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Abstract - Crude oil needs to be transported from oil wells
to refinery and storage facilities in one form or another to
ultimately become end use products. After the successful
extraction of oil from the ground it is mostly transported
through pipelines where the crude oil experiences various
changes in its physical and chemical properties. These
rheological changes may cause numerous flow assurance
problems such as wax and paraffin deposition which
ultimately restricts the flow of oil. Chemical additives such
as Pour Point depressants (PPDs) are used in this case for
the efficient transportation of crude oil by lowering the
Wax Deposition Temperature (WAT). Hence, in order to
enhance the knowledge about PPDs, the mechanism of
various types of Pour Point Depressant for aiding the flow
of crude oil while transportation were discussed in this

paper.

Keywords: Pour point Depressant (PPDs), Wax appearance
temperature (WAT), Flow improver (FI)

I INTRODUCTION

One of the major flow assurance problems in the oil industry
is the formation of wax during the transportation and
production of crude oil [Thevaruban et al. (2020)]. During
cold weather conditions these crude oil production encounters
numerous operational problems due to obstruction in flow
pipes or production lines which is caused due to paraffin
formation and its blockage. As temperature decreases crude
oil becomes more viscous and once it goes below the pour
point temperature it can no longer flow or be pumped [A.M. et
al.(2009)]. The temperature below which the liquid loses its
flow characteristics is known as the pour point temperature. In
such situations, some sort of experimental chemicals, namely
Pour Point Depressants (PPDs)/ Flow improvers (Fls) are used
which helps in lowering the pour point temperature and
facilitate the flow of crude oil by lowering the wax appearance
temperature(WAT) of the oil [ Akanksha et al.(2019)].

In this review paper, some of these pour point depressants are
discussed according to their needs of situation and the type of
crude that is being transported.
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1. DISCUSSION

Table 1: List of PPDs discussed

Sl No. PPDs

21 N-alkyl-2-aminopyridinum

2.2 Polymeric Additives based on Vinyl Acetate
Copolymers

2.3 Oleic acid based or maleic anhydride based
polymeric additives

2.4 Oil-based and water-based viscosity reducer

25 Aromatic Polyisobutylene Succinimides

2.6 Styrene and vinyl acetate (SVA) copolymers

2.7 Bio-based flow improver

2.8 Hexatriethanolamine mono oleate

2.9 Aminated copolymer and ethylene-vinyl
acetate copolymers (EVA)

2.10 Modified Maleic Anhydride Co-polymers

2.11 Three Sets of Surfactants

2.12 PEAA graft co-polymer (PEAA-g- VA)

2.13 Paraffin inhibitor from vegetable oil

2.14 Anhydride and esters of n-alkyl alcohols based
Polymeric Additives

2.15 Poly-Hydrazide

2.16 Triethanolamine (TEA)

2.17 Ethylene Acrylic Alkyl Ester Copolymer Wax
Dispersants

2.18 HeteroAtoms compounds

2.19 Multifunction Co-polymer

2.20 Polymeric pour point depressants

2.21 Emulsified Acrylate Polymer

2.22 Copolymer Solubilized in Organic Solvent
with an Aromatic hydrocarbon

2.23 Oleic acid based polymeric flow improvers
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2.24 Comb-type polymeric acid alkylamide-co-a-
olefin)

2.25 Spirocompound as Clean Viscosity-Reducer

2.26 Alkyl Fumarate-Vinyl Acetate Copolymers in
Combination with Alkyl Acrylates

2.27 Low molecular weight polybehenyl acrylate

2.28 Novel Pour Point Depressants

2.29 Methacrylate Based Polymeric Additives

2.30 Polymeric structures as cold flow improvers

2.31 Phthalic anhydride-polyethylene glycol ester
(PAP)

2.32 PE-b-PEP deblock copolymers

2.33 Modulating Long-Chain Paraffin
Crystallization with Comb Polymers, (by X-
ray Diffraction)

2.34 Polymeric Additives Based on Vinyal Acetate
Copolymers

2.35 Polymethyl Methacrylate- Graphene Oxide
Nano-Hybrid Polymers

2.36 Hydrophobically Modified Polyampholyte

2.37 Four sets of copolymeric additives

2.38 Synthesized polymeric pour point depressant
from olive oil

2.39 Comb-type co-polymers of poly(maleic
anhydride-co-a-olefin-co-styene) (MASC)

2.40 Maleic anhydrade copolymers (MAC) and
poly(ethylene butene) polymers

241 Vinyl acetate-behenyl fumarate copolymer

2.42 Madhuca longifolia

2.43 Esters of styrene-maleic anhydride copolymers

2.44 Polymer  of <aleic anhydride  with
Pentacrythritol stearic diacetate (PSM)

2.45 Three phthalimide and three succinimide
copolymers

2.46 Poly(n-alkyl itaconate-co-vinyl acetate)

2.47 Poly(styrene-co-octadecyl maleimide)

2.48 Biosurfactant from Pseudomonas putida and
Halomous xianhensis (Bacteria)

2.49 Long chain acrylic esters polymers with polar
monomers

2.50 Natural seed oil to act as flow improver

2.51 BEM series of PPDs

2.52 Terpolymer

2.53 Polyacrylate

2.54 Aqueous surfactant

2.55 Graphene-Based Noval Nanocomposite PPDs
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2.1 N-alkyl-2-aminopyridinum oligomers

In cold environments waxy crude oils always suffer serious
problems during transportation and storage. This is due to
large amounts of paraffin wax in the crude oil which impede
the flow of crude oil due to wax precipitation [P. Kriz et al.
(2005)].

Eid et al.(2018) discusses three compounds namely
N-decyl-(C10P), N-dodecyl-(C12P) and N-cetyl-2-
aminopyridinum (C16P) oligomers which were synthesized by
oxidative polymerization of N-decyl-(C10), N-dodecyl-(C12)
and N cetyl-2-aminopyridinium vromide monomers each
separately in aqueous acid medium.

The raw materials namely 2-Aminopyridine, decyl
bromide, dodecul bromide, and cetyl bromide were obtained
from Sigma Aldrich Chemical Co. Concentrated hydrochloric
acid and sodium hydroxide were chemically pure grade
products provided by Prolabo-Chemical Co. (U.K).
Ammonium persulphate (APS), methanol and DMF were
products of Aldrich chemical company (Germany). 30%
aqueous solution of sodium hypochlorite (NaOCI) was
supplied by EI-Nasr Chemical Co. (Egypt). Twice distilled
water used as a medium for all the polymerization reactions.
For the quantitative understanding of the material properties
Density functional theory (DFT) was carried out and found
out that the oligomeriztion precede via open ring reaction.
Further  experiments were done which included
characterization by using FTIR and H NMR spectroscopy,
XRD and SEM to know the morphology of the oligomers,
thermogravimetric analysis (TGA), measurement of the
surface tension at different concentrations and temperatures.
The efficiency of the synthesized oligomers in depressing the
pour point of the crude oil was found out which showed that
these oligomers were highly efficient to reduce the pour point
of crude oil [Eid et al. (2018)].

2.2 Polymeric Additives Based on Vinyl Acetate
Copolymers

At low temperatures, deposition of paraffin which is formed
during production and transportation of light crude oil and
natural gases and condensates is one of the main problems that
affect the productivity of oil [R. Hoffmann et al.(2013)]. The
above PPD/FI was used in Egyptian waxy crude oils. Waxy
crude oil contains different amount of paraffin wax depending
on the field and area of deposition. The constituent of crude
oil wax deposition occurs due to cooling of temperature
during the transportation and storage [A.E. Erceg et al.
(2008)]. In this study, maleic amhydride ester-co-vinyl acetate
copolymers with feed ratio along with different alkyl ester
were synthesised. The raw materials, Vinyl acetate, maleic
anhydride, dodecyl alcohol (DA), stearyl alcohol (SA),
behenyl alcohol (BA), benzoyl peroxide (BP), and P-toluene
sulfonic acid monohydrate (PTSA) were bought as analytical
grade from Aldrich Chemicals Co., Germany. Benzene,
dimethylformamide (DMF), and xylene were delivered from
Adweic Chemicals Co., Egypt. Egyptian waxy crude oil
(Norpetco, Egypt) was delivered without treatment from
Fardous field. The experimental procedure included selection
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of materials, copolymerization, esterification, characterization
and Evaluation test. Maleic anhydride-vinyl acetate copolymer
was prepared by copolymerizing vinyl acetate (VA) and
maleic anhydride (MA).
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Synthesis of VA-MA ester copolymers.

