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Abstract: Process optimisation and reaction kinetic model development were carried out for two-
stage esterification-transesterification reactions of waste cooking oil (WCO) biodiesel. This study
focused on these traditional processes due to their techno-economic feasibility, which is an important
factor before deciding on a type of feedstock for industrialisation. Four-factor and two-level face-
centred central composite design (CCD) models were used to optimise the process. The kinetic
parameters for the esterification and transesterification processes were determined by considering
both pseudo-homogeneous irreversible and pseudo-homogeneous first-order irreversible processes.
For the esterification process, the optimal conditions were found to be an 8.12:1 methanol to oil molar
ratio, 1.9 wt.% of WCO for H2SO4, and 60 ◦C reaction temperature for a period of 90 min. The optimal
process conditions for the transesterification process were a 6.1:1 methanol to esterified oil molar
ratio, 1.2 wt.% of esterified oil of KOH, reaction temperature of 60 ◦C, and a reaction time of 110 min
in a batch reactor system; the optimal yield was 99.77%. The overall process conversion efficiency
was found to be 97.44%. Further research into reaction kinetics will aid in determining the precise
reaction process kinetic analysis in future.

Keywords: biodiesel; esterification; transesterification; optimisation; reaction kinetics

1. Introduction

The creation of clean and green energy is an option that cannot be avoided in light
of rapid industrialisation, increased consumption of fossil fuels, and environmental con-
cerns [1–3]. Waste cooking oil (WCO) is regarded as one of the cheapest and non-food cate-
gory feedstocks for biodiesel production, resulting in an environmentally benign method
of reducing waste-related pollution. This waste is increasing as a result of rising human
consumption and the industrialisation of food culture. In reality, leaving this waste product
unused and inappropriately disposing of it could be a severe environmental (especially
for the aquatic inhabitants and wildlife) threat [4,5]. Awogbemi et al. [6] reviewed a few
relevant articles and concluded that WCO could be harmful due to the presence of various
harmful chemicals such as 2,3-Dihydroxypropyl elaidate, 1-hexanol, palmitic acid, linoleic
acid, i-propyl 14-methyl-pentadecanoate, 1-heptane, and cis-9-hexadecenal. The toxicity
also affects aquatic wildlife organisms due to irresponsible practices. This feedstock is a
category of inedible feedstocks with variable sources such as edible oils and fats. Regionally
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available WCO may vary in water and free fatty acid (FFA) contents. For this feedstock, two-
stage (i.e., esterification and transesterification) [7] and single-stage (i.e., transesterification)
production procedures have been noted [8]. The acid-catalysed esterification process [9]
and the non-catalytical supercritical method [10] can efficiently remove the FFA-linked
saponification reactions of WCO to biodiesel production processes [11,12]. Following the
esterification process with acid catalysts, the triglycerides are transesterified to produce
biodiesel with a high level of purity due to the elimination of FFAs. Based on the type
of reactors and methodology utilised for biodiesel production from a feedstock, catalysts
employed for both esterification and transesterification processes could be homogeneous
or heterogeneous from acidic, alkali, enzymatic, and nano catalytic resources [13–16]. For
example, Munir et al. [17] studied the heterogeneous catalysis of non-edible Capparis spinosa
L. seed oil using a Cu–Ni-doped ZrO2 catalyst to produce biodiesel; they claimed that
the generated biodiesel matched and was in close compliance with the European Union’s
biodiesel standards (EN-14214). Ma et al. [18] utilised 30 wt.% of HPW-anchored UiO-66
metal–organic framework (HPW: 12-tungstophosphoric acid) as a catalyst for the heteroge-
neous esterification of acetic acid using n-butanol as a solvent, which resulted in an 80.2%
conversion rate under the optimised reaction conditions.

Debates exist over the sorts of catalysts to be employed for technological and economic
advantages in the mass production of biodiesel from feedstocks [19,20]. In this case,
environmentally friendly and sustainable chemical ingredients [21] are encouraged, along
with a biodiesel conversion rate of more than 98% [22]. Statistical optimisation and kinetic
modelling of these processes can ensure the best use of these catalysts, thus minimising any
corrosion and economic risks related to the processes at a commercial scale [23,24]. A recent
review by Raheem et al. [25] mentioned that kinetic studies are generally performed on
homogeneous catalyst systems. They have been widely implemented, with rare examples
performed on heterogeneous catalyst systems. Moradi et al. [26] conducted an esterification
of WCO (2 mgKOH/g oil) with 5 wt.% of H2SO4, and 18:1 methanol:oil at 65 ◦C and 5 h
reaction time, yielding esterified oil with a 0.49 mgKOH/g acid value. The authors used
CaO/MgCO3 catalysts derived from waste mussel shells as well as demineralised water
(DM) treated precipitating catalysts to perform transesterification with methanol. The
activation energies were 79.83 kJ/mol and 77.09 kJ/mol, and the reaction kinetics for the
transesterification process were k = 2.81× 1011e−(

9601.8
T ) and k = 1.08× 1011e−(

92728
T ), for the

waste mussel shell and DM treated precipitating catalysts, respectively. Freedman et al. [27]
mentioned that the range of activation energy of the transesterification reaction could vary
between 33.6 and 84 kJ/mol based on several sets of kinetics studies of the soybean oil
transesterification process. Sanjel et al. [10] conducted supercritical alcohol (both methanol
(SCM)-based, and ethanol (SCE)-based) transesterification of waste vegetable oils (WVO);
the apparent activation energy and order of the reactions were 64.9–180.8 kJ/mol, 22.42
and 61.0–116.2 kJ/mol, 31.61 for the SCM and SCE processes, respectively. The authors
reported that the mathematical complexities could also be a factor in producing such high
reaction orders of the respective processes. However, the SCM-based transesterification
process was better than that of SCE due to higher solvent capacity during the reaction.

Gaurav et al. [28] conducted simultaneous esterification and transesterification with
solidus acid catalyst (heteropolyacid supported with alumina (HSiW/Al2O3)) of a modelled
yellow grease (canola oil mixed with (i) 10% palmitic, (ii) 10% oleic, and (iii) 10% linoleic
acids) to determine the kinetics of biodiesel production. The authors considered a pseudo-
homogeneous (first order) irreversible reaction type of kinetics (at 150 ◦C, 170 ◦C, and
190 ◦C) for both esterification and transesterification reactions. The activation energies
found for the esterification process and transesterification process were (i) 32.9 kJ/mol and
59.0 kJ/mol, (ii) 34.1 kJ/mol and 50.8 kJ/mol, (iii) 34.0 kJ/mol and 55.6 kJ/mol, respectively.
A high-speed homogeniser was used to conduct the transesterification reaction of WCO
in a study by Hsiao et al. [29]. The authors found that CH3ONa is better than a NaOH
catalyst when performing this particular process reaction. The optimal process parameters
were obtained as a 9:1 M methanol to oil ratio, 0.75 wt.% of CH3ONa, 65 ◦C reaction
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temperature, 8000 rpm rotating speed/mixing speed, and reaction completion period of
just 8 min. Mićić et al. [30] suggested that glycerols can be used to replace the acid-catalysed
esterification reaction of high FFA-containing oils for biodiesel production. The optimal
condition was 5.86:1 for the glycerol to oil ratio and a temperature of 222 ◦C, for which the
%FFA is reduced from 8.6 to 1.6. Semi-industrial microreactors can also efficiently produce
biodiesel from WCO within a short reaction time. Mohadesi et al. [31] demonstrated that
using a homogeneous catalyst (KOH) could yield a conversion efficiency of about 98.26%
within 120 s. The optimal reaction conditions were 62.4 ◦C, catalyst weight 1.126% (wt.%)
of oil, and a methanol to oil molar ratio of 9.4:1.

This paper describes how to optimise biodiesel production parameters (such as re-
action time, reaction temperature, methanol to oil ratio, and catalyst concentrations) in
a standard batch reactor using acid esterification and alkali transesterification methods.
The experiments were designed to obtain sufficient data to perform a statistical analysis
as per the central composite design (CCD) algorithm. The WCO feedstock was collected
from food processing industries and mixed to mimic Australian waste oil recycling centres.
Despite the fact that modern methods of biodiesel process optimisation were cited in this
article, this study focused on conventional process optimisation due to its techno-economic
feasibility, which is an important factor before making industrialisation decisions for a feed-
stock. Biodiesel purification after transesterification also requires less effort due to optimal
operating parameters. After the production drop in 2016, it became necessary to identify
an optimal operating condition for Australian WCO with a much simpler process infras-
tructure for the revival of industrial biodiesel production in the country [32]. Furthermore,
no detailed study of the operating parameter optimisation of both the esterification and
transesterification processes with homogenous catalysts for Australian WCO can be used
as a reference for techno-economic analyses and comparisons with heterogeneous catalysts
and other methodologies. In addition to the reaction, kinetic models have been developed
for both of the WCO biodiesel production processes, which indicate the characteristics of
the reactions, activation energy requirement for efficient reactions to maximise their yield,
and relation between reaction temperature and reaction time. As a complete technical
pathway of biodiesel production from a feedstock has been presented by determining
reaction kinetics, the pathway will help us to effectively conduct detailed techno-economic
analyses for scaling up and commercialisation.

