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Reactive Extraction for Fatty Acid Methyl Ester Production from
Castor Seeds Using a Heterogeneous Base Catalyst: Process
Parameter Optimization and Characterization

Lemlem Feseha Mamuye and Ali Shemsedin Reshad*

I: I Read Online

il Metrics & More |

Cite This: ACS Omega 2022, 7, 41559-41574

ACCESS |

ABSTRACT: Fatty acid methyl ester (FAME) from oil seeds is conven-
tionally produced via a two/three-process-step method: extraction of oil and
subsequent esterification/transesterification to fatty FAME (biodiesel).
However, in the present study, we investigated the production of castor
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kernel oil (CKO) FAME by reactive extraction for extraction and Becovecd cionf || Ciorkenel Of
transesterification in a single process using a heterogeneous catalyst. The ’M‘

content of oil that can be extracted was checked by investigating several BaO
nonreactive extraction parameters such as solvent type (polar, nonpolar, and ‘ i
mixture), the solvent to kernel ratio, and extraction time. Maximum oil was e/ Castor kernel
extracted using methanol as a solvent with a methanol-to-seed ratio of 6.25:1

for 6 h extraction time. The viscosity of CKO obtained by nonreactive
extraction was reduced from 288.83 to 19.04 mm?/s by reactive extraction
using a 4.09 wt % catalyst concentration (BaO) and a 330.9:1 methanol-to-oil
molar ratio for 6 h reaction time at 64 °C. Reactive extraction for transesterification of CKO was performed using BaO, CaO, and
ZnO heterogeneous catalysts. BaO results in the increased yield of CKO FAME compared to other catalysts. Central composite
design (CCD) using the response surface methodology (RSM) was implemented to design the experimental matrix, process
parameter optimization, maximize the yield of CKO FAME, and investigate interaction effects of parameters such as reactive
extraction temperature (55—65 °C), catalyst concentration (3—S wt %), and methanol-to-oil molar ratio (175:1—350:1) on the yield
of CKO FAME. A second-order model equation with a p-value < 0.05 and an R* value near 1.0 was obtained to predict the yield
using the input parameters. The maximum yield CKO FAME of 96.13 wt % with 94.4% purity of produced CKO FAME was
obtained at a catalyst concentration of 4.09 wt % and a methanol-to-oil molar ratio of 330.9:1 for 6 h with a reaction temperature of
64 °C. Therefore, a comparable conversion of castor seed oil triglyceride (96.13 wt %) was obtained in a single step directly from
castor seeds. Furthermore, the rheological behavior investigation of castor kernel oil and castor methyl ester revealed that the
dynamic viscosity of both samples was found to be dependent on triglyceride content and temperature.
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B INTRODUCTION

The current increase in demand, price, and utilization of diesel

oils, animal fats, waste cooking oil, and algal oil using a

I Lo 812
transesterification reaction in the presence of a catalyst.

due to the expansion of generators, automobiles and
agricultural machinery, as well as the resulting depletion rate
and environmental impact by mineral fuels drives the search
for substitute renewable energy sources such as biodiesel.’
Biodiesel has been proven to be the best diesel fuel because of
(1) the renewability and availability of the raw materials; (2)
significant reductions in CO, aldehydes, SO,, and unburned
hydrocarbons; (3) less toxicity and biodegradability nature;
and (4) safety to handle and use.””* Biodiesel, like petroleum
diesel, has a feasible ignite ability when used to fuel unmodified
diesel engines. Biodiesel can also serve to mitigate the effects of
the transportation sector on climate change and offer a more
stable energy strategy to the country.”™”

Biodiesel is a fatty acid alkyl ester generated from oil
containing renewable biological resources such as vegetable

© 2022 The Authors. Published by
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Both edible and nonedible vegetable oils can be utilized as
feedstock for biodiesel production.’ Nonedible vegetable oils
are gaining special interest since they are very inexpensive,
have low production costs, and are now negotiating the “food
versus energy” argument.” Castor is chosen as a prospective
nonedible feedstock for this study because of its high yearly
seed output; it can thrive in marginal terrain, i.e., in less fertile
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Table 1. Comparisons of Physiochemical Properties of Vegetable Oils Used for Biodiesel Production

present study

property unit CKO test method CSo®
SG 0.981 Hydrometer
I g/cm® 0.965 Hydrometer 0.961
i mm?/s 288.83 Empirically*' 241
AV mg KOH/g oil 1.122 AOAC 969.17 091
FFA wt % 0.564 Empirically*
NY% mg KOH/g oil 182.35 ASTM D-1962 185
v g 1,/100 g of oil 49.35 Titration** 89
MW g/mol 928.66 Empirically*
HV MJ/kg 4121 Empirically™*
CN 65.13 Empirically*
FP °C

CoSO* RSO*® J50* NSO* ASTM ranges of CSO
0.9076 091 0.932

0.92 0.957—0.968
29.22 13.13 32° 26.09 6.3—8.9“
0.24 24 3.76 8.36 2.0 max
0.12 12 1.89 4.18 0.3-0.7
187.94 23528 203.4 205.5 175—187
68.91 113 104.9 71.4 83-88

870
4125 39.34

44

255 273

“Represents the measurement value at 20 °C. bRepresents a measurement at 40 °C, CKO: castor kernel oil, CSO: castor seed oil, CoSO:
cottonseed oil, RSO: rubber seed oil, JSO: jartopha seed oil, NSO: neem seed oil, SG: specific gravity, p: density in g/cm?, u: kinematic viscosity in
mm?/s, AV: acid value in mg KOH/g oil, FFA: free fatty acid (wt %), SV: saponification value in mg KOH/g oil, IV: iodine value in g I,/100 g of
oil, MW: molecular weight in g/mol, HV: heating value in MJ/kg, CN: cetane number, and FP: flash point (°C).

soil and in uncomfortably weather conditions; and it has high
oil content."?

