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Manganese Glycerolate Catalyzed Simultaneous Esterification and
Transesterification: The Kinetic and Mechanistic Study, and Application in

Biodiesel and Bio-Lubricants Synthesis

Abstract

Several characterizations (BET, BJH, XPS, and elemental analysis) were employed further to
examine the manganese glycerolate. The elemental analysis proved that the ratio of manganese-to-
glycerol is 3:4. The MnGly catalyst is formed as a mixed-valence compound in an Mn?*to Mn3* ratio of
1:2 that aligned the results of the surface ratio of Mn?* to Mn3* from XPS analysis. This compound
provides a total of eight positive charges to compensate for the eight negative charges generated from
the hydroxyl group (-OH) in four glycerol ligands. The activation energy (112.7 kJ molt) suggests that
the reaction undergoes surface-mediated catalysis. The XPS analysis and kinetic study prove the co-
existence of divalent and trivalent manganese in MnGly catalyst, demonstrating a flexible coordination
geometry between tetrahedral and octahedral. It facilitates the coordination of two methanol to Mn2*
center with an octahedral geometry as the first step of the mechanism for biodiesel synthesis. The yield
could achieve more than 99% in 1.5 hours under the optimized reaction conditions. The ANOVA
revealed that reaction temperature is the most significant factor affecting the production of FAME, with
a contribution of 82.84%. This catalytic system also demonstrated high compatibility with higher

alcohols for exploring bio-lubricants.
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Nomenclature

FAME Fatty acid methyl ester

FFA Free fatty acid

Ea Activation energy

BET Brunauer-Emmett-Teller

BJH Barrett-Joyner- Halenda

XPS X-ray photoelectron spectroscopy
IH-NMR IH nuclear magnetic resonance

TPD Temperature programmable desorption
TCD Thermo-conductivity detector

ICO-OES Inductively-coupled plasma optical emission spectroscopy
ANOVA Analysis of variance

OA Orthogonal array
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1. Introduction

The rapid population growth and economic development in modern society have resulted in high
energy consumption. The depletion of limited fossil fuel reserves and the generation of greenhouse
gases upon burning have prompted researchers to find an alternative renewable fuel [1]. To sustain the
high energy demand and reduce environmental pollution, finding alternative renewable energy sources

has become necessary in the future.

Biodiesel is a mixture of fatty acid methyl esters (FAMES), which can replace petroleum-based
fuels directly due to their similarity of physical and chemical properties [2]. Biodiesel is considered one
of the alternative renewable fuels due to its unlimited reserve, carbon neutrality, biodegradability, and
non-toxicity with low sulfur content, which can be made from different vegetable oils (edible oil or non-
edible oil) or animal fats as feedstock [3-5]. However, the cost of feedstock accounts for 70 — 80 % of
biodiesel's total production cost, which is the main barrier to commercialization in the market [6, 7]. The
application of low-grade non-refined feedstock containing high free fatty acid (FFA) contaminants on
biodiesel synthesis is economically beneficial by reducing the cost of raw material [8]. In order to deal
with the high FFA containing low-grade non-refined feedstock, searching for a promising catalyst that
supports simultaneous esterification of FFA and transesterification of triglycerides is of great interest to

the field of renewable liquid fuel technology.

Homogeneous catalysis by applying strong acid and alkali is the traditional way to give a high yield.
However, the presence of FFA in non-refined feedstock causes soap formation in base-catalyzed
reactions [9]. Although homogeneous acid catalysts can simultaneously catalyze esterification and
transesterification, their slow reaction kinetics, corrosiveness to reaction equipment, and the generation
of a massive amount of wastewater in diluting the catalyst are disadvantageous. The limitation of
separation and recovery of catalyst is another issue that hinders the development of homogeneous

catalysis towards biodiesel synthesis [10].

The use of heterogeneous catalysts has resolved the above drawbacks [11]. However, the
presence of water and FFA in low-grade reagents often induces saponification and causes the
deactivation of heterogeneous base catalysts unless some pre-treatment steps are performed [12].
Hence, a growing trend in investigating a heterogeneous catalyst that exhibits remarkable stability upon

regeneration and high tolerance to FFA and water in the feedstock.
4
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The application of different metal carboxylates as a heterogeneous catalyst towards biodiesel
synthesis has been reported. A series of layered zinc, copper (II), manganese (ll), and nickel (II)
carboxylates were synthesized that showed significant conversion in 2 hours [13, 14]. However, the
catalytic instability due to leaching, reconstruction, and transformation of those carboxylates after the
reaction was observed. Reinoso et al. [15] reported that the application of zinc glycerolates (ZnGly) as
an effective catalyst in biodiesel synthesis exhibited long life reusability, robustness, and moderate

tolerance towards FFA and water.

