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Abstract

Wax deposition in production pipelines and transportation tubing from offshore to onshore is critical in the petroleum
industry due to low-temperature conditions. The most significant popular approach to solve this issue is by inserting a wax
inhibitor into the channel. This research aims to reduce the amount of wax formation of Malaysian crude oil by estimating
the effective parameters using Design-Expert by full factorial design (FFD) method. Five parameters have been investigated,
which are rotation speed (A), cold finger temperature (B), duration of experimental (C), the concentration of poly (stearyl
acrylate-co-behenyl acrylate) (SABA) (D), and concentration of nano-silica SiO, (E). The optimum conditions for reducing
the amount of wax deposit have been identified using FFD at 300 rpm, 10 °C, 1 h, 1200 ppm and 400 ppm, respectively. The
amount of wax deposit estimated is 0.12 g. The regression model’s variance results revealed that the R* value of 0.9876,
showing 98.76% of the data variation, can be described by the model. The lack of fit is not important in comparison to the
pure error, which is good. The lack of fit F value of 12.85 means that there is only a 7.41% probability that this huge can
occur because of noise. The influence of cold finger temperature was reported as the main contributing factor in the formation
of wax deposits compared to other factors. In addition, the interaction between factor B and factor C revealed the highest
interaction effect on the wax deposition. In conclusion, the best interaction variables for wax inhibition can be determined
using FFD. It is a valued tool to measure and detect the unique relations of two or more variables. As a result, the findings
of this study can be used to develop a reliable model for predicting optimum conditions for reducing wax deposits and the
associated costs and processing time.
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Introduction

The oil and gas industry is a well-established industry that
serves a wide range of energy requirements (Wang et al.
2016). The wax deposition is one of the severe operational
issues widespread in the petroleum industry, which changes
the rheological characteristic of crude oil. The deposition of
the wax layer on the inner curved surface area and the main-
tenance of oil pipelines or distribution networks alone is a
tedious task. It is considered a complex and costly problem
(Junyi and Hasan 2018; Sun et al. 2016). In Malaysia, the oil
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wells reportedly contained as high as 20 wt.% of solid wax
content and temperature of pour point as high as 36 °C. Oil
fields, such as Penara, Angsi, and Dulang, encounter critical
wax deposition problem. These oil fields with a water depth
of between 60 and 70 m have surface temperature of 34 °C
and average seabed temperature of about 25 °C at the depth
of 61 m (Lim et al. 2019). Therefore, the wax prediction is
critical because the accumulation of wax in pipelines is a
significant concern in the petroleum industry (Alnaimat and
Ziauddin 2020). The cold temperature of the pipeline walls
allows the wax molecules in the oil to crystallize over time
in the subsea pipelines and accumulate on the inner surface.
It may also result in a total blockage of the channel, affecting
the supply (Alnaimat and Ziauddin 2020). In the cold region
near the seabed, the fluid temperature can be reached to 5 °C
while transporting crude oil. When crude oil temperature
drops less than the wax appearance temperature, Wax starts
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to precipitate out from fluid and creates a three-dimensional
network structure (Elganidi et al. 2020; Ridzuan et al. 2020c;
Yao et al. 2018). The solubility of wax is influenced over
time, and the rate of deposition rises, causing the operative
flow area or pipeline cross-section area to decrease. This
can also trigger a full pipe blockage that affects the supply
(Chala et al. 2014; Junyi and Hasan 2018).