Transesterification, thermal cracking, microemulsification,
and blending can be used to reduce the acidity and viscosity of
vegetable oils, preventing engine damage. Among these,
transesterification is a potential method for producing a
clean and environmentally safe fuel from vegetable oils.
Transesterification converts highly viscous triglycerides into
long-chain monoesters with lower viscosity and a greater
combustion rate.'”'> Reactive extraction is a transesterification
technology that eliminates the need for oil extraction and
purification, lowering production costs, and saving process
time. The effectiveness of the reactive extraction process is
primarily determined by the raw material utilized, type and
amount of alcohol, catalyst employed, reaction temperature
and time, free fatty acids (FFAs), and moisture content of the
feedstock.'™"*

Polar solvents are preferred and more effective for the
reactive extraction of castor seeds because castor contains
ricinoleic acid, which renders it more polar than other
vegetable oils." Among polar solvents, methanol is preferred
for the production of castor biodiesel. Reactive extraction is
facilitated by an appropriate catalyst, which can be
homogeneous or heterogeneous. The amount of free fatty
acid in the feedstock influences the choice of the catalyst."”
Reactive extraction transesterification is preferable for feed-
stocks with low free fatty acid contents (<1 wt %). Because
castor contains lesser free fatty acid, its methanolysis requires
homogeneous or heterogeneous base catalysts. Homogeneous
catalysis is speedy and produces a higher yield, but disposal of
wastewater during product purification and the issue of
purification influence the process cost.””>' However, hetero-
geneous catalyst-based transesterification is a green technology
due to easier separation of the product and reusability of the
catalyst and a reduction in corrosion problems because acid
sites are chemically bound with the solid catalyst.”**~>> Attari
et al.*® reported a 98.62% yield of biodiesel from waste cooking
oil using 6.04 wt % CaO as a catalyst. Singh et al.”’ and
Amesho et al.”® conducted Jatropha curcas oil transesterifica-
tion and obtained 86.1 wt % and 91.1% vyields of biodiesel
using 5 wt % CaO as a catalyst within a 3 h transesterification
reaction time catalyst, respectively. Krishnamurthy et al.”’
synthesized a snail shell-based CaO catalyst for the
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Hydnocarpus wightiana oil transesterification reaction to obtain
a 9893 wt % yield of Hydnocarpus wightiana oil fatty acid
methyl ester with a reaction condition of a 0.892 wt % catalyst
loading at a 61 °C reaction temperature for 2.4 h. In a similar
way, Hanif et al.’ investigated the catalytic performance of
BaO as a catalyst for the Toona ciliata oil transesterification
reaction and obtained a 94 wt % yield of Toona ciliata oil
biodiesel at 90 °C for 2.5 h with a methanol-to-oil molar ratio
of 9:1 and an amount of about 0.39 wt %. Beef tallow fatty was
transesterified using BaO as a heterogeneous catalyst, and
about 94.95 wt % biodiesel yield was reported by Fard et al.*!
The finding by Salim et al.>* shows that ZnO catalyst’s catalytic
performance in biodiesel production from sunflower oil was 71
wt % with respect to biodiesel yield under reaction conditions,
i.e., a methanol-to-oil molar ratio of 20:1 and a catalyst amount
of 4.7 wt % at a reaction temperature of 70 °C for 3 h. With
this regard, the present study is trying to evaluate the
performance of reactive extraction transesterification for
biodiesel production directly from castor seeds using
heterogeneous metal oxide catalysts such as BaO, CaO, and
ZnO previously used by several researchers for the three/and
two-step biodiesel production process (i.e., extraction,
esterification, and transesterification).

Various researchers reported on reactive extraction for
biodiesel production from different seeds using NaOH and
KOH as homogeneous catalysts.””>° The use of homoge-
neous catalysts has generated a huge amount of wastewater
during product purification during reactive extraction for
biodiesel production. Further, the purification step and
wastewater generation result in increased production costs
and environmental pollution. However, such an issue can be
resolved by utilizing heterogeneous alkali catalysts. But, to the
best of our knowledge, no study reports on heterogeneous
catalysis reactive extraction for the production of castor seed
base FAME (biodiesel). Hence, the current study focused on
exploiting heterogeneous base catalysts for the reactive
extraction of castor seeds by screening the most active and
appropriate heterogeneous catalysts for castor seed base FAME
(biodiesel) production. Further, the flow behaviors of extracted
castor kernel oil and its biodiesel (FAME) obtained via a
reactive extraction process at various shear rates and
temperatures were investigated, and also their flow was tested
using a power law model.

https://doi.org/10.1021/acsomega.2c05423
ACS Omega 2022, 7, 4155941574
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B MATERIALS AND METHODS

Materials. The raw material, castor seeds, were purchased
from a local market in Addis Ababa, Ethiopia. Chemicals such
as methanol (99.8%), n-hexane (99%), zinc oxide (97%
purity), calcium oxide (99% purity), and barium oxide (98%
purity) were purchased from local suppliers in Addis Ababa,
Ethiopia.

Methods. Nonreactive Extraction and Characterization
of Castor Kernel Oil. Castor kernel oil was extracted using a
nonreactive process (solvent extraction) using a soxhlet
extractor, and the extracted oil was characterized because it
is a necessary step in the reactive extraction procedure. As a
result, this technique is utilized to determine the oil content of
the kernel and to select the potential subjected catalyst based
on the acid value (free fatty acid content) of the oil.

The effect of three major parameters such as the solvent-to-
seed ratio (2.5:1 to 8:1 mL/g), extraction time (2—7 h), and
solvent type (polar, nonpolar, mixture of the two) on
nonreactive oil yield was explored at the boiling point of the
solvent while maintaining a consistent particle size range (less
than 2 mm). The oil was extracted from the deshelled kernel
using the soxhlet apparatus with n-hexane, methanol, and a
combination of the two solvents. After the desired extraction
time, the extracted oil was concentrated, and the solvent was
recovered by a rotary evaporator (ML-E14-2050). The
extracted oil was then cooled and weighed to calculate the
yield. The oil physiochemical properties (acid value, density,
kinematic viscosity, iodine value, saponification value, heating
value, cetane number, and molecular weight) were then
determined using their standard test methods (Table 1). FTIR
analysis, NMR analysis, and its rheological properties were also
studied for the extracted CKO.

Experimental Procedure of the Reactive Extraction
Process. Three heterogeneous base catalysts (BaO, CaO, and
ZnO) were selected for screening for reactive extractions to
produce castor kernel oil fatty acid methyl esters using a
modified soxhlet extractor (Figure 1). Reactive extraction was

—> Hot water out

) —> Condenser
cold waterin - ———>3 ]

Soxhlet chamber <———|°

Thimble containing

Thermometer €————¢ castor seed

Stirrer bar
Methanol and catalyst
inside a flask Water bath
Magnetic stirrer -_,
rs—+y

Figure 1. Experimental setup of the reactive extraction process.

performed in a three-neck round-bottom flask outfitted with a
condenser, Soxhlet chamber, thermometer, and magnetic
stirrer (Figure 1). Generally, the amount of the methanol-to-
oil ratio in a conventional transesterification reaction varies
from 3:1 to 15:1 in the molar ratio.”*®**™*® Methanol was
used as an extraction solvent and a transesterification reactant
in a reactive extraction process from the castor kernel. Hence, a
larger amount of methanol is required as compared to the
amount of methanol required for oil transesterification to

produce biodiesel in the conventional method.””**”*° During
the experiment, the known amounts of the catalyst (BaO, CaO,
and ZnO) and methanol were initially put in a three-neck
round-bottom flask based on the methanol-to-oil molar ratio
and the catalyst concentration range and then spun to mix.
Following that, a measured amount of the sample (crushed
kernel) was placed in a thimble and then in the Soxhlet
chamber depending on the chosen methanol to oil molar ratio.
The chamber was then outfitted with a flask holding methanol,
a catalyst at the bottom, and a condenser at the top (Figure 1.).
The solution was then heated to vaporize methanol. Some
methanol formed methoxide with the catalyst while the rest
was vaporized to extract and rinsed out the oil into the reaction
flask.

