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ABSTRACT: Industrial and academic societies have been bothered
with the generation and subsequent management of residues settled
out from household bleach, due to its corrosive properties. Therefore,
the aim of this research was to introduce a NaOH-impregnated
calcium-based solid catalyst from the aforementioned sediments for
waste cooking oil transesterification. To prepare the catalyst (RC-ITB),
the wet impregnation technique was followed and successfully | ;
characterized via X-ray diffraction (XRD), X-ray fluorescence(XRF), :cu_o (g, L+veon
differential scanning calorimetry (DSC), Brunauer—Emmett—Teller E JH 0

(BET), Fourier transform infrared (FT-IR), and scanning electron ©cm,-
microscopy (SEM) methods. The study findings suggested that RC-
ITB has a BET surface area of 9.312 m* g~' and is largely made up of
calcium with its compound forms such as carbonates, hydroxides, and
oxides. The evaluation of pH values verified that RC-ITB is more
alkaline (i.e., pH = 12.65) relative to its precursor RC (pH = 10.66), largely attributable to OH impregnation. To study the catalytic
performance, three numeric factors with three levels of treatment were used, and their influences were analyzed through a response
surface approach. Accordingly, the optimal yield of biodiesel was found to be 80.04% at a reaction temperature of 61 + 2 °C, catalyst
weight of 6.33 wt %, and a molar ratio of 23.94. Moreover, FTIR analysis verified that the glycerol part of triglycerides had been
replaced with a methoxyl unit. Also, the fuel quality parameters of the FAME product were examined, including density, kinematic
viscosity, acid value, density, cetane number, cloud point, saponification value, and pour point; all of these values fall within the
ASTM D6751-accepted limits. Thus, the findings showed that the sediments of household bleach production could be a candidate
source to explore heterogeneous basic catalysts.
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Bl INTRODUCTION lauric (C12:0), myristic (C14:0), and stearic (C18:0)." Apart
from low-cost substrates, the kind of catalysts employed in the
process of transesterification also determines the cost of
biodiesel synthesis.”® Ordinarily, transesterification reactions
are catalyzed with alkaline-homogeneous catalysts because of a
better yield in shorter periods under mild conditions. However,
the system needs a lower free fatty acid plus moisture level of
the raw material <0.5% and <0.1%, respectively, otherwise
homogeneous acid catalysts are used.”"® Although homoge-
neous catalysts have numerous drawbacks like saponification at
larger free fatty acid levels, difficulty in phase separation,
nonreusability, washing and drying requirement, and thus
could raise the generation of wastewater plus total costs of

Energy is one of the essential requirements for playing a
prominent role in the power generation, transportation, and
industrial sectors. Fossil fuels, including natural gas, coal, and
petroleum, provide the majority of energy utilized worldwide.
These resources, however, are finite, hazardous, and eventually
run out. Thus, the development of biofuel such as biodiesel
that can be a viable alternative to the desired fuel supply has
attractively increased worldwide interest and could be a novel
technology."” Biodiesels have several benefits over resources
because of their properties like nontoxic nature, biodegradable,
and high flash points, mixed with diesel because of their similar
features, less CO emissions, and high cetane number.”?
However, 70—95% production cost of biodiesel is governed by
the price of the organic raw material. Thus, the third-
generation feedstock, waste cooking oils such as palm oil, is
commonly used as the low-priced alternative feedstock in
addition to the second-generation nonedible vegetable oils.’
The waste-cooking-palm-oil’s major fatty acid constituents
include oleic (C18:1), linoleic (C18:2), palmitic (C16:0),
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Figure 1. Block flow diagram for wet impregnation and calcination process of RC-ITB.

production.”~"" Hence, the use of heterogeneous catalysts
could be a noble alternative to the homogeneous one because
of their reusability, separation easiness, low environmental and
corrosion problems, and avoid pre-esterification of high acidic
feed stocks.”'”'* Such heterogeneous catalysts could be either
acidic or alkaline. However, solid alkaline catalysts are usually
used in the transesterification process compared to the acidic
one because acid heterogeneous catalyzed reaction exhibits a
variety of demerits, such as a high catalyst amount require-
ment, higher methanol molar ratio, high reaction temperature,
and slow reaction. Thus, alkaline solid-state catalyst advance-
ment, classically calcium-based, is the current interesting theme
of many researchers. Since calcium-based catalysts usually have
high alkaline natures, the numerous agricultural and industrial
waste materials, for example, cement wastes, bones, waste
eggshells, etc., are utilized to provide CaO catalysts having
catalysis abilities.'' ~'° However, the catalytic activity of
heterogeneous catalysts is usually lower than homogeneous
catalysts due to the dual effects of mass transfer limitation and
low alkalinity. To improve this limitation, alkaline solid
catalysts are ordinarily infused with NaOH and KOH aiming
to load more OH ions on the catalyst surface, which in turn
increases the catalyst's basic strength essential for better
catalytic capability.”'®'” In this work, liquid bleach-making
from Ca(ClO), results in liquidate precipitates as a byproduct
product, which can be accepted as a novel idea for solid
catalyst making through alkaline impregnation. Calcium
hypochlorite is the active constituent for bleach production,
functionally boosting material whiteness by stripping any
unwanted coloring things."*™** Industrially, the calcium-rich
precipitate is settled out from the liquid form bleach-making
and is often rid of as trash. However, its uncontrolled removal
might contribute to serious human health and environmental
problems due to its hazardous and corrosive nature.””** As a
result, industrial and academic societies have been faced with
finding a means of its utilization. Therefore, the aim of this
study was to develop a NaOH-impregnated Ca-based
heterogeneous catalyst from the above-mentioned precipitates
by knowing its composition for biodiesel synthesis, which is
crucial for the integration of industrial resources as well as for
the preservation of the environment.
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B MATERIALS AND METHODS

Materials. As a biodiesel feedstock, waste cooking palm oil
was gathered from nearby pan-fried chips vendors. To be a
catalyst, sediments of liquid bleach made of Ca(OCl), were
received from an indigenous business owner (Robi Soap
industry) in Kombolcha, Wollo, Ethiopia. In this particular
experiment, all reagents and chemicals employed were
analytical grade (Refer to the Supporting Information for
lists of chemicals and equipment).

