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Abstract: The present work is on the transesterification of soybean oil to biodiesel under microwave
irradiation using a biomass and MOF—derived CaO—ZrO, heterogeneous catalyst. The optimisation
of different parameters was processed by adopting a central composite design for a response—surface
methodology (RSM). The experimental data were fitted to a quadratic equation employing multiple
regressions and investigated by analysis of variance (ANOVA). The catalyst was exhaustively charac-
terised by XRD, TGA, FTIR BET, SEM, TEM, CO, TPD and XPS. In addition, the synthesized biodiesel
was characterized by 'H and '*C NMR, GCMS. The physicochemical properties of the biodiesel were
also reported and compared with the ASTM standards. The maximum yield that was obtained after
optimization using RSM was 97.22 + 0.4% with reaction time of 66.2 min, at reaction temperature of
73.2 °C, catalyst loading of 6.5 wt.%, and methanol—to—oil ratio of 9.7 wt.%.
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1. Introduction

Environmental concerns have risen because of the massive use of conventional re-
sources, prompting calls for green and alternative resources [1]. Biodiesel production is
vital all over the world, due to the pressures of decreasing fossil energy and a worsening
environment. Biodiesels are long—chain fatty acids of methyl esters and are promising alter-
natives for conventional diesel engines, which can be synthesised by the transesterification
of triglycerides with methanol [2,3]. For biodiesel production, traditional homogeneous
catalysts are being phased out in favour of newly developed catalysts [4,5] Although homo-
geneous catalysts have been used, their low recyclability and strong corrosivity necessitate
adequate disposal methods. Furthermore, homogeneous catalysts for biodiesel purification
are expected to need a significant amount of water [6,7]. Heterogeneous catalysts, on the
other hand, are profitable due to the relative ease with which they can be separated for
reusability and to restrict mass exchange. Increasing the activity and efficiency of heteroge-
neous catalysts is crucial for green chemistry and sustainable biorefining [8-10]. In order
to overcome the shortcomings of homogeneous catalysts, heterogeneous catalysts such
as horn—shell-derived CaO [11], Ca—lipase@ZIF—67 [12], waste snail—shell —derived
CaO [13], peanut—shell biochar [14], Fe30,@5i0,—SO3H [1] and ZrSiW /UiO—66 [15],
have been reported recently. Metals and their oxides (MMO) are often combined to de-
velop new catalysts [16]. With each species functioning in synergy for greater catalytic
performance, these mixed metal oxides can address issues that heterogeneous catalysts
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confront. In addition to structural characteristics such as surface area, pore size, or stability,
this may enhance the activity of the catalytic site or the magnetic separability [17]. Some
of the mixed metal oxides that have been used recently for biodiesel production are Si—Ti
MMO [18], CuO—CaO [19], Zn/MgAl(O) [20] and Co/Fe MMO [21]. CaO catalysts have a
few drawbacks, such as leaching and deteriorations in stability [22]. To improve the stability
and eliminate these catalysts’ weaknesses, CaO can be immobilized on suitable carriers
such as zeolites, alumina, silica, and MOFs [23]. The birch—templating pathway approach
was designed to improve the pore structure of the catalyst and promote its reusability [24],
as the pore structure would control the dispersity of the active site on the support [25].
ZrO; is a well—known amphoteric heterogeneous catalyst and catalytic support, possess-
ing outstanding potential for performing simultaneous esterification-transesterification
reactions of high—FFA feedstock to biodiesel [26]. Bellido et al. [27] reported the effect on
nickel—catalyst activity of adding CaO to a ZrO, support in the dry reforming of methane,
where ionic conductivity was claimed to exploited by the extrinsic defects created by the
replacement of Zr** cations in the lattice by Ca?*, with subsequent generation of oxygen
vacancies to maintain electroneutrality. Xia et al. [28] prepared a CaO—ZrO, solid—base
catalyst for biodiesel synthesis using a urea—nitrate combustion method for biodiesel
synthesis with a conversion of 93.9%.

Metal —organic frameworks (MOFs) have demonstrated intrinsic characteristics such
as a large specific surface area, a crystalline open structure, and tunable functions as an
improved porous material for the fabrication of solid catalysts [29]. MOF—based solid
catalysts are frequently created via post—synthesis modification of MOFs by loading
different acid —base species [30]. UiO—66 MOF is one of the most explored MOFs and has
been used in various fields of science in recent years. UiO—66 is made up of ZrsO4(OH)4
nodes with six Zr** ions in octahedral geometry and four oxygen atoms or hydroxyls
at the facet centres. Each Zr atom is coordinated with eight oxygen atoms in a square
antiprismatic geometry by twelve terephthalate (BDC) ligands [31].

Creating a new approach to metal oxide synthesis/porous carbon nanocomposite
techniques has received much attention over time as the materials possess high porosity
and a modifiable shape and pore size without any additional carbon sources [32]. However,
the use of waste materials as a catalyst source reduces the overall cost of biodiesel synthesis
while also enabling for the recycling of natural mineral supplies, making the process green
and environmentally beneficial. Thus, in the present work there is a reconciliation of
ZrO, —supported, biomass—derived CaO, a heterogeneous catalyst, to explore its MOF
application. UiO—66 is used as a precursor and template to produce ZrO, /C material as
a support to snail—shell—derived CaO, which provides a synergistic effect, owing to the
amphoteric nature of ZrO, and the basic trait of CaO, to produce biodiesel from soybean oil
by means of a transesterification process. The maximum biodiesel yield from soybean oil
was investigated by a statistical optimization process using response —surface methodology
(RSM). The influence of process—input variables such as temperature, catalyst loading,
methanol/oil ratio (MTOR) and reaction time, as well as their interactions, on biodiesel
yield were evaluated using central composite design (CCD).