Recently, we studied the reaction mechanism of simultaneous esterification and transesterification
using zinc oxide (ZnO) nanostar as a model catalyst and discovered that zinc oleate (ZnOl) is involved
as an intermediate and transformed to ZnGly and finally re-deposit on the ZnO as ZnGly/ZnO co-
catalyst [16]. Based on the above findings, we developed different transition metal glycerolates and
found that manganese glycerolates (MnGly) gave the highest -catalytic activity towards

transesterification reaction [17].

In this present study, manganese glycerolate (MnGly) catalyst was further examined using several
surface characterizations such as BET, BJH, XPS, and elemental analysis. A detailed understanding
of the chemistry and the mechanism involved in MnGly catalyzed biodiesel synthesis was thoroughly
discussed. The reaction kinetics of this catalytic system was also investigated, and its activation energy
(Ea) was also determined. A study of the effect of reaction temperature, feedstock-to-methanol molar
ratio, catalyst loading, and oleic acid loading was investigated through Taguchi analysis. Optimizing
reaction conditions is vital in synthesizing biodiesel to maximize the product yield and minimize the
production cost. The conventional stepwise approach dealing with a full-scale optimization is relatively
time-consuming and inefficient [18]. Taguchi approach is an effective way of optimization that uses
orthogonal array experimental design to organize all the factors and levels to be optimized [19-21]. The
selection of desirable levels from each factor and the significance of each factor would be determined
by a statistical model of analysis of variance (ANOVA). This would help to evaluate the possibility of
applying the as-synthesized MnGly catalyst in the bio-lubricants synthesis using higher alcohol sources

and microwave irradiation as a heating source.
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2. Materials and methods

2.1. Materials

Refined food-grade canola oil was purchased from a local store in Hong Kong. Manganese (ll)
acetate tetrahydrate ((CHsCOO)2Mn-4H20, 97 %) was obtained from Fraco Chemical Supplies.
Glycerol (C3HsO3) was separated and obtained in biodiesel synthesis. Methanol (CH3OH, 99.8 %),
ethanol (C2HsOH, 99.0 %) and 1-butanol (CsHeOH, 99.0 %) of reagent grade were supplied by ACS
while 1-propanol (C3H7OH, >99 %), was purchased from Acros. 1-pentanol (CsH110OH, 99.0 %), 1-
hexanol (CeH130H, 99.0 %), and 1-heptanol (C7H1s0H, 99.0 %) of laboratory reagent grade were
provided by BDH Chemical Ltd. Oleic acid (CisHz402, 99.9 %) was purchased as laboratory reagent
grade from Fisher Chemical. Methyl yellow, neutral red, bromothymol blue, and phenolphthalein were

supplied from Sigma Aldrich.

2.2. Synthesis and characterization of catalyst

Manganese glycerolates (MnGly) nano-plate catalyst was synthesized by microwave-assisted

hydrothermal synthesis reported in our previous study [17].

Nitrogen adsorption-desorption isotherm of the catalyst was measured on Micrometritics
ASAP2020 Automatic Micropore and Chemisorption Physisorption Analyzer. The catalyst was
outgassed before the analysis at 350 °C for 10 hours initiated with a rate of 10 °C min-l. The analysis
was held under vacuum throughout the entire analysis using N2 at 77 K with a P/Po range of 0.01 to
0.995. The surface area and pore size distribution were determined based on Brunauer-Emmett-Teller

(BET) and Barrett-Joyner- Halenda (BJH) theories.

Hammett indicator analysis was used to elucidate the surface basicity of MnGly catalyst in which
methyl yellow (H_ = 3.3), neutral red (H_ = 6.8), bromothymol blue (H_ = 7.2), and phenolphthalein (H_
=9.7) were used as Hammett indicators. MnGly catalyst (5 mg) was immersed in methanolic Hammett

indicator solution (1 mL, 50 uM).

The elemental composition of C and H of the MnGly catalyst was analyzed by Elementar Vario
MICRO Select elemental combustion analyzer. The sample catalyst (<5 mg) was combusted under high

temperatures that led to the formation of H20 and CO:. The resultant analyte gases with helium carrier
6
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gas would then pass through the temperature programmable desorption (TPD) column for sequential
separation and finally a thermo-conductivity detector (TCD) for quantitative detection. Meanwhile, the
elemental composition of manganese (Mn) in MnGly was deduced by inductively-coupled plasma
optical emission spectroscopy (ICP-OES) on Agilent Technologies 700 Series ICP-OES. The sample
solution was prepared by digesting the catalyst (25 mg) under heating at 60 °C into concentrated
hydrochloric acid (3 mL) and concentrated nitric acid (1 mL) for 2 hours, followed by dilution with nitric

acid (1%).

