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Introduction

RON and steel factories in Egypt have been suffering from fine calcium oxide (CaO) emission

which is considered as a waste and leads to many health hazards.An alternative, this waste
(fine CaO) has been utilized as a low-cost, sustainablesource of calcium sulfate impregnated
sulfated silica (CSISS)nano-catalyst production. This hybrid catalysthas been utilized as
aheterogeneous catalyst for biodiesel production from waste frying oil (WFO).In this study,
the linear, quadratic and interaction effects of the main four factors that affect the biodiesel
yield were investigated. An empirical model has correlated the experimental results and used
to optimize and predict the biodiesel production yield. The model showed good agreement of
about 93% with the experimental results and revealed that the optimum operating condition
is: 50% SiO,content, 20 min reaction time, 8:1 methanol to oil molar ratio and 3% catalyst
weight at 55°C and 300 rpm stirring speed to produce 99% biodiesel yield. The physicochemical
properties of the produced biodiesel were analyzed. The combustion exhaust emissions of the
produced biodiesel /petrodieselblends have been evaluated. Thetechno-economic analysis
elucidated that, the producedbiodiesel is a strong competitor to petrodiesel witha cost of
US$0.488/L.

Keywords: Biodiesel production, Multivariate regression analysis, Techno-economic analysis,
Waste frying oil, Heterogeneous catalyst, Exhaust emissions.

policy against geopolitical risks and government

The energy demand has been expanded to
a greater extent due to industrial growth
and the accelerated population rise. Energy

insecurity about fossil fuel securing and costs
[1,2]. Over the past twenty-five years, biodiesel
has gained great international attention as an
alternative source of fuel to address the fossil

diversification is considered as an insurance
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fuels drawbacks such as fast diminishing, price
hike, environmental and human health hazards.
In addition, biodiesel has many merits like non-
toxicity, high degradabilityand low emission of
carbon monoxide, unburned hydrocarbons, and
particulate matter[3-7]. Biodiesel is a mixture
of fatty acid alkyl esters that can be blended
with petrodiesel fuel in different proportions and
directly used in existing compression ignitions
diesel engines without any modifications[8-10].
Any fatty acid source,animal fats and vegetable
oilscan be used as a feedstock for biodiesel
production [11,12]. Using of WFO as a biodiesel
production feedstock has many advantages as it
provides a market for the waste oils that disposed
incorrectly and lead to sewage clogging, avoid
the competition between food and fuel and
reduce the biodiesel production cost[13-15].
Biodiesel has been successfully produced from
animal fats and vegetable oils usingacidic and/
or basichomogeneous catalysts, mainly sulfuric
acid and potassium or sodium hydroxide[16,
17]. Traditional homogeneous catalysts possess
advantages including high conversion values
with mild reaction conditions. However, their
use leads to several disadvantages such as
corrosion, separation and purification difficulties
and the catalyst inability to be reused[18-20].
Thus, the total cost of the biodiesel production
based on homogeneous catalysis is not yet
sufficiently competitive as compared to the cost
of petrodiesel[21]. One of the means to address
the hurdle of the higher priced is to develop low-
cost heterogeneous catalysts that could eliminate
the additional running costs associated with
the aforementioned separation and purification
stages. Another option for cost reduction is to
reduce the cost of processing through optimizing
the process variables that affect the biodiesel yield
and purity.Calcium oxide (CaO) is a candidate
for the heterogencous catalysts. From the
literature survey, many researchers utilized CaO
in biodiesel production. Some of them utilized
analytical grade CaO and the other synthesized
CaO from wastes calcination such as; eggshell,
bones, mollusk shell, oystershell, and mud crab
shell to reduce the CaO cost[22, 23].

Calcium oxide CaO is essential in the iron and
steel industry, where it is used in two important
stages; slag formation and product refining. The
desired grain size of CaO in this industry is 80 —
40 mm and grain size < 40 mm is considered as
a waste. Alexandria iron and steel Co. produces
about 250 ton CaO/day using twin shaft parallel
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flow regenerative kilns as shown in Fig.1. About
30 ton of them has grain size <40 mm and
considered as a waste because it pollutes the
working area and leads to many health hazards
such as; eyes, nose, throat and skin irritation
and cause bronchitis and pneumonia. Whereas,
the permissible exposure limit of CaO is 5 mg/
m?® of air averaged over an eight-hour work shift
according to current OSHA standards.

According to the previous studies and the
literature, CaO leads to high biodiesel production
yield due to its high activity. Nevertheless, CaO
dissociation during the reaction with methanol
isresponsible for leaching out the soluble active
Ca component which affects the catalytic activity
and the product quality. The leached out Ca*" will
react with the remaining FFAs andlead to soap
formation and catalyst deactivation[24]. Hence,
some researchers tend to convert CaO to CaSO, to
be used as a heterogeneous catalyst for biodiesel
production and avoid the CaO drawbacks[25].
On the other side, some researchers tend to
impregnate CaO on high surface area materials
such as zeolite[26], alumina[27], and silica[28-30]
to avoid CaO leaching and accelerate its catalytic
activity. Among these catalyst supports, silicahas
attracted much attention due to its excellent
properties such as high surface area, good thermal
stability and its unique largepore structure
characteristic, which reduce mass transfer
limitationsand allow a high concentration of
active sites per mass of material[31].

This work aims to offerbinary environmental
protection by utilizing the fine CaOas a sustainable
raw material for heterogeneous catalyst synthesis
to be used for biodiesel production to reap the
benefits of the high catalytic activity of CaO
and avoid its environmental drawbacks.In
addition to making benefit from WFO that leads
to severalproblems in the environment and the
sewage system due to its incorrect disposal and
use it as a sustainable biodiesel feedstock.Hence
this work presents a treble facet solution 1)
environmental protection, 2) reduce the biodiesel
production cost and 3) sustainable biodiesel
production. The catalyst has been synthesized
with different CaO to SiO, weight ratios to
investigate the effect of SiO, content on biodiesel
production yield.

