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Abstract

Nowadays, the intensification of the production of biodiesel from non-edible oil crops is mandatory to overcome petrol-fuel
depletion and environmental pollution. For the first time, enhanced biodiesel production from castor oil via rotor—stator
hydrodynamic cavitation has been studied in this work. Response surface methodology based on one-factor-at-a-time design
of experiments was employed for modelling and optimizing the biodiesel yield and the decrease in feedstock viscosity,
density, and total acid number (TAN). The predicted optimum parameters of 8.15:1 methanol:oil (M:0), 1499 rpm, 29.38 min,
48.43 °C, and a KOH catalyst concentration of 0.74 wt.% resulted in a 96% biodiesel yield with a concomitant decrease
in viscosity, density, and TAN of approximately 95%, 5.12%, and 90.02%, respectively. According to the results of the
breakthrough kinetic calculations, the reaction is pseudo-second order, with the activation energy, frequency factor, and
reaction rate constant being 0.23 M~! min™!, 18.77 kJ/mol, and 6.32 M~ min~!, respectively. The fuel properties of the
produced biodiesel and bio-petro-diesel blends were good, comparable to international standards and the marketed Egyptian

petro-diesel.

Keywords Rotor—stator hydrodynamic cavitation reactor - Castor oil transesterification - Process optimization - Process

kinetics and thermodynamics - Biodiesel intensification

Introduction

Diesel fuel is essential to the economy, industrial activi-
ties, transportation, the agricultural sector, and the fulfil-
ment of many other fundamental human requirements in
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contemporary society. Experts estimate that the petition for
liquid fuels worldwide will rise by 32% between 2020 and
2050 (Xu et al. 2022). Diesel fuel combustion contributes
to the problem of climate change via enhanced greenhouse
gas (GHG) emissions, in addition to SOx, NOx, and particu-
late matter, which leads to severe health and environmental
issues (Resitoglu et al. 2015). For many years, biodiesel has
emerged as a compelling complementary and/or substitute
for traditional diesel fuel (Gholami et al. 2021). Biodiesel’s
power and torque characteristics, similar to those of conven-
tional diesel, allow for its utilization in diesel engines with
little to no engine modification needed (Aboelazayem et al.
2018; Tamilvanan et al. 2022). Furthermore, because of its
molecular oxygen content, it offers superior combustion
characteristics to ordinary petro-diesel (Tamilvanan et al.
2022). Additionally, biodiesel is biodegradable, meaning
that if it is accidentally released into the environment, it will
have a low negative impact on the ecosystem (Khater et al.
2023). The technical benefits of biodiesel over conventional
diesel are numerous and include reduced exhaust emissions,
low toxicity and carbon footprint, superior flash point and
lubricity, low sulfur content, and the fact that it is derived
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from a domestic and renewable feedstock (Hanif et al. 2022).
Oil crop-derived biodiesel is reported to emit 63% lower
GHG than petro-diesel (Xu et al. 2022), with a net reduction
in emitted CO, of 78.45% (Sheehan et al. 1998). However,
the efficiency of the transesterification of oil feedstock into
biodiesel is one of the major bottlenecks in the biodiesel
industry. It should be efficient enough to reduce, as much
as possible, the fatty acid content and viscosity to the inter-
national permissible standard specifications (EN14214 and
ASTM-D6751). Otherwise, engines operating on low-quali-
fied biodiesel that exceeds the permissible range of viscosity
or total acid number may experience operational issues over
time (Tamilvanan et al. 2022).

Diesel and biodiesel blends have been extensively
utilized. Cleaner emissions with fewer soot particles and
whiter smoke will result from the use of biodiesel/petro-
diesel blends (Farvardin et al. 2022). Moreover, it reduces
engine wear and emits fewer sulfur dioxide and greenhouse
gas (GHG) emissions (Aboelazayem et al. 2018).

Since castor oil is inedible, it poses no threat to the food
industry and has the potential to be a valuable feedstock
for the manufacturing of biodiesel (Angassa et al. 2023).
Not only that, but also the cost of producing castor seeds is
lower than that of producing soybean, rapeseed, and jatropha
(Carrino et al. 2020). Castor plants require little water, can
grow on harsh lands, can withstand drought and salinity,
and are resistant to pests. Moreover, castor plants grow
naturally as an association species in various environments
along Nile River and deserts in Egypt, with an annual seed
production that would exceed 250,700 tonnes (Aboelazayem
et al. 2018). When compared to other world-wide-grown
oil crops like soybean (15-20%), sunflower (25-35%),
rapeseed (38-46%), and palm (30-60%), castor seeds have
a very high oil content of 40-60% (Khater et al. 2023). Its
high concentration of ricinoleic acid makes it suitable for
industrial uses rather than culinary ones (Mubofu 2016).
It has been recently reported for the phytoremdiation of
polluted soil (Bauddh and Singh 2012). Thus, castor is
considered a win—win solution for soil reclamation as well
as a sustainable feedstock for biodiesel production.

