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Abstract
In this study, the conversion of crude Jatropha curcas oil into biodiesel through transesterification was investigated in the 
presence of heterogeneous solid catalysts under supercritical methanol environment. The principal impetuses catalyzing the 
expansion in optimal biodiesel production are primarily attributed to the increasing demand for sustainable energy sources, 
the availability of raw materials, and innovations in production methodologies. To maintain the optimization, 6 wt% and 10 
wt% of zinc oxide (ZnO) were incorporated into gamma-alumina (γ-Al2O3) through a wet impregnation method followed 
by calcination at 900 °C. Furthermore, the study examined the effect of alcohol/oil molar ratio, reaction temperature, and 
reaction time on the process to achieve maximum biodiesel production. The study revealed that a catalyst consisting of 10 
wt% ZnO on γ-Al2O3 exhibited exceptional performance with a biodiesel yield of 95.64% under the reaction conditions of a 
molar ratio of 1:40 oil to methanol, a temperature of 300 °C, a pressure of 9 MPa, and a residence time of 3 min compared to 
the yield of 100% under same condition at residence time of 9 min. After thorough investigation, the kinetics of the catalytic 
transesterification reaction were elucidated, and suitable kinetic parameters were proposed.
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1  Introduction

Nowadays, due to the rapidly increasing population world-
wide, the consumption of fossil fuel energy is increasing 
day by day, which increases the need and demand for more 
profitable alternative renewable energy [1]. Among all other 
alternative fuels, biodiesel as a blend of fatty acid alkyl 
esters is a fuel that is attracting significant interest and stud-
ies due to its biodegradability, non-toxicity, and production 
from organic sources [2]. The most common and effective 
method to obtain biodiesel is trans-esterification. Biodiesel 
can be derived from vegetable oil, animal fat, and algae oil 
with short-chain alcohol such as methanol. Since the produc-
tion of biodiesel is mainly based on the trans-esterification 
of biological oils, it reduces carbon dioxide emissions on a 

large scale, which makes it environmentally friendly [3, 4]. 
Adding an excess of alcohol facilitates shifting the equilib-
rium of the reaction towards esters, as acceleration of the 
reaction can be achieved by using a catalyst when the reac-
tion reaches equilibrium. Although homogeneous alkaline 
catalysis, such as sodium hydroxide or potassium hydrox-
ide, is preferred as it allows the reaction to occur approxi-
mately 4000 times faster than acid catalysis and leads to 
higher efficiency with lower temperature and pressure, it 
presents some problems to processing different feedstocks 
such as inedible oils with high free fatty acid (FFA) content. 
In this regard, the problem of soap formation can cause a 
decrease in the content of the final product along with a dif-
ficult separation process. Thus, different alternative catalysts 
are developed in order to eliminate the disadvantages caused 
by these catalysts [5, 6]. The abovementioned drawbacks 
give priority to the application of heterogeneous catalysts 
due to their reusability, non-corrosive properties, ease of 
separation, lower cost, energy savings, enhanced fatty acid 
alkyl ester yield, and biodiesel purity, as well as its high 
tolerance to water and FFAs in the feedstocks [7]. According 
to Ramos et al. [8], drawbacks of heterogeneous catalysis 
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in transesterification reactions encompass lower conversion 
rates that may necessitate more rigorous reaction conditions 
compared to homogeneous catalysis, as well as mass trans-
fer resistance resulting from the presence of three phases 
(oil, alcohol, and catalyst) in the reaction mixture. Further-
more, base catalysts utilized in this process can be adversely 
affected by elevated FFA and water content.

