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Abstract

This work involves the investigation of the effect of structure variables of a new prepared terpolymer and its
nanocomposite on the pour point depressant (PPD) and rheological behavior of lube oil. The terpolymer (TP) prepared
by a free radical solution polymerization of the three monomers; alkyl acrylate (hexadecyl acrylate), diethyl maleate, and
alpha olefin (1-hexadecene), but terpolymer nanocomposite (PNC) was synthesized by emulsion polymerization of the
same monomers in presence of nanoclay (nano montmorillonite, NMMT). The entire prepared polymeric additives were
characterized by FT-IR, tHNMR, DLS and GPC. The prepared polymers (TP & PNC) were blended with lube oil and
measured the pour point temperatures (PPT), rheological properties and viscosity index (VI) before and after additives in
detail. The results are encouraging and showing that, all polymeric additives exhibited a good efficiency as PPD,
rheological properties and VII. The nanocomposite additive has a good efficiency more than conventional terpolymer for
all tested techniques. The data were showed that, these additives can improve the properties of lube oil and this lube oil

can used as engine lubricating oil.
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Introduction

Lubricating oil derived from petroleum involve a
significant percentage of paraffinic waxes [1,2].
As the bulk oil temperature drops under its wax
appearance temperature (WAT), the wax was precipitated
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then converted to wax gel with high yield strength, that
encircles the internal area of the production pipelines
[3,4]- The continuous precipitation of wax at the internal
surface of these pipelines results in three stages of phase
transformation [3,5]. At the first, the particles of wax
aggregate in the oil clusters and by changing in
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temperature and pressure, these oil clusters became
sufficiently high to precipitate. At the second stage, the
molecules of wax were shaped as a net or cage that mainly
cause the oil to loss its fluidity [3,6]. At the end, with the
continuous deposition of these cage leads to block the
production pipelines that have to be brought to a halt.
Briefly, the experiences of the oil and gas industry are in a
major challenge to tackle this wax deposition [3,7,8].

To fix the problem, addition of pour point depressants
(PPDs) is one of the economically successful methods that
used to lower the pour point temperature of lubricating
oils. Different types of polymers were researched and
influenced as PPDs for improving the flowing properties
of lubricating oils [1,9-11]. The efficiency of lubricating
oils is often controlled by its rheological properties
including the relation between viscosity and temperature.
For example, to supply effective lube oils at both low and
high temperatures, these oils should counterbalance the
reduction in viscosity and thus diminishes the changes of
viscosity with temperatures. The Properties of lubricating
oils could have a great improvement by adding
appropriate polymers that are called additives. These
additives were doped with these lubricating oils to
provide it valuable properties [12].

Classical polymeric additives used as flow improvers
have part of disadvantages, where these additives have a
lower effect on the elevated waxy crude oil and the
microcrystalline wax, sensitive for the composition of
crude oil and its properties and had lower time stability.
So, these disadvantages do not reach all the
transportation demands [13]. One of the fruitful methods
that used for developing the polymeric additives is
nanotechnology [14].

Over the past two decades, researches were concerned
with evolving organic-inorganic nanocomposites because
of their abnormal characteristics of the products
produced. These nanocomposites were synthesized
through dispersing extremely tiny quantities of the
inorganic particles such as nanoclay into the polymeric
matrix. However, the presence of these substances inside
the polymer is restricted where they are completely
different at their physical and chemical properties
[15,16].

Nano-hybrid PPDs have become a new study focus in
the field of enhancing the rheological characteristics of
lube oils [17] where adding low-cost inorganic- organic
polymer as PPD has taken significant attention [18-20].
Previous studies showed efficiency of the polymer
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nanohybrid to decrease the pour point temperatures of
the oil more than the polymer alone where the
nanohybrid modified the wax crystals morphology
completely [18].

The present study aims to evaluate a new prepared
terpolrmer (TP) and its polymer nanocomposite (PNC) as
a nano-hybrid pour point depressant for lube oil. The
prepared polymeric additives were purified and
characterized by FT-IR, 'HNMR, DLS and GPC. The
thermal analysis for the prepared polymer and its nano-
hybrid were measured by thermogravimetric analysis
(TGA). The crystal morphology for waxy in lube oil with
and without additives were observed by polarized optical
microscopy (POM). The prepared products were
evaluated as viscosity index (VI) and rheological
properties improvement for lube oil according to ASTM
D-975 standard.

Experimental Methods

Materials

The materials used in this paper, cetyl alchol (99%),
methacrylic acid (298%), maleic anhydride (97%), 1-
hexadecene (298%), Montmorillonite (MMT) nano-clay,
hydroquinone, p-toluenesulfonic acid, benzoyl peroxide
(99%), toluene, dioctyl sulfosuccinate sodium salt,
anhydrous ethanol (299%)and sodium carbonate
anhydrous were purchased from Sigma Aldrich Chemical
Reagent Co., and used without additional purification.
Lubricant oil was supplied by Co-operation Company

(Egypt).