There are several methods for biodiesel production: the
conventional mechanical stirring technique (EI-Gendy et al.,
2014), ultrasonic cavitation (Ortega-Alegria and Floréz-
Marulanda 2019), microwave, supercritical methanol, and
hydrodynamic cavitation (Ghayal et al. 2013). Researchers
have reported that the intensification hydrodynamic cavita-
tion process is energy-efficient, easy to use, rapid, economi-
cal, environmentally benign, and can be easily scaled up
(Yusup et al. 2015). It has been reported to decrease energy
consumption by 40% relative to conventional mechanical stir-
ring technology (Innocenzi and Prisciandaro 2021). Cavita-
tion is a technique for transforming mechanical energy into
high-kinetic energy. This energy is then released in brief
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bursts and can be used to boost green processes (Samani
et al. 2021). As a result, it is based on a chain of the forma-
tion and collapse of millions of cavitation bubbles between
alcohol and oil, resulting in massive localised turbulence, the
removal of mass transfer limitations, an increase in reactant
contact surface area, and subsequent improvements in the
transesterification reaction (Wu et al. 2019). There are many
publications concerning the applications of orifice- or ven-
ture-hydrodynamic cavitation reactors in the intensification
of biodiesel production (Pal et al. 2010; Ghayal et al. 2013;
Chuah et al. 2015; Kolhe et al. 2017; Chitsaz et al. 2018;
Mistry et al. 2019; Khan et al. 2020; Asif et al. 2021a,b;
Vera-Rozo et al. 2022; Hamidi et al. 2023). However, there
is limited publication on the application of stator-rotor type
hydrodynamic cavitation reactors (Crudo et al. 2016; Samani
et al. 2021). As far as our knowledge is concerned, there is no
publication about the application of stator-rotor-type hydro-
dynamic cavitation reactors for intensification of biodiesel
production from non-edible castor oil.

Response surface methodology (RSM) based on experi-
mental designs is a time-saving and cost-effective math-
ematical statistical method for optimizing and studying the
main and interactive effects of physicochemical independ-
ent variables influencing processes using fewer experimental
trials than traditional techniques (Tamilvanan et al. 2016;
Nassar et al. 2021). Furthermore, regression analysis may
conjecture statistical models that describe the relationship
between parameters (independent variables) and process
yield (response) for optimization purposes (Nassar et al.
2024).

This study is one of the first to use a self-made cylindrical
rotor—stator hydrodynamic cavitation reactor to intensify
biodiesel production from the non-edible castor oil feedstock.
RSM based on the one-factor at-a-time technique will be
applied to statistically investigate and optimize various
physicochemical parameters influencing transesterification
efficiency. Additionally, regression analysis will be
performed to model mathematical correlations that describe
the effect of the studied physicochemical parameters on
the transesterification efficiency, especially the biodiesel
yield and the decrease in viscosity, density, and TAN. In a
forerunning step, the kinetics and thermodynamics of the
process will be investigated under the predicted optimized
conditions. The qualification of the produced biodiesel and
different bio-/petro-diesel blends will also be evaluated.

Materials and methods
Experimental set-up

A 190-mL rotor—stator hydrodynamic cavitation reactor with
a working capacity of 75 mL was used in this study for a
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Methanol + KOH i

N Hydrodynamic cavitation reactor

olL
Hot plate
No. Description No. Description No. Description
1 Biodiesel 6 Mechanical stainless steel shaft | 11 Hollow cylindrical stator
2 Separating funnel 7 High speed bearing 12 | 8 mm threaded bolt with nuts
3 Glycerol 8 Sampling point 13 Peristaltic pump
4 | Electric motor (3000 rpm) 9 Gate valve (isolation) 14 Flange
5 Flexible shaft coupling 10 Cylindrical rotor 15 Magnetic stirrer

Fig. 1 Schematic diagram of the process

one-step alkaline transesterification process of castor oil.
Figure 1 shows the schematic diagram of the hydrodynamic
cavitation reactor. It consists mainly of two parts: the reactor
and the motor, which is responsible for the rotor’s rotation.
This motor has power of 0.37 KW and it is connected to a
shaft made of stainless steel (316). The reactor consists of
parts including the stator, which is a hollow cylinder made
of polycarbonate material, and the rotor, which is a solid
cylinder, made of Acrylonitrile Butadiene Styrene (ABS)
as shown in Table 1. The gap between the stator and rotor
was 7 mm, and the inlet pressure was 1 bar. Circular cavi-
ties were perforated in the rotor surface, whose centers were
placed at 45-degree angles from one another, originating
from the center line of the rotor.

The utilized castor oil in this study has a viscosity of
192.8 cSt, a density of 0.9594 g/cm3, and a total acid number
(TAN) of 1.2 mg KOH/g oil. Potassium methoxide (CH;OK)
was formed by mixing methanol with KOH of a particular
weight. The oil was then mixed with CH;0K after it attained
the desired temperature. The process was carried out under
atmospheric pressure.

Table 1 Characteristics of the hydrodynamic cavitation reactor

Parameter Value
Rotor diameter (mm) 90
Rotor length (mm) 80
Stator diameter (mm) 97
Stator length (mm) 90
Rotor density (g/cm?) 2.3
Cavity diameter (mm) 4
Cavity depth (mm) 6
Number of cavities 64
Electric-motor power (KW) 0.37
Electric-motor rotational speed (rpm) 3000

Following the specified reaction time, the mixture was
cooled down, collected from the reactor outlet and then
moved to a separating funnel, where the biodiesel was sepa-
rated from the glycerol in the bottom layer (Fig. 1). In order
to separate the mixture efficiently, 120 min was allotted for
settling separation. After the separation of glycerol, the
unreacted dissolved KOH catalyst was removed from the
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produced biodiesel by rinsing with warm water. A rotary
evaporator set at 65 °C was then used to recover the unre-
acted methanol from biodiesel. Then, the weight of the puri-
fied biodiesel was determined for yield computations using
the following equation:

ightofpurifiedbiodiesel
Biodieselyield% = —<*% ofpurifiedbiodiese

x 100
weightofcastoroilfeedstock M

Fuel ageing is influenced by the acid value, which
quantifies the amount of free acids present in the sample
(El-Gendy et al., 2014). The viscosity at 40 °C and density
at 15 °C are important parameters, notably in airless
combustion systems, since they determine the effectiveness
of atomization of the fuel, its distribution, and flow
(Felizardo et al. 2006). Thus, the viscosity, density, and TAN
of the oil feedstock and the biodiesel produced at different
prescribed time intervals were also measured according
to the ASTM D-445, ASTM D-4052, and ASTM D-974,
respectively. Then, the percentage decrease was calculated
as follows:

. . Vo - Vz‘
Viscositydecrease% = x 100 2)
Densitydecrease% = Po — P 3)
Py
TAN, — TAN,
TAN = ————— x 100 @)
TAN,

0

where V, p,, and TAN, are the initial castor oil feedstock
viscosity, density and total acid number, respectively. The
V. p,- and TAN, are the viscosity, density and total acid
number of the produced biodiesel at time (t), respectively.

According to Attia et al. (2018), it is preferred to
determine the free fatty acid (FFA) content of the
feedstock to decide whether to perform a two-step process
(esterification followed by transesterification) or a direct
one-step process (i.e., transesterification). The FFA content
was calculated as follows (Attia et al. 2018):

TAN

FFA% = 199 S))

Accordingly, the FFA content of the used castor oil was
0.603%, which is <3%. Thus, a single-step transesterification
process is applied in this study.

Experimental design

Response surface methodology (RSM) is a collection
of mathematical techniques for evaluating relationships
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between responses and variables, modelling, and minimizing
the number of experiments required (El1-Gendy et al., 2014).
RSM based on a one-factor-at-a-time (OFAT) experiment
was applied to study the effects of five independent variables
on the biodiesel yield and the decrease in viscosity, density,
and TAN. In this study, the independent variables were
temperature (40-70 °C), KOH catalyst concentration
(0.5-1.5 wt.%), M:O molar ratio (6:1-12:1), rotor-rotational
speed (1000-2000 rpm), and time (2-60 min). They were
denoted as A, B, C, D, and E, respectively. In accordance,
32 runs were performed, as listed in Table 2. All the trials
were performed in triplicate, and the arithmetic means of
the obtained responses were employed for the interpretation
of the data and modelling. A Tukey-test, applying SPSS-
software version 13.0 (Informer Technologies, Inc., Los
Angeles, CA, USA), was used to assess the significance
difference between levels in each studied parameter at the
0.05 level and 95% confidence interval.

Modelling and statistical analysis

The general quartic equation used for model development
is shown in Eq. 6.

n n
Y=0b,+ Z bix; + Z cii)ci2
i=1 i=1
n=1 n

n n

3 4

+ Z z CiXiX; Z diixi + Z e;x; +e
i=1 j>1 i=1 i=1

(6)

The model coefficient constant is b,, and the coefficients
for the intercept of linear, quadratic, interactive, cubic, and
quartic terms are b;, ¢;;, ¢;; di;, and e, respectively. X; and X;
denote the independent variables (i#]), while Y represents
the predictive response. The independent variable numbers
are represented by n along with ¢, the random error. For the
predicted models, the adequacies were examined using dif-
ferent statistical analytical methods that include adequacy
precision, correlation coefficient (Rz), and adjusted coeffi-
cient of determination (Rzadj). Furthermore, Fisher’s test,
i.e., F-value and p-value, at a 95% confidence interval and
analysis of variance (ANOVA) were used to check the sta-
tistical significance of the predicted models. In addition to
investigating the fitting accuracy of the predicted models to
the experimental data, a lack of fit analysis was employed.
For design of experiments, regression analysis, graphical
analysis, and numerical optimization, design expert soft-
ware version 14 (Stat-Ease Inc., Minneapolis, MN, USA)
was used.
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Reaction kinetics

The rate equation for the generation of FAME in the
transesterification process can be expressed by Eq. 7;
r= —$ = k,[TG]*[MeOH)’ — k,[GLI*[FAME]*  (7)
The symbols [TG], [MeOH], [GL], and [FAME] denote
the concentrations of triglycerides, methanol, glycerol, and
fatty acid methyl esters, respectively. a, B, A, and p represent
the reaction order coefficients for the concentrations of
triglycerides, methanol, glycerol, and fatty acid methyl
esters, respectively. Additionally, k; and k, denote the
response rate constants for the forward and backward
reactions, respectively.

_d[TG]

r= 7 k[TG] )
diTG] _
TG - hd 9)

Assuming the reaction is irreversible and that the
concentration of methanol remains constant due to its excess
use, the reaction rate equations (Egs. 8 and 9) exclude the
backward reaction rate and the methanol concentration.

To calculate the conversion without evaluating the final
concentration of the triglycerides, it is necessary to take into
account the fact that the molecular weight of the TG is three
times that of FAME, as stated in Eq. 10;

_ [FAME] _ Mpapip/ Meae
3G, 3mpg /Mg

_ Mpapp ) 3M panie _ Mpaye y

mrg [Mrg mrg

" (10)

The term “FAME” refers to the concentration of fatty acid
methyl esters. The “mg, " represents the mass of FAME,
while the “Mp, " represents the molecular mass of FAME.
Y represents the yield of FAME, whereas X represents the
conversion of TG.

Physico-chemical characterization of produced
biodiesel and bio-/petro-diesel blends

The physico-chemical properties of the produced biodiesel
were tested according to the American Standard Test
Methods (ASTM). The results were compared with
the international biodiesel standards (EN14214 and
ASTM-D6751). On a volume basis, blends of bio- and
petro-diesel were prepared, and their physico-chemical
characteristics were also evaluated relative to the
international standard (ASTM-D7467).