Figure 1: Synthesis of VA-MA ester copolymers.
[Prabha et al.(2020)]

Characterization of these polymeric materials was carried out
with the help of FTIR, HNMR and GPC. The performance of
these pour point depressants for Egyptian waxy crude was
evaluated by measuring the rheological properties such as
viscosity, yield stress etc. In order to decrease the pour point
temperature, and to improve the rheological characteristics of
crude oils, the effective concentration of PPD to inhibit the
wax deposition was found to be 100-10000 ppm. At the end it
was observed that stearyl maleate-vinyl acetate copolymer
with 1:2 feed ratio shows best efficiency as pour point
depressant even at low concentration with octadecyl maleate-
vinyl acetate copolymers with 2:1 feed ratio. [Ayman M. Atta
et al. (2015)]

2.3 Oleic acid based or maleic anhydride based polymeric
additives

Prabha et al. (2020) synthesized some PPDs which included
oleic acid based or maleic anhydride based polymeric
additives through esterifcation and Friedel Craft Alkylation.
The experiment was done on crude oil of the Limbodra, Nada,
Langhnaj Akholjuni of Gujarat region. The results were
examined through SARA Analysis, Fourier Transform
Infrared Spectroscopy (FTIR), and Gel Permeation
Chromatography (GPC). Various Synthesized PPD were
tested and experimented with the crude oils of different region
and sector and which helped reduced the pour point of the
crude oil by 3-21°C.The results of this test for the different
regions and sectors were able to reduce the pour point of the
crude by 6°C. [Mrs. Prabha et al. (2020)]

2.4 Oil-based and water based viscosity reducers
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The production of crude oil can be basically divided into three
stages: formation drive, wellbore lifting and pipeline
transportation. Also the crude oil can be divided into
conventional oil, heavy oil, extra heavy oil and bitumen on the
basis of their viscosity. [Li et al. (1990)] In china the
conventional crude oil has high wax content, high pour point
and viscosity which results in poor flow.[Wang.(1995)].
Therefore, Oil-based and water-based viscosity reducers in
both low-viscosity and high-viscosity heavy oil wells were
used as flow improvers in long distance pipeline
transportation in China. The oil-based viscosity reducers
consist of macromolecule polymers with strong polar groups
which have good viscosity-reducing effect for heavy oil. For
water-based viscosity reducer it is a composition of surfactants
and emulsion stabilizers. The water based viscosity reducer is
able to reduce the viscosity of heavy oil by 90%. Both this
PPDs are used to lift the extra heavy oil from the wellbore.
[Fusheng et al.(2018)]

2.5 Aromatic Polyisobutylene Succinimides

As the production of conventional oils is decreasing, the uses
of heavy and extra-heavy crude oil are becoming more
popular day by day. Along with this trend, the challenges in
flow assurance are also increasing. The oil field located in
Latin America, especially, Colombia, Venezuela and Mexico
are facing problems in the development of these heavy
oils[Laura et al. (2011)].In this research work four aromatic
polyisssobutylene succinimades were utilized as viscosity
reducers for heavy crude and extra heavy crude oils of
Mexico.Because of the asphaltenic character these aromatic
heads are capable of interacting with asphaltene aggregates by
n—n stacking, hydrogen-bond formation, and acid—base
interactions. Evaluation of Asphaltene dispersionaggregate
inhibition and asphaltene disaggregation effects were carried
out as promoters of the viscosity reduction effect in
asphaltenic crude oils. Here the asphaltene disaggregation was
seen to be dominant. The chemical compounds showed fair
results as asphaltene aggregation inhibitors and dispersants as
well as viscosity reducers. Both these experiments were
studied by theoretical DFT calculations. These compounds
have shown to reduce the viscosity by changing the
morphology of asphaltene aggregates, so that when they are
mixed with the reservoir crude the problems such as
asphaltene precipitation and pipe clogging are avoided.
[Tomas et al (2013)]

2.6 Styrene and vinyl acetate (SVA) copolymers

Crude oil pipelines in deep seawater causes serious
operational problems as it is constantly under very low
temperatures conditions, provoking the crystallization of wax
and paraffins into solid deposits. Styrene (S), n-butyl acrylate
(BuA), and vinyl acetate (VA) monomers were used to derive
a series of copolymers by emulsion polymerization to improve
the physical properties of Mexican crude oils (MCOs).
Characterization of these copolymers was done by using
Fourier transform infaraed (FTIR) spectroscopy, size
exclusion chromatography (SEC), and thermogravimetric
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analysis (TGA). It was found that styrene and vinyl acetate
(SVA) copolymers have the best results as pour point
depressant. Crude oils above 35°C have shown decreased
apparent viscosity for both light and heavy crude oils after the
use of these copolymers [Laura et al. (2008)].

2.7 Bio-based flow improver

In deep-water developments, wax precipitation and deposition
is a major flow assurance hazard in the production and
transportation ~ of  waxy crude oil.[Sarica  and
Panacharoensawad (2012)] Wax precipitation increases oil
viscosity and with the added risk of gelation formation it
changes the oil flow properties] Odutola and
Idemili(2020)].The use of pour point depressants and flow
improvers to mitigate the wax formation will help improve
flow properties and reduce the need for expensive remedial
operations like pigging.[Wang et al.(2015)].Research aiming
for the development of low cost , bio-based, additives for
crude oil flow improvement is a growing interest in the
oilfield industries.[Ragunathan et al.(2020)] In this study, with
the help of diethanolamine and sulfuric acid , natural cashew
nut shell were modified to form sulfonated cashew nut shell
liquid esteramine (CNX).

With the presence of the additives, the average Feret diameter,
aspect ratio and boundary fractal dimension of wax crystals
were decreased, while crystal circularity and solidity increased
as smaller, rounder and more regular crystals with smoother,
even surfaces were formed. This compound was used in waxy
crude, which resulted in depressing the pour point and
changing the morphology and micro structure of wax crystal
which ultimately improved the flow properties of waxy crude
oil. [William et al. (2021)]

2.8 Hexatriethanolamine mono oleate

The problems during the production, separation, transportation
and refining of crude oils occurs due to the deposition of waxy
crude oil with high pour point and viscosity.] Sharma et
al.(2012)] The deposition of wax may reduce the effective
flow rate and lead to complete blockage of the pipelines . The
stage at which the temperature decreases to a point where the
crude oil ceases to flow is called the pour point. [Mahto et
al.(2010)]. Shivanjali et al. (2014) studied the effect of flow
improvers on the rheological and microscopic properties of
waxy crude oil of the western oil field of India and a flow
improver named hexatriethanolamine mono oleate was
synthesized in the laboratory.

H[-OCH,CH,NCH,CH,0HCH,CH, -], + [CH,(CH,),CH=CH(CH,),C00]

hexatriethanolamine oleic acid

2 [CH,(CH,),CH=CH(CH,),CO0]CH,CH,NCH,CH,0HCH,CH,0],

hexatriethanolamine mono oleate

Figure 2: Hexatriethanolamine mono oleate

During the study it was found that the crude oil under present
study is waxy in nature, and it is predominantly rich in
saturate fractions. While the shear rate has a noticeable effect,
with regard to decreasing the viscosity, especially at low
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temperatures, and the viscosity is more stable at higher shear
rates. Also the efficiency of flow improvers seems to increases
as their concentration in the solution increases. Here the
microstructures of crude oils is influenced strongly by both
temperature and cooling rate. When this compound was used
and compared with a commercial flow improver it was found
that, the synthesized flow improver has shown better flow
performance for the crude oil. [Shivanjali et al.(2014)]