Synthesis of Hexadecyle Methylacrylate Ester

Hexadecyle methylacrylate ester (HDMAE) was
prepared by reaction of methacrylic acid with cetyl
alcohol using toluene as solvent, p-toluenesulfonic acid
(PTSA) as catalyst and hydroquinone as protective agent
for double boned. The reaction was performed in three
necked flask having thermometer, nitrogen inlet and
Dean-Stark with condenser where the water was
collected by the help of Dean-Stark apparatus [10]. In a
three-necked flask, alcohol, toluene and hydroquinone
were added, and then elevate the temperature to 60 °C.
After the alcohol has dissolved entirely, Methacrylic acid
and PTSA have been added to the solution and heated
gradually to reach 110°C for 8h. The reaction was stopped
after separation of a theoretical amount of water.
Prepared ester was cleaned several times with Na2CO3
aqueous solution (5 %) until the under layer became
apparent then washed with distilled water. Finally, to
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collect the prepared ester, distilled vacuum with a rotary
evaporator and dried vacuum have been done [21].

Synthesis of Diethylmaleate Ester (DEME)

Diethylmaleate ester (DEME) was synthesized by
reaction malic anhydride with excess of anhydrous
ethanol, using toluene as solvent, p-toluenesulfonic acid
(PTSA) as catalyst and hydroquinone as protective agent
for double boned. The reaction was performed at three
necked flask having thermometer, nitrogen inlet and
Dean-Stark with condenser and the water was separated
using the Dean-Stark [10,21]. In a three-necked flask,
alcohol, hydroquinone and the solvent were mixed, and
then elevate the temperature till reach 60°C. When the
alcohol has entirely dissolved, the solution was
supplemented with malic anhydride and PTSA and heated
slowly until reach 110°C for 24 hr. The reaction ended
when the theoretical amount of water has been separated.
Prepared ester was cleaned several times with Na2CO3

aqueous solution (5 %) until the under layer liquid
became apparent, and then washed with distilled water.
Finally, to collect the prepared ester, distilled vacuum
with a rotary evaporator and dried vacuum have been
performed [21].

Synthesis of Terpolymer (THDMA-DEM-HD)

The synthesized esters (HDMAE and DEME) and 1-
hexadecene were dissolved in the solvent (toluene) with
molar ratio (1:1:1) in a three-necked flask having
thermometer, nitrogen inlet and condenser [10]. The
contents were initially subjected to twenty minutes of
nitrogen flushing then elevate the temperature to 95 °C
gradually. At this temperature, dissolved benzoyl
peroxide was drowsily added as to the reaction. For 8
hours the entire content was refluxed. The final product
was achieved with excess ethanol precipitated and
vacuum-dried [10,22,23]. Scheme 1 showed the reaction
steps.
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Scheme 1: The reaction steps for synthesis of esters and their terpolymer (TP).
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Synthesis of Terpolymer
(THDMA-DEM-HD/NMMT)

In this method the emulsion polymerization reaction
was carried out in presence of nano clay. At the beginning,
NMMT (1%) in distilled water was taken in a four-necked
flask and stirred overnight and was sonicated for 30 min
prior to polymerization. The monomers, DEME, HDMAE
and HD were dissolved in toluene in a mol ratio (1:1:1)
and dioctyl sulfosuccinate sodium salt are added to
dispersed NMMT. After putting the mixture in the reactor,

Nanocomposite

the system was purged with nitrogen gas for 15 min to
remove the dissolved oxygen from the reaction medium.
When the temperature of the reaction reached 95°C, the
initiator was added to start the polymerization reaction
[20,24]. The emulsion polymerization reaction was tack
place for 24 h with a mixing speed of 450 rpm. After
complete reaction, the system was cooled down to room
temperature. The prepared terpolymer nanocomposites
(THDMA-DEM-HD /NMMT) was collected. Scheme 2
showed the reaction steps.

\l

o
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E, E,
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(@) o
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Hexadecyl (£)-but-2-enoate
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Scheme 2: The reaction steps for synthesis terpolymer nanocomposite (PNC).

Characterization of the Prepared Additives

FT-IR (Fourier transform infrared) spectra were
identified by a Nicolet iS10 (Thermo Scientific, USA) with
resolution 1 cm-! and wave number range 4000-400cm-1.
The samples were tested on potassium bromide (KBr)
pellets.

IHNMR (Hydrogen nuclear magnetic resonance)
spectra were identified by using a BRUKER® Avance 400
MHz spectrometer that operated at 9.4 T and hydrogen
observed at 400.13 MHz, in CDC13 (deutereated
chloroform) solution and using TMS as an inner reference
for chemical shifts of NMR.
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Measurements size of the particles mainly depend on
DLS (dynamic light scattering) that conducted by a
Brookhaven Instruments 90 Plus model nanoparticle
size/zeta potential analyzer (USA).

GPC (Gel permeation chromatography) determined
the molecular weight of the prepared polymers in a
Shimadzu LC10AD system has a refraction index detector.
The analysis of the polymers was carried out by Tosoh
TSH-Gel columns (Type H8). The analysis was done at
45°C with a mobile phase (THF (tetrahydrofurane)) at a
rate of flow 1.0 ml/min.

