
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/2
7/

20
26

 1
1:

49
:5

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Effect of blendin
aMechanical Power Engineering, Faculty of

4419, Egypt
bChemistry Department, Faculty of Science,

Egypt. E-mail: hala.elnagy@yahoo.com;

+201002375731

Cite this: RSC Adv., 2021, 11, 33017

Received 15th July 2021
Accepted 27th September 2021

DOI: 10.1039/d1ra05450c

rsc.li/rsc-advances

© 2021 The Author(s). Published by
g biodiesel produced from waste
cooking oil on the properties of residual fuel oil:
energy saving and the economic cost

Mahmoud Abd El-Aziz Mohamed,a Mostafa A. A. Mahmoudb and H. A. El Nagy *b

The mazout properties were improved using ecofriendly ways because of its wide range of applications,

abundance and low cost. In this study, the effect of biodiesel blending on the properties of mazout was

investigated. Biodiesel was prepared from waste cooking oil. The mazout properties such as viscosity

and density improved with the increase in volume ratio of biodiesel to mazout. The mazout viscosity

decreases with an average value of 12% as the biodiesel is added with a volume ratio of 10%. In contrast,

when a 10% volume ratio of the biodiesel is added to mazout, the heating value decreases by 1.5%.

Although the calorific value of mazout decreases after the blending process, the blending method is

considered a method that saves energy compared to the heating method to reduce the viscosity. The

cost of improved mazout depends on the cost of biodiesel production. The more the cost of biodiesel

production approaches the cost of mazout, the more expensive the use of the blending method

compared to the heating method. Moreover, the blending method is a very effective method to reduce

the percentages of harmful compounds such as sulfur, and the compound percentages that occupy

volumetric proportions of fuel such as water content.
1. Introduction

Meeting the world's energy needs in a sustainable way is one of
the biggest challenges facing humanity.1 Most industries
depend on the use of residual heavy fuels due to their high
caloric value, low cost and abundance.2 Mazout (also called
fuel oil no. 6, residual fuel oil or bunker C) is a residue from
crude oil aer removing gasoline, fuel oil no. 1 and fuel oil no.
2. Residual fuel oil (fuel oil no. 6) has a composition that is more
complex and contains more impurities than the distillate fuels.
Limited data are obtainable on its composition. Paraffins,
polycyclic aromatic hydrocarbons, asphaltenes and metal-
containing derivatives are components of fuel oil no. 6.3

The resources of residual heavy oil in the world are more
than twice those of the conventional light crude oil.4 The heavy
oil of petroleum product contains a high percentage of sulfur,
minerals, asphaltenes and carbon residues.5 It is used for
industrial purposes, ships, marine vessels, electricity genera-
tion, and others. The quality of this product is affected by some
properties such as viscosity, ash point, pour point and specic
weight. In addition, it is preferable to use less quantity,
Engineering, Zagazig University, Sharkia,

Suez Canal University, Ismailia, 41522,
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the Royal Society of Chemistry
especially in cities and residential areas, due to the high
pollution rates it causes.6

Density, viscosity and caloric value of fuels are the most
important criteria that represent the key properties to dene
and develop the range of heavy fuel economics.7 Usually heavy
oil is sold at a lower price than light fuel because it has obstacles
and technological costs for preparing it for the burning process.
On the other hand, its high viscosity is an obstacle for its use,
combustion process, production and transportation.8

Numerous common methods are used to reduce viscosity
and to transport heavy fuels from places of production to places
of consumption, where burning, for example, in furnaces, ships
and in power plants. Common methods used in the transfer
process are heating, dilution, emulsication, partial upgrading
and annular ow.9

Heating is a common method for improving the ow prop-
erties of heavy oils. The viscosity decreases to a noticeable
degree with the increase in temperature.10 On the other hand,
the process of heating the lines is a difficult and expensive
process. This process needs to take into account the expansion
of pipelines and the number of pumps for heating stations, as
well as the thermal insulation and thermal loss in the transport
process and the rate of corrosion that takes place inside the
pipes due to heat, and more than that colloidal structure in the
case of crude oil transportation. All these considerations
represent a xed economic cost in case of pipelines being
prepared to suit the transportation conditions.11
RSC Adv., 2021, 11, 33017–33026 | 33017
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Table 1 The physicochemical properties of waste cooking oil (WCO)
and the prepared biodiesel