2.9  Aminated copolymer and ethylene—vinyl acetate
copolymers (EVA)

Pour Point Depressent for Shengli crude oil was prepared by
mixing the aminated copolymer and the composite
commercial ethylene-vinyl acetate copolymers (EVA) in fixed
proportion. Amination of tepolymer copolymerized with mono
octadecyl acrylate, maleic anhydride, and vinyl acetate were
used to synthesize the aminated copolymer. Characterization
was done with the help of Fourier transform (FTIR)
spectroscopy, H nuclear magnetic resonance (H NMR) and gel
permeation chromatography (GPC). New agglomerates of
asphaltene-PPD resin were formed after it analysis by FTIR,
differential scanning calorimetry (DSC), and cross-polarized
light microscopy. The prepared pour point depressant (PPD)
was used in the Shengli high-pour-point oil at a dosage of 400
ppm which resulted in decreasing the pour point by 11 °C. An
impact on the process of wax crystallization in the crude oil
was due to the interaction between resin and asphaltene. The
new agglomerates was formed by the PPD, asphaltene, and
resin merged together. This compound was seen to reduce the
pourpoint of the crude oil greatly by changing the wax
crystallization process.[ Long at et.(2012)]

2.10 Modified Maleic Anhydride Co-polymers

Maleic anhydride co-polyemer and its derivatives with
different polar and aromatic pendant chains were designed and
synthesized. Four polymeric additives were made which
showed good efficiency as flow improvers in Changging (CQ)
crude. Characterization of the compounds was done by
Fourier transform infrared (FTIR) spectroscopy and gel
permeation chromatography (GPC). After the addition of these
compounds, the pour point was reduced and rheological
parameters enhanced. The results of this experiment shows
that all four polymeric additives having good efficiency as
PPDs and flow improvers for the CQ crude oil with low
asphaltene content. Also the performance of flow improvers
can be optimized through proper polymer design. Here the
polymeric derivative with N-containing short branches along
the polymer backbone showed better results than the
introduction of short-chain esters. However, the best
performance was shown by polymer containing aromatic units
which depress the pour point by 19°C along with yield stress
and viscosity reduction.[Yumin et al.(2012)]

2.11 Three Sets of Surfactants

Use of modern effective solutions is a necessity for better
crude oil transportation through pipeline.
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In this study, three set of surfactants additives (considering
them as A, P and C) which are synthesized by esterfication of
polyethylene glycol with adibic acid, phythalic acid and citric
acid then re-esterfication of polyethylene glycol adipate,
phythalate and citrate with triethaolamine. These additives
were found to gives good surface properties; good pour point
depression properties for fuel oil. Here, surfactant A additive
is more efficient (as pour point [ pp 2000ppm = 12 °C) than
surfactant P and C, ([J pp 2000ppm = 9 °C and 6 °C). The
prepared PPD, surfactant A was blended with both
commercial flow improvers (CFI) and natural wax dispersant
(NWD) to show exhibited good compatibility as
(500:1000:500), [Ipp 2000ppm -210C. [F.M.Ghuiba et
al.(2014)].

2.12 PEAA graft co-polymer (PEAA- g-VA)

Crude oil contains paraffins, aromatic hydrocarbons, resins
and asphaltenes which is a very complex mixture.
[Venkatesan et al.(2003)] When the temperature is high crude
oil behaves as Newtonian fluids and the viscosity is low, but
in pipelines due to low temperature this property cannot hold
as the solubility of long chain paraffins and asphaltenes
decrease remarkably, so the viscosity increases, flow
decreases and pipelines get blocked [ElI-Gamal et al. (1997)].
Here, Poly ethylene acrylic acid derivatives were prepared by
reacting PEAA with alchohols and amines then grafted with
vinyl acetate in the presence of PTSA (P-Toluene sulfunic
acid Monohydrate) as catalyst and xylene as solvent to
produce graft co-polymers. The compound was characterized
and purified by FTIR and HNMR. It was seen that better
performance of the additive was shown for a given co-
polymer composition by increasing the length of the alkyl
group. While the best performance as pour point depressant
was shown by the PEAA-g- VA with amine, using optimum
dosage of 3000 ppm for the Khalda crude oils. Even at low
concentrations of about 500 ppm the values of the plastic
viscosity(mPaS) and vyield values (Pa) are found to decrease
by the addition of PEAA graft co-polymeric additives. After
its study it was found that the influence of PEAA graft co-
polymer as flow improver lead to a large reduction in pour
point temperature for samples of Khalda Petroleum Co.
(KhPC) crude oils [H.l.Al-Shafey et al.(2014)].

2.13 Paraffin inhibitor from vegetable oil

Pipeline transportation has become complex and major
difficulty due to high viscosity of crude oil, so efficient and
economic ways for dealing with this problem has to be
invented. [E.M. Newberry (1984), C.R.Price(1971)]. By using
soybean oil and canola oil as raw material a new kind of novel
paraffin inhibitor namely polyaminoamide (PAA) was made
through the process of aminolysis and polycondensation. The
structure of PAA was modified by introducing hetero atoms
(N) into the main chain to enhance the polar and reduce
thermo stability of the main chain for the active C-N bonds
compared with C-C bonds.
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Preparation of polyaminoamide (PAA).
.

Figure 3: Preparation of polyaminoamide (PPA) [Gang et
al.(2011)]

Here the PAAs as paraffin inhibitors and the paraffin crystal
morphology was tested and analysized to investigate the
interaction between PAA and paraffin crystal. After studying
the properties of the PAAs as paraffin inhibitor, it was
concluded that several PAA samples are suitable for paraffin
inhibition, and among which polyethylene polyamine is the
most effective one. [Gang et al. (2011)]

2.14  Anhydride and esters of n-alkyl alcohols based
Polymeric Additives

The efficiency of flow improvers and pour point depressants
can be based various factors such as the number of pendant
alkyl side chains and the length and distance between them,
the solubility of the additives in crude oil (average molecular
weight dependent), for copolymer additives monomer to
monomer ratio consideration, amorphous and crystalline parts,
physical and chemical stability. [Misra et al.(1995), Bothakur
et al.(1995)]. Son et al.(1993) describes that most of these
requirements are satisfied by Maleic anhydride co-polymers .
Synthesis of copolymers of maleic anhydride and esters of
nalkyl alcohols with oleic acid and methacrylic acid was
carried out and it was used for improving flow of Gandhar
crude oil. Characterization of these compounds was done
using IR spectroscopy and GPC. From this study it was found
that polymeric diesters of oleic acid series was effective in
depressing the pour point of the crude oil up to 9°C with 500
ppm doses. More studies were done using polymeric diesters
of different doses such as 100, 500, and 1000 ppm at different
temperatures to evaluate pour point depressant, study viscosity
and share stress and synthesized polymeric additives. In the
end it was concluded that better understanding of the resins
and asphaltenes along with their role on flow properties of
crude oil can help design better PPDs and flow improvers for
crude oil transportation. [Hemant et al.(2006)]

2.15 Poly-Hydrazide

Crude oil contains n-paraffin wax which is separated from the
oil when the temperature drops. The wax crystallizes into an
interlocking network of fine sheets. This entraps the petroleum
in cage-like structures. The temperature below which the
liquid loses its flow characteristics is known as the pour point.
Flow properties of crude oil play the most important part in
the production, transportation and storage of petroleum.
[Camahan et al.(1989), Rafael et al.(2011)]
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In this study Free-radical polymerization was performed to
produce a series of poly-hydrazide (PH) from vegetable oil,
hydrazine hydrate and dichloroethane.

Generally, a cold flow improver contains an oil-soluble long-
chain alkyl group and a polar structure moiety in the
molecular structure. These long-chain alkyl group insert into
the wax crystal while the polar moiety onto the surface of the
wax crystal, thereby inhibiting the crystal lattice formation
and decreasing the waxes crystal size. After testing the
effectiveness of these PHs on four crude oil it was found that
the pour point depression are low effective under lower
concentration (50-200ppm), and as the concentration increases
up to 500 ppm the PPDs can successfully reduce the pour
point by 10.6°C, further increase of the concentration will not
depress the pour point, so the proper concentration is found to
be 500 ppm. [Qiang et al. (2016)]

~ieo0 —» Cl Cl wj N

R,COO + HoN—NH, LR NH

R;COO0 o=| |=o .
R R'

Poly-hydrazide(PH)

Synthesis of poly-hydrazide

Figure 4: Synthesis of poly-hydrazide [Qiang et al. (2016)]
2.16Triethanolamine (TEA)

Heavy oil is estimated to be at least half of the recoverable oil
resources of the world according to Inter Energy Agency
(IEA) [Atta et al. (2013)]. Crystallization and deposition of
paraffin wax crystals in flow line is one of the main problems
during production, transportation and storage which is even
more severe in winter [Soni et al. (2005)] The effectiveness of
cross sectional area of pipeline decreases when viscosity of
crude oil increases due to wax crystal formation. [Anons
(2013)] Adding requisite amount of flow improver which is
also known as drag reducing agents (DRAS) can improve the
pour point and rheological properties of the crude. Pour point
depressants are long-chain, ultra-high-molecular-weight that
reduces the level of turbulence in fluid streams. [Johnston at
el. (2009)]

Caleb et al. (2015) synthesized triethanolamine (TEA) and
used it as pour point depressant on Niger-Delta crude oil by
changing the feed ratios. Triethanolamine (TEA) has the
combined properties of amines and alcohols, and is a part of a
class of organic compounds called ethanolamines. It is
produced from the reaction of ethylene oxide with aqueous
ammonia. It is a weak base, colourless and has a mild
ammoniacal odour. The triethanolamine neutralizes fatty
acids, adjusts and buffers the PH and solubilises oil and other
ingredients that are not completely soluble in water. Thus this
PPD modifies the crystal structure of the paraffin present in
the crude oil and helps to reduce the wax, thus improving
transportation processes.