2. Results and Discussion
2.1. Catalyst Optimization
Effect of CaO Loading and Activation Temperature on Catalytic Activity

The optimum CaO loading, and activation temperature required for the catalyst
preparation was investigated by adding CaO in a range of 30-70 wt.% and the activation
temperature varied from 600-750 °C, respectively (shown in Figure 1). The conversion of
soybean oil to biodiesel was found to be increased with the increase in CaO loading from
30-50 wt.%, while further increment to 60 and 70 wt.% caused a decrease in the conversion
rate. Thus, the CaO loading of 50 wt.% under the optimised condition resulting in the
conversion of 98.03% was chosen to be the equilibrium amount of CaO required for the
preparation of the high—conversion—providing catalyst. Activation temperature, on other
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hand, also has a vital role in the catalyst preparation, where the activation temperature
also showed a similar kind of trend upon moving from 600 °C to 750 °C. The conversion at
600 °C was 82.5%, which increased to 98.03% upon increasing the temperature to 650 °C.
Further, activating at 700 and 750 °C resulted in a decrease in conversion to 92.4 and 85.3%,
respectively. Thus, 650 °C was chosen to be the equilibrium activation temperature for the
effective working of the catalyst.
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Figure 1. Effect of (a) CaO loading and (b) activation temperature on catalytic activity under opti-
mised condition.

2.2. Catalyst Characterisation
2.2.1. XRD and TGA

The XRD of the CaO—ZrO; catalyst confirmed the successful incorporation of CaO
into the lattice of ZrO; as the major peaks of snail—shell —derived CaO were absent (as
shown in Figure 2a) in the XRD pattern of CaO—ZrO;, which is in line with the reported
literature [33]. The snail—shell-derived CaO used in this study was compared with
pure CaO (Figure S2a) and coincides with all the XRD peaks of pure CaO, while a few
peaks of Ca(OH), also appeared due to uptake of moisture. In this study, UiO—66 was
used as sacrificial template to form mixed phases of monoclinic zirconia (m—ZrO,) and
tetrahedral zirconia (t—ZrO,). Jannah et al. [34] reported that UiO—66 calcination between
500-800 °C results in the formation of mixed phase zirconia. Thus, in Figure S2b, it can
be clearly distinguished that the UiO—66 derived ZrO, consisted of both XRD peaks of
m—ZrO, and t—ZrO; The XRD pattern of CaO—ZrO; nanocatalyst has diffraction peaks
at17.9°,24.06°, 24.46°, 29.6°, 32.2°, 39.69°, 43.30°, 47.50°, 55.11° and 64.32° that correspond
to m—ZrO, planes of (100), (011), (110), (111), (111), (211), (102), (212), (221) and (032),
respectively (JCPDS file No. 79—1769), while diffraction peaks at 31.4°, 36.09°, 50.5° and
63.18° corresponding to t—ZrO; planes of (101), (110), (200) and (202), respectively (JCPDS
file No. 78—1807).

As depicted in Figure 2b, the mass loss of the nanocatalyst precursor was observed in
three stages, where the first mass loss was in the range 380-420 °C due to the decomposition
of Ca(OH), The second stage of mass loss was observed in the range 490-540 °C and
attributed to the degradation of UiO—66 (Zr) [35] and the third mass loss was observed
due to the decomposition of CaCOj3 [13] that possibly could have resulted from the uptake
of dissolved CO; by CaO in water during wet impregnation or while drying in the oven
during the precursor—synthesis processes. However, further calcination of the precursor at
650 °C in the presence of an inert environment for 2 h during the catalyst synthesis would
reconvert traces of CaCQOj3 to CaO.
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Figure 2. (a) XRD of the catalyst CaO—ZrO;, (b) TGA of the catalyst precursor, and (c) FT—IR of
the catalyst.

The FT—IR spectra of the catalyst in Figure 2c showed three major peaks of CaO—ZrO,
where the 1200-1500 cm ! region peak could be ascribed to the overlapping of Ca—O and
Zr—O stretching vibrations while the other two peaks at 682 and 855 cm~! profoundly
confirmed the generation of Ca—O—Zr heterolinkages as Zr** ions partly substituted by
Ca?* ions and the transition of conventional m—ZrO, to t—ZrO,, respectively. This was
speculated by Zhang et al. [36] and is also quite in agreement with the XRD patterns of
the catalyst.

2.2.2. BET

The catalyst’s specific surface area and pore volume were determined by its N, ad-
sorption/desorption isotherm, which indicated a type IV isotherm. (Figure 3) [35]. The
surface area and pore volume of the catalyst CaO—ZrO, was found to be 7.9 m? g~! and
0.013 cc g~ 1. The pore—size distribution analysis (inset, Figure 3) for the catalyst revealed
a pore diameter of 2.2 nm.
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Figure 3. N, adsorption and desorption curve for the catalyst CaO—ZrO,.