The oxidation state of each catalyst element was characterized by Axis Ultra DLD X-ray
photoelectron spectroscopy (XPS) using AlKa radiation of 1486.6 eV with an electron take-off angle at

90° in which the pressure in the sample chamber was kept at 108 Torr.

2.3. The catalytic reaction of simultaneous esterification and transesterification and biodiesel yield

determination

The catalytic reactions for biodiesel synthesis were conducted in a pressurized reactor containing
MnGly catalyst, alcohols, and feedstock sample (0.46 g) with different ratios specified in the results and
discussion. The reaction was heated with a constant stirring at 750 rpm at the corresponding reaction

temperature and time. The synthesized biodiesel layer was separated from the catalyst by centrifugation.

For the kinetic study, the catalytic reactions were performed in a pressurized reactor containing
the MnGly catalyst (6 wt.%), feedstock sample, and methanol in a ratio of 1:40. The catalytic reaction
was tested with a constant stirring at 750 rpm at the different reaction temperatures of 130 °C, 140 °C,
and 150 °C for 30 minutes. The sample was collected to determine the yield at 10 min, 20 min, and 30

min.

The biodiesel yield was analyzed by 'H nuclear magnetic resonance (*H-NMR) spectroscopy on
Bruker 400 MHz spectrometer using CDCls as the solvent. The FAME yield was calculated based on
the integral area of peak signal of alkoxy proton (-OCHs) on FAME at around 3.6 - 4 ppm and signal of
the a-methylene proton (a-CHz) on triglyceride and fatty acid alkyl ester at 2.3 ppm. The calculation of

FAME vyield is shown in Equation 1 [22].
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2.4. Determination of reaction kinetics

In the case of heterogeneous catalysis, the overall rate equation would become more complicated
due to adsorption and desorption of catalysts and diffusion. Therefore, a more sophisticated kinetics
model involving the order of reaction for triglyceride and alcohol should be utilized [23]. The catalytic
reaction rate is based on the decrease in the amount of feedstock. The reaction order with respect to
the triglycerides and methanol for a simple transesterification can be determined by the following

equation,

dC
‘_d-ll:G = kC$GCE/Ie (2)

where -df% is the rate of triglyceride consumption per unit time t; k is the rate constant; Ctc and Cwe

are the concentrations of triglyceride and methanol respectively after time t; a and B are the order of

reaction with respect to triglyceride and methanol respectively.

The change of concentration of the reactants are presented as follows,

Cre = Creo(1-X) (3
Cwme = Creo(n-3X) 4)
CMeO
= 5
Creo ®)
dX +B.
— = kCTE V(1-x)°(n-3X)° (6)

dt

where Crco and Cweo are the initial concentration of triglyceride and methanol, X is the conversion, and

n is the ratio of Cwmeo-to-Crco.

Based on Equation 6, three scenarios of varying reaction order with respect to triglyceride and
methanol were set up, including (a =0, B =0), (a =1, =0), and (a = 2, B = 0). The detailed on the

definite integrals of the substituted rate equations have been shown in Table S1 in Supplementary
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materials. The exact reaction order would be selected from the scenario with the highest correlation

coefficients (R?) and the rate constant (k) would be determined from the slope of the straight line.

The activation energy (Ea) of the catalytic reaction was calculated based on the rate constants
obtained from different reaction temperatures [24]. It can be deduced from the slope of In k against 1/T

according to the Arrhenius equation as shown from Equations 7 and 8.

k = AgEaRT @)
Ink = 'R—; +InA (8)

where k is the rate constant, R is the universal gas constant (8.314 J mol* K1), T is the reaction

temperature in Kelvin, and A is the pre-exponential factor.

2.5. Design of experiment for optimization

Refined canola oil was used as the feedstock containing a trace amount of FFA and water, while
oleic acid was used as the model of FFA in this investigation. Reaction temperature (factor A),
feedstock-to-methanol molar ratio (factor B), catalyst loading (factor C), and oleic acid loading (factor
D) are the factors to be optimized through Taguchi analysis and further analyzed by analysis of variance

(ANOVA). Each factor is associated with four levels, as shown in Table 1.
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Table 1

Factors and levels selected for catalytic reaction conditions optimization.

Level (i) Factor (j)

Reaction Feedstock-to- Catalyst loading Oleic acid loading D
temperature A methanol molar C (wt.%) (Wt.%)
(°C) ratio B

1 120 1:10 2 25

2 130 1:20 4 5

3 140 1:30 6 7.5

4 150 1:40 8 10

3. Results and discussion

3.1. Catalyst characterization

The MnGly catalyst was characterized by SEM, XRD, and FTIR analysis and their results have
been reported in our previous study [17]. Therefore, the details on the above characterization are not

included here.