2.17 Ethylene Acrylic Alkyl Ester Copolymer Wax
Dispersants
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In this study ethylene acrylic acid copolymer (PEAA) was
esterified with 1-docosanol (DcA) in the presence of p-toluene
sulfonic acid (PTSA) as a catalyst and xylene as a solvent,
which increases the size of the alkyl group. Here
characterization was done with FTIR and H NMR methods.
During the experiment different doses of the polymeric
additive ranging from 1000 to 5000 ppm were used in crude
oil. The best result was shown at concentration of 5000 ppm
as the pour point depressant and reduce viscosity of samples
of Egyptian wax crude oil. [A. M. Atta et al. (2011)]

2.18 Heter Atoms compounds

In this study direct reaction of acid with alcohol was done to
form esters or acid with amine to form amides which are also
termed as Heter Atoms compounds. Ester and amide were
produced by esterifing ethylene acrylic acid copolymer
(PEAA), was with Hexadecyl alcohol (HAD) and amidation
with Hexadecyl amine (HDM). Characterization was done
with FTIR and H NMR methods. After diluting the polymeric
additives with xylene by 10%, 20% different doses ranging
from 500 to 3000 ppm were added to the Norpetco Petroleu
Co (NPC) crude oils. Depending on the composition and
location of crude oil Pour point temperature reduction from
27°C to 3°C was seen which was a good measure of pour point
reduction. [Enas et al.(2014)]

2.19 Multifunction Co-Polymer

The cooling for oils containing paraffin materials results in the
formation of a rigid interlocked crystal lattices trapped in to
the liquid hydrocarbon materials and prevents flow of oil
[Ghosh P and Das T (2014)]. Here, Methacrylic acid (MA)
was esterified with C16 fatty alcohol to synthesis Alkyl
methacrylate monomers. o— olefin C16 (1-Hexadecene) was
used to polarize Alkyl methacrylate monomers to form
copolymer which was then reacted with vinyl acetate
monomer to finally give graft copolymer. Characterization
was done with FT-IR, H NMR spectroscopy, and gel
permeation chromatography (GPC). Graft copolymer with
different doses were used which showed very good reduction
in the pour point temperature, good rheological behaviors and
better friction and wear properties. Particularly oil sample
with 5000 ppm showed -18°C reduction in pour point which is
very efficient product synthesized in this work.[ Al-Shafey at
el.(2018)]

2.20 Polymeric pour point depressants

Copolymerization of acrylates of different alkyls with maleic
anhydrade was done to synthesis Anhydride copolymers and
Poly (n-alkyl acrylates-co-N-hexa decylmaleimide) was
prepared by the reaction of copolymer with hexadecylamine.
Total Five flow improvers were synthesized and characterized
by FTIR, GPC after their purification. Dual function which
include, wax dispersants and flow improvement was seen in
all the polymers. In the end it was observed that, with the
increase of alkyl chain length and with increase of
concentration in solution the efficiency of flow improver
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increased for the Nada crude oil (Gujarat, India)[ Srushti at
el.(2007)]

2.21 Emulsified Acrylate Polymer

Crude oil travels from sea level to surface through pipelines
along with gradual decrease in temperature to a point where it
reaches the wax appearance temperature (WAT) or the pour
point temperature. At this stage asphaltene starts to flocculate
and wax starts to crystallize, which lead to wax and asphaltene
solids deposition on the inner walls of the pipelines [B. Wei
(2015)]. Different methods are available for wax and
asphaltene removal. The most common ones are mechanical
and chemical removal [A. K. Norland (2012)]. For chemical
removal, various kinds of chemicals to remove wax and
asphaltene deposits can be used. Here, traditional pour point
depressant (PPD) of acrylate polymer was improvised in an
emulsion system.The raw materials, PD 90, emulsifier
(MWV) and Solvesso 150 were supplied by ACME
Chemicals (Malaysia) Sdn. Bhd. Xylene, diethanolamine and
ethylene glycol were collected from Merck Sdn. Bhd. PD90
consist of 40 to 60 wt. % of acrylate polymer in xylene.The
improved emulsified PPD could flow at as low as -20°C .
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M/\/\ Crystallization of paraffin wax
Paraffin wax crystal
+
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Crystallization intefere by emulsified PD90

Emulsified PD90

Treated paraffin wax by emulsified PD90

Figure 5: Treated paraffin wax by emulsified PD90
Emulsified product has better pour point performance
compared to traditional PPD. Also the viscosity of
emulsified PPD at room temperature was much lower than
traditional PPD which would also benefit in terms of
handling and storage.[ A. Admiral at el.(2016)]

2.22 Copolymer Solubilized in Organic Solvent with an
Aromatic Hydrocarbon

A wax inhibitor and an asphaltene dispersant is used in this
study to prevent the formation of wax and asphaltene deposits.
Combination of three substances; a wax inhibitor dissolved in
a wax inhibitor solvent and an asphaltene solvent, namely,
ethylene-vinyl acetate (EVA) copolymer dissolved in
methylcyclohexane (MCH) and toluene (TOL) to inhibit the
precipitation and deposition of wax and asphaltene were being
used.The Malaysian crude oil was taken from Sabah platform
to be used for this experiment. And the reagents used in this
experiment were supplied by Merck Sdn. Bhd, Selangor,
Malaysia. The Malaysian crude oil has minimal amount of
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wax but high content of asphaltene. EVA copolymer is used as
the wax crystal modifier or wax inhibitor which adheres to the
active surfaceof wax molecules, thus, controlling the size of
wax crystals from increasing in size or depositing by the
pipeline walls. After optimizing the percentage composition of
each component for maximizing the viscosity reduction of
crude oil it was found that the combination of 50% EVA +
25% MCH + 25% TOL gave a maximum viscosity reduction
of 67% while the RSM model proved that the combination of
57% EVA + 20.5% MCH + 22.5% TOL gave a maximum
viscosity reduction of up to 61%.[S. M. Anisuzzaman at el.
(2017)]

2.23 Oleic acid based polymeric flow improvers

With the help of free radical solution polymerization three
new comb-shaped copolymers of maleic anhydride and n-
alkyl oleate were synthesized. These copolymers were reacted
with hexadecyl amine to get poly (hexyl oleate-co-hexadecyl
maleimide-co-n-alkyl oleate). Characterization was done by
Fourier Transform Infrared Spectroscopy (FTIR) and Gel
Permeation Chromatography (GPC). Using Fann Viscometer
these FlIs were further evaluated for their pour point
depression property and rheology modifier with and without
additive. In the end it was concluded that the synthesized FI
acts as effective pour point depressant at higher
concentrations. [Mayur et al.(2016)]

2.24 Comb-type poly (maleic acid alkylamide-co-a-olefin)

o-olefin and maleic anhydride were copolymerized to
synthesized a series of comb-type poly(maleic acid
alkylamide-co-a-olefin) (MAC) with different side-chain
lengths . This was followed by amidation with alkylamine.