After the reaction time was reached, the reaction mixture
was promptly chilled with an ice bath and centrifuged (Pro-
Analytical C2004) at 4000 rpm to recover the catalyst. A rotary
evaporator was then used to recover the excess methanol. The
product mixture was then transferred into a separating funnel
and placed in the funnel for 24 h to separate methyl ester from
glycerol. Following glycerol separation, the product was
washed with hot distilled water (heated to 40 °C) to remove
any leftover glycerol and to clear up castor FAME. The
washing procedure was continued until the pH of the water
was detected to be neutral (~7.0). After the distilled water was
removed, the product was finally dried in an oven at 110 °C for
0.5 h to remove moisture. The yield was then calculated by
weighing the dried FAME (eq 1).

FAME vyield (wt %)

weight of obtained FAME
= X 100%
expected oil content in castor ker nel used

(1)

Further, the purity produced FAME and the conversion

triglycerides of castor kernel oil were calculated using '"H NMR
33,51,52

spectra by eq 2.

2A
X (%) = —E x 100%
Acw, )

where X (%) is the percentage conversion of castor kernel oil
triglycerides into its fatty acid methyl ester, Ay is the
integration value of the methoxy group (methyl esters), while
Acy, is the integration value of a@-methylene protons

(methylene value adjacent to the carboxy group).

Design of Experiment Reactive Extraction for FAME
Production. The response surface methodology (RSM)
model with central composite design (CCD) was used to
investigate the effects of the reactive extraction process
variables on the yield of castor FAME and optimize the
parameter for maximum FAME and oil yield. Design expert
software version 12.0 was used for the experimental design. In
general, for three factors with three levels, about 20 experiment
combinations with replicate were conducted by varying process
parameters: reaction temperature (55—6S °C), methanol-to-oil
molar ratio (175:1—350:1), and BaO catalyst concentration
(3—S wt % per oil content of the kernel), a 6 h reactive
extraction time, which was the optimum condition where
maximum oil was extracted during the oil extraction process,
and an agitation speed of 600 rpm. The analysis of variance
(ANOVA) was used to determine the significance of the
model.

https://doi.org/10.1021/acsomega.2c05423
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Figure 2. Effect of nonreactive extraction parameters on the yield of castor kernel oil: (a) solvent-to-kernel ratio for 4 h extraction time using
hexane, (b) extraction time at the solvent-to-kernel ratio of 6.25 mL/g using hexane, and (c) solvent type at the solvent-to-kernel ratio of 6.25 mL/

g and 6 h extraction time.

Catalyst Reusability Study. The reusability of the catalyst
was studied by recovering and reusing the catalyst used in the
preliminary methyl ester production performed at the
optimum conditions that gave the highest yield of castor
kernel oil FAME. To reuse the catalyst, it was extensively
washed with methanol to remove the glycerol and any
unwanted components adhered to the surface of the catalyst
and then filtered with filter paper. The catalyst was then dried
in an oven at 100 °C for 17 h. Finally, the dried catalyst was
subjected as a reactive extraction catalyst for castor kernel fatty
acid methyl ester production under the same process
conditions as the previous cycle. The cycle for the reaction
was repeated until there was a considerable drop in the yield of
castor kernel oil FAME.

Product Characterization. Characterization of Castor
Kernel Oil Fatty Acid Methyl Ester. The obtained methyl ester
was characterized to determine whether it fulfilled the standard
biodiesel criteria. Physiochemical properties of the produced
methyl ester, such as density, kinematic v1'scosity,41 acid value,
heating value,** saponification value, iodine value,** cetane
number,*® molecular weight,43 and flash point, were tested
according to ASTM standards.

Fourier Transform Infrared (FTIR) Analysis. Infrared (IR)
spectra were recorded using an FTIR spectrometer (iS50
ABX) for the qualitative analysis of nonreactively extracted
castor oil and its FAME produced through the reactive
extraction process. The spectra were used to determine the
functional groups present in the sample. FTIR spectra were
recorded with scans 32 and a resolution of 16 cm™ over a
wavenumber range of 4000—500 cm ™. The functional groups
were identified by comparing the obtained spectra to the
previously reported spectra of castor seed oil and its methyl
ester.

Nuclear Magnetic Resonance (NMR) Analysis. Nuclear
magnetic resonance spectroscopy (NMR) (Make: Bruker, 400
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MHz) analyses were performed to determine the conversion of
castor kernel oil triglyceride to its FAME (eq 2). A liquid
sample of 40 yL was taken in a S mm NMR tube and mixed
with 500 uL of a deuterated chloroform (CDCl,) solvent. The
chemical shift peak of deuterated chloroform at 7.26 ppm was
taken as an internal reference. The proton shift peaks of methyl
ester and methylene were taken at around 3.65 and 2.31 ppm,
respectively. Further, *C NMR analyses were performed for
both extracted castor kernel oil from nonreactive extraction
and for castor kernel oil FAME obtained from reactive
extraction for conformation of conversion of castor kernel oil
triglycerides into its FAME.

Rheological Experiments. Castor kernel oil and its fatty
acid methyl ester have different viscosities as the FAME is
obtained through chemical modification by the transester-
ification reaction. The rheological properties of both the oil
and its methyl ester were analyzed using an Anton Paar MCR
102 Rheometer (Austria) at temperatures ranging from 20 to
80 °C and shear rates ranging from 0.1 to 100 s™". The flow
test was conducted at 25 °C, and the shear rate ranged from
0.1 to 100 s™! for the power law model (eq 3).>

7= ky" (3)

where 7, 7, n, and k are the shear stress (Pa), the shear rate
(s7!), the non-Newtonian flow behavior index (dimension-
less), and the flow consistency index (Pa-s"), respectively.
Both the power law parameters (n and k) are determined
from the linearization of the power law equation (eq 3), where
the plot of In 7 versus In y should be a straight line with slope n
and intercept In k if the fluid flow fit with the power law model.