In the oil and gas industry, technology and different
approaches have been used to solve the precipitation and
deposition of waxes, which are mechanical, thermal, and
chemical techniques or combinations of these techniques to
solve wax deposition (Song et al. 2016; Yang et al. 2015).
The use of chemicals to avoid wax deposition has been the
focus of recent efforts. In order to disrupt the nucleation
and adhesion of the wax particles, chemical inhibitors are
injected into the well stream at the manifold header or the
wellhead. There are four types of chemical inhibitors used to
prevent wax precipitation: wax solvents, pour point depres-
sants (PPDs), flow improvers or wax crystal modifiers, and
wax dispersants (Ridzuan et al. 2020c; Yang et al. 2015).
However, the use of polymeric pour point depressant is a
new and convenient process. PPDs are primarily utilized
to lower the WAT and pour point (PP), enhance the rheo-
logical characteristics of waxy oil, and significantly change
the structure of wax crystal to prevent its aggregation. In
addition, PPDs are extremely interracially effective poly-
mers that alter the crystal's morphology and the crystal's
interactions (Ridzuan et al. 2020c). Many types of chemical
inhibitors may be utilized as PPDs to minimize waxy crude
oil's wax deposition. The commonly utilized PPDs include
the (EVA) ethylene—vinyl acetate copolymer (Machado et al.
2001; Ridzuan et al. 2020b; Tu et al. 2017), (POA) poly
octadecyl acrylate (Handayani et al., 2019; Yang et al. 2018,
2015; Zhu et al. 2004), poly alkyl acrylate (Feng et al. 2014;
Litvinets et al. 2016), poly (dodecyl methacrylate-co-vinyl
acetate (Ghosh et al. 2017).

Recently, the use of nanoparticles in the petroleum indus-
try has been studied. Nanohybrid PPD has also been con-
firmed to minimize the wax deposits produced, decrease the
WAT, and remove wax accumulation chances as nanopar-
ticles have greater steadiness, good adsorption, and good
capacity for diffusion (Yang et al. 2015). In addition, the
nanoparticle cost is smaller than most of the polymers used,
so it is further economical and inexpensive (Sun et al. 2017).
The use of nanoparticles has also proved practical because
it offers a broader surface area that improves particle inter-
action with crude oil (Fakoya and Shah 2017). However,
the impacts of blending nanoparticles with PPD on wax
precipitation of waxy crude oil were undefined. Therefore,
there were limited studies in this specific area that have been
tested by Lim et al. (2018), Ridzuan et al. (2020c) and Sub-
ramanie et al. (2020).
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Design software is a method that has been used effec-
tively for experimental design (DOE). The program offers a
feature identified as a full factorial design suitable for study-
ing and evaluating the factors required in a process for sev-
eral factors. A full factorial design is a more cooperative pro-
cess that efficiently assesses the interaction between two or
more independent variables in response (Oztiirk and Kavak
2008; Ridzuan et al. 2016). This technique takes more than
one factor at the same time into consideration and requires
only a small number of experimental runs. Non-experts, nev-
ertheless, favour (OFAT) one factor at a time, particularly
in states where the data are inexpensive and abundant. This
method, however, cannot be used simultaneously for all pos-
sible factor combinations.

Meanwhile, the design of OFAT is a conventional design
in which just one variable can be altered at a time, whereas
other variables are kept fixed. This method's weakness is
that it is not possible to investigate the relationships between
all the considered variables. Therefore, it is necessary to
determine the effect of all possible variables on wax for-
mation. A new-fangled technique to displace the OFAT
approach should be tested to optimize the wax deposition
that is affected by many independent factors. Because of
the lack of understanding of the dominant variables con-
tributing to wax deposition, it is essential to establish rela-
tionships between factors affecting wax deposition in the
transport of oil. The relationship is predictable to expect the
doubts of wax formation amount within the various range
of experimental conditions and values (Ridzuan et al. 2016).
Screening of full factorial design (FFD) is implemented to
find the critical variables impacting a process. This method
decreases the number of experiments without the request to
run a considerable number of studies. FFD makes it possible
to study the impact of several variables at the same time
while preserving the consistency of data collection (Ridzuan
et al. 2020a). According to Ridzuan et al. (2016), the fac-
tors that affect wax deposition have been screened using the
FFD design. The research findings exhibited that a smaller
amount of wax deposit was found (0.75 g) at the best con-
ditions of EVA at 2 h of time, 5000 ppm of concentration,
15 °C cold finger temperature, and without rotation speed.
In addition, (Ridzuan and Al-Mahfadi 2017) have optimized
the best factors obtained from screening in 2016, which were
cold finger temperature and stirring rate. According to the
study's conclusions, the wax deposit amount was reduced
to 0.0095 g following the optimization. The amount of wax
deposit decreased dramatically as the temperature and stir-
ring rate increased at 400 rpm and 19 °C, respectively.