2. Results and Discussion
2.1. The Relative Effect of Parameters on the Quantity of Acid Removal from the
Esterification Process

Both the 3D contour surface plots and 2D contour plots are presented for the percentile
quantity of acidity removal (E, %) against the independent variables: methanol to oil molar
ratio (M), amount of catalyst (A), reaction temperature (T), and reaction duration (D). It
is an effective way to explain the interaction between two independent variables on the
response yield (% of acidity removal) in the tallow esterification process. Figures 1–5 show
the interaction effect of six possible combinations of the interaction parameters on acidity
removal. While demonstrating the effect of any two variables against the acidity removal
quantity, the other variables were held constant at their respective optimal operation
condition values.

2.1.1. Effects of Reaction Time (D) and Reaction Temperature (T)

Figure 1a,b are the 3D response surface plot and 2D response contour plot, respectively,
for the acidity removal (E, %) due to the interaction effect between reaction time (D) and
reaction temperature (T). The other two parameters, methanol to oil molar ratio (M) and
acid catalyst content (A), were kept constant at 8.12:1 M and 1.9 wt.%, respectively. The
figures show that the acidity removal content increases with the increase in temperature
from 55 ◦C to 60 ◦C at a level of maximum removal content and then starts decreasing with
the temperature increase towards 65 ◦C. Furthermore, the increase in reaction time almost
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gradually reduces the acidity removal content at these given conditions. 2D curves can
explain this observation well, as it can be observed that the acidity removal contents remain
constant with a small temperature variation for a whole range of time. The highest acidity
removal can be observed with the temperature range of 58 ◦C and 61.5 ◦C for a duration
ranging between 90 min and 112 min. The normal plot has indicated that the mutual effect
of interaction between time and temperature (DT) is significantly high to produce a better
process output for the WCO FFA removal process.
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(wt.%). (b) A 2D contour plot between M (M) and A (wt.%).
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2.1.2. Effects of Methanol to Oil Ratio (M) and Catalyst Content (A)

Figure 2a shows that the acidity removal rate E (%) gradually increases with the
increase in the methanol-to-oil molar ratio (M) in the reaction system. From the starting
molar concentration ratio of M, the acidity removal rate (%E) increases up to around 8:1
of the methanol to oil molar ratio (M); beyond that, the %E reduces for any amount of
catalysts used in the process. Similarly, for any amount of catalyst content, the %E increases
up to an 8:1 molar ratio of M, and beyond that, %E reduces for any amount of catalysts.
The normal plot also shows that both the M and A have a negative effect on the %E. On
the other hand, Figure 2b shows the contours between M and A for the %E of the WCO.
The figure shows that there is a constant %E yield for a set of M and A, which is shown as
elliptical contours within the graph. The optimal output range could be visualised as these
graphs plotted the holding reaction temperature (60 ◦C) and reaction duration (90 min) at a
constant optimised value.

2.1.3. Effects of Methanol to Oil Ratio (M) and Reaction Temperature (T)

The 3D response plot for acidity removal (E, %) is shown in Figure 3a when the
methanol to oil molar ratio (M) and reaction temperature (T) were varied while holding
the other two parameters at their optimal values. The catalyst weight was held constant at
1.9 wt.%, and the reaction time was held at 90 min. Thus, the variation of M and T were
inspected to observe their effect on %FFA removal (%E) in the system. When the reaction
temperature starts increasing from 55 ◦C to 60 ◦C, the acidity removal content increases at
any given methanol content. However, the %E starts reducing at a slower rate (for higher
M values) when the temperature increases beyond 60 ◦C. Similarly, for any values of T, the
increase in M up to 8.5 is observed to increase the FFA removal rate, but beyond that, the
%E starts decreasing. The contour graph in Figure 3b shows that there is a constant circular
shape contour for a constant value of %E, which implies that there could be two solutions
of M for each T value or vice versa. With the increased efficiency of the FFA removal rate,
the perimeter of the contour starts shrinking. A higher percentage of %E has a very low
range of M and T to be varied.
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2.1.4. Effects of Methanol to Oil Ratio (M) and Reaction Time (D)

Figure 4a shows the response surface of the acidity removal (E, %) against the methanol
to oil molar ratio (M) and reaction time (D). The graphs are plotted considering the other
two operating parameters being constant at their optimal level of contribution, i.e., 1.9 wt.%
of acid catalyst and 60 ◦C for the reaction temperature. Here, the %E increases for any
value of reaction duration up to the optimal value of M but starts reducing for any M and
D after M reaches the optimal range. On the other hand, for any constant M, it has been
observed that the FFA removal efficiency decreases with the increase in reaction duration.
Thus, it was observed that both M and D have a mutually positive and negative synergistic
effect on %E removal. The contour graph in Figure 4b shows that the %E relationship with
M and D’s mutual effect varies like pyramids. Initially, a small variation of M could show
a constant amount of FFA removal for a wider range of D. However, as the value of M
approaches the optimal range for the other two holding parameters, i.e., catalyst content
(1.9 wt.%) and reaction temperature (60 ◦C), the pyramid or triangular variation is clearly
observed. It has been shown that the variation of both M and D was remarkably reduced
as the %E approaches the maximum value. The optimal reaction duration (D) was found to
be 90 min, for which the value of M could vary within a very narrow standard deviation of
around 8:1 of M. With the considered RSM analysis, the optimal response has been obtained
to have 8.12:1 as the methanol to oil molar ratio.

2.1.5. Interaction between Acid Catalyst (A) and Reaction Temperature (T)

The effect of the acid catalyst content and that of the reaction temperature in devel-
oping the response of acidity removal (%E) is shown in Figure 5a as a response surface.
The mutual effect between A and T is shown in the contour graph in Figure 5b. While
producing these relationships, the other two parameters, methanol to oil ratio (8.12:1 M)
and reaction time (90 min), were kept constant at their optimal conditions. The response
plot shows that at any given catalyst concentration, the variation of reaction temperature
shows varying behaviour in the developing response of E. The contour plot shows that
the maximum level of response of FFA removal (~98.83%) can be obtained at the centre
of the graph between the varying values of A and T. The range of varying the catalyst
concentration is shown as very narrow, even though the quadratic effect of both the reaction
temperature and catalytic concentration content is on the positive side of the significant
effect development as per the normal plot. The Pareto chart also indicates that the mutual
effect of the catalyst concentration and the reaction temperature is significant, but at a very
low rate. Both these parameters are on the opposite side of the standardised effect’s fit line
compared with the normal plot.

2.1.6. Interaction between Acid Catalyst (A) and Reaction Time (D)

Figure 6a is a response surface plot of acidity removal (E, %) with the change in the
acid catalyst content (A) and reaction time (D). The other two parameters, methanol to
oil molar ratio (M) and temperature of reaction (T), were kept constant at 8.12 M and
60 ◦C, respectively. The mutual relation between A and D controls the change of %E varied
between 95% and 100%. A catalyst content increase from 1.5 wt.% up to about 2 wt.%
shows an increase in the percentage values for all reaction durations, but the %E reduces
when the catalyst content increases beyond the optimal value of A. Every constant value
of A shows a gradual decrease of %E with the increase of D up to 135 min and then starts
increasing. The variation of increase and decrease of %E spanned within a narrow range of
E. On the other hand, the contour graph in Figure 6b shows that the maximum of E was
constant for a range of A between 1.70 wt.% and 2.20 wt.% and for a reaction duration
between 90 and 100 min. It showed that for a constant catalyst content, the amount of E
reduced with the increase in D. However, there could be multiple values of catalyst content
for a constant D to achieve the same quantity of FFA removal content.
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2.2. Kinetic Parameter Determination for the Esterification Process of WCO

The kinetic parameter determination was performed at the optimal design level ob-
tained from the RSM analysis. In this section, the reaction kinetics for the esterification
process was determined by considering it as a (i) pseudo-homogeneous irreversible pro-
cess [33] and (ii) pseudo-homogeneous first-order irreversible process. Both systems are
presented as follows.

2.2.1. Determination of Kinetic Parameters for a Pseudo-Homogeneous Irreversible
Esterification Process

To determine the reaction kinetics, the optimal conditions for the methanol to oil
molar ratio (M) and H2SO4 acid catalyst (A) were held constant at 8.12:1 M and 1.9 wt.%,
respectively. In order to determine the kinetic parameters of the WCO esterification process,
which is a pseudo-homogeneous irreversible esterification process [33], the following FFA
conversion fraction data at various times (0 min, 60 min, 75 min, and 90 min) were obtained
for 50 ◦C, 55 ◦C, and 60 ◦C, as presented in Figure 7.

In this process, the reaction order, rate equation of the esterification reaction, activation
energy, and related kinetic model were obtained. The R-square values of the regression
fits are also presented in Figure 7. The regression fit and experimental fit are of very good
conformity. Indeed, the FFA removal rates are non-linear functions of time at a given
temperature and other reaction conditions.

Here, the following rate equation can be written for a pseudo-homogeneous irre-
versible process [33]:

ln
(

dXE
dt

)
= n ln[CA0(1− xE)] + ln k2 (1)

where k2 = k’/CA0 = reaction rate constant.
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Based on the regression equations found for FFA removal against time, the graph plot
between ln[CA0(1 − XE)] and ln(dXE/dt) to determine the reaction order and the reaction
rate constant is shown in Figure 3 following Equation (1).