B RESULTS AND DISCUSSION

Nonreactive Extraction and the Characterization of
Castor Oil. Figure 2a—c presents the effect of the solvent-to-
kernel ratio, extraction time, and type of solvents on the yield

https://doi.org/10.1021/acsomega.2c05423
ACS Omega 2022, 7, 4155941574
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Figure 3. Yield of castor kernel oil FAME using heterogeneous base catalysts at reactive extraction conditions of a methanol-to-oil molar ratio of
250:1, a catalyst loading of 4 wt %, and an agitation speed of 600 rpm for 6 h at a reaction temperature of 65 °C.

of nonreactive castor kernel oil extraction. The effect of the
solvent-to-seed ratio was investigated using nonpolar solvent n-
hexane for 4 h extraction time (Figure 2a). Figure 2a shows
that the oil yield increased from 34.3 & 2.1 to 53.2 & 0.39 wt %
as the solvent-to-castor kernel ratio increased from 2.3 to 6.5
mL/g. However, an increase in the ratio beyond 6.5 mL/g has
no significant change in the yield of castor kernel oil. Hence,
the solvent-to-castor kernel ratio of 6.25 mL/g is considered at
an optimum condition.

Figure 2b shows the effect of extraction time (2—7 h) on the
yield of castor kernel oil at a fixed solvent-to-castor kernel ratio
(6.5 mL/g) using n-hexane. At this ratio, the yield was
increased with extraction time to a maximum of 54.79 + 0.26
wt % oil yield at 6 h, and no significant change in the oil yield
was observed at a 6 h extraction time (Figure 2b). Further
study of the influence of solvent type reveals that pure
methanol extracts more oil than n-hexane and their mixture
(Figure 2c). The oil yield of the castor kernel was found to be
the maximum (59.7 + 0.31 wt %) using pure methanol as
compared to n-hexane as a solvent. This result is attributed to
castor oil containing 85—90% ricinoleic acid, which makes it
polar and soluble in methanol. From Figure 2a—c, it was
concluded that the maximum possible castor kernel oil (59.7 +
0.31 wt %) could be extracted at a 6.25 mL/g of solvent-to-
castor kernel ratio for a reaction time of 6 h using polar solvent
methanol.

Nonreactive castor kernel oil physiochemical properties
were measured and compared to ASTM specifications for
quality castor oil, and the results are also compared with other
vegetable oils such as castor seed oil,® cottonseed oil,”” rubber
seed oil,”® and Jartopha carcus L.*' Castor kernel oil extracted
with methanol was red-brown in color. As shown in Table 1,
the density of castor kernel oil obtained from the nonreactive
extraction process at room temperature was 0.981 g/cm’,
which was close to the prescribed limit of castor seed oil used
for biodiesel.>*~® However, it has a higher density than other
vegetable oils such as neem seed oil (0.92 g/cm?),* rubber
seed oil (091 g/cm®),*® and Jartopha carcus L. (0.932 g/
cm?).* This result may be due to the larger viscosity nature of
castor kernel oil (i.e., 288.83 mm?/s at 20 °C). The result of
kinematic viscosity shows that the castor kernel oil is much
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higher than that of jatropha carcus seed oil (32 mm?*/s),
cottonseed oil (29.22 mm?/s), neem seed oil (26.09 mm?/s),
and rubber seed oil (13.13 mm?/s).”’~* This is perhaps
attributed to the presence of hydroxyl groups of fatty acid as
ricinoleic acid in the castor kernel oil, which contribute to
higher viscosity.”> However, the kinematic viscosity at 40 °C
was found to be 288.83 mm?/s, which is also significantly
higher than the viscosity of other vegetable oils. This result
suggests that the oil is too viscous and difficult to consume
directly as a fuel because it causes poor fuel atomization,
incomplete combustion, fuel injector choking, and ring
carbonization.”® As a result, the extracted oil suffered a
chemical modification, reactive extraction, which reduced its
viscosity for the suitability of fuel application. Castor kernel oil
has a higher viscosity than other vegetable oils due to the
presence of a hydrogen bond in its hydroxyl group (—OH) or
the presence of ricinoleic acid.’® The acid value of the
extracted castor kernel oil was found to be 1.122 mg KOH/g.
This shows the free fatty acid (FFA) content is lesser than 1 wt
%. Hence, due to the lower value of FFA, the oil castor kernel
is suitable feedstock for the production of methyl ester with an
alkali catalyst using the reactive extraction technique. The
extracted castor kernel oil acid value and FFA content were
comparable to those reported by other researcher’s report.*®!
Extracted castor kernel oil had a saponification value of 182.35
mg KOH/g. The iodine value of the oil extracted using the
nonreactive technique was found to be low (49.35 glI,/100 g
oil), which was lower than the value of other vegetable oils.
This result implies that the lower unsaturation in the fatty
acid®>® results in higher viscosity.”*

Catalyst Screening and Reactive Extraction for
Transesterification. Since the free fatty acid content of the
castor kernel oil was <1%, a reactive extraction of the castor
kernel was performed using a heterogeneous base catalyst.
Three heterogeneous base catalysts such as BaO, CaO, and
ZnO were selected to identify the catalyst that provides a high
yield of castor kernel oil FAME by reactive extraction. The
maximum yield of castor kernel oil FAME was obtained using
BaO with similar transesterification reaction conditions of a
methanol-to-oil molar ratio of 250:1, a catalyst concentration
of 4 wt %, and an agitation speed of 600 rpm for 6 h at a
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Figure 4. Effect of the catalyst concentration on the yield of castor kernel oil FAME using the reactive extraction process at a methanol-to-oil molar
ratio of 250:1 and an agitation speed of 600 rpm for 6 h at a reaction temperature of 65 °C.

Table 2. ANOVA for the Response Surface Quadratic Model Obtained for the Reactive Extraction of Castor Kernel Oil

source sum of squares df
model 5041.61 9
A—methanol to oil molar ratio 2695.82 1
B—catalyst concentration 166.88 1
C—temperature 586.98 1
AB 6.18 1
AC 87.85 1
BC 5.33 1
A? 1195.72 1
B? 75.73 1
c? 406.33 1
residual 2.46 10
lack of fit 2.05 S
pure error 0.4071 S
Cor total 5044.07 19

R*= 0.9995, R* adj = 0.9991

mean square F-value p-value
560.18 2280.92 <0.0001 signiﬁcant
2695.82 10976.78 <0.0001
166.88 679.51 <0.0001
586.98 2390.04 <0.0001
6.18 25.15 0.0005
87.85 357.70 <0.0001
5.33 21.70 0.0009
1195.72 4868.69 <0.0001
75.73 308.35 <0.0001
406.33 1654.47 <0.0001
0.2456
0.4098 5.03 0.0503 not significant
0.0814

predicted R* = 0.9968, CV = 6.588%

reaction temperature of 65 °C (Figure 3). This result is
probably attributed to higher pore volume and basicity
7 Hence, the BaO catalyst was selected for further
investigation in the present study. Figure 4 shows the
preliminary transesterification reaction at various BaO catalyst
concentrations at a fixed methanol-to-oil molar ratio of 250:1
and an agitation speed of 600 rpm for 6 h at a reaction
temperature of 65 °C. It was observed that the maximum yield
was obtained at a concentration of 4 wt %; hence, a range of
3-S5 wt % was chosen for the reactive extraction process
(Figure 4).