Methods. WCO’s Free Fatty Acid Content and Saponi-
fication Value. First, suspended solid impurities and food
residuals from the crude waste cooking oil (WCO) were
removed bg heating at 90 °C for 1 h, followed by
filtration,”*"*® and stored in a sealed clean container. Then,
AOAC-1990 and ASTN-D664 standard protocols were
followed to find the SV and FFA contents of WCO,
respectively. Lastly, the WCO molecular weight was predicted
from the aforementioned values via eq 1.** To test the
suitability of WCO for homogeneous catalysis system, a
methanolysis reaction with NaOH was used (Figure S1 in the
Supplementary Data).

_56.1 X 1000 X 3 168, 300
e (SV — AV) (SV — AV)

(1)

Catalyst Preparation and Characterization. The collected
semisolid state precipitates were sun dehydrated for 4 days and
subsequently dried for 3 h in the oven at 110 °C. Then, the
size reduction of the dried preciPitate was made via mortar and
sieved to below 355 um size. "***” Then, the catalyst was
prepared by applying the wet impregnation method with
NaOH, followed by calcination (based on Figure 1), aiming to
load more OH ions on the surface needed to hasten the
reaction rate.”'>'®** Calcination is a crucial step in the
morphological evolution of the catalyst surface because it
removes volatile components and releases moisture that has
been both chemically and physically bound.'” All of the
pictorial outlooks of the above techniques are shown in Figures
S2 and S3 in the Supporting Information. Finally, it was
characterized for its elemental composition, phase identifica-
tion, specific surface area, heat flow variation, surface
functional group, and morphological characteristics using X-
ray fluorescence (XRF), X-ray diffractometry, Brunauer—
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Emmet—Teller method (BET), differential scanning calorim-
etry (DSC), Fourier transform infrared spectroscopy (FTIR),
and scanning electron microscopy (SEM), respectively, as
illustrated in the Supporting Information. In addition, the basic
nature of RC-ITB in comparison to its precursor coded with
RC was evaluated by pH value measurements via pH meter
(PHS-3C). The measurements were made by making six
different solutions for 1 g of catalyst in S, 10, 15, 20, 25, 30, 35,
and 40 mL of distilled water.”**”

Transesterification of Waste Cooking Palm Oil.
Experimental Design. Table 1 shows the experimental design

Table 1. Experimental Domain with Natural and Coded
Values of Independent Variables Used in Box-Behnken
Design (BBD) for Transesterification Reaction

coded variable level

level 1 level 2 level 3
symbol/
variable unit code -1 0 +1
reaction temperature °C A SS 65 75
methanol-to-oil molar B 10 20 30
ratio
catalyst loading wt % C 3 6 9

for three numeric factors on the three levels of treatment was
done by applying the Box-Behnken experimental design of
response surface methodology (RSM) to study their effects on
the response and FAME yield. The combinations of these
three independent variables generate 17 randomized runs
while maintaining a 1 h reaction time and 600 rpm stirring rate
in support of literature. Lastly, the reaction processes’ yield of
FAME was computed (eq 2).

%FAME yield

Y= gram of produced biodiesel

gram of oil sample used for the reaction
2)

Experimental Setup and Procedure. The synthesis of
fatty acid methyl ester (FAME) from waste cooking palm oil
was performed using the setup presented in Figure 2. The
reaction process was carried out by reacting preheated oils at
the desired reaction temperature and methanolic predissolved
catalysts in a borosilicate glass reactor fitted with a reflux
condenser at a fixed time and mixing rate using the magnetic
bar. Subsequently, a WKM centrifuge operated at 3500 rpm
was used to separate the reaction mixtures from the solid
catalyst, and phase separation of biodiesel with glycerol was
made by settling in the funnel for 12 h, i.e. glycerol at the
bottom and FAME at the top. Then, separation of the free
unreacted methanol from the FAME products was made by
rotary evaporator, consequently drying at 110 °C in the oven
to remove trace methanol and moisture if any.

Analysis of Data and Parameter Optimization. To
assess the effects of particular reaction parameters, the
importance of experimental results from the response surface
methodology (RSM) design matrix was examined, which
includes all interaction factors and optimized through the use
of a fitted polynomial second-order model expression (eq 3).
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Figure 2. Experimental setup.
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where Y is the dependent variable (yield of methyl ester); X;
and X; are the i™ and j coded independent variables; By, B,, B;,
and B; respectively denote the intercept, linear, quadratic, and
interaction effect regression coefficients.

For optimization purposes, the values of dependent and
independent variables to be predicted from the model were
verified by triple tests.

Catalyst Reusability Test. The RC-ITB catalyst separated
from the reaction mixture under the optimum reaction
conditions was subjected to its reusability test via a continual
reaction of 4 cycles without any treatment.