The reaction rate constant and reaction order can be obtained as follows in Table 1.

Table 1. 1/T vs. lnk for the WCO esterification process kinetic measurement.

T (◦C) T (K) n (Order) lnk’ k’ k = k’*CA0 1/T lnk Average Reaction
Order, n

60 333 1.1768 −2.2923 0.1010338 0.101034 0.003003 −2.2923
1.15155 328 1.1612 −3.4144 0.0328961 0.032896 0.003049 −3.4144

50 323 1.115 −3.7529 0.0234496 0.02345 0.003096 −3.7529

The reaction orders and their corresponding rate constants for each of the considered
reaction temperatures have been determined from the regression equations in Figure 8 and
are tabulated in Table 1. Comparing Table 1 with the logarithmic form of the Arrhenius
equation (Equation (3)) can be used to determine the values of 1/T and lnk’; this method
was used to construct Figure 9.
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From Figure 9, the linear regression between 1/T and lnk’ can be shown as follows:

y = −15666x + 44.616 (2)

ln k = ln A f +

(
−Ea

R

)
1
T

(3)
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Now, by comparing the equations (Equation (2)) with (Equation (3)), the follow-
ing results can be obtained: frequency factor, Af = 2.38 × 1019 and activation energy,
Ea = 130,247.1 J/mol or 130.2471 kJ/mol.

Thus, the reaction rate equation can be expressed as follows:

rA = −dCA
dt

= CA0
dx
dt

= A f ·e[−
Ea
RT ][CA0(1− x)]n (4)

=> rA = 2.38× 1019e[−
130.2471

RT ][CA]
1.151

Thus, Equation (4) is the kinetic model for the WCO esterification process when the
esterification reaction is an irreversible pseudo-homogeneous reaction process.

As the reaction rate is determined from the graphical process, the fractional values of
the reaction orders are plausible based on these differential processes. Research works from
Zeng et al. [34], and Andreo-Martínez et al. [35] proposed conducting an integral method
where the reaction order is considered as any of the orders (i.e., zero-order, first-order,
second-order, or third-order) to fit the kinetic model.

2.2.2. Determination of Reaction Kinetics When the Esterification Process Is the
Pseudo-Homogeneous First-Order Irreversible Reaction Process

Figure 7 was used to determine the kinetic model of the process considered as a
pseudo-first-order homogeneous irreversible esterification reaction. The pseudo-first-order
homogenous first-order irreversible reaction process kinetics [36] can be determined by the
following equation:

r = −dCA
dt

= k1CA (5)

Here, due to the esterification reaction in the oil phase only, the concentration of FFA
at any time in the oil phase is considered CA. Furthermore, k1 is the overall first-order
reaction rate constant. Integrating Equation (5) within initial time and concentration, as
well as any time and concentration representing at that time, the first-order reaction rate
expression, can be obtained [36] as seen in Equation (6):

ln
(

CA0

CA

)
= k1t (6)

where CA0 is the initial concentration of FFA, and CA is the concentration of FFA at time t.
If x is the fraction of FFA removal, then CA = CA0(1 − x). Thus, the above Equation (7)

can be expressed as follows:
− ln(1− x) = k1t (7)

Hence, the reaction rate constant k1 can be obtained from the plot (Figure 10) be-
tween ln

(
CA0
CA

)
and t or −ln(1 − x) vs. t. Once the various values of k1 are obtained at

various temperatures, the values can be put in the logarithmic form of the Arrhenius equa-
tion to determine the values of activation energy and frequency factor for that particular
reaction process.

Table 2 can be obtained by comparing the figure (Figure 10) with the−ln(1− x) = k1t equation.
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Figure 10. Determination of the reaction constants for the esterification reaction kinetics of WCO.

Table 2. 1/T vs. lnk1 relation for WCO esterification.

T (◦C) T (k) Rate Const. k1
(1/mol·min) R-sq Value 1/T lnk1

60 333 0.0469 0.9982 0.003003 −3.059737604
55 328 0.0353 0.9929 0.003049 −3.343872315
50 323 0.0247 0.9828 0.003096 −3.700952035

From Table 2, the relation between 1/T and lnk1 can be plotted as follows in Figure 11.
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Figure 11. Plotting reaction kinetics in the Arrhenius equation for WCO esterification.

Comparing Figure 11 with the Arrhenius equation, the following results can be ob-
tained: frequency factor, Af = 4.73 × 107 and activation energy, Ea = 57,369.09 J/mol or
57.36909 kJ/mol.

Now, the reaction rate can be obtained as follows, based on Equations (5) and (7):

r = −dCA
dt

= k1CA = A f e[−
Ea
RT ]CA = 4.73× 107e[−

57.369
RT ]CA (8)
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2.3. The Relative Effect of Parameters on Yield from the Transesterification Process

Both the 2D contour and 3D response surface plots were produced to observe the
effects of two independent variables on the yield of WCB (WCO biodiesel) obtained from
the transesterification processes. When the effect of two variables was observed, the other
two independent variables were kept constant at their optimal values within the process.
Figures 12–17 show the total of six combinations of two variables from the four available
parameters: namely, methanol to esterified WCO molar ratio (M), amount of KOH catalyst
(B), reaction temperature (T), and the reaction time (D).
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Figure 12. Interaction effect of the methanol to oil molar ratio (M) and KOH catalyst content (B) on
the FAME yield (Y) of the transesterification process of WCO. (a) A 3D response surface plot of Y (%)
vs. M (M) and B (wt.%). (b) A 2D contour plot between M (M) and B (wt.%).
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Figure 13. Interaction effect of the NaOH catalyst content (A) and reaction time period (D) on the
FAME yield (Y) of the transesterification process. (a) A 3D response surface plot of Y (%) vs. B (wt.%)
and D (minutes). (b) A 2D contour plot between A and D.
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Figure 14. Interaction effect of the reaction temperature (T) and reaction time (D) on the FAME
yield (Y) of the transesterification process. (a) A 3D response surface plot of Y (%) vs. T (◦C) and D
(minutes). (b) 2A D contour plot between T (◦C) and D (minutes).
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Figure 15. Interaction effect of the reaction temperature (T) and methanol to oil molar ratio (M) on
the FAME yield (Y) of the transesterification process. (a) A 3D response surface plot of Y (%) vs. T
(◦C) and M (M). (b) A 2D contour plot between T (◦C) and M (M).
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Figure 16. Interaction effect of the reaction time (D) and methanol to oil molar ratio (M) on the FAME
yield (Y) of the transesterification process. (a) A 3D response surface plot of Y (%) vs. D (minutes)
and M (M). (b) A 2D contour plot between D (minutes) and M (M).
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Figure 17. Interaction effect of the reaction temperature (T) and catalyst content (B) on the FAME
yield (Y) of the transesterification process. (a) A 3D response surface plot of Y (%) vs. T (◦C) and B
(wt.%). (b) A 2D contour plot between T (◦C) and B (wt.%).

2.3.1. Effects of Catalyst Content (B) and Methanol to Oil Ratio (M)

We observed the effect of variation of the methanol (M) and catalyst (B) content to
%yield (Y) of fatty acid methyl ester (FAME). Figure 12 shows that the range of methanol
content varied from 5 M to 7 M, whereas the catalyst content varied from 1.0 wt.% to
2.0 wt.% of esterified oil. For the other parameters, the reaction temperature was kept
constant at 60 ◦C, and the reaction time was held constant at 110 min as obtained from
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the optimisation. Figure 12a shows that the fatty acid methyl ester yields very gradually
increase from low to high with an increase in M up to 6.2, and again decrease from high
to low values for both methanol contents. The catalyst change effect on yield efficiency
varied within a very narrow range of Y. The normal plot shows that the catalyst content has
a very small negative effect on yield content and that the methanol content has a positive
effect. Therefore, both the methanol and KOH contents must be increased to improve their
effect on achieving a higher yield of FAME (WCB). Figure 12b shows the contour lines and
relevant regions where the contour value (yield) is valid for the set of (M, B). The inner
contour (100%) shows that the methanol molar ratio can be varied from 6.2 M to 6.8 M and
catalyst content varied from 1.05 wt.% to 1.7 wt.% to obtain the yield values.

2.3.2. Effects of Catalyst Content (B) and Reaction Time (D)

Here, Figure 13a,b show the contour plot and surface plot for the interaction effect of
the catalyst content and reaction time, respectively. The maximum output can be obtained
within the range of 1.05 wt.% to 1.5 wt.% of catalyst, and the time requirement is more
than 70 min. In this case, the other parameters, methanol content and reaction temperature,
were kept constant at 6.2 M and 60 ◦C, respectively. The normal plot shows that the catalyst
content (B) has a negative effect, while reaction duration has a positive effect on providing
yield. However, the mutual interaction between B and D has a positive effect, and it is
expected that increasing the catalyst quantity will increase the better synergistic effect of
both parameters.

2.3.3. Effects of Reaction Temperature (T) and Reaction Time (D)

Figure 14a,b are the 2D contour and 3D surface plots for determining the effect of
reaction temperature (T) and reaction time (D) on biodiesel yield (Y). Though both the
T and D have a positive effect on the yield response, temperature is the most influential
parameter with respect to yield efficiency. The 2D contour shows that for a constant output
line of yield efficiency, the temperature can vary a negligible amount for a whole range of
time, increasing from 60 to 120 min. Moreover, the increase in temperature increases the
yield efficiency. The 3D surface graph shows that the increase in yield efficiency gradually
increases for any reaction duration. Further, the increase of D at any constant T does not
effectively vary the yield of biodiesel. As per the normal graph, the mutual effect of D and
T has an overall positive effect.