Multivariate  regression  analysis  and
correlation analysis are used as tools to assess the
effects of the independent factors on the dependent
variables. The main advantage of this statistical
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technique is to reduce the number of experimental
runs required to generate sufficient information
for a statistically acceptable result [32, 33]. The
effect of different operating conditions on the
biodiesel production yield has been investigated
experimentally by manipulating their values
over considerable range, such as; reaction time
(from 30 to 180 min), methanol to oil molar ratio
(from 3:1 to 15:1), catalyst loading (from 1 to
9% w Catalyst / w Qil). The experimental results
have been used as the input data to perform a
multivariate analysis.

Multivariate regression model and ANOVA
have been used to optimize the reaction
parameters and predict the biodiesel yield. The
proposed model has been used to reveal which
variable is much more important than the others
and to which extent, and vice versa. It also was
used to explore the hidden relation between the
different operating variables to get maximum
biodiesel production yield even with the shortage
of one of the operating variables regarding an
economic study. The optimum catalyst has been
characterized by FTIR, XRD, SEM, EDX and
particle size analysis. The catalyst ability for
reusing has been tested. Furthe rmore, the produced
biodiesel yieldis evaluated and thechemical and
physical properties are determinedto be compared
with the universal standards. Then the biodiesel
is blended with petrodiesel and these blends have
been subjected to a diesel engine to evaluate the
blends performance and measure the exhaust gas
emissions resulting from their combustion and
compare them with petrodiesel.

Materials and Methods

Reagents and chemicals

Low-quality WFO with high free fatty
acids (FFA) contentwas supplied from Chipsy
Company. The oil acid value is 6.4 mg KOH/
g oil, its physical properties and fatty acid
compositionare summarized in Table 1. Calcium
oxide was supplied from Alexandria iron and
steel company, where the twin shaft parallel flow
regenerative kilns are used for CaO production
from limestone calcinations.Calcium oxide with
grain size 80 — 40 mm has directed to the electric
arc furnace and ladle furnace. Calcium oxidewith
grain size < 40 mm is considered as a waste and
a pollutantas shown in Fig. 1. This fine CaO has
been utilized in the catalyst synthesis. Silica and
H,SO, were supplied in the commercial grade.

Catalyst synthesis

The catalyst hasbeen synthesized with
differentweight ratios of SiO, to CaO (87.5, 75,
62.5, 50, 37.5, 25, 12.5) using the impregnation
method. Calcium oxide and silica were slowly
added to 1 M H,SO, solutions to make a paste.
The mixture was vigorously stirred for 6 h and 600
rpm at ambient temperature. The white produced
precipitate was filtered, washed and calcined at
300°C for 3 h.

Biodiesel production

Anhydrous methanol was added to the
esterified WFO in presence of CSISS composite as
a heterogeneous catalyst. The reaction was carried
out in a 250 ml three-neck round bottom flask
equipped with a water-cooled reflux condenser
and a magnetic stirrer. The reaction temperature
was adjusted at 55°C by a water bath.

TABLE 1. Physical properties and fatty acid composition of WFO.

Physical properties

Kinematic viscosity at 40°C, c¢St*
Density, kg/m3®

Flash point, °C*

Pour point, °C¢

Fatty acid composition, wt. %°
Palmitic

Stearic

Oleic

Linoleic

Linolenic

Arachidic

Behenic

41.107
0.9168
218

6

29.75
3.08
34.01
11.16
8.12
10.98
2.06

*ASTM method: D -445.

® ASTM method: D -1298.
€ASTM method: D -93.
4ASTM method: D -97.

¢ Determined by GC.
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Fig. 1. Calcium oxide production cycle in Alexandria iron and steel Co.

Statistical analysis

The silica content percentage, reaction
time, methanol to oil molar ratio and catalyst
loading were the independent variables selected
to optimize the biodiesel production operating
conditions. The ranges of variables are chosen
around the typical value used in industrial
production. The collected 21 experiments were
replicated twice and data were statistically
analyzed wusing ANOVA to find the suitable
model for the % biodiesel production yield as
a function of the aforementioned four variables
and evaluate the significance of the investigated
factors effects and interactions. The significance
of the variables and their interactions was
assessed by the F-test method with a confidence
level of 95% and P-Values of less than 0.05[34].
Significant values were assessed with Duncan’s
multiple range tests. The coded values of the
independent variables were determined by the
following equation:

X; — Xo

Xi— Tax 1)

where X, is the coded value of the i™ variable, X,
is the encoded value of the /™ test variable and x,
is the encoded value of the i test variable at the
center point[35].

The experimental data were analyzed by a
first-order model, but a curvature structure was
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detected. A second-order polynomial is used in
this study, with a general equation:

n n n n
Y=—ag+ Z a;x; + ZZaijxixj + z a;; x7
i1 i1

ligj |

2

where Y is the % biodiesel production yield, a is
the equation intercept, n is the number of variables
studied and optimized in the experiments, x, and
x, are the coded independent variables and a,, a,
and a; are the linear, interaction and quadratic
constant regression coefficients respectively[36].

The regression analysis was used to build a
quantitative model, in which only the significant
variables were taken into account. This model was
built in order to produce maximum % biodiesel
production yield in the most economical even with
the absence of one of these significant variables.
It should be known that the use of these models
outside the investigated variables is not allowed
since it would lead to wrong results.

Catalyst characterization

Fourier transform infrared spectroscopy
(FTIR) was recorded to identify the catalyst
chemical bonds, chemical structure, and functional
groups. FTIR was carried out using (Shimadzu-
84008, Japan). About 2 mg of the catalyst was
mixed with 100 mg of KBr and ground to uniform
particle size and then pressed as a pellet using a
hydraulic press to be analyzed. Measurements
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were performed using a wave number range of
4400-350 cm™', with 4 cm! resolution.