Biodiesel Quality and FT-IR Analysis. Standard
procedures have been employed to examine the biodiesel
fuel qualities produced from WCO: Standard procedures have
been employed to examine the biodiesel fuel qualities
produced from WCO: ASTM-D 5853 (pour point), ASTM-
D 1298 (density), ASTM-D 4737 (cetane number), ASTM-D
664 (acid value), ASTM-D 2500 (cloud point), AOAC-1990
(saponification value), and ASTM-D44S (flow resistance and
viscosity). Analysis of biodiesel with FTIR spectroscopy was
done to confirm the FAME formation from the substrate
caused by replacement via transesterification reaction. In this
method, the liquid sample was first sandwiched between two
well-cleaned KBr disks, and biodiesel spectra were generated at
a scanning speed and resolution of 2 mm s™' and 4 cm™,
respectively, in between 400 and 4000 cm™' wave number.

B RESULTS AND DISCUSSION

WCO'’s Saponification Number and Free Fatty Acid
Content. To decide the techniques of using a heterogeneous
or homogeneous catalysis system, knowing the free fatty acid
level of the feedstock is very important. The permissible FFA
amount for the homogeneous catalysis process is typically
below 2.5%; otherwise, saponification may be favored and the
production of biodiesel could be diminished. Also, a greater
saponification value represents its suitability for soap formation

https://doi.org/10.1021/acsomega.3c07810
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and abundance of fatty acids with a reduced molecular weight
in large quantities. The saponification value of various biodiesel
feedstock ranges between 130 and 193 mg KOH/g.S’30
However, experimental values of FFA and SV respectively
were 16.31% and 223.403 mg KOH/g, which exceed the
suggested values. Hence, the use of heterogeneous catalysts as
a substitute for homogeneous catalysts is rationally established.
Moreover, the unsuitability of the homogeneous catalysis was
confirmed with NaOH catalyst for WCO transesterification,
and solid soap product was observed (Figure S1 in the
Supporting Information).

Characterization of RC-ITB Catalyst. X-ray Fluores-
cence Analysis. The XRF analysis shows that the prepared
catalyst contains a Ca (~64.27%) element with its correspond-
ing oxide form, CaO (~89.92%), as a major composition,
which could be a promising base catalyst in the synthesis of
biodiesel. Also, other metal oxides in a minor amount were
detected, such as silicon dioxide (SiO, 6.45%), aluminum
oxide (AL,0;, 1.95%), ferric oxide (Fe,O;, 0.14%), potassium
oxide (K,0, 0.096%), and phosphorus pentoxide (P,Oj
0.000997%). It is widely recognized that the aforementioned
oxides are the transesterification reaction’s active ingredients.’"
The detail of each composition is presented in the Supporting
Information (Table S1).

X-ray Diffraction Analysis. The crystalline phases of the
RC-ITB catalyst and its precursor, RC (raw dried precipitate),
were determined by a diffraction angle position of 26 between
10—80°. Usually, the width of the peak is inversely propor-
tional to the crystal size. A larger crystal has a thinner peak,
while the smaller crystals have a broader peak because of
defects in the structure or amorphous nature (absence of
perfect crystallinity). As shown in Figure 3, the main candidate

—RC-ITB 1 Ca(OH),
—RC_ R o CaCoO,
* Sio,
s Cal

m:\..j\! ., MW

e

Intensity

Uul_JbJ \ULJL ARl A AN

20 40 60
26 (°)

80

Figure 3. XRD analysis of the RC-ITB (blue) and RC (red).

phases within the two forms were similar, and the peak-match
application was implemented to distinguish them from XRD
diffraction peak patterns. The matched phase of portlandite,
Ca(OH),, was located at the 260 degree value of 34.24, 18.12,
47.66, 28.76, 50.9, 59.56, 54.52, and 71.64°, while the
CaCOs(calcite) crystalline phases at 43.32, 29.52, 31.84,
36.1, 23.2, 39.52, 57.54, 48.62, 56.69, 60.8, 63.2, 64.2, 73.02,
and 47.26°. CaO was perceived at 26 = 75.98, 30.89, 61.46,
and 64.26°. SiO, at 45.56,14.47, and 20.44°. The high contents
of Portlandite and calcite may be the result of carbonation
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and/or hydroxylation of the combustion product, CaO, with
ambient moisture and CO, in the atmosphere to form a
permanent polgfmorph of them. calcite and Portlandite,
respectively.'>”>*? These compounds are the primary
components that make up basic catalysts, which can be
detected in XRD analysis. With the exception of portlandite
and calcite phases, other elements known with XRF were
detected at nonperfect peaks with a very low value of FOM,
which may be attributable to their amorphous nature or
quantitative insensitivity of the XRD machine as proved in the
software. The absence of crystalline phase variations between
RC and RC-ITB was reasonably due to the lower thermal
treatment of RC-ITB during the calcination process.
Differential Scanning Calorimetry Analysis. Differ-
ential scanning calorimeter (DSC) infers the variation of
heat flow involved in the exothermic processes—the release of
heat (negative AH, calorific value), and/or endothermic
process—the absorption of heat (positive AH, needed for
evaporation of moisture and release of volatile matters in a
nitrogen atmosphere).”**> The DSC analysis result of the RC-
ITB catalyst is shown in Figure 4. The wide beaks at around 47

\/ endothermic peak:melting/decomposition

/\ exothermic peak: crystallization

c
2
g8
=8 trace inorganic species
8 & removal ofanyorgimcspecls? PSS b -~
o8 ! >
2. ' //%
' Z
%

decomposition of CaCO3 and Ca(OH)2

200 400

Temperature (0C)

600

Figure 4. DSC analysis of the RC-ITB catalyst.