Results and discussion
Regression model development

A set of 32 random experimental runs (Table 2), were
conducted to assess the biodiesel yield, reduction in
viscosity, density, and TAN. These responses are denoted
as Y|, Y,, Y3, and Y, respectively, and ranged from 76.88%
t0 94.97%, 90.02% to 94.35%, 2.74% to 4.98%, and 41.67%
to 88.33%, respectively (Table 2).

The correlation between the studied parameters and
experimental results was tested to be represented by
linear, two-factor interactions (2FI), quadratic, cubic, and
quartic polynomials. The software indicated that the most
appropriate model was the quartic regression model. Thus,
four quartic models have been generated to represent the
reactions of process variables;

Y, = 89.46 — 11.05A — 6.02B — 3.97C + 6.65D + 0.0571E — 11.91A% +9.10 B> — 7.85C>
—23.14D* — 5.19E% + 12.97A% + 8.58B° + 8.52C° — 0.2D° + 8.83E* + 2.54A* — 12.43B* an

+ 13.86D* — 3.96E*

Y, = 92.08 —4.29A — 2.59B — 1.78C — 0.195D — 0.33E — 1.55A% + 0.492B> — 2.05C> — 13.53D”

12)

— 1.02E? + 3.68A% + 2.64B> + 2.16C> — 0.14D> + 2.39E® — 0.9514* — 1.57B* + 10.54D* — 1.14E*

Y; = 3.67 — 1.64A — 1.74B — 1.33C — 0.045D + 0.145E — 0.821A% + 1.27B? — 0.904C* — 8.09D”

13)

—2.20E? + 1.05A% + 1.77B% + 1.65C% — 0.1D> + 0.968E>® — 0.1584* — 1.91B* + 6.43D* + 0.902E*

a
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Y, = 83.96 — 23.81A — 17.37B — 7.21C + 5.56D + 7.49E — 35.54A% — 8.30B? — 20.80C>
—79.385D? — 66.67E% + 25.24A% + 21.54B> + 15.54C> + 11.1D* + 6.22E> + 12.574* (14)
—4.20B* + 59.06D* + 52.44E*

each individual variable. According to the coefficients in

The ind dent variabl ted by A, B, C, .
© Independent variables are represented by Egs. (11-14) the reaction temperature and catalyst con-

D, and E, which correspond to temperature (°C), catalyst . . .
. . . centration express the highest effect on the transesterifica-
concentration (wt.%), M:O molar ratio, stirring rate (rpm), . .
. . . . 2 A4 tion process and all of the studied responses, followed by
and reaction time (min), respectively. In addition, A“—A", the M:O molar ratio and the stirrine rate. Th . nd
B%-B*, C>-C* D>-D*, and E>-E* denote the surpluses of e M olarratio a es g rate. Zhe positive a
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Fig.2 Actual versus predicted responses
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negative signs on each variable coefficient indicate the syn-
ergistic and antagonistic influences on the response.

Statistical adequacy checking

ANOVA is useful for assessing the constructed model
and determining the impact of parameters. This was
determined by evaluating the F-value and p-value of each
model. The F-vales ranged between 6.96 and 42.81 (Tables 3
and 4), implying that the models are significant. Thus, for
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Fig. 3 Normal probability plots of the externally studentized residuals
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model Egs. 11, 12, and 13, there is only a 0.01% chance that
an F-value this large could occur due to noise. However, for
model Eq. 14, there is only a 0.07% chance that an F-value
this large could occur due to noise. The P-values for the
created models representing the effect of process parameters
on the biodiesel yield, decrease in viscosity, density, and
TAN are less than 0.001 (Tables 3 and 4). That indicates,
according to El-Gendy et al. (2014), a high level of statistical
significance. The recorded R? and Rzadj values were 0.90 and
0.81 for the biodiesel yield, 0.92 and 0.85 for the decrease
in viscosity, 95.28 and 90.24 for the decrease in density,
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Residuals vs. Predicted
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Fig.4 Diagnostic plots for the externally studentized residuals vs. predicted responses

and 91.47 and 82.65 for the decrease in TAN, respectively.
That, according to Ismail et al. (2017), indicates the good
fit of the data. Further, the adequate precision test, which
measures the ratio between the expected response and the
relative error (signal-to-noise ratio) has been evaluated. The
test yielded values of 21.35, 21.46, 15.55, and 14.94 for
biodiesel yield, decrease in viscosity, density, and TAN,
respectively. Typically, a value greater than 4 is desirable,
and signifying the reproducibility and accurateness of the
anticipated models (Nassar et al. 2021).

Figure 2 displays the graphs comparing the experimental
findings with the anticipated outcomes of the models and

shows a very slight deviation from the 45-degree line. That
confirmed the good agreement between the experimental
and predicted values, and consequently, the appropriateness
of the predicted regression model Eqs. (11-14).

Three assumptions of ANOVA have been assessed to ver-
ify the validity of the anticipated models. These assumptions
include externally studentized residuals, normality of residu-
als, and randomization. The quotient obtained by dividing
the residual of an estimate by its standard deviation rep-
resents the externally studentized residual. The normality
of the residuals has been examined and appears to follow
a linear pattern, as seen in Fig. 3. The randomization has
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Fig. 5 Effect of temperature on different responses

been assessed by analyzing the residuals plotted against the
anticipated response value. Figure 4 demonstrates that the
residuals exhibited a random spread between +4 without
any discernible pattern. Thus, all the tested three ANOVA
assumptions verify the validity of the predicted quartic
regression models.