The raw materials of decane (anhydrous, 99%),
hexatriacontane (C36, >98%,), maleic anhydride (99%), o-
octadecene (95%), a-dodecene (95%), benzoyl peroxide
(99%), o-xylene (98%), octadecylamine (97%), and
dodecylamine (98%) were bought from Acros company.
Model waxy oil samples were prepared by dissolving C36 n-
alkanes in decane. At room temperature the asphaltene content
was measured by weighting the precipitate formed upon
addition of light petroleum ether. Paraffin content was
estimated as the precipitate weight upon addition of acetone
and cooling to 0-C. Different methods such as rheology,
differential scanning calorimetry (DSC), and optical
miceroscopy was carried out to understand the effects on the
rheological propertiy (yield stress) and crystallization
behaviours of both model waxy oils and crude oils. The
efficiency of MAC was increased with longer side alkyl chan
length (MAC 18-18 > MAC 12-18 > MAC 2-12) [Jun et al.
(2009)].

2.25 Spirocompound as Clean Viscosity-Reducer

One of the most technical operation of the oil industry is its
transportation and it need to have an efficient and economical
solution to deal with the high viscosity crude [E.M. Newberry
et al (1984), C.R. Price (1971), D. Chanda (1996)]. In this
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study a spirocompound, 3,9-diphenyl-2,4,8,10-tetraoxa-
spiro[5.5]undecane, was synthesized catalyzed by zeolite and
modified zeolite.
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Figure 6: Synthesis of 3,9-diphenyl-2,4,8,10-tetraoxa-
spiro[5.5]undecane. [Shijun et al. (2-16)]

The Raw materials or chemicals were prepared in our
laboratories and others were purchased from Merck, Fluka,
and Aldrich Chemical Companies. Characterization of the
product was done by comparison of their physical data with
those of known samples or by their spectral data with the help
of NMR, MS, and TG. After using it as viscosity reducer for
crude oil with different doses the results showed a significant
viscosity reduction at different temperature. The most
economical dosage was 500 ppm which can prevent the
agglomeration of wax crystals. [Shijun et al.(2016)]

2.26 Alkyl Fumarate-Vinvl Acetate Copolymers in
Combination with Alkyl Acrylates

In this study copolymers of n-alkyl fumarate alongside vinyl
acetate holding an average chain length of 19.2 as the average
carbon number of the alkyl group in combination with
polybehenyl acrylate was used to boost the flow properties of
Borholla crude oil. The Borholla crude oil is transported in a
12-inch diameter branch pipeline over a distance of42 km to
the main oil pipeline. The production of crude oil is only
about 500 Kl per day, while rest of the time the pipeline is shut
down for about 10-12 h per day. So, in order to improve the
storage stability of the additive-treated crude another additive,
i.e. the polybehenyl acrylate, is also presented. Here
Polybehenyl acrylate impart steadiness to the additive-treated
Borholla crude oil. The copolymers of alkyl fumarates along
side vinyl acetate in amalgamation with polybehenyl acrylate
prevents the crude oil from attaining the gel structure on
prolonged storage, also boost the restarting ability of the
Borholla crude oil. [ Arun et al.(1995)]

2.27 Low molecular weight polybehenyl acrylate

Pour point depressant (PPD) can diminish the formation of the
wax crystal and forms smaller crystals of a higher volume to
surface ratio which changes the crystal shape and the ability of
wax crystals to intergrow and interlock largely. Lowering of
these two effects together lowers the pour point, viscosity and
yield stress considerably which helps the transportation of
waxy crude oil [Girma et al. (2018)]

In this experiment, polybehenyl acrylate (PBA) was
synthesised, and its efficiency as PPD for Dikom and
Kathaluni (KH) crude oils were evaluated. The crude oils were

342

selected on the basis of their similar wax content (>10%) and
asphaltene content (>2.5%). These oil fields are situated in
upper Assam, India. Both the crude oils exhibit many similar
physical characteristics. Suprior efficiency can be seen for low
molecular weight polybehenyl acrylate as PPD for Dikom
(DK) and Kathaluni (KH) crude oils. Inclusion of asphaltene
soluble solvents such as benzene, xylene, pyridine,
nitrobenzene in  small quantities (I-5%) alone or
inamalgamation with flow improvers could reduce the pour
point, viscosity and yield stress significantly. [D. Chandaa et
al.(1998)]

2.28 Novel Pour Point Depressants

In this study, terpolymers namely Docosanyl acrylate-co-
(octadecyl or hexadecyl acrylate)-co-maleic anhydride
containing MA (maleic anhydride) as the polar component,
DCA (Docosanyl acrylate) as a main long-chain wax like
alkyl acrylate and ODA (octadecyl acrylate) or HAD
(hexadecyl acrylate) as shorter chain alkyl acrylates were
synthesised. The raw materials of Acrylic acid (AA),
docosanol (DC), octadecanol(OD), hexadecanol (HD),
benzoyl peroxide, hydroquinone,and methyl ethyl ketone
(mek) were obtained from Aldrich Chem. Co., Germany.
While Xylene was obtained from Adweic Chem. Co., Egypt.
Two western deserts waxy crude oils namely Osores and
Khalda were used to evaluate the PPDs. Here different
compositions of alkyl acrylates (90 : 10, 70 : 30, 50 : 50, 30 :
70, and 10 : 90) (DCA-ODA)/(MA) or (DCA-HDA)/(MA)
were used. The terpolymers was observed to have non-
Newtonian  pseudoplastic  relationships  at  different
concentrations of synthesized terpolymeres with monomer
feed ratios of (DCA-ODA (1 : 1))/(MA) or (DCA-HDA (1 :
1))/(MA) Y 90/10 mole % with effective concentration of
PPD at 250 ppm for Khalda crude oil and 5000 ppm for
Osores crude oil. Even at low temperatures the compound
showed a good ability to disperse wax crystals and improve
the flow behaviors as it was tested for the two western desert
crude oil with different wax content. [Rasha et al.(2010)]

2.29 Methacrylate Based Polymeric Additives

Non-polar n-paraffins and polar components such as
asphalenes and resins are the main components of Crude oil
which is a complex mixture of hydrocarbons. [Huang et al.
(2011)]. The decrease in temperature causes paraffin
precipitates from the crude oil which forms wax crystal
networks. [Guo et al.(2006)]. This causes many problems
during transportation and storage which is due to the
crystallization and deposition of wax crystals in flow line. [
Frohlich et al.( 2005), Atta et al.(2011), Xu et al.( 2011), Al-
Shafey et al.(2011)] To find a solution for this problem
Homopolymer of decyl methacrylate and its copolymer with
styrene and vinyl acetate were used as flow improver for crude
oil in the presence of benzoyl peroxide (BPO) as initiator. The
crude oil used for the experiments were collected from Oil
India Ltd, Duliajan, Assam. Characterizations of all the
polymers were done using FT-IR, NMR and Gel Permeation
Chromatography (GPC). The end results of the prepared
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additives showed very good results as pour point depressant
(PPD) in crude oil. [Sultana et al. (2018)]

2.30 Polymeric structures as cold flow improvers

In this study, esterification of Acrylic and methacrylic acids
was carried out with dodecyl, hexadecyl and NAFOL 20+ (Cav
= 21) alcohols to produce monomers at different molar ratios
which was later copolymerized with Cis a-olefin. The
saturated linear long-chain alcohol blend, NAFOL 20+ was
supplied by CONDEA Chemical Co. while other chemicals
used were of technical grade. High pour point Egyptian waxy
residual fuel oil used for the experiments (IWQ) was supplied
by Alexandria Petroleum Company. After purification and
characterization, the sample was tested as cold flow improvers
for a high-pour waxy residual fuel oil (RFO). It was found that
only the polymeric structures with long side chains of NAFOL
20+ have the potential to decrease the pour point and improve
the rheological properties of the fuel oil. It was also seen that
the storage stability of the treated RFO is good up to 3 days
but then diminishes steadily. [I. M. EI-Gamal et al.(1997)]