The catalyst was characterized using X-ray
diffraction (XRD) to figure out the catalyst
crystallinity. The XRD patterns were recorded by
(Schimadzu-7000, Japan), using Cu Ko radiation
(L=1.5418 A) and step-scan mode (range: 5-100°
2 0, step-time: 0.5 s, step-width: 0.1°).

To determine the surface morphology and the
major features of the physical structure of the
catalyst, scanning electronic microscopy (SEM)
analysis was performed using (JEOL-6360LA,
Japan) at accelerating voltage 20 kV, at room
temperature. The elemental composition was
detected by energy dispersive x-ray spectroscopy
(EDX) detector that is equipped with the SEM
instrument. Also, the catalyst particle size
distribution and particles surface area have been
determined as well to predict the CSISS physical
performance. The particle size distribution was
measured by photon correlation spectroscopy
techniques (N5 submicron particle-size analyzer,
Beckman).

Product evaluation

Quantitative analysis of biodiesel production
yield

Biodiesel production yields were quantified
using a GC device; HP (Hewlett Packard) 6890
GC, (Agilent Technologies / Hewlett-Packard
Company. U.S.A.). Nitrogen was used as the carrier
gas, with flow 1ml/min, using flame ionization
detector (FID) at temperature 250°C. The injector
temperature was 220°C, injection volume 2 pl,
splitless mode. The temperature program of the
GC was as follows: 2 min isothermal at 150°C,
150-200 °C with 10 °C/min, 9 min held at 200°C,
200-250°C with 5°C/min. The used column was
HP-5 (5% diphenyl, 95% dimethylpolysiloxane),
30 m, 0.32 mm ID, and 0.25 pm film thickness at
temperature 200-250°C with 5°C/min.

Physicochemical properties of produced
biodiesel

Physico chemical properties such as viscosity,
density, cold flow properties, and flash point
of the biodiesel which is produced using the
optimum operating condition have been measured
in Alexandria Petroleum Company using the
standard methods according to ASTM.

Diesel engine performance

The produced biodiesel was blended with
petrodiesel by ratios of 10 and 20% v biodiesel/
v petrodiesel which are known as B10 and B20
respectively to investigate the engine performance,
combustion characteristics. Tecquipment TD43, a
four-stroke, single cylinder, and directinjection
variable compression ratio diesel engine has been
used. The engine has a bore of 95 mm stroke of
82 mm, displacement of 582 c¢cm?. The tests were
carried out at engine speeds ranging from 1000 to
2000 rpm, incrementally increased by 250 rpm at
full load and fully opened throttle conditions.

Combustion emission

The emissions including CO, CO,, NO_, and
HC that exhausted from B10 and B20combustion
were analyzed using (Montronoy Techno-Test
emission analyzer model 488) and compared with
the combustion exhaust emissions of petrodiesel.

Results and Discussion

Multivariate regression analysis and ANOVA

The % biodiesel production yield obtained
at the actual values and the coded levels of the
independent variables are given in Table 2.
Data were analyzed for obtaining the significant
coefficients of the proposed relation, concerning
the % biodiesel production yield and the factors
under study. According to the analysis, equation 2
can be written in the following form :

V=1011-106C-749T+6933M-177TW-135C*-225W* ©

Equation 3 represents the significant
parameters of the predicted quadratic model,
obtained by applying the coded levels of the
factors. It can be observed that both catalyst
weight and catalyst composition demonstrate
quadratic coefficients. In addition to an interaction
between the reaction time and methanol to oil
molar ratio. The proposed polynomial model of
the biodiesel production reaction is significant

with P< 0.00002 as indicate the p-value of the
significant F. Also, the R? suggests that the
obtained equation represents the data by about
93% and confirms the good correlations between
the independent variables.

Equation 3 is then used to predict the %
biodiesel yield in terms of the coded factors and
represented in Table 2 to be compared with the
actual % biodiesel yield. A scatter diagram of

Egypt. J. Chem. Vol. 63, No. 4 (2020)
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the actual % biodiesel yield versus the values of
predicted % biodiesel yield calculated by equation
3 is plotted in Figure 2. The data in the Figure
evidenced a good agreement between the two sets
of data, confirming that the model interprets the
experimental range studied adequately.

Applying contour plots for the effects of the
SiO, content in the catalyst, methanol to oil molar
ratio, time and amount of catalyst on the biodiesel
production yield can give an overview on their
effects, show the interaction between these
tested variables, allow obtaining the optimum
operating conditions and explore their effects in
a wider range than that studied. Fig. 6a shows
the interaction between SiO, content and time. It
was found that there are two areas for the highest
biodiesel wield; one of them can be implemented
using the catalyst with SiO, content from 0 to
50% with a reaction time does not exceed 60 min.
While the other areais appeared at SiO, content
higher than 50% but with longer reaction time,

starts from 70 min as minimum reaction time in
this case. The interaction between SiO, content
and methanol to oil molar ratio is shown in Fig.
6b, it was observed thatthe area of the highest
biodiesel yield can be produced by using the
CSISS withSiO, content in the range from 10 to
65% and methanol to oil molar ratio in the range
from 9:1 to 16:1. Fig. 3¢ shows a big area of high
biodiesel production yield. This area starts from
3:1 methanol to oil molar ratio and about 3%
catalyst weight and continue to 16:1 methanol
to oil molar ratio and 10% catalyst weight. Fig.
3d shows a rapid biodiesel production at the first
20 min with methanol to oil molar ratio does not
exceed 8:1. By increasing the reaction time than 30
min, the biodiesel production yield is decreased.
The longtime may permit the reversible reaction
to occur, while the biodiesel production yield can
be increased again by increasing methanol to oil
molar ratio than 10:1 which acts as a driving force
to hinder the reversible reaction and increase the
biodiesel production yield.

TABLE 2. Actual and coded levels of independent variables for different trails.