2.3.4. Effect of Methanol to Esterified WCO Content (M) and Reaction Temperature (T)

As the yield efficiency increases for the response experiments, the range of variation
of both the methanol content (M) and reaction temperature (T) becomes very narrow, as
shown in Figure 15a,b. In both the 2D contour plot and 3D surface plots, the maximum
output ranges within 6.01 M to 6.4 M methanol for the approximate temperature zone
of 58 ◦C to 60 ◦C. The normal plot shows that both T and M are the two most significant
positive factors in increasing the yield efficiency of the transesterification process. For a
certain yield quantity, the temperature starts decreasing up to a curvature minimum point,
and again increases to show the range of the methanol to oil molar ratio variation. While
observing these two factors, the catalyst content was held at 1.2% (wt.%) and the reaction
duration at 110 min. Thus, the area contour covered by the interaction line between M and
T indicates the desired area for optimal biodiesel production.

2.3.5. Effects of Methanol to Esterified Tallow Content (M) and Reaction Time (D)

Figure 16a,b are the response effectiveness plot for the varying quantity of methanol
to oil content (M) and reaction time period (D) to provide the response with respect to yield
efficiency of the transesterification process. The regression model shows that the maximum
FAME can be obtained for the methanol content ranging from 6.0 M to 6.6 M, and the
reaction time should be more than 70 min. 2D contours demonstrate that, with increasing
reaction duration by holding both the catalyst content and temperature at their optimal
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stage, there is a widening contour area of methanol to oil ratio to generate the same yield
quantity. On the other hand, the 3D surface plot shows that the increase of M gradually
increases the yield at a quadratic nature for any reaction duration. Also, the plot shows
that the yield reaches a maximum at the apex of curvature for a certain value of M. Beyond
the peak yield point of curvature further increase in M reduces the yield efficiency. The
change of D showed little effect in this situation. M and D have a negative mutual effect
on the yield, though individually, these two factors have outstanding contributions to the
yield response.

2.3.6. Effects of Methanol to Reaction Temperature (T) and Catalyst Content (B)

Figure 17a,b show that the independent parameters T and B can be varied within the
given regions of 50 ◦C to 60 ◦C and 1.0 wt.% to 2.0 wt.%, respectively. The maximum yield
(FAME content) can be obtained at a higher temperature zone which is clearly beyond
58 ◦C. At such conditions, the maximum yield efficiency contour shows a range of catalyst
content from 1.2% to 1.7% (wt.%). The 3D surface plot clarifies the relationship between the
independent relation of one parameter while the other one is constant. For both of these
observations, the other parameters M and D were kept constant at their optimal values.
The normal plot shows that the increased catalyst will overcome its negative effect on
yield as it is very near to the t-distribution line on the plot. The mutual effect of these two
parameters is also positive. Thus, the variation of yield biodiesel on the 3D curve is well
understood. Though the increase in catalyst content has been indicated by the normal plot,
the 3D surface plot shows that there is a point where the yield efficiency starts decreasing
with the increase in the catalyst. For any quantity of catalyst, the temperature increase
shows a gradually increasing trend of yield efficiency. Therefore, the optimal quantification
of catalyst content can be indicated to be between 1.5 and 1.8 for the lowest temperature,
but the highest temperature of 60 ◦C shows that the catalyst optimisation could be a very
nearest value of 1.2–1.5%.

2.4. Determination of Kinetic Model for Transesterification Process of WCO

In this study, only the single-step shunt process of transesterification reaction of the
WCO triglycerides was considered, along with assumptions of homogeneous irreversible
process kinetics [37]. The kinetic models were determined for pseudo-first-order and nth-
order homogeneous irreversible processes following the described models in the cited
articles. After the optimisation process, biodiesel’s maximum predicted yield could be
obtained for the 6.1:1 M methanol to WCO oil molar ratio, 1.2% (wt.%) KOH catalyst
with respect to the oil quantity, reaction temperature of 60 ◦C, and reaction duration of
110 min. The optimal yield was found to be 99.77% for these parameters. In order to obtain
the reaction kinetics for these conditions, the following sets of biodiesel production were
analysed as in Figure 18. While keeping both the methanol to oil molar ratio (M) and KOH
quantity (B) at their optimal values, the temperatures were varied at 50 ◦C, 55 ◦C, and
60 ◦C. For each of these temperatures, the biodiesel production efficiencies were recorded at
various times. The polynomial regression fit of all of these results is presented in Figure 18.
The R-square values in the 3rd order polynomial regression fit show very good conformity
with the achieved results.

2.4.1. Transesterification Process Kinetics for Pseudo-First-Order Homogeneous
Irreversible Reaction

When the transesterification process is considered as a pseudo-first-order homoge-
neous irreversible process reaction, the kinetic model can be derived as presented in the
articles [35,36,38]. It is to be noted that these models can be used for any other methods
of the transesterification process to produce biodiesel where the objective of the kinetic
modelling is to observe the relationship between time and temperature to determine the
activation energy and frequency factor of the reaction process [39]. If x is considered as a
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fractional conversion entity of methyl ester from WCO in the batch reactor, we obtain the
following equation for reaction kinetics [37,38] (Equation (9)):

ln(1− x) = ln
(

[TG]

[TG0]

)
= −k1t, or− ln(1− x) = k1t (9)
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Hence, for various values of T, the plot between −ln(1 − x) and time (t) can be plotted
as in Figure 19. The R-square values indicating good regression fit in Figure 19.
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Comparing the regression fits of Figure 19 with − ln(1− x) = k1t [37], the values of
1/T and lnk1 can be determined as presented in Table 3.

Table 3. Determination of 1/T and lnk1 for the WCO transesterification kinetics.

T (◦C) T (k) Rate Const. k1
(1/mol·min) R-sq Value 1/T lnk1

60 333 0.0394 0.987 0.003003 −3.233989463
55 328 0.0256 0.9698 0.003049 −3.665162927
50 323 0.0197 0.968 0.003096 −3.927136643

Data of 1/T and lnk1 from Table 3 can be plotted to obtain Figure 20 to determine the
activation energy as the curve’s slope.
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Figure 20. 1/T vs. lnk1 plot to determine the activation energy (Ea) and frequency factor (Af) for the
Transesterification process.

Comparing the regression equation with the logarithmic form of the Arrhenius equa-
tion, the following results can be obtained: frequency factor, Af = 1.9 × 108 and activation
energy, Ea = 61,902.718 J/mol or 61.90272 kJ/mol. Therefore, the overall reaction rate
(kinetic model of the transesterification process) can be expressed as follows:

r = −dCB
dt

= k1CB = A f e[−
Ea
RT ]CB = 1.96× 108e[−

61.903
RT ]CB (10)

The reaction kinetic model in Equation (10) has been developed, considering the
process as a pseudo-first-order homogeneous irreversible reaction [37].

2.4.2. Transesterification Process Kinetic Modelling for WCO Biodiesel Production When
the Reaction Is a Pseudo-Homogeneous Irreversible Process

However, if we consider the transesterification process to be a pseudo-homogenous
irreversible process, then the following kinetic modelling can be performed.

Based on the regression fit in Figure 18, the following relationship (Figure 21) can be
determined as followed by Banchero and Gozzelino [40]. The regression fits in Figure 21
shows a very good R-square fit. The slopes of these regression equations are the respective
reaction orders of the process.
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Thus, we compare the regressions in Figure 21 with the following equation (Equation (11)):

ln
(

dx
dt

)
= ln k′ + n ln[CB0(1− x)] (11)

And, k′ =
k

CB0
(12)

The reaction rate constant and the reaction order can be obtained as follows in Table 4.

Table 4. 1/T vs. lnk graph for the WCO transesterification process kinetics.

T (◦C) T (K) n
(Order) lnk’ k’ k =

k’*CB0
1/T lnk

Average
Reaction
Order, n

60 333 1.0095 −2.8348 0.05873 0.05873 0.003003 −2.8348
1.08813355 328 1.0962 −3.4466 0.031854 0.031854 0.003049 −3.4466

50 323 1.1587 −3.7215 0.024198 0.024198 0.003096 −3.7215

Figure 22 can be plotted for various values of 1/T and lnk from Table 4. The slope of
the graph can be used to determine the activation energy of the process kinetics.