°C on the DSC thermogram are ascribed to the removal of
many unbounded moistures from the catalyst surface and
initiation of crystallization through heat removal. The lower
endothermic/exothermic inflection points in the temperature
range between 95 and 350 °C could be resulted from the
removal of residual moistures and unstable carbonaceous
compounds(organic components) adhered on the surface of
the catalyst which are not removed during the processing,****
The dipper and wider peak at around 400 °C is attributed to
the breakdown of many of the metal carboxylate compounds
like CaCOj; and Ca(OH)ZfS such species were attractively
confirmed in the XRD analysis. The subsequent low areas of
sinusoidal wavelike endothermic and exothermic peaks could
be linked with the decomposition and/or crystallization of
remaining carboxylate compounds as well as other inorganic
crystal phases detected in XRD, for instance, SiO,, Al,0;, and
Fe,0;.

BET Surface Area Analysis. The Brunauer—Emmett—
Teller inspection showed that the specific surface area of the
RC-ITB is about 9.312 m* g~' while a reduced BET result of
8.509 m* g~' was observed on the raw untreated form (RC)
due to the presence of various impurity attachments
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accountable for surface pore blockage. Generally, the BET
outcome implies that the prepared impregnated catalyst is
expected to have better active sites essential for enhanced
catalysis capacity and could be competent with other catalysts
developed from different sources as set out in Table 2. The
difference between these results may be due to the nature of
the material, particle size, and activation conditions.

Table 2. BET Surface Area of the RC-ITB Catalyst
Compared with Other Findings

source of catalyst BET surface area (m* g™*) reference
RC-ITB 9.312 this study
biomass fly ash 9.0280 32
eggshell ash 30.7 31
walnut shell ash 8.8 36
eggshell nanocatalyst 8.0142 37
calcined commercial CaCOj; 1.7364
KNO3-loaded coffee husk ash 2.251 24

Fourier Transform Infrared Spectroscopy Analysis. As
shown in Figure S, FTIR was used to locate the chemical

=R C-ITA catalyst After reaction
|====R C-ITB: catalyst before reaction
===RC: dried Raw precipitate

Transmittance (%)

T T T T T
2500 2000 1500 1000 500

Wave Number (1/cm)

4000 35‘00 30IOO
Figure 5. FTIR spectra of RC (blue), RC-ITB (red), and RC-ITA

(green).

groups on the synthesized catalyst’s surface, RC-ITB, in
combination with its after-reaction phase (RC-ITA), and the
pioneer dried raw precipitate (RC) were identified. With the
exception of physisorbed water molecules occurring at 2923
and 2850 cm ™" due to O—H stretching of the — H on RC, the
patterns of RC-ITB and RC are nearly analogous; the
nonexistence of such unique bands on RC-ITB might be
rationally eliminated through the calcination temperature due
to weak surface bonds. The other O—H bond stretching modes
of Ca(OH), were observed at about 3643 and 1794 cm™' in
both samples, either naturally on the RC or due to the adhered
moistures on the calcinated product surface to form
Portlandite. Wave number at 1408 cm™" shows the asymmetric
stretching vibrations of C—O bonds in carbonate ions (CO3")
due to the presence of CaCOj; and/or the surrounding carbon
dioxide chemisorption throughout the catalyst’s surface.
Similarly, the bending stretching mode of the C—O bond
symmetrically within calcareous compounds has been identi-
fied to exhibit both out-of-plane as well as in-plane vibrations
at 872 and 711 em™}, respectively; 943 cm ! is the distinctive
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band of Si—O bond.*'%*****%3 All of the aforementioned
compounds were prettily identified with XRF and XRD
analysis. Moreover, the impregnation effects of the catalyst are
observed around 2323 cm™'enabling the evolution of a new,
substantial O—H binding that remained stable through the
conditions of calcination because of the strong chemical
attachment properties on the RC-ITB catalyst, while
elimination could be possible on the RC one due to the
physisorbed nature. Furthermore, the new peaks of RC-ITA
(after reaction) observed at around 2922, 2847, 2510, 1748,
and 1537 and the wider curve between 1689 and 992 cm™ all
arise from the build-up of organic contaminants that result
from oil reactivity on the catalyst site; their corresponding
chemical group is similar to the oil and FAME spectra, as
depicted in Figure 12. Such impurities have a negative effect on
the catalyst performance for further usage due to the loss of its
active sites.

Scanning Electron Microscopy Analysis. The surface
microstructure and morphology of materials are usually
analyzed with scanning electron microscopy. Figure 6
represents the surface structural variation between the SEM
micrographs of RC-ITB and RC-ITA combined with RC and
PC (pure grade CaO, 99.5% rankem brand), aiming for ease of
structural implications. Figure 6a designates the numerous
well-formed lump of fogs-like organization of the SEM image
patterns of the reference catalyst (CaO), which infers its
permeable crystalline arrangement necessary for providing
improved active areas so that reactions can take place.”*’ Due
to the presence of impurities associated with the untreated
surface of the RC (Figure 6b), the varying sizes of surface
structural patterns of RC-ITB (Figure 6¢c) are more apparent
to PC (reference), because of the dual alkaline and heat
treatments needed to provide enhanced active areas preferred
for response hastening.” The topography of the RC-ITA phase
is presented in Figure 6d, and the result notably indicates the
amorphous-like porous structure reasonably due to the buildup
of oéi‘l1 impurities on the catalyst surface liable to block its active
sits.

