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Abstract: High molecular weight paraffin/wax precipitates in the solution of crude oil when the
surrounding temperature falls below the wax appearance temperature, which causes the problem
of wax deposition in pipelines. To enhance the rheology of the crude oil and lessen wax deposition,
pour point depressants (PPDs) and flow enhancers were utilized. These substances change the
wax crystals” morphology, reducing crystal interlocking and preventing wax agglomeration from
facilitating wax dispersion. However, recent research prompted a further investigation to improve
the performance of conventional polymeric PPD and to address wax accumulation in a safe and
environmentally responsible way. This is because of their poor performance at high shearing,
expensive preparations, limited biodegradability, and toxicity. The primary objective of this study is
to provide a thorough summary of current studies on the use of seed oil extracts rich in unsaturated
fatty acids as an alternative for polymeric PPD. Important studies on the use of nanoparticles to
improve the performance of conventional PPD, as well as strategies put into place to overcome issues
with nanoparticle application, are also highlighted. Finally, an outlook of potential research ideas to
develop pour point depressants is provided.
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1. Introduction

Global demand for oil and gas has significantly increased, driving the industry to
produce from untested fields with particularly hostile environments brought on by irreg-
ularities in temperature and pressure, shear conditions, and the chemistry of aqueous
solutions. The production of waxy and heavy crude oil (unconventional oils) has increased
as a result of the gradual decline in conventional oil reserves. Projections indicate that
heavy and waxy crude oil will be a viable substitute for conventional oil and will make up
around 40% of worldwide oil production by the year 2040 [1-3]. However, it often needs an
extra demand to maintain its fluidity within an acceptable flow rate, contrary to the normal
production process. In contrast to conventional oils, which have higher than 22 °API and
lower than 100 cP viscosities, heavy oils exhibit viscosities between 103 and 106 cP and
a lower API gravity of 10 °API to 22 °API This can be attributed to the high presence of
high molecular weight components, including waxes, resins, and asphaltenes [4]. Such
properties make it exceedingly challenging for heavy crude to flow under normal condi-
tions. In addition, asphaltene is the most polar polycyclic aromatic hydrocarbon due to
the inclusion of heteroatoms and metals, which causes it to self-associate with forming a
viscoelastic network of nanoaggregates leading to an increase in viscosity [5,6].

Crude oil transportation through pipelines is found to be the most economical and
safest mode among other means of transportation. However, a temperature differential
between the crude oil and the inner pipe wall may result from a pipeline’s vulnerability
to low-temperature conditions caused by exposure to ambient temperature. This makes it
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possible for the wax to precipitate out of the solution and be deposited on the inner surfaces
of the pipe wall, which can result in pressure abnormalities, decreased flow capacity,
plugging of the production string and flow channel, decreased pumping efficiency, and, if
left unattended, production shutdown and pipeline or production facility abandonment [7-9].

Paraffin/wax is the principal cause of crude oil’s poor flow ability, especially at low
temperatures. Wax compounds tend to be aliphatic and nonpolar, have large molecular
weights, and have a limited ability to dissolve in crude oil. They can also aggregate in
solutions [10,11]. Long, saturated hydrocarbon chains with at least 15 or more carbon
atoms per molecule make up its structure. Macrocrystalline and microcrystalline wax, a
natural component of unconventional oils, are classed as paraffin. Low molecular weight,
straight-chain paraffin (n-alkanes) with carbon chains that range in length from C16 to C40,
and crystallization in the form of platelets or needles are characteristics of macrocrystalline
wax. Moreover, amorphous wax, also known as microcrystalline wax, comprises a large
proportion of isoparaffinic hydrocarbons and naphthenic rings with carbon chains between
C30 and C60 [12,13]. Both types of waxes can precipitate from crude oil and deposit
themselves on the inside walls of pipes, posing problems for the petroleum and gas
industries. The micrographs in Figure 1 depict the morphology of micro and macro
crystalline wax within mineral oil.

Micro-crystalline wax

S
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Solidification n-Paraffin,

Average molecular
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T temperature, K wt% Rttt 2 weight, amu
Micro-crystalline wax 341-347 64.5 855 659.95
Macro-crystalline wax ~ 317-319 90 10.0 477.42

Figure 1. Micro-crystalline and macro-crystalline wax. The figure is reproduced from [10].

High temperature and pressure at reservoir conditions hinder the heavy wax from
coming out of the solution. As crude oil is produced, equilibrium conditions are upset,
causing significant changes in the crude oil’s physical and chemical characteristics. The
solubility of high molecular weight wax reduces as the temperature falls below wax
appearance temperature (WAT), which is the temperature at which wax crystals begin to
precipitate out of the crude oil solution. A wax-oil gel may develop on the pipe wall as a
result of the precipitated wax. The gel deposit is made up of wax crystals that capture some
oil. As the temperature drops, more wax precipitates, and the deposited wax gel thickens,
causing the crude to gradually solidify. When the wax precipitates to such an extent that it
forms the wax gel, the oil ultimately stops moving, which could instigate flow assurance
issues [10,11,14].
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The process of agglomeration of paraffin wax in crude oil is a complex phenomenon
that is driven by the intermolecular forces and interactions between the wax molecules.
Since paraffin wax molecules are nonpolar, they tend to self-associate in nonpolar solvents,
such as crude oil. Van der Waals forces, which are a result of temporary dipoles formed
between the wax molecules due to fluctuations in electron density, play a significant role
in the aggregation of the wax molecules [15,16]. Additionally, other intermolecular forces,
such as hydrogen bonding and dipole-dipole interactions, may also contribute to the
growth of the wax aggregates. The rate and extent of agglomeration are influenced by
several factors, such as temperature, pressure, and the presence of impurities in crude oil.

The self-association of asphaltenes is facilitated through the formation of hydrogen
bonds between the functional groups present in these molecules [17,18]. Asphaltenes are
complex molecules containing multiple functional groups, including polar groups such as
pyridine, pyrrole, hydroxyl, sulfoxide, carbonyl, and carboxyl groups [19,20]. Asphaltenes
have a carbonyl group, which has a polar C=0 bond resulting in a partial negative charge
on the oxygen atom and a partial positive charge on the carbon atom. The interaction
between two asphaltenes molecules occurs through the partial positive charge on the
carbon atom of one molecule and the partial negative charge on the oxygen atom of the
other molecule, leading to hydrogen bond formation. The formation of hydrogen bonds
between multiple molecules results in larger aggregates.

In addition to the carbonyl group, other polar functional groups present in asphaltenes,
such as carboxyl groups (-COOH) and hydroxyl groups (-OH), can all engage in hydrogen
bonding with other functional groups in other asphaltenes molecules, thus contributing
to their self-association [21]. Asphaltenes possess a complex molecular structure consist-
ing of an aromatic core with fused rings, side aliphatic chains, and heteroatoms, which
engender a variety of intermolecular forces, including 7-7t interaction between aromatic
sheets, steric hindrance of aliphatic side chains, hydrogen bonds, acid-base interaction,
and electron transfer between functional groups [22,23]. These factors are the primary
drivers of self-association, and other factors, such as the type and percentage of non-
asphaltic compounds of crude oil, temperature, and pressure, can influence and stimulate
the self-aggregation process.

According to earlier studies, molecular diffusion, Brownian diffusion, and shear
dispersion are the governing mechanisms of wax deposition [14,24,25]. Molecular diffusion
occurs due to a radial temperature gradient, causing the wax to precipitate near the pipe
wall and resulting in a higher concentration of dissolved wax in bulk oil than on the wall.
Due to the radial concentration gradient that is created, wax migrates from regions of
higher concentration in the bulk to areas of lower concentration on the wall, leading to
aggregation and deposition of wax as crude oil continues to flow through the pipe, as seen
in Figure 2. Shear dispersion deals with already-formed wax particles precipitated on the
cold surface due to wall roughness and intermolecular forces [26]. Bern et al. [27] described
shear dispersion as the lateral movement of particles induced when shearing of the fluid
near the pipe wall occurs. Consequently, precipitated wax will be transported from the
bulk to the pipe wall, and wax crystals will migrate to the wall where they deposit or be
associated with already formed wax deposits by molecular diffusion due to the velocity
gradient between the center of the pipe and near the wall.