In this study, the effect of operational factors, includ-
ing rotation speed, cold finger temperature, duration of the
experiment, inhibitor concentration, and nanoparticle con-
centration on the wax deposit, was calculated statistically by
the design process of FFD. Consequently, this paper aims
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to study the variable that most affects wax deposition and
evaluate and analyse the relationship between variables.

Method
Materials

In this research, (Stearyl acrylate-co-behenyl acrylate)
copolymer (SABA) has been synthesized by and Elarbe et al.
(2019). The nanoparticle used was silica dioxide particles
(Si0,) (purity 99%) obtained from Sigma-Aldrich. Toluene
(purity 99%) also was obtained from Sigma-Aldrich. The
crude oil sample was provided by the refinery of PETRO-
NAS from the Kerteh, Terengganu, Malaysia. The physical
characteristics of crude oil are described in Table 1. The
method used in this study to analyse raw materials and vis-
cosity was similar to those mentioned in our previous arti-
cle, where a detailed explanation can be found (Elarbe et al.
2021).

Preparation of SABA/ nanoparticle solution

Three different concentrations of SABA copolymer,
800 ppm, 1000 ppm, and 1200 ppm, were prepared by
dissolving 0.08 g, 0.1 g, and 0.12 g of SABA copolymer,
respectively. Then, 100 mL of toluene (solvent) (for each
concentration) at the constant stirring rate at 500 rpm for
60 min to shape a steady and homogenous solution.

To prepare nano-silica particles SiO, at 800 ppm (stock
solution), 0.08 g of the nano-silica particle SiO, with
100 mL of toluene was weighed and dissolved (Toluene
is used as a solvent in this study). The SiO, solution was
preheated to 80 °C and stirred for 60 min at 500 rpm, fol-
lowed by treatment with ultrasound in an ultrasonic bath
(Ultrasonic bath FB15051, Fisherbrand) at 40 °C for 30 min
to disperse the nano-silica completely and confirm homo-
geneousness solution (Lim et al. 2018; Paramashivaiah and
Rajashekhar 2016). Then, the solution of 800 ppm of SiO,
nanoparticles (stock solution) has been diluted to 600 ppm
and 400 ppm by adding toluene for each concentration.

To prepare the copolymer/nanoparticles blend, SABA
copolymer and nano-silica (SiO,) have been prepared in a
volume ratio of 3:1, that is, 3% (v/v) of the 1200 ppm SABA

Table 1 Physical characteristics of sample Malaysian crude oil

Characteristics Method Result
Viscosity (mPa.s) at 35 °C ASTM D445-06 6.30
Pour point (°C) ASTM D-97 11
API ASTM D-4052 42.4
WAT (°C) ASTM D-2500 28

copolymer were blended with 1% (v/v) of the 800 ppm nano-
silica (Si0O,). The amount of SABA copolymer and nano-sil-
ica (Si0,) (v/v%) have been added to samples of crude oil at
constant weight with observance to the total amount of crude
oil in every run (300 mL =250.3 g). The SABA copolymer/
Si0, nanoparticle blend has been stirred at 40 °C for 30 min
before being injected into the cold finger vessel.

Analysis of cold finger

300 mL of crude oil sample was heated over the WAT
through thermal behaviour in an oven for 60 min to dis-
solve the wax of precipitate and remove any thermal history
before being added into the stainless-steel vessel and to find
a homogeneous mixture.