Impact of process variables
The impact of reaction temperature

The ANOVA analysis reveals that temperature does have
a statistically significant impact on the transesterification
process and all the studied responses (Tables 3 and 4). The
study focused on the temperature range of 40-70 °C due
to the fact that the boiling point of methanol is 65 °C. It is
shown in Fig. 5 that the temperature has a positive impact
on all responses from 40 to 50 °C, and the opposite occurs
beyond 50 °C. Asif et al. (2021a) attribute the occurrence
of this phenomenon to the high volatility of methanol at
high temperatures. The existence of methanol in the liquid
phase at a lower temperature would enhance the reaction

4
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in comparison with a high-temperature reaction with a
high turnover of methanol vaporization and condensation
(Maria Elena et al. 2022). The increase in temperature up to
50 °C would have decreased the mass transfer limitation and
enhanced the triglycerides’ solubility in methanol, enrich-
ing the contact surface area between the reactants (Gole
et al. 2013). The increase in temperature up to the optimum
value decreases the oil feedstock viscosity and consequently
enhances the formation of cavities, as according to Mohod
et al. (2017), the higher the oil viscosity, the lower the occur-
rence of cavitation. However, the cushioned collapse of a
large number of cavities reduces the expected cavitational
effects, resulting in lower yields when the temperature is
above the optimal point (Mohod et al. 2017).

According to the performed Tukey test, there is a high
statistical difference between the biodiesel yield at 50 °C
and all other recoded yields at different investigated tem-
peratures (p <0.0001). Same-wise is the reduction in
TAN (p <0.0001). However, for the decrease in viscosity
and density, there is a high statistical difference between
the values recorded at 50 °C and those recorded at other
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Fig. 6 Effect of catalyst concentration on different responses

reaction temperatures, except for those recorded at 45 °C
(0.983<p<0.999).

The impact of catalyst concentration

ANOVA demonstrates that the utilized basic homogenous
catalyst (KOH) has a statistical substantial impact on the
transesterification process and all the studied responses
(Tables 3, 4). A higher catalyst dose (>0.75 wt.%) has a
negative impact on the transesterification process and all
of the studied responses, resulting in a decrease in bio-
diesel output (Fig. 6). However, the increase in the cata-
lyst dose from 0.5 to 0.75 wt.% has a positive impact on
the transesterification process outputs (Fig. 6). Farvardin
et al. (2022) reported a similar observation, attributing it
to saponification rather than transesterification at higher
KOH concentrations. According to Kolhe et al. (2017),
upon employing a hydrodynamic cavitation reactor for
biodiesel production, a small amount of basic catalysts
is required. That is because the cavitation bubbles are
collapsing, which interrupts the phase boundary and
results in emulsification, which pushes one liquid against
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another while compensating for the mass transfer barrier
to advance the reaction. According to Mohod et al. (2017),
the catalyst is employed to produce the first required active
ions in the reaction, and the concentration of the catalyst
generally causes a rise in the number of ions. Therefore,
decreased catalyst loading below the ideal catalyst concen-
tration (0.75 wt.%) offers insufficient active sites for the
reaction to proceed, resulting in lesser triglyceride conver-
sion and, consequently, poorer yields. Nonetheless, the
increase in catalyst concentration is not recommendable,
as this will increase the water consumption in the biodiesel
purification step (Asif et al. 2021a).

The accomplished Tukey test proved that there is a high
statistically significant difference between the recorded
responses in batches fed with 0.75 wt.% KOH and those
fed with other catalyst concentrations (p < 0.0001).

Impact of the molar ratio of M:0

The ANOVA analysis reveals that the studied range of M:O
molar ratio statistically does not significantly impact the
transesterification process (Tables 3, 4). The biodiesel yield

=
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Fig. 7 Effect of M:O molar ratio on different responses

ranged between 81.09% and 90.18% at M:O molar ratios
of 6:1 and 12:1, respectively. That occurred with a conse-
quent decrease in viscosity, density, and TAN, which ranged
between 91.58% and 92.33%, 3.30% and 3.94%, and 50%
and 66.67%, respectively. Thus, a higher methanol ratio has
a negligible impact on the yield of biodiesel and is hence
considered an insignificant parameter in the ANOVA, and
(C* was deleted from the predicted model Egs. (12-15).

However, according to the obtained outputs of the
Tukey test, there is a high statistical difference between
the recorded responses in batches fed with an 8:1 M:O
molar ratio and those fed with other alcohol concentrations
(»<0.0001).

Increasing the molar ratio of M:O from 6:1 to 8:1
enhanced the transesterification process and all the inves-
tigated responses (Fig. 7). As the ratio has exceeded the
stoichiometric ratio of 3:1, it thus enhances the revers-
ible transesterification reaction forward towards biodiesel

7
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production (Chuah et al. 2015). According to Khan et al.
(2020), the higher the viscosity of the oil feedstock, the
higher the required methanol is to boost the oil/alcohol mis-
cibility. But that should be to a certain extent; otherwise,
oil dilution would occur, in addition to the occurrence of
biodiesel emulsification in the warm-water purification step,
with a consequent lowering in the biodiesel yield output
(Asif et al. 2021a).