In some cases, the temperature of the oil flowing in the pipeline falls below WAT,
resulting in the precipitation of wax crystals out of the solution and suspended in the oil.
Brownian diffusion of suspended wax particles is generated due to the collision of solid
wax crystals in suspension within the crude oil and the thermally agitated oil molecules.
A concentration gradient between these particles will lead to net transport from a higher
concentration zone to the low similar to molecular diffusion [26,28]. Each mechanism’s
relative relevance is determined by the specific conditions of the pipeline, including the
flow rate, temperature gradient, wax concentration, and surface properties of the pipe
wall [1,29]. It is essential to comprehend the underlying mechanics of wax deposition in
order to create effective mitigation methods to prevent or reduce the formation of wax
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deposits in pipelines. Previous experimental results and studies indicate that molecular
diffusion is acknowledged as the key mechanism for wax deposition [30,31]. However,
there is no concrete evidence to nullify the effect of other mechanisms. An extensive study
should be executed to completely understand the importance of the deposition mechanism.
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Figure 2. Radial temperature gradient and radial concentration gradient occurring in molecular
diffusion mechanism. The figure is reproduced from [32].

Hosseinipour et al. [33] conducted an analysis of the wax crystallization process in
several crude oils by examining their solubility curves at temperatures below the WAT of
each oil sample. The findings revealed that as the temperature is lowered, the amount of
precipitated wax gradually increases, as illustrated in Figure 3. The reason for this behavior
is due to the reduction in kinetic energy of the wax molecules at lower temperatures, causing
them to move more slowly and interact more strongly with one another. Eventually, this
interaction leads to the clustering of wax molecules and the formation of solid particles.
It is noteworthy that the effect of temperature on crude oil with higher WAT is more
pronounced because these oils contain a greater proportion of high molecular weight
hydrocarbons [34-36].
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Figure 3. Wax solubility curve of different crude oils. The figure is reproduced from [33].
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Several methods or a combination of approaches were proposed and applied to address
the precipitation and deposition of waxes to improve the flowability of waxy crude oils that
can broadly be classified as thermal [37-41], mechanical [32,42—-44], chemical [14,45-47] and
microbial [48-52] methods. Due to the complexity of wax composition and morphology and
diverse operational and environmental conditions, no universally accepted approach can
alleviate wax deposition [47]. Chemical methods are the most effective means of improving
the rheology of crude oil and mitigating wax deposition [1,14,22,32,53]. Chemical additives
offer a versatile and efficient solution to address these issues encountered in crude oil
production and transportation. These additives can be tailored to match the specific
characteristics of the crude oil, leading to improved rheology and reduced downtime. As
chemical additives can be added at any stage of production and transportation, they are
highly adaptable to different scenarios. Compared to mechanical and thermal methods,
chemical additives offer rapid and effective improvements in flowability without requiring
significant downtime or equipment modifications. Furthermore, chemical additives can
be designed to have a minimal environmental impact, making them a more sustainable
option. Ongoing research and development of chemical additives have the potential to
further enhance their effectiveness and cost savings, making them an area of considerable
promise for future investigation.

2. Pour Point Depressants

Pour point depressants (PPDs) or flow improvers are utilized as chemical additives in
the petroleum industry to lower the pour point of crude oil. This allows for easier flow of
the crude oil below WAT. By altering the wax crystal morphology and limiting the growth
of large crystal lattices and wax agglomeration, these additives effectively reduce the
pour point of crude oil [14,54]. Additionally, PPDs containing polar functionalities create
strong hydrogen bonds with high molecular weight components of crude oil, such as resin
and asphaltenes. This ultimately leads to the disruption of the wax gel-like structure by
minimizing the reciprocal overlapping of the aromatic ring planes of resins and asphaltenes,
resulting in a further reduction in crude oil viscosity [55,56]. The molecular interaction
between crude flow improvers and paraffin involves the weak van der Waals forces that
arise from the fluctuating electric dipoles of the molecules. The flow improvers contain
polar and nonpolar functional groups that are capable of interacting with the respective
parts of the paraffin molecules. This interaction effectively inhibits the formation of long,
needle-like crystals that can cause flow issues, instead promoting the formation of shorter,
more rounded crystals [54].

The interaction between flow improvers and asphaltenes is more complex due to the
heterogeneous nature of asphaltenes. Flow improvers contain functional groups that are
capable of interacting with the various functional groups present in asphaltenes, including
aromatic rings, sulfur and nitrogen heteroatoms, and aliphatic chains. These interactions
effectively disrupt the aggregation of asphaltenes, thereby preventing them from forming
deposits. Importantly, flow improvers are also able to modify the chemical structure of
asphaltenes through various methods such as functionalization, molecular weight reduc-
tion, or fractionation, which in turn reduces their tendency to precipitate out of crude
oil and improves overall flowability [57-60]. While the aggregation of asphaltenes is of-
ten attributed to the hydrogen bonding between polar functional groups on asphaltene
molecules, the presence of polar functional groups in pour point depressants (PPDs) can cre-
ate a stronger hydrogen bond that can disrupt the original bonding between self-associated
asphaltenes and reduce crude oil viscosity [17,56,61,62]. Figure 4 illustrates how adding
PPD to crude oil causes the wax crystals to create a layer that acts as a barrier to nearby
crystals, preventing them from forming larger aggregates.
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Figure 4. Molecular interaction of pour point depressant with paraffin and asphaltenes.

The commonly established method to enhance crude oil rheology and reduce wax
deposition is the use of chemical additives. The limitations of synthetic additives, however,
range from their expensive cost to how much crude oil they can manage. Additionally, the
use of this sort of chemical addition is restricted by its hazardous components, which may
have a severe impact on both the environment and human health [15,63-65]. Reduced usage
of these chemicals prompted a call for further study and development of environmentally
appropriate substitutes [15,66,67].

Previously, several researchers have suggested that compounds based on oleic acid
may act as wax inhibitors. Experimental research has shown that oleic acid improves the
flow-improving capabilities of already used flow improvers, as evidenced by the reviewed
articles on the use of synthetic oleic acid-based compounds combined with commercially
available flow improvers. As a result, bio-derived oils having high unsaturated fatty acids
that include oleic acid inherently have the ability to enhance the rheological characteristics
of crude oil. Table 1 presents the recent studies on the incorporation of oleic acid with
synthesized and commercially available crude flow improver.
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Table 1. Recent studies on oleic acid base crude flow improver.

Synthesized Additive

%PPR

% VR

Findings

Ref

poly(n-behenylOleate-co-maleicanhydride)
di-methyl ricinolate (22-OMR)

62.5

38

The incorporation of 22-OMR in crude oil yielded a notably superior performance compared to other
synthesized comb-shaped polymers, as evidenced by its higher paraffin inhibition efficiency (PIE) of 62.50%,
greater PPR, and more substantial VR.

The capacity of 22-OMR to act as a nucleation site for wax crystal formation and prevent self-aggregation is
attributed to the presence of four aliphatic chains with varying lengths, as well as distinct amorphous and
crystalline regions and an appropriate hydrophilic-lipophilic balance.

[68]

Oleic acid-maleic anhydride copolymer
(POMA)

>100

73

Increasing the length of the alkyl groups in chemical additives increases their effectiveness as pour point
depressants by providing more surface area for adsorption, steric hindrance, and lower melting points,
allowing them to interact with wax crystals and prevent their aggregation more successfully.

Additives containing double bonds act as nucleation sites for wax crystals, thereby altering wax morphology
and impeding the interlocking of wax crystals, which can subsequently enhance the flowability of crude oil.

[69]

Hexyl oleate-co-hexadecyl maleimide-co-alkyl
oleate (MPO)

86.5

When the concentration of additives in crude oil is increased, there is a corresponding increase in the
viscosity of the crude oil. This is because the larger size of the micelles formed between the additive
molecules reduces their ability to adsorb onto the surface of oil droplets and reduce intermolecular forces.
As a result, the efficiency of the additive in reducing the viscosity of crude oil is decreased.