Determination of the pH Value. The variations of pH
values of RC and RC-ITB with the various levels of distilled
water are depicted in Figure 7. It can be seen that the pH drops
linearly as the volume of the thinning solvent is enlarged, i.e.,
from 12.65 to 11.92 (RC-ITB), and 10.66 to 9.83 (RC), this
could be linked with the contribution to neutralization at
higher volumes thereby reducing the pH levels. For similar
volumes of water, RC-ITB has a higher pH value than RC,
which logically arises from the alkaline infusion liable to
improve its basic nature, which is very important for improved
catalysis of the reaction medium.

Response Surface Methodology and Fuel property
Analysis of Biodiesel Production. Model Fitting and
Adequacy Checking. The response surface methodology
(RSM) contains a group of statistical techniques that want
to show the sound effects of parameters on the desired
response via a quadratic model equation. Upon the
experimental parameter combinations, the actual percentage
yields of FAME from WCO with its corresponding predicted
values including residuals are shown in Table 3.

Based on the result, the RSM under design expert provided a
“suggested quadratic model,” as shown in Table 4, having
insignificant lack-of-fit p-value (0.2254 > 0.05) from the model
alternatives (linear, two-factor interaction (2FI), quadratic and
cubic polynomial).
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To evaluate the significance and fitness of the quadratic
model along with individual terms as well as their interaction
effect on the responses, statistical analysis was executed using
analysis of variances (ANOVA) with the help of probability
error value (p-value) as shown in Table S. A particular model
term is statistically significant when p-values <0.05, else
insignificant (P > 0.05); the smaller the p-value, the more the
significance.

From the ANOVA result, it can be observed that the “Model
F-value” of 1001.90 implies the relevance of the model; there is
just a 0.01% probability that the larger F-value may occur
because of noise. All model terms A, B, C, D, AB, AC, BC, A?,
B, and C? are important since their p-values are less than 0.05.
The F-value of lack-of-fit (2.24) with a p-value of 0.2254
suggests that the lack-of-fit is not substantial compared to the
pure-error. There is a 22.54% chance that a Lack of Fit F-value
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this large could happen due to noise. A nonsignificant lack-of-
fit is an excellent way to demonstrate how well the model and
experimental data fit together. Using the coded elements (A, B,
and C), the regression model equation used to predict the
response variable can be expressed by eq 4.

FAME Yield: + 78. 54 — S. 78A + 6. 96B + 4. 52C
+ 1. 37AB + 7. 60AC + 1. 52BC-6. 90A%-8. S9B>

-12. 82C )

Furthermore, the model’s adequacy in explaining how the
FAME vyield varies with the chosen factors may be evaluated
through using the 3-R* values generated from the ANOVA
result. Coefficients of determination (R*) assess how much a
predictor variable influences a dependent variable, whereas
adjusted and predicted R* measures the degree to which the
model explains variance “around the mean” and “in the new
data,” respectively. The value of R* (0.9992) is near unity, and
the variation between Adjusted R* (0.9982) and predicted R*
(0.9918) smaller than 0.2 is desirable to show the existence of
good fitting between the experimental data and the model
Also, the signal-to-noise ratio is measured by Adeq Precision. A
ratio of 95.115 suggests an adequate signal because a ratio
larger than 4 is desired. A model with a lack of fit implies the
relationship between the independent and dependent variables
is not adequately described because of the presence of large
residuals (difference between the predicted and observed
response) or major terms are missed when fitting the model. In
addition, the reduced standard deviation level (0.5157) and
Coefficient of Variation (0.7908%) show the accuracy of the
model used to navigate the design space.
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Table 3. Yield of FAME over RC-ITB

parameter-1 parameter-2

run temperature (A), °C alcohol:oil molar ratio (B)
1 65 30
2 65 20
3 65 20
4 SS 20
S 65 10
6 65 20
7 65 20
8 65 20
9 SS 10
10 75 10
11 5§ 20
12 65 30
13 75 20
14 SS 30
15 75 30
16 75 20
17 65 10

parameter-3

catalyst load (C), wt %

response (FAME yield)

actual value, % predicted value, % residual value

3 57.66 58.05 —0.39
6 78.21 78.54 —0.33
6 78.88 78.54 0.34
3 68.15 67.67 0.48
9 53.55 53.16 0.39
6 78.69 78.54 0.15
6 77.99 78.54 —0.55
6 78.92 78.54 0.38
6 62.79 63.23 —0.44
6 49.02 48.93 0.09
9 61.58 61.52 0.06
9 70.15 70.12 0.03
3 40.86 40.92 —0.06
6 74.33 74.42 —0.09
6 66.03 65.58 0.45
9 64.67 65.14 —0.47
3 47.13 47.16 —0.03

Table 4. Model Fit Summary

source adjusted R*  predicted R

lack of fit p-value

linear <0.0001 0.1890 —0.0223

2FI <0.0001 0.1106 —0.3716

quadratic 0.2254 0.9982 0.9918 suggested
cubic 0.9988 aliased

Parametric Effects on the FAME Yield. The effects of
the reaction conditions on the FAME vyield are depicted in
Figures 8 and 9, which can identify the potential differences in
variability between variable levels. The ANOVA result
indicates that biodiesel yield can be influenced by all of the
important variables of the reaction process. Even though the
reaction parameters have synergistic and/or antagonistic
effects on the response, better FAME vyield was achieved at
the center point of the predictive variables which are part of

the experiment. However, a variable above a certain value may
reduce the desired product.

