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Abstract: Biodiesel is one of the most environmentally friendly and renewable fuels, as it is a non-
polluting fuel and is made from living resources, such as vegetable oils. The steel industry generates
a variety of solid wastes, including electric arc furnace slag (EAFS). The synthesis of biodiesel from
waste sunflower cooking oil was examined in this study, utilizing EAFS as a catalyst, which mainly
contains ferric and ferrous oxides, calcium oxide, and silica. To evaluate their impact on biodiesel
production, four independent variables were chosen: temperature (50–70 ◦C), catalyst loading (1–5%),
methanol-to-oil (M:O) molar ratio (5–20), and time (1–4 h). The response surface methodology (RSM)
was used to examine the impact of independent variables on reaction response, which is the biodiesel
yield. This process was carried out using a design expert program by central composite design
(CCD). A model was constructed, and showed that the biodiesel yield was directly proportional
to all independent reaction parameters. The predicted model’s adequacy was investigated using
analysis of variance (ANOVA), which showed that it is an excellent representative of the results.
The optimization of reaction conditions was investigated in order to maximize biodiesel yield at
minimal reaction temperature and time, achieving a 94% biodiesel yield at a 20:1 M:O molar ratio, 5%
catalyst loading, 55.5 ◦C reaction temperature, and 1 h reaction time.

Keywords: electric arc furnace slag; biodiesel; optimization; response surface methodology

1. Introduction

Population growth and industrialization activities increase the demand for energy
resources. Scientists are encouraged to develop sustainable and renewable fuels in response
to global warming concerns. Biofuels, such as biodiesel, are a type of renewable energy
that is primary made up of methyl or ethyl esters, with properties similar to diesel fuel.
Biodiesel is appealing because it reduces greenhouse gas emissions and is biodegradable
and nontoxic [1,2]; it is produced by the transesterification of vegetable oil and animal fat.
Many types of low-cost feedstock can be used for the production of biodiesel, such as waste
edible oil, waste cooking oil, animal fats, and vegetable oils [3,4]. When food is cooked or
fried, waste cooking oil (WCO) is produced, posing disposal issues [5,6]. When using a
homogeneous catalyst that cannot be separated or reused, this reaction is fast and has a
high conversion rate. The use of heterogeneous catalysts is more attractive than the use of
homogeneous catalysts, because it makes catalyst separation more simple [4,7].

During the transesterification of palm seed oil, Ali et al. used a catalyst made of CaO
nanoparticles on Fe3O4—which is a magnetic particle—as a biodiesel catalyst. The yield of
the resultant biodiesel was 69.7% when the reaction temperature was 65 ◦C, the reaction
duration was 300 min, the molar ratio was 20 methanol/oil, and the catalyst loading was
10 wt%. [8]. For the transesterification reaction using soybean oil, Liu et al. employed car-
bide slag loaded with ferric oxide (CS/Fe2O3) as a biodiesel catalyst. The fuel produced was
biodiesel, according to the determined physical and chemical parameters [9]. To generate
biodiesel from seed oil, Panchal investigated using an iron oxide Nano-catalyzed transester-
ification reaction. Using optimal operational settings such as the dimethyl-carbonate-to-oil
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molar ratio (5:1), iron oxide Nano-catalyst (50 mg percent based on oil weight), agitation
speed of 150 rpm, and 60 ◦C temperature for 5 h reaction time, biodiesel generation (96%)
was obtained [10]. Rengasamy et al. made biodiesel with iron nanoparticles. Producing
biodiesel using a synthesized nano-catalyst made of iron is a possible alternative to regular
diesel fuel [11]. As a biodiesel catalyst, Widayat et al. employed alpha Fe2O3; the yield
of biodiesel produced was 86.781% [12]. Khodary et al. used electric arc furnace dust as
a heterogonous solid waste as a catalyst for biodiesel production; the resulting biodiesel
had a 96% yield at 57 ◦C, a methanol-to-oil ratio of 20:1, a 1 h processing time, and a 5%
catalyst loading [13].