To date, the trans-esterification under supercritical alco-
hol technology plays an essential role by promoting higher 
yields of biodiesel at shorter reaction times compared to 
conventional esterification methods which require hours. 
A supercritical condition occurs when the temperature and 
pressure of a fluid are above their critical points. In this 
regard, methanol and ethanol at critical temperatures of 
239.3 °C and 240.8 °C and critical pressures of 8.1 MPa 
and 6.3 MPa, respectively, are the most common alcohols 
used in this technique [9–12]. On the other hand, the use of 
edible vegetable oils and animal fats as feedstock for bio-
diesel production has become a controversial issue due to 
competition with the food industry. With the high demand 
for vegetable oil as a food source, it is necessary to consider 
that its use as a fuel is not justified. Accordingly, non-edible 
oils such as Jatropha curcas can make a significant contri-
bution to the production of biodiesel [13]. Jatropha curcas 
seeds contain a large amount of active ingredients ranging 
from 27 to 40% such as phorbol esters, trypsin inhibitors, 
phytates, lectins, and saponins [14, 15]. Furthermore, the 
presence of phorbol esters and curcins in jatropha indicates 
the incompatibility of the oil with the properties of oils clas-
sified as edible, which means that Jatropha oil is a promis-
ing option for biofuel production [16]. To justify the use of 
inedible vegetative feedstock for biodiesel production, it is 
essential to consider the overall environmental and economic 
benefits of biofuels compared to fossil fuels. While there 
are concerns about resource competition, biofuels offer sev-
eral advantages, including lower greenhouse gas emissions, 
reduced dependence on imported fossil fuels, and potential 
economic benefits for rural communities. Overall, while the 
use of inedible vegetative oil for biodiesel production has the 
potential to compete with natural resources for food produc-
tion, it is essential to balance the benefits and drawbacks of 
biofuels and ensure that they are produced sustainably and 
equitably.

Studies demonstrate that Jatropha curcas seed oil con-
tains high levels of oleic (C18: 1) and linoleic acids (C18: 
2) approximately 43.32% and 36.70% respectively, which 
may vary slightly by region [17]. In this study, biodiesel 
production was carried out under different reaction condi-
tions using a catalyst synthesized by zinc oxides (ZnO) over 
γ-Al2O3 with 10% weight loading, using wet impregnation 
method followed by calcination at 900 °C. To investigate 
the catalytic performance of the catalyst, reactions were 
carried out in a continuously operating packed bed reactor 

(PBR) to produce biodiesel from crude Jatropha oil (CJCO) 
by trans-esterification under supercritical methanol envi-
ronment. The reactions were carried out at 3 different tem-
peratures of (260, 280, and 300 °C) with other parameters 
of oil to methanol molar ratios of (1:20, 1:25, 1:30, 1:35, 
and 1:40) and reaction times (1, 3, 5, 7, and 9 min), where 
the reaction pressure was constant at 9 MPa. Moreover, the 
reaction kinetic model was proposed for this study and the 
re-usability of the catalyst was also examined. The novelty 
and uniqueness of this work are attributed to the fact that it 
yields exceptionally high biodiesel outputs in a remarkably 
short timeframe, surpassing the results reported in existing 
literature. This will be elaborated upon in the following. The 
authors strongly recommend stopping on the review that 
synthesizes the results of multiple investigations focused on 
developing heterogeneous catalysts utilizing a diverse range 
of waste, natural, or commercial materials under supercriti-
cal conditions of alcohols [7]. These types of studies serve 
as a valuable resource for comprehending the current state 
of the field and identifying promising avenues for further 
exploration.

2 � Material and methods

2.1 � Materials

Jatropha curcas oil was obtained by hydraulically pressing 
the seeds in Sudan. Methanol as a reaction medium (99%) 
was from Merck, Germany. Zinc(II) nitrate hexahydrate 
(98%) was from Sigma-Aldrich, Germany, and γ-aluminum 
oxide (1/8″ pellets) was from Alfa Aesar, Germany.

2.2 � Catalysts preparation

The ZnO/γ-Al2O3 syntheses were performed using the 
“Incipient wetness impregnation” method. A total of 10% 
w/v of the Zn was provided from Zn(NO3)2⋅6H2O and mixed 
with deionized water at ambient temperature. Subsequently, 
the homogeneous solution was added to γ-Al2O3 pellets by 
1:1 volume ratio. The sample was impounded in an ultra-
sonic water bath for 2 h to provide diffusion of zinc oxide 
into the carrier (γ-Al2O3) and left to dry in an oven at 105 °C 
for 2 h to completely remove water. Activation of the catalyst 
was performed by calcining the catalyst in a muffle oven at 
900 °C for 4 h. In some cases, lower catalyst loadings such 
as 6 wt% may be preferred due to reducing the amount of 
catalyst required for a given reaction volume. Lower catalyst 
loadings can also reduce the overall cost and environmental 
impact of the process. However, it is important to note that 
lower catalyst loadings may also result in lower reaction 
rates or yields, particularly for feedstocks with high levels 
of FFAs as they were calculated to be equivalent to 22.9% 
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according to American Oil Chemists Society (AOCS) offi-
cial method Ca 5a-40 (notably, no reaction was implemented 
to lower the oil’s FFA content and it was utilized in its origi-
nal state during the transesterification process in a supercriti-
cal methanol environment). In these cases, higher catalyst 
loadings may be necessary to ensure complete conversion 
and minimize the risk of side reactions. This highlights the 
importance of considering the FFA content of feedstocks 
when selecting appropriate catalyst loadings for transesterifi-
cation processes. The decision to use a calcination tempera-
ture of 900 °C for 4 h as the basis for catalyst preparation 
was carefully considered. To illustrate this point, during the 
calcination process, a sample of catalyst loading was sub-
jected to a temperature of 700 °C for a duration of 4 h. X-ray 
diffraction (XRD) analysis was subsequently performed on 
these samples. However, the resulting XRD patterns did 
not exhibit prominent peaks corresponding to the catalyst, 
indicating low crystallinity. Considering this, the calcination 
conditions for the ZnO/γ-Al2O3 catalyst were optimized to 
ensure complete crystallization of ZnO, stability of γ-Al2O3, 
and complete removal of water and organic compounds from 
the catalyst through calcination at 900 °C for 4 h. These con-
ditions result in a highly active and durable catalyst.