Comparing the equation derived from Figure 22 with the Arrhenius equation, the
following results can be obtained: frequency factor, Af = 1.43 × 1011 and activation energy,
Ea = 79,133.48 J/mol or 79.13348 kJ/mol.
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Thus, the kinetic equation of the WCO transesterification process for a pseudo-
homogeneous irreversible process consideration can be estimated as follows:

r = kCn
B = A f e[−

Ea
RT ][Cn

B] = 1.43× 1011e[−
79.13348

RT ]C1.088133
B (13)

2.5. WCO Fatty Acid Composition and Properties

The fatty acid composition of the produced biodiesel through the optimisation process
had the highest amount of methyl oleate (C18:1) at 44.1 wt.%, which was followed by methyl
linoleate (C18:2) and methyl palmitate (C16:0) at 23.5 wt.% and 16.5 wt.%, respectively.
Other constituents included 4.8 wt.% of methyl myristate (C14:0), 1.9 wt.% of methyl palmi-
toleate (C16:1), 4.1 wt.% of methyl stearate (C18:0), 3.99 wt.% of methyl linolenate (C18:3),
0.69 wt.% of methyl behenate (C22:0) and 0.41 of wt.% methyl arachidate (C20:0). Based
on the composition, the WCO biodiesel contained a total of 26.5 wt.% of saturated FAME
component, 46.0 wt.% of monounsaturated FAME, and 27.49 wt.% of polyunsaturated
FAME. Table 5 shows the physicochemical properties of the WCO biodiesel.

Table 5. Physicochemical properties of the WCO biodiesel.

Physicochemical Properties WCO
Biodiesel Test Standards ASTM D6751/EN 14214

Limits

Kinematic viscosity (mm2/s, at 40 ◦C) 5.31 ASTM D445 1.9–6.0 (ASTM)
Density (kg/m3, at 15 ◦C) 889 EN ISO 3675 860–900 (EN)

Higher heating value (MJ/kg, HHV) 40.16 ASTM D4868 -
Lower heating value (MJ/kg, LHV) 39.51 ASTM D4868 -

Oxidation stability (hours, at 110 ◦C) 8.88 EN 14112 >8 h (EN)
Flash point (◦C) 172.1 ASTM D93 100–170 (ASTM)
Pour point (◦C) −3.2 ASTM D97 -

Cloud point (◦C) 3.5 ASTM D2500 Location and season
dependent

Cold filter plugging point (CFPP, ◦C) −1.3 EN 116 Location and season
dependent

Cetane number (CN) 57.98 ASTM D613 >47 (ASTM)
Iodine value (IV, g I2/100 g oil) 91.11 EN 14111 <120 (EN)

Saponification value
(SV, mg KOH/g oil) 204.12 ASTM D5558 -

Acid value (AV, mg KOH/g oil) 0.24 EN 14104 <0.50 (ASTM/EN)
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3. Discussion

Zuccaro et al. [41] mentioned the implementation of the “circular economy” idea,
which necessitates a rising effort to recycle waste from all human activities. The waste
should be converted into secondary raw materials with equal usefulness. Waste products
should be reused or recycled after their life cycle [42]. This study is an effort to utilise the
circular economy concept by using waste cooking oil to produce biodiesel as a sustainable
energy source. Table 6 shows that most of the studies that discuss kinetic parameters also
discuss the transesterification process, and the catalysts used were both homogeneous and
heterogeneous. In general, activation energy (Ea) is the smallest amount of energy held
by colliding molecules towards the formation of a product [43]. A steeper Arrhenius plot
generally indicated greater activation energy of the transesterification process, while a flat
slope suggested a low Ea. A higher Ea value indicates a slower reaction rate, which may be
countered by adding a catalyst or raising the reaction temperature. In addition, by adding
more solvent and using microwave or ultrasonication techniques to aid transesterification,
this may be further decreased. Furthermore, higher Ea responses change more quickly
across the same temperature range and are more sensitive to temperature fluctuations.
However, low Ea and flat slope reactions show that the reaction rate is unaffected by
temperature. Pugazhendhi et al. [44] reported that transesterification of WCO followed
first-order kinetics with the reaction’s activation energy and frequency factor determined as
57.82 kJ/mol and 74× 106 min−1, respectively. Even though Mercy Nisha Pauline et al. [43]
reported a lower Ea than Pugazhendhi et al. [44], the authors used a higher catalyst
percentage for the transesterification process. Al-Saadi et al. [45] studied a simultaneous
esterification and transesterification process using SrO–ZnO/Al2O3 as the bifunctional
catalyst and reported a 95.7% conversion to biodiesel in 5 h reaction time. In our study,
sequential esterification and transesterification were carried out, which resulted in a similar
Ea reported by other studies.

Table 6. Optimal reaction parameters and kinetics of the transesterification process of oil.

Feedstock Methanol: Oil
Molar Ratio Catalyst Biodiesel

Yield (%)
Temp.
(◦C)

Time
(min) Kinetic Parameters Ref.

Waste cooking oil
(bubble washing

before
transesterification)

10.6:1 0.6%
(w/w) 90 ± 0.25 63 63

First-order kinetics
Ea = 57.82 kJ/mol

A = 74 × 106 min−1
[44]

Waste cooking oil
(Transesterification) 6:1 NaOH

1% (w/v) 90 60 120
Irreversible

pseudo-second-order
Ea = 27.24 kJ/mol

[43]

Waste cooking oil
(Transesterification) 14:1 CaO/SiO2

8% w/w 91 60 90

Adsorption, surface
reaction and desorption
A = 5.44 × 108 min−1

Ea = 66.27 kJ/mol

[46]

Waste cooking oil
(batch reaction) 14:1 K–CeO2

1.5 wt.%
99.09

(conversion) 65 ± 0.5 75

Adsorption, surface
reaction and desorption

Ea = 50.1 kJ mol−1

A = 35.4 × 105 min−1

[47]

Waste cooking oil
(Simultaneous

esterification and
transesterification)

10:1
(ethanol)

SrO–
ZnO/Al2O3

as bifunctional
catalyst
15 wt.%

95.7
(conversion) 75 300 - [45]

Waste cooking oil
(Batch reaction)

Esterification then
transesterification

8.12:1
then
6.1:1

1.9 wt.% of
H2SO4

1.2 wt.% of
KOH

99.77 60 (for
both)

90
Then
110

Pseudo-homogeneous
first-order irreversible

Esterification:
Ea = 57.36909 kJ/mol
A = 4.73 × 107 min−1

Transesterification:
Ea = 61.90272 kJ/mol
A = 1.43 × 1011 min−1

This work
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4. Materials and Method
4.1. Materials

In this study, WCO was collected from local restaurants to produce biodiesel. All
purchased chemicals, such as methanol (CH3OH), sulfuric acid (H2SO4), and potassium
hydroxide (KOH) were of analytical grade, and the catalysts were of 99.5% purity.

4.2. Method for Biodiesel Production from WCO

Before the esterification reaction, the collected WCO was heated at a temperature of
110 ◦C for 1 h to remove moisture. Then, the oil was cooled to filter with a grade 1 filter to
remove all of the visible impurities and sediments due to heating. The acid values (AV) of
the WCO, esterified oil, and biodiesel were measured following the titration method, i.e.,
the AOCS Official Method Cd 3d-63 (revised method in 2017 for the acid value determination
of fats and oils) [48,49]. Once the AV was determined, the free fatty acid (FFA) contents
were determined by following the relationship between the FFA and AV [50].

Then, the WCO was placed into the conventional batch reactor (volume: 300 mL) for
the esterification reaction. Methanol was measured according to the experiment’s design
amount and injected into the reaction together with the WCO. The experimental control
system set both the temperature and vigorous mixing of the substances as the oil is not
soluble in methanol. Mixing was assured with a magnetic stirring rod by maintaining
a mixing speed of 600–650 rpm so that a well-developed vortex could be seen for the
methanol–WCO mixture. Once the mixture temperature reached the set temperature, the
designed amount of H2SO4 was mixed into the reactor. The reaction time was recorded,
and intermittent samples (10–15 mL) were taken out from the reactor after various reaction
time intervals. The samples were cooled off and later used for the determination of acid
values (i.e., FFA content). When the reaction was finished, the liquid mixture was placed in
a separating funnel to settle for 8–12 h. After settling down, the esterified oil was collected
and dried again at 110 ◦C for 30 min to remove both the remainder of the methanol as well
as moisture. No methanol recovery option was adopted in this study.

The dried esterified oil was placed in the reactor (volume: 300 mL) and heated to
the necessary temperature for the transesterification reaction. While the oil was being
heated, the KOH catalyst was dissolved into methanol in another beaker with the magnetic
stirrer. For convenience, the methanol–KOH mixture was heated up to the level of the
reaction temperature. After mixing the methanol–KOH solution with hot esterified oil,
the reaction time was recorded, and the yield mixture was placed into a separating funnel
to settle down. After 8–12 h of settling time, the glycerine and other impurities were
removed from the bottom, and the top layer was washed with warm water a few times
and subsequently dried again at 110 ◦C for 1 h. The dried biodiesel was centrifuged to
remove any further impurities. Once the biodiesel was obtained, a sample amount was
labelled to determine the characteristics of the fuel and conduct experimental work. The
yield efficiency of biodiesel production is determined by measuring the biodiesel and WCO
feedstock’s weight at the beginning of the esterification process [50].

4.3. Optimisation of Esterification Process of WCO
4.3.1. Design for Optimal Esterification Reaction Experiments

The acid value of the WCO was found to be 13.71 (6.89% FFA content). A number of
distinct esterification reactions were performed to determine the optimal reaction condition
for the conventional batch reactor type esterification process. The test conditions were: 6:1
M, 9:1 M, and 12:1 M methanol to oil ratio; 1.5%, 2%, and 2.5% (wt.%/wt. of oil) of H2SO4;
and reaction times of 90 min, 135 min, and 180 min. The stirring speed of the reactor was
maintained at 600 rpm with a magnetic stirrer.