The electric arc furnace (EAF) is a type of furnace used in the steelmaking indus-
try, and it is regarded as the basic alternative to the blast furnace/basic oxygen furnace
(BF/BOF) route. The most important scrap recycling process is EAF [14]. Electric arc
furnace slag is a side product of the steelmaking industry that is created after the melting
and acid refining of molten steel [15]. Electric arc furnace slag contains heavy metals such
as iron, which is recognized to cause a first-class hazard, and its disposal necessitates large
surfaces, so many studies have been conducted to recycle this solid waste in many indus-
tries [16]. This paper shows the possibility of biodiesel synthesis from waste sunflower
cooking oil, utilizing EAF slag as a solid heterogeneous catalyst in the transesterification
reaction between the methanol and the oil. Different process conditions were used to get
the best process conditions that resulted from the optimization process using a design
expert program to attain an economical process with a high production rate.

2. Experimental Methodology
2.1. The Raw Materials Used to Produce Biodiesel

The reaction was catalyzed by electric arc furnace slag (EAFS) supplied from an
Egyptian steel factory in Ain El-Sokhna. Waste sunflower cooking oil was collected from
Egyptian restaurants. Tables 1 and 2 show the chemical composition and physicochemical
properties of waste cooking sunflower, respectively. Morgan Chemical Ltd., El Obour,
Egypt, provided 99% methanol (MeOH).

Table 1. Waste sunflower cooking oil chemical composition.

Fatty Acid %

Oleic acid 32.54

Heptadecanoic acid 34.62

Palmitic acid 19.03

Linolenic acid 3.21

n-Pentadecanoic acid 1.51

Linoleic acid 1.51

Arachidic acid 1.71

Myristic acid 0.75

Eicosadienoic acid 0.66

Lauric acid 0.17

Palmitoleic acid 0.21

Others 4.08
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Table 2. Waste sunflower cooking oil physicochemical properties.

Property Value Reference

Molecular weight 820.7806 [17,18]

Density of 25 ◦C (kg/m3) 895 ASTM D 1298-99 [19]

Viscosity at 40 ◦C 35.8 ASTM D 445-04 [20]

Acid value (mg of KOH/g of oil) 1.8 ASTM D 974-02 [21]

Saponification value (mg of KOH/g of oil) 206.85 ASTM D 94-002 [22]

2.2. Catalyst Preparation

EAFS was collected from a steel factory; it was crushed and then ground using a
grinding mill.

2.3. Assessment of EAFS

For elemental analysis of EAFS, X-ray fluorescence was used to determine the concen-
trations of various elements. The test was carried out at a temperature of 22 ± 1 ◦C and a
humidity of 44 ± 1%. This test was based on ASTM (C114-18) [23].

The phases present in the material were indicated by X-ray diffraction (XRD). The iden-
tification of the most probable phases was carried out using a PANalytical computer-
certificated program (X′ Pert High Score Software 2006—Licensed modules: PW3209) with
the aid of the International Center of Diffraction Database (ICDD) received with the X-ray
diffraction equipment (X′ Pert Pro PANalytical; Manufactured by Panalytical B.V. Company,
Almelo, The Netherlands (ISO 9001/14001 KEMA–0.75160). The scan type was continuous
and the anode material was copper. The general setting was 30 mA and 40 KV.

The standard sieving procedure described in ASTM D 422/2007 [24] was used to de-
termine the particle size distribution. The sieves used complied with ASTM E 11/2009 [25].

2.4. Waste Sunflower Cooking Oil Collection and Preparation

For this investigation, waste sunflower cooking oil (WFO) was collected from Egyptian
restaurants. To eliminate any suspended materials and/or burned food particles, the WFO
was centrifuged and filtered. The oil sample was heated at 105 ◦C for 2 h to remove any
unwanted water via evaporation.

2.5. Production of Biodiesel

A batch glass reactor equipped with a reflux condenser for methanol condensation and
a thermocouple for temperature measurement was used for the transesterification reaction,
as shown in Figure 1. The waste sunflower cooking oil was heated using a magnetic
heat stirrer. Once the desired temperature was achieved, it was blended with EAFS and
methanol, and then at the end of the reaction time the product was filtered to remove
the waste powder. After cooling, the mixture was transferred to a separating funnel for
separating the glycerol from the biodiesel. After 2 h of settling, the resulting mixture was
sufficiently separated. Unreacted methanol was removed from the biodiesel by heating
it for 30 min at 80 ◦C. The resulting biodiesel was weighed according to the following
relationship for conversion calculations:

Biodiesel Conversion, % =
Weight of biodiesel produced

Weight of Sunflower Oil
× 100 (1)
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Figure 1. Experimental setup.