[70]

Tri-triethanolamine di oleate (TDO)

54

90

The pour point of crude oil was found to increase when the concentration of TDO exceeded its optimal level.

This outcome could be attributed to the decreased ability of PPD molecules to dissolve in the crude oil,
which in turn reduces its capacity to interact with wax molecules.

The formation of PPD aggregates due to an increase in concentration can result in the separation of PPD from
crude oil, leading to the obstruction of pipelines and a subsequent reduction in the flowability of crude oil.

Comb-like poly fatty esters (PFES)

87.5

Reduction of pour point of PFES is attributed to the interaction of comb-like chains of PFES with wax
structure forming spherical crystals instead of the usual platelet-like crystals that form upon aggregation of
wax which can lower the pour point of crude oil.

The polar functionalities of PFES adhere to the surface of wax and adsorb polar substances with low
molecular weight, forming a solvated layer which act as an energy barrier. This layer alters the interfacial
properties between the wax crystals and the oil phase and prevents the aggregation of larger crystals.
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Table 1. Cont.

Synthesized Additive %PPR  %VR Findings Ref
Mixing of SB2 with polyoctadecyl acrylates maleic anhydride copolymer exhibited the best VR of 74%, and
, when added to a commercial PPD EPRI-]25, a 78% PPR was recorded.

6,6((phenylmethylene,o- The oleophilic nature of oleate alkyl groups enables them to dissolve in waxy components and create a stable

olieat)bis(oxy))bis(ethane-2,1-diy1))bis(2- I ¢ Oleophtiic natu Yi groups . waxy comp .

phenyl-o-olieat-1,3,6-dioxazocane)) . solution, leading t(? enhanced ﬂlow properties of crude oil and a reduction in its pour point. [73]

(SB2) Low molecular weight pour point depressants (PPDs), such as SB2, have been observed to be more
cost-effective and to exhibit superior low-temperature fluidity performance in comparison to the typical high
molecular weight polymers utilized as PPDs.
The complex chain polymers with side chains of PBOCODSA potentially offer greater steric hindrance than
PBOCOSA. Consequently, the modified oleic acid polymers exhibit enhanced effectiveness in retarding

Poly (benzyl oleate-co-succinic anhydride) 75 56.3 crystal growth, exhibit dissimilar crystal morphology, and are characterized by a smaller particle size.

Copolymer (PBOCOSA) ' The application of PBOCODSA in crude oil leads to a decrease in the crystallization temperature and
enthalpies of paraffin, which in turn hinders the formation of the layered structure of paraffin wax and
promotes the growth of microscopic paraffin crystals. [74]
Polymeric additives with non-polar pendant chains are capable of co-crystallizing with non-polar groups

Poly (benzyl oleate-co-distearyl amine) 100 625 present in long-chain paraffin wax, thereby anchoring into paraffin crystals and obstructing the formation

(PBOCODSA)

and growth of larger wax crystals. In addition, the polar groups located in the polymeric backbone of the
additive can engage in physical attraction with polar moieties of resins and asphaltenes, consequently
resulting in a considerable decrease in pour point and viscosity.

PPR-pour point reduction; VR-viscosity reduction.
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3. Bio-Derived Crude Flow Improvers

Recent years have seen a rise in interest among researchers in the use of bio-derived
additives to enhance crude oil flow [75-78]. A complex combination of long-chain hy-
drocarbons, such as paraffin, naphthenes, and aromatics, as well as trace quantities of
polar substances, such as acids, esters, and phenols, are often found in waxy crude oil.
Unsaturated fatty acids have polar functionalities that can establish hydrogen bonds with
the polar molecules in crude oil to generate clusters or aggregation of polar molecules that
can help dissolve or disperse wax crystals in crude oil. Moreover, unsaturated fatty acids’
nonpolar components can interact with the nonpolar hydrocarbon chains present in wax
crystals, primarily through van der Waals forces. These forces comprise both dispersion
forces and dipole-induced dipole interactions, where temporary fluctuations in electron dis-
tribution within molecules generate temporary dipoles that can induce charge separation
in neighboring molecules. Dipole-induced dipole interactions occur when a polar molecule
interacts with a nonpolar molecule, inducing a temporary polarization in the nonpolar
molecule. This multifaceted interaction between unsaturated fatty acids and waxy crude
oil can have significant implications for the development of novel crude oil flow-enhancing
additives [15,79].

It was shown that the ester of synthetic fatty acids, particularly oleic acid, improved
the pour points of waxy crude oils. Due to its carboxylic acid functional group, which
contains a highly electronegative oxygen atom, oleic acid can create hydrogen bonds with
the polar groups present on the surface of wax crystals. Moreover, its hydrocarbon chain
is able to interact with the nonpolar regions of the crystals. This interaction is critical in
impeding the wax crystals from joining together to form more extensive networks, which
could otherwise cause the crude oil to become gel-like in texture. Thus, the effect of natural
esters obtained from bio-derived oils is examined [70,71,80,81].

Four waxy crude samples from the Niger Delta of Nigeria were studied for their wax
deposition tendencies and rheological qualities using natural compounds derived from
plant seeds such as Jatropha (JSO), Rubber (RSO), and Castor (CSO) [82]. The effectiveness
of seed oils was compared to synthetic chemical additives TEA and xylene. The outcomes
showed that the three seeds’ oils might be used as flow enhancers and pour point depres-
sants. They can lower the pour point up to 17 °C and decrease the viscosity of waxy crude
oil to a concentration of 0.1-0.3% (v/v). The paraffin inhibition efficiencies of CSO and JSO
are 77.7% and 73.5%, respectively. JSO and CSO could lower the pour point more than the
addition of TEA, which has previously been investigated. Study reveals that seed oils have
favorable impacts on various crude oil samples with various special characteristics and
various hydrocarbon compositions. Thus, a variety of crude oil fields can use this seed oil
as a flow improver.

Due to the existence of mono-unsaturated molecules that can bind to the larger paraffin
molecules in solution and restrict them from being available for wax aggregation and depo-
sition, the examined seed oils’ function as a pour point depressant can be explained [82].
Additionally, the interaction between the functional groups of the wax’s hydroxyl groups
or the delocalized unpaired electron over the double bond at an unsaturated fatty acid
component reduces viscosity [83,84]. Figure 5 illustrates a typical structure of ricinoleic
and oleic acids as well as the location of the site of interaction with wax structures.

In the preliminary study conducted by Eke et al. [85], two crude samples obtained from
oilfields in the Niger Delta were utilized to investigate the potential use of cashew nut shell
liquid (CNSL) as a flow improver. Results show a 6 °C pour point depression in sample A
at a 4000 ppm additive concentration, but sample B did not experience depression at any
CNSL concentration. In comparison to sample B, sample A includes more asphaltene, which
may naturally lower the pour point of crude oil. The positive asphaltene-wax interaction
already present in the oil serves as a synergizer to the additive molecules, reducing the
pour point in sample A and improving the asphaltenes’ state of dispersion. This lack of
interaction in sample B may account for CNSL's ineffectiveness in lowering the pour point.
Dosing the crude oil samples with 5000 ppm of CNSL resulted in a viscosity decrease of
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up to 60%. This is because when CNSL is added, the internal friction between the sheared
wax aggregates in oil decreases, and the wax structures become weaker under shear. The
inability of CNSL to reduce the pour point is caused by the component’s lack of ester and
amide groups, which are crucial functional groups in pour point depressant chemistry.

7 bonds where delocalized unpaired
electron over the m-orbital are located

Polar end group disrupts the
orthorhombic crystal structure
into a compact pyramidal form.

Oleic acid -
Oxygen containing groups take

the role of inhibiting the
growth of waxes and
poisoning them by adsorptive
surface poisoning mechanism.

OH &
Ricinoleic acid

Figure 5. Oleic and ricinoleic structures and wax interaction sites. The figure is reproduced from [82].