- 2 =
D 1 e
= E° e =3
— N 3
<
D D
g 2 a
S = = -
* = Ss EB: g
£88  g& £52 zFgz ° - = B B
R = £°S s 3
s < = S E = e
© S Q e
i S
=
1 100 60 9.01 3 1 -0.6 0 -0.5 67.6 70.6
2 87.5 60 9.01 3 0.75 -0.6 0 -0.5 80.13 79.1
3 75 60 9.01 3 0.5 -0.6 0 -0.5 87.68 86
4 62.5 60 9.01 3 025 -0.6 0 -0.5 92.2 91.2
5 50 60 9.01 3 0 -0.6 0 -0.5 95.34 94.6
6 37.5 60 9.01 3 -0.25  -0.6 0 -0.5 93.91 95.4
7 25 60 9.01 3 -0.5 -0.6 0 -0.5 90.74 92.5
8 12.5 60 9.01 3 -0.75  -0.6 0 -0.5 88.62 90
9 0 60 9.01 3 -1 -0.6 0 -0.5 98.87 95.7
10 50 30 9.01 3 0 -1 0 -0.5 94.27 94.1
11 50 90 9.01 3 0 -0.2 0 -0.5 95.8 95.2
12 50 120 9.01 3 0 0.2 0 -0.5 96.63 95.7
13 50 180 9.01 3 0 1 0 -0.5 97.21 96.8
14 50 30 3.01 3 0 -1 -1 -0.5 94.27 92.4
15 50 30 6.01 3 0 -1 -0.5 -0.5 97.41 93.6
16 50 30 12.01 3 0 -1 0.5 -05 99.54 97.6
17 50 30 15.01 3 0 -1 1 -0.5 99.8 100
18 50 30 3.01 1 0 -1 -1 -1 56.83 60.5
19 50 30 3.01 5 0 -1 -1 0 97.19 100
20 50 30 3.01 7 0 -1 -1 0.5 100 100
21 50 30 3.01 9 0 -1 -1 1 100 96.8
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Fig. 2. Scatter diagram of actual percentage biodiesel yield vs. predicted percentage biodiesel yield calculated
from equation 3.
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Therefore, applying contour plots explore
milder operating condition than those studied.
These operating conditions are; 50% SiO,
content, 20 min reaction time, 8:1 methanol to
oil molar ratio and 3% w Catalyst/ w Oil which
are more economic than the studied operating
conditions as the half of the used methanol to
oil molar ratio is reduced and one-third of the
reaction time is reduced as well.By utilizing these
operating conditions experimentally, the biodiesel
production yield was about 99%. Hence these
new explored operating conditions are effective
and more economic.

Catalyst characterization

Fourier transform infrared spectroscopy

The FTIR spectra in the range of 4400-350
cm ™' was studied as shown in Fig.4 in order to
explore the qualitative catalytic characteristics
of the surface functional groups of the CSISS
catalyst. The broad band at 596cm™ is due to the
stretching vibration of S=O and interaction of
SiO, on theCaO surface which lead to weaker
bonding of Ca—O[37]. The small bands at 674
and 1124 cm' represents Ca-O bonds and SiO,
respectively [38, 39]. The bands present at the
wavenumber 1158 cm™ are related to SO[40].
BrOnsted acid sites referring to the presence
of sulfuric acid has been detected as the strong
band at the wave number 1620 cm![41]. Calcium
sulfate has been deduced by the band at wave
number 1638 c¢cm'[42]. The broad band present
at 3463 cm’ isattributed to physisorbed water

60.0
55
50
45
40|
35
30
%T

25

20

3463.000

0.0

molecules (—OH bond) on the CSISS catalyst
surface which is essential to improve the CSISS
catalytic activity[43].

X-ray diffraction

The crystallinity of the produced catalyst
CSISS is shown in Fig.5. The XRD pattern shows
a typical spectrum of highly crystalline composite
although the amorphous nature of its components
(CaO and SiO,) which are used in the catalyst
synthesis. The peaks at 26= 25.5, 31.5, 36.34,
38.72, 40.92 and 43.42 ° are related to presence
of CaSO4 (according to the PDF Card paper -00-
001-0578, the International Centre for Diffraction
DatalCDD 2014) which is produced due to the
strong interaction between sulfate ions and the
calcium oxide surface due to the electron infinity
of the sulfate preserved the textual properties of
the metal oxides[44]. As a result of the amorphous
nature of the used silica, there are no peaks
appeared in the XRD pattern related to it.

Scanning electron microscopy

Figure 6 shows a typical morphology for
CSISS catalyst analyzed by SEM with two
magnification levels. Figure 6a shows that the
CSISS particles are mostly irregular in shape,
well-defined with some particles elongationand
seem to be nonporous. The image with high
magnification levelreveals the accumulation of
particles with different gray shades as shown in
Fig. 6b which may be attributed to calcium sulfate
particles and sulfated silica particles as proved in
the FTIR and XRD analysis.

1158.665 596.040

1638.242

4400.0 4000 3000 2000

1500 1000 500 350.0

Fig. 4. FTIR spectra of CSISS.
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Fig. 5. XRD pattern of CSISS.

Energy dispersive x-ray spectroscopy

The elemental composition and ratio of the
CSISS major constituents were determined using
EDX spectrometer. The analysis revealed that
CSISS is composed of Ca 35.5%, Si 33.9%,
and S 30.6%. The results proved that the CSISS
composite is synthesized correctly with an actual
elements ratio very close to the theoretical ratio.

Particle size analysis

Catalysis is a complex process, therefore, there
are many factors affect it. Among these factors
the catalyst particle size, which has a great impact
on the catalysis process. Particle size analysis
was carried out using two diffraction angles
10.9 and 90°. It was observed that the particle
size distribution is not continuous and consist of
a mixture of fine particles of 11.73 = 5.85 nm,
represent about 68% of the total particles, mixed
with larger particles of 638 +317.63 nm, represent
about 32% of the total particles. As a result of the
high existence of nano-particles, it is expected
that it may enhance the surface chemistry and
increase the catalyst functional groups interaction
with the alcohol and the oil and therefore increase
the catalytic activity.