2.6. Experimental Design

The design Expert 13 software was utilized to generate and produce a comprehen-
sive examination of how the yield of biodiesel changes with the process variables [26].
As shown in Table 3, four independent variables were chosen. Factors to consider included
EAFS catalyst loading concentration, methanol-to-oil molar ratio (M:O), reaction time,
and reaction temperature.

Table 3. Transesterification reaction parameters.

Reaction Parameter
Ranges

Reaction Parameter
Ranges

Minimum Maximum Minimum Maximum

Methanol-to-oil molar ratio (M:O) 5 20 Reaction time (h) 1 4

Reaction temperature (◦C) 50 70 EAFS concentration, % 1 5

Stirring rate, RPM 750

The M:O molar ratio is an important variable for biodiesel production. According
to the stoichiometric equation of the transesterification reaction, 3 moles of methanol are
required to convert 1 mole of triglyceride (TG) to 3 moles of fatty acid methyl ester (FAME
or biodiesel). This illustrates the importance of excess methanol, which plays an important
role in maintaining the reaction at a constant rate and enhancing the forward reaction.
Consequently, the M:O molar ratio must be greater than 3:1. Here, it was chosen within
a range of 5:1 to 20:1 to investigate the effect of a wide range of excess methanol on the
biodiesel yield. From 50 to 70 ◦C, increasing temperature had a direct increasing effect
on biodiesel yield. This might be attributed to the decrease in oil viscosity. However,
at temperatures above 70 ◦C, this effect is negligible.

According to the results of the experiments performed at a reaction time of 4 h,
a methanol-to-oil ratio of 20, a catalyst loading of 5%, and a temperature of 70 ◦C, the re-
sultant biodiesel yield was recorded to be 97.7%, so these conditions were considered to
be the ultimate limit for this analysis. Increasing the process conditions further would not
result in a significant change in the yield value. According to the results of experiments con-
ducted at a reaction time of 1 h, a methanol-to-oil ratio of 5, a catalyst loading of 1%, and a
temperature of 50 degrees Celsius, the resultant biodiesel yield was recorded to be 69.2%,
so these conditions were considered to be the lower limit. Decreasing the values for the
reaction conditions by less than this would decrease the conversion to unacceptable values.

The choice of the reaction parameters was chosen based on the work of El Sheltawy et al.,
Ling et al., Refaat, and Sulaiman and Talha [2,27–30]. Table 4 shows the number of trials
conducted utilizing the central composite design (CCD) methodology. Thirty experimental
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runs were performed. The experimental runs 25 to 30 share the same conditions, which are
considered to be the design’s center point. Economic and environmental concerns influ-
enced the selection of the recommended optimization objectives—minimizing biodiesel
production costs by reducing reaction conditions, and lowering energy costs while maxi-
mizing biodiesel output.

Table 4. Experimental runs.

Run No. Catalyst
Loading, %

Methanol/Oil
Ratio Reaction Time, h Temperature, ◦C

1 1 5 1 50

2 1 5 4 50

3 1 20 1 50

4 1 20 4 50

5 5 5 1 50

6 5 5 4 50

7 5 20 1 50

8 5 20 4 50

9 1 5 1 70

10 1 5 4 70

11 1 20 1 70

12 1 20 4 70

13 5 5 1 70

14 5 5 4 70

15 5 20 1 70

16 5 20 4 70

17 3 12.5 0.5 60

18 3 12.5 5.5 60

19 3 3 2.5 60

20 3 27.5 2.5 60

21 0.5 12.5 2.5 60

22 7 12.5 2.5 60

23 3 12.5 2.5 40

24 3 12.5 2.5 80

25–30 3 12.5 2.5 60

2.7. Optimal Biodiesel Sample Evaluation

The optimized biodiesel sample’s physicochemical parameters were evaluated and
compared to the ASTM D6751 [31] Biodiesel International Standard and the EN 14214 [32]
Biodiesel Standard. Gas chromatography was used to examine the optimal biodiesel
sample. The total FAME and methyl linoleate content of the generated biodiesel were
determined using the EN 14103 [33] technique. The EN 14105 [34] method was also used to
test triglycerides, free glycerol, and total glycerol in the biodiesel.