2.2.3. Basicity of Catalyst

The basic strength and the relative amount of surface basic sites on the CaO-ZrO,
catalyst were studied by CO, —TPD. There were three desorption peaks, indicating the
coexistence of three different types of adsorption sites with distinct basicity on the surface
of the solid catalyst (Figure 4). The peaks at 415 °C and 520 °C could be ascribed to
weak basic sites of ZrO, because of the coexistence of two zirconia phases (t—ZrO; and
m—ZrOy) [34,37]. This result was also corroborated by the XRD patterns, as shown in
Figure S2b. The peak at 710 °C could be ascribed to the strong basic site upon introducing
CaO loading to the ZrO, support [33,38]. The total basicity from the three basic sites was
found to be 3.9 mmol g~ 1.

CO, uptake (a.u.)

I I I I I
200 300 400 500 600 700 800
Temperature (°C)

Figure 4. CO,—TPD profile of CaO—ZrO; catalyst.
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2.2.4. SEM—EDS

SEM—EDS analysis (Figure 5a—c) was used to investigate the surface morphology of
the CaO—ZrO; catalyst. After being loaded with calcium oxide and activated at 650 °C,
homogeneous, although not perfect, size distribution of spherical particles was generated
for CaO—ZrO, (Figure 5c). The EDX was also shown in Figure 5i, which highlighted the
presence of Ca, O, Zr and C with relative atomic ratios and weight percentages of 29.14,
27.32,7.16 and 36.38, respectively. The corresponding EDX elemental maps (Figure 5d—f)
showed the distribution of calcium (yellow), oxygen (green), zirconium (pink) and carbon
(red) in the CaO—ZrO, catalyst.

1.0 Elements Wt.% At. % (i)
K 36.28 54.66
oot o 2732 3081 da
o 2 07.16 01.42
caK 2014 13.12

1.00 2.00 3.00 4.00
Energy - keV

Figure 5. Representative SEM micrographs of CaO—ZrO; (a—c), elemental mapping of Ca (d), O (e),
Zr (f), C (g) and EDS (h,i).

2.2.5. TEM

To study the structural features, TEM studies were performed and represented in
Figure 6. The obtained TEM micrograph showed uniform distribution of nanoparticles
with an average particle size of 33.98 nm (Figure 6¢). It confirmed the spherical size of
particles supporting the SEM micrograph results and displayed lattice fringes, shown in
Figure 6a.
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Figure 6. TEM graphs of (a) 20 nm, (b) 50 and (c) particle size distribution curve of the CaO—ZrO, catalyst.

2.2.6. XPS

The wide XPS spectrum showed the peaks of Ca2p, Zr3d, Cls and Ols in carbon—
supported CaO—ZrO, catalyst (Figure S1). The Ca spectrum of CaO—ZrO, catalyst exhib-
ited two peaks at 347.38 and 350.88 eV (Figure 7a) corresponding to Ca2p3,, and Ca2p;,,
respectively. The binding—energy separation due to spin—orbit splitting of Ca2p is 3.5 eV,
which is in agreement with the CaO—MIL—100 (Fe) catalyst reported by Li et al. [39]. The
two characteristic signals of Zr3d (Figure 7b) at 181.68 and 183.98 eV are ascribed to Zr—O
bonds representing 3ds,, and 3d3,,, respectively [40,41]. The presence of carbon (Cls,
Figure 7c) as support from the catalyst exhibits a strong peak at 285.8 eV and a weak peak
at 287.28 eV, attributed to the presence of carbonate [39]. The Ols exhibit a single broad
overlapped peak (due to CaO and ZrO;,) representing the metal—oxide lattice oxygen
species [35,42].
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Figure 7. Representative deconvoluted XPS pattern of (a) Ca2p, (b) Zr3d, (c) Cls and (d) Ols.
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2.3. Transesterification of Soybean Oil

The formation of biodiesel from soybean oil was estimated by employing the CaO—ZrO,
catalyst. The 'H and '3C NMR spectra of the synthesized biodiesel are shown in Figure S3.
The conversion of soybean oil to biodiesel was determined by the ratio of the integrated
areas of the peaks at 3.61 ppm (methoxy protons) and 2.31 ppm (x—CH, protons). The
multiplets at 5.3 and 4.08 ppm indicate the presence of olefinic and glyceridic protons, re-
spectively. Additionally, the presence of the sharp peak at 3.61 ppm for the methyl protons of
ester confirms the formation of fatty acid methyl esters (FAMES). The following mentioned
formula was used for evaluating soybean—oil conversion to biodiesel.

2A
Conversion (C)% = 100 x ( Me ) 1)
3ACH2

where Ay is the integral area portion of —OCH3 and Acy, the area of —CH,. The biodiesel
yield was calculated by Equation (2) [43].

Weight of biodiesel produced

Yield (%) = Weight of soybean oil used

x 100 )

The FT—IR peaks of biodiesel shown in Figure 54 were similar to the reported lit-
eratures of Laskar et al. [13,43] and Kaewdaeng et al. [44]. The major peak region from
1800-1700 cm ! ascribed to C=0 stretching while 1452 and 1182 cm ™! peaks corresponded
to asymmetric stretching of —CHjz and O—CHj stretching, respectively.

GC—MS of Synthesized Biodiesel

The synthesized soybean—oil biodiesel composition was determined by GC—MS
studies and gas chromatography as shown in Figure 8. The soybean—oil biodiesel compo-
sition studied using GC—MS with respect to the retention time, is summarized in Table 1.
The major constituents were 9,12—octadecadienoic acid (Z, Z), methyl ester (47.19%),
9—octadecenoic acid, methyl ester (34.41%) and methyl stearate (5.51%).

intensity TIC
o5 771050 n z
&
I
50000000 ‘H
> L
I | .
|| = = | | Ernj
1 7 z AR
- AVEN— - R VA , .
19.0 ! 200 210 10 30
min

Figure 8. GC—MS of synthesised biodiesel.
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Table 1. Chemical composition of soybean biodiesel.