Reusability test of CSISS catalysts

Regarding the economic point of view,
reusability of the CSISS catalyst should be
investigated. After the reaction completion under
the optimum operating condition, the biodiesel
and glycerol layers were discharged and CSISS
was washed with acetone twice and dried at 60°C
for 3h. Then, other amounts of esterified oil,
methanol, and the catalyst were added to the flask
for carrying out the reaction again. Eight reusing

runs werecarried out and the biodiesel production
yield of each run isdisplayed in Fig.6. The reusing
experiments resulted in six successive reactions
with high biodiesel production yield exceeding
90%. In all about 6% of total biodiesel yield
reduced at the end of the sixth run, suggesting
that the catalyst is stable and no linking of the
active species is observed till the sixth run. After
the sixth run, the biodiesel production yield has
been reduced to be 82.2 and 71.4% which may be
related to an oil layer accumulation on the catalyst
surface and lead to CSISS functional groups
deactivation.

Product evaluation
Table 3 summarizes the optimum operating
condition, biodiesel production yield and
produced biodiesel physicochemical properties
of the present work and createsa comparison
between these outcomes with previous similar
studies. The comparison declares that the present
work has :
1- One of the highest biodiesel production yields.
2- Mild operating conditions in comparison with
the other studies that produce similar yields.
3- Physicochemical properties of the product
lie within the ASTM standards and are
competitive to the other biodiesel that is
produced by the other studies.

Diesel engine performance

At first, the single cylinder diesel engine was
fueled with petrodiesel to test its effects on the
engine performance. Then the same experimental
combustion analysis was carried out using B10
and B20 to compare them with petrodiesel.
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Engine torque

The results of the engine’s torque, at full load,
are shown in Fig. 8a. It can be observed that
by raising the engine speed, the engine torque
increases for all used oil types. The B20 fuel has
the lowest torque compared to petrodiesel and
B10. This result may be due to the B20 low heat
of combustion and low fuel delivery at full load
due to the high mass flow rate required from the
fixed nozzle area [54, 55].

Fuel consumption per hour ()
By increasing the engine speed, the fuel
consumption per hour is increased as shown

Egypt. J. Chem. Vol. 63, No. 4 (2020)

in Fig. 8b. Petrodiesel has the highest fuel
consumption for all engine speeds. At low engine
speeds, 1000 and 1250 rpm, the fuel consumption
amounts are very close for all fuel types. In case
of higher speeds,biodiesel blends havelower
fuel consumption than petrodiesel. Hence, using
biodiesel blends is more economical than using
petrodiesel. B 10 and B 20 have the same trend
of their consumption but the fuelconsumption in
case of B 20 is lower than B 10.
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Exhaust emission measurements

The variation of CO, CO, and HC emissions
for B10 and B20 than petrodiesel isshown in
Fig. 9. Petrodiesel has the highest emission
of CO as shown in Fig.9a. By increasing the
volume of biodiesel to the petrodiesel, the CO
amounts are reduced and CO, amounts are
increased. This phenomenon may be due to the
high oxygen content in the vegetable oils that
leads to complete combustion and enhances the
combustion process. Figure 9b shows that the
HChazardous emissions exhausted from B10 and
B20 combustion are 37 and 35 ppm respectively
which are lower than 47 ppm HC that exhausted
from petrodiesel combustion. From Fig. 9¢ it can
be observed that the exhaust NO_ emissions of
B10 and B20 are slightly higher than petrodiesel.
This may be due to the molecular structure of
biodiesel which contains more double bonded
molecules than petrodiesel. These double bonds
have a slightly higher adiabatic flame temperature,
which leads to increase the NOx emissions. In
addition to the biodiesel oxygenated nature which
leads to more complete combustion with higher
adiabatic flame temperature which increases the
NOx emission[54,55].

Cost analysis

Blinding the biodiesel with petrodiesel or
biodiesel petrodieselreplacement can reduce
the fuel cost as well as the cost involvement
in dumping the WFO and waste CaO in an
environment-friendly way.

In this connection, an estimated cost of 1 L
biodiesel production using the optimum operating
conditionhas been illustrated as follows :

1- Price of raw material, (esterified WFO,
methanol and CSISS) which are needed for
the transesterification process, is US$ 0.41
+ 0.051 + 0.155 /kg = US$0.616 / kg if the
catalyst is used once. Bytaking the catalyst
recycling intoconsideration, the price of the
raw material will be reduced to be US$ 0.487.

2- Price of energy which can be calculated using
the following equation:

Q=mXxXCp X AT 4)

where Q is the thermal energy, kW, m is the mass
flow of the reactants, kg/s, Cp is the specific heat
capacity, kJ/kg.°C and AT is the temperature

difference, °C. By applying this equation on the
biodiesel production process at 55°C and 300 rpm
stirring speed for 20 min, the power consumption
will be 0.0458 kW which costs US $0.00092.
Hence, the one-liter biodiesel production cost will
be US$0.488.

Conclusion

The merit of this study is utilizing wastes
(WFO and waste CaO) to produce valuable, low
cost and highly profitable product (biodiesel).
Multivariate regression analysis was successfully
applied for the reaction of WFO and methanol
in the presence of CSISS composite as a low-
cost heterogeneous catalyst. The model was
developed using the experimental results. The
second-order polynomial model was well fitted
to the experimental results with high regression
coefficients. This model can be used for %
biodiesel yield prediction when utilizing any
other operating conditions. The ANOVA implied
that linear term of the catalyst composition, time
and methanol to oil molar ratio and the interaction
between catalyst composition and catalyst weight
and the quadratic terms of catalyst composition
and catalyst weight have the great significant
factor affecting the % biodiesel production yield.
The catalyst was promising as it leads to produce
99% biodiesel with mild operating conditions
and can be reused successfully for 6 runs.
The produced biodiesel has physicochemical
properties compatible with the ASTM biodiesel
standards. Using biodiesel petrodiesel blends is
more environmentally friendly as they produce
lower hazardous exhaust emissions such as CO
and HC.