Copyright© Al-Shafey HI, etal.
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The wax crystal morphology of lube oil samples was
identified by a DM2500P polarizing optical microscopy
(Leica, Germany) at a cooling rate 0.8 C/min, and the
images were captured at 0°C at a 100xmagnification.

The pour point of the treated and untreated lube oil
was determined by ASTM D-97 Standard. Viscosity, the
most significant rheological parameter, heavily affects
lube oil's cold flow properties. Temperature, however,
also has a strong influence on viscosity [25]. An advanced
rheometer (AntonPaar MCR302) was used to measure the
viscosity-temperature curves of lube samples with a shear
rate of 5 s~1at different temperature from 25°C to 65°C.

Viscosity indexes (VI) of the pure lube oil and lube oil
with additives were calculated according to ASTM D2270.
The concentration at 10000 ppm was used to investigate
the effect of the additive blended with lube oil on the
Viscosity indexes. In this regard, the kinematic viscosity of
the oil blended with terpolymer and terpolymer
nanocomposite were recorded at 40°C and 100°C. The
data were determined by taking an average of three
results under the same conditions.

Results and Discussion

Characteristics of the Prepared TP and its PNC

FT-IR of TP and its PNC: FT-IR spectra of the terpolymer
and its nanocomposite are presented in (Figures 1 & 2).
The band at 1239 cm represented the stretching
vibrations of The C-O bond and the polymers displays
stretching vibration peak for C=0 of maleic anhydride at
1464 cm? and 1730 cm?, and C=0 adsorption peaks of
alkyl acrylate at 1730 cm'L. The bands at 2929 cm! and
2853 cm! for C-H stretching vibration peak (for ~-CHz and
-CHs respectively). However, the complete disappearance
of C=C bands (at 1640 cm), which confirmed the
formation of terpolymer (THDMA-DEM-HD) [10]. The
original Montmorillonite at figure 2 displays absorption
peaks at 627 cm! for stretching SiOz and the asymmetric
stretching vibration peak at 1150 cm™ for Si-O-Si. The
bands at 521 cm?! and 461 cm! were the vibration
bending of Si-O and Al-O-Si in MMT, respectively. From
the above fully proved that NMMT had been successfully
combined with terpolymer [26].

% Transmittance
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Figure 1: FT-IR spectrum for the prepared terpolymer (THDMA-DEM-HD).
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Figure 2: FT-IR spectrum for the prepared terpolymer nanocomposite (THDMA-DEM-HD/NMMT).
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1HNMR of TP and its PNC: The tHNMR of the prepared
terpolymer (TP) and polymer nanocomposite (PNC) are
shown in Figures 3 & 4. The presence chemical shifts of all
proton in the region 0.8 ppm and 4.3 ppm. The peak at 0.8
ppm was for the CHs protons, peak at 1.2 ppm was for CHz

protons and peak at 1.6 ppm was for CH protons for alkyl
groups. The peaks at region 1.96 - 2.37 ppm are for the
COCH protons and the peak at 3.6 ppm for the COCH2 of
alkyl acrylate. The peaks at 4.13 - 4.3 ppm refer to the
protons of alkyl ether (OCH).

Figure 3: tHNMR spectrum for the prepared terpolymer (THDMA-DEM-HD).
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Figure 4: tHNMR spectrum for the prepared terpolymer nanocomposite (THDMA-DEM-HD/NMMT).
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Dynamic Light Scattering (DLS) for Terpolymer
Nanocomposite: DLS is a method which specifies the size
of particles of distributed PNCs in a solution as shown in
Figure 5. The synthesized PNC's size distribution profile

had a particle size around 98.13 nm. The polydispersity
index (Pdl) was 0.208, indicating that the particles are
naturally polydispersed.
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Figure 5: DLS spectrum for the prepared terpolymer nanocomposite (THDMA-DEM-HD/NMMT).
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Thermogravimetric Analysis (TGA) for the Prepared
Terpolymer and its Polymer Nanocomposite: The
thermal stability of the terpolymer (TP) and polymer
nanocomposite (PNC) was assessed by thermogravimetric
analysis under a nitrogen gas, given the thermograms that
were shown in Figure 6. These thermograms of the
samples have three decomposition stages. The first for TP
was at range 25 -100°C with a weight loss of 30 %, and
PNC was in the range 220 - 250°C with a weight loss of 20
%, attributed to water loss. The second degradation
stages were differenced from one to other one, for TP was

at 100 - 200°C with a weight loss 20 % but PNC degraded
at 250 - 400°C with a weight loss 55 %. The last stage of
TP was in the range of 400 - 600°C with a weight loss 50
% also for PNC was at 400 - 600°C with a weight loss 0.0
%. Accordingly, in the end of degradations the residual of
TP was 0.0% but the residual of PNC was 25 %, which
indicated that the PNC more stable than TP. This
enhancement of the thermal stability of nanocomposites
may be because of the pronounced thermal stability of
MMT and the interaction between the MMT particles and
the terpolymer matrix [27].
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Figure 6: TGA for the prepared terpolymer and its polymer nanocomposite.