2.31 Phthalic anhydride—polyethylene glycol ester (PAP)

In this study, phthalic anhydride and polyethylene glycol
(PEG) was used as the reactant and an ester named
Phthalicanhydride—polyethylene glycol ester (PAP) was
prepared which was then reacted with hexadecanol and
synthesized to form PAPE.The raw materials, Phthalic
anhydride, p-toluenesulfonic acid, and polyethylene glycol (M
= 200, 400, 600, 1000) for the experiment were supplied by
Beijing Chemical Reagent Corporation, China; toluene and
hexadecanol were provided by Tianjin Guangfu Fine
Chemical Research Institute, China. The substances used were
analytical grade reagents and employed without further
purification. The T1804 was derived from Beijing Xingyou
Chemical Corporation, China. Three diesel oil samples (A, B,
C) were obtained from Haike Petrochemical Corporation,
Zhongyuan  Petrochemical Corporation, and Yanhua
Petrochemical Corporation, respectively. Characterization was
carried out with H NMR spectroscopy. After studying the
characteristics of PEG, it was used as dispersant for diesel
effect of PAP and PAPE, the cold filter plugging point (CFPP)
can be seen to reduce by —15°C and —14 °C, respectively, also
it has a good synergistic effect when combined with PPD,
which contained vinyl acetate monomer. [Wanhang et al.
(2014)]

2.32 PE-b-PEP diblock copolymers

This study demonstrates that diblock polymers consisting of a
crystallizable polyethylene (PE) block and an amorphous
poly~ethylenepropylene (PEP) block self-assemble in oil to
form expansive plate-like aggregates, consisting of a PE core
within a PEP brush layer, which can effectively reduce the
yield stress of paraffin wax gels, which shows that it can be
successfully used as flow improver agents for waxy crude oils
and fuels. [Henry et al. (2002)]
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2.33 Modulating Long-Chain Paraffin Crystallization with
Comb Polymers, (by X-ray Diffraction)

In this study the crystallization of long-chain n-paraffins (from
solutions of decane) was studied by X-ray diffraction in order
to understand the flow improvement of waxy crude oils of
comb-type polymer additives. Here, poly(ethylenebutene)
(PEB) and poly(maleic anhydride amide-co-R-olefin) (MAC)
polymers on the crystallization of C28, C32, and C36 n-
paraffins and their mixtures were examined to see their
effects.When no PPD is added the paraffin platelet crystals
give well-resolved low-angle spectra. And on addition of PEB
or MAC, the low-angle scatterings from the layered structures
were reduced and even disappeared. This shows that the
polymers anchor into crystals by cocrystallization with the
paraffins by their polyethylene blocks (for PEB) or alkyl
grafts (for MAC)and the non crystallizable parts of the
polymer chain form a polymer layer to provide a steric barrier
against platelet stacking. Thus the assembly of PEB and MAC
with paraffins during crystallization resulted in improving the
flow of waxy oils on cooling. [Li Li et al. (2010)]

2.34 Polymeric Additives Acetate
Copolymers

Based on Vinyl

Here, maleic anhydride ester-co-vinyl acetate copolymers with
varied monomers feed ratios and different alkyl ester lengths,
namely, dodecyl, stearyl, and behenyl alkyl chains were
synthesized and characterized by FTIR, HNMR and GPC. The
molecular weight and composition of the flow characteristics
of wax crude oil were studied at low temperature.
Hydrophobically modified stearyl maleate-vinyl acetate
(VASM) copolymers was produced which was an efficient
PPD for the Egyptian waxy crude oil. Here, 100-10000 ppm
was the effective concentration for the PPD to inhibit the wax
deposition, to decrease the pour point temperature, and to
improve the rheological characteristics of crude oils. This
study showed that stearyl maleate-vinyl acetate copolymer
with 1 : 2 feed ratio had the best efficiency as pour point
depressant even at low concentration while octadecyl maleate-
vinyl acetate copolymers with 2 : 1 feed ratio was effective as
flow improver.[AymanM et al. (2015)]

2.35 Polymethyl Methacrylate- Graphene Oxide Nano-
Hybrid Polymers

The nano-hybrid polymers of polymethyl methacrylate-
graphene oxide (PMMA-GO) were successfully prepared,
well characterized by FT-IR and Raman spectroscopy, XRD,
RHTEM, SEM and GPC chromatography was then applied for
improving the pour point and flowability of wax crude oil.
The working function of the nano-hybrid polymers is to
absorb the PMMA and co-recrystaized with paraffin chains
which alters the size and crystal shape of wax crystal, along
with the GO nano sheets with oxygen. This act as
heterogeneous nucleation sites and charged wax crystals
causing electrostatic repulsion between wax crystals to hinder
the formation of wax network, ultimately increasing the wax
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solubility and improving flow capacity of wax crude
oil.[Ahmad et al. (2016)]

2.36 Hydrophobically Modified Polyampholyte

Here, hydrophobically modified polyampholyte poly(N,N-
diallyl-N-octadecylamine-alt-(maleic acid)) was used as PPD
which was very effective for crude oil of the Akshabulak oil
field. Here,100-500 ppm dosage of the PPD had shown
effective results in reducing the amount of paraffin crystals to
decrease the pour point temperature, and improve the
rheological characteristics of crude oil. The presence of long
hydrophobic chains and strongly interacting zwitterionic
moieties in the polymer is the reason for effective
hydrophobically modified polyampholyte. [Francois et al.
(2005)]

2.37 Four sets of copolymeric additives

Here, copolymerization of dialkyl fumarates and dialkyl
maleates with vinyl acetate (VAc) and vinylpyrolidone (\VP)
monomers was carried out to synthesize four sets copolymeric
additives. Two groups of diesters (Dialkyl esters) were
synthesized by esterification of maleic and fumaric acids with
a series of n-alkanol having an increasing number of carbon
atoms. Here characterization was done using spectroscopic
analysis. Different parameters of molecular weight of the
produced copolymers were determined and studied along with
the efficiency as flow improver and its viscosity index. The
dialkyl fumarate copolymers had higher molecular weight
then the corresponding dialkyl maleate copolymers. The
efficiency of both the groups of copolymers increases with
increasing the chain length of the alkyl group. After studies, it
was concluded that the dialkyl ester/\VVP copolymers are more
efficient as viscosity index improver while copolymers based
on didodecyl fumarate/\VVAc are more effective as pour point
depressants [Abdel et al. (2001)].

2.38 Synthesized polymeric pour point depressant (PPD)
from olive oil

Novel pour point depressant synthesized from vegetable olive
oil (Olea Europaea) was used as pour point depressant to
improve the reological properties. Here, crude oil samples
having wax content 16.5% was taken from the western oil
fields, ONGC, India. During experimentation, the original
ambient temperature of 43°C was reduced by 8°C after
addition of 1000ppm PPD. The viscosity was reduced by
89.20% after mixing 1000ppm PPD at 45°C. These changes
helped in reducting heat treatment cost of crude oil during
transportation through pipelines in cold weather conditions
[Anas et al. (2019)]

2.39 Comb-type co-polymers of polymaleic anhydride-co-
a -olefin-co-styrene (MASC)
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With the help of free radical co-polymerization, compounds of
Comb-type co-polymers of MASCs with different ratios of
styrene/a-octadecene were successfully synthesized to
examine the effect of aromatics of the crystallization behavior
of waxy gels with low content of asphaltenes. Characterization
was done with the help of nuclear magnetic resonance to
obtain the chemical structure of the co-polymers. To conform
the as-synthesized MASC copolymers tests such as solubility
and melting point test were performed. When MASC is added
with a higher ratio of styrene/ a-octadecene it increases the
yield stresses of model oils while it decreases the yield stress
of model oils with asphaltenes. The change of morphology of
wax crystals from model oils with and without asphaltenes
observed by optical microscopy is consistent with the
rheological results.