Funding

This research received no external funding.

This work has been accessed in City
of Scientific Research and Technological
Applications (SRTA City)

Conflicts of Interest

On behalf of all authors, the corresponding author
states that there is no conflict of interest.

References

1. MunirM., Ahmada M., SaecedM., WaseemA.,
RehanM., NizamiA., ZafarM., ArshadM. and
Sultana S., Sustainable production of bioenergy

Egypt. J. Chem. Vol. 63, No. 4 (2020)



1174 R.M. ALI et al.

HCO mC02

o
>
=®
0.13 0.11 0.16
B10 B20 PETRODIESEL
£
o
a
c
5]
=)
S
(1]
o
°
S
T
>
T
B10 B20 petrodiesel
C
£
a
a
x
o]
2
B10 B20 Petrodiesel

Fig. 9. B10, B20 and petrodiesel combustion exhaust emissions a. CO and CO, b. HC ¢. NOx.

Egypt. J. Chem. Vol. 63, No. 4 (2020)




HIGHLY CRYSTALLINE HETEROGENEOUS CATALYST SYNTHESIS FROM INDUSTRIAL ...

1175

10.

11.

12.

from novel non-edible seed oil (Prunus cerasoides)
using bimetallic impregnated montmorillonite clay
catalyst. Renew. Sust. Energ. Rev.,109, 321-332
(2019).

Shaban S., Biodiesel Production from Waste
Cooking Oil.Egypt. J. Chem.,55, 437-452 (2012).

Can O., Performance and exhaust emissions of
a diesel engine fueled with a waste cooking oil
biodiesel mixture. Energ. Convers. Manage.,87,
676-686(2014).

Ali RM., Farag H.A., Amin N.A. and Farag I.H.,
Phosphate rock catalyst for biodiesel production
from waste frying oil. Jokull,65, 233-244(2015).

Sinha D. and Murugavelh S., Biodiesel production
from waste cotton seed oil using low cost catalyst:
Engine performance and emission characteristics.
Perspect. Sci.,8, 237-240 (2016).

AkhtarM., AhmadM., ShaheenA., Zafar
M., Ullah R, Asma M.,  SultanaS.,
MunirM., RashidN., MalikK, SaeedM. and

Waseem A., Comparative study of liquid biodiesel
from sterculia foetida (bottle tree) using CuO-
CeO,and FeO,nano catalysts. Front. Energy
Res.,7,(2019).

Jambulingam R., Srinivasan G., ShankarV.,
MunirM., Saeed M., Palani S. and Srinivasan S.,A
feasibility study on biodiesel production from waste
beef subcutaneous fats. IJMPERD,9,2249-6890
(2019).

Patel A., Brahmkhatri V. and Singh N., Biodiesel
production by esterification of free fatty acid
over sulfated zirconia. Renew. Energy,51, 227-
233(2013).

Guan Q., LiY., ChenY., ShiY., Gul., Li B., Miao
R., Chen Q. and Ning P., Sulfonated multi-walled
carbon nanotubes for biodiesel production through
triglycerides transesterification. RSC Adv.,7, 7250-
7258(2017).

Vafakish B. and Barari, M., Biodiesel production by
transesterification of tallow fat using heterogeneous
catalysis. Kem. Ind.,66, 47-52(2017).

Zaher F., GadM., AlyS., HamedS., Abo-ElwafaG.
and Zahran H., Catalytic cracking of vegetable oils
for producing biofuel. Egypt. J. Chem.,60,921- 300
(2017).

Zaher F., El Kinawy O., Soliman H. and Abdel-
Razek A., Alternative fuels for diesel engines using
highly saturated and highly unsaturated vegetable

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

oils. Egypt. J. Chem.60, 85-94 (2017).

Shalaby A. and El-Gendy N., Two steps alkaline
transesterification of waste cooking oil and quality
assessment of produced biodiesel. ZJCBS,1, 30-
35(2012).

Kamel D.A., Farag H.A., Amin N.K., Zatout A.A.
and Ali R.M., Smart utilization of jatropha (Jatropha
curcas Linnaeus) seeds for biodiesel production:
Optimization and mechanism. /nd. Crop. Prod.,111,
407-413(2018).

Munir M., Ahmad M., Waseem A., Zafar M.,Saced
M., Wakeel A., Nazish M. and Sultana S., Scanning
electron microscopy leads to identification of novel
nonedible oil seeds as energy crops. Microsc. Res.
Tech., 1-9 (2019).

Tewfik S.R., Hawash S.I., Atteya N.K., El Diwani
G.I. and Farag I.H., Techno-economic appraisal of
biodiesel from jatropha curcas: an Egyptian case
study. J. Agr: Sci., Tech. B. 2, 287-297(2012).

Bilgin A., Giilim M., Koyuncuoglu I., Nac E. and
Cakmak A., Determination of transesterification
reaction parameters giving the lowest viscosity
waste cooking oil biodiesel. Procedia. Soc. Behav.
Sci. 195, 2492-2500 (2015).

Ali R.M.,Preparation of biodiesel from waste frying
oil by using homogeneous and heterogeneous
catalysts. Dissertation, Faculty of Engineering,
Alexandria University(2014).

Correia L.M., Cecilia J.A., Rodriguez-Castellon E.,
Cavalcante C.L. and Vieira R.S., Relevance of the
physicochemical properties of calcined quail egg
shell (CaO) as a catalyst for biodiesel production.
J. Chem.2017, 1-12 (2017).