2.3 � Catalyst characterization

The synthesized nanoparticles were checked by X-ray dif-
fraction (XRD) using PANalytical X’Pert PRO model con-
ducted with a Cu anode, λ = 1.54059 0A) which were accel-
erated at 45 kV and 40 mA over 2ϴ angle range of 10°–80°. 
The Fourier-transform infrared (FTIR) (Thermo Fisher 
Scientific–Nicolet iS 10, USA) spectra of the samples were 
recorded in the wavenumber range of 400 to 4000 cm−1. 
Sample preparation was carried out by the KBr method. 
Scanning electron microscopy (SEM) equipped with energy-
dispersive spectroscopy (EDS) analysis (SEM–EDS model 
Zeiss EVO® LS 10) was used to analyze the morphology 
of the nanoparticles. The specific surface area (SBET) was 
determined by the Brunauer–Emmett–Teller (BET) method 
(Quantachrome Quadrasorb SI).

2.4 � Biodiesel production

The above synthesized and characterized catalyst was posi-
tioned to fill the volume of the PBR. The inner tube of the 
reactor has a diameter of 1.5 cm and a length of 12.9 cm. 
Two high-pressure pumps were used to pump Jatropha 
oil and methanol through separate feed lines, which pass 
through a preheater zone before reaching the reactor. Feed 
streams quickly reach the reactor conditions while passing 
through the preheating section. The temperature inside the 
reactor was controlled using the PID controller, and the sen-
sor was installed inside a muffle. The temperature process 
variable (PV) was viewed through the PID control display 
according to the experiment set point (SP). On the other 
hand, the pressure was monitored and controlled using the 
manual back pressure regulator. A mixture of biodiesel and 
glycerol was cooled by a heat exchanger, samples were col-
lected, and the fatty acid methyl ester content was calcu-
lated (Fig. 1). The highest FAME contents from the different 
experimental conditions were analyzed using a Perkin Elmer 
Autosystem XL GC, with software version (6.3.2.0646). The 
biodiesel yield was calculated according to Eq. (1) [18].

Moreover, the residence times at supercritical conditions 
in the reactor were calculated according to Eq. (2).

where Vvoid is the reactor void volume; ρSc (P,T) and ρfeed 
are the fluid densities in g mL−1 under reaction conditions 
and at feed pump conditions, respectively; and FMeOH and 
Foil are the volumetric flow rates in mL min−1 of MeOH 
and oil, respectively. ρoil (P,T) is estimated using GCVOL 
Group Contribution Method according to reaction conditions 
[19]. The densities of MeOH in elevated temperatures and 
pressures were estimated using Peng-Robinson Equation of 
State (PR-EoS). PR-EoS and the same in terms of density 
are given in Eqs. 3 and 6, respectively [20].

(1)Biodiesel Yield (%) =
Weight of biodiesel obtained (g)

Weight of oil reacted (g)
× 100

(2)τ =
Vvoid

FMeOH⋅

ρfeed−MeOH

ρSc−MeOH (T,P)
+ Foil⋅

ρfeed−oil

ρoil(T,P)

Fig. 1   Schematic representation 
of catalytic biodiesel produc-
tion in supercritical methanol 
environment
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where a and b are generalized functions of critical tem-
perature, critical pressure, and acentric factor (ω). The real 
root obtained by solving Eq. (6) gives the density of MeOH 
at reactor conditions.