2.8. Reusability of EAFS

Solid particles were filtered out of the optimal biodiesel sample, and then methanol
was used to extract the glycerol, and it was dried to remove the methanol. The resulting
EAFS was used to catalyze the transesterification reaction under the same optimized
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reaction conditions. The conversion was calculated after each transesterification reaction to
examine the catalyst’s strength and efficiency.

3. Experimental Results
3.1. Assessment Results of EAFS
3.1.1. Chemical Composition of EAFS

The chemical composition of EAFS is shown in Table 5. The majority of solid waste
was composed of CaO, FeO/Fe2O3, Al2O3, MgO, and SiO2 oxides. According to earlier
studies, these oxides are strong biodiesel catalysts [7,9,10,35–39]. The metal oxides are
used as catalysts during the transesterification reaction, as the reaction takes place on them.
The metal oxides consist of two parts: the first is the positive metal ions (cations or Lewis
acids), which act as electron acceptors, while the second is negative oxygen ions (anions),
which act as proton acceptors and, thus, act as Brønsted bases. The reaction mechanism
can be described as follows:

• The (O-H) bonds of the methanol are broken down rapidly into methoxide anions and
hydrogen cations. Surface O2− removes H+ from CH3OH to produce surface CH3O−,
which is very basic and catalytic in the transesterification reaction;

• The methyl esters are formed when the methoxide anions combine with triglyceride
molecules. The carbonyl carbon atom of the triglyceride molecule attracts a methoxide
anion from the metal oxide’s surface to generate a tetrahedral intermediate, which
absorbs H+ from the metal oxide’s surface. The tetrahedral intermediate can react with
methanol to produce methoxide anions. Finally, the tetrahedral intermediate can be
rearranged to produce biodiesel [29,40].

EAF slag has a low loss on ignition, as its moisture content and impurities (organic
matter, sulfates, and carbonates) are vaporized at the high processing temperature of the
molten steel, which ranges between 1500 and 1600 ◦C.

Table 5. Chemical analysis of EAFS.

Oxides %

CaO 26.51

FeO/Fe2O3 33.21

SiO2 20.73

Al2O3 8.77

MgO 3.55

MnO 4.13

Cr2O3 1.22

Loss on ignition 0.01

3.1.2. Phases Present in EAFS

EAFS, as shown in Figure 2, is mostly made up of gehlenite (Al2O3·2CaO·SiO2), larnite
(2CaO·SiO2), hematite (Fe2O3), and wüstite (FeO) phases, according to the mineralogical
analysis, which was the result of X-ray florescence or chemical analysis.
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3.1.3. Particle Size Analysis of EAFS

Figure 3 indicates the particle size distribution of EAFS. The waste powder is very fine,
as shown in this diagram; 537 nm is the average particle size of the waste powder. Small
particle size means large surface area of the catalyst and more active centers available for
the chemical reaction, so the used catalyst will result in a high reaction conversion.
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3.2. Analysis of Variance (ANOVA) on the Resulting Biodiesel

The results of the biodiesel conversion in each experimental run were as follows: A
design expert was used to develop the regression equation using ANOVA, which was used
to assess the resulting model at a 95% confidence level. The p-values must be less than
0.05 to meet the significance level, which was set at 5%. To validate the model, the F-test and
p-value were utilized. Using the ANOVA analysis technique, the design expert software
suggested that the quadratic model was the preferred model. The findings of the ANOVA
performed by the design expert software are shown in Table 6. The correlation between
biodiesel conversion and reaction conditions is shown in the equation below.

Y = 0.918 A + 3.653 B + 0.476 C + 4.623 D− 0.039 BD− 0.024 B2− 0.029 D2− 96.584 (2)

where Y represents biodiesel yield, A represents reaction time in hours, B represents the
methanol-to-oil ratio, C represents the catalyst loading (wt%), and D represents the reaction
temperature (◦C).

The predicted values were compared to the biodiesel conversion experiment results,
which showed an excellent agreement, as shown in Figure 4, so the resulting model
was perfect.
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Table 6. ANOVA Analysis for Biodiesel Results.