Effect of the Terpolymer and its Nanocomposite
(TP and PNC) on the Pour Point

The pour point temperatures of the lube oil identified
by blending the terpolymer and terpolymer
nanocomposite additives at different dosages ranging
from (3000 - 10000 ppm) with the lube oil then recorded
in Table 1. The data showed that, the increasing in the
concentration of the additives allow the pour point
temperature to decrease. It is further observed (table 1)

that polymer having nanoclay (NMMT) was more efficient
than TP. Where, the PNC was depressed from 0.0 (pure
lube oil) to -12 but TP depressed to -9 at 10000 ppm. At
lower temperature, the nonpolar part (paraffin chains) of
the polymer attracted towards the wax crystals of paraffin
and prevents their crystal formation. On the other hand,
the polar part (polar groups) of the polymer chains causes
repulsion between waxy crystals and prevent the
formation of waxy crystal network [28].

Polymer Mwx103 Blank 3000 ppm 5000 ppm 10000 ppm
TP 82.1 0 -9 -15
PNC 86.32 0 -12 -15 -21
Table 1: Results of pour point temperatures of pure lube oil and lube oil treated with additives at different
concentrations.
Morphology Images by Polarized Optical lube oil treated with 10000 ppm of TP and PNC at 0°C.
Microscope (POM) Crystals of wax reflect polarized light and display bright

Figure 7 shows the morphology images by polarized
optical microscope for wax crystals in pure lube oil and

Al-Shafey HI, et al. Influence of the Terpolymer and its Nanocomposite Pour Point
Depressants on Lubricating Oil Properties. Pet Petro Chem Eng] 2019, 3(4): 000206.
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As shown in figures 7a-c, the shape, quantity and size
of wax crystals varies across different samples. In the
blank, Wax crystals are crystallizing, precipitating and
agglomerating quickly this helps in forming colonies-
shaped crystals of wax that had a structure as three-
dimensional network with decreasing in temperature,
thus losing the fluidity (Figure 7 a). Lube oil treated with
10000 ppm from TP or PNC showed forming of some tiny
particle-shaped wax crystals (Figure 7 b & c). Wax crystal
distribution is separated, regular, and has distinct size.
Lube oil blended with PNC disperses more than lube oil
with TP. Nano-hybrid (PNC) help in the modification of
this phenomenon, where it allows the crystal of the wax
to shaped smaller, more separated, more regular and
uniform than TP.

This could be explained on two sides. Firstly, the wax
crystallization of PNC offers heterogeneous nucleation
sites [18]. The NMMT particles function as a nucleation
point causing the wax crystallization formed tiny and
uniform. This adversely affects the three dimensional
(3D) net-work structure, enhancing the cold flow
properties of lube oils. Secondly, NMMT has high surface
energy; therefore crystallization must tend to be more
compact for reducing the surface energy and interfacial
area to preserve the system stable in energy when
nanocomposite polymer (PNC) was blended to lube oils
[25]. Many of liquid contained in the lube oil is produced
from the 3D wax crystal network that significantly
reduces interfacial area of the wax, thereby improving the
cold flow properties of lube oil.

ppm of PNC.

Figure 7: POM for a) Untreated lube oil, b) Treaded lube oil with 10000 ppm of TP and c) Treaded lube oil with 10000

Rheological Properties and Flow Behavior

The rheological properties of the lube oil are heavily
dependent on the shear rate, temperature, cooling rate,
time of shearing and lube oil composition [21,29]. Flow
properties of the lube oil without and with TP and PNC
additives were established at the best concentration
(10000 ppm) by dynamic measurements of the viscosity
at 25, 45 and 65°C and plotted in Figures 8-13.

Figures 8-10, illustrate the relationship between shear
rate against viscosity and show that the viscosity decrease
with increasing shear rate and the viscosity of the lube oil
additive were increase more than lube oil without
additive at different types of temperature.

Al-Shafey HI, et al. Influence of the Terpolymer and its Nanocomposite Pour Point

viscocity, CPS

Shear rate, S1

Figure 8: shear rate versus apparent viscosity of
untreated and treated lube oil with 10000 ppm of TP
and PNC at 25°C.
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Viscosity, CPS
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Shear rate, S-1

Figure 9: shear rate versus apparent viscosity of
untreated and treated lube oil with 10000 ppm of TP
and PNC at 45°C.
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Figure 12: shear rate versus shear stress of untreated
and treated lube oil with 10000 ppm of TP and PNC at
45°C.
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Figure 10: shear rate versus apparent viscosity of
untreated and treated lube oil with 10000 ppm of TP
and PNC at 65°C.

\

Shear stress, dyne/cm?
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Figure 11: shear rate versus shear stress of untreated
and treated lube oil with 10000 ppm of TP and PNC at
25°C.

I\

=¢=—Blank

Shear rate, S

Figure 13: shear rate versus shear stress of untreated
and treated lube oil with 10000 ppm of TP and PNC at
65°C.