Peak No. Retention Time (min) Identified Compounds Composition (%) Corresponding Acids
1 19.784 Hexadecanoic acid, methyl ester 11.23 C16:0
2 20.590 11,14—Eicosadienoic acid, methyl ester 0.20 C20:2
3 20.808 Heptadecanoic acid, methyl ester 0.10 C17:0
4 21.509 9,12—COctadecadienoic acid (Z, Z), methyl ester 47.19 C18:2
5 21.599 9—Octadecenoic acid, methyl ester 34.41 C18:1
6 21.715 9,12,15—Octadecatrienoic acid, methyl ester 1.37 C18:3
7 21.795 Methy]l stearate 5.51 C18:0

2.4. Modelling Results and Data Analysis

The significance of the model structure and individual parameters impacting the
response was determined by the Fischer test (F-value) in an ANOVA analysis. The relation-
ship between biodiesel yield and independent factors was established using regression anal-
ysis and a coded second—order polynomial equation, as shown in Equation (1). The results
of the transesterification reactions investigated with soybean oil under a microwave—aided
system are presented in Table 2.

Table 2. Design of experiments for modelling biodiesel yield based on RSM—CCD method.

Std Run Time (min)  Temperature  Catalyst Loading MeOH: Oil (Molar  Actual Value  Predicted Value

(A) (O B) (wt.%) I Ratio) (D) Yield (%) Yield (%)
21 1 60 70 2 10 75.83 76.36
18 2 90 70 6 10 86.35 85.55
14 3 75 60 8 12 81.23 81.7
16 4 75 80 8 12 88.67 88.85
17 5 30 70 6 10 75.42 76.3
27 6 60 70 6 10 95.8 96.43
4 7 75 80 4 8 80.16 79.78
29 8 60 70 6 10 96.42 96.43
12 9 75 80 4 12 85.24 85.64
26 10 60 70 6 10 96.63 96.43
19 11 60 50 6 10 87.64 87.49
22 12 60 70 10 10 82.38 81.93
6 13 75 60 8 8 83.66 83.9
15 14 45 80 8 12 76.01 75.7
11 15 45 80 4 12 78.01 77.42
28 16 60 70 6 10 96.51 96.43
10 17 75 60 4 12 79.02 78.68
7 18 45 80 8 8 80.56 80.55
24 19 60 70 6 14 70.6 70.69
13 20 45 60 8 12 74.21 74.24
8 21 75 80 8 8 86.88 87.25
2 22 75 60 4 8 76.03 76.61
20 23 60 90 6 10 91.89 92.12
30 24 60 70 6 10 96.6 96.43
5 25 45 60 8 8 83.01 82.88
3 26 45 80 4 8 78.21 78.01
25 27 60 70 6 10 96.63 96.43
23 28 60 70 6 6 73.47 73.47
1 29 45 60 4 8 81.04 80.51
9 30 45 60 4 12 76.23 76.13

The actual biodiesel yields obtained from the experiments conducted in the laboratory
ranged from 70.60 to 96.63 wt.%. The model equation relating to the biodiesel yield as the
response to the independent variables in term of the coded factors is described as
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Biodiesel yield =98.71 + 2.31 A + 1.16 B+ 1.39 C — 0.6946 D + 1.42 AB + 1.23 AC + 1.61 AD + 0.044 BC +

0.9481 BD — 1.07CD — 4.44 Ay —2.22B, —4.89 C; — 6.66 ®)
where A is the reaction time, B is the reaction temperature, C is the catalyst loading (wt.%)
and D is the MTOR (molar ratio).

The experimental results of ANOVA were performed and tabulated in Table 3. They
comprises tests such as Fischer’s statistical test (F-value); the p-value defines the probability
of having an F-value of any size, and the sum of squares determines the relevance of
parameters towards the model performance [45]. Any process parameter or model with a
higher F-value has greater significance in the process. The F-value for the chosen quadratic
model was 448.88, which is large enough to demonstrate the model’s importance. It was
also shown that noise had merely a 0.01% chance of causing such a large F-value. As a
result, the model could be useful for optimizing biodiesel yield from soybean oil utilizing a
CaO—ZrO, supported heterogeneous catalyst. A p-value < 0.05 indicates that the model’s
relevant term is significant. The linear terms (time, temperature, catalyst loading, and
MTOR) are all significant, as shown in Table 3. All interactions and quadratic terms
were found to be significant, except for the temperature—catalyst loading interaction. The
statistical analysis of the entire process was performed and summarized in Table 4. The
perfect fit of the experimental data in the chosen model can be explained by the obtained
correlation coefficient R? of the model, 0.9976. An adequate precession was determined for
the model, 66.42—above 4 is desirable [46]—as it measures the signal —to—noise ratio and
this confirms that the model can be used to navigate the design space. The % CV was 0.655
for the model where a value < 10% is desirable, indicating a reasonable correlation between
actual and predicted yield values.

Table 3. Design matrix, actual and predicted biodiesel yields for the transesterification.