Source Sum of Squares df Mean Square F-Value p-Value Significant

Model 2153.19 7 307.60 78.12 <0.0001

A—Reaction time 41.25 1 41.25 10.48 0.0038

B—Methanol/oil ratio 665.39 1 665.39 168.99 <0.0001

C—Catalyst loading 21.78 1 21.78 5.53 0.0280

D—Temperature 1010.65 1 1010.65 256.68 <0.0001

BD 139.65 1 139.65 35.47 <0.0001

B2 49.74 1 49.74 12.63 0.0018

D2 239.25 1 239.25 60.76 <0.0001

Residual 86.62 22 3.94

Lack of fit 86.62 17 5.10

Pure error 0.0000 5 0.0000

3.3. Reaction Condition’s Impact on the Conversion of Biodiesel

Figure 5 proved that the methanol-to-oil ratio and temperature of the reaction have the
greatest impacts on the conversion of biodiesel. Increasing any reaction parameter while
keeping the others constant increases the biodiesel yield, so all reaction parameters are directly
proportional to biodiesel conversion. Increasing the reaction time will result in giving more
time for the reaction to take place. Increasing the amount of catalyst will result in increasing
the surface area and the number of active centers provided for the reaction. Increasing the
methanol-to-oil ratio will result in an increase in the rate of forward direction, as will increasing
the temperature of the reaction. There are different lines as each line represent the relation
between on reaction parameter while keeping the others constant.
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3.4. Impact of Reaction Parameters on the Conversion of Biodiesel

The impact of reaction variable interactions on biodiesel conversion is depicted in
the surface and contour graphs. The contour and 3D plot in Figure 6 describe the correla-
tion between the reaction temperature and M:O ratio, reaction temperature interactions
(BD), and the conversion of biodiesel. BD interactions have a significant effect on the
biodiesel yield.
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3.5. Optimization of Reaction Variables

The optimal conditions were found to be a M:O molar ratio of 20:1, a catalyst loading
of 5%, a reaction temperature of 55.5 ◦C, a reaction period of 1 h, and a stirring rate of
750 rpm, which provided a biodiesel conversion of approximately 94%. Tables 7 and 8
represent an overview of the optimization constraints, as well as some of the program’s
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results and the desirability of each solution. Table 9 shows a comparison between the results
of the present work and those of other recent papers. It should be noted that the biodiesel
resulting from this work used low reaction temperature and time, so it used less energy
compared with the other works; in addition, it used solid waste without any chemical
preparation steps, unlike the others, and it gave a higher conversion of approximately 94%,
so this production process has low energy and cost, while at the same time it produced
biodiesel with high purity and yield. The reason behind this phenomenon was the use of
solid waste catalysts composed of different types of solid oxides with different reactivity,
structure, shape, and active ingredients, which have a better impact on the reaction than
when using a single pure solid oxide as a catalyst. This work used a high methanol-to-oil
ratio—in other words, excess methanol, which was separated from the resulting biodiesel
via distillation to recycle it and reuse it again after adding additional methanol.

Table 7. Optimization constraints.

Name Goal Lower Limit Upper Limit Lower Weight Upper Weight Importance

A: Reaction time Minimize 1 4 1 1 5

B: Methanol/oil ratio Within range 5 20 1 1 3

C: Catalyst loading Within range 1 5 1 1 3

D: Temperature Minimize 50 70 1 1 5

Biodiesel conversion Maximize 67.129 97.8914 3 1 5

Table 8. Design expert’s obtained solutions.

Number Reaction Time Methanol/Oil
Ratio

Catalyst
Loading Temperature Biodiesel

Conversion Desirability Selected

1 1.000 20.000 5.000 55.501 93.850 0.780

2 1.000 20.000 5.000 55.360 93.759 0.780

3 1.000 19.999 5.000 55.242 93.685 0.780

4 1.000 20.000 5.000 55.782 94.017 0.780

5 1.000 20.000 4.984 55.528 93.855 0.780

6 1.000 20.000 5.000 56.070 94.187 0.780

7 1.000 19.997 4.963 55.519 93.838 0.780

8 1.000 20.000 4.959 55.204 93.642 0.779

9 1.000 20.000 4.951 55.734 93.965 0.779

10 1.000 20.000 5.000 56.227 94.277 0.779

Table 9. Comparison between the results obtained in this paper and the results obtained from
recent papers.