However, the dynamic viscosity reduces as the shear
rate increases till reach a limit value at high shear rate.
This behavior could be clarified by increasing the shear
rate, the agglomerates size decreases so some of the
continuous phase in the agglomerates that was initially
immobilized releases. With increasing the shear rate, the
viscosity decreased till the agglomerates were broken
entirely to the basic particles. The oxygen polarity of the
ester group along the terpolymer and terpolymer
nanocomposite chain played a role in prevention the
crystals of the wax from agglomerating in lube oils [21].
The figures 11-13 illustrate the fitted experimental data of
both shear stress and shear rate measurements according
to the Bingham plastic model. The infinite viscosity of the

Al-Shafey HI, et al. Influence of the Terpolymer and its Nanocomposite Pour Point Copyright© Al-Shafey HI, etal.
Depressants on Lubricating Oil Properties. Pet Petro Chem Eng] 2019, 3(4): 000206.



Petroleum & Petrochemical Engineering Journal

shear rate is called apparent viscosity that obtained from
the relation between shear rate and shear stress [29]. The
obtained data of apparent viscosity and yield stress and
correlation coefficient were determined for all tested lube
oil at different temperatures and listed in Table 2. Overall,
the model of Bingham has been shown a regular increase

in values of apparent viscosity and yield stress of
untreated and treated of lube oil samples with decreasing
temperatures as shown in table 2. It shows that the values
of apparent viscosity and yield stress of treated lube oil
with TP and/or PNC were more than the values of
untreated lube oil.

Samples Temp., °C Apparent Viscosity, cP Yield Value, D/cm? R2

25 1.251 378.1 0.999

Blank 45 0.716 263.2 0.999
65 0.463 145.6 0.997

25 1.769 531.8 0.999

TP 45 0.833 474.8 0.998
65 0.494 435.4 0.999

25 1.838 575.3 0.999

PNC 45 0.840 526.1 0.995
65 0.513 481.7 0.998

Table 2: The parameters of plastic viscosity and yield stress values of pure lube oil and treated lube oil by 10000 ppm

from TP and PNC at different temperatures.

Evaluation of TP and PNC as Viscosity Index
Improver on Lube Oil

A very significant role in lubricating oil production is
the viscosity of lubricating oil. The kinematic viscosity of
the lube oil without and with additives at concentration of
10000 ppm of the terpolymers and their nanocomposites
was determined at different temperature 40 and 100°C.
The data in Table 3 indicate that, the VI increase with
additives more than without additives of the lube oil. With
rising temperature the solvation power of the lube oil
increases while its viscosity decreases. Due to increasing

solvation power the polymer molecules swell or in other
words its hydrodynamic volume increases. The enlarged
hydrodynamic volume counterbalances the reduction in
lube oil viscosity and thus diminishes the viscosity
changes of additive doped lube oil [21]. The polymer
nanocomposite (PNC) gives better performance as VII
than terpolymer (TP) present in the lube oil. The entire
terpolymer and polymer nanocomposite give better
performance as VII in lube oil more than untreated lube
oil.

Kinematic Viscosity, cP
Sample ASTM D-445 Viscosity Index
40°C 100°C
Blank 101.95 10.83 88.779
TP 102.97 11.19 93.394
PNC 99.524 10.97 94

Table 3: Viscosity index data of pure oil and lube oil treated with 10000 ppm.

Conclusion

The following findings can be reported from the above

outcomes:

1. New terpolymer and its nanocomposite were
fabricated, purified and characterized by different
methods then investigated as pour point depressant
and flow improver for the lube oil.

2. The terpolymer and its nanocomposite have a good
efficiency as pour point depressant, rheological

Al-Shafey HI, et al. Influence of the Terpolymer and its Nanocomposite Pour Point

behaviors, viscosity index improvers and cold flow
properties.

3. Polymer Nanocomposite solution is more stable and
more efficient than terpolymer solution.

References

1. ZhaoZ, XueY, Xu G, Zhou ], Lian X, et al. (2017) Effect
of the nano-hybrid pour point depressants on the
cold flow properties of diesel fuel. Fuel 193: 65-71.

Copyright© Al-Shafey HI, etal.

Depressants on Lubricating Oil Properties. Pet Petro Chem Eng] 2019, 3(4): 000206.


https://www.sciencedirect.com/science/article/pii/S0016236116312418
https://www.sciencedirect.com/science/article/pii/S0016236116312418
https://www.sciencedirect.com/science/article/pii/S0016236116312418

10.

11.

12.

Al-Shafey HI, et al. Influence of the Terpolymer and its Nanocomposite Pour Point

Petroleum & Petrochemical Engineering Journal

Song Y, Ren T, Fu X, Xu X (2005) Study on the
relationship between the structure and activities of
alkyl methacrylate-maleic anhydride polymers as
cold flow improvers in diesel fuels. Fuel Process
Technol 86(6): 641-650.