Figure 1 illustrates the cold finger apparatus system. To
run the experiment, the sample of crude oil was placed at
a fixed temperature of 50 °C, the temperature of the cold
finger was set within the range of 5 to 10 °C, experimental
duration was set for 1 to 3 h, the rotation speed of impeller
was varied from 100 to 300 rpm, SABA copolymer con-
centrations was set within the range of 800 to 1200 ppm,
while nano-silica (SiO,) concentrations ranged from 400 to
800 ppm. A 10 mL (3:1) of SABA copolymer/nano-silica
(Si0,) blend was injected into the vessel for each run. The
experimental runs were replicated three times to get exact
data, and the results were averaged. At the end of every
experimental run, the wax precipitate was scrapped off from
a tube of cold finger and weighed for further examination.
The response of the design experiment was evaluated with
a Design-Expert to determine the effects of each variable
involved. As shown in Table 3, the experimental runs were
conducted by the Design-Expert's standard order series.

Design of experiment

Design-Expert software version 7.1.6 (State-Ease, USA)
was used in this study. The factors screening was carried
out using a half fractional factorial design (FFD) to identify
the best contributing factors to reduce wax deposition and
determine the interactions between factors that significantly
affect wax deposit. Moreover, it can also remove the non-
significant factors in the method and provide an effective and
efficient design, especially in a limited material resource.
In this design, five factors have been evaluated, which are
speed of rotation (A), the temperature of the cold finger (B),
duration of experiment (C), SABA concentration (D) and
concentration of nano-silica (E) to minimize wax deposit.
Table 2 shows the design factors and their levels, where low
and high levels imply the lowest and highest range of the
factors.

A half (2% two level-five-factor design consisting of
19 experiments was presented for all the variables. Each
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Fig.1 The cold finger apparatus system

Table 2 Values of the factors examined in FFD for lower (—1) and
higher (+1)

Factors Code Low level (—1) High level (+1)
Speed of rotation (rpm) A 100 300
Cold finger temperature B 5 10
)]
Experimental duration (h) C 1 3
Inhibitor concentration D 800 1200
(ppm)
Nano-silica concentration E 400 800
(ppm)

matrix row represents one run in a given state, with three
experimental repeats for the centre points to obtain accurate
results, as shown in Table 3. The experiments sequence was
randomized to decrease the systematic bias of uncontrolled
variables. The optimum factors of the extraction process will
then be used in the optimization studies using Central Com-
posite Design (CCD).

FFD evaluated the experimental data to fit the following
first-order polynomial equation. (Eq. (1)):

Y =p0+ ) piXi M
i=1

p}_le:Lu: ¢lallauae @
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Chiller

‘Water regulator pump

where Y signifies the response value, 0 is the fixed coef-
ficient, i represents the coefficient of linear factors, n is the
number of factors, and Xi denotes the coefficient of inde-
pendent factors.

Table 3 demonstrates the experimental design model and
the response (wax deposit) for the five factors and 19 empiri-
cal runs created.

Results

Variance analysis (ANOVA)

The purpose of the variance analysis ANOVA is to investi-
gate which process factors significantly affect the wax depo-
sition. The F values may be verified by regression equation
statistics, whereas the P values are utilized to determine the
importance of each coefficient. Table 4 shows that the F
value is 89.61, and the P value is P <0.0001). Because of
noise, there was just a 0.01 per cent chance that this big
model F' value would occur. Typically, the higher the cal-
culated F value, often connected to the tabularized value,
implies a good model. The lower P values display the more
significance of the corresponding factor. 'Prob > F' values
lower than 0.05 indicate that the model's design is very sig-
nificant. In this study, A, B, C, D, E, BC, BD, CD were sta-
tistically significant model terms impacting wax deposit. On
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Table 3 Screening model
experimental data in accordance
with the standard order

Standard no. Factors Response
A B C D E Wax deposit (g)
1 100 5 1 800 800 0.72
2 300 5 1 800 400 0.67
3 100 10 1 800 400 0.27
4 300 10 1 800 800 0.35
5 100 5 3 800 400 0.78
6 300 5 3 800 800 0.75
7 100 10 3 800 800 0.66
8 300 10 3 800 400 0.62
9 100 5 1 1200 400 0.68
10 300 5 1 1200 800 0.65
11 100 10 1 1200 800 0.23
12 300 10 1 1200 400 0.12
13 100 5 3 1200 800 0.62
14 300 5 3 1200 400 0.54
15 100 10 3 1200 400 0.28
16 300 10 3 1200 800 0.23
17 200 7.5 2 1000 600 0.44
18 200 7.5 2 1000 600 0.45
19 200 7.5 2 1000 600 0.46