Eke et al. [86] conducted more research on the use of CNSL derived from Anacardium
occidentale shells as a low-cost and environmentally friendly crude oil PPD/flow improver.
Glycerol has been added to CNSL compared to their earlier study. When glycerol is added,
it creates highly polar hydroxyl groups in CNSL that may cause wax crystals in oil to repel
one another electrostatically, thereby facilitating wax dispersion [87]. As modified-CNSL
was added to waxy crude oil, a maximum pour point and viscosity decrease of 86% and
15 °C, respectively, were seen. The lengthy (15-carbon) aliphatic chain of CNSL, which
is comparable to traditional pour point depressants, is responsible for the pour point
lowering. This chain’s structural resemblance to paraffin makes it possible for CNSL and
wax molecules to interact. By using the alkyl chains, such compounds may be adsorbed on
wax [88]. Due to the interaction of PPDs with wax in the low-temperature zone, a decrease
in shear stress was seen in the presence of additives. This phenomenon suggests that the
oil’s resistance to shear forces has decreased, enhancing the oil’s flow ability.

Figure 6 presents optical micrographs obtained through a cross-polar microscope,
demonstrating changes in the crystal structure of wax as the temperature decreases. The
observed increase in the number of wax crystals and their distinct rod-like structure at lower
temperatures results in rougher edges and surfaces, with ruffles and wrinkles forming
on the crystals. These structural developments enhance the tendency of wax crystals to
overlap and interlock, leading to the formation of dense wax networks in the oil and
reduced flowability. The inclusion of bio-derived additives, on the other hand, causes the
wax to crystallize with fewer, smaller, and rounder wax crystals that have regular forms,
smoother surfaces, and a lower risk of interconnecting. The wax networks become weaker
as a result, improving the oil’s capacity to flow. This finding has important ramifications for
increasing crude oil flowability and decreasing the buildup of wax deposits in oil pipelines,
offering a viable remedy for flow assurance problems [64,86,89].
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100 pm 100 pm

Figure 6. Optical mcrographs of crude oil at 20 °C: (a) blank oil; (b) oil with 1000 ppm CNSL and
poly-ethylene glycol (PEG) (1:1 mol ratio); (c) oil with 4000 ppm CNSL and PEG (2:1 mol ratio); and
at 10 °C: (d) blank oil; (e) oil with 1000 ppm CNSL and PEG (1:1 mol ratio); (f) oil with 4000 ppm
CNSL and PEG (2:1 mol ratio). The figure is reproduced from [90].

The impact of palm oil derivatives such as crude palm oil (CPO) and crude palm
kernel (CPKO) on wax inhibition and WAT on a crude oil sample from Mount Oversea
Mckyle were studied by Ragunathan, Husin, and Wood [15]. When 1% of CPO was added
to the crude sample, the maximum inhibitory effect of 81.67% was seen. Because CPO
has a higher proportion of oleic acid than CPKO, it performs better at suppressing wax.
Additional chemical additives reduce the effectiveness of paraffin inhibition (PIE). This
may be because additive molecules function as nucleation sites at high concentrations,
causing the wax molecules to flocculate and solidify and making PIE reduction inefficient.
Results also show that WAT decreases with an increase in additive concentration up to 1%
before modestly increasing with an increase in concentration up to 10%. This may indicate
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that, at high additive concentrations, CPO and CPKO are active sites for the agglomeration
and crystallization of wax crystals.

The influence of plant seed oils, specifically castor oil, moringa oil, and coconut oil at
various concentrations, was investigated to improve the flow qualities of a waxy model oil
with varying wax volumes of 5 to 20% v/v (with 5% v/v increments) [67]. According to the
findings of the experiments, adding 1% v/v of moringa oil can lower the pour point by up to
7.5 °C, which is similar to the impact of adding TEA. Castor oil, however, reduces the pour
point slightly lower than moringa, which is up to 5 °C. On the other hand, it was discovered
that adding coconut oil to model oil increased the pour point. This may be caused by the
low level of unsaturated fatty acids in coconut oil, which restricts the interaction sites for
wax crystals and impairs performance. The results of earlier researchers are supported
by additional increases in additive concentration that did not significantly lower the pour
point [67,85]. TEA functioned better than the plant oil additions as the wax content of
the model oil increased up to 20% v/v. The finding implies that when wax concentration
rises, plant additions’ ability to lower the pour point is limited. To examine how plant-
based additives affected flow characteristics, including viscosity, pressure drop, and wax
deposition, a HYSYS simulator was employed. The results show that wax deposition
thickness and wax deposition volume decrease as the quantity of additive is, to some
extent, increased. However, a further rise in concentration revealed no appreciable drop in
either quantity.

Following the results of the reviewed papers, plant-based oils with high unsaturated
fatty acids may facilitate the process of lowering the pour point and increasing the flow
ability of crude oil. Such components could interact with wax molecules by hydrogen
bonding, lowering wax crystal interlocking, and weakening wax crystal networks, both of
which help disperse wax. Additionally, it was shown through experimental research that
bio-based oil additions have a maximum concentration at which they may lower the crude
pour point and viscosity. No additional pour point decrease or viscosity improvement was
seen once the additive dose reached its optimal level. The amount of paraffin wax and the
molecular distribution of the crude samples determine the extent of the depression brought
on by the addition of bio-based oil. When the ideal additive concentration has completely
removed all of the wax from the crude, the pour point will not be affected any further [82].
An excessive amount of Pour Point Depressant (PPD) can adversely affect its ability to
reduce the pour point and viscosity of crude oil. This phenomenon can be attributed to the
formation of PPD aggregates, which decrease their availability to interact with the waxy
components of crude oil, and can even elevate the viscosity of crude oil. Furthermore,
PPDs can engage with other crude oil components, such as asphaltenes, leading to the
formation of larger aggregates that augment the viscosity of crude oil. Consequently, the
concentration of PPDs must be carefully optimized to achieve the desired level of pour
point depression and viscosity reduction in crude oil. Table 2 displays the outcomes of
recent research conducted on additives derived from natural sources, which were compared
with traditional chemical additives.
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Table 2. Experimental result comparison of bio-derived additives and synthetic additives.

Bio-Derived Additives Synthetic Additives %PPR %VR PIE Highlights Ref

Rubber seed oil (RSO) 825 60.5 63.2 The amount of wax in crude oil and its molecular distribution influence the pour point depression of additives.

Jatropha seed oil (JSO) 86.3 64.6 735 The high viscosity of TEA limits its ability to reduce crude oil viscosity.

Castor seed oil (CSO) 83.8 64.2 777 By forming a barrier that prevents the development of interconnecting wax networks and hence restricts their deposition, seed oils %
Triethanolamine 75 45.9 66.1 have a considerable paraffin inhibition efficiency. [82]

e tendency of seed oils to torm micelles or aggregates at higher concentrations may limit their capacity to interact with wax
TEA ’ ’ Th dency of seed oils to f icell ggreg high i y limit their capacity to i ith
Xylene 62.5 56.6 molecules and prevent wax deposition.

Soapnut 87.7 The inclusion of soapnut caused a considerable reduction in the diameter of the wax crystal structures, allowing for easier [91]
Brij-30 724 dispersion of the wax crystals and a corresponding drop in viscosity.

RSO 31.8 15.6

CSO 33.8 38.1

RSO biodiesel 40 51.5 Due to their lower viscosities, transesterified seed oils may easily disperse throughout the crude oil and interact with more wax [92]

CSO Biodiesel 53.8 59.1 crystals, ultimately reducing the formation of large, interconnected networks of crystals that can impede the flow of the crude oil.

TEA 22.7 8

CSO 13 . o . - Lo

Moringa seed (MSO) 13 The active chemicals included in plant extracts, such as olelg acid and .hnolelc acid, might not be enough to successfully alter the [67]
TEA 21 crystal structure of wax molecules at greater wax concentrations, leading to poor performance.

Im oil (CP! .

g;ﬁjz pzlg i:arixcel 8)1 809 Compared to highly branched molecules such as TEA, straight-chain molecules of EVA and oleic acid have a more regular structure.