4.3.2. Design for Esterification Process RSM Analysis

The four-factored and two-level face-centred (α = 1) central composite design (CCD)
model considered in this RSM analysis, which was performed by Minitab 18.0 [51], is shown
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in Table 7. The model was designed with a single replicate that estimated
31 sampling experiments chosen from 3 available sampling designs for the CCD algo-
rithm in the statistical software Minitab. Both the coded and un-coded values for all
31 samples are presented (Table 8). Moreover, the predicted values of acidity removed (%)
are presented along with the experimentally (titration method) derived acidity removal in
Table 8. The optimisation result can be considered sustainable with repeatability for the
given operating conditions. The experimental results varied from 83.99% acidity removal
to a maximum of 98.37% of acidity removal with the adopted experimental conditions. The
predicted results show 84.09% minimum and 98.341% maximum acidity removals for the
experimental lowest and highest acidity removal operation conditions.

Table 7. Coded and un-coded values of levels and factors (WCO esterification).

Design Summary (Face-Centred CCD, α = 1):

Factors: 4 Replicates: 1 Base blocks: 1

Base runs: 31 Total runs: 31 Total blocks: 1

Two-level factorial (Full factorial) Point Types:

Cube points Centre points in cube Axial points Centre points in axial

16 7 8 0

CCD Factors and limits:

Factors Coded Factor Symbol Low High

Methanol: Oil (M) A M 6 12
H2SO4 (wt.%) B A 1.5 2.5

Temperature (◦C) C T 55 65
Time (minutes) D D 90 180

Table 8. RSM analysis of the esterification process with percentile quantity of the experimental and
predicted acidity removal.

Run Order M A T D %E Removal (Exp) %Ep Removal (Predicted)

1 6 1.5 55 90 92.85 92.87
3 6 2.5 55 90 94.46 94.51
5 6 1.5 65 90 91.94 91.81
7 6 2.5 65 90 94.29 94.33
9 6 1.5 55 180 89.41 89.45

11 6 2.5 55 180 90.81 90.76
13 6 1.5 65 180 90.63 90.69
15 6 2.5 65 180 92.79 92.91
17 6 2 60 135 95.69 95.58
19 9 1.5 60 135 97.15 97.21
20 9 2.5 60 135 94.62 94.56
21 9 2 55 135 94.66 94.59
22 9 2 65 135 94.89 94.96
23 9 2 60 90 98.37 98.34
24 9 2 60 180 97.11 97.19
25 9 2 60 135 97.29 97.33
26 9 2 60 135 97.23 97.28
27 9 2 60 135 97.35 97.28
28 9 2 60 135 97.45 97.28
29 9 2 60 135 97.01 97.28
30 9 2 60 135 97.19 97.28
31 9 2 60 135 97.33 97.28
2 12 1.5 55 90 92.49 92.51
4 12 2.5 55 90 85.16 85.20
6 12 1.5 65 90 91.21 91.20
8 12 2.5 65 90 84.61 84.65

10 12 1.5 55 180 91.49 91.51
12 12 2.5 55 180 83.99 84.09
14 12 1.5 65 180 92.38 92.43
16 12 2.5 65 180 85.63 85.66
18 12 2 60 135 91.89 91.93
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4.3.3. Response Surface Regression

The FFA content of the system was determined at start time, 90 min, 135 min, and
180 min by collecting samples from the reactors at a given experimental setup. Then, the
CCD model for the RSM analysis was performed as in Table 8, and the predicted yield
values were fitted under the quadratic equation mentioned in Equation (14). In this analysis
process, a single replica experimental system was formulated; that is why 31 experimental
investigations were performed in total. Each of these test runs was performed with 50 mL of
WCO collected after the time intervals. Based on the RSM analysis, the regression response
for acidity removal due to the esterification process is presented in the following quadratic
equation (Equation (14)). The equation shows that acidity removal is a dependent function
of the four considered parameters (their individual as well as mutual interactions). Both
the regression and experimental fits are compared and shown in Figure 23. Additionally,
the experimental fit and predicted fit of acidity removal are shown in Figure 24 as per
the experimental run order designed in Table 9. Both graphs show an excellent level of
conformity between the experimental and predicted data.
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Variables M A T D

Optimal Values 8.12121 1.89394 59.6465 90

Response Fit SE Fit 95% CI 95% PI

Acidity removed 98.8479 0.062 (98.7164, 98.9794) (98.6140, 99.0818)

Predicted acidity removed (%)

Ep = 97.282− 1.89M− 1.2883A + 0.1694T− 0.6189 D− 3.5127M2

−1.4177A2 − 2.5277T2 + 0.4373D2 − 2.2312MA
−0.0888MT + 0.62MD + 0.1863AT− 0.045AD
+0.54TD

(14)
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4.3.4. Response Optimisation

The statistical software Minitab 18.0 was used to determine the optimal response
based on the RSM analysis. The optimal conditions for the removal of acidity (FFA content)
are presented in Table 2 with a 95% confidence interval (95% CI). The values of the coded
parameters obtained for the optimal conditions in Table 10 can be decoded as methanol to
oil molar ratio of 8.12:1 M, H2SO4 content at 1.89 wt.% of the WCO, reaction temperature
of 59.65 ◦C, and reaction time of 90 min. Based on the optimisation analysis, the maximum
removal of FFA from the WCO could be achieved at about 98.8479%, with a standard error
fit (SE fit) of just 0.062 and a very narrow range of 95% CI for these obtained operating
conditions in a conventional batch reactor esterification process. The smaller values of the
SE fits indicate the high-level precision of the analytically determined mean response based
on the specified set of values and factors provided for the RSM analysis.

4.3.5. Analysis of Variance (ANOVA) for WCO Esterification Process

An analysis of variance (ANOVA) test has been performed along with the RSM
analysis to determine the statistical significance of the variables. The results are presented
in Tables 11 and 12. The p-values obtained for the individual parameters are found to be
less than the significance level (i.e., p < 0.05) except for in the two-way interaction between
acid catalyst and the reaction time period (A*D, p = 0.066). The p-value (i.e., p < 0.05)
implies that the parameters are statistically significant and reject the null hypothesis of the
experimental investigations. The F-value of the overall ANOVA model is 4359.11, with the
p-value equal to 0, which indicates a higher significance in the regression analysis process.
Usually, the F-value for the model (or blocks, factor terms, etc.) searches whether any terms
within the model have a dissociation with the responses. The p-value is also measured
from the F-value analysis. The F-value in the lack-of-fit section is very low in comparison
to the model F-value, which indicates that they did not fail to include any terms to analyse
the experimental results. The reason for having the F-value in the lack-of-fit is due to
a negligibly higher p-value for the A*D term. The reason for obtaining higher p-values
for the A*D term could be due to an unusual fit at observation number 20, in which the
experimental value is higher than the predicted fit with a standard error of 0.0271.
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Table 10. The ANOVA test of the quadratic model for the acidity removal of the WCO as a function
of the considered parameters (coded).

Source DF Seq SS ContributionAdj SS Adj MS F-Value p-Value

Model 14 508.107 99.97% 508.107 36.2934 4359.11 0

Linear 4 101.585 19.99% 101.585 25.3964 3050.3 0

M 1 64.298 12.65% 64.298 64.2978 7722.65 0
A 1 29.876 5.88% 29.876 29.8764 3588.39 0
T 1 0.517 0.10% 0.517 0.5168 62.07 0
D 1 6.894 1.36% 6.894 6.8944 828.07 0

Square 4 315.337 62.04% 315.337 78.8342 9468.58 0

M2 1 280.065 55.10% 32.021 32.0212 3845.99 0
A2 1 18.408 3.62% 5.216 5.2157 626.44 0
T2 1 16.367 3.22% 16.581 16.5807 1991.47 0
D2 1 0.496 0.10% 0.496 0.4964 59.62 0

2-Way
Interaction 6 91.185 17.94% 91.185 15.1975 1825.34 0

MA 1 79.656 15.67% 79.656 79.6556 9567.25 0
MT 1 0.126 0.02% 0.126 0.126 15.14 0.001
MD 1 6.15 1.21% 6.15 6.1504 738.71 0
AT 1 0.555 0.11% 0.555 0.555 66.66 0
AD 1 0.032 0.01% 0.032 0.0324 3.89 0.066
TD 1 4.666 0.92% 4.666 4.6656 560.37 0

Error 16 0.133 0.03% 0.133 0.0083

Lack-of-Fit 10 0.015 0.00% 0.015 0.0015 0.08 1
Pure Error 6 0.118 0.02% 0.118 0.0197

Total 30 508.24 100.00%

S R-sq R-sq
(adj) PRESS R-sq

(pred)
0.0912462 99.97% 99.95% 0.201949 99.96%

Table 10 also shows the standard deviation (S) of the analysis to be very low (i.e.,
0.0912462), which indicates that the responses are very closely fitted, and the range of
deviation is very low. However, the R-square value (99.97%) indicates that the model
can fit almost all the data within the response measured. The adjusted R-square value
(99.95%) is thus very close to the experimental R-square value, which indicates the high-
level reliability of the fit with the regression equation for the system. Table 11 shows
that the highest variance inflation factor (VIF) was 2.91 for the quadratic forms of the
parameters (i.e., M*M, A*A, T*T, and D*D), but the other parametric VIFs were just 1.00.
This factor explains how much multicollinearity (correlation between the predictors) can
affect the regression fit by varying the variance of the regression coefficients. As a result,
the overall response fails to recognise the distinct effect of correlated predictors. If VIF > 5,
then the regression coefficients are very badly estimated due to the high multicollinearity
effect [52]. In this analysis, the VIF values were much lower than 5, which indicates
acceptable estimation was performed for the experimental data analysed.
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Table 11. Coefficients of the coded parameters and the VIF of the response model for the esterification
process of WCO.