The increase in biodiesel yield up to 8:1 M:O could be
explained by the fact that methanol forms more voids than
oil does, leading to low mass transfer resistance (Ghayal
et al. 2013). Thus, beyond the optimum required M:O
molar ratio, much more cavities would occur, causing a
cushioned collapse, which would consequently, lessen
the overall impacts of cavitation (Mohod et al. 2017).
According to Kolhe et al. (2017), excess methanol decreases
the separation of esters and glycerol, due to their high
solubility in methanol, and consequently decreases the
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Fig. 8 Effect of rotor- rotational speed on different responses

purified biodiesel yield. Nevertheless, at low methanol
concentrations (< 8:1 M:0), part of it would dissolve in the
produced glycerol, and the rest would not be enough to fulfil
the requirement of complete oil transesterification (Khan
et al. 2020). Moreover, methanol prefers reaction with free
fatty acids than triglycerides; thus, at low or high methanol
concentrations, beyond its required optimum concentration,
saponification would occur instead of transesterification,
lowering the biodiesel yield output (Gole et al. 2013). The
higher the amount of unreacted methanol after the reaction is
completed, the higher the methanol recovery cost is (Kolhe
et al. 2017).

The impact of the rotational speed
According to the ANOVA results demonstrated in Tables 3

and 4, the investigated rotor-rotational speed range in this
study (1000-2000 rpm) has no statistically significant effect

95 -
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on the decrease in viscosity and density of the castor oil
feedstock (0.7215 <p <£0.9245). Those ranged between
91.63% and 90.96%, and 3.29% and 3.00%, respectively.
But the investigated rotational speed range in this study
(1000-2000 rpm) has been found to have a statistically
significant effect on the biodiesel yield (»p =0.0103, Table 3)
and the decrease in TAN (p=0.0287, Table 4). Those ranged
between 77.9% and 90.80%, and 41.67% and 75.00%,
respectively.

Based on the performed Tukey test, there is a high
statistical difference (p <0.0001) between the obtained
responses’ values of transesterification batches implemented
at 1500 rpm and those fulfilled at other studied rotational
speeds.

The increase in rotational speed from 1000 to 1500 rpm
has a positive impact on the transesterification process and
all the studied responses (Fig. 8). However, at higher rota-
tional speeds (> 1500 rpm), all responses decreased (Fig. 8).
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Table 5, Optlmlzat.lon Factor Code Goal Importance ~ Limits
constraints to predict the
process optimum conditions Scale 1-5 Lower Upper
Temperature (°C) A in range - 40 70please
remove
the
dark blue
shading
from this
row
Catalyst conc. (wt.%) B in range - 0.5 1.5
M:O (molar ratio) C in range - 6 12
Stirring speed (rpm) D in range - 1000 2000
Time (min) E in range - 2 60
Biodiesel yield% Y, Maximize 5 76.88 94.97
Viscosity decease% Y, Maximize 5 90.2 94.34
Density decrease% Y, Maximize 5 2.74 4.98
TAN decrease % Y, Maximize 5 41.67 88.33
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Fig. 10 The optimization ramps

The transesterification reaction takes place at the interface
between oil and alcohol. Thus, an increase in rotational
speed would overcome the mass transfer resistance and
enhance the interaction between reactants (Mohod et al.
2017). Moreover, the cavitation operation would increase
with the hydrodynamic reactor’s rotational speed, which
would raise the conversion rate as well. On the contrary,
at a higher rotational rate, an increase in the volatility of
methanol would occur and hence impact the M:O molar
ratio. Further, the increment of the rotational speed beyond
the optimal value results in supercavitation development.
That in turn produces the cushioned collapse phenomenon
and lessens the overall impacts of cavitation, ultimately
lowering the yield of biodiesel and other studied responses
(Naderloo 2020).

The impact of reaction time

The ANOVA analysis indicates that the reaction time has
an overall non-statistically significant impact on the trans-
esterification process, the biodiesel output, and other studied
responses (Tables 3 and 4). However, there is a recorded
significant continual increase in biodiesel yield, with a

consequent decrease in castor oil feedstock viscosity, den-
sity, and TAN up to approximately 20 min (Fig. 9). After
which it reached a plateau and remained rather constant
(Fig. 9). Thus, it can be depicted that approximately 20 min
is the satisfactory amount of time needed for the reactor to
diminish the mass transfer obstacle. According to Samuel
et al. (2019), the required time for maximum biodiesel pro-
duction in hydrodynamic reactors differs according to the oil
feedstock type and the reactor configuration. According to
the quartic model (Eq. 14), the reaction time has a positive
effect on the decrease in TAN (i.e., the conversion %), con-
firming the importance of reaching the optimum residence
time to assure the conversion of castor oil into biodiesel.

The Tukey test assured that there is no statistically signifi-
cant difference for all of the recoded responses’ at reaction
time > 20 min.

Process optimization
Optimizing reaction variables is crucial for achieving effec-
tive and highly efficient processes while also consider-

ing production and economic costs. Considering the effi-
ciency of process responses, such as biodiesel yield and
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Table 6 Comparison of biodiesel yields obtained using various hydrodynamic reactors

Feedstock Reactor type M:O molar ratio Catalyst Catalyst Reaction Temperature °C  Biodiesel References
concentration time min yield%
wt.%
Thumba oil Orifice plate 4.5:1 NaOH 1 30 45-55 80 Pal et al. (2010)
Used frying oil ~ Orifice plate — KOH — 10 60 95 Ghayal et al.
(2013)
Waste cooking  Orifice plate 6:1 KOH 1 15 60 98.1 Chuah et al.
oil (palm (2015)
olein)
Treated rubber  Orifice plate 6:1 KOH 1 18 55 96.5 Bokhari et al.
seed oil (2016)
Frying oil Orifice plate 4.5:1 KOH 0.55 20 45 93.86 Kolhe et al.
(2017)
Waste cooking  High speed 12:1 KOH 3 120 50 97 Mohod et al.
oil homogenizer (2017)
Waste frying oil Venturi 6:1 KOH 1.1 8 63 95.6 Chitsaz et al.
(2018)
Castor oil Nozzle 6:1 KOH 1 100 30 80.4 Mistry et al.
(2019)
Cannabis sativa Orifice plate 6:1 KOH 1 20 60 97.5 Khan et al.
oil (2020)
Xanthium Orifice plate 6:1 KOH 1 25 60 98.8 Asif et al.
spinosum Oil (2021a)
Pistacia khinjuk Orifice plate 17:1 KOH 1 20 55 98 Asif et al.
oil (2021b)
Safflower oil Rotor—stator 8.36:1 KOH 0.94 1.06 — 89.11 Samani et al.
(2021)
Soybean oil Orifice plate 6:1 NaOH 0.5 20 60 97.20 Vera-Rozo et al.
(2022)
Castor oil Rotor—stator 8.15:1 KOH 0.74 29.38 48.43 96 This Study