The textural properties of MnGly catalyst, such as BET surface area, pore diameter, and pore
volume, were determined by nitrogen adsorption-desorption analyzer, and the results are depicted in
Fig.1la. It is proved that the MnGly catalyst exhibited a type Il isotherm which indicates a weak
interaction between adsorbate and adsorbent. Therefore, the monolayer coverage or formation
information is unclear [25]. A hysteresis loop in P/Po ranging from 0.9 to 1.0 is attributed to a type H3
hysteresis loop. The H3 hysteresis loop does not demonstrate any plateau of adsorption isotherm at
high relative pressure, revealing that the non-rigid aggregation of plate-like particles gives rise to slit-
shaped pores [26]. In addition, the specific surface area of the MnGly catalyst was measured to be 33.7
m?/g, as determined from the BET method. BJH analysis shows a narrow distribution of pores for MnGly
catalyst with the pore volume of 0.05 cm3/g and pore diameter of 2.94 nm, which indicates the MnGly

catalyst is mesoporous (Fig. 1b).

10
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Fig. 1. (&) N2 adsorption-desorption isotherm and (b) the corresponding BJH pore size distribution of

MnGly catalyst.

From the result of Hammett indicator analysis, the surface basic strength (H_) of MnGly catalyst
was found to be in the range of 6.8 < H_ < 7.2, which exhibits the amphoteric property on the surface
of MnGly catalyst. As a result, MnGly is verified to be a potential heterogeneous catalyst towards

11
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simultaneous esterification and transesterification reaction for biodiesel synthesis as it could exhibit a

high tolerance towards FFA without inducing saponification during the catalytic reaction.

The elemental compositions of carbon (C) and hydrogen (H) for MnGly catalyst were determined
by elemental combustion analyzer, while that of manganese (Mn) was done by employing ICP-OES.
The experimental results and the calculated theoretical ratios based on the proposed empirical chemical
formulas are summarized in Table 2. The empirical chemical formula for MnGly catalyst is proposed to
be Ci12H24012Mn3 as the basic unit in which the ratio of Mn-to-Gly is 3:4. The experimental results are
nearly identical to the calculated elemental ratios with only slight deviations. Therefore, it is rational to
conclude that the actual empirical formula of MnGly catalyst is most likely analogous to the proposed
formula. In general, the MnGly might aggregate through the intermolecular Mn---O interaction from the
Lewis basic oxygen atoms on the ligand framework to fulfill the coordination sphere of the Mn metal.
The MnGly catalyst maybe existed in the polymeric form with aggregation instead of the monomeric
form based on the result of the elemental analysis. It is generally accepted that the monomeric form of
MnGly could be associated with the coordination of water molecules to the Mn metal center. In the case
of the monomeric structure consisting of three water molecules, the vastly different elemental ratio of
C: 24.9%, H: 5.2%, and Mn: 28.5% should be observed. However, it is obvious to notify that the
experimental determining elemental composition of MnGly catalyst matches well with the proposed
empirical formula of C12H24012Mn3 in the absence of water. Therefore, it proves the possibility for the
formation oligomer or polymer of MnGly in which the ratio of Mn-to-Gly is 3:4. Furthermore, the MnGly
catalyst is likely to be formed as a mixed-valence compound in a ratio of divalent (Mn?*)-to-trivalent
(Mn3*) of 1:2, which provides a total of eight positive charges to compensate the eight negative charges

generated from the hydroxyl group (-OH) in glycerol.

Table 2

Elemental composition of C, H, and Mn for MnGly nano-plates catalyst.

Elemental composition Found (Calculated)/ %

C H Mn

MnGly 27.2 (27.4) 4.5 (4.6) 32.0 (31.4)