Negm N., G.H. Sayed G., Yehia F., DimitryO.,
RabieA. and Azmy E., Production of Biodiesel
Production from Castor Oil Using Modified
Montmorillonite Clay. Egypt. J. Chem.59, 1045-
1060 (2016).

Refaat, A., Biodiesel production using solid metal
oxide catalysts. Int. J. Environ. Sci. Tech.,8, 203-
221(2011).

Boey P, Maniam G.P. and Abd Hamid
S.,Performance of calcium oxide as a heterogeneous
catalyst in biodieselproduction: A review. Chem.
Eng. J.,168, 15-22 (2011).

Kouzu M. and Hidaka J., Transesterification of
vegetable oil into biodiesel catalyzed by CaO: A
review. Fuel. 93, 1-12 (2012).

Egypt. J. Chem. Vol. 63, No. 4 (2020)


http://www.frontiersin.org/people/u/635187
http://www.frontiersin.org/people/u/524914
http://www.frontiersin.org/people/u/587101
http://www.frontiersin.org/people/u/494996

1176

R.M. ALI et al.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Taufig-Yap Y.H., Lee H.V., Yunus R. and Juan J.C.,
Transesterification of non-edible oil to biodiesel
using binary Ca-Mg mixed oxide catalyst: Effect
of stoichiometric composition. Chem. Eng. J.,178,
342-347 (2011).

Syazwani O.N., Ibrahim M.L., Wahyudiono
H., Kanda H., Goto M. and Taufig-Yap Y.H.,
Esterification of high free fatty acids in supercritical
methanol using sulfated angel wing shells as
catalyst. J. Supercrit. Fluid, 124, 1-9(2017).

Wu H., Zhang J., Wei Q., Zheng J. and Zhang J.,
Transesterification of soybean oil to biodiesel using
zeolite supported CaO as strong base catalyst. Fuel
Process. Technol.,109, 13-18(2013).

Umdu E.S., Tuncer M. and Seker E.,
Transesterification of Nannochloropsis
oculatamicroalga’s  lipid to biodiesel on

AlO,supported CaO and MgO catalysts. Bioresour:
Technol.,100, 2828-2831(2009).

Samart C., Chaiya C. and Reubriycharoen P.,
Biodiesel production by methanolysis of soybean
oil using calcium supported on mesoporous silica
catalyst. FEnerg. Convers. Manag.,51, 1428-
1431(2010).

Chen G.Y., Shan R., Li S. and Shi J.F., A biomimetic
silification approach to synthesize CaO-SiO,
catalyst for the transesterification of palm oil into
biodiesel. Fuel, 153, 48-55(2015).

Chen G.Y.,, Shan R., Shi JF
B.B.,Transesterification of palm oil to biodiesel
using rice husk ash-based catalysts. Fuel Process.
Technol. 133, 8-13(2015).

and Yan

Melero J.A., Bautista L.F., Iglesias J., Morales
G. and Sanchez-Vazquez R., Zr-SBA-15 acid
catalyst: optimization of the synthesis and reaction
conditions for biodiesel production from low grade
oils and fats. Catal. Today, 195, 44-53(2012).

Gopal R., Goundar M.K.., Ramasamy S., Natarajan
N. and Ramasamy V., Experimental and regression
analysis for multi cylinder diesel engine operated
with hybrid fuel blends. Therm. Sci., 18, 193-
203(2014).

Tora E., Hawash S., Abdel Kader E. and El-Diwani
G., A multivariate regression model for estimation
of biodiesel production from jatropha seeds.
RJPBCS,6, 1598-1604(2015).

Mansourpoor M. and Shariati A., Optimization
of biodiesel production from sunflower oil using
response surface methodology. J. Chem. Eng.

Egypt. J. Chem. Vol. 63, No. 4 (2020)

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Process. Technol.,3, 1-5(2012).

Jeong G., Yan H. and Park D., Optimization of
transesterification of animal fat ester using response
surface methodology. Bioresour. Technol., 100, 25-
30(2009).

Jawad A., Abbas F., Alkarkhi A. and Abdul Mubarak
N., Photocatalytic decolorization of methylene blue
by an immobilized TiO, film under visible light
irradiation: optimization using response surface
methodology (RSM). Desalin.Water Treat.,56,
161-172(2015).

Lam M.K., Lee K.T. and Mohamed A.,
Sulfated tin oxide as solid superacid catalyst
for transesterification of waste cooking oil: An
optimization study. Appl. Catal. B Environ.,93,
134-139(2009).

Singh L.P., Agarwal S.K., Bhattacharyya S.K.,
Sharma U. and Ahalawat S., Preparation of silica
nanoparticles and its beneficial role in cementitious
materials. Nanomater. Nanotechnol., 1, 44-51

(2011).

Correia L., Saboya R., Campelo N., Cecilia
R., Enrique R., Cavalcante C. and Vieira R.,
Characterization of calcium oxide catalysts
from natural sources and their application in the
transesterification of sunflower oil. Bioresour:
Technol. 151, 207-213(2014).

Singare P., Lokhande R. and Madyal R., Thermal
degradation studies of some strongly acidic cation
exchange resins. OJPC,1, 45-54 (2011).

Kondamudia N., Mohapatrab S. and Misra M.,
Quintinite as a bifunctional heterogeneous catalyst
for biodiesel synthesis. Appl. Catal. A Gen.,393,
36-43(2011).

Al-Jobouri H.A., FTIR spectroscopy for gypsum
after treatment with steam pressure. JUNS, 14, 123-
130(2011).

Park Y., Lee D., Kim D., Lee J. and Lee K., The
heterogeneous catalyst system for the continuous
conversion of free fatty acids in used vegetable oils
for the production of biodiesel. Catal. Today,131,
238-243(2008).

Lam M.K. and Lee K.T., Mixed methanol—ethanol
technology to produce greener biodiesel from
waste cooking oil: A breakthrough for SO,*/SnO -
SiO, catalyst. Fuel Process. Technol.92, 1639—
1645(2011).