the decrease in viscosity, density, and TAN as indicated in
Table 5, determines the optimization objectives. The pro-
cess variables are adjusted appropriately to achieve a high
level of attractiveness. Numerical and graphical optimiza-
tion techniques determined the optimal conditions. The
established optimum parameters of 8.15:1 M:O, 1499 rpm,
29.38 min, 48.43 °C, and catalyst concentration of 0.74 wt.%

(Fig. 10) resulted in a predicted biodiesel production yield
of 95.36% and a predicted decrease in viscosity, density,
and TAN of 94.66%, 5.097%, and 89.49%, respectively. An
extra batch has been performed under the predicted optimal
conditions. That yielded approximately 96% biodiesel with
a concomitant decrease of viscosity, density, and TAN of
approximately 95%, 5.12%, and 90.02%, respectively. Thus,

Table 7 Physico-chemical
characteristics of the produced
biodiesel (B100)

Test Analysis standard Method ~ B100 Biodiesel standard
characteristics
ASTM-D6751  EN14214
Kinematic viscosity at 40 °C (cSt) ~ ASTM D-445 9.64 1.9-6.0 3.5-5.0
Density at 15 °C (g/cm®) ASTM D-4052 09103 — 0.86-0.9
TAN (mg KOH/g oil) ASTM D-974 0.12 <0.8 <0.5
Flash point (°C) ASTM D-93 178 >130 > 101
Calorific value (MJ/kg) ASTM D-5865 39992 — >32.9
Sulfur content (wt.%) ASTM D-4294 Nil <0.05 <0.01
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Table 8 Physico-chemical characteristics of the prepared bio-/ptero-diesel blends (B6-B20)

Test Analysis standard Method ~ BO B6 B10 B20 ASTM D7467  Egyptian Petro-
diesel standards

Kinematic viscosity at 40 °C (cSt) ~ ASTM D-445 2.74 4.16 49 5.22 1.9-4.1 1.6-7

Density at 15 °C (g/em®) ASTM D-4052 0.8503  0.8607 0.8701 0.8751 — 0.82-0.87

TAN (mg KOH/g oil) ASTM D-974 0.017 0.051 0.068 0.081 <0.3 Nil

Flash point (°C) ASTM D-93 103 110 119 129 >52 >55

Calorific value (MJ/kg) ASTM D-5865 44.38 44.00 43.18 42.11 — >44.3

Sulfur content (wt.%) ASTM D-4294 0.2 0.17 0.13 0.1 — <1

that would confirm the validity of the predicted quartic
model Egs. (10-14). Moreover, according to EI-Gendy et al.
(2014), the recoded decrease in viscosity, density, and TAN
confirms the effectiveness of the transesterification process
and biodiesel purity.

It is important to note that there was a roughly 5.11-fold
reduction in reaction time relative to our previously reported
castor oil transesterification using KOH and methanol via
the conventional mixing reactor (Aboelazayem et al. 2018).
That yielded 97.82% biodiesel at optimum operating condi-
tions of 0.73% catalyst concentration, 150 min, 5.4:1 M:O
molar ratio, 320 rpm, and 64 °C (Aboelazayem et al. 2018).

Moreover, Table 6 illustrates the biodiesel yields from
different sustainable oil feedstock using various hydro-
dynamic reactors, relative to our performed study. That
declares the feasibility of the applied rotor—stator reactor
applied in this study. The obtained biodiesel yield was com-
parable to what was reported by Bokhari et al. (2016) using
a hydrodynamic cavitation reactor with an orifice plate. It
is worth mentioning that the biodiesel yield obtained in this
study is higher than that reported by Samani et al. (2021)
using a rotor—stator hydrodynamic cavitation reactor by
approximately 7%. The physical effect of the hydrodynamic
reactor (cavitation) is what causes the insoluble reactants
(oil and alcohol) to emulsify better and more, with a con-
sequent increment in the reactants’ contact surface area
through the micro-turbulence that is created during cavita-
tion (Gholami et al. 2021). Thus, this in turn increases the
reaction rate (Farvardin et al. 2022). A benefit of hydrody-
namic cavitation is the reduced duration of the process for
biodiesel synthesis. Because of the cavitation on the rotor
and the rapid fluid circulation between the rotor and stator,
hydrodynamic cavitation reactors create a shear force in the
liquid in addition to microbubbles production, which grow,
and collapse quickly (Gholami et al. 2021). High-speed fluid
circulation in these reactors improves the amount of stirring
and reaction rate advancement, which shortens production
times and boosts efficiency (Chuah et al. 2015).