12



247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

The XPS analysis is a non-destructive and systematic method to determine the existence of
elements and their oxidation states. The XPS spectrum of MnGly nano-plates catalyst is depicted in Fig.
2. The symmetrical C 1s peak at 286.4 eV was detected (Fig 2b). The asymmetric O 1s peak at 531.5
eV is further resolved into two peaks at 531.5 eV and 532.3 eV, which are attributed to hydroxyl oxygen
from water and oxygen from C-O single bond in glycerol, respectively (Fig 2c). Fig. 2d shows the two
peaks at 641.1 eV and 653.8 eV corresponding to Mn 2pz2 and Mn 2pa2, respectively. The Mn 2pasz
peak is further resolved into two peaks at 639.8 eV and 641.1 eV, corresponding to Mn?* and Mn3*
respectively (Fig. 1e). However, no resolved peak for Mn(lV) ion could be found. By comparing their
intensities, the surface ratio of Mn2* to Mn3* is found to be 1:1.7, which is comparable to the ratio of the
proposed mixed-valence compound in the above elemental analysis. It further confirms the co-
existence of divalent and trivalent manganese in the as-synthesized MnGly catalyst. It is reported that
the divalent high-spin manganese complex adopts a d° electronic configuration. They do not exhibit a
specific stereochemical preference due to a slight change of crystal field stabilization energy, and thus
both tetrahedral and octahedral coordination geometry can be exchanged depending on the structural
demand of the coordinated ligands [27]. Interestingly, there is a direct correlation between the catalytic
biodiesel synthesis and the multivalent state of Mn in the MnGly catalyst as the Mn2* center could be

coordinated to neutral alcohols and neutral carbonyls present in the reaction mixture during the catalysis.

13
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Fig. 2. (a) Full core XPS spectrum of MnGly nano-plate catalyst and the survey XPS spectra of (b) C

1s, (c) O 1s (d) Mn 2p, and (e) curve fitting for Mn 2pay2.
3.2. Reaction kinetics and determination of activation energy (Ea)

The MnGly catalyzed simultaneous esterification and transesterification reaction for biodiesel
synthesis is assumed to consist of one reversible step of esterification of FFA and three consecutive
reversible steps of transesterification of triglyceride. However, as the rate of esterification differs from

the rate of transesterification, only the overall rate of simultaneous esterification and transesterification
14
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can be examined based on biodiesel yield. The reaction temperature was found to be the most
significant factor in affecting the catalytic yield of biodiesel, as mentioned from the above optimization

analyses. In other words, the reaction temperature is the critical factor influencing the reaction rate.

To simplify the kinetic model based on the literature review, the overall reaction order of
manganese glycerolate catalyzed transesterification could depend on the concentration of triglyceride
and methanol. (1) The kinetic study was assumed as irreversible transesterification based on the date
collection at the initial transesterification rate. (2) The excess methanol was used as the methanol to oil
molar ratio of 40 to 1 which is larger than the theoretical value for transesterification, then the methanol

concentration was assumed as a constant [28].

The kinetic study was performed with a ratio of feedstock sample-to-methanol (1:40), in which
methanol should be an excess reactant and triglyceride was a limiting reactant. This kinetic study can
also determine the order of reaction concerning triglyceride and methanol for the MnGly catalyzed
reaction by fitting the data into the three scenarios through the linear regression approach shown in
Table S1 in Supplementary materials. The correlation coefficients (R?2) of the scenarios are summarized
and compared in Table 3. The highest R? among these three selected scenarios was scenario 1, with
R? of 0.9969. Therefore, the reaction kinetics for MnGly catalyzed biodiesel synthesis can be recognized
as a zero-order, revealing that the reaction rate is independent of the initial concentration of reactants.
Changing the concentration does not affect the overall reaction rate. It is proposed that the catalytic
system probably relies on the catalyst surface. Furthermore, a classical model with the linear equations
(Equations S4-S6) as shown in Table S2 in Supplementary material revealed that the calculated R? for
zero-, first-, and second-order at 150 °C were 0.9969, 0.9822, and 0.9290 respectively. It also further

confirmed that the MnGly catalyzed biodiesel synthesis is followed zero-order reaction kinetics.

Generally, it is mainly attributed to the availability of adsorption sites on the catalyst surface rather
than the methanol concentration [29]. This kinetic study suggested that the mechanism of MnGly
catalyzed biodiesel synthesis involves the coordination of methanol to the Mn2* center. The XPS results
imply the co-existence of divalent and trivalent of manganese in MnGly catalyst in which the high-spin
d®> Mn?* exhibits no coordination preference with a flexible interchangeable coordination geometry
between tetrahedral and octahedral. Furthermore, the BJH analysis revealed that the pore diameter of
2.94 nm is large enough to accommodate methanol moiety that possesses a diameter of 0.36 nm [30].

15
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It facilitates the coordination of two equivalence of methanol to Mn2* center during the first step of

biodiesel synthesis, becoming an octahedral geometry.

Table 3

The correlation coefficients, R?, of MnGly catalyzed biodiesel synthesis at 150 °C for all eight scenarios.

Scenario Reaction order Overall order Correlation
Triglyceride a  Methanol 8 coefficient (R?)