Figure 8a illustrates how the reaction temperature affects
FAME production. Moderate temperature is desirable for the
rapid reaction rate to have a higher response value because of
the reduction of oil viscosity for enhanced mass transfer within
the reaction medium. However, the yield of FAME is obviously
reduced at higher as well as lower temperature levels. A lower
temperature causes a slower reaction rate because of a higher
viscosity and poor catalyst dispersion, while a very high
temperature contributes to excess methanol loss as well as the
reversibility of the reaction.”**~*" was obtained at a temper-
ature of about 65 °C. Figure 8b shows the impacts of the
methanol-to-oil molar ratio on the conversion of WCO into
FAME. Since the transesterification reaction is reversible, the
use of increased molar ratio drives the reaction into the
product side resulting in a higher desired product in a short
time. However, the extreme increase in molar ratios does not

Table 5. ANOVA Results for the Quadratic Model

source sum of squares df mean square F-value p-value significance
model 2398.11 9 266.46 1001.90 <0.0001 significant
A—temperature 267.61 1 267.61 1006.25 <0.0001 significant
B—molar ratio(Alco:Oil) 387.53 1 387.53 1457.16 <0.0001 significant
C—catalyst weight 163.35 1 163.35 614.22 <0.0001 significant
AB 7.48 1 7.48 28.13 0.0011 significant
AC 230.74 1 230.74 867.59 <0.0001 signiﬁcant
BC 9.21 1 9.21 34.64 0.0006 significant
A? 200.55 1 200.55 754.09 <0.0001 significant
B? 310.98 1 310.98 1169.30 <0.0001 Signiﬁcant
c? 692.17 1 692.17 2602.63 <0.0001 significant
residual 1.86 7 0.2660
lack of fit 1.17 3 0.3893 2.24 0.2254 not significant
pure error 0.6939 4 0.1735
cor total 2399.97 16
std. dev. 0.5157 R 0.9992
mean 65.21 adjusted R* 0.9982
C.V. % 0.7908 predicted R* 0.9918
adeq precision 95.1149
significant when p < 0.0S, and insignificant when p > 0.0S
4619 https://doi.org/10.1021/acsomega.3c07810
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Figure 8. Effects of individual reaction conditions on the FAME yield: (a) temperature; (b) methanol-to-oil molar ratio; (c) catalyst weight.

increase yield, but it improves the solubility of glycerol, which
leads to phase separation difficulties and drives the equilibrium
back to the left.*>*® Thus, a higher value of biodiesel yield was
obtained at a molar ratio of 20:1. The effect of catalyst weight
is also another important factor affecting the transesterification
reaction as presented in Figure 8c. The function of the catalyst
is to give up sufficient sites of activity so that the reaction is
possible. The yield was linearly increased with an increasing
amount of catalyst up to the intermediate level because the
available active sites can be increased as other catalysts are
added, thus facilitating the reaction. However, an extra rise of
catalyst results in a decline in yield as a consequence of
aggregation of catalysts and the poor mixing of the reaction
mixture could be maintained;>" importantly, since the reaction
medium consists of three phases (i.e., oil—methanol—catalyst),
the mass transfer effect of solid catalyst is one of the reasons to
why the reaction would be slow and does not reach its
completion at a higher amount.”” Thus, a good result was
obtained at the catalyst load of 6 wt %.

Furthermore, the interaction plots of independent parame-
ters for the FAME vyield are presented in both the 3D surface
and contour plots, as shown in Figure 9a—c and d—f
respectively. Plotting the response variable against various
combinations of numerical elements in two dimensions to
illustrate the relationships between them is called a contour
plot. Whereas, the 3D surface is a projection of the contour
plot, providing shapes for two independent variables’ func-
tional relationships with the dependent one. Although all three
interaction terms were significant, the great influence of
catalyst dosage with temperature combination on the FAME
yield was perceived from the result (Figure 9a,d) compared to
the other mutual effects (Figure 9b,c) in support of ANOVA
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analysis. This is due to the fact that a sufficient catalyst amount
for sufficient active sites with a suitable temperature level for
better mass transfer is required for improved ester yield.

Optimization of Reaction Conditions and Confirma-
tion. Finding the best possible combinations of reaction
conditions is the aim of optimization in order to boost the
desired product, the FAME yield. As shown in Figure 10,
variables at the cur points that mutually optimize the response
have been generated under the response optimizer of RSM via
Minitab-17 software on the numeric optimization criteria with
its desirability. Consequently, the predicted values for each
independent variable between their high and low levels were
about 61.87 °C temperature, 23.94 molar ratio, and 6.33 wt %
catalyst load for an enhanced response of 81.06% with
desirability of 1.

To confirm the predicted results, triplicate experiments were
carried out, and an average value was reported, as shown in
Table 6. Accordingly, the average actual result of 80.04% was
achieved, which is close to the model-based-estimated FAME
yield (81.06%) exhibiting a minimal error of percentage
(1.02%); this indicates that the generated model provided
sufficient predictability of biodiesel yield under the test
conditions used. Therefore, the model implemented may
possibly describe the transesterification reaction using NaOH-
impregnated Ca(ClO), precipitate as a heterogeneous catalyst.