Property
Waste cooking
oil (WCO)

Prepared
biodiesel

Density at 15 �C (g cm�3) 0.920 0.880
Viscosity at 40 �C (Cst) 14 12
Pour point (�C) 9 �3
Acid value (mg KOH g�1) 3.1 0.215
Sulfur (% wt/wt) 0.110 0.100
Flash point — 130
Heating value (kJ kg�1) — 38.413
Water content (% v/v) 0.09 0.04
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One of the advanced methods used for improving the
transportation is the dilution. Heavy fuels are blended with
lower-viscosity hydrocarbons such as naphtha and kerosene.
According to practical experiments, it has been found that the
viscosity decreases with the increasing in volume fraction of the
hydrocarbons used for dilution. On the other hand, it is
necessary to use pipes with a higher capacity. Making these
hydrocarbons available for fear is a problem. Re-separating
these thinners requires other solutions, and this requires
more preparation to place additional tubes for the additives.12–14

The emulsication method is also used for reducing the
viscosity of heavy fuels. The emulsion is composed of 70% crude
oil, 30% aqueous phase, and 500–2000 ppm chemical additives.
The viscosity of the resulting emulsion was in the range of 50–
200 cp under the operating conditions. Subsequently, this
method requires re-breaking the emulsion, but this method still
poses a problem in completely re-disposing of the water from
the fuel.15,16

There are other common methods used for this purpose.
One of the technologies used to improve the properties of heavy
fuels is the use of blending with biodiesel. Biodiesel is easy to
use, biodegradable, non-toxic, has lower greenhouse gas emis-
sions, contains no sulfur and has more effective combustion
levels.17–19

The main obstacle in biodiesel production is the cost of raw
materials. Raw material source of biodiesel is mostly vegetables
oil such as Jatropha, Soybean, Pongamia, Neem, Castor oil etc.
that needs large land area to cultivate. The production of bio-
diesel from low quality feedstock is one of the best methods to
diminish the biodiesel cost.20

Waste cooking oil represents a valued source of raw mate-
rials due to its waste-nature and availability. It also well t in the
circular economy model, render to interest for developing new
sustainable productions.21–23

However, in some heavy fuel applications such as marine
fuel, biofuels can be blended with petroleum diesel to form
blended biodiesel, which consists of 20 percent by volume
biodiesel and 80 percent by volume diesel from oil.24 It was
found that when mixing biofuels with heavy marine fuels (20%
bulk biofuel), the caloric value was reduced by 1.9%. On the
other hand, other characteristics of the heavy marine fuels have
improved, such as ash point and viscosity.25 However, private
renewable energy projects such as clearing forests to produce
biofuels can cause similar or worse environmental damage
compared to using fossil fuels.26

Cherng-Yuan Lin investigated the effects of biodiesel blends
on residual and distillate marine fuel properties. The fuel
characteristics of residual marine fuel increase muchmore than
those of distillate marine fuel when biodiesel is blended in ref.
27. Michael D. Kass et al. studied the properties of blends made
up of high viscosity heavy fuel oil and acidic bio-oil. Bio-oil
concentrations as low as 5% mass percent were shown to
reduce the viscosity of heavy fuel oil considerably.28

From all this it becomes clear that there is a basic strategy for
nding alternatives or improving energy sources. First: energy
conservation. Second: nding cleaner ways to produce energy.
33018 | RSC Adv., 2021, 11, 33017–33026
Third: seek to nd a lower cost in producing or improving
energy.

From the previous introduction, it was found that the
viscosity is an important fuel property in the fuel use that must
be improved. The fuel properties of heavy residual fuel (mazout)
can be adjusted through blending it with a renewable, clean and
ecofriendly alternative fuel. The blending of biodiesel with
residual heavy fuel is still very limited compared with the
widespread biodiesel–diesel blends.

In this study, the improvement of residual fuel oil properties
(mazout, API 15.1) using the blending method is discussed. The
mazout is blended with different volume ratio of biodiesel
produced from waste cooking oil. Moreover, the effectiveness of
using this method is judged from the point of view of the energy
saving and the cost compared with using heating method to
reduce the viscosity.