1 0 0 0 0.9969

2 1 0 1 0.9822

3 2 0 2 0.9072

From the reaction rate constant (k) at each temperature determined from the linear plots of the
zero-order reaction model (scenario 1) as displayed in Fig.S2 and Table S3 in Supplementary materials,
the activation energy (Ea) of the MnGly catalyzed biodiesel synthesis can be estimated according to
Arrhenius plot (Equation 8) as depicted in Fig. 3 with a slope of -13561. The activation energy of this
catalytic system is calculated to be 112.7 kJ mol* which implies that a surface-mediated three-phase
catalytic reaction system is involved and mass transfer limit would be a dominant factor [31]. The
activation energy is much higher than that of the homogeneous catalysis reported in the literature, with

a range of 26.78 kJ mol* to 83.68 kJ mol? [32].
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Fig. 3. The Arrhenius plot of Ink against 1/T for the MnGly catalyzed biodiesel synthesis.

3.3. Proposed mechanism of MnGly catalyzed reaction

The proposed mechanism for MnGly catalyzed biodiesel synthesis is depicted in Scheme 1. The
activation energy of MnGly catalyzed biodiesel synthesis suggests surface-mediated catalysis.
According to the result obtained in the kinetic study, the first step involves the coordination of two
methanol molecules to a high-spin d> Mn?* center with an octahedral geometry, generating a methoxide
anion. The methoxide anion would then nucleophilic attack the carbonyl carbon of incoming fatty acid

or triglyceride molecule to yield FAME.
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Scheme 1. Proposed mechanism for MnGly catalyzed reaction.

3.4. Catalytic optimization

An OA1s matrix was employed to assign all the factors and levels. Sixteen experimental runs of
different combinations of factors and levels were conducted and each experimental run was triplicated
to minimize random errors. Table 4 summarizes the orthogonal array matrix with the corresponding
triplicated data of yield, S/N ratio, and standard deviation. The result of range analysis, including S_J, and
Rj values are shown in Table 5. From the result of range analysis, the highest S_JI values are attained
when the reaction temperature is 150 °C (S, = 37.5), feedstock-to-methanol molar ratio is 1:40 (Sg, =
30.7), the catalyst loading is 6 wt.% (Sc; = 30.2) and the oleic acid loading is 7.5 wt.% (Spz = 30.9).
Therefore, it can be concluded that the optimal reaction conditions are designated as A4B4CsDs3. A

confirmation experiment for MnGly catalyzed simultaneous esterification and transesterification was
18



342 then carried out. Based on the R; values from range analysis, the reaction temperature is the most
343 significant factor where the degree of significance of factors followed the order: reaction temperature
344 (17.3) > oleic acid loading (4.9) > feedstock-to-methanol molar ratio (4.1) > catalyst loading (3.2). The
345 largest range value of reaction temperature implies a significant effect on the yield for biodiesel
346 synthesis upon a small change in temperature, whereas the small range value of catalyst loading
347 denotes any changes in the catalyst loading caused the little effect on the yield.
348 Table 4
349 A summary of biodiesel yield in the optimization process.

Entry  Factor Yield 2 (%) Average S/IN Standard

A B D Y1 Y2 Y3 Yield (%) ratio deviation

1 120 1:10 25 4.3 3.8 3.9 4.0 12.00 0.3

2 120 1:20 5 10.6 104 10.3 10.4 20.37 0.2

3 120 1:30 7.5 15.3 15.8 15.9 15.7 23.90 0.3

4 120 1:40 10 16.8 18.8 17.0 17.5 24.84 11

5 130 1:10 7.5 21.7 22.7 21.3 21.9 26.80 0.7

6 130 1:20 10 24.2 23.3 24.5 24.0 27.60 0.6

7 130 1:30 25 194 20.4 18.7 19.5 25.78 0.9

8 130 1:40 5 28.0 28.7 28.5 284 29.06 04

9 140  1:10 10 374 38.3 39.1 38.3 31.65 0.9

10 140 1:20 7.5 49.6 511 48.8 49.8 33.95 1.2

11 140 1:30 5 30.8 29.9 28.6 29.8 29.46 11

12 140 1:40 25 31.5 31.2 324 31.7 30.02 0.6

13 150  1:10 5 62.9 63.0 62.5 62.8 35.96 0.3

14 150 1:20 25 63.8 62.7 62.8 63.1 36.00 0.6

15 150 1:30 10 92.7 91.3 92.7 92.2 39.30 0.8

16 150 1:40 7.5 87.8 88.1 89.4 88.4 38.93 0.9
350 @ Reaction conditions: reaction time (45 min).
351
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Table 5

Result for range analysis.