Optimization of Reactive Extraction Process Param-
eters. Model Fitting and Statistical Analysis of Variance
(ANOVA). A total of 20 reactive extraction experiment matrices
were formulated using RSM-CCD for three parameters (BaO
catalyst concentration, methanol to oil ratio, and reaction
temperature) at an optimum nonreactive extraction time of 6
h. To predict the yield of FAME, the design experimental data
were used to generate a quadratic polynomial equation based
on code and actual values of the parameters (eqs 4 and S). The
statistical significance of the regression mathematical model
was evaluated using analysis of variance (ANOVA), and the
results are presented in Table 2. The model F-value was found

nature.

to be 2280.92, which indicates that the model is highly
significant and has a low probability value (p < 0.0001).
Individual effects of A (methanol to oil molar ratio), B
(catalyst concentration), and C (temperature); interaction
effects of AB, AC, and BC; and quadratic effects of A% B?, and
C? all had a considerable effect on the yield of castor kernel oil
FAME within the experimental range.

The value of the regression coefficient (R*) was used to
evaluate the quality of the model fit. The obtained model has
an R? value of 0.9995, indicating that 99.95% of the
experimental results are explained by the obtained model
equation in the form of the coded and actual factor (eqs 4 and
5). Figure Sa also shows that the model-predicted and actual
yield of castor kernel oil FAME was similar, with an average
error value of 0.05%. Further, the adjusted coeflicient of
determination (R*adj) was 0.9991, which validates the
significance of the model.® A high predicted R* (0.9968)
value also indicates that the fitted model is reasonably
accurate.’’ The predicted R* value is reasonably close to the
adjusted R* value, with a difference of less than 0.2. The
coefficient of variation (CV) is lower (6.6%), reflecting the
reliability of the results of the fitted model. The regression
coefficient and the corresponding 95% high and low
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Figure S. Response surface plots: (a) predicted yield versus actual yield of castor kernel oil FAME, (b) interaction effect of the methanol-to-oil
molar ratio and catalyst concentration, (c) interaction effect of the methanol-to-oil molar ratio and reaction temperature, and (d) interaction effect
of the catalyst concentration and reaction temperature on the yield of castor kernel oil FAME.

Table 3. Regression Coefficients and the Corresponding 95% CI (Low and High) and Parameter Optimization

factor coefficient estimate df
intercept 86.64 1
A—methanol to oil molar ratio 14.05 1
B—catalyst concentration 3.50 1
C—temperature 6.56 1
AB —-0.8787 1
AC 3.31 1
BC —0.8162 1
A? —9.11 1
B —2.29 1
c —5.31 1

standard error 95% CI low 95% CI high VIF

0.2021 86.19 87.09

0.1341 13.75 14.35 1.0000
0.1341 3.20 3.79 1.0000
0.1341 6.26 6.85 1.0000
0.1752 —-1.27 —0.4884 1.0000
0.1752 2.92 3.70 1.0000
0.1752 —-1.21 —0.4259 1.0000
0.1305 -9.40 —8.82 1.02
0.1305 —-2.58 —2.00 1.02
0.1305 —5.60 —5.02 1.02

Parameter Optimization and Validation of the Predicted Value with the Experimental Result

parameter constraint
methanol to oil molar ratio 175:1-350:1
catalyst concentration (wt %) 3-§
temperature (°C) 55-65

yield of FAME (wt %)

optimum condition predicted value experimental value
330.9:1 96.15 96.16
4.09

64

confidence interval (CI) are used to investigate the effect of
the reactive extraction process variables on the yield of castor
methyl ester. The higher the regression coefficient, the stronger
the effect on the reactive extraction process and, consequently,
on the yield of castor oil FAME (Table 3).* Thus, the reactive
extraction parameters such as the methanol-to-oil molar ratio
(A), catalyst concentration (B), and temperature (C), as well
as the interaction parameters, were found to be significant for
the yield of castor kernel oil FAME.

FAME vyield (%) = 86.64 + 14.05A + 3.49B + 6.56C

— 0.88AB + 3.31AC — 0.81BC
— 9.114> — 2.29B> — 5.31C> (4)

FAME yield (%) = —861.88 + 0.37A + 34.27B + 25.46C

— 0.01AB + 0.0076AC — 0.16BC
— 0.00124%* — 2.29B* — 021C>  (5)

Process Optimization. Following the regression analysis by
ANOVA, numerical optimization was carried out for reactive
extraction for castor kernel oil FAME production using within
a range as a constraint for the independent parameters and
maximization as a goal for the response and desirability
function. The predicted optimal values for the reactive
extraction of castor kernel to produce FAME from the
model equation (eq S) are a 330.9:1 methanol to oil molar
ratio, a 4.09 wt % catalyst concentration, and a reaction
temperature of 64 °C (Table 3). The model-predicted
optimum yield of castor kernel oil FAME was found to be
96.1S wt % under optimal process conditions. An experiment

41565 https://doi.org/10.1021/acsomega.2c05423
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Table 4. Comparison of the Yield of FAME (Biodiesel) from Various Feedstocks Using Three Process Steps Such as
Extraction, Esterification, and Transesterification and Reactive Extraction Transesterification as a Single Process”

time required for each process (h)

oil extracted oil TSET yield of FAME
feedstock extraction purification esterification  transesterification  (h) catalyst type TTMP (wt %)
rubber seed 8 unknown 2 0.25 H,SO, and Ba(OH),- 10.25 ~97%
8H,0
sea mango (Cerbera 4 unknown no 3 sulfated zirconia 7 94.1%
odollam) esterification
Croton macrostachyus 6 unknown 2 NaOH 8 95.52%
seed
castor seed NR NR NR NR 3 KOH 3 88.4°
castor seed NR NR NR NR 4 NaOH 4 93%
Jatropha curcas L. seed NR NR NR NR 10 H,SO, 10 98.1%
castor seed NR NR NR NR 6 BaO 6 93.13"

“NR: not required, ** present study, TSET: time for simultaneous extraction and transesterification, and TTMP: total time for main process.
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Figure 6. Reusability of BaO for the reactive extraction of the transesterification process at optimum conditions of a methanol-to-oil molar ratio of
330.9:1, a catalyst concentration of 4.09 wt %, and a reaction temperature of 64 °C.

at the model-predicted optimum condition was carried out to
validate the model-predicted yield of castor kernel oil FAME
(Table 3). The result shows that the model-predicted value
and the experimental result were proximity similar with a
0.02% error. Hence, the interaction effects of reactive
parameters were further investigated and presented in the
Interaction Effect section. Furthermore, the present study
result for the yield of biodiesel (96.15 wt %) obtained using the
reactive extraction transesterification reaction method was
comparable with mustard oil transesterification (97.5 wt %) e
used frying mustard oil (96.85 wt %),°® rubber seed oil (97 wt
%),” castor seed oil (95 wt %, 88.2 wt %"), and castor oil
(952 wt %).”” Hence, the following method and heteroge-
neous catalyst (BaO) can minimize the processing time and
wastewater disposal for transesterification to produce biodiesel
and product purifications, respectively (Table 4).