Moreover, the comparison of the current study findings with
the contributions of other scholars is presented in Table 7.
Each heterogeneous catalyst is known to have a distinct
precursor that affects how the catalyst behaves as it is
produced. Consequently, the activity and quality of solid-
state catalysts are significantly influenced by the activation
conditions and catalyst source composition, which subse-
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quently impact the catalysis product being formed."> The
optimal yield of FAME via the RC-ITB catalyst is therefore
comparable to that of other previous solid-state catalysis
research outputs. The dissimilarity between the various
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tabulated numbers might be related to the particle size,
activation modes and composition of the catalyst source,
reaction condition level optimization, and the kind of oil
feedstock. Thus, it is interesting to note that residues of the
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Table 6. Optimization Criteria and Validation Results at the Optimum Conditions

limit experimental value
name goal lower upper predicted value run 1 run 2 run 3
temperature,”C in range SS 75 61.87 61 +£2 61 +£2 61 +2
methanol:oil molar ratio in range 10 30 23.94 23.94 23.94 23.94
catalyst amount, wt % in range 3 9 6.33 6.33 6.33 6.33
FAME yield, % maximize 40.86 78.92 81.06 79.96 80.44 79.72
average yield 80.04
Table 7. Comparison of the Optimum Yield with Other Heterogeneous Catalyzed Methanolysis Products
catalyst type activation time and temperature (h, °C) oil feedstock FAME yield,%  references
RC-ITB (3, 600) waste cooking palm oil 80.04 this study
NaOH-loaded sepiolite (5, 500) canola oil 80.93 47
CaO nanocatalyst (2, 400) Green alga, Chlorella vulgaris oil 67 39
KNO3-loaded coffee husk ash (2, 600) waste frying oil valorization 72.04 24
zinc-doped CaO nanocatalyst (3, 800) Calophyllum inophyllum oil 89 25
fly ash (2, 120) mixture of purified palm plus waste frying oil 73.8 32
KOH/bentonite catalysts (5, 400) palm oil 90.7 48
OH-impregnated CaO (2, 600) refined coconut oil 81.70 8
ostrich bones derived catalyst (4, 900) waste cooking oil 90.56 26
strontium titanate (8, 880) Madhuca indica oil 98 49
walnut shell ash (2, 800) sunflower oil 98 36

reaction between calcium-hypochlorite and additional alkali
activators to produce bleach in liquid form can also be used as
precursors for the development of basic catalysts and have
positive environmental effects.

Catalyst Reusability Test. For the reusability test, the
catalyst separated from the reaction mixture under the
optimum reaction conditions was subjected to its reusability
test via a continual reaction of 4 cycles without any treatment.
Figure 11 shows the dramatic reduction of yield over the
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Figure 11. Reusability tests of the RC-ITB catalyst.

successive reaction in the presence of the penultimately used
catalyst. The continual decrease of yield, i.e, from 67.35 to
26.49%, may be due to the accumulation of WCO-derived
organic byproducts and impurities onto the catalyst surface
during the reactions. The attachment of impurities could be
responsible for blocking the active sites and decreasing their
catalytic activities.

Catalyst Working Mechanism in the Transesterifica-
tion Reaction. Basically, the route of biodiesel synthesis
through transesterification involves interacting with the
molecules of triglycerides and monohydric alcohols with the
aid of a suitable catalyst. During this entire process, the
triglyceride molecules are converted to a mixture of monoalkyl
esters (biodiesel) by removing glycerol through three
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successive reaction steps that are reversible in nature (Scheme
la); triglycerides undergo conversion to diglycerides, which
then produce monoglycerides, and subsequently, monoalkyl
esters (biodiesel) and glycerol are formed from monoglycer-
ides. The entire reaction process is typically the sum of these
steps, where 3 mol of alkyl esters and 1 mol of glycerol are
produced because of the reaction between 1 mol of
triglycerides and 3 mol of the alcohol reactant (Scheme 1b).

Furthermore, the alkaline traits of the prepared catalyst were
logically verified with measurements of the pH and
composition analysis. As a result, the catalyst’s chemical
activity during the reaction is thought of as a solid alkali-
catalyzed procedure, as shown in Scheme 2. A methoxide ion
acting as a strong nucleophile and a protonated catalyst is first
produced by the surface interaction of methanol with the
active species of alkaline catalyst Z°* — O°" (Z = metal
elements within the compound forms, such as CaCO;, CaO,
Ca (OH),, Na,O, or K,0).***° In step 2, a reactive tetrahedral
intermediate is produced when the methoxide attacks
nucleophilically the triglyceride’s carbonyl group, from which
the Diglycerides anion and 1 mol of methyl ester are generated
in step 3. In the fourth step, the diglyceride anion is neutralized
by its protonation via deprotonation of the catalyst surface.
Then, the catalyst can react with the second alcohol molecule
for further catalysis until the remaining 2 mol of FAME is
produced through the transformation of diglycerides and
monoglycerides. The conversion and protonation mechanisms
of diglycerides and monoglycerides on the catalyst surface are
similar to those of triglycerides to form glycerol molecules and
a combination of alkyl esters.

Fuel Properties. Table 8 presents the properties of the
optimal methyl ester fuel derived from the WCO with respect
to the limits of the international standard to be guaranteed for
a minimum quality. The jelly and corrosive features of the
biodiesel are commonly explained with its saponification and
acid value, respectively. The acid value shows the presence of
free fatty acids in the biodiesel and is quantitatively defined as
the quantity of KOH necessary for neutralizing one gram of oil,
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Scheme 1. Sequential (a) and Overall (b) Transesterification Mechanism of Triglycerides
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while the saponification number signifies the quantity of KOH
in milligrams wanted to saponify one gram of sample.””" Due
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Table 8. Waste Cooking-Oil-Derived Biodiesel Fuel
Properties

standard limits

biodiesel
ASTM EN
quality parameters unit test result  D6751 14214
acid value mg KOH ¢! 0.77 <0.8 <0.5
kinematic viscosity at ~ mm? s~ 491 1.9-6.0 3.5-5.0
40 °C
saponification mg KOH g™ 136.72 370 max
number
cetane number 30.2 >47 >51
cloud point °C 4.66 —3.0 to
12
pour point °C -133 —15to 16
S.G at 15 °C 0.876  0.87—0.98
density at 15 °C kg m™ 875.1 max 880  860—900

to the methanolysis reaction, their values have been soundly
decreased from the waste cooking oil feedstock and acceptably
within the ASTM D6751 limits.