2. Material and methods
2.1. Materials

The materials used for biodiesel production include waste-
cooking oil (WCO) obtained from household and its physico-
chemical properties were indicated in Table 1, ethanol absolute
(99.9%) and sodium hydroxide (used as catalyst). The attained
WCO was ltered off for several times to separate it from the
solid suspended impurities. Then, it was allowed to settle down
for three days to remove further contaminants and ltered once
again. Moreover, the WCO sample was heated to remove
moisture nally, the WCO sample were dried over anhydrous
Na2SO4.

Mazout was attained from fuel storage tanks of a local power
plant station. Preparation of biodiesel and its test fuels blends
with mazout was performed in Suez Canal University, faculty of
science, chemistry department laboratories.

2.2. Synthesis of biodiesel procedure

Transesterication is the method used for biodiesel synthesis
and the experiment was performed at a laboratory scale. It is
a method in which the animal fats or vegetable oils was reacted
with alcohol in presence of catalyst to form glycerol and the fatty
acid methyl ester (FAME). Ethyl alcohol (20% weight of oil) and
sodium hydroxide (1% weight of oil) were mixed usingmagnetic
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The instruments used for measuring the physical–chemical properties for the prepared blends: (a) kinematic viscosity device, (b) sulfur X-
ray, (c) pour point device, (d) auto flash point device and (e) Dean Stark device.
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stirrer. WCO was heated to 60 �C in a separate ask before the
ethyl alcohol mixture has been added to it. The reaction was
continued for one hour at 60 �C with stirring. Then, the excess
alcohol has been distilled off and the reaction product was put
into a separating funnel in order to separate biodiesel from
glycerin. Finally, the produced biodiesel was washed three
times with warm water, separated fromwater and drying for one
hour at 105 �C.

2.3. Preparation of blends

Thoughmixingmazout with biodiesel, six blends were prepared
in volumetric percentage (v/v) and named as M100 (100%
mazout + 0% biodiesel), M90 (90% mazout + 10% biodiesel),
M80 (80% mazout + 20% biodiesel), M70 (70% mazout + 30%
biodiesel), M60 (60% mazout + 40% biodiesel) and M50 (50%
mazout + 50% biodiesel). Moreover, each blend was further
mixed with a magnetic stirrer at room temperature to conrm
homogeneity. The prepared blends were kept in glass bottles at
ambient temperature.

2.4. Fuel properties measurements

Measurements of the physical–chemical properties for the
prepared blends were carried out to investigate the effect of
adding biodiesel on the mazout properties.

Kinematic viscosities of blends were determined using ASTM
D 445 standard, kinematic viscosity device, Tamson
Tv4000MkIL as shown in Fig. 1(a). The time it takes for a xed
amount of liquid to ow under gravity through the capillary of
a calibrated viscometer, under a reproducible driving head, and
at a precisely regulated and known temperature is measured.

Sulfur content was measured for the prepared blends
according to ASTM D 4294 standard using sulfur X-ray device,
Horiba SLFA-6800 as shown in Fig. 1(b). An X-ray tube emits
© 2021 The Author(s). Published by the Royal Society of Chemistry
a beam that the sample is placed in. The collected count from the
resultant excited characteristic X radiation is compared to counts
from previously prepared calibration samples to determine the
sulphur concentration in mass percent and/or mg kg�1.

Pour point of blends was determined according to ASTM D
97 standard using pour point device, stanhope-seta 26346 as
shown in Fig. 1(c). Aer preliminary heating, the sample is
cooled at a set rate and tested at 3 �C intervals for ow prop-
erties. The lowest temperature at which the specimen moves is
documented as the pour point.

Density was determined using ASTM D 5002 standard by
Densitometer A. Kruss Optronic device. An oscillating sample
tube is lled with approximately 0.7 ml of oil sample, and the
change in oscillating frequency induced by the change in tube
mass is utilized in conjunction with calibration data to calculate
the density of the sample.

Flash points blends was determined according to ASTM D 93
standard using auto ash point stanhope-seta 35000-04 as
shown in Fig. 1(d). The specimen is heated and stirred at set
rates in a brass test cup of dened dimensions, lled to the
inside mark with test specimen and tted with a cover of
specied dimensions. At regular intervals, an ignition source is
delivered into the test cup, interrupting the stirring process,
until a ash is detected.

Water content was measured for the prepared blends
according to ASTMD 4006 standard using Dean Stark Stanhope-
Seta device as shown in Fig. 1(e). The sample is heated in a water
immiscible solvent that co-distills with the water in the samples
under reux circumstances. In a trap, condensed solvent and
water are continually separated, with the water settling in the
graded part and the solvent returning to the distillation ask.