*Speed of rotation (A), the temperature of the cold finger (B), duration of experiment (C), SABA concen-
tration (D), and concentration of nano-silica (E)

Table 4 Variance Analysis (ANOVA)

Source Sum of squares df Mean square F value P value Prob> F % Contribution
Model 0.73 8 0.092 89.61 <0.0001 Significant

A 6.0E-003 1 6.0E-003 5.88 0.0383 0.8

B 0.44 1 0.44 429.66 <0.0001 58.46
C 0.039 1 0.039 38.18 0.0002 5.20
D 0.14 1 0.14 132.21 <0.0001 17.99
E 3.9E-003 1 3.9E-003 3.82 0.0822 0.52
BC 0.045 1 0.045 44.20 <0.0001 6.01
BD 0.023 1 0.023 22.77 0.0010 3.10
CD 0.041 1 0.041 40.14 0.0001 5.46
Curvature 9.2E—-003 1 9.2E-003 9.09 0.0146 Significant

residual 1.8E-003 9 1.02E-003

Lack of fit 1.6E-003 7 1.28E-003 12.85 0.0741 Not significant

Pure error 2.0E-003 2 1.0E-003

Cor total 0.75 18

R 0.9876

Adj-R? 0.9766

Pred-R* 0.9368

the other hand, the contribution values less than 0.10 imply
that the design of model terms is not important. If there are
several unimportant model terms, the model reduction can
enhance your model. The Lack of fit is not important in com-
parison with the pure error, which is good. Consequently, it

shows that the design of the model adequately fits the result
well. The Lack of fit F value of 12.85 means that there is
only a 7.41% probability that this huge can occur because
of noise.
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The study of the regression model’s variance (ANOVA)
in Table 4 detected the value of R* was 0.9876, representing
that the model can be clarified 98.76% of the data varia-
tion. In contrast, just 0.24% of the overall differences were
not described by the model, which suggests that the design
of the model fits well with the experimental and expected
values. For a suitable model, the value of R must not be
less than 0.8, especially in the chemical field (Le Man et al.
2010). Nevertheless, (Koocheki et al. 2009) posited that a
significant value of R? does not continuously indicate that
regression design is perfect. Such a suggestion only could
be made depending on a similarly great value of adj R
The value of the estimation coefficient adjusted is Adj
R*=0.9766. Thus, this signifies that the model is signifi-
cantly, confirming that the agreement was good among the
experimental and expected wax deposit values. According
to Rai et al. (2016) (Rai et al. 2016), the adjusted R? and
expected R? must be within 20% to be in great agreement.
This condition is satisfied in this analysis with an expected
R? value of 0.9368. Thus, this model offers 93.68% variabil-
ity in the prediction wax deposit beyond the experimental
range of process conditions. In terms of coded factors, the
final equation was calculated as follows:

Wax deposit = +0.51 — 0.019 %« A —0.17 « B+ 0.049 % C
—0.092 * D+ 0.016 *x E4+0.053 %« B % C
—0.038%«B*D—-0.051 «C=*D

The main and interaction impacts of variables

Figure 2a—e shows the tendency of primary impacts plots
when the level of variables is different. The two points
were found in the plot at low and high levels from the

experimental runs. For the total individual impact, these
plots showed that factors B+, C—,and D+ had the lowest
amount of wax deposit contrasted with A—, A+,B—,C+,
D—, E—,and E+. The main effects were calculated by vari-
ables with steeper slopes, which would significantly affect
the data experimentally. Then, the influence of variable B,
the temperature of the cold finger, has been established as
the primary contributor variable compared to other variable
impacts.