3 � Results and discussion

3.1 � Fatty acid components of CJCO

The contents of fatty acid components in CJCO were 
achieved by quantitative GC–MS (Elite-5 ms Capillary 
Column—30 m × 0.25 mm I.D. × 0.25 µm). Helium was 
used as carrier gas with a flow rate of 1.30 mL/min at 
different temperatures. Based on the quantitative GC–MS 
analysis, it was found that oleic acid was the highest fatty 
acid component in CJCO, accounting for approximately 
43.25% of the total fatty acid content (see Table 1). This 
is in line with previous studies that have reported high 
levels of oleic acid in Jatropha curcas oil [21, 22]. Most 
of the remaining fatty acid components identified in CJCO 
include palmitic acid (13.93%), stearic acid (6.46%), lin-
oleic acid (32.25%), and linolenic acid (0.12%). These 
findings suggest that CJCO has a high potential as a renew-
able source of oleic acid, which is widely used in biodiesel 
production.

(3)P =
RT

V − b
−

a ⋅ α(T)

V(V + b) + b(V − b)

(4)
a =

0.45724 ⋅ (RTc)
2

Pc

, b =
0.07780 ⋅ RTc

Pc

and α(T)

=

�

1 + K

�

1 −
√

T∕Tc

��2

(5)K = 0.37464 + 1.54226 ⋅ ω − 0.26992 ⋅ ω2

(6)

(

b3P + b2RT − ab
)

ρ3 −
(

3b2P + 2bRT − a
)

ρ2 + (bP − RT)ρ + P = 0

3.2 � Catalyst characterization

3.2.1 � Scanning electron microscopy

The surface morphology of the catalyst was investigated 
using SEM technique. The SEM images of bare γ-Al2O3 
pellets revealed coarse rock/sand-like shapes (Fig. 2a), 
which facilitated the loading of ZnO particles. After cal-
cination, the SEM image of the ZnO/γ-Al2O3 (10 wt%) 
catalyst showed agglomerated particles (Fig. 2b). This 
morphological change was attributed to the sintering of 
ZnO particles during calcination.

The formation of active sites over the catalyst sur-
face due to the loading of ZnO resulted in more effective 
catalytic performance, as confirmed by the experimental 
results. Another notable feature observed in the SEM 
images was the presence of porous structures on the sur-
face of calcined catalyst, which could provide additional 
active sites for reactant adsorption and reaction. These 
porous structures were likely formed during the prepara-
tion process and were retained after calcination, indicating 
their stability under high-temperature conditions.

3.2.2 � Fourier‑transform infrared spectroscopy

The spectrum of the synthesized catalyst was determined 
by FTIR to ascertain its functional group within the fre-
quency range of 4000–500 cm−1 as shown in Fig. 3. The 
spectra of γ-Al2O3 demonstrated the existence of Al–O 
bond at wave numbers between 1750 cm−1 and 2500 cm−1, 
where the absorption peaks between 829  cm−1and 
1477 cm−1 refer to the stretching vibration of Zn–O bonds. 
Moreover, the broad absorption peak at 3425 cm−1 refers 
to the O–H bending vibration of adsorbed water mole-
cules. Jafarbeigi and his friends stated that the peaks at 
1050 cm−1 related to Zn–O bonds and the O–H bonds of 
water correspond to the peaks within the range between 
3200 and 3500 cm−1. They concluded that the peaks at 
3468.2, 1383.79, and 535.1  cm−1 appeared due to zinc 
oxide in ZnO/γ-Al2O3 nanoparticles [23].

3.2.3 � X‑ray diffraction

The XRD diagrams of the synthesized ZnO/γ-Al2O3 are 
shown in Fig. 4. It was observed that ZnO/γ-Al2O3 had 
corresponding diffraction peaks at 2 theta (θ) values of 
31.0°, 36.6°, 48.9°, 55.5°, 59.1°, 73.8°, and 77.2°. Accord-
ing to the study of Hassanzadeh-Tabrizi, it was recorded 
that X-ray diffraction analysis of ZnO and ZnO/γ-Al2O3 
demonstrated peaks at 2θ values of 31.8°, 34.6°, 36.3°, 
47.5°, 56.7°, and 62.9°. These results demonstrated the 
adsorption of ZnO on γ-Al2O3 and ensured the presence 

Table 1   CJCO fatty acid components

Fatty acid Content (%)