Reaction Feedstock-to- Catalyst loading C  Oleic acid loading
temperature A (°C) methanol molar (wt.%) D (wt.%)
ratio B
S, 20.3 26.6 27.0 26.0
S, 27.3 29.5 29.1 28.7
S, 31.3 29.6 30.2 30.9
S, 37.5 30.7 30.1 30.8
Rj 17.3 4.1 3.2 4.9

It can be observed that the Sy values increased significantly from 20.3 to 37.5 when the reaction
temperature increased from 120 °C to 150 °C. This could be attributed to the inhibition of mass transfer
in the reaction medium. As the use of solid MnGly catalyst creates a three-phase system of feedstock-
methanol-catalyst, the reaction can only occur at the interface of the triple-phase and the rate of reaction
is under mass transfer-controlled [21, 33]. Therefore, the increase in reaction temperature enhances
the rate of diffusion and rate of reaction. It was found that the Sg; values increased from 26.6 to 30.7
when the feedstock-to-methanol molar ratio changed from 1:10 to 1:40. As the transesterification
process involves three consecutive reversible reactions in converting triglyceride into diglyceride,
monoglyceride, and fatty acid methyl esters, a high feedstock-to-methanol molar ratio is desirable to
shift the equilibrium to the product side [34, 35]. The result shows that increasing the amount of
methanol to a ratio of 1:40 would further shift the equilibrium position from the reactant side to the
product side. Besides, varying the catalyst loading from 2 wt.% to 6 wt.% increased the Sg; values from
27.0 to the maximum point at 30.2 but slightly decreased when the catalyst loading was further
increased to 8 wt.% (30.1). The initial increase could be ascribed to the enhanced availability of active
sites on the catalyst surface [36, 37]. The slight reduction beyond the optimal point might be due to the
mass transfer inefficiency caused by the presence of an excess catalyst. Finally, the Sp; values

increased steadily from 26.0 when the oleic acid loading was 2.5 wt.% and achieved a maximum at 7.5
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wt.% (30.9). The enhancement in biodiesel yield in the addition of more oleic acid suggests the
occurrence of simultaneous esterification of FFA and transesterification of triglyceride in which the rate
of esterification reaction is faster than that of transesterification reaction. Warabi et al. [38] proposed
that the solubility of unsaturated fatty acid in methanol is higher than that of triglyceride, so the mass
transfer efficiency of the reaction system is enhanced in the presence of FFA. Moreover, it is believed
that the activation barrier of one-step esterification of FFA is lower than that of three-step
transesterification of triglyceride in biodiesel synthesis. Thus, the rate of esterification would proceed
faster than that of transesterification and the overall rate of simultaneous esterification and

transesterification reaction would be enhanced with the presence of more FFA.

The results of ANOVA are summarized in Table 6. At the 90% confidence level, the critical value
Fo.1(3,3) is 5.39. By the comparison of F values with the critical value, it shows that Fa > Fq; Fs > Fq;
Fc > Fqa and Fp > Fa. Therefore, all four factors are qualitatively identified to be prominent factors in this
catalytic system by the F-test. Based on the percentage contribution, the relative power of the four
factors followed the order: reaction temperature (82.84%) > oleic acid loading (8.61%) > feedstock-to-
methanol molar ratio (4.87%) > catalyst loading (3.48%). This trend is consistent with the result obtained
from Taguchi analysis. It should be noted that the percentage contribution of experimental error is only
as low as 0.2%. Hence, it is concluded that no other important factors had been omitted in this

optimization process.

Table 6

Results for analysis of variance (ANOVA).

Factor SS; df; Vi Fi Fo1(3,3) =5.39 Pj (%)
A 628.33 3 209.44 410.97 > 82.84
B 36.96 3 12.32 24.18 > 4.87

C 26.36 3 8.79 17.24 > 3.48
D 65.33 3 21.78 42.73 > 8.61
Error 1.53 3 0.51 - - 0.20
Sum 758.52 15 - - - 100.00
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3.5. Exploration on MnGly catalyzed biodiesel and bio-lubricants synthesis using different alcohols

This MnGly catalytic system was also further investigated in the application of bio-lubricant
preparation. Bio-lubricants have been reported that extensively utilized in auto-mobile sectors and
industries for lubricating working machines and materials. It can be produced using different feedstock
(edible oil, non-edible oil, waste cooking oil, etc.) with higher alcohols (n-hexanol, n-heptanol, etc.) to
form fatty acid alkyl (hexyl and heptyl) esters through simultaneous esterification and transesterification
[39]. To investigate the effect of the types of alcohol on MnGly catalyzed simultaneous esterification

and transesterification, different types of alcohol were applied under the optimized conditions.