Effect of rotation speed on the wax deposition

This percentage of rotation effect contribution was 0.8%,
indicating that the wax deposit factor increased slightly as
the speed rotation increased. Once the optimum rotation
speed has been exceeded, the amount of wax in the crude
oil reduces. Nevertheless, the process is the same at a low
rate of rotation, where the wax deposits slightly decreased
at 300 rpm. Figure 2a depicts a rotation speed range of 100
to 300 rpm, and it was found that the impact of rotation
speed has a critical role in reducing wax deposit because
it has a contrary interaction with the wax deposit amount.
This is proportional to most of the findings mentioned in the
literature that express that wax deposits can be reduced with
the increase in rotation speed (Salam et al. 2014). This find-
ing may be clarified based on viscous drag, which rises as
fluid velocity increases. Viscous drag is a resistance force to
the fluid flow, which rises according to fluid dynamics with
increasing speed (Municchi et al. 2020). If the deposited
wax's shear stress is surpassed, the force tends to weaken
the wax deposition layer or even destroy the deposited wax.
This phenomenon has been due to various reasons related
to the fluid's shear thickening behaviour resulting from a
highly viscous liquid (Giirgen 2020), the difference in the
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shear's untreated wax deposit, the quantity of fluid in the wax
deposits, and the effect of viscosity on the cold finger that
surrounds it. The ability of wax to deposit from the fluid and
shape waxes is lower at the lower shear force (Subramanie
et al. 2020). The comparison of wax deposit physical appear-
ance at various rotation speeds is shown in Fig. 3. Whereas
the shear force increased, the deposit of wax declined.

Effect of cold finger temperature on the wax deposition

The temperature of the cold finger with a percentage of
58.46 has been investigated. It implies that wax deposition
is strongly influenced by temperature. Figure 2b indicates
that the maximum amount of wax deposit was found at 5 °C
due to the propensity of wax molecules to shape wax crystals
at lower temperatures of WAT. The temperature differential
(T) between the bulk of the fluid sample and the cold finger's
surface tends to produce more hard crude oil (Zhang et al.
2021). Furthermore, higher T values lead to an increased
wax deposit rate. The cold finger's temperature was set under

Fig. 3 Effect of the rotation
speed of impeller on the wax
deposition, a 100 rpm and b
300 rpm

Fig.4 Cold finger temperature
effect on the deposition of wax,
a5°Candb 10 °C

the WAT value to measure the temperature influence on wax
deposition rate (Fan et al. 2021; Mehrotra et al. 2020).
Consequently, the wax molecules adhere to one another
easily at low temperatures and precipitate on cold finger sur-
faces. The comparison of wax deposit physical appearance
at various temperatures is revealed in Fig. 4. For instance, at
wax deposit weight of about 0.67 g at the lowest temperature
of 5 °C, the wax deposit was found to be thick and rough,
precipitated all over the cold finger surface. In contrast, this
amount falls to 0.34 g when the temperature difference rises
to 5 °C; the cold finger has very low amounts of wax, and a
much softer and thinner deposit of wax at 10 °C is observed.
This finding is in complete accordance with previous
studies conducted by (Lim et al. 2018; Ridzuan et al. 2016;
Subramanie et al. 2020). However, the experiment does not
support that the deposition of wax would increase with an
increasing temperature differential between cool pipe wall
temperature and the fluid temperature as described by (Jen-
nings and Weispfennig 2005). However, As long as the
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operating temperature remains above the WAT, the wax
deposition will never occur.

Effect of experimental duration on the wax deposition

The third significant variable affecting the precipitation
of wax is the duration of the experiment, with the ratio of
contribution being 5.20%. More deposits on the surface of
the cold finger were found after 3 h of experiment in con-
trast to 1 h, as exhibited in Fig. 2c. The maximum amount
of wax at 3 h was 0.56 g, while the lowest was 0.46 g at
1 h. The growth of crystal wax continues to increase as
wax deposition occurs at temperatures lower than WAT.
This result is supported by (Lim et al. 2018; Ridzuan et al.
2016).