Interaction Effect of Reactive Extraction Parameters on
the Yield of Castor Fatty Acid Methyl Ester at Optimum
Conditions. The interaction effect of the methanol-to-oil molar
ratio and catalyst concentration was investigated using a
response surface (3D) plot of eq § at optimum reaction
temperature (64 °C) (Figure Sb). As observed in the plot, the
yield of castor kernel oil FAME increased with an increase in
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the methanol-to-oil molar ratio and catalyst concentration.
This also demonstrates that both the methanol-to-oil molar
ratio and catalyst concentration are significant parameters for
reactive extraction. However, the yield was reduced beyond a
molar ratio of 330.9:1 and a catalyst concentration of 4.09 wt
%. A similar observation was reported by Tarigan et al.*
during waste passion fruit peel oil transesterification.

The interaction effect of the methanol-to-oil molar ratio and
reaction temperature on the yield at an optimum catalyst
loading of 4.09 wt % is shown in Figure Sc. Thus, the yield
increased with an increase in the methanol-to-oil molar ratio
and reaction temperature and then reduced above 64°C
reactive extraction temperature and a molar ratio of 330.9:1. In
addition, the effect of catalyst concentration combined with
reaction temperature at an optimum methanol-to-oil molar
ratio of 330.9:1 is presented in Figure 5d. At a lower reaction
temperature, FAME yield increased with an increase in the
catalyst concentration, and the same is true for the yield
increase with a less amount of the catalyst. Hence, a
simultaneous increase in the combined variables increases
the yield.

Reusability of the BaO Catalyst. The reusability of BaO
for the reactive extraction of castor kernel oil for FAME
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Figure 7. FTIR spectra of castor seed kernel, castor kernel oil obtained at optimum nonreactive extraction conditions, and castor kernel oil FAME

obtained at optimum reactive extraction conditions.

production was tested at optimum reaction conditions. It was
observed that the yield of castor FAME using a fresh catalyst
was 96.1 wt %, which was marginally reduced to 85.8 wt % in
the 3rd recycle and then gradually reduced to 74.4 wt % in the
4th cycle (Figure 6). This was probably due to leaching
formation, catalyst loss in each recycling phase, and/or carbon
deposit formation on the active sites of the catalyst.”®
Furthermore, the result also revealed that the BaO catalyst
could be easily recovered and reused for three consecutive
cycles with a 6.63 wt % reduction of yield of castor kernel oil
FAME. However, after the 3rd recycle stage, the catalyst
performance was reduced by more than 10 wt %. Hence, the
BaO catalyst is required to regenerate before being used for the
reactive extraction of castor kernel oil for FAME production.
Characterization of Nonreactive (CKO) and Reactive
Extraction (CKO FAME) Products. FTIR Analysis. The
results of FTIR analysis of castor kernel, CKO, and CKO
FAME are presented in Figure 7. The results showed that the
spectra of the castor seed kernel and castor kernel oil obtained
from the nonreactive extraction process and its methyl ester
obtained through the reactive extraction process were identical
to a large extent (Figure 7). The spectra agreed with the results
reported by Hernandez-Sierra et al.’” In the spectra of castor
kernel oil, the band at around 3369 cm™! indicates the
presence of —OH stretching due to the presence of
hydroxylated ricinoleic acid in the samples. Similarly, the
band was also observed with some shift to the left at 3333
cm™' and to the right at 3426 cm™" in castor seed kernel and
castor kernel oil FAME, respectively (Table S). The bands at
around 2923 and 2854 cm™" are typical of asymmetrical and
symmetrical vibrations of aliphatic —CH, fatty acid hydro-
carbon chains, respectively.”®”" The presence of alkene groups
(=CH-) in castor kernel oil and its FAME were observed
with stretching vibration at wavenumbers of 3010 and 3005
cm™!, respectively.”®’> The presence of ester carbonyl
functional groups (C=0) and (C—O) were observed at
1741 and 1162 cm™". This ester group (C—O) was observed at
about 1159 cm™! in the castor seed kernel, but it was shifted to
1170 cm™ in the case of castor kernel methyl ester. This
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Table 5. FTIR Spectra Summary for Castor Kernel Oil and
Castor Kernel Oil FAME

frequency (cm™)

reported value experimental value

castor castor kernel vibration
functional groups kernel oil oil FAME mode
alcohol (—OH) 3600— 3369 3426 stretching
3200
alkene (=CH) 3010 3005 stretching
aliphatic [alkane 2975— 2923 and 2924 and 2854  stretching
—CH,)] 2840 2854
carbonyl [ester 1750— 1741 1738 stretching
(c=0)] 1730
methoxy [ester 1300— 1162 1170 and 1244  stretching
(C-0)] 1000
alkenes (C=C) 1500— 1459 1439 bending
1400
aromatics (C—H)  960— 722 723 out of
690 plane

signature signifies that the oil extracted from the kernel using
the reactive extraction process was converted into
FAME.**”*”® Further, the presence of a band at around
1439 cm™" for the methyl group (—O—CHj;) and 1170 cm™
for the ester group simultaneously indicated the formation of
castor kernel oil fatty acid methyl ester (Figure 7).>*

NMR Analysis. "H NMR and "*C NMR spectra of the castor
kernel oil obtained by a nonreactive extraction process and
castor methyl ester produced by a reactive extraction process
obtained at optimum conditions are shown in Figures 8, 9, and
10, respectively. NMR spectra can be used to know the
functional groups present in the sample and the conversion
status of triglycerides into biodiesel.”’Figure 8 shows the 'H
NMR spectra of virgin castor kernel oil and the final product
after transesterification (castor kernel oil FAME) using reactive
extraction methods, respectively. In the '"H NMR spectra, the
peak at around 3.7 ppm corresponds to the characteristic peak
of FAME. In castor kernel oil, the peak corresponds to methyl
ester, a proton of biodiesel is absent (Figure 8). The peak at
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Figure 8. 'H NMR spectra of castor kernel oil and castor kernel oil FAME obtained at optimum nonreactive and reactive extraction conditions,
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Figure 9. 3*C NMR spectra of castor kernel oil obtained at the optimum nonreactive extraction condition.