(CPKOI; 80.3 The wax crystal structure is disrupted, and the propensity of wax agglomeration is decreased due to their ability to move more
Ethvlene-co-vinyl freely within the crude oil and fit better between wax molecules, making them more effective as flow improvers. [15]
ac et};t e (EVA) Y 524 Oleic acid’s carboxyl group acts as a wax crystal modifier and lessens the intermolecular forces between polar compounds, which
TEA 76.6 can improve the fluidity of waxy crude oil flow.

Lmsee'd O.ll (LSO) 66 Xylene has shown favorable modifications in pour point and viscosity at low concentrations. At higher concentrations, xylene could

LSO biodiesel 67.4 . . . . . ) [93]
Xylene 565 serve as a link between wax and asphaltene particles, causing them to adhere and aggregate. This can make crude oil more viscous.

Coconut oil biodiesel 26.6 624 The polar functionalities of coconut oil ethyl esters act as wax crystal nucleation sites, resulting in an abundance of small wax [75]
PPD-A 20 36.9 crystals that are easy to disperse and inhibiting the creation of 3D wax networks. )

JSO 8.2 425

CPO 24.1 58.8 . . . . . . .

CPKO 60.4 548 Higher concentrations of JSO further reduce the amount of deposited wax in comparison to CPO and CPKO. This can be attributed 1761

' ' he higher content of oleic in JSO, which is absorbed onto the wax surface and lessen the propensity of wax to adhere to pipe walls.
EVA 0 755 tothe hig : propensity pip
TEA 79.2 89.9

PPR-pour point reduction; VR-viscosity reduction; PIE-paraffin inhibition efficiency.
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4. Transesterification of Bio-Based Oils

According to previous studies, the rheological qualities of crude oil could be improved
by employing bio-based oil as a crude flow improver. However, when its concentration
was increased, various restrictions on the performance of bio-based additives were noted.
The pour point and viscosity did not decrease anymore as the additive’s concentration
was raised to a considerable level. In certain circumstances, increasing the concentration
made the crude oil sample more viscous and had a higher pour point, which reduced its
ability to suppress paraffin formation and constrained the number of crude oil samples it
could process at once [67,82,85,94]. This may be explained by the high viscosities and high
freezing points of triglycerides, which are fatty acid esters found in natural oils and can
help to raise the pour point and viscosity of crude oil. Triglycerides are lipid molecules
made up of three fatty acid chains with different lengths and compositions that have been
esterified to glycerol. The alcohol family of molecules includes glycerol, which aids in
the viscous nature of natural oils. The rheological properties of fatty acid alkyl esters
(biodiesel) produced from transesterification reaction, such as viscosity and pour point,
could be improved by substituting glycerol with another alcohol that is much less viscous,
such as methanol or ethanol from the fatty acid chain. This could be used as a modified
crude flow improver from seed oils [65]. Alkyl esters and glycerol are produced during the
transesterification process, which involves reacting fat or oil with a catalyst (often methanol
or ethanol). Transesterification of seed oil frequently involves converting triglycerides into
methyl (or ethyl) fatty esters. Alcohol and oil react in this process, producing three “fatty
acid alkyl esters” from each triglyceride’s glycerin core. For this reaction to completely
convert oils into separated fatty acid alkyl esters and glycerol, heat and a strong base
catalyst are needed [95]. Figure 7 shows an illustration of the transesterification reaction.

O
Il
CH, -0 -C-R CH, — OH
o o
Il catalyst Il
CH-0-C-R + 3ROH «<—2 3R -0-C-R + CH —OH
0]
Il
CH -0 -C-R Alcyl ester CH, —OH
Triglyceride Alcohol (Biodiesel) Glycerol

Figure 7. Transesterification reaction for biodiesel production. The figure is reproduced from [96].

Fadairo, Ogunkunle, Asuquo, Oladepo, and Lawal [92] published a dataset on the
analysis of the impact of sunflower-based biodiesel on the rheological characteristics of
Nigeria waxy crude oil. The research shows a viscosity decrease in crude samples with the
addition of 0.1-0.7% concentration of biodiesel obtained from sunflower oil at operational
temperatures ranging from 10 °C to 60 °C. As the oil was converted into biodiesel, a
decrease in the pour point and viscosity of sunflower oil was seen, decreasing from —8.7 to
—18.9 °C and 189 to 2.39 mm? /s, respectively. A waxy crude might be delivered flow with
the help of such a reduction at extremely low temperatures. The results also revealed that
shear stresses were higher in the pure crude sample, but they were decreased with the
addition of the biodiesel additive, indicating an inverse connection between the increase
in additive concentration and shear stress. The information gathered showed that the
sunflower-based biodiesel is effective in lowering the viscosity of Nigerian crude oil, which
may improve crude oil flow.

Two waxy crude samples from a Nigerian field were tested to see how varied con-
centrations of biodiesel-based additives could affect their rheological behavior and pour
point [92]. Castor oil-based biodiesel (CSOB) and rubber oil-based biodiesel (RSOB) were
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created by the transesterification of non-edible seed oils from castor (CSO) and rubber
(RSO). Additionally, TEA that is offered for sale was contrasted with additive performance.
The experimental findings on the impact of additives on the viscosity of crude oil samples A
at 30 °C are shown in Figure 8. It was found that the viscosity of the crude oil rises for both
samples with greater TEA, CSO, and RSO concentrations. On the other hand, increasing
the CSOB and RSOB doping amounts further lower the viscosity of the crude oil with the
greatest effectiveness at 0.5% additive concentration. This observation is explained by the
fact that seed oils have a higher viscosity than biodiesel derivatives, which have a lower
viscosity. The impact of biodiesel additives on the viscosity of sample B was remarkably
comparable to those of sample A, with RSOB performing better than CSOB and achieving
the greatest viscosity decrease at 0.25% additive concentration.

14
12 ¢
10
w
s ) —o—TEA
- Cso
E
g —e—RSO
6
o CSOB
S
3 RSOB
> 4
2
0
0 0.1 0.2 0.3 04 0.5 0.6
Additive Concentration (%)

Figure 8. Effect of additives on viscosity of crude sample. The figure is reproduced from [92].

Eke, Kyei, Achugasim, Ajienka, and Akaranta [90] carried out experimental research
on the efficacy of CNSL derived from Anacardium occidentale waste shells as a bio-based
crude flow improver. CNSL derivative was esterified with polyethylene glycol (PEG), and
the impact on waxy crude oil pour point, shear rate, and viscosity was evaluated using the
Ofite 900 co-axial cylinder rotating viscometer and standard pour point test method ASTM
D5853-17a, respectively. As esterified CNSL was added to waxy crude oil, experimental
results showed a reduction in pour point of 12 °C at 1000 ppm and a drop in oil viscosity of
79.7 t0 90.5% at a shear rate of 17 s 1. The viscosity was lowered by 35 to 60% at 10 °C, but
the pour point was only 6 °C lower than their prior findings when natural CNSL without
modification was employed as a crude flow improver. This suggests that PEG-esterified
CNSL performs better than native CNSL as a waxy crude flow improver.

5. Nanoparticles as Crude Flow Improvers

The addition of polymeric pour point depressants has been the widely accepted
approach to improve crude oil flowability. PPDs alteration of wax crystal morphology
is due to the co-crystallization of PPD’s nonpolar alkyl groups. Further, the polar es-
ter group of PPD acts as a steric barrier to stop neighboring crystals from growing and
aggregating, enhancing crystallization temperature. It should be emphasized, however,
that several aspects affect the performance and application of PPD, such as the expensive
preparation procedure, non-biodegradability, poor performance at high shearing, and
the unavoidable performance loss at reheating configurations [46,97,98]. Recent advance-
ments in nanotechnology have led to the preparation and use of several nanomaterials in
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the petroleum industry. When inorganic nanoparticles were added to polymer matrixes,
there was a noticeable improvement in the material’s mechanical, thermal, electrical, and
magnetic properties.