Myristic acid (C14:0) 0.06
Palmitic acid (C16:0) 13.93
Palmitoleic acid (C16:1) 0.74
Stearic acid (C18:0) 6.46
Oleic acid (C18:1) 43.25
Linoleic acid (C18:2) 32.25
Arachidic acid (C20:0) 0.27
Linolenic acid (C18:3) 0.12
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of the active sites [24]. On the other hand, it is crucial to 
note that the XRD peaks corresponding to bare γ-Al2O3 
exhibit low intensity in their pattern as well as in the com-
posite’s XRD pattern due to the relatively poor crystallin-
ity of this phase in the composite. According to the Joint 
Committee on Powder Diffraction Standards (JCPDS) card 
no. (29–0063), the peaks of γ-Al2O3 observed at 2θ values 
of 37.0°, 40.20°, 45.78°, 61.30°, and 66.99° were assigned 
to the 311, 222, 400, 511, and 440 crystal planes. These 

findings are consistent with the γ-Al2O3 peaks observed in 
this study. Ameen et al. reported that three distinct peaks 
at 2θ of 37.0°, 46.0°, and 67.1° were identified during 
analysis, which can be attributed to the presence of the 
support material γ-Al2O3. Notably, these phases were 
observed with relatively low crystallinity for all the cata-
lysts investigated [25].

3.2.4 � Brunauer–Emmett–Teller analysis

The investigation of the specific surface area of the 
ZnO/γ-Al2O3 catalyst aimed to elucidate the reduction in 
the total catalyst area in m2/g. The specific surface area, 
pore volume, and pore size distribution of γ-Al2O3 and 
ZnO/γ-Al2O3 particles were determined through nitro-
gen physisorption at a temperature of − 195.7 °C in static 
mode. The N2 physisorption isotherm adsorption–desorp-
tion curves of γ-Al2O3 and ZnO/γ-Al2O3 (Fig. 5) both 
exhibit type IV capillary condensation curves and H1 hys-
teresis loops, suggesting that the mesoporous structure 

Fig. 2   SEM images: a γ-Al2O3 and b 10 wt% ZnO/γ-Al2O3

Fig. 3   FT-IR spectrum for γ-Al2O3 and ZnO/γ-Al2O3

Fig. 4   XRD spectrum of γ-Al2O3 and 10 wt% ZnO/γ-Al2O3 catalyst
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of γ-Al2O3 was preserved after zinc oxide doping via 
impregnation and calcination.

Notably, unaltered γ-Al2O3 exhibited a larger surface area 
and pore volume, while the introduction of reactive zinc oxide 
particles into γ-Al2O3, along with potential agglomeration on 
the support surface, resulted in a reduction in the BET surface 
area and pore volume, as well as an increase in pore size. These 
observations are presented in Table 2. In other words, ZnO 
occupied 188 m2/g of γ-Al2O3, resulting in a reported surface 
area of 61 m2/g. According to Sulaiman et al., the addition of 
metal oxides to γ-Al2O3 obstructs the support pores, leading to 
a decline in the specific surface area. Despite this, the active 
sites in the catalyst played a crucial role in accelerating the 
transesterification process for biodiesel production [26].

3.3 � Influence of reaction parameters on FAME 
content

During this investigation, the catalytic performance of both 
γ-Al2O3 and a 10 wt% ZnO/γ-Al2O3 composite was evaluated. 
However, the characterization of a 6 wt% ZnO/γ-Al2O3 catalyst 
was not carried out since this material was not employed in 
subsequent experiments and was only utilized to determine 
its maximum performance under critical conditions. As the 

catalytic properties of the 10 wt% ZnO/γ-Al2O3 catalyst were 
found to be superior, as discussed in Sect. 3.3.1, the analysis 
primarily focused on this specific catalyst load.

3.3.1 � Effect of catalyst

The effect of catalyst usage on biodiesel yield was investigated 
using ZnO/γ-Al2O3 catalysts containing 6 wt% ZnO and 10 
wt% ZnO in different oil/methanol molar ratios between 1:20 
and 1:40 at a temperature of 240 °C, a pressure of 9 MPa, and 
a residence time of 1 min. The selection of these parameters 
is guided by the objective of identifying the highest catalyst 
loading performance in a short time frame of 1 min. This is 
crucial because even a slight increase in performance within 
this brief time is significant and indicative of the catalyst’s 
effectiveness. Therefore, the catalyst with the highest perfor-
mance will be considered for further experiments. As can be 
seen in Fig. 6, the use of the catalyst significantly increased 
the biodiesel yield. With 1:40 oil/methanol mole ratio, the 
highest biodiesel efficiency for the 6 wt% ZnO/γ-Al2O3 
catalyst was 61.4%, while the yield obtained for the 10 wt% 
ZnO/γ-Al2O3 catalyst was 62.4% compared to only 47.13% 
with no catalyst used (blank) as shown in Fig. 6. The modest 
rise in yield can be interpreted as an indication that the Jat-
ropha oil exhibited improved conversion into fatty acid methyl 
esters with a catalyst loading of 10 wt%. This suggests that the 
catalyst loading does not contribute to any probable reverse 
reactions or the formation of undesirable byproducts, which 
may negatively impact the final yield. The experiments were 
conducted utilizing a varying molar ratio of oil to methanol 
with a 10 wt% ZnO/γ-Al2O3 catalyst, and the influence of 
other parameters was investigated.