Source Sum of Squares df Mean Square F-Value p-Value
Model 1888.16 4 134.87 448.88 <0.0001 significant
A—Time 128.21 1 128.21 426.7 <0.0001
B—Temp 32.22 1 32.22 107.25 <0.0001
C—-CL 46.45 1 46.45 154.61 <0.0001
D—MTOR 11.58 1 11.58 38.54 <0.0001
AB 32.23 1 32.23 107.28 <0.0001
AC 24.23 1 24.23 80.65 <0.0001
AD 41.57 1 41.57 138.36 <0.0001
BC 0.0315 1 0.0315 0.1049 0.7505
BD 14.38 1 14.38 47.87 <0.0001
CD 18.17 1 18.17 60.47 <0.0001
A? 4121 1 412.1 1371.57 <0.0001
B2 75.23 1 75.23 250.39 <0.0001
2 512.15 1 512.15 1704.58 <0.0001
D? 1016.82 1 1016.82 3384.23 <0.0001
Residual 4.51 15 0.3005
Lack of Fit 3.99 10 0.3995 3.9 0.0731 not significant
Pure Error 0.5123 5 0.1025
Cor Total 1892.67 29

Table 4. Statistical parameters estimated from the ANOVA study for the model.

Std. Dev. 0.5481 R? 0.9976
Mean 83.68 Adjusted R? 0.9954
CV.% 0.6551 Predicted R? 0.9875

Adeq Precision 66.4194

In Figure 9a, the normal distribution probability was plotted against studentized resid-
uals. The data points were distributed in a linear pattern, indicating that the studentized
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residuals have a normal distribution that supports the regression results, as opposed to
an abnormal S—shape curve, which is considered to be faulty for the model and may
arise due to confidence—interval and p-value inaccuracy. The studentized residuals were
plotted against predicted yield in Figure 9b. The residuals were distributed randomly on
the plot within the limit of £ 3, indicating that the model was adequate and implying that
the predicted values of the observation were unrelated to the response values [6]. The
residual vs. run plot for all experimental runs in the biodiesel production is shown in
Figure 10a. From the plot, an experimental run with a large residual can easily be spotted.
Independent residuals revealed no patterns or trends. The patterns in the points could
imply that residuals close together are connected and thus not independent. On the plot,
the residuals should ideally fall randomly around the central line. In Figure 10a, the points
were distributed randomly around the line within the limits, indicating the accuracy and
correctness of the model without any data error. The actual value and predicted value (in
Figure 10b) for all responses were close to each other. Therefore, this observation shows
that the model is suitable for the empirical data and could be used in the prediction of
maximum biodiesel yield.
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Figure 9. Diagnostic plots (a) Normal plot of residuals and (b) studentized residuals vs. the predicted
biodiesel yield.

The perturbation plot in Figure 11 describes the most sensitive factor and its effect
on biodiesel yield, keeping other factors constant to their centre values. The response was
drawn by altering one element at a time over its defined range while retaining the other
factors at their middle levels as constant values. The major effect of a variable over the yield
is determined by the steepness of its slope. Thus, from the perturbation plot, we can clearly
observe that from the lower level (—1) to the middle level (0), the dominant factor is A, as
it has the steepest slope, followed by C, D and B, respectively. On the contrary, the process
variable D has a dominant effect from the middle level (0) to the higher level (1). That with
the increase in time from 45 to 60 min there was significant change in the yield but with
further increase in time from 60 to 75 min there was not much noticeable impact of the
process variable A but rather on the process variable D, i.e., there was significant impact
on the biodiesel yield when the catalyst loading was increased from 6 to 8 wt.%, can be
interpreted from Figure 11. Therefore, based on overall steepness in the slope and ANOVA
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study, A has a dominant effect among all the variables causing a discernible impact on

biodiesel yield.
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Figure 10. (a) Studentized residuals Vs. Run number and (b) Actual Vs. Predicted biodiesel
yield (wt.%).
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2.4.1. Interaction of Input Variables

The effect of the four independent variables (time, temperature, catalyst loading (CL)
and MTOR) on the biodiesel yield was examined by surface—model plots. Figure 12 shows
the effect of time, temperature, catalyst loading, and MTOR on the biodiesel yield. The
interaction of two variables in the model graphs can be observed, keeping other parameters
constant at their centre values. Time is an important parameter, and it was observed from
the surface graphs that as time increased, varying from 45-75 min, the biodiesel yield also
increased up to the optimum point of 60 min, beyond which there was decrease in the
yield despite the increase in the corresponding parameter values of temperature, catalyst
loading and MTOR. The effect of temperature on the yield of biodiesel was investigated by
varying temperature over the range 60 °C to 80 °C. The combined effect of temperature in
Figure 12a, d showed a linear relationship with time and catalyst loading while in Figure 12e
an increase in MTOR and temperature beyond the centre points cause a significant decrease
in the yield. This could possibly be anticipated as due to reduction in the frequency of
collisions of catalyst active sites and reactants due to increased amount of methanol in
the reaction [47]. The combined effect of catalyst loading was observed by varying the
catalyst amount from 4-8 wt.%, where the optimum central point giving maximum yield
was 6 wt.%. Corresponding parameters with respect to catalyst loading in Figure 12b, d, f
displayed an increase in biodiesel yield until the maximum was reached, following a linear
relationship with other parameters. The decrease in yield due to the increase in catalyst
loading could be due to an increase in the viscosity of the reaction mixture restricting mass
transfer [48]. The interactive effect of MTOR with other parameters (Figure 12¢,e,f) also
displayed a linear correlation and biodiesel yield was observed to decrease after the central
points of the maximum (MTOR— 10:1, CL 10 wt.%, time 60 min and temperature 70 °C)
were reached.