Heating values was determined according to ASTM D 4809
standard. A weighted sample is burned in an oxygen-bomb
RSC Adv., 2021, 11, 33017–33026 | 33019
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calorimeter under controlled conditions to estimate the heating
value. A temperature-reading instrument is used to measure the
temperature increase, allowing the method's precision to be
satised. The heating value is measured.
3. Results and discussions

The results discuss the effect of temperature on mazout prop-
erties (heating method). The heating method was compared to
the blending method with the prepared biodiesel and the
results are compared with the previous related works. Besides,
the energy saving and the cost have been studied to predict the
best method to improve the properties of mazout.
Fig. 3 Comparison of the present experimental result with the liter-
ature studies.
3.1. The heating method

When the temperature of the pure mazout increases from 30 �C
to 70 �C, the results were as follow.

3.1.1 The effect of heating method on the mazout viscosity.
The ow of the liquid fuel oil to the burner was determined by
viscosity.29 The molecular interchange; substantial attractive
and cohesive forces between molecules are contribute to fuel
viscosity. The fuel have high viscosity when the molecules are
much closer together. The viscosity of fuel is very sensitive to
temperature and is lower at higher temperatures. When the
heavy residual fuel is considered at low temperature, the
attractive inter-molecular forces tightly bind the molecules
together, since it is difficult for individual molecules to move.30

Fig. 2 shows a reduction in the viscosity of mazout with the
increasing in temperature. As the temperature increases from
30 to 70 �C, the viscosity decreases gradually from 250 Cst to 73
Cst. However, when the temperature increases above 70 �C, the
viscosity is slightly reduced. With the increasing in tempera-
ture, the kinetic and thermal energy increase and the molecules
become freer. As a result, the attractive binding energy and the
viscosity is reduced.

Typically, the mazout have higher viscosity values due to its
complex composition of aromatic hydrocarbons, asphaltenes
and paraffins. This leads to high resistance of mazout to ow
and transform from one place to another.31 Hence, a great
amount of pumping energy or heating is required to reduce the
viscosity of the mazout and increase its uidity so it can easily
ow through pipelines for burning process.
Fig. 2 Variation of viscosity of mazout fuel with temperature.

33020 | RSC Adv., 2021, 11, 33017–33026
3.1.2 The present experimental results vs. literature
results. Fig. 4 depicts a comparison of the current study's
experimental results with data reported in the literature (Osa-
mah et al.,32 K. Grab et al.,33 and National Oceanic and Atmo-
spheric Administration (NOAA)34). According to the
experimental results, the viscosity of mazout reduces as it is
heated from 40 �C to 100 �C, as shown in Fig. 3. The same gure
also illustrates that the current study is in a good agreement
with the literature. When the viscosity value of the current work
is compared to the results of Osamah et al.32 (low API), it was
discovered that R2 is 0.97. The acquired experimental results are
in good agreement with the literature results, as shown in the
Fig. 3.
3.2. The blending method

The mazout was blended with the prepared biodiesel at
different concentrations (M100, M90, M80, M70, M60 and
M50).The results were compared with the results of Cherng-
Yuan.27 He used the biodiesel (density (at 15 �C) 860 to 900 kg
m�3, kinematic viscosity (at 40 �C) 3.5 to 5mm2 s�1, and heating
value 38 MJ kg�1), to improve the properties of marine fuel
(density (at 15 �C) 920 kg m�3, kinematic viscosity (at 40 �C) 10
Cst, and heating value 40 MJ kg�1). The results were as follow.
Fig. 4 Variation of kinematic viscosity with volume ratio% of biodiesel
blends in mazout fuel.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Variation of density with volume ratio% of biodiesel blends in
mazout fuel.

Fig. 6 Variation of heating value with volume ratio% of biodiesel
blends in mazout fuel.
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3.2.1 The effect of blending method on the mazout
viscosity. The viscosity of mazout was affected by adding various
ratios of biodiesel as shown in Fig. 4. The kinematic viscosity of
mazout is to be about 12 times that of biodiesel. The value of
mazout viscosity is 140 Cst while that of the prepared biodiesel is
12 Cst.