around 3.3 ppm corresponds to —CH—OH for the presence of
ricinoleic fatty acid alkyl groups in both samples (Figure 8).
This was also confirmed in *C NMR at the 70.9 ppm chemical
shift in the form of ricinoleic fatty acid alkyl groups of
triglycerides in CKO (Figure 9) and ricinolate fatty acid esters
in CKO FAME (Figure 10). The presence of a prominent
methyl ester proton peak at 3.7 ppm in the transesterified
product (castor kernel oil FAME) confirms the progress of
transesterification by reactive extraction with the formation of
large quantities of fatty acid methyl esters (FAME). Hence, the
conversion of triglycerides of castor kernel oil triglycerides into
castor kernel oil methyl ester via reactive extraction using BaO
as a heterogeneous catalyst was found to be 94.4 wt % (eq 2).
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This result is comparable with the previously reported methyl
esters produced by reactive extraction using homogeneous
catalysts® and heterogeneous catalysis with conventional
transesterification.”””* The '3C NMR spectra of castor kernel
oil and its methyl esters are depicted in Figures 9 and 10. As
the free fatty acid content of castor kernel oil is too less, the
carbonyl (—C=O0) signal for free fatty acids did not appear at
179 ppm (i, carbonyl of free fatty acids (C=0)) in *C
NMR, whereas the ester signal in triglycerides of castor kernel
oil appeared at the 172—174 ppm chemical shift (i.e., carbonyl
of triglycerides (C=0)). The signals at 69 ppm and 62 ppm
in the >*C NMR spectrum of castor kernel oil are due to the
carbonyl methylene groups of triglycerides (69 ppm (H—C—
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Figure 10. *C NMR spectra of castor kernel oil FAME obtained at the optimum reactive extraction condition.

Table 6. Comparison of the Physiochemical Properties of FAMEs Produced from CKO and Different Seed Oils

property name unit present study FAME  castor FAME®" jatropha FAME®®  rubber FAME®® palm FAME®* ASTM standard ranges
density” g/cm3 0.871 0.886 0.8824 0.883 0.869 0.86—0.9
density” g/cm’ 0.819
viscosity” mPa-s 15.595 1.6-3.5 cp
kinematic viscosityb mm?/s 19.04 10.39 4.05 3.81 4.2 1.9-6.0
acid value mg KOH/g 0.29 0.64 0.38 0.4 0.5 max
FFA wt % 0.145 0.32 0.19 0.2 0.25 max
saponification value mg KOH/g 152.1 103.2 190
iodine value g1,/100 g 52.57 83.24 114 58 82—88
heating value MJ/kg 42.4 39.43 39.53 37.5-42.8
cetane number 70.36 52 49.9 47 min
flash point °C 216 202 135 131 >120 130 min
ash content wt % 0.01 max
moisture content wt % 0.16 0.287 0.33

“Represents the measurement value at 20 °C. bRepresents the measurement at 40 °C.

O-) and 62 ppm (CH,—C—0O-)) (Figure 9), while the
signals are proximity absent in the castor kernel oil FAME
(Figure 10). It can be clearly seen that the glyceride backbone
of the triglyceride is almost absent in the castor kernel oil
FAME sample (Figure 10). The methoxy carbon of methyl
esters of castor kernel oil fatty acid methyl esters illustrates the
signal at 51.49 ppm. The unsaturation signal (—C=C-)
obtained between 133 and 120 ppm in *C NMR is due to the
presence of polyunsaturated and monounsaturated fatty acids
and ester in castor kernel oil (Figure 9) and castor kernel oil
FAME (Figure 10), respectively.

Physiochemical Properties of Castor Fatty Acid Methyl
Ester. The determined physiochemical properties of the castor
kernel oil fatty acid methyl ester obtained at optimum reactive
extraction conditions are presented in Table 6. The acid value
of produced FAME by reactive extraction was found to be 0.29
mg KOH/g and lesser than that of nonreactive extractive
products (i.e., castor kernel oil) 1.122 mg KOH/g. This result
may be due to the conversion of free fatty acid by a side
reaction during reactive extraction. The kinematic viscosity of
castor kernel oil was reduced from 288.83 mm?/s (castor
kernel oil) to 19.04 mm?/s (castor kernel oil FAME) upon
transesterification by the reactive extraction method. The
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obtained viscosity of castor kernel oil methyl esters showed a
higher value than that of castor seed oil biodiesel reported by
Dasari and Goud.*” This variation of the result is attributed to
the genotype of the seed. Further, the reported values for the
viscosity are higher as compared to fatty acid obtained from
transesterification reaction products of rubber seed FAME
(3.81 mm?/s)*® and palm seed FAME (42 mm?/s).**
However, the result was lower than that of the used frying
soybean oil FAME viscosity (12 mm?/s).”> The result is
attributed to the variation of the fatty acid composition and
unsaturation in the sample.””*" Further, the results were
confirmed by measuring the density of castor kernel oil fatty
acid methyl ester at 20 and 40 °C (Table 6). The density of
castor kernel oil was reduced from 0.981 to 0.871 g/cm® at 20
°C and 0965 to 0.819 g/cm® at 40 °C by reactive extraction.
The reduction of density and viscosity by reactive extraction
demonstrates the chemical modification of castor kernel oil
and conversion of triglycerides in the castor kernel oil to fatty
acid methyl esters via the transesterification reaction with
methanol in the presence of a BaO catalyst.ss’é‘t'76 However,
the obtained values of the viscosity of castor kernel oil FAME
are still higher than the prescribed standard limit (Table 6); it
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Figure 11. Shear stress versus shear rate profile of castor kernel oil and castor kernel oil FAME at 25°C.

is unsuitable for use in engines unless blended with mineral
diesel fuel.”””®

Similarly, during the reactive extraction process, the
saponification value of castor kernel oil was decreased from
182.35 to 152.1 mg KOH/g. This result is attributed to the
reduction of the acid value during the conversion of
triglycerides into FAME. The iodine value of castor kernel
oil FAME was found to be 52.57 gI,/100 g. The lower iodine
value result suggests that the castor kernel oil fatty acid methyl
ester is less sensitive to oxidation during storage.”” The
obtained heating value (42.4 MJ/kg) of FAME was slightly
higher than FAME produced from used frying soybean oil
(39.8 MJ/kg).”® Further, the cetane number (70.36) and flash
point (216 °C) were found to be within the ASTM standard
(Table 6). The heating value indicated that the obtained
methyl ester (biodiesel) is promising to be used as fuel.'> The
flash point of biodiesel is also positively correlated with its
viscosity; the higher the viscosity, the higher the boiling point
and, consequently, the higher the flash point.80 The measured
value of the flash point for castor kernel oil FAME suggests
that the castor methyl ester produced can be handled and used
safely. %%