Term Coefficients Standard
Error 95% CI T-Value p-Value VIF

Constant 97.282 0.0271 (97.2246,
97.3394) 3593.99 0

M −1.89 0.0215 (−1.9356,
−1.8444) −87.88 0 1

A −1.2883 0.0215 (−1.3339,
−1.2427) −59.9 0 1

T 0.1694 0.0215 (0.1239, 0.2150) 7.88 0 1

D −0.6189 0.0215 (−0.6645,
−0.5733) −28.78 0 1

M2 −3.5127 0.0566 (−3.6327,
−3.3926) −62.02 0 2.91

A2 −1.4177 0.0566 (−1.5377,
−1.2976) −25.03 0 2.91

T2 −2.5277 0.0566 (−2.6477,
−2.4076) −44.63 0 2.91

D2 0.4373 0.0566 (0.3173, 0.5574) 7.72 0 2.91

MA −2.2312 0.0228 (−2.2796,
−2.1829) −97.81 0 1

MT −0.0888 0.0228 (−0.1371,
−0.0404) −3.89 0.001 1

MD 0.62 0.0228 (0.5716, 0.6684) 27.18 0 1
AT 0.1863 0.0228 (0.1379, 0.2346) 8.16 0 1

AD −0.045 0.0228 (−0.0934,
0.0034) −1.97 0.066 1

TD 0.54 0.0228 (0.4916, 0.5884) 23.67 0 1

Table 12. Central composite design (CCD) algorithm for the transesterification process of esterified WCO.

Design Summary (Face-Centred CCD, α = 1)

Factors: 4 Replicates: 1 Base blocks: 2

Base runs: 30 Total runs: 30 Total blocks: 2

Two-level factorial (Full factorial) Point Types

Cube points Centre points in cube Axial points Centre points in axial
16 4 8 2

Factors Coded Factor Symbol Low High

Methanol: Oil (M) A M 5 7
KOH (wt.%) B B 1 2

Temperature (OC) C T 50 60
Time (minutes) D D 60 120

4.3.6. Effects Plots for WCO Esterification Process

Both the Pareto chart (Figure 25) and normal chart (Figure 26) are representing the
relative scales of effects the parameters contribute to the predicted results. Here, the Pareto
chart indicates that the model includes the error terms for the response calculation. The
reference line valued at 2.1 shows that the interaction between the catalyst and reaction
time period BD (catalyst × time) is statistically insignificant in comparison to the other
terms with a significant response to the system. The most significant terms have been found
as the interactive effects of the methanol to oil molar ratio and quantity of the catalyst
(AB), methanol to oil molar ratio (A), quadratic effect of A, and catalyst content B. The
effectiveness rank can be shown with the coded parameters as AB > A > AA > B > CC >
D > AD > BB > CD > BC >>C > DD > AC. Though the Pareto chart identifies the effective
parameters for the response development within the system, the type of effectiveness can
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be determined from the normal plot of the standardised effects (Figure 25). It shows that
the positive effect within the reaction system can be found as AD > CD > BC > C > DD,
where AD (interactive effect of reaction time with methanol to oil molar ratio) is the highest.
On the other hand, the negative effects were obtained from the normal curve as AC < BB
< D < CC < B < AA < A < AB. Here, the blue-coloured BD term shows its insignificant
effect, as it is very near to the response effect line. These curves show that both the reaction
temperature and reaction duration are very influential in favouring the reaction for the
positive yield production purpose.
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4.4. Optimisation of the Transesterification Process of WCO
4.4.1. RSM Analysis and Optimisation of the Transesterification Process

The esterified WCO was processed under the transesterification process to produce
WCO biodiesel (WCB). The acid value of the esterified oil was 0.24 (0.12% FFA). The reac-
tion conditions for the transesterification process were: 5:1 M, 6:1 M, and 7:1 M methanol to
oil ratio; 1%, 1.5%, and 2% wt.% of oil KOH; 55 ◦C, 60 ◦C, and 65 ◦C reaction temperature;
and 60, 90, and 120 min of reaction time. The stirring speed of the reactor was maintained at
600 rpm with a magnetic stirrer. The RSM analysis was performed on Minitab 18.0 software
for the transesterification process. The quadratic model equation was as in the case of
the esterification process model. Once the RSM analysis was performed, the analysis of
variance (ANOVA) table was investigated to check the significant contribution of the con-
sidered parameters in the predicted yield. Then, the model was analysed to determine the
parametric conditions for an optimal yield of biodiesel from the transesterification process.

4.4.2. Design for Transesterification Process RSM Analysis

The experiments were designed as per the design summary provided in Table 12 to
obtain sufficient data to perform the statistical analysis using the central composite design
(CCD) algorithm. The factors were the methanol to oil molar ratio (M), amount (wt.%)
of KOH catalyst (A), reaction temperature (T), and reaction time (D). The ranges of the
respective factors considered for this process are presented in Table 6, with both coded and
actual values. In this case, the CCD algorithm provided a design matrix of 30 runs. All
30 experiments were performed, and the predicted yields based on the RSM analysis are
presented in Table 13.

Table 13. RSM analysis of the transesterification process of the esterified WCO.

Run Order M B T D Biodiesel Yield, Y (%) Predicted Yield, YP (%)

1 7 1 60 120 95.14 95.11
2 7 2 50 60 80.71 80.57
4 7 2 50 120 80.99 81.07
7 7 1 50 120 82.15 82.08

10 7 1 60 60 93.54 93.59
12 7 1 50 60 82.58 82.66
13 7 2 60 120 92.91 93.03
20 7 2 60 60 90.36 90.43
23 7 1.5 55 90 90.49 90.32
6 6 1.5 55 90 96.13 96.19
8 6 2 60 90 96.01 96.05

14 6 2 60 120 98.21 97.87
15 6 1.5 55 90 96.22 96.19
21 6 1.5 60 90 98.92 98.82
22 6 1.5 55 60 94.95 94.84
24 6 1.5 55 90 95.05 95.02
25 6 1.5 55 120 95.88 96.04
26 6 1 55 90 91.99 91.95
27 6 1.5 55 90 94.79 95.02
28 6 2 55 90 91.28 91.34
29 6 1.5 50 90 88.62 88.74
3 5 2 60 60 81.41 81.45
5 5 1 60 60 81.72 81.65
9 5 1 60 120 83.42 83.54

11 5 2 60 120 84.33 84.43
16 5 2 50 120 75.29 75.22
17 5 2 50 60 74.30 74.34
18 5 1 50 120 73.34 73.27
19 5 1 50 60 73.44 73.47
30 5 1.5 55 90 81.55 81.43
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The maximum predicted yield was obtained as 97.9167% against the maximum exper-
imental yield of 98.92% WCO biodiesel (WCB) for the operating condition set of 6:1 M (M),
1.5 wt.% (A), 60 ◦C (T), and 90 min (D) in the transesterification process. The predicted yield
was obtained as 98.82% for the same operating condition. On the other hand, the minimum
predicted yield was found as 80.71% in comparison to that the minimum experimental yield
of 80.57%. To observe the goodness of fit between the experimental yields and predicted
yields, Figure 27 was created to plot the experimentally derived methyl ester yields (%) vs.
the predicted yields (%) based on the RSM analysis, which shows a better linear regression
fit (R-square value = 100).

4.4.3. Response Surface Regression

The regression analysis was conducted by a full quadratic model to predict the yield
of the WCO-based fatty acid methyl esters (WCB). The full quadratic model equation
(Equation (2)) can be expressed as follows, where the catalyst content (A) has a negative
effect, along with the quadratic effects of the methanol content (M2), catalyst (A2), reaction
temperature (T2), reaction time (D2), and mutual interaction effects of methanol-catalyst
(MA), methanol-temperature (MT), methanol-reaction time (MD), and temperature-time
(TD). A brief explanation of these effects is presented later with both the normal plot and the
Pareto chart of the standardised effects. The un-coded regression fit of the transesterification
process of esterified WCO to predict the yield of methyl esters is presented as follows:

Yield, Yp (%) = −451.15 + 108.24M + 53.41B + 5.523T− 0.2514D
−9.0713M2 − 13.524B2 − 0.04984T2 + 0.000429D2

−1.4812MB + 0.13763MT− 0.00315MD− 0.111BT
+0.01707BD + 0.003398TD

(15)
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4.4.4. Response Optimisation

The regression equation used to determine the optimal fit is the quadratic model
equation presented in Equation (15). The limiting values of the factors and the regression fit
for the optimisation are shown in Table 14. It shows that the optimal yield could be 99.77%
with the reaction conditions of 6.1 M methanol, KOH 1.2% (wt.%) of oil, 60 ◦C reaction
temperature, and 110 min of reaction time in a batch reactor system. The 95% confidence
interval also lies between 99.60 and 99.94, which is a narrow range of standard distribution.
The standard error of fits (SE fits) was found to be very small, i.e., 0.0789, which indicates a
very high level of reliability of the response obtained as per the given factors and parameters
to be analysed in the RSM analysis in the study of the transesterification process.