3.3.2 � Effect of Jatropha oil/methanol molar ratio

To examine the effect of the Jatropha oil-to-methanol molar 
ratio on biodiesel yield, the reaction parameters of tempera-
ture, pressure, and time were kept constant at 260 °C, 9 MPa, 
and 3 min, respectively. Moreover, different oil/methanol 
molar ratios such as 1:20, 1:25, 1:30, 1:35, and 1:40 mol/mol 
were applied in the presence of 10 wt% ZnO/γ-Al2O3 cata-
lyst. As a result, with an oil/methanol molar ratio of 1:20, 
the biodiesel yield reached 83.12% as shown in Fig. 7. An 
increase in the oil/methanol molar ratio resulted in a higher 
biodiesel yield that peaked with the application of the ratio 
of 1:40 and reached 87.13%. These results indicate that the 
high solubility of methanol in the supercritical environment 
has a positive influence on FAME yield. In other words, 
the conversion of oil fatty acids into their methyl esters 
is enhanced in the presence of a 1:40 oil/methanol molar 
ratio. As the impact of increasing reaction temperature on 
FAME yield is notable due to enhanced molecular mobility 
within the reactor, further augmentations in oil/methanol 

Fig. 5   Nitrogen adsorption–desorption isotherms of γ-Al2O3, and 10 
w% ZnO/γ-Al2O3

Table 2   BET specific surface area, pore volume, and pore size distri-
bution of γ-Al2O3 and ZnO/γ-Al2O3 particles

Sample Bet surface area 
(m2/g)

Pore volume 
(m3/g)

Pore size (nm)

γ-Al2O3 249 0.7768 12.26
ZnO/γ-Al2O3 61 0.3903 24.74
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molar ratio are not deemed necessary. Consequently, it is 
more advantageous to concentrate on optimizing the reac-
tion temperature instead of solely relying on increasing the 
oil/methanol molar ratio to enhance FAME yield. Maka-
reviciene and Sendzikiene reported that under supercriti-
cal conditions, biodiesel synthesis yields a high ester yield 
with a higher oil-to-alcohol molar ratio [27]. Sawiwat and 
Kajorncheappunngam reported that the FAME content was 
increased from 81.49 to 87.54% by increasing the molar 
ratio of oil to methanol from 1:20 to 1:40. Moreover, the 

increased FAME content was attributed to the surrounding-
ness of the oil molecules by supercritical methanol, which 
resulted in a high solubility due to the high interactions 
between the oil and methanol [28]. Singh et al. mentioned 
that there was no significant biodiesel yield by increasing of 
alcohol-to-oil molar ratio in supercritical transesterification 
more than 1:40. They justified the decrease in biodiesel yield 
by increasing the heating load, which consequently reduces 
the temperature of the reaction mixture [29].

3.3.3 � Effect of the reaction temperature

To increase the biodiesel produced after 3 min at 260 °C 
above 87.13%, the temperature parameters of 280 °C and 
300 °C were investigated, while the oil-to-methanol molar 
ratio was kept constant at 1:40. Under these conditions, it was 
found that the biodiesel yield increased slowly (88.27%) when 
the temperature was increased from 260 °C to 280 °C and 
significantly (95.64%) when 300 °C was applied (Fig. 8). As 
the reaction temperature increased, there was a clear impact 
on the interactions between oil and methanol molecules. This 
effect implies that higher temperatures enhance the intermo-
lecular associations between these components. Additionally, 
the observed increase in the yield of FAME suggests that the 
current methanol ratio is satisfactory and does not necessi-
tate any further augmentation, in accordance with our previ-
ous discussion. Karki et al. mentioned that temperature has 
an important role in supercritical alcohol transesterification 
to obtain biodiesel. They concluded that as the temperature 
increases, the O–H bonds decrease and the alcohol’s polarity 
decreases leading to further reaction [30].