The wax deposit that had accumulated on the tube surface
of the cold finger after 3 h seemed to be stronger and in a
rough shape. This process occurred because of the residence
time. Experimental appearances of wax accumulated on resi-
dence time is illustrated in Fig. 5. Wax deposition has been
observed to increase with increasing residence time. The
residence time allows for more significant temperature loss
and contributes to a lower oil temperature, resulting in the
precipitation of the wax on the wall of the pipeline. Since
this experiment has been carried out in the apparatus of cold
finger, there is no continuous flow of fluid sample, resulting
in a reduction in precipitation of the wax over a longer time
of residence. It was concluded that at a maximum level of
residence duration because the layers of precipitated wax
provide heat insulation. (Lim et al. 2018; Mehrotra et al.
2020).

Similar results have been obtained further to confirm this
obtained finding, (Ridzuan et al. 2016) even though their
experiments were performed at a longer time value. These
results are in agreement with other researchers (Junyi and
Hasan 2018; Lim et al. 2018; Salam et al. 2014). However,
it should be remembered that this scenario may not be

Fig.5 Effect of experimental
duration on the wax deposition,
alhandb3h

S

S
=
=
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=
=
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implemented in a realistic oil field pipeline since the res-
ervoir provides fresh crude oil constantly due to the fluid's
shorter residence period.

Effect of SABA concentration/SiO2 concentration
on the wax deposition

It is known that the wax inhibitor is one of the essential fac-
tors that affect wax deposition by changing the morphology
of wax crystal, therefore improving crude oil flowability.
In addition, nanoparticles further improve the behaviour
of wax crystallization and reduce the structural strength of
waxy crude oil at minimum temperature. The addition of
the nanoparticle to the PPD plays a notable role in chang-
ing the solubility of the wax crystals in the fluid (Makwashi
et al. 2021; Vakili et al. 2021; VijayaKumar et al. 2021).
Further studies have been performed to obtain the optimum
concentration combination for the wax inhibitor selected.
SABA copolymer and nano-silica (SiO2) have been pre-
pared at a fixed volume ratio of 3:1(v/v). Malaysian crude oil
was investigated at 800, 1000, and 1200 ppm of SABA and
blended with SiO, nanoparticles at 400, 600, and 800 ppm.

The combination of 1200 ppm of SABA and 400 ppm of
Si02 nanoparticles was found to be an optimum concentra-
tion for wax deposition. The physical appearance of wax
accumulated under optimum conditions is shown in Fig. 6.
It was noted that this concentration has a thin layer on the
surface of the tube and has fragile properties in contrast to
the 800 ppm SABA sample, which had been observed to be
in a harsh gel shape. For SiO2 nanoparticles, the hardness
of wax deposits and the amount of wax deposit could not
be reduced by increasing the concentration to 800 ppm. In
this situation, the concentration should not be more than
400 ppm. Therefore, it was concluded that the 400 ppm of
nano-silica suggested was sufficient for the mitigation of wax
precipitation. The experimental plot of deposited has been
consistent with the data given in Fig. 2e.

(b)
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Fig.6 Effect of SABA/SiO2 blend concentration on wax deposition

Moreover, it is also worth mentioning that the wax
deposit weight does not alter dramatically with a rise to
800 ppm of nano-silica concentration SiO2. In this situa-
tion, reducing wax deposits with the highest concentration
of SiO2 nanoparticles is not suitable. It is found that the
optimal concentration dosage level and nanoparticle con-
centration does not increase over 400 ppm for inhibition
impact due to SiO2 nanoparticles act as further suspended
particles and worsen crude oil flowability, which can
finally lead to more wax deposition. The findings showed
that the amount of wax deposit decreases once the opti-
mum concentration is reached and the inhibition begins to
deteriorate. In addition, it alters the crystallization of wax,
impeding growing wax deposition by as long as most of
the structures overlap and combine with the wax crystal
brink. Meanwhile, various concentrations of PPD can be
affected by the van der Waals interaction between crystals
of wax in the fluid, which principally sets the crystallinity

of wax in crude oil (Li et al. 2021; VijayaKumar et al.
2021).