Nanomaterials have been employed as lubricants, catalysts, oil recovery agents, and
paving asphalt improvers in the Petroleum sector [99]. Furthermore, the application of
nanoparticles in the drilling and completion process provides positive impacts, such as
wellbore stabilization by forming a compact filter cake, reducing filter loss, and increasing
the thermal stability of drilling fluid [100-103]. Additionally, nanoparticles have been used
in enhanced oil recovery (EOR) to improve the stability of oil in water emulsions, the
rheological properties of injected water, the stability of foam, the mobility reduction factor
(MRF), the wettability of materials, the sweep efficiency, and other parameters [104-108].
The impact of nanoparticles on crude oil mobility for efficient pipeline transportation will
be discussed in the following sections.

Pure nanoparticles’ impact on the rheological properties of crude oil has been the
subject of earlier studies [109-113]. The outcomes demonstrated that adding individual
nanoparticles had little to no impact on viscosity reduction. The hydrophilic surface
and oleophobicity of nanoparticles that limits its interaction with crude oil may assist in
explicating this. Nanoparticles have hydrophilic surfaces that are attracted to polar water
molecules, hindering their interaction with nonpolar wax components. Consequently, this
interaction could limit its effect on crude oil viscosity. Conversely, nanoparticles with
oleophobic surfaces repel nonpolar substances such as wax, making them less likely to
interact. When exposed to waxy crude oil, nanoparticles with oleophobic surfaces are
likely to interact more with the oil than with the wax molecules. Second, due to their large
surface area and surface activity, nanoparticles’ effectiveness as crude oil flow improvers
are reduced by agglomeration between them. The main emphasis of current research has
been the addition of polymeric PPD to nanoparticles. Wax crystallinity, morphology, and
dispersibility will be significantly impacted by the combination of the unique characteristics
of nanoparticles and functionalities found in polymeric PPD [114].

When pure polymeric PPD is added to crude oil, the wax crystals agglomerate into
larger, more regular flocs, reducing the number of wax crystals and the solid-liquid inter-
face area. This is a result of polymeric PPD molecules co-crystallizing with wax molecules,
which alters the morphology of wax crystals. However, it was also noted that many
fine crystals are visible, and the wax flocs are loose due to oil trapped within the wax
crystals. Microscopic observation of crude oil with nano-hybrid pour point depressant
(NPPD) revealed that wax crystals are larger, more compact, and regular, which further
decreased the solid-liquid interfacial area and the amount of liquid oil trapped within the
structure [97,110,115-117]. This is attributed to the heterogeneous nucleation of nanoparti-
cles having high surface energy acting as a nucleation core to newly formed wax crystals
which is advantageous in lowering the gel strength and thus further enhancing the rheolog-
ical characteristics of crude oil. Table 3 presents the findings of recent research on NPPD.

In most cases, melt and solvent blending is used to synthesize NPPD. The physical
adsorption of the polymeric PPDs to the surface of nanoparticles is accomplished during
synthesis by solvent mixing. Melt blending is a favored method over solvent blending
because it results in more evenly distributed nanoparticles and smaller mean particle sizes
that significantly improve the performance of polymeric PPD [110,118,119]. Such blends,
however, produce unstable chemical bonds, and the stability in the oil phase has to be
addressed. According to recent studies, synthesis thru in-situ polymerization may greatly
strengthen the interface of NPPD with resin and asphaltene. In addition, it may introduce
polar functionalities to nanoparticles, enhancing their particle dispersion and interaction
with crude oil for improved solubility [111,120].
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Table 3. Recent findings on polymeric PPD blended nanoparticles.

Polymeric PPD

Nanoparticle

Blending Type

%PPR

%VR

%YSR

Highlights

poly(octadecyl acrylate),
(POA)

Silica (Si0,)

Solvent blending

80

Optimal nanohybrid PPD (NPPD) concentration at 100 ppm, an
increase in gel strength similar to Einstein’s equation of viscosity as
concentration increases.

24.30% gel point reduction achieved at 100 ppm

Poly(methyl methacrylate)
PMMA

Graphene Oxide
(GO)

Solvent blending

77.77

82.19

71.93

Optimal efficacy of NPPD is attained at a dosage rate of 1500 ppm.
Excellent aging stability of NPPD

[121]

POA

Montmorillo-nite
(MMT)

Solvent blending

33.75

82.3

Gelation point reduction of 34.35% is attained at 800 ppm
Rheology improvement is due to the heterogeneous nucleation
mechanism of NPPD with crude oil

[115]

POA

MMT clay

Melt blending

63.15

91.37

Melt blending, which generated smaller particle sizes than solvent
blending, improved the dispersibility of NPPD in crude oil.

Higher NPPD dosage lowers the gelation point temperature and causes
more crystals to precipitate.

[118]

ethylene vinyl acetate
(EVA)

MMT

Solvent blending

94.11

MMT agglomeration caused by a rise in MMT concentration on NPPD
beyond saturation values led to decreased pour point depression
performance.

As NPPD was added to model oil, the crystal morphology changed
from fuzzy and feather-like to dense and rod-like, and a considerable
reduction in crystal size was observed.

[110]

EVA

SiO,

Solvent blending

>100

95.46

99.95

NPPD reduces the wax gel strength by 30%
Solubility of wax is increased, resulting in a reduction in wax
deposition

[122]

EVA

SiO,

Solvent blending

100

41.67

Improvement of hydrophobicity and presence of amino groups was
observed upon silica modification by KH-550 and Succinic anhydride.
NPPD addition will increase the wax crystal number but smaller in size,
which will be dissolved at low temperature

Poly (Octadecyl
Acrylate)-Co-(Maleic
Anhydride), PODAMA

MMT

Free-radical
polymerization

100

81.74

87.70

To avoid wax flocculation and nanoparticle agglomeration, ester, and
amide linkage are crucial.

The proposed mechanism for improved pour point and rheology is due
to the presence of functional groups providing more nucleation sites for
wax crystals modification

[73]
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Table 3. Cont.
Polymeric PPD Nanoparticle Blending Type %PPR  %VR  %YSR Highlights Ref
58.5% gelation point reduction was achieved due to the influence of
poly(2-ethylhexyl acrylate), GO Free-radical 50 99.20 NPPD in the wax crystal network. [116]
P(2EHA) polymerization ' Crude oil treated with polymer nanocomposites had much greater
long-term stability than commercial PPD (after 15 days).
GO Nano sheets act as nucleation sites for precipitated wax crystals
Free-radical leading to the inhibition of wax network interlocking.
PMMA GO polymerization 60.53 99.80 99.80 58.3% gelation point reduction was achieved due to the influence of [59]
NPPD in the wax crystal network.
Fe304 NPPD doped crude oil has a denser crystal structure than SiO,
. . NPPD, which yields superior viscosity and stress reduction results.
EVA fron Oxide (FesO4)  Melt blending 97:3 9 Dense crystal structure formed by Fe304 NPPD addition is due to the [123]
Lorentz force present in magnetic materials and charged particles.
poly(octadecylacrylate-co- Rheological property enhancement is due to electromagnetic repulsion
1-vinyldodecanoate-co-4- between wax crystals adsorb on the modified surface of bentonite.
vinylbenzyl Bentonite clay (BT)  Solvent blending >100 85.14 92.7 Functional groups in bentonite provide nucleation sites for wax crystals ~ [124]
trioctylphosphonium), resulting in a dense morphology and inhibition of wax crystals” 3D
(VTOP-PODA-VL) network.
poly (ethylene-butene), Aluminum oxide Mixin 779 Due to their smaller surface area, Al;O3 alone proved unsuccessful in [125]
(PEB) (AL O3) & ' lowering viscosity at low temperatures.
Octadecyl methacrylate, 3-Propyl ' Redl%C’tIOI’.l of Sle agglomeration was reduced upon 51'1rface
. . trimethoxysi-lane Graft modification with KH570 due to the presence of organic groups.
styrene, maleic anhydride, oo L 45.71 97.6 . . [111]
. (KH570) modified copoly-merization Presence of polar groups in NPPD forms a strong hydrogen bond with
and acrylamide copolymer . . . . .
SiO; resin and asphaltene, improving crude oil rheology.
Poly (maleic anhydride-alt- sodium cloisite . Experimental results indicate an unusual shear stress drop upon shear
1-octadecene), (MA) Na* Solvent blending o4 rate increase that might be due to the crude oil shear thickening effect. [126]
Above NPPD optimum dosage, a trend of increasing viscosity is
observed caused by an increase in intermolecular forces of colliding
nanoparticles.
. . .. A decrease in viscosity as temperature increases owing to the Brownian
PEB Zinc Oxide (ZnO) Mixing 33.33 [127]

motion effect.

