to determine the apparent dynamic viscosity of crude oil
with and without the addition of BA-co-SMA-co-MA. The used
techniques meet the standards of ASTM D5002-99 and ASTM
D445-06. Before viscosity measurement, the crude sample was
heated above the WAT to ensure that all of the paraffin crystals
are dissolved [36]. The 2 mL of diluted PPD in toluene and 8 mL
of crude oil were transferred into a cylinder of stainless steel with
casing linked to circulating thermostat water bath to study the
influence of PPD on the rheological behaviour of crude oil. The vis-
cosity was measured at a fixed shear rate 61.2 S™! over a wide range
of temperature from 5 to 40 °C. Besides, the degree of viscosity
reduction (DVR) has been calculated using Eq. (1).

DVR%:%*IOO 1)

where pref are viscosity of blank crude oil and ptreat the viscosity
values of the crude oil after treatment

3. Results and discussion
The optimum condition of the polymerization reaction to

acquire high yield polymer has been investigated. The polymeriza-
tion of maleic anhydride-co-stearyl methacrylate-co-behenyl
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Scheme 1. Synthesis of (BA-co-SMA-co-MA).
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acrylate has been conducted to study the optimal reaction condi-
tions using OFAT.

3.1. Effect of monomers ratio

A series of polymers have been synthesized at the conditions of
90 °C reaction temperature, six hours of reaction time, and 1 wt%
concentration of initiator (from the total of monomers) with differ-
ent monomers ratio and the yield for each PPD was calculated as
shown in experimental results in Table 1.

Table 1 demonstrates that the effect of terpolymer yield is
diverse when the polymerization process is achieved at various
monomer ratios. Molar ratio of (BA-co-SMA-co-MA) polymer has
a significant effect on the yield because of the acrylate groups
which act as a feedstock for a chemical additive. As seen in Table 1,
PPD 1 and PPD 5 (mole ratio 1:1:1, and 2:1:1) had a significant
effect on increasing the yield of the prepared polymer due to
increasing concentration of high molecular weight monomer of
BA in the feed. The long hydrocarbon chains with polar ends of
BA molecules are the key reasons for exhibiting better yield of
the synthesised polymeric additives as per a similar result reported
previously by Upadhyay, et al. [37]. The optimal condition of poly-
merization reaction in terms of monomer ratios was at a concen-
tration of 1:1:1. From this result, it is evident that the equal
molar ratios of behenyl acrylate, stearyl methacrylate, and maleic
anhydride gives the optimal yield of the prepared polymer as sim-
ilar reported by Zhu, et al. [38].

3.2. Effect of reaction temperature

At a varying range of reaction temperature from 60 to 120 °C, a
series of terpolymer was prepared to investigate the effect of poly-
merization temperature on the yield of the terpolymer, as shown
in Table 2. The other reaction conditions which were reaction time,
monomers ratio, and concentration of initiator were kept constant
at 6 h, (BA: SMA: MA) 1:1:1, and 1 wt% (from the total of mono-
mers), respectively.

It can be seen from the data in Table 2, the yield of synthesized
terpolymer continues to increase with increasing reaction temper-
ature from 51% at 60 °C until it reaches 85% at 100 °C as similar
reported previously by Elarbe, et al. [39]. Besides, the yield stayed
stable after increasing the temperature more than100°C, this is
possibly because of a portion of the initiating species have being
destroyed at higher temperatures. As a result, the optimal condi-
tion for the polymerization temperature to be completed and
achieve the highest yield of terpolymer was found to be at 85%
and 100 °C.

3.3. Effect of concentration of initiator

To comprehend the effectiveness of the initiator concentration
on the yield of the synthesized terpolymer, a chain of reactions
was conducted with different amount of BPO between 0.5 and
2.5 wt% at 100 °C for 6 h and the BA:SMA: MA ratio of 1:1:1 as
shown in the experimental data in Table 3 below.

Table 2

Effect of reaction temperature on the yield of PPD.
Polymer Reaction temperature Amount of produced Yield
code (°C) polymer (g) wt%
PPD 8 60 8.34 51
PPD 9 80 13.41 82
PPD 10 100 13.90 85
PPD 11 120 13.92 85
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Table 3

Effect of concentration of initiator on the yield of PPD.
Polymer Concentration of Amount of produced Yield
Code initiator % polymer (g) wt%
PPD 12 0.5 10.623 65
PPD 13 1 14.055 86
PPD 14 1.5 14.219 87
PPD 15 2 14.100 86
PPD 16 2.5 13.892 85

As it can be seen from Table 3, the yield of terpolymer start to
increase from 65% to 87% when the concentration of initiator
increased from 0.5 wt% to 1.5 wt%. However, beyond 1.5 wt¥% the
yield of reaction decreases slightly with increasing initiator con-
centration due to rising the number of radicals in the medium,
which leads to creating more nucleation sites. Therefore, when
increasing the initiator to 2 wt% the aggregation process between
the monomer chains reached the point that is sufficient to react
with the radicals. Besides, the higher rate of free radical initiation
leads to faster initial monomer consumption, but also produces a
shorter kinetic chain length and enhance the probability of chain
termination by the initiator as the similar results that reported pre-
viously by Christian, et al. [40]. Consequently, the optimum condi-
tion of initiator concentration is 1.5 wt%, which the highest yield
was achieved at 87%.