Reaction kinetics and thermodynamics

In a ground-breaking step this study examined the
kinetic and thermodynamic data obtained from the
transesterification process applying rotor—stator
hydrodynamic cavitation reactor at the developed optimal
conditions. The quartic models developed using Design
Expert software and RSM have been utilized to predict
the kinetic data required for determining the kinetic
parameters. The necessary kinetic data was obtained by
performing tests at temperatures ranging from 40 to 70 °C
and reaction durations ranging from 2 to 60 min, while
maintaining other variables at their predicted optimal
levels without any changes. A graph has been created to
examine the relationship between the experimental data
and an initial hypothesis of a second-order response. An
investigation was conducted to fit the experimental data
by plotting | 1/(1 - X) | against (t) throughout a time
range of 2 to 60 min. The plot analysis has indicated that
the reaction’s rate constant is 0.23 M~! min~! under the
optimum reaction conditions.

In addition, the thermodynamic parameters have been cal-
culated as part of this study. The reaction rate constants have
been calculated within a temperature range of 40 °C to 70 °C
while maintaining the other variables at their predicted ideal
values. The calculated reaction rate constants were employed
to plot the Arrhenius equation. The values of the activa-
tion energy (E,) and Arrhenius constant (i.e., the frequency
factor) are found to be 18.77 kJ/mol and 6.32 M~ min~!,
respectively.

Physico-chemical characteristics of the produced
biodiesel

Table 7 indicates the assessment of the generated biodiesel’s
fuel properties in comparison to an Egyptian petro-diesel
sample and the global biodiesel standards. The generated
biodiesel’s qualities are all very acceptable and satisfy the
majority of the requirements, except for the viscosity. It can
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therefore be considered a practical fuel and a substitute for
petro-diesel. The elevated viscosity of biodiesel produced
from castor oil has been previously reported by Aboelazayem
et al. (2018), who attributed that to the presence of the
hydroxyl group in ricinoleic acid.

The biodiesel TAN was greater than that of the petro-
diesel sample, recording 0.12 and 0.017 mg KOH/g oil,
respectively. Nevertheless, it is within the international
biodiesel requirements. This suggests that the produced
biodiesel will not result in corrosion or pump plugging,
which would cause operational issues (Candeia et al. 2009).
The most important criterion is that it is free of sulfur, so
upon combustion, it will not emit SOx and will not lead
to acid rains. Moreover, engine parts will not corrode as a
result of its use. It has a high flash point, recording 178 °C,
so it can be safely handled, stored, and transported.

Although the recoded high viscosity of 9.64 cSt (Table 7)
implies that the biodiesel produced would not work as well
in injection or atomization, it would still provide lubrication
and protection for an engine’s moving parts. In fact, the
trend towards ultra-low sulfur diesel fuel (ULSD) has been
troublesome in this regard; therefore, the high lubricity is
especially beneficial in this regard (Knothe 2005). When
high-viscosity fuel is used in diesel engines, it leads to
sedimentation in the injection, insufficient combustion, and
inappropriate fuel atomization (Farvardin et al. 2022). That
could be resolved by its dilution with proper solvents or a
higher concentration of petro-diesel (Aboelazayem et al.
2018).

This result suggests creating various blends of the
bio- and petro-diesel (B6-B20). Table 8 illustrates their
physico-chemical properties, which meet all the Egyptian
petro-diesel standards and the international standard of bio-/
petro- diesel blends. The viscosity and density of perto-
diesel increased with biodiesel concentration, suggesting
better lubricity. Furthermore, the viscosity and density of
the generated bio-/petro- diesel (Table 8) are comparable to
the conventional Egyptian petro-diesel standards (1.6—7 cSt).
Therefore, the current engine can handle the produced
blends without the need for hardware adjustments. However,
the TAN increased with biodiesel concentration, but it was
within the international standard (Table 8). The S-content
decreased with biodiesel concentration (Table 8). That is
very beneficial to the environment and engine performance.
The flash point increased, while the calorific value decreased
with biodiesel concentration (Table 8). But the flash point
is within the standard range and the calorific value is still
considerable.

* @ Springer

Conclusion

The enhancement of biodiesel synthesis from castor oil using
a self-manufactured cylindrical rotor—stator hydrodynamic
cavitation reactor is being studied for the first time in this
work. The transesterification process was statistically
optimised using RSM, and optimal operating parameters
were found to be 8.15:1 M:0O, 1499 rpm, 29.38 min,
48.43 °C, and 0.74 wt% KOH catalyst concentration. This
resulted in a 96% biodiesel and a corresponding drop of
roughly 95%, 5.12%, and 90.02% in viscosity, density, and
TAN, respectively. Additionally, the process’s kinetics
and thermodynamics were investigated in a pioneering
step. The reaction was found to be pseudo-second order,
with the activation energy, frequency factor, and reaction
rate constant being 0.23 M~ min~!, 18.77 kJ/mol, and
6.32 M~! min~!, respectively.

The final biodiesel properties meet the requirements of
the international standards (ASTM-D6751 and EN14214),
except for the viscosity. Yet, upon the preparation of different
bio-/petro-diesel blends, all properties are comparable to
the international standard ASTM D7467 and the Egyptian-
marketed petro-diesel. That recommends the application of
sustainable and non-edible castor oil for biodiesel production
via the designed rotor—stator hydrodynamic reactor.
However, more research is being done right now to make the
designed rotor—stator hydrodynamic reactor more efficient
and possible. This is to speed up the transesterification of
oil feedstock and get a higher-quality biodiesel yield with
low energy use and a high cavitation yield. Furthermore,
conducting further research on the cracking of the biodiesel
produced is recommended to enable the creation of other
types of bio-refineries, such as biojet, and enhance product
quality flexibility to meet market demands.
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