Negm N.A., Shaalan M.A., El Barouty G.S. and
Mohamed M.Y., Preparation and evaluation of


https://www.sciencedirect.com/science/journal/08968446/124/supp/C

HIGHLY CRYSTALLINE HETEROGENEOUS CATALYST SYNTHESIS FROM INDUSTRIAL ...

1177

46.

47.

48.

49.

50

biodiesel from Egyptian castor oil from semi-
treated industrial wastewater. J. Taiwan. Inst.
Chem. Eng.,63, 151-156(2016).

Kamel D.A., Farag H.A., Amin N.K. and Fouad
Y.O., Biodiesel synthesis from non-edible oils
by transesterificationusing the activated carbon
as heterogeneous catalyst. Int. J. Environ. Sci.
Technol.,14, 785-794(2016).

Mofijur M., Masjuki H.H., Kalam M.A., Rasul
M.G., Atabani A.E., Hazrat M.A. and Mahmudul
H.M., Effect of biodiesel-diesel blending on
physico-chemical properties of biodiesel produced
from moringa oleifera. Procedia Eng.,105, 665-
669(2015).

Mucino G.G., Romero R., Ramirez A., Martinez
S.L., Baeza-Jiménez R. and Natividad R., Biodiesel
production from used cooking oil and sea sand as
heterogeneous catalyst. Fuel,138, 143-148(2014).

Eman N.A. and Cadence 1.T., Characterization of
biodiesel produced from palm oil via base catalyzed
transesterification. Procedia Eng.,53, 7-12(2013).

. Alves C.T.,de OliveiraA.S., Carneiro S.A.V., Santos

R.C.D., Vieira de Melo S.A.B., Andrade H.M.C.,
Marques F.C. and Torres E.A., Transesterification
of waste frying oils using ZnAl,0, as heterogeneous
catalyst. Procedia Eng.,42, 1928-1945(2012).

51.

52.

53.

54.

55.

Olutoye M.A. and Hameed B.H., Synthesis of fatty
acid methyl ester from crude jatropha (Jatropha
curcas Linnaeus) oil using aluminium oxide
modified Mg—Zn heterogeneous catalyst. Bioresour:
Technol.,102, 6392-6398(2011).

Ferella F., Di Celso G.M., De Michelis I., Stanisci V.
and Veglio F.,Optimization of the transesterification
reaction in biodiesel production. Fuel,89, 36-
42(2010).

Ullah F., Nosheen A., Hussain I. and Bano A., Base
catalyzed transesterification of wild apricot kernel
oil for biodiesel production. Afi: J. Biotechnol.,8,
3289-3293(2009).

EL Kassaby M. and Nemit Allah M.,Experimental
investigations of ignition delay period and
performance of a diesel engine operated with

Jatropha oil biodiesel. AEJ,52, 141-149(2013).

EL Kassaby M. and Nemit Allah, M.,Studying the
effect of compression ratio on an engine fueled with
waste oil produced biodiesel/diesel fuel. 4EJ,52,
1-11(2013).

Egypt. J. Chem. Vol. 63, No. 4 (2020)


http://www.sciencedirect.com/science/journal/18761070/63/supp/C
http://www.sciencedirect.com/science/journal/00162361
http://www.sciencedirect.com/science/journal/00162361/138/supp/C

1178 R.M. ALI et al.

aldical) ZUGY) 8 daladiny delial)l clilial) ¢ 4y o) e Sla Jule ainat
sl Jnall

gl 3la Jae g ’*’JALD?..US"'QL..A‘;\GAmc"é‘)‘,hﬁl\dbb.n‘)s\’)n Ole daaaglay
i) 5 dpalal) Clasy) Abne sl 3 sl 5 Fasiial) L o) S dgae - aieail) Lin 5155 and )
).AA‘I\_UAAS“Y\‘Y\‘Wisma;l\«;ﬂ\chmﬁ_};)bﬂ\

ol o irta - o) S i)y Fgalall il V) Airna - a3 pall g Radiiall Lin 5130 Sgaa "
H-LJJ.\SMY\-Y\‘\VéEAJAQ\

e = A < ol sgma - sl &gt "

e = Al - saaall el s Aae - AL A padll Axdadl - L o1 53l S ) st

e Y10 £ 8 Ay LY el - il S - anill y J3a)) i °

AEY) QLS Cabiay Lﬁﬂ\} ?cu\ e):u.nﬂSJ\ A,)...nS\ Sladil (o uaa Lﬁ clall g paall @L‘A'A ‘51146
6“43"“ JhassS (CaO e.:Ld\) bl sia ra\.\iiu\ & AlCEAl s3] JaS Al JJ:\A.A\ Ce aadl )
Cpagdl aaall 1 ?‘&"" & (CSISS) Sl il dadLl) ?}...\....J\Sﬂ il S C\:LN AalKil) (nddta
fmba Caal ¢ M\Jﬂ\ oda Lﬁ (WFO) ‘_Aﬂ\ Cu ) (e L.,S}:.‘A'“ dﬁﬂ\ A‘,§_5 CL\J}( oiladia e JL\A Q=S
655 05 o) Ol Bl e 5558 (31 Bl s ) eyl Bl il o 505 el 39
5 i Gyl JBL (5 sad) I pall Apatil) e b I e sl o a3 lias) 73 5ei o dlenal) il
T 70+ 2 g Qs iy il (el 78T s el gl e iyl 25 sl i 5
BT e 3 00 i lial deball 035 77 a1 I U stiaal Al pe o VA i ¥+
o 25 il 5 pnd) el oSl Rl 3l ad s (M3 3 5 pm 30 798 x5 B0
ad) 03l (o (5olmBY ) ) ) e sh Y sudl / (5 sl 3ol g 3l (31_gia¥) ol i

A/ a5 EAA i R 5l 5 8 e i

Egypt. J. Chem. Vol. 63, No. 4 (2020)



	_GoBack