3.3.4 � Effect of the residence time

To determine the optimal reaction time, experiments performed 
at 1 min were analyzed. The results revealed sub-standard trans-
esterification efficiency and little increase in yield by (65.25%, 
65.51%, and 65.83%) at 260 °C, 280 °C, and 300 °C, respec-
tively. The results obtained after 3 min of reaction time at 
300 °C were compared with those obtained after reaction dura-
tions of 5, 7, and 9 min (Fig. 9). As the reaction time increased, 
the total yield also increased, with gains of 1.96%, 4.25%, and 
4.36% recorded at 5, 7, and 9 min, respectively.

Based on the findings, the optimal biodiesel yield for 
high temperature and reaction time was achieved after 
3 min of reaction time. The yield increases to above 95% 
after this time, which is very close to the final yield of 100% 
achieved after 9 min. Therefore, it can be concluded that a 
shorter reaction time of 3 min can result in a near-complete 
conversion of FAME, making it a more efficient and cost-
effective process compared to the longer reaction time of 
9 min. Moreover, the increase in reaction temperature and 
oil-to-methanol molar ratio under supercritical methanol 

Fig. 6   Effect of catalyst at various oil/methanol molar ratios on bio-
diesel yield. Reaction conditions: 240 °C reaction temperature, 9 MPa 
reaction pressure, 1 min residence time

Fig. 7   Effect of oil/methanol molar ratios on biodiesel yield. Reaction 
conditions: 10 wt% catalyst amount, 260  °C reaction temperature, 
9 MPa reaction pressure, 3 min residence time
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conditions is associated with a higher degree of molecular 
motion and improved solubility of reactants, respectively. As 
the yields obtained at a reaction temperature of 300 °C and 
an oil to methanol molar ratio of 1:40 exceeded 95%, further 
investigation into higher temperature and molar ratio val-
ues was deemed unnecessary. The sample was subsequently 
analyzed by GC–MS, as shown in Fig. 10, and the error 
(δ = 0.017) was calculated.

In the following, a comparison of heterogeneous catalysts 
containing ZnO for biodiesel production with different raw 
materials reported in the literature is presented in Table 2. 

As evident, a considerable study has investigated the effect 
of ZnO catalyst on biodiesel production by applying differ-
ent crude oil sources under different reaction parameters. 
In this work, the use of inedible Jatropha as a crude oil in 
biodiesel production gives priority to consider its commer-
cial implementation. Moreover, although lanthanum oxide 
was used alongside zinc oxide in the study of Mazzanov 
et al., the yield was 65.54% lower compared to the yield 
of this study [31]. In addition, the reaction time of 5 h was 
very long compared to 3 min in our study. Similarly, other 
studies required 3 h, 5 h, and 6 h to achieve biodiesel yields 
of 99.0%, 95.7%, and 92.29%, respectively [32–34]. On the 
other hand, Saez et al. studies were compiled using a short 
reaction time of 4 min, but biodiesel production was also 
15.94% and 19.65% lower than that achieved in this work 
when applying ZnO and ZnO-La2CO5, respectively [35]. 
Except where noted, the reaction time of Wan et al. was 1 h, 
considering their use of edible soybean oil, indicating lower 
selectivity for commercial application [36].

Although the supercritical studies of Al-Saadi et al. and 
Hoang et al. achieved high yields of biodiesel, the reaction 
times were too long [33, 37]. Good design and optimum selec-
tion of the reactor are the most important factors for obtaining 
high yields of biodiesel. As in this work, the high yield in a 
short reaction time may be attributed to the rapid interaction 
between the oil and methanol molecules when continuously 
pumped into the catalyst filled PBR under supercritical condi-
tions, ensuring the maximum possible conversion of oil into 
biodiesel. As concluded, for catalysts applied under super-
critical conditions and other technologies, the reaction time 
column presents the success of our work to reduce the reac-
tion time to 3 min according to the stated parameters, which 

Fig. 8   Effect of reaction temperature on biodiesel yield. Reaction 
conditions: 1:40 oil-to-methanol molar ratio, 10 wt% catalyst amount, 
9 MPa reaction pressure, and 3 min residence time

Fig. 9   Effect of residence time on biodiesel yield. Reaction condi-
tions: 1:40 oil-to-methanol molar ratio, 10 wt% catalyst amount, 
300 °C reaction temperature, 9 MPa residence pressure

Fig. 10   Chromatogram of biodiesel with high FAMEs%. Sample con-
ditions: 1:40 oil-to-methanol molar ratio, 10 wt% catalyst amount, 
300 °C reaction temperature, 9 MPa reaction pressure, and 3 min resi-
dence time