Since ZnO has a higher surface-to-volume ratio than conventional PPD,
it can provide highly dispersed nucleation sites that can prevent wax
aggregation.
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Table 3. Cont.

Polymeric PPD Nanoparticle Blending Type %PPR  %VR  %YSR Highlights Ref
Presence of oxygen functionalities of GO develops robust and stable
matrices.
Ethylenevinyl alcohol GO Graft copoly 62.50 995 78.30 The widely dispersed and spherical morphology of the NPPD-doped [120]
copolymer (EVAL) merization ’ ’ ’ crude oil can be explained by the wax solubilization theory.
Polar groups in NPPD induce repellent electrical forces between wax
aggregates, which change the morphology of wax crystals.
Poly(octadecyl Increased polar and nonpolar groups in GO by oleic acid addition
acrylate-co-vinyl oleic acid-modified effectively prevent the growth of wax 3D networks and lower gel
neodecanoate) graphene oxide, Solvent blending >100 84.14 93.53 strength. [128]
(POD A—CO-VNb) (OL-GO) A smaller crystal size is the result of the oil being released from the wax
3D network due to the high surface energy and stability of GO.
25511 Tomametyle 503 o
g?ﬁj;yﬁ;z’s(gé?l ESNIIOO), I)\hckel oxide  Mixing 92.78 Through the oxidation of hydrocarbon fluid generated by NPPD, a [109]
ylate, 23 large molecular size structure is developed, thereby reducing viscosity.
cO Addition of NPPD beyond optimum concentration reduced its degree
, carbon L . .. L.
olv-a-olefins-acrvlate nanospheres (Cna), of polymerlzatlorT with polymer resgltmg ina low pour point impact.
E. y b P Solvothermal 53 92.10 OCNTs are superior to GO and Cna in lowering the pour point and [114]
igh-carbon ester (PAA-18)  carbon nanotubes . . . o L
(OCNTs) viscosity due to tht?lr lfarger §pec1f1c surface area, which increases the
degree of polymerization with polymeric PPD.
Above optimum NPPD dosage, nanoparticles tend to aggregate and
precipitate with each other, which may result in poor crude flowability.
EVA SiO, Solvent blending 29.16 92.70 76.89 Asphaltene is absorbed by NPPD, and this increases the nucleation [129]
sites between wax and EVA, resulting in highly dispersed and small
wax crystals.
Following a 30-day storage test, NPPD restricts the rise in pour point
1-octyl Free-radical and lessens the propensity for crude oil characteristics to deteriorate,
3-methylimidazolium GO 76.92 98.78 which is crucial for pipeline shutdown and restart situations. [130]

chloride, [(OMIM) CI]

polymerization

Upon performing a cold finger test, the efficacy of NPPD in inhibiting
wax network formation led to a wax inhibition efficiency of 75%.

PPR-pour point reduction; VR-viscosity reduction; YSR-yield stress reduction.
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5.1. Carbon-Based Nanohybrid PPD

Due to its high specific surface area and exceptional thermal, electrical, and mechanical
properties, as well as its distinct monolayer of carbon atoms, densely packed into a hexag-
onal honeycomb lattice with sp2-sigma bonds with three nearest neighbors in the layer,
graphene has been instrumental in the development of polymer nanohybrids [131]. Buta
significant obstacle to graphene’s use is its insolubility in the aqueous phase and organic
solvents. It is frequently synthesized to graphene oxide (GO), and specific functional groups
are added using various techniques to increase its solubility and dispersion in various
components. The presence of oxygenated functional groups such as hydroxyl, epoxide,
carbonyl, and carboxyl groups on its basal planes and in its vicinity, GO, an oxidized ver-
sion of graphene, is a significant material for the production of polymer nanohybrids [99].
These functional groups serve as potential sites for polymerization.

The investigation on the efficacy of PPD-GO nanohybrid as a flow improver to North
Qarun waxy crude was conducted by Al-Sabagh et al. [121]. According to their experimen-
tal findings, the addition of PPD-GO to crude samples resulted in a 77.8% reduction in
pour point. This may be due to the oxygen functionalities, including epoxide, carbonyl,
carboxyl, and hydroxyl groups present in GO, adhering to the surface of wax crystals. By
hydrogen bonding and van der Waals forces, the oxygen functional groups interact with the
hydrophobic surface of wax crystals, preventing them from forming cohesive aggregates.
This leads to the size reduction of wax crystals and inhibits their further growth and depo-
sition on pipe walls. Furthermore, the oxygen functionalities in GO can interact with the
nearby molecules of crude oil to enhance the wax crystals’ dispersion and solubility. Recent
studies on the use of GO NPPD corroborate the same findings regarding the mechanism of
GO nanosheets combined with traditional polymeric PPD [97-99,120,128,132,133].

Accumulating wax crystals may lead to forming of a gel layer (wax with entrapped
oil), which will be deposited on the inner pipe walls. The thermal gradient between
warm wax and cold pipe surfaces may result in an internal mass flux that increases the
wax content of the gel. With time, this increase tends to harden the deposited wax in a
process called aging that adversely affects routine pipeline operations, especially during
restart conditions. Experimental research using a rheological test revealed that PPD-GO
nanohybrid extends its resistance to wax interlocking for a longer period than conventional
PPD. When the pipeline is restarted, the long-term stability of PPD-GO will offer superior
flow characteristics in crude oil [99,116]. It is possible that the high surface energy of
GO provided by its oxygen functionalities can maintain the solid-liquid system’s energy
stability, keeping the wax molecules bonded for a prolonged period.

Jia et al. [114] recently performed an experimental evaluation of three carbon-based
NPPDs to investigate how they impacted the pour point, rheology, and wax crystal mor-
phology of waxy crude oil. These PPDs included the previously discussed GO, carbon
nanospheres (Cna), and carbon nanotube oxide (OCNTs). According to their rheological
studies, carbon-based NPPD with varying carbon contents may increase the fluidity of
waxy oil at low temperatures due to their high surface energy and by providing nucleation
sites for newly developed wax crystals. As a result of this interaction, the wax’s surface
tension and interface area are reduced, thereby increasing the distance between nearby wax
crystals, simultaneously releasing trapped oils, and ultimately decreasing the viscosity and
pour point of waxy oils. Furthermore, the inclusion of carbon-based nanoparticles inhibits
the growth of wax crystals, resulting in spherical-like morphologies that promote wax
dispersion and prevent the development of a volume-spanning network of wax crystals.
Finally, they concluded that OCNTs are superior to GO and Cna in lowering the pour
point and viscosity due to their larger specific surface area, which increases the degree of
polymerization with polymeric PPD and offering wider contact areas with crude, conse-
quently improving the molecular interaction with wax crystals [134]. Figure 9 presents the
schematic diagram of the action of carbon-based NPPD.
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Carbon-based

hybrid nano pour
point depressant

Figure 9. Mechanism of carbon-based nanohybrid depressants. This figure is reproduced from [114].

5.2. Silica-Based Nanohybrid PPD

Significant research has been executed to combine silica nanoparticles (S5iO;) with
polymers as PPD due to the extremely active particles and hydroxyl groups found in
5i0; [5,8,122,135-137]. Since SiO; has hydroxyl groups on its surface, it may be synthe-
sized with other functionalities to increase surface activity, decrease particle aggregation,
and simultaneously acquire new characteristics [111]. A novel hybrid PPD based on
polyoctadecyl-acrylate (POA) and SiO, nanoparticles was developed by Yang et al. [13].
Differential scanning calorimetry (DSC) revealed that the solubility of wax molecules was
increased, and WAT was reduced upon the addition of NPPD. However, the temperature
of gelation increased as the concentration of SiO, increased. This could be explained by
the POA molecules’ stability in their binding to the silica particle surface. According to
Einstein’s theory of hydrodynamic viscosity, the bare SiO; particles may behave as extra
suspended particles in crude oil, increasing viscosity.