Therefore, when the mazout being blended with the prepared
biodiesel, the viscosity of the prepared blend decreased because of
the great difference betweenmazout and the prepared biodiesel in
viscosity. Fig. 4 represent much more signicant decrease in the
kinematic viscosity of mazout–biodiesel blends as the amount of
the prepared biodiesel being increased so thatmuch less pumping
or heating energy is required.
Fig. 7 Variation of viscosity with volume ratio [%] of biodiesel blends vs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
The viscosity of mazout gradually decreases with an average
value of 12% as the prepared biodiesel being added with a volume
ratio of 10% in all blends. When the mazout was blended with the
prepared biodiesel at a concentration ratio of 50 : 50 (M50 blend),
the viscosity of mazout decreased with an average value of 47% as
compared with the value of mazout without biodiesel (M100). The
change in viscosity because of blending according to the present
study is in a good agreement with Cherng-Yuan27 results.

3.2.2 Density. The fuel density is principally proportional
to the ratio of hydrogen and carbon atoms in the fuel compo-
sition.35 The blending of mazout with biodiesel can signicantly
reduce its density as shown in Fig. 5 and thus reduces the
weight so that leading to an ease of pumping it with the lowest
possible energy.

3.2.3 Heating value. Commonly, biodiesel has a lower
heating content than residual heavy fuel oils. The lower heating
content of biodiesel is attributed to that biodiesel has less
elemental carbon and hydrogen content and more oxygen
content than the residual fuel. Carbon and hydrogen elements
are the sources of thermal energy whereas oxygen element is
ballast. Petroleum heavy fuels consist of a mixture of several
hydrocarbons and contain little oxygen, while biodiesel
contains a signicant amount of oxygen.

Therefore, biodiesel is combusted much more efficiently
than mazout. Hence, biodiesel has lower stoichiometric air to
fuel ratio than that of the mazout because lower amount of air
will be required for burning. As a result, biodiesel releases
much less greenhouse gas emissions and carbon oxides.36

The heating value for the prepared biodiesel is 38.413 kJ
kg�1, whereas that of the mazout fuel is 45.2 kJ kg�1. It was
observed from the Fig. 6 that the heating values of the prepared
blends decrease with the increasing in the volume ratio of the
prepared biodiesel at the order of M90 > M80 > M70 > M60 >
M50. Moreover, it was observed that the heating value
decreased with 1.5% with the addition of 10% volume ratio of
the prepared biodiesel (M90). The decrease in heating value
because of blending according to the present study is in a good
agreement with Cherng-Yuan27 results.

3.3. Energy saving

Although the properties of mazout fuel such as viscosity and
density have been improved, its heating value has decreased by
1.5% when adding biodiesel by a volume ratio 10% to it.
the effect of temperature on viscosity of mazout.

RSC Adv., 2021, 11, 33017–33026 | 33021
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Table 2 The amount of energy saving (kJ kg�1) equivalent to different blending ratios

Blend of volume
fraction

The viscosity
(Cst)

The corresponding temperature,
Tcorres (K) to viscosity

The amount of energy saving (kJ
kg�1), Cp � (Tcorres � Treff) � Dh

0% 140 313 0.0
10% 125 317 8�0.678 ¼ 7.322
20% 118 319 12�1.356 ¼ 10.644
30% 107 325 24�2.034 ¼ 21.966
40% 93 329 32�2.712 ¼ 29.288
50% 75 340 54�3.39 ¼ 50.61
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In order to determine the effective and economical of
blending process. The values of energy saving were calculated
based on the decrease in the viscosity. The blending method is
compared to the heating method of mazout. Then, the energy
saving values are calculated when comparing the heating
method with the blending method to reduce the viscosity. This
required two steps; the rst step is to study the change of
viscosity with temperature as shown in Fig. 2. It was indicated
that the decrease in viscosity, required much greater tempera-
ture range for heating. For example, to decrease the viscosity
from 250 Cst to 200 Cst, it needs to 5 �C while to decrease the
viscosity from 100 Cst to 50 Cst, it needs to nearly 50 �C. The
second step is to estimate the amount of energy required to
reduce the viscosity corresponding to the volume ratios of bio-
diesel added in blends as shown in Fig. 7.