Table 14. Determination of the optimal response for the transesterification process of WCO by the
RSM analysis.

Variables M B T D

Optimal values 6.1 1.2 60 110

Response Fit SE Fit 95% CI 95% PI

WCO biodiesel yield 99.7718 0.0789517 (99.6025, 99.9411) (99.4524, 100.091)

4.4.5. Analysis of Variance (ANOVA) for the Transesterification Process of WCO

The analysis of variance (ANOVA) test was performed (Table 15) for the multivariable
dataset presented in Table 13, and the RSM analysis was performed to determine the
statistical significance of the variables. The table shows that the p-values are mostly
significant by being lesser than the significance level (i.e., p < 0.05). Table 15 also shows
that the R-square value is 99.99%, the adjusted R-square value is 99.98%, and the predicted
R-square value is 94.95%. The higher level of R-square value indicates that the model
can deal with more than 99% of the experimentally derived data in this system to analyse
the prediction. The predicted R-square value and a higher level of adjusted R-square
value explain the efficiency of the fit between the experimental and predicted fit. Here in
this model, the regression fit is well standardised, and the p-value of the model is zero,
which means that the model can evaluate any predicted yield for any given set of reaction
parameters within the given set of values.

Table 16 shows the values of the coefficients of the quadratic model developed by
the RSM analysis as well as the coded parameters. The relevant p-values, T-values, 95%
CI (confidence interval), the variance of inflation factors (VIFs), etc., are also presented in
Table 16. Because the VIF values range between 1 and 2.57 in this model, which is less
than 5 (i.e., VIF < 5), there is no multicollinearity effect, and the values reflect that the
multicollinearity effect could not have any adverse effect on the parameters in building up
the regression model coefficients.

4.5. Reaction Kinetic Models for Esterification and Transesterification Processes of WCO

Both the esterification and transesterification processes can be explained as a reversible
heterogeneous process [53–56], pseudo-first-order pseudo-heterogeneous process [33,36,57],
pseudo-homogeneous irreversible process [33,57], pseudo-homogeneous second-order irre-
versible reaction [9,58], or a pseudo-homogeneous first-order irreversible reaction [28,36,59–62].
In this study, only pseudo-homogeneous irreversible and first-order pseudo-homogeneous
irreversible processes were investigated to determine the kinetic models of both the esterifi-
cation and transesterification processes. The reason for comparing these two types of kinetic
models was to observe whether the pseudo-homogeneous irreversible process assumptions
really convert the overall reaction into a first-order or nth-order kinetic model. The effect of the
optimal amount of catalyst and methanol has been inherently linked to the determination of the
relationship between reaction time and reaction temperature, which were the key parameters
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for the kinetic modelling of the processes. The key assumptions of the pseudo-homogeneous
reactions were as follows [28,33,36,57,59–62]:

Table 15. The ANOVA test of the transesterification process yield prediction (coded parameters).

Source DF Seq SS ContributionAdj SS Adj MS F-Value p-Value

Model 15 1864.91 99.99% 1864.91 124.327 7797.7 0
Blocks 1 304.65 16.33% 3.49 3.489 218.82 0

Linear 4 1019.23 54.65% 843.52 210.881 13,226.28 0

M 1 356.18 19.10% 356.18 356.178 22,339.18 0
B 1 14.49 0.78% 1.82 1.823 114.35 0
T 1 632.74 33.92% 477.8 477.799 29,967.16 0
D 1 15.83 0.85% 6.42 6.418 402.51 0

Square 4 517.84 27.76% 505.8 126.45 7930.86 0

M2 1 471.63 25.29% 274.06 274.062 17,188.96 0
B2 1 41.83 2.24% 29.69 29.691 1862.2 0
T2 1 3.62 0.19% 4.03 4.033 252.92 0
D2 1 0.76 0.04% 0.44 0.445 27.9 0

2-Way
Interaction 6 23.19 1.24% 23.19 3.864 242.37 0

MB 1 8.78 0.47% 8.78 8.776 550.45 0
MT 1 7.58 0.41% 7.58 7.576 475.18 0
MD 1 0.14 0.01% 0.14 0.143 8.94 0.01
BT 1 1.1 0.06% 1.3 1.302 81.67 0
BD 1 1.27 0.07% 1.09 1.09 68.34 0
TD 1 4.32 0.23% 4.32 4.321 270.99 0

Error 14 0.22 0.01% 0.22 0.016

Lack-of-Fit 12 0.19 0.01% 0.19 0.015 0.82 0.672
Pure Error 2 0.04 0.00% 0.04 0.019

Total 29 1865.13 100.00%

Model Summary

S R-sq R-sq(adj) PRESS R-sq(pred)

0.12627 99.99% 99.98% 1.02028 99.95%

Table 16. Coefficients of the regression fit and VIF values for the transesterification process of WCO.

Term Coef SE Coef 95% CI T-Value p-Value VIF

Constant 95.5939 0.0544 (95.4773, 95.7105) 1758.53 0
Blocks

1 0.5795 0.0392 (0.4955, 0.6635) 14.79 0 2.57
2 −0.5795 0.0392 (−0.6635, −0.4955) −14.79 0
M 4.4483 0.0298 (4.3845, 4.5122) 149.46 0 1
B −0.3105 0.029 (−0.3728, −0.2482) −10.69 0 1.05
T 5.0267 0.029 (4.9644, 5.0890) 173.11 0 1.05
D 0.587 0.0293 (0.5242, 0.6497) 20.06 0 1.02

M2 −9.0713 0.0692 (−9.2197, −8.9229) −131.11 0 2.16
B2 −3.381 0.0783 (−3.5491, −3.2130) −43.15 0 2.57
T2 −1.246 0.0783 (−1.4141, −1.0780) −15.9 0 2.57
D2 0.3865 0.0732 (0.2296, 0.5435) 5.28 0 2.34
MB −0.7406 0.0316 (−0.8083, −0.6729) −23.46 0 1
MT 0.6881 0.0316 (0.6204, 0.7558) 21.8 0 1
MD −0.0944 0.0316 (−0.1621, −0.0267) −2.99 0.01 1
BT −0.2775 0.0307 (−0.3433, −0.2116) −9.04 0 1.06
BD 0.256 0.031 (0.1896, 0.3224) 8.27 0 1.02
TD 0.5097 0.031 (0.4433, 0.5761) 16.46 0 1.02
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• Excessive methanol was used to dominate the reaction rates of both the esterification
and transesterification processes to be driven towards the product side only (i.e.,
esterified WCO oil and WCO biodiesel, respectively). Thus, the reversibility was
negligible for these reactions.

• The higher molar ratio of methanol to triglycerides indicates that the change in
methanol concentration due to the esterification reaction of the available FFA in the
triglycerides and that of conversion of triglycerides into fatty acid methyl esters do not
affect the rate of the reactions. Thus, it can be considered constant in a batch reactor.

• Sufficiently effective and higher stirring was conducted to lessen the hydrodynamic
effect and mass transfer resistance effect between methanol and FFA as well as between
methanol and WCO triglycerides.

• The overall reaction is considered to be a constant density and constant volume
reaction system.

• These models can also be used for non-catalytic processes, as the catalyst contents
were not used during the determination of the kinetics.

The respective model equations for the assumed kinetic models are presented in
Sections 2.2 and 2.4 while determining the kinetic models for esterification and transesteri-
fication processes for WCO oil to WCO biodiesel production purposes. While determining
the kinetic models, both the catalyst and methanol contents were kept constant as per
the optimised results, but both the reaction time and reaction temperatures were varied.
Polynomial fit regression lines have been presented for the conversion of both FFA and
WCO biodiesel through the kinetic modelling in this study.

5. Conclusions

Process optimisation and reaction kinetic model development for two-stage esterification-
transesterification reactions of waste cooking oil (WCO) biodiesel were performed in this study.
The following conditions were found to be optimal for the esterification process: methanol
to oil molar ratio 8.12:1, H2SO4 content 1.9 wt.% of the WCO, reaction temperature 60 ◦C,
and reaction time of 90 min. The following conditions were found to be optimal for the
transesterification process: methanol to esterified oil molar ratio 6.1:1, KOH catalyst content
1.2 wt.% of the esterified oil, reaction temperature 60 ◦C, and reaction time of 110 min in
a batch reactor system. The reaction kinetics were determined after the optimised process
parameters for each of the esterification and transesterification processes were developed. Two
types of kinetics modelling were performed for both the esterification and transesterification
processes. The overall process conversion efficiency was determined to be 97.44% based on the
yield efficiency of the esterification and transesterification processes, which was obtained by
multiplying the optimal conversion rates obtained from both processes (based on the maximum
experimental yields). The fatty acid composition of produced biodiesel had the highest amount
of methyl oleate at 44.1 wt.%, followed by methyl linoleate and methyl palmitate at 23.5 wt.%
and 16.5 wt.%, respectively. This research included an overall experimental and analytical
procedure to investigate biodiesel production from an inedible feedstock, WCO. Further
research into this reaction kinetics will aid in determining the precise reaction process kinetic
analysis in the near future.
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