One of the most essential quality indications of the fuel’s
ignition delay is the cetane number, which is influenced by
composition. The larger the cetane number, the greater the
combustibility and shorter ignition delay.”*>*> Conversely,
lower CN leads to hard starting which affects ignition delay,
rough operation, noise, and emissions of particulate matter
(PM), NOy, and hydrocarbons. The result of cetane number
determination was about 30.2, which is smaller than ASTM
D6751 and EN 14214 limits, most likely due to the aromaticity
and presence of unsaturation in the biodiesel.” As aniline is
the simplest aromatic amine, it was totally mixed with the
biodiesel sample at an atmospheric temperature in the period
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of the test, which suggests the aromaticity of biodiesel
exhibited lower cetane number.

The traits of the waste cooking oil-based biodiesel flow in a
cold atmosphere were analyzed in terms of both pour and
cloud points. The cloud point is the level of temperature that
occurs when atomic compacting is initiated due to the
formation of visible wax-like when the biodiesel is refrigerated;
below the cloud point, larger crystals fused together that
eventually become enough to prevent pouring. The pour point
is then the smallest temperature whereby the flow character-
istics of the biodiesel are lost; biodiesel is no longer pumpable
at this temperature, and thus the fuel is appropriate for
applications exceeding the pour point.”*>**>> The results of
4.66 °C (cloud point) and —1.33 °C (pour point) met the
ASTM D6751 standards. The flow characteristics of the
biodiesel are explained in terms of the mass per unit volume
(density) and resistance to flow (kinematic viscosity). When
their values became larger, the creation of engine sediments,
large injection pressures, inadequate spray, inadequate
combustion, and unequal distribution in to the cylinder
could be resulted. The blending of conventional fuels with
biodiesel is commonly recommended for improved combus-
tion efficacy in diesel engines.”* Their experimental values
were 875.1 kg/m® and 4.91 mm?/s, respectively, which are
both adequately within the standard.

FT-IR Analysis of Waste Cooking Oil Methyl Ester. The
shifting of WCO into the corresponding FAME was confirmed
with FTIR spectroscopy by chemically mapping components
in a specific wavelength range within the sample. Most of the
fundamental distinctive bands that compose biodiesel are
found in the area known as the fingerprint within the range of
1400 and 600 cm™".>*° Many of the prominent bands on
biodiesel and WCO represent the same functional groups,
irrespective of being weak and/or strong bands (Table 9 and

Table 9. Principal Bands of Waste Cooking Oil and
Biodiesel

~ wavenumber, cm™!

mode of biodiesel
chemical group and bond type vibration (FAME) WCO
moisture, carboxylic acid and stretching 3473 3473
alcohol (O—H
alkenes and aromatics (=C—H) stretching 3006 3006
aliphatics (asymmetric C—H) stretching 2923 2930
aliphatics (symmetric C—H) stretching 2854 2844
ketones, ester, aldehydes (C—O) stretching 1744 1748
alkane (C—H in —CH;— and bending 1458 1459
—CH,-)
alkane (C—H in —CHj,) bending 1362 1374
ester (asymmetric C—O in stretching 1168 1168
C-C(=0)-0)
ester (asymmetric C—O in O—C— stretching 1115 1112
C
aromatic (C—H) bending 874 870
alkane (C—H) rocking 723 722

Figure 12). However, a perfect difference between the
biodiesel and WCO is observed in the fingerprint region,
particularly at around 1016 cm™' because of the methoxyl
group (O—CH;) substitution for the cracked glycerol
backbone of the WCO in the biodiesel. Furthermore, the
wider OH-stretching bans of WCO are changed to a nearly
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Figure 12. FT-IR spectra of waste cooking oil with its biodiesel.

straight line in the biodiesel because of the substrate acid value
reduction through the transesterification reaction.

B CONCLUSIONS

In the present work, the potential of NaOH-impregnated
sediments from commercial household bleach-making to
catalyze waste-cooking-oil methanolysis was introduced. The
analysis results of the prepared catalyst (RC-ITB) showed
9.312 m* ¢! of the BET area and the maximum concentration
of calcium with its compound forms like carbonates,
hydroxides, and oxides were perceived as the most likely
components of alkali solid catalysts that contain calcium. Also,
the evaluation of basic character revealed RC-ITB has
improved alkalinity with a pH value of 12.65 relative to its
precursor RC (pH = 10.66) at the same dilution ratio,
primarily caused by OH infusion. The interaction impacts of
temperature, catalyst dosage, and molar ratio on the yield of
FAME variations were assessed, and the RSM approach was
realized for optimization. Hence, the optimum response of
80.04% was obtained at the reaction conditions combination of
temperature 61 + 2 °C, molar ratio 23.94, and catalyst load
6.33%. A test for catalyst reusability was conducted in a
continuous reaction of four cycles without any treatment at the
optimal reaction conditions; accordingly, a gradual reduction
in yield was observed from the successive reactions since the
buildup of organic impurities on the catalyst surface blocked its
active sites and decreased catalytic activity. The product’s fuel
characteristics were assessed and found to comply with ASTM
D6751 criteria, excluding the cetane number. Moreover, the
replacement of the glycerol part of WCO with methoxyl units
to form the equivalent FAME product was proven through the
FTIR method. In general, the above-mentioned sediments
have been effectively attested for basic solid catalyst develop-
ment, which might have industrial as well as scholarly
significance in the future.
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FoM Figure of merit
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