The amount of energy saving are calculated from eqn (1):

DQ ¼ Cp � DT � Dh (1)

where DQ (kJ kg�1) is the amount of energy saving, Cp (kJ kg�1

K�1) is the specic heat of mazout which have value of 2 kJ kg�1

K�1, DT (K) is difference temperature between the temperature
that corresponding to viscosity of blend and reference temper-
ature (in this paper consider the reference temperature is 313 K
at pure mazout), and Dh is the enthalpy decrease because of
various values of heating value between mazout and the
prepared biodiesel which are calculated from eqn (2):

Dh ¼ hvmazout � ((1 � a)hvmazout + ahvbiodiesel) (2)

where hvmazout (kJ kg
�1) is the heating value of mazout, a is the

volume fraction of biodiesel volume to mazout volume and
hvbiodesel is the heating value of the prepared biodiesel (kJ kg�1).

The results of the amount of energy saving (kJ kg�1) are
summarized in Table 2.

As shown in Fig. 8, when the volume ratios of the prepared
biodiesel increase, the values of energy saving increase. More-
over, the amount of energy saving depends more on the
equivalent temperature difference (DT).

All this indicate that the energy was saved because of adding
the prepared biodiesel to mazout through reducing the viscosity
of mazout. However, these calculations are not sufficient to
judge the use of the blending method in improving the prop-
erties of mazout compared to the heating method, as there is
33022 | RSC Adv., 2021, 11, 33017–33026
a large variation in the price of mazout and the price of the
prepared biodiesel.
3.4. The predicted cost of the prepared blends

The effect of production price of biodiesel from waste cooking
oil compared to the production of mazout is discussed. Two
different prices are studied in this research. According to
Mohammadshirazi et al.37 and El-Gharbawy,38 the prices of
biodiesel produced from waste cooking oil is 1.2$ and 0.515$,
respectively. According to global energy prices estimations, the
average price of a liter of mazout is 0.32$.39

In this section, the volume of fuel and the amount of energy
savings in dollars are evaluated as equivalent volume of mazout.
The equivalent volume of mazout is dened as the volume of
the fuel that give the amount of energy required to heating
mazout for the required viscosity. The equivalent volume of
mazout is calculated according to eqn (3):

The equivalent volume of mazout (liter) ¼ (the amount of energy

required for heating/heating value of mazout)

� (1/density � 103) (3)

where the amount of energy required for heating is considered
the energy saving.

The cost of the improved mazout consist of the cost of
mazout and biodiesel blended with it. Assuming that the use of
fuel depends on the viscosity. In this section, three cases are
considered. One of the cases is that of the pure mazout, in this
case, the cost depends on the purchase cost of the fuel in
addition to the equivalent cost of heating method to reach the
Fig. 8 The amount of energy saving equivalent to different blending
ratios.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Energy saving equivalent to liter of mazout for all blends

Volume ratio%
Equivalent saving
volume of mazout (liter)

10 0.17
20 0.247
30 0.51
40 0.68
50 1.17

Fig. 9 The predicted cost of different cases.
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required viscosity. The other two cases are considered for the
blendmethod to reach the required viscosity. One of themwhen
the cost of prepared biodiesel is 1.2$, and the other case when
the cost of prepared biodiesel is 0.515$ (Table 3).

The predicted cost of three cases are calculated assuming the
same viscosity according to eqn (4) and (5):

The predicted cost by heating method

The predicted cost ¼ the cost of mazout + the equivalent cost of

heating method (4)

The predicted cost by blending method

The predicted cost ¼ a � the cost of biodiesel + (1 � a) � the cost

of pure mazout (5)

Table 4 summarized the predicted cost of the three cases. As
shown in Fig. 9, when the cost of biodiesel production
approaches the cost of mazout, the predicted cost of improved
mazout becomes less than the cost of heating method. On the
contrary, the higher the cost of biodiesel production, the higher
the predicted cost of the improved mazout. This indicates that
the blending process has less cost than the heating process.

Using the biodiesel as a blend fuel to improve the mazout
properties depends on the cost of the production of biodiesel.
The critical cost of biodiesel production is the cost when the
predicted cost from eqn (4) and (5) are equal value. Then, the
critical cost of biodiesel can be calculated as eqn (6):

The critical cost of biodiesel production¼ the cost of pure mazout

+ (1/a)the equivalent cost of heating method (6)

The capital cost of heating method may be increase because
of providing equipment such as thermal insulation materials,
Table 4 The predicted cost of the three cases

Blend

a m

Case 1 (price of
biodiesel ¼ 1.2$ L�1)

Case 2 (
biodiese

10% 125 0.408 0.34
20% 118 0.496 0.36
30% 107 0.584 0.38
40% 93 0.672 0.40
50% 75 0.76 0.42

© 2021 The Author(s). Published by the Royal Society of Chemistry
heating lines, and annual cost of maintenance of thermal
insulation.