Used Catalyst Catalyst Preparation Methanol/Oil
Ratio

Catalyst
Loading

Reaction
Temperature

Reaction
Time

Biodiesel
Conversion Reference

Enhanced
eggshell-derived
CaO nanocatalyst

Needs preparation
steps before usage 12:1 2.5 wt% 60 ◦C 2 h 94% [41]

α-Fe2O3
Needs preparation
steps before usage 12:1 6 wt% 80 ◦C 3 h 92% [42]

Beach sand Needs preparation
steps before usage 9:1 2.5 wt% 70 ◦C 2 h 93.89% [43]

EAF slag
Used as delivered
after crushing and

grinding steps
20:1 5 wt% 55 ◦C 1 h 93.850% (Present

work)
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3.6. Optimal Biodiesel Sample Analysis

The physicochemical parameters and their standard limitations are shown in Table 10;
all of the properties are consistent with both EN 14214 [32] and ASTM D 6751 [31].

The final optimized biodiesel sample generated from waste sunflower cooking oil
was examined. The findings of the gas chromatography (GC) investigations for the best
biodiesel sample are shown in Table 11. It is obvious that the biodiesel generated met
the necessary specifications for the European standards EN 14104, EN 14103 [33], and
EN 14105 [34]. The concentrations of total and free glycerol were 0.016 and 0.022% (m/m),
respectively [34]. In comparison to EN 14105 [34], the concentrations of triglyceride,
diglyceride, and monoglyceride were 0.0065, 0.0091, and 0.0728% (w/w), respectively.
Using EN 14103, total FAME concentration was equal to 97.2% [33].

Table 10. Optimal biodiesel sample physicochemical properties.

Physical Properties Standard Method Produced
Biodiesel ASTM Biodiesel

Kinematic viscosity at 40 ◦C (cSt) ASTM D-445 [20] 4.1 1.9–6.0 3.5–5.0

Calorific value (MJ/kg) ASTM D-5865 [44] 39.126 >32.9

Density at 15 ◦C (g/cm3) ASTM D-4052 [45] 0.862 0.86–0.9

Pour point (◦C) ASTM D-97 [46] −20

Cloud point (◦C) ASTM D-97 [46] −10 <−4

Flash point (◦C) ASTM D-93 [47] 155 >130 >101

Table 11. Results of gas chromatography.

Test Results
Specification

Units
Min Max

Total glycerol 0.022 0.25 %

Free glycerol 0.016 0.02 %

Triglycerides 0.0728 0.20 %

Diglycerides 0.0091 0.20 %

Monoglycerides 0.0065 0.80 %

Total FAME 97.2 96.5 %

3.7. EAFS Reusability

The biodiesel yield declined from 94 to 70% after the second reaction, then to approxi-
mately 49% by the third. The glycerol contamination on the catalyst’s active center is one of
several explanations for the catalyst’s decreased activity. The second explanation is catalyst
leaching, which is defined as the loss of active species from a solid due to its change into
a liquid medium, and this quick drop is related to the high concentration of CaO in solid
waste, as shown in Figure 7. The findings revealed that EAFS can only be used one or two
times before needing to be replaced with a new catalyst.
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4. Conclusions

The use of steel slag from electric arc furnaces (EAFs) as a heterogeneous solid cata-
lyst in the manufacture of biodiesel from waste sunflower cooking oil was investigated.
According to the chemical analysis, EAFS solid waste is mostly made up of Fe2O3/FeO,
CaO, Al2O3, MgO, and SiO2 oxides, which is a favorable sign that it can be employed as a
biodiesel catalyst. To determine their impact on biodiesel generation, four independent
reaction parameters were chosen: methanol-to-oil (M:O) molar ratio, reaction temperature,
catalyst loading, and reaction time. A response surface approach was used to assess the
impact of all reaction factors on biodiesel output. A model representing the impact of all
reaction parameters on biodiesel conversion was constructed. The reaction temperature
and M:O ratio had the greatest impact on biodiesel conversion. Within the desired limits,
the design expert program provided the top 100 solutions, including reducing the cost of
biodiesel production and increasing the quantity of biodiesel output. The best conditions
were discovered to be an M:O molar ratio of 20:1, a catalyst loading of 5%, a reaction
temperature of 55.5 ◦C, a reaction period of 1 h, and a stirring rate of 750 rpm, yielding a
biodiesel conversion of 94%. The produced biodiesel met the required standard specifica-
tions. The reusability test revealed that EAFS can only be used two times at most before
using a new catalyst.
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