Hao LZ, Al-Salim HS, Ridzuan N (2019) A Review of
the Mechanism and Role of Wax Inhibitors in the Wax
Deposition and Precipitation. Pertanika ] Sci &
Technol 27(1): 499-526.

Chala GT, Sulaiman SA, Japper-Jaafar A, Kamil Wan
Abdullah WA, Mior Mokhtar MM (2014) Gas void
formation in statically cooled waxy crude oil
International ] Therm Sci 86: 41-47.

Chala GT, Sulaiman SA, Japper-Jaafar A (2018) Flow
start-up and transportation of waxy crude oil in
pipelines-A review. ] Non-Newtonian Fluid Mechanic
251: 69-87.

Na L, Mao G, Shi X, Tian S, Liu Y (2017) Advances in
the research of polymeric pour point depressant for
waxy crude oil. ] Dispers Sci Technol 39(8): 1165-
1171.

Yang F, Li C, Wang D (2013) Scaling of structural
characteristics of gelled model waxy oils. Energy
Fuels 27(7): 3718-3724.

Ganeeva YM, Yusupova TN, Romanov GV (2016)
Waxes in asphaltenes of crude oils and wax deposits.
Petrol Sci 13(4): 737-745.

Han S, Wang P, Wang Y, Song Y, Ren T (2010) Impact
of alkyl methacrylate-maleic anhydride-alkyl
methacrylate terpolymers as cold flow improver on
crystallization behavior of diesel fuel. Process Saf
Environ Prot 88(1): 41-46.

Feng L, Zhang Z, Wang F, Wang T, Yang S (2014)
Synthesis and evaluation of alkyl acrylate-vinyl
acetate-maleic anhydride terpolymers as cold flow
improvers for diesel fuel. Fuel Process Technol 118:
42-48.

Han S, Song Y, Ren T (2009) Impact of alkyl
methacrylatemaleic anhydride copolymers as pour
point depressant on crystallization behavior of diesel
fuel. Energy Fuels 23(5): 2576-2580.

Ghosh P, Das M (2014) Study of the influence of some
polymeric additives as viscosity index improvers and

13.

14.

15.

16.

17.

18.

19.

20.

21.

pour point depressants-Synthesis and
characterization. Journal of Petroleum Science and
Engineering 119: 79-84.

Yang F, Zhao Y, Sjoblom ], Li C, Paso KG (2015)
Polymeric Wax Inhibitors and Pour Point Depressants
for Waxy Crude Oils: A Critical Review. ] Dispersion
Sci Technol 36(2): 213-225.

Al-Sabagh AM, Betiha MA, Osman DI, Hashim Al, El-
Sukkary MM, et al. (2016) A new covalent strategy for
functionalized montmorillonite-poly(methyl
methacrylate) for improving the flowability of crude
oil. RSC Adv 6(111): 109460-109472.

Al-Sabagh AM, Betiha MA, Osman DI, Mahmoud T
(2019) Synthesis and characterization of nanohybrid
of poly (octadecylacrylates
derivatives)/montmorillonite =~ as  pour  point
depressants and flow improver for waxy crude oil. |
Appl Polym Sci 136(17): 47333.

Sharma R, Sharma S, Dutta S, Zboril R, Gawande MB
(2015) Silica-nanosphere-based organic-inorganic
hybrid nanomaterials: synthesis, functionalization
and applications in catalysis. Green Chem 17: 3207-
3230.

Song X, Yin H, Feng Y, Zhang S, Wang Y, et al. (2016)
Effect of SiOz nanoparticles on wax crystallization and
flow behavior of model crude oil. Ind Eng Chem Res
55(23): 6563-6568.

Zhao Z, Xue Y, Xu G, Zhou |, Lian X, et al. (2017) Effect
of the nano-hybrid pour point depressants on the
cold flow properties of diesel fuel. Fuel 193: 65-71.

Yao B, Li C, Yang F, Sjoblom ], Zhang Y, et al. (2016)
Organically modified nano-clay facilitates pour point
depressing activity of polyoctadecylacrylate. Fuel
166: 96-105.

Yilmaz O, Cheaburu CN, Durraccio D, Gulumser G,
Vasile C  (2010) Preparation of stable
acrylate/montmorillonite nanocomposite latex via in
situ batch emulsion polymerization: Effect of clay
types. App Clay Sci 49(3): 288-297.

Al-Shafey HI, Arafa EI (2018) Synthesis and
Evaluation of Multifunction Co-Polymer as
Lubricating Oils Additives. Pet Petro Chem Eng ] 2(4):
1-9.

Copyright© Al-Shafey HI, etal.