The insulation thickness depends on the difference
temperature between themaximum temperature allowed on the
outside surface of insulation (Tout), considered 40 �C and the
operating temperature of the uid inside pipe (Tin). Formula for
steady state heat transfer (Qtransfer) through insulating material
wrapped around a pip is as shown in eqn (7):

Qtransfer ¼ 2pkN
ðTin � ToutÞ
lnðRout=RinÞ (7)

where N is the length of pipe, Rin is the radius of the pipe, Rout is
radius of insulation, and k is the thermal conductivity of insu-
lating material.

Assume for the same insulating material and dimentions of
the pipe contains the heavy oil fuel, the thickness of the insu-
lating material increases as indicated in eqn (8): 

Rout;Tcross

Rout;Treff

!
¼ eð2pkðTin�ToutÞ=QtransferÞ

eð2pkðTin;reff�ToutÞ=QtransferÞ ¼ e2pk=QtransferðTin�Tin;reffÞ (8)

According to eqn (8), the percentage change of the outer radius
of insulating material increases with mazout temperature (Tin) for
the same insulating material, heat transfer and reference
temperature and insulation thickness become as eqn (9):

Insulation thickness ¼ Rin

�
eð2pkðTin�ToutÞ=QtransferÞ � 1

�
(9)

When using the prepared biodiesel, the thickness of insulating
material become a value of zero. The predicting cost aer
considering the value saving of insulating material is as eqn (10):
Heating

price of
l ¼ 0.515$ L�1) T m Pure mazout

317 125 0.37
319 118 0.40
325 107 0.48
329 93 0.54
340 75 0.69

RSC Adv., 2021, 11, 33017–33026 | 33023
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Fig. 10 Variation of sulfur content with volume ratio% of biodiesel
blends in mazout fuel.

Fig. 11 Variation of flash point with volume ratio% of biodiesel blends
in mazout fuel.
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The capital cost after considering the value saving of insulating

material ¼ the predicting cost from eqn (4) + price of insulation

material (10)

Price of insulation material depends on the thickness, the
length and the type of insulation as eqn (7).

Also the important advantage when using the blend method
to improve the properties of mazout. The other properties such
as sulfur content, pour point, ash point and water content
improved. Further removal of sulfur and water content from
mazout translates to additional energy and capital costs and can
inuence fuel price and availability. Moreover, the blending
method is a very effective method to reduce the percentages of
harmful compounds such sulfur, and the compounds percent-
ages that occupy volumetric proportions of fuel such water
content.
Fig. 12 Variation of pour point with volume ratio% of biodiesel blends
in mazout fuel.
3.5. The effect of blending method on the other properties

3.5.1 Sulfur content. Sulfur content contribute to the
environmental pollution because of the fuel combustion
process. Typically, the residual heavy fuels contain excess
amount of sulfur compounds. Combustion of these sulfur-
containing fuels produce sulfur oxides, which has a great
effect on environment and health. The excess sulfur amount
will be oxidized into SO2 during combustion process. In addi-
tion, it affects corrosion and the deposits formation at pipelines
and storage tanks. SO2 can be more oxidized to SO3 and even-
tually producing sulfuric acid upon reacting with water. Sulfuric
acid will deposit on the metal parts, which will cause damage,
corrosion of the metal parts.40

The reduction of the heavy fuel sulfur content decreases
emissions of sulfur oxides produced in the combustion
process.41

One important property of biodiesel is its low sulfur content
as compared to the residual heavy fuels. Therefore, biodiesel is
considered as a green fuel, which has low effect on greenhouse
gases emissions. The sulfur content of the prepared biodiesel is
0.100% wt/wt while that of mazout is 0.350% wt/wt. Fig. 10
shows reduced sulfur content for mazout with the increased
biodiesel volume ratios in the prepared blends at the order of
M90 > M80 > M70 > M60 > M50. It was indicated that if 10 vol%
33024 | RSC Adv., 2021, 11, 33017–33026
biodiesel is added to the mazout, the sulfur content of mazout
reduced by 8.5% as shown in Fig. 10.

The decrease of sulfur content because of blending accord-
ing to the present study is in a good agreement with Cherng-
Yuan27 results.