(Wt. %)

(wt. %)
Biodiesel yield

Biodiesel yield

Figure 12. Cont.
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Figure 12. Surface plots of biodiesel yield with respect to MTOR, CL, time, and temperature (a—f).

2.4.2. Optimization of Biodiesel Yield

In this study, numerical optimization approach was followed to find the optimum
conditions of the four input variables carrying a desirability function of 1. The goal of the
optimization strategy was to optimize biodiesel yield while operating within the lower
and upper bounds of the study’s variable ranges. As RSM is a local optimizing method, it
finds the optimum condition within the chosen range of variables. The optimal condition
provided by the RSM—CCD approach for the transesterification of soybean oil was a



Catalysts 2022, 12,1312

15 of 22

reaction time of 66.2 min, a reaction temperature of 73.2 °C, CL of 6.5 wt.% and an MTOR
of 9.7 under microwave irradiation, with a biodiesel yield of 99.43 wt.%. This condition
was used to conduct laboratory trials in triplicate, with an average biodiesel yield of
97.22 £ 0.4 wt.%, indicating that the regression model generated is effective in explaining
the transesterification process.

2.5. Kinetics of Soybean—QOil Transesterification

The linear relationships between —In(1—X) and time for reactions carried out at
60-100 °C are shown in Figure 13a, confirming our prediction that esterification pro-
ceeded through pseudo—first—order kinetics [49]. The activation energy (E;) of the
transesterification reaction was calculated by fitting rate constants to the Arrhenius equa-
tion (Equation (6)). The slope (—Ea./R) and intercept of the Ink vs. T~! plot confirmed
pseudo—first—order kinetics and yielded the activation energy Ea. and the pre—exponential
factor for the reaction. From Figure 13b, E; was 31.54 kJmol~!, and the pre—exponential

factor was calculated to be 6.3 x 103 min~!.

4.5

-In(1-X)

1.54

0.0

—70°C

——60°C ——40°C

=
/—'/‘ -3.20

50 °C (a) -2.24- (b)
y =-3.794x + 8.7467
R? = 0.998

-2.56

Ink

-2.88

) 50 60 0.029 0.030 0.031 0.032
Time (min) AT (T)
Figure 13. (a) —In(1—X) vs. time (X = soybean yield) and the relevant Arrhenius plot of (b) Ink vs.
1/T.

2.6. Comparison of Other Reported Heterogeneous Catalysts with the Present Catalyst

A variety of heterogeneous catalysts have been used to produce biodiesel, according
to the literature. Table 5 summarizes the relevant details (i.e., type of catalyst, feedstock,
operating parameters, turnover frequency (TOF), and biodiesel production) for comparison
with other catalyst designed here. As compared to the catalyst, several other catalysts
mentioned in the literature, such as peanut shell [14], AIL/HPMo/MIL—-100(Fe) [50],
MgO@ZnO [51], KNa/ZIF-8@GO [52] and K,O/CaO—ZnO [53], required a longer reac-
tion time and higher temperature to produce biodiesel. The analysis of catalyst activity, TOF
(turnover frequency; see SI Equation (S1), for our reported catalyst was 0.019 mol g ' h~!,
which was greater than many of the specified catalysts and probably better than a variety
of catalysts provided in Table 5. Despite having a higher TOF than the current catalyst,
AIL@NH,;—-UiO—66 [54] and S—ZrO,/SBA—15 [55] produced less biodiesel yield and also
required a longer reaction time or higher temperature, respectively.
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Table 5. Comparison of different heterogeneous catalysts for biodiesel production.

Entry Catalyst Feedstock 2 Conditions TOF (molg~1h—1)  Biodiesel Yield (%) Ref
1. Peanut shell Algal oil 20:1,5, 65,4 0.005 94.91 [14]
2. AIL-HPMo—MIL—100(Fe) Soybean oil 30:1, 9,120, 8 0.002 92.30 [50]
3. AIL@NH, -UiO—66 Oleic acid 14:1,5,75,2 0.034 97.52 [54]
4. MgO@ZnO Soybean oil 3:1,1,210,2 0.042 73.30 [51]
5. CaO—MIL-100(Fe) Palm oil 9:1,4,65,2 0.014 95.09 [39]
6. KNa/ZIF-8@GO Soybean oil 18:1, 8,100, 8 0.002 98.00 [52]
7. Zn—CaO Eucalyptus oil 6:1,5,65,2.5 0.048 93.80 [56]
8. K,O/CaO—-ZnO Soybean oil 15:1, 6,60, 4 0.004 81.10 [53]
9. Cu—Ni~ZrO, Capparis spinosa ¢4 55,70,15 - 90.20 [57]

seed oil
10. ZrO, /BLA Soybean oil 15:1, 12, 50, 0.5 0.018 96.90 [58]
11. CCPA Hanne seed oil 15:1,4.5,65,1.5 — 98.98 [59]
12. SO, /Fe—Al-TiO, WCO 10:1, 3,90, 2.5 0.013 96.00 [60]
13. S—Z7rO,/SBA—15 WCO 10:1, 2, 140, 0.17 0.287 96.38 [55]
14. CaO—ZrO2 Soybeanoil  9.7:1,6.5,73.2,1.1 0.019 97.22 V{Z‘i

2 MTOR, Catalyst loading (wt.%), Temperature (°C), Time (h). AIL— Acidic ionic liquid. BLA— Bamboo leaf ash.
CCPA— Cocoa pod husk—plantain peel ash. WCO— waste cooking oil.