Depressants on Lubricating Oil Properties. Pet Petro Chem Eng] 2019, 3(4): 000206.


https://app.dimensions.ai/details/publication/pub.1030567196
https://app.dimensions.ai/details/publication/pub.1030567196
https://app.dimensions.ai/details/publication/pub.1030567196
https://app.dimensions.ai/details/publication/pub.1030567196
https://app.dimensions.ai/details/publication/pub.1030567196
http://myjurnal.my/public/article-view.php?id=132799
http://myjurnal.my/public/article-view.php?id=132799
http://myjurnal.my/public/article-view.php?id=132799
http://myjurnal.my/public/article-view.php?id=132799
https://www.sciencedirect.com/science/article/pii/S1290072914001847
https://www.sciencedirect.com/science/article/pii/S1290072914001847
https://www.sciencedirect.com/science/article/pii/S1290072914001847
https://www.sciencedirect.com/science/article/pii/S1290072914001847
https://www.sciencedirect.com/science/article/pii/S0377025717300903
https://www.sciencedirect.com/science/article/pii/S0377025717300903
https://www.sciencedirect.com/science/article/pii/S0377025717300903
https://www.sciencedirect.com/science/article/pii/S0377025717300903
https://www.tandfonline.com/doi/abs/10.1080/01932691.2017.1385484
https://www.tandfonline.com/doi/abs/10.1080/01932691.2017.1385484
https://www.tandfonline.com/doi/abs/10.1080/01932691.2017.1385484
https://www.tandfonline.com/doi/abs/10.1080/01932691.2017.1385484
https://pubs.acs.org/doi/abs/10.1021/ef400554v
https://pubs.acs.org/doi/abs/10.1021/ef400554v
https://pubs.acs.org/doi/abs/10.1021/ef400554v
https://link.springer.com/article/10.1007/s12182-016-0111-8
https://link.springer.com/article/10.1007/s12182-016-0111-8
https://link.springer.com/article/10.1007/s12182-016-0111-8
https://www.sciencedirect.com/science/article/abs/pii/S0957582009000925
https://www.sciencedirect.com/science/article/abs/pii/S0957582009000925
https://www.sciencedirect.com/science/article/abs/pii/S0957582009000925
https://www.sciencedirect.com/science/article/abs/pii/S0957582009000925
https://www.sciencedirect.com/science/article/abs/pii/S0957582009000925
https://www.sciencedirect.com/science/article/pii/S037838201300266X
https://www.sciencedirect.com/science/article/pii/S037838201300266X
https://www.sciencedirect.com/science/article/pii/S037838201300266X
https://www.sciencedirect.com/science/article/pii/S037838201300266X
https://www.sciencedirect.com/science/article/pii/S037838201300266X
https://pubs.acs.org/doi/abs/10.1021/ef800936s
https://pubs.acs.org/doi/abs/10.1021/ef800936s
https://pubs.acs.org/doi/abs/10.1021/ef800936s
https://pubs.acs.org/doi/abs/10.1021/ef800936s
https://www.sciencedirect.com/science/article/abs/pii/S0920410514001028
https://www.sciencedirect.com/science/article/abs/pii/S0920410514001028
https://www.sciencedirect.com/science/article/abs/pii/S0920410514001028
https://www.sciencedirect.com/science/article/abs/pii/S0920410514001028
https://www.sciencedirect.com/science/article/abs/pii/S0920410514001028
https://www.tandfonline.com/doi/full/10.1080/01932691.2014.901917
https://www.tandfonline.com/doi/full/10.1080/01932691.2014.901917
https://www.tandfonline.com/doi/full/10.1080/01932691.2014.901917
https://www.tandfonline.com/doi/full/10.1080/01932691.2014.901917
https://pubs.rsc.org/en/content/articlelanding/2016/ra/c6ra21319g#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2016/ra/c6ra21319g#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2016/ra/c6ra21319g#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2016/ra/c6ra21319g#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2016/ra/c6ra21319g#!divAbstract
https://onlinelibrary.wiley.com/doi/abs/10.1002/app.47333
https://onlinelibrary.wiley.com/doi/abs/10.1002/app.47333
https://onlinelibrary.wiley.com/doi/abs/10.1002/app.47333
https://onlinelibrary.wiley.com/doi/abs/10.1002/app.47333
https://onlinelibrary.wiley.com/doi/abs/10.1002/app.47333
https://onlinelibrary.wiley.com/doi/abs/10.1002/app.47333
https://pubs.rsc.org/en/content/articlelanding/2015/gc/c5gc00381d#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2015/gc/c5gc00381d#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2015/gc/c5gc00381d#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2015/gc/c5gc00381d#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2015/gc/c5gc00381d#!divAbstract
https://pubs.acs.org/doi/abs/10.1021/acs.iecr.6b00836
https://pubs.acs.org/doi/abs/10.1021/acs.iecr.6b00836
https://pubs.acs.org/doi/abs/10.1021/acs.iecr.6b00836
https://pubs.acs.org/doi/abs/10.1021/acs.iecr.6b00836
https://www.sciencedirect.com/science/article/pii/S0016236116312418
https://www.sciencedirect.com/science/article/pii/S0016236116312418
https://www.sciencedirect.com/science/article/pii/S0016236116312418
https://www.sciencedirect.com/science/article/pii/S001623611501128X
https://www.sciencedirect.com/science/article/pii/S001623611501128X
https://www.sciencedirect.com/science/article/pii/S001623611501128X
https://www.sciencedirect.com/science/article/pii/S001623611501128X
https://www.sciencedirect.com/science/article/pii/S0169131710001699
https://www.sciencedirect.com/science/article/pii/S0169131710001699
https://www.sciencedirect.com/science/article/pii/S0169131710001699
https://www.sciencedirect.com/science/article/pii/S0169131710001699
https://www.sciencedirect.com/science/article/pii/S0169131710001699
https://medwinpublishers.com/PPEJ/PPEJ16000159.pdf
https://medwinpublishers.com/PPEJ/PPEJ16000159.pdf
https://medwinpublishers.com/PPEJ/PPEJ16000159.pdf
https://medwinpublishers.com/PPEJ/PPEJ16000159.pdf

22.