3.4. Effect of reaction time

Under the condition of monomer ratio of 1:1:1, at reaction tem-
perature of 100 °C, 1.5 wt% concentration of initiator (from the
total of monomers) and varying reaction time, a series of terpoly-
mer has been synthesized, and the yield of the prepared polymer
computed from experimental results is shown in Table 4.

As it can be observed from Table 4, the yield of the synthesized
terpolymer increased from 70% to 90% by increasing the time from
4 to 8 h, and after that, the yield of terpolymer remained stagnant
at 90%. Therefore, the optimum condition for the time of polymer-
ization in terms of reaction yield is 8 h, which achieved the highest
yield of 90%. However, after 8 h of reaction, the yield no longer
increases over time. It is indicating that the polymerization process
is completed after 8 h of reaction as per the similar result reported
by Zhu, et al. [41].

3.5. Viscosity measurement of the PPD

Viscosity is a significant physical property of crude oil and plays
an essential role to evaluate the flowability of crude oil in the
absence and presence of the prepared polymeric additives. In addi-
tion, temperature is one of the factors that influences the viscosity
and its observed that viscosity remains increasing with reduction
in the temperature [36,42,43]. The viscosity of the crude oil was
measured with and without the addition of BA-co-SMA-co-MA
using the PPD14 (at the optimum condition of the polymerization
reaction) at different concentrations of terpolymer (1000, 1500,
2000, 2500 and 3000 ppm) to investigate the influence of concen-

Table 4
Effect of reaction time on the yield of PPD.
Polymer Reaction time Amount of produced polymer  Yield wt
code (h) (g) %
PPD 17 4 11.441 70
PPD 18 6 14.061 86
PPD 19 8 14.710 90
PPD 20 10 14.709 90
PPD 21 12 14.707 90
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Fig. 1. Viscosity measurement.

tration on the viscosity of crude oil. Fig. 1 shows the viscosity result
of the prepared terpolymers at different concentrations. Also, the
figure was indicating that all of the prepared PPDs have a critical
effect of reducing the viscosity of crude oil. For instance, at 5 °C,
the viscosity of crude oil is decreased by 87% from 70 mPa.s for
the blank crude oil to around 9.2 mPa.s after adding the PPD at
concentrations of 1500 ppm. The most significant and effective vis-
cosity reduction of the synthesized PPD was observed at the con-
centration of 1500 ppm which exhibited the best performance in
terms of the degree of viscosity reduction from 87% to 47% as
shown in Fig. 2.

Furthermore, the viscosity of crude oil with and without (BA-co-
SMA-co-MA) polymer was examined to understand the viscosity
movement mechanism. When BA-co-SMA-co-MA polymer was
added as PPD to crude oil, molecules of copolymer interact with
the molecules of crude oil, changing the original intermolecular
structure of crude oil, weakening its ability to form hydrogen
bonds with hydroxyl or carboxyl groups, and therefore reducing
the crude oil viscosity [44]. Loss of the capacity of higher soluble
inhibitors to minimize viscosity may be correlated with wax crys-
tallization or wax inhibitor precipitation by the process of wax
inhibitor nucleation [36]. As observed from NMR structural analy-
sis that have been discussed in the previous publication [33],
stearyl methacrylate and benhely acrylate have a long alkyl chain.
In this manner, when the PPD disperses the crude oil molecules,
the long-chain monomers can separate oil micelles, decrease the
friction, and prevent the combination of oil molecules; as a result,
the viscosity of the crude oil reduces [4,41,45].

100
90
80
70
60
50
40
30

Viscosity (mPa.s)

10

15 20 25

Temperature (°C)

30 35 40 45

Fig. 2. Viscosity and degree of viscosity reduction (DVR) of crude oil in presence of
prepared PPD at 1500 ppm and different temperature.
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4. Conclusion

A novel pour point depressant of BA-co-SMA-co-MA terpolymer
was synthesized as flow improver in the crude oil pipeline. The
highest yield of the BA-co-SMA-co-MA was 90 wt%, which was
obtained at the optimal polymerization reaction conditions of 8 h
of reaction time, 100 °C reaction temperature, 1.5 wt% of concen-
tration of initiator and monomers ratio pf (BA:SMA: MA) 1:1:1.
The performance evaluation of the prepared PPD was studied for
the viscosity reduction of the crude oil. When the PPD was added
to the crude oil at 1500 ppm, the viscosity of the crude is reduced
about 87% from 70 mPa.s for the blank crude oil to around 9.2 mPa.
s at temperature 5 °C. Therefore, the new synthesized BA-co-SMA-
co-MA terpolymer was successfully formulated to improve the
flowability problem of Malaysian crude oil.
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