Interactions between factors on wax deposit

When the key effects have been identified for each factor,
the identification of how various factors interact to influ-
ence the results is then pursued. An interaction occurs when,
depending on a second factor, one factor impacts the results
differently.

The interaction (or two-way effects) of important factors
over a significant level of 0.5 per cent is shown in Fig. 7.
If the lines are parallel, no interaction effect is considered.
However, if the variations in the slopes are greater, the most
critical interaction effect arises. The y-axis for the combi-
nation of each factor is always the same for studying these
results.

The wax deposit interaction graph between cold finger
temperature (B) and experimental duration (C) is shown in
Fig. 7a. The highest interaction effect was demonstrated by
BC interaction, contributing just 6.01% to wax deposition.
The amount of wax deposit at C- (1 h) and C+ (3 h) were
decreased once the cold finger temperature is extended until
at 10 °C. It is noted that there is a greater impact of B when
C is at 1 h. Also, the interaction of BC demonstrates that
the effect of B is steeper than C- when the data is restricted
to C+. In this research, however, the aim is to reduce wax
precipitates compared to high wax precipitates. Therefore,
the best range based on the objective is C-. Compared to
other variables, this interaction may occur because both vari-
ables contribute most to wax deposition. The temperature of
the cold finger variable contributes to the faster growth of
wax crystals at B —than B +because it occurs under the pour
point. However, the amount of wax deposit becomes more if
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the experimental duration is much longer against the ageing
impact. The maximum contribution percentage indicates that
BC interaction has a major influence on wax deposit forma-
tion, followed by CD and BD interaction.

Figure 7b shows the second interaction graphs between
experimental duration C with SABA concentration D, con-
tributing 5.46%. The inhibitor concentration was injected
into crude oil to prevent the deposition of wax, as the
response is used as an indicator. From this graph, D +1is
selected as the best term based on the aim. Also, CD inter-
action will occur since both variables contribute the most to
wax deposit relative to other variables. The inhibitor con-
centration variable contributes to increasing wax crystals at
D- than D +is at 3 h. The slope becomes less steep, suggest-
ing that the formation of wax at 1 h is decreased. This also
indicates that the dosage of SABA-PPD has been saturated
to be effective for wax deposition reduction.

The third interaction occurred between cold finger tem-
perature, B, and inhibitor concentration, D, as shown in
Fig. 7c. As discussed earlier, variable B has the most signifi-
cant effect since the operating temperature is below PP. In
addition to D’s variable influence, it is possible to minimize
wax deposit formation. Experimental duration C contributes
significantly to wax inhibition, but not as much as the influ-
ence of concentration variable inhibitor D.

Conclusion

The prediction of wax is very important in the petroleum
industry because of wax accumulation in crude oil pipelines
in cold regions. The experimental results show that SABA/
NP blend produces the smallest amount of wax. Therefore,
the optimum conditions for reducing the amount of wax
deposit have been identified using FFD at 300 rpm, 10 °C,
1 h, 1200 ppm, and 400 ppm, respectively, and the least
amount of wax deposit was 0.12 g at these conditions. The
variance analysis (ANOVA) has detected the value of R? to
be 0.9876; this represents that the model can clarify 98.76%
of the data variation. The Lack of fit is not important in com-
parison with the pure error, which is good. The Lack of fit F
value of 12.85 means that there is only a 7.41% probability
that this huge can occur because of noise. Therefore, it indi-
cated that the model is highly significant, which confirmed
a strong agreement among the experimental and expected
wax values deposited. The temperature of the cold finger (B)
was observed as the most affecting variable of wax deposi-
tion. Moreover, BC, CD, and BD were the most significant
interactions that strongly contributed to wax deposition.
Therefore, the optimum factors of the extraction from FFD
will be used in the future study using Central Composite
Design (CCD).
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