23.

24.

25.

Al-Shafey HI, et al. Influence of the Terpolymer and its Nanocomposite Pour Point

Petroleum & Petrochemical Engineering Journal

Deshmukh S, Bharambe DP (2008) Synthesis of
polymeric pour point depressants for Nada crude oil
(Gujarat, India) and its impact on oil rheology. Fuel
Proces Techno 89(3): 227-233.

Zhou M, He Y, Chen Y, Yang Y, Lin H, et al. (2015)
Synthesis and evaluation of terpolymers consist of
methacrylates with maleic anhydride and methacrylic
morpholine and their amine compound as pour point
depressants in diesel fuels. Energy Fuels 29(9): 5618-
5624.

Zhao Z, Yan §, Lian ], Chang W, Xue Y, et al. (2018) A
new kind of nanohybrid poly(tetradecyl methyl-
acrylate)-graphene oxide as pour point depressant to
evaluate the cold flow properties and exhaust gas
emissions of diesel fuels. Fuel 216: 818-825.

Yang F, Paso K, Norrman J, Li C, Oschmann H, et al.
(2015) Hydrophilic nanoparticles facilitate wax
inhibition. Energy Fuels 29(3): 1368-1374.

26.

27.

28.

29.

Meneghetti P, Qutubuddin S (2006) Synthesis thermal
properties and applications of polymer-clay
nanocomposites. Thermochim Acta 442(1-2): 74-77.

Ghosh P, Hoque M, Karmakar G (2017) Terpolymers
based on sunflower oil/alkyl acrylate/styrene as
sustainable lubricant additive. Polym Bull 74(7):
2685-2700.

Limparyoon N, Seetapan N, Kiatkamjornwong S
(2011) Acrylamide/2-acrylamido-2-methylpropane
sulfonic acid and associated sodium salt
superabsorbent copolymer nanocomposites with
mica as fire retardants. Poly Degrad and Stability
96(6): 1054-1063.

Alicke AA, Leopercio BC, Marchesini FH, de Souza
Mendes PR (2015) Guidelines for the rheological
characterization of biodiesel. Fuel 140: 446-452.

Copyright© Al-Shafey HI, etal.

Depressants on Lubricating Oil Properties. Pet Petro Chem Eng] 2019, 3(4): 000206.


https://www.sciencedirect.com/science/article/pii/S0378382007002238
https://www.sciencedirect.com/science/article/pii/S0378382007002238
https://www.sciencedirect.com/science/article/pii/S0378382007002238
https://www.sciencedirect.com/science/article/pii/S0378382007002238
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5b01072
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5b01072
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5b01072
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5b01072
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5b01072
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5b01072
https://www.sciencedirect.com/science/article/pii/S0016236117309493
https://www.sciencedirect.com/science/article/pii/S0016236117309493
https://www.sciencedirect.com/science/article/pii/S0016236117309493
https://www.sciencedirect.com/science/article/pii/S0016236117309493
https://www.sciencedirect.com/science/article/pii/S0016236117309493
https://pubs.acs.org/doi/10.1021/ef502392g
https://pubs.acs.org/doi/10.1021/ef502392g
https://pubs.acs.org/doi/10.1021/ef502392g
https://www.sciencedirect.com/science/article/abs/pii/S0040603106000621
https://www.sciencedirect.com/science/article/abs/pii/S0040603106000621
https://www.sciencedirect.com/science/article/abs/pii/S0040603106000621
https://link.springer.com/article/10.1007/s00289-016-1863-4
https://link.springer.com/article/10.1007/s00289-016-1863-4
https://link.springer.com/article/10.1007/s00289-016-1863-4
https://link.springer.com/article/10.1007/s00289-016-1863-4
https://www.sciencedirect.com/science/article/pii/S0141391011001285
https://www.sciencedirect.com/science/article/pii/S0141391011001285
https://www.sciencedirect.com/science/article/pii/S0141391011001285
https://www.sciencedirect.com/science/article/pii/S0141391011001285
https://www.sciencedirect.com/science/article/pii/S0141391011001285
https://www.sciencedirect.com/science/article/pii/S0141391011001285
https://www.sciencedirect.com/science/article/pii/S0016236114009442
https://www.sciencedirect.com/science/article/pii/S0016236114009442
https://www.sciencedirect.com/science/article/pii/S0016236114009442
https://creativecommons.org/licenses/by/4.0/