Norrman et al. [119] continued to investigate the effect of different POA coverage on
the silica surface. With complete POA coverage, nanoparticles appear to have significantly
decreased the wax gel’s strength, and their presence changes the way the wax crystallizes.
Below full coverage, naked SiO, aggregates as a result of polymer bridging, which reduces
the impact of NPPD on the rheology of crude oil. The effects of SiO, on the rheology
and crystallization behavior of model oils with and without asphaltene and colloid were
examined by Song et al. [138]. Results revealed that in the absence of asphaltene and
colloid, SiO; causes a rise in WAT due to an increase in wax crystal number and a decrease
in wax crystal size. On the other hand, the inhibition of asphaltene aggregation leads to
a significant decrease in the number of wax crystals and an increase in their size, which
improves the mobility of oils containing asphaltene and colloids.

Due to its active particles and the hydroxyl groups on its surface, SiO; has a strong
propensity to aggregate and coagulate with each other. Mao et al. [111] developed two
5i0;-based NPPDs by graft copolymerization with various monomers and surface modifi-
cation by silane coupling agent addition in an effort to reduce particle aggregation. After
modification, the results demonstrate an improvement in SiO,’s solubility and dispersion
stability in organic solvents, which can enhance the interaction between SiO; and compo-
nents of crude oil. SiO; particles were coated with ethylene vinyl acetate (EVA) by Ning
et al. [129] to examine the impact of NPPD on the rheology and crystallization of Shengli
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crude oil. The results showed that in terms of lowering crude oil’s viscosity, inflection
point, and yield stress, S5iO;-based NPPD surpassed EVA copolymers. Additionally, optical
microscope images demonstrated that the synthesized NPPD has improved dispersion
stability, which contributes to NPPD’s increased effectiveness.

5.3. Other Nanoparticle-Based PPD Studies

To establish a strong interaction between polymeric PPD and nanoparticles, surface
modification of nanoparticles is necessary due to the incompatibility between hydropho-
bic polymer molecules and the hydrophilic nanoparticles that limit NPPD efficacy. Yao
et al. [115] transformed the hydrophilic affinity of montmorillonite (MMT) nano-clay to
oleophilic via cationic exchange with octadecyl trimethyl ammonium chloride (OTAC). It
was observed that the introduction of OTAC to nano-clay increased the adhesion stability of
polymeric PPD, promoting robust nucleation sites for precipitated wax, resulting in larger
and more compact wax morphologies that favors the rheological properties of waxy crude
oil. Li et al. [110] continued to evaluate how OTAC-modified MMT-based NPPD affected
the flowability of model oils. They concluded that MMT-based NPPD performed better
than pure polymeric PPD at reducing viscosity. Additionally, POM images showed that
upon NPPD addition, the wax morphologies changed from being feather-like to being more
compact rods, followed by a significant drop in crystal size, which supports their earlier
observations. Huang et al. [97] studied the wax crystallization modification mechanism of
MMT-based NPPD. They suggested that because wax crystals have an internal structure
with a more compact cross-link, the high interfacial free energy in nano-copolymers causes
the interplanar distance to decrease and the free energy to be reduced to a lower level
facilitating the dispersion of wax crystals. Furthermore, they concluded that the mech-
anism of NPPD is dominated by the nucleation effect combined with co-crystallization
and adsorption.

Investigation on the effect of different specific surface areas of nickel salt nanoparticles
blended with EVA on the viscosity and yield stress of waxy oil is conducted by Peng
et al. [134]. Microscopic and rheological experiments showed that NPPD with larger
specific surface area and smaller particle size enhances the number of linked polymeric PPD,
supplying more wax molecule interaction sites and improving the rheological properties of
waxy oil. Yu et al. [123] evaluated the effectiveness of nano-silica and magnetic iron oxide
(Fe304) coated with EVA as pour point depressants for waxy crude oil. Compared to SiO;-
based NPPD, the existence of the Lorentz force in Fe30, further promotes the aggregation
of wax crystals into a more compact shape, improving its ability to weaken the wax crystal
structure, prevent the formation of gel, and reduce yield stress. To inhibit wax deposition,
Betiha et al. [124] modified the hydrophilic surface of bentonite to an oleophilic surface
using phosphonium moieties and coupled it with a polymeric PPD. Results indicate that
adding phosphonium caused an electromagnetic repulsion between wax crystals that were
adsorbed on the surface of bentonite, which prevented the growth of wax crystal networks.

In recent investigations, the blends of polymeric PPD and nano-aluminum oxide
(Al,O3) [7], Sodium cloisite Na+ [126], nano zinc oxide (ZnO) [127], magnesium oxide
(Mg) [112] have all been used to enhance the rheological characteristic of crude oil. They
concur that adding nanoparticles to crude oil increases the crystallization sites between
polymeric PPD and wax, allowing the crystals to be more scattered. Due to bare particles’
propensity to self-associate, which lowers the interaction energy between wax crystals, wax
inhibition efficacy decreased as nanoparticle concentration increased. Therefore, based on
experimental and field rheological data, an optimal dose must be determined.

Nanohybrid pour point depressants have the potential to enhance oil production,
but their advantages and disadvantages must be evaluated. One significant advantage
is the ability to customize the properties of these materials by adjusting the composition
and structure of the nanoparticles used, which can lead to reduced polymer usage and
environmental impact. Furthermore, these materials can improve lubricant and fluid per-
formance, resulting in increased energy efficiency and lower maintenance costs. However,
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the use of nanoparticles raises concerns about potential health and environmental impacts,
necessitating further research to assess and mitigate these risks.

Despite the potential benefits, the scalability and cost of producing nanohybrid pour
point depressants remain challenging. Studies have shown that the cost of producing
these materials is higher than traditional pour point depressants due to the complexity
and high cost of the synthesis process [139,140]. Additionally, the lack of standardized
testing methods can result in discrepancies and hinder comparability between studies.
Addressing these gaps in research is crucial to ensure efficient and cost-effective synthesis
and manufacturing of nanohybrid pour point depressants, which could increase their
commercial viability. Moreover, assessing the potential long-term effects of nanoparticles
on human health and the environment, as well as evaluating the environmental impact of
electronic waste generated during the production and use of these materials, is necessary
to develop appropriate safety protocols and regulatory frameworks to ensure responsible
and sustainable use in the oil industry.

6. Conclusions

This study presents a comprehensive review of the potential of bio-derived alterna-
tives as flow improvers for waxy crude oil. The review highlights the promising results
of unsaturated fatty acid-rich bio-derived alternatives in reducing the association and
deposition of wax molecules in crude oil. The polar esters of seed oils modify the wax
surface, which results in the formation of a solvated layer that reduces the co-crystallization
of non-polar esters, thereby reducing the formation of wax aggregates. The study further
suggests that the rheological properties of seed oil can be optimized through esterification
with alcohols having lower freezing points and viscosities, which can benefit the ability of
these alternatives to improve crude oil flowability. Moreover, the combination of nanoparti-
cles with traditional pour point depressants offers interaction sites for precipitated wax,
enabling its ease of dispersion.

To provide a more efficient, economical, and environmentally benign alternative to
conventional pour point depressants, the study suggests the use of transesterified seed oil
blended nanoparticles. The use of these bio-derived alternatives can address flow assurance
issues in the petroleum sector by reducing the dependence on conventional pour point
depressants. The study highlights the importance of continued research on the use of
these alternatives, which can contribute to the development of sustainable and eco-friendly
technologies in the petroleum sector. Furthermore, the study emphasizes the need for
scientific research to evaluate the long-term effects of nanoparticles on human health and
the environment, as well as the development of appropriate safety protocols and regulatory
frameworks to mitigate any potential risks.
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