3.5.2 Flash point. Flash point differs from one blend to
another. The higher the temperature needed to ignite the fuel
sample, the higher the ash point and this means the fuel is
safer to transport. However, lowering the ash point for
combustion purposes is preferable.

The ash point of biodiesel is usually higher than that of
conventional heavy fuel because biodiesel is produced from oil
containing fatty acids with longer carbon chains. Catoire and
Naudet explained why compounds with longer carbon chain
have a higher ash point through using an empirical model for
estimation of ash point.42

The ash point for biodiesel is 130 �C, while that for mazout
is 70 �C. It was observed that the ash point of mazout increase
signicantly with the increasing in the biodiesel volume ratios
in the order of M90 < M80 < M70 < M60 < M50 as shown in
Fig. 11. Furthermore, it points out that the blending of mazout
10 vol% biodiesel increase its ash point noticeably by 14%.
This increase in ash point of mazout reduce the problems such
as re hazards that is being caused by the lower ash point of
fuel.

The increase of ash point because of blending according to
the present study is in a good agreement with Cherng-Yuan27

results.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Variation of water content with volume ratio% of biodiesel
blends in mazout fuel.
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3.5.3 Pour point. The residual heavy fuel has a high pour
point and this make it difficult to be easily pumped from one
place to another for various applications. It also requires more
heating and pumping energy to increase its uidity so it can
ow from places of production and storage to consumption
places. In general, residual fuel are a complex mixture of long
chain hydrocarbons and contain amounts of wax and paraffins
which reduce its uidity and cause problems in its production
and storage.43

The residual heavy fuels are also rich in asphaltenes, which
can lead to several transportation and recovery problems due to
increased viscosity. The paraffins may also crystallize or deposit
in the storage tanks leading the fuel to be immovable and
causing blockages at pipelines.44

The pour point of the prepared biodiesel is �3 �C while that
of mazout is 24 �C. The Fig. 12 indicated the effect of adding the
prepared biodiesel on the pour point of mazout. The pour point
of mazout signicantly decrease with the increasing the volume
ratio of biodiesel being added to the prepared blends at the
order of M90 > M80 > M70 > M60 > M50 so that much less
pumping and heating energy is required.

3.5.4 Water content. Usually, a high water content and
sediment occurs because of poor storage and handling of the
fuel. The residual heavy fuels have a higher water content due to
the existence of stable water emulsions because of its high
asphaltenes content. This may lead to metal corrosion, fouling
and microbial contamination.45

The water content of mazout is 0.2 (% v/v) while that of the
prepared biodiesel is 0.04 (% v/v). It was observed from Fig. 13
that the water content of mazout decrease with the increase of
the volume ratio of the prepared biodiesel. Fig. 13 also indicates
that the water content of mazout decrease by about 8% when
10% of the prepared biodiesel being added.
4. Conclusions

The process of improving fuel properties is not an absolute
process, but rather a relative process that depends on the
method used to improve the properties. Important criteria must
be taken to determine the effectiveness of the method used to
improve fuel properties. Environment, energy saving and the
cost are three important interrelated criteria that must be taken
© 2021 The Author(s). Published by the Royal Society of Chemistry
into account when judging the method used to improve fuel.
Using the blending method with biodiesel extracted from the
waste cooking oil to improve fuels is more acceptable than
heating method to improve mazout properties when it meets
these three criteria. This appears more especially when
producing fuel from waste cooking oils at lower cost. The
mazout properties was improved through blending it with
a renewable, clean and ecofriendly alternative fuel produced
from waste cooking oil. Addition of the prepared biodiesel on
the mazout blends reveals that the viscosity of mazout decrease
with an average value of 12% as 10% of the prepared biodiesel
being added so that much less pumping and heating energy are
required. Heating value of mazout decreased with 1.5% with the
addition of 10% volume ratio of the prepared biodiesel. The
blending method is considered a method that saves energy
compared to the heating method to reduce the viscosity. The
blending process also can save the equipments used in heating
process such as thermal insulation materials, heating pipes
lines, and annual maintenance of the thermal insulation. The
blending method is a very effective method to reduce the
percentages of harmful compounds such sulfur. Sulfur and
water content decreased with 8.5% and 8%, respectively when
10% of the prepared biodiesel being added so that its effect on
health and environment, corrosion and microbial problems
have being reduced.
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