2.7. Catalytic Reusability

Heterogeneous catalysts are reusable in nature, thus lowering the overall cost of the
chemical reaction. For investigating the recyclability of CaO—ZrO, the catalyst used was
isolated and recovered from the reaction mixture after each reaction cycle by filtration
followed by washing with hexanol and drying in an oven for 5 h at 80 °C. Further, the
catalyst was activated by calcining it at 500 °C. The catalyst was then used for the next four
successive catalytic cycles by performing the same chemical reaction under the optimized
reaction conditions and with the same recovery method (Figure 14). The SEM—EDS analysis
of the reused catalyst (Figure Sb) after five transesterification cycles indicated a decrease
in the amount of calcium and zirconium ions. The deactivation of the catalyst mainly
arises due to active—site blockage during the course of a reusability cycle and the leaching
of metal ions. With the present reported catalyst CaO—ZrO;, the leaching of Ca and Zr
was investigated using ICP—AES analysis and found to be 4.7 ppm and <0.01 ppm in
the biodiesel, respectively. This lesser amount of leaching of Ca in synthesized biodiesel
critically meant that the UiO—66 MOF was used as sacrificial template to form ZrO,, having
carbon support prevented the leaching of CaO to a significant extent.

100 98,03 96.78
= 92.31
= 88.62
= 85.24
;\? 80 -
c
5]
® 60
)
>
c
o
O 40+
20
0 T T T T T
1 2 3 4 5
Run

Figure 14. Reusability of CaO—ZrO; catalyst in the transesterification of soybean oil over 5 cycles.
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3. Materials and Methods
3.1. Chemicals Used

Soybean oil was purchased from a local market in Silchar, Assam, India. Waste snail
shells (Pila spp.) were procured from Mizoram, India. Zirconium oxychloride octahydrate
and terephthalic acid were purchased from Sigma Aldrich, Bengaluru, India. Dimethyl
formamide, acetic acid and methanol (analytical grade) were purchased from Merck, Silchar,
India. The chemicals were used without further purification.

3.2. Preparation of UiO—66 MOF

The UiO—66 MOF was prepared according to the literature [61]. Zirconium (IV)
oxychloride octahydrate (1.61 g, 5.0 mmol) and benzene—1, 4—dicarboxylic acid (1.20g,
7.25 mmol) were dissolved in N, N—dimethylformamide (30 mL, 99%) and stirred for
30 min. Concentrated hydrochloric acid (1.5 mL, 37%) and glacial acetic acid (2.0 mL) were
added with vigorous stirring and the resulting solution was sealed in a 100 mL Pyrex Schott
bottle, which was kept in an oven for 2 h at 100 °C. This yielded UiO—66 as a thick white
gel. N, N—dimethylformamide (50 mL) was added to the UiO—66 gel and vigorously
mixed. The diluted UiO—66 suspension (7 mL per tube) was centrifuged for 10 min at
4000 rpm, and the supernatant was decanted. The gel was washed further with methanol
(10 min, 4000 rpm) and dried in a vacuum oven for 6 h at 100 °C to produce UiO—66.

3.3. Preparation of Snail—Shell—Derived CaO

The preparatory method followed was in accordance with our previous paper [13]
where the obtained snail shells were cleaned with distilled water multiple times to remove
undesirable contaminants and dried in an oven for 12 h at 100 °C. The snail shells were
then crushed into a fine powder using a mortar and pestle, sieved (with a mesh size of
125-250 um), and then calcined for 4 h at 900 °C in a muffle furnace to obtain CaO.

3.4. Preparation of MOF —Based CaO—ZrO, Composite Catalyst

The catalyst was synthesized by the wet impregnation method by dispersing 0.5 g of
UiO—66 in 30 ml of distilled water and certain amount of snail—shell —derived CaO (30 40,
50, 60, 70 wt.%) was added into the solution and stirred vigorously at 30 °C for 10 h. The
resultant mixture was then placed into an air—dry oven at 100 °C for 16 h with catalyst
precursor formation. Afterwards, the precursor was put into a tubular furnace in an inert
N, atmosphere, where it was kept at different temperature ranges of 600 °C, 650 °C, 700 °C
and 750 °C to obtain an optimum activation temperature.

3.5. Catalyst Characterization

An XPert Pro diffractometer was employed for X—ray powder diffraction (XRD) using
Cu K« radiation with 26 = 7-70°. The operating current and voltage were 100 mA and
40 kV, respectively. A QuantaChrome Nova 2200e Surface Area and Pore Size Analyzer was
employed to determine surface area and total pore volume using Brunauer-Emmet-Teller
(BET) analysis. Metter Toledo TGA / DSC was employed for TGA and performed in the
range 20-700 °C with a heating rate of 5 °C min~! under a continuous flow of nitrogen.
Functional groups were identified in the samples using Fourier transform infrared (FTIR)
analysis and IR spectra were recorded in the range 400-4000 cm ™! with a 3000 Hyperion
FTIR spectrometer (Bruker, Germany). The morphology of the catalyst was evaluated
with scanning electron microscopy (SEM) equipped with energy —dispersive X—ray spec-
troscopy (EDS) and elemental mapping using an FEI—-Quanta FEG 200F microscope op-
erating at 100 mA beam current, 30 kV and 5000 x magnification. Transmission electron
microscopy (TEM) images were captured on a JEOL JEM—2100 microscope. X—ray photo-
electron spectroscopy (XPS) was evaluated using a K—alpha XPS spectrometer (Thermo)
with a monochromatic Al Kt X—ray source.
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3.6. Biodiesel Production from Transesterification of Soybean Oil