The results as indicated in Table 7 displayed a decreasing trend in the catalytic activity when the
chain length of alcohol increases but levelled off from 1-butanol onwards after 1.5 hours. It indicates
that methanolysis proceeds at a faster rate than all other alcohols. This could be attributed to the higher
reactivity of methoxide anion than other alkoxide anions since an increase in the carbon chain length
of alkoxide anion would lead to a destabilization of alkoxide anions through the positive inductive effect
that causes a decrease in their nucleophilicity in the generation of fatty acid alkyl ester [40]. It should
be noted that 1-butanol, 1-pentanol, 1-hexanol and 1-heptanol are completely miscible with oil owing to
their lower polarity than methanol, ethanol and 1-propanol. Thus, those long-chain alcohols would
proceed in the monophasic state, which is free from mass transfer resistance. Miscibility might be the
dominating factor over nucleophilicity of the corresponding alkoxide anion for long-chain alcohols in
biodiesel synthesis. Therefore, the rate of reaction from 1-butanol to 1-heptanol remained almost the

same. All alcohols achieved over 99% yield in a 3-hour time.
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Table 7

Effect of alcohols on MnGly catalyzed biodiesel and bio-lubricants synthesis.

Entry Alcohol Chemical formula Yield 2 (%)
15h 3h

1 Methanol CH30OH 99.1 -

2 Ethanol C2HsOH 95.3 99.2
3 1-propanol C3H7OH 72.6 99.7
4 1-butanol C4HsOH 70.6 99.1
5 1-pentanol CsH110H 70.4 99.0
6 1-hexanol CeH130H 70.4 99.8
7 1-heptanol C7H1sOH 70.2 99.6

a Reaction conditions: reaction temperature (150 °C), feedstock-to-methanol (1:40), catalyst loading (6

wt.%), and oleic acid loading (7.5 wt.%).

3.6. Study of microwave-assisted MnGly catalyzed biodiesel synthesis

The conventional heating, the heat is mainly transferred by conduction and convection. Moreover,
some heat energy may localize in a particular site as heat transfer depends on the material properties
such as specific heat capacity, density and thermal conductivity. Microwave irradiation, an energy-
efficient heating technique, has recently proved to minimize the mass transfer limit with the instant

interaction of a reaction mixture [41].

The microwave-assisted MnGly catalyzed biodiesel synthesis was then investigated under the
optimized reaction conditions. The results from Table 8 indicated that the time required to complete the
biodiesel synthesis with 97.6% yield is shortened to only 1 hour at 150 °C, which is faster than under
conventional heating requiring 1.5 h, demonstrating that microwave irradiation is a more energy-efficient
heating technique over conventional heating. It is noticed that once the reaction temperature is raised

to 160 °C, the time required can be significantly reduced to half an hour.
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Table 8

Time required for microwave-assisted MnGly catalyzed biodiesel synthesis at different temperatures.

Entry Reaction Temperature (°C) Reaction Time (h) Yield 2 (%)
1 160 0.5 97.3
2 150 1 97.6
3 140 2 95.6
4 130 4 95.3
5 120 7 95.0

a Reaction conditions: feedstock-to-methanol (1:40), catalyst loading (6 wt.%) and oleic acid loading

(7.5 wt.%), and microwave power (200 W).

4, Conclusion

MnGly catalyst was further investigated using different physical characterizations. The elemental
analysis confirms that the chemical formula of MnGly catalyst is C12H24012Mnsz in which the ratio of Mn-
to-Gly is found to be 3:4. It is likely to exist as a mixed-valence compound in an Mn2* to Mn3* ratio of
1:2. The XPS analysis also revealed the co-existence of divalent and trivalent manganese in MnGly
catalyst with Mn2* to Mn3* ratio of 1:1.7, which is comparable to the result in elemental analysis. The
average pore diameter on the catalyst surface is found to be 2.94 nm which is large enough to
accommodate methanol. Two equivalence of methanol would coordinate to high-spin Mn2* center to
form octahedral geometry. The activation energy is calculated as 112.7 kJ mol* which indicates
surface-mediated heterogeneous catalysis. The reaction conditions were optimized through Taguchi
analysis with the OA1s matrix. According to range analysis, the optimized conditions were designated
as reaction temperature (150 °C), feedstock-to-methanol molar ratio (1:40), catalyst loading (6 wt.%),
and oleic acid loading (7.5 wt.%). Based on the results obtained from range analysis and ANOVA, the
reaction temperature is found to be the most significant factor with an 82.84% contribution for biodiesel
synthesis. This catalytic system can be applied in bio-lubricants production using higher alcohols with

over 99% yield in 3 hours. It is also proved that microwave irradiation is a more energy-efficient heating
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technique as the reaction time is shortened with the comparable biodiesel yield (97.6%) compared to

conventional heating.
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