Rheological Behavior of Castor Kernel Oil and Its
Methyl Ester. Internal flow behaviors for biodiesel and it
feedstocks are important as fuel flow properties and exert a
great influence on fuel circulation, the mechanism of
atomization of the fuel spray, and injection during diesel
engine operation.”””® The plot of shear stress versus the shear
rate at 25°C shows a linear relationship with a zero intercept
and R? values of 1 and 0.9996 for CKO and CKO FAME,
respectively (Figure 11). The dynamic viscosity of CKO and
its FAME shows approximately a similar flow pattern within
the shear rate range of 01—100 s™L. Further, the values of the
zero intercept with the R* value close to unity indicate that
both the samples have Newtonian flow behavior with the
studied range of the shear rate. Similar flow behavior
observations were reported for Moringa oleifera oil,”" waste
cooking oil, rubber seed oil, castor seed oil, and their
FAME.>>** Additionally, the flow behaviors of the two samples
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were analyzed using a commonly used model to estimate flow
consistency (k) and non-Newtonian flow behavior indices (n)
at 25°C from the linearization of the power law equation (eq
3). The higher deviation of the n value from unity (1) results
in the hi%her deviation of the fluid from Newtonian
behavior.”*" The non-Newtonian flow behavior indices (1)
for CKO and its FAME were found to be 1 + 0.001 and 1 +
0.01, respectively (Table 7). The variation of dynamic viscosity

Table 7. Rheological Behavior Parameters for the
Experiment and the Power Law Model for Castor Kernel Oil
and Its FAME at 25°C“

properties unit castor kernel oil castor kernel oil FAME
shear rate 1/s 0.1-100 0.1-100

k mPa-s" 583.4 + 0.59 23.78 + 0.87

Kexp mPa-s 584.21 + 5.7 24.46 + 2.05

n 1 + 0.001 1+ 0.01

R? 0.999 0.996

“k is the flow consistency index obtained from the power law model,
k., is the dynamic viscosity obtained from the experiment, and # is
the non-Newtonian flow behavior index.

of the samples within the studied shear rate at 25 °C obtained
from the experiment and the power law model (flow
consistency index or viscosity) (eq 3) were found to be in
good agreement with 0.14 and 2.78% variations for CKO and
its. FAME, respectively. The results are attributed to the
Newtonian fluid behavior of the tested samples.*® The power
law model was well fitted with R? values near unity for both
CKO (0.999) and its FAME (0.996). Chemical modification of
CKO by reactive extraction reduces the flow consistency index
(k) from 583.4 + 0.59 to 23.78 + 0.78 mPa.s (Table 7). This is
due to the reduction of high-molecular-weight esters of
glycerol present in oil samples in castor kernel into straight
chain methyl esters by a reactive extraction process. Further,
the result also shows the conversion of castor kernel oil
triglycerides into castor kernel FAME.
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Figure 12. Effect of temperature on the dynamic viscosity of castor kernel oil and castor kernel oil FAME obtained at optimum nonreactive and

reactive extraction conditions, respectively.

The effects of temperature (20°C—80°C) on the dynamic
viscosity of CKO and its FAME are presented in Figure 12. It
can be seen from Figure 12 that the dynamic viscosity was
higher for CKO FAME over the temperature range of 20°C to
80°C. The temperature effect of the dynamic viscosity has a
similar pattern within the temperature range for both samples.
The viscosity nonlinearly decreased from 848.78 to 38.41 mPa-
s and 32.22 to 4.36 mPa-s as the temperature increased from
20 to 80 °C in similar fashions. This is attributed to the
reduction of the intermolecular interaction at a higher
temperature. Similar observations were reported for castor
oil, rubber seed oil, and waste cooking oil.**

B CONCLUSIONS

In this study, FAME has been produced by simultaneous
extraction and transesterification directly from castor kernel
using a heterogeneous catalyst and also optimized the process
conditions using RSM-CCD. A maximum yield of 59.7 wt % of
castor kernel oil was extracted with a solvent-to-seed ratio of
6:1 mL/g and an extraction time of 6 h using polar solvent
methanol and with its boiling point. The role of n-hexane for
the nonreactive extraction of castor kernel oil was less
significant as compared to methanol, and hence only a polar
solvent (methanol) was used for the reactive extraction. The
acid value of nonreactive castor kernel oil was obtained at
1.122 mg KOH/g; thus, it is suitable for reactive extraction by
a heterogeneous base catalysis reaction carried out for its
FAME production. The reactive extraction performance for
castor kernel oil production was higher in BaO as compared to
CaO and ZnO. The catalyst reusability test indicated that the
BaO catalyst could be easily recovered and reused for three
successive cycles with a 6.37% reduction in its activity.
Furthermore, three process parameters such as BaO catalyst
concentration, reactive extraction reaction temperature, and
methanol-to-oil molar ratio were studied for the processes. The
optimum values of parameters for the highest yield of biodiesel
(96.13 wt %) using the reactive extraction method have been
determined as follows: a methanol-to-oil molar ratio of 330.9:1
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and a catalyst concentration of 4.09 wt % at a 64 °C
temperature using a BaO catalyst. The developed second-order
model equation was able to predict the response function (i.e.,
the yield of castor kernel oil FAME) based on the input
parameters with less than a 0.05% error. The obtained model
can be employed for large-scale synthesis of castor kernel oil
fatty acid methyl ester to predict the conversion of castor
kernel oil before reactive extraction for the transesterification
process to save time and maximize the yield of FAME at
various conditions within the range studied. The rheological
behavior investigation shows that both CKO and its FAME are
Newtonian fluids and their flows fit well by the power law
model with an R*> value greater than 0.99. Further, the
physiochemical properties of castor kernel oil FAME obtained
at optimum conditions were tested and found within the
ASTM standards specifications except for the viscosity, which
could be further reduced by blending it with conventional
diesel fuel. Hence, the obtained FAME was found to be
suitable for blending with diesel fuel for use in diesel engines.
Based on the obtained results, simultaneous castor seed oil
extraction and transesterification through reactive extraction
using a heterogenous catalyst (i.e, BaO) was an efficient and
time-saving approach to produce castor kernel fatty acid
methyl ester directly from a raw castor kernel pre-extraction
process followed by an esterification/transesterification proc-
ess. Further, the following method and using a heterogeneous
catalyst eliminated the oil extraction step and reduced the
usage of n-hexane and wastewater generation during product
purification. Finally, it can be concluded that the simultaneous
extraction and transesterification process is a feasible process
for biodiesel production from low free fatty acid-containing oil
seed (<1%) in a single step.
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