In a 10 mL microwave tube, soybean oil (0.874 g, 1 mmol), methanol (0.32 g, 10 mmol)
and catalyst (52.4 mg, 6 wt.% with respect to soybean oil) were added. The reaction mixture
was held in a microwave reactor (Discover SP Microwave System, Delhi, India) for 60 min
at 70 °C, 100 psi pressure and 50 W power, following which the catalyst was separated
by filtration. The product was then concentrated using a rotary evaporator to remove
excess methanol.

3.7. Biodiesel Characterization

'H and '*C NMR spectroscopy was used to identify the transesterification product,
biodiesel. A Bruker Avance spectrometer (500 MHz) was employed for the analyses.
A gas chromatogram (GC) was used to identify types of methyl esters converted from
triglyceride. The temperature of the oven was kept in the range 60-280 °C and the injector
and detector temperature were maintained at 200 °C and 300 °C, respectively. Fourier
transform infrared (FT—IR) was used to identify the characteristic peaks of biodiesel
generated from soybean oil.

3.8. Reaction Kinetics

Due to the abundance of methanol, pseudo—first—order kinetics followed the transes-
terification process, allowing the backward process to be neglected. Thus, the rate of the
reaction (—rp4) could be expressed as:

~roa= 14 _ ys0) @

The rate constant is k, the concentration of soybean oil is [SO], and the reaction
time is t. Monitoring methyl ester (ME) yield and thus the yield of soybean oil at varied
time t in (Equation (5)) yielded the first—order rate constant (k). The Arrhenius equation
(Equation (6)) along with k at various temperatures (60-100 °C) were applied to calculate
activation energy (E,.).

—In(1-X) = kt (5)
__ L&
Ink=— o= +InA (6)

Here, soybean—oil yield at time ¢ is represented by X, the pre—exponential factor by
A, the reaction temperature by T and R is 8.314 x 107 kJK'mol™.

3.9. Modelling of the Transesterification Process

The effect of process variables such as the methanol—to—oil ratio (MTOR), catalyst
loading, temperature and reaction time on the biodiesel yield was investigated using
central composite design (CCD). The independent variables selected were MTOR with a
range of 8:1-12:1, catalyst loading with a range of 4-8 wt.%, temperature with a range of
60-80 °C and reaction time with a range of 45-75 min, and biodiesel yield was inserted
as the response. Factorial design with five levels and four factors was used, providing
30 randomized experimental conditions to reduce variability effect in the observed response.
The design includes six centre points to test the repeatability of the method. The distance of
the axial point (o) from each design variable was 0.05. To define the quadratic model of
the response, the experimental data were analysed using the multiple regression method.
The attributes of the fitted model were evaluated using analysis of variance (ANOVA).
Design Expert version 13.0 (Stat—Ease Inc., Minneapolis, MN, USA) software was used for
the regression analysis of the model.

4. Fuel Properties of Biodiesel

The fuel properties of biodiesel, such as density, flash point, kinematic viscosity (at
40 °C), calorific value and acid value, were measured as per ASTM—D6751 standards. The
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measured physicochemical biodiesel properties are given in Table 6. All the property values
lie within the limits of the ASTM biodiesel standard and thus possess the potential to be
used in transport engines as an alternative fuel.

Table 6. Comparison of physicochemical properties of produced biodiesel with ASTM D6571 standards.

Properties ASTM Standards Biodiesel (This Study)
Density (kg/m?) 860-900 865
Flash point (°C) >130 161
Kinematic viscosity at 40 °C (mm?2/s) 1.9-6 4.08
Calorific value (M]/kg) 35-45 42.24
Acid value (mg KOH/g) Max. 0.5 0.42

5. Conclusions

In this present work, using MOF and biomass—derived ZrO,—supported CaO, a
heterogeneous nanocatalyst, CaO—ZrO,, was successfully synthesized for the conversion
of soybean oil to biodiesel by transesterification process. The prepared catalyst showed an
excellent activity for the transesterification of biodiesel with 98.03 £ 0.7% conversion and a
yield of 97.22 + 0.4% under optimized reaction conditions as predicted by RSM numerical
optimization process under microwave irradiation. The high basicity of 3.9 mmol g~!
of the catalyst triggered the transesterification of the soybean oil and resulted in the
successful conversion into biodiesel with 9,12 —octadecadienoic acid (Z, Z) methyl ester
as one of the major constituents. The RSM—CCD—approach—based optimization process
was an efficient way to enhance the biodiesel yield and revealed the reaction time and
catalyst loading as two major sensitive factors to influence biodiesel yield for this kind of
basic catalyst.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12111312/s1, Figure S1: XPS survey spectrum of CaO-ZrO;
Figure S2: XRD of (a) pure CaO and snail-shell-derived-CaO, (b) m-ZrO,, t-ZrO,, UiO-66 derived
ZrO,, and CaO-ZrO, catalyst; Figure S3: 'H and '>*C NMR spectra of the synthesized biodiesel;
Figure S4: FT-IR spectrum of synthesized biodiesel; Figure S5: EDS spectrum of the recovered catalyst
after 5 transesterification cycles.
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