For only wax sample, better results are shown by the
MASC with less aromatic units in crystal size reduction.
While for asphaltenes sample, the MASC with more aromatic
units results in a less amount of crystals even though they
were similar in size. [Jun et al. (2010)]

240 Maleic anhydride and
polyethylene butene polymers

copolymers (MAC)

After the testing of model waxy oil with asphaltenes to
understand the significance of polymers where the crystalline
and /or polar content were present it was found the efficiency
of the polymers such as reduction of precipitation temperature,
gelation temperature, or yield stress lies with the crystalline
nature of the polymer. A set of maleic anhydride copolymers
with alkyl appendages of different lengths were examined to
know the effect of crystalline content. Different aromatic
and/or polar functionalities were used into the maleic
anhydrade copolymers (MAC) and polyethylene butane
polymers to probe potential interactions with the asphaltenes.
The results were measured by testing their effect upon
precipitation temperature, gelation temperature, and vyield
stress. Here, the presence of polar functionalities designed to
target interactions with the asphaltenes was not beneficial.
MAC polymer showed the best results for wax tested (C20-
C48). While C22 alkyl tails (2000-fold reduction) showed the
greatest reduction in yield stress. C18 alkyl tail showed much
smaller reduction (20 to 35-fold). Whereas, C12 alkyl tail
were not effective. [Jack et al. (2009)]

2.41 Vinyl acetate-behenyl fumarate copolymer

By using solution polymerization method on varity of
solvents, a number of alkyl fumarate — vinyl acetate
copolymers having a wide range of molecular weights was
prepared. The efficacy of these copolymers as flow improvers
(FI)/pour point depressants (PPD) was tested and found that
Vinyl acetate —behenyl fumarate copolymer can be used as
flow improver for high waxy crudes containing (<0.5 wt%)
asphaltenes. Molecular weight is an important factor for the
efficieny of copolymer and the inclusion of surface active
agents is critical for the improvement of the reological
behavior of gelled crude oil. The best performance as flow
improver for gelled BH crude oil was shown by 300ppm of
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higher molecular weight copolymer PPDI containing 50 ppm
of surface-active agent, the esterified product of styrene —
maleic anhydride copolymer with cetyl amine [A. Borthakur
et al. (1996)]

2.42 Madhuca longifolia

Naturally extracted surfactant from Madhuca longifolia which
is available abundantly in northern India was used in as flow
improver for heavy crude oil. Pressure drops reduced greatly
with increasing percentage of water dispersed in oil at higher
temperature (40°C). It was seen that heating the crude oil from
25°C to 40°C reduced the pressure drop from 10.6 psi to 4.3
psi at a flow rate of 60 L/min whereas addition of 2000 ppm
surfactant at 25° C reduced the pressure drop to 2.6 psi at same
flow rate. At same temperature, when 2000 ppm surfactant
was added to the crude oil, the head loss decreased from 6.77
L/min to 4.88 L/min. Also the viscosity reduction at 25° C
after addition of 2000 ppm surfactant was even greater than
heating the crude to 40° C. Significant effect on drag reduction
as been observed with the use on Madhuca longifolia. The
drag force and pressure drop can be reduced enormously for
long distance pipeline transportation of crude along with
reduce energy loss and head loss. Also, as the extracted
surfactant is organic and used in small dosage it does not
hamper the downstream refining processes [ Ravindra et al.
(2017)]

2.43 Esters of styrene-maleic anhydride copolymers

Here, styrene was reacted with maleic anhydride. The product
obtained was esterified with fatty alcohols to synthesis esters
of styrene —maleic anhydride copolymers. It was then purified
and used as pour point depressants for residual fuel oils. The
reasons for choosing styrene-maleic anhydride copolymers as
the PPD was the simplicity of its preparation and the
possibility of obtaining the raw materials locally, and also the
expected good response with local residual fuel oils. On
comparing the PPD with the available commercial additives
the prepared esters of styrene-maleic anhydride copolymers
which had molecular weights in the range of 46000 to 118000
showed satisfactory results as pour point depressants with
storage stability upto 4 weeks for residual fuel oils [Hamdi et
al. (1985)]

2.44 Polymer of Maleic anhydride with Pentaerythritol
stearic diacetate (PSM)

In this study, polymer of maleic anhydride was synthesis with
Pentaerythritol stearic diacetate (PSM) and used as pour point
depressant for diesel with different sources. These sources
include crude oils collected from Daging, Liaohe, Shengli and
Fuyu regions. The procedure consisted of esterification,
polymerization and test of polymer of maleic anhydride with
pentaerythritol stearic diacetate for pour point depression. The
effects of the PSM were compared with several PPDs made in
China and USA. The study showed satisfactory and better

results while comparing it to PPDs made in China and USA
[Liao et al. (2007)]

The TI805, TI805 are from China, while the ECA8401 and
5920 are made in USA. From the experimental results, the
added amount is 0.100%, polymer of maleic anhydride with
pentaerythritol stearic diacetate has the similar effects as the
PPDs tested.

2.45 Three phthalimide and three succinimide copolymers

In this study, three phthalimide and three succinimide
copolymers of vinyl acetate, styrene and methyl methacrylate
were synthesized, characterized and used as flow improvers
for waxy cude oil. The compounds were named as: (VA)Ph;
(St)Ph;(MMA)Ph; (VA)S; (St)S and (MMA)S. The raw
materials; urea, acrylic acid, vinyl acetate, methanol, toluene,
p-toluene sulfonic acid, ethanol and hydroquinone were
collected from Sigma Aldrich chemicals company; phthalic
anhydride

and succinimide from Loba chemicals company; methyl
methacrylate and styrene from Acros chemicals company;
formaldehyde solution (37%) from EI-Nasr pharmaceutical
chemicals company; xylene and N,N dimethyl formamide
from Morgan chemicals company. And the initiator benzoyl
peroxide was recrystallized from methanol. Characterization
of the compounds was done using FTIR and HNMR. After
analysis it was found that when using (St)Ph copolymer at 15
C and 500 ppm the Bingham yield value (1) decreased from
0.286 to 0.021 Pa, along with the decrease of dynamic
viscosity from 358 mPa s to 66 mPa s which has a dramatic
economical effect in the process of waxy crude oil
transportation. Thus, the results shows that all additives satisfy
most of the requirements to act as pour point depressants and
flow Improvers. [A.M. Al-Sabagh et al. (2013)]

Table 3: PPD results [Liao et al.(2007)]

Source PPD and its | SP/C CFPP/C
amount(%)
Without | With | Without | With
PPD PPD | PPD PPD
o# PSM at -5 <-13 | -3 -4
diesel, 0.100 -5 <12 | -3 -3
Oil -5 <-13 | -3 -3
Refinery | T1804 at -5 <-13 | -3 -4
No 2, 0.100 -5 <-12 | -3 -3
TI805 at
0.100
ECA8401
at 0.100
5920 at
0.100
-10# PSM at -12 -48 - -
diesel, 0.500 -12 -23 - -
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Oil -12 -40 - -
Refinery | T1804 at -12 -29 - -
No 2, 0.500 -12 -30 - -

T1805 at

0.500

ECA8401

at 0.500

5920 at

0.500
-350# PSM at <-45 <-50 | -29 -33
diesel, 0.100 <-45 <-50 | -29 -27
Oil <-45 <-50 | -29 -32
Refinery | T1804 at <-45 <-50 | -29 -31
No 2, 0.100

TI805 at

0.100

5920 at

0.500

2.46 Poly(n-Alkyl Itaconate-Co-Vinyl Acetate)

In this study, series of (n-alkyl itaconate-co-vinyl acetate)
comb-like structure copolymer additives with different alkyl
groups from C16 to C22 and different monomers molar ratios
were synthesized. The raw materials: itaconic acid, hexadecyl
alcohol, octadecyl alcohol, two linear saturated long chain
alcohol blends NAFOL 20pA and NAFOL 1822 B were
purchased from Condeu Chemical Company. While vinyl
acetate was purchased from Aldrich and distilled under
reduced pressure before use. Toulene, p-toluene sulphonic
acid, dibenzoyl peroxide, and other common chemicals used
were of laboratory grade reagents. Lube oil sample was
brought from Suez Oil Processing Company (SOPC), Egypt.
Characterization was done using FTIR, HNMR and GPR, and
used as pour point depressant. It was seen that the efficiency
of the copolymers as PPDs increased with the increase in
concentration of the additive. The efficiency was also
increased by decreasing the size of the pendant alkyl group
while increasing the mole fraction of vinyl acetate in the
copolymer. [A.M. Al-Sabagh et al. (2012)]

2.47 Poly(styrene-co-octadecyl maleimide)

The combined reaction of poly(styrene-co-maleic anhydride)
with octadecyl amine lead to the synthesis of poly(styrene-co-
octadecyl maleimide) with different degrees of imidization
which was used as flow improver for waxy oil. The
Poly(styrene-co-maleic anhydride) samples of SMA1000P,
SMA2000P, and SMAEF40 were collected from Sartomor
Company. While other chemicals i.e, n-Octadecyl amine
(ODA), n-decane, and n-tetracosane were purchased from
Acro;  Chloroform  (CHCI3), anhydrous  methanol,
tetrahydrofuran (THF), and ethyl benzene (EB) were provided
by Sinopharm Chemical Reagent, and all materials were used
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without further purification. After experimentation it was seen
that using these flow improvers the crystallization temperature
and yield stress could be reduced by 3.6°C and 70 times,
respectively. Here the degree of imidization affects the
performance of the Flow improvers. The flow improver
becomes more compatible with nonpolar paraffins when more
maleimade groups are created from maleamic acid groups by
increasing the degree of imidization [Kun et al. (2012)].

2.48 Biosurfactant from Pseudomonas putida and
Halomonas xianhensis (Bacteria)

Biosurfactant are a type of PPD which can be used in
petroleum [Okolieghe and Agrarry (2012)]. Mulligan et al
(2001) describes the biosurfactants as the surface-active
biomolecules produced by microorganisms with a wide range
of applications. Here, the cellular growth of biosurfactant
production is affected by growth conditions such as pH,
temperature, agitation, and oxygen availability [Lang and
Philp (1998)]

In this study, biosurfactant were produced using two bacteria
namely, Pseudomonas putida (B1) and Halomonas xianhensis
(B2) which were grown on Bushnell Haas mineral salt
medium. The determination of the qualitative indication of
biosurfactant production in the medium culture was done by
reduction in surface tension and an increase in the
emulsification power. The activity of the biosurfactants was
observed under the influence of salinity and pH, and found
that good resistance of NaCl concentration upto 20% is shown
by two bacterial strains. Pseudomonas putida could be seen
with surface activity of biosurfactant with maximum value of
pH 7 while Halomonas xianhensis was not affected by the
change of pH value (3-12). This was good for industrial scale
production. After testing the two biosurfactants B1 and B2 it
was seen that the order in which effectiveness of PPD
increased was B2> B1> combined Bl and B2. Thus these
studies give the qualitative indication of suitability of
additives for improving the flow properties of crude oil [H. S.
El-Sheshtawy and T.T Khidr (2016)]

249 Long chain acrylic esters polymers with polar
monomers

Depending on the field of production crude oil contains wide
range of components ranging from hydrocarbons, paraffin etc.
A major constituent being paraffin wax which is relatively
insoluble and precipitate when cooled down below certain
temperature. [Jorda (1966), Agrawal et al.(1991), Wang et
al.(1999)]. In this study, 22 polymer additives of defined and
controlled structural characteristics were used in improving
the flow properties of crude oil and studied. Synthesis of these
additives was performed by the solution polymerization of
alkyl acrylates of various alkyl chain lengths with styrene,
acrylic acid and 1-vinyl-2-pyrrolidone as copolymers or
terpolymers.  Polymerization was performed by tert-
butylperoxy-2-ethylhexanoate as initiator in xylene at 92 °C,
up to high conversion. Studies showed that the efficiency of
the additive depends on its composition, polarity, as well as on
crude oil properties, its n-paraffin content and distribution.
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The additives in this process could be used directly without
purification which is one of the main advantages for this
method. [Ana et al.(2008)]

2.50 Natural seed oil to act as flow improver

Natural seed oil obtained from agricultural sources such as
rubber seed (RSO), Jatropha seed (JSO) and castor seed
(CSO) were used as flow improver and pour point depressant
for Nigerian waxy crude oil.

The reagents(xylene, triethanolamine, hexane) used were
analytical grade products of BDH Chemical Ltd, Poole
England. Four crude oil samples obtained through the
Department of Petroleum Resources (DPR) from major oil
companies in the Niger Delta region of Nigeria were used in
the study. It was seen that Jatropha and castor seed oils could
depress the pour point upto 17°C and also reduce the viscosity
of the waxy crude oil appreciably within 0.1-0.3% (v/v)
dosing concentration. Also, JSO exhibit 73.5% paraffin
inhibition efficieny while CSO exibit as high as 77.7%
paraffin inhibition efficiency at low concentration of doping.
[Olusegun et al. (2016)]

2.51 BEM series of PPDs
BEM series of PPD are copolymer of an alkene, an

unsaturated ester and a polar monomer.
The structural formula can be written as:-

—fCHz—CHz-)ﬁCHTEPHn—(CHz—gH)p

o

Figure 6: BEM series of PPD [Fusheng et al. (2001)]

(R,05H

These PPDs were used in China for crude oil transportation in
Luning, Zhongluo, Pulin, Weijing, Donghuang and Donglin
etc through long distance pipelines, (at dosage of 50 mg/kg).
Using the PPDs it was observed that the pour points of the
above mentioned crude oils were reduced by 19 °C, 19.5 °C,
18 °C, 13.5 °C, 13 °C and 20 °C respectively while viscosities
of above-mentioned crude oils were reduced by 84.6%,
94.9%, 97.5%, 93.0%, 15.7% and 23.0% respectively. This
resulted in a tremendous economic benefit as more than 40
tousand tons fuel was saved per year, and more than 28
million yuans RMB was saved per year after deducting cost of
PPD,also safety and flexibility of pipelines operation were
enchanced [Fusheng et al. (2001)]

2.52 Terpolymer

In this paper, semi-continuous emulsion polymerization was
done to synthesize a series of effective terpolymer additives
which was used as PPDs to improve the flow of heavy
Mexican Crude 0il(MCO). It was observed that when a small
quantity of polar co-monomer (BuA or VA) is introduced in
the terpolymer backbone, it has an effect on the reduction of
apparent viscosity in this type of heavy crude oil. While, the
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addition of a great quantity of S as a component of the
terpolymer shows a conclusive effect on the flow
improvement of petroleum. It was witnessed that choosing an
adequate molecular weight of the polymer additive is
important. A spectroscopic and  size-exclusion
chromatography (SEC) method was carried out to characterize
the polymeric additives. When terpolymers added to the MCO
it was seen that the rheological properties requirements of
flow improvers are well satisfied. [Laura et al.(2011)]

2.53 Polyacrylate

In this study, Monte Carlo simulation was employed to study
the interaction of crude oil waxes with Polyacrylate PPDs of
different structures, using n-hexadecane as representative
component of wax crystal. The compatibility of PPDs with
crude oil waxes depends on the side chain carbon numbers of
acrylate monomers which should be close to the averaged
carbon number of crude oil waxes. Also the waxes repellent
fragments of PPDs should consist of building blocks with
strong polarity. Under these conditions the PPD would
effectively inhibit wax crystal precipitation and improve crude
oil low temperature fluidity [Z. Chen et al. (2014)]

2.54 Aqueous surfactant

Yousef Al-Roomi et al.(2004) synthesized an aqueous
surfactant solutions which could convert viscous heavy crude
oil into low viscosity oil in water emulsion. This new
surfactant has high potential as it could reduce the viscosity of
heavy crude oil emulsions even though it comprises a very
low concentration in emulsion when compared with the
commercial non-ionic surfactants. Also the newly designed
surfactant molecule have the advantages of low cost and lower
mixing energy when compared with those based on the
commercial surfactant. The surfactant showed a good
correlation coefficient which was higher than 93%.

2.55 Graphene-Based Novel Nanocomposite PPDs

Here, novel polymer nanocomposites poly(2-ethylhexyl
acrylate)—graphene oxide [P(2-EHA)-GO] were synthesised
using 0.5-2 wt % GO concentrations by in situ free-radical
polymerization. In order to conform the formation of
nanocomposites, characterization was done using different
analytical techniques. A notable 18 °C depression in the pour
point and upto 99% reduction in its apparent viscosity (down
to 0.01 Pa s) was observed by using an optimized amount of
GO (1 wt%) nanocomposite. The gelation point was also
reduced upto 17.8 ° C which resulted in improving the
flowability of crude oil [Rohit et al. (2019)]

Ill.  CONCLUSION

Various methods are developed to improve the flow ability of
crude oil in low temperatures. In the recent developments of
flow assurance techniques, PPD has become a new research
subject for the crude oil production. In this review we try to
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discuss some these PPDs which are developed by various
personals and used for flow assurance to prevent the formation
of waxy crystals and solve the problems of crude oil such as
plug formation, wax formation, asphaltene formation etc and
improve the flow. It is hoped that at some point in the future,
the application of pour point depressant can help eliminate or
reduce the impact of many of flow assurance issues.
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