Biomass Conversion and Biorefinery	

will be a credit for achieving high content and quantity of 
biodiesel. Upon closer examination of Table 3, it becomes 
apparent that the results of these studies are closely related to 
the specific parameters employed in each investigation. Fac-
tors such as the type of raw material, catalyst loading amount, 
catalyst with or without a supporter, oil-to-methanol molar 
ratio, and whether the reaction is conducted under super-
critical alcohol conditions all play a role. Additionally, the 
selection of reactor type can impact the results, as a complete 
reaction may occur earlier than the set reaction time in a batch 
reactor. Given the careful selection of parameters in this work, 
the optimal conditions presented are a testament to its success 
and reflect the importance of considering all relevant factors 
in biodiesel production.

The reusability of the ZnO/γ-Al2O3 catalyst was investi-
gated over six rounds to assess the catalyst’s activity in each 
round, with the biodiesel yield percentage being reported 
(Fig. 11a). The results indicated that after six rounds, the 
yield percentage decreased by 0.48%. Furthermore, the 
FTIR spectra of the reused catalyst were compared to those 
of the bare and loaded γ-Al2O3, as depicted in Fig. 11b. 
Notably, the peaks in the spectrum of the reused catalyst 
collapsed due to the presence of oil contamination, which 
affected the shape of the spectrum. However, despite this, 
the peaks based on wave numbers still indicated that the 

catalyst remained active. This suggests that the γ-Al2O3 sup-
port still retained its catalytic properties to some extent.

3.4 � Kinetic calculations and appropriate reaction 
rate

Supercritical methanol transesterification is a molecular-
level chemical reaction that replaces one ester group with 
another using methanol as the reaction medium under high 
pressure and temperature. The catalyst breaks the bonds 
between the oxygen atom and the carbonyl carbon atom in 
the ester group of oil, forming an unstable and highly nucle-
ophilic alkoxide ion [41]. The alkoxide ion then reacts with 
the alcohol molecule, forming a new ester bond and releas-
ing the original alcohol molecule as a byproduct. The result-
ant product is a new ester molecule with a different alcohol 
group attached, offering advantages such as increased reac-
tion rates and selectivity.

The conversion of triglycerides in CJCO with methanol 
into biodiesel and glycerol is achieved by reaction mecha-
nism shown in Eq. (7) at supercritical conditions of the reac-
tant methanol, and the reaction occurs very quickly without 
being subject to any limitations. The reaction tends to be 
irreversible, and the equilibrium is discernibly towards the 
product side.

(7)

Table 3   Comparison of heterogeneous catalysts containing ZnO with different raw materials for biodiesel production

Oil/alcohol molar ratio (mol/mol) Catalyst Calcination (°C/h) Reaction 
temperature 
(°C)

Reaction 
pressure 
(MPa)

Reaction 
time (min)

Yield (%) Ref

Rapeseed/EtOH 1:12 5% ZnO/Al2O3 500/4 350 30 30 97.45 [31]
Waste oil/MeOH 1:12.6 3:1 ZnO–La2CO5 450/8 200 – 180 99.0 [32]
Cooking oil/EtOH 1:10 SrO–ZnO/Al2O3 900/6 75 – 300 95.7 [33]
Kesambi/MeOH 1:12 4% ZnO/Al2O3 500/6 65 – 360 92.29 [34]
Vegetable oil/MeOH–CO2 1:25 ZnO 500/5 200 20 4 79.7 [35]
Vegetable oil/MeOH–CO2 1:25 1:1 ZnO–La2CO5 500/5 200 20 4 76 [35]
Soybean/MeOH 1:18 4% MnO3–ZnO 300/0.5 175 10 60 94.2 [36]
Rapeseed/EtOH 1:42 4% ZnO 200/2 270 15 60 93 [37]
Rapeseed/MeOH 1:40 3% ZnO – 250 35 10 96.88 [38]
Jatropha/MeOH 1:6 La2O3–ZnO 550/3 60 – 300 30.1 [39]
Rapeseed/MeOH 1:40 1% ZnO 800/5 250 10.5 10 95 [40]
Jatropha/MeOH 1:40 10% ZnO/γ–Al2O3 900/4 300 9 3 95.64 This work
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To understand the kinetics of transesterification of a 
10 wt% ZnO/γ-Al2O3 catalyst at different residence times, 
temperatures, and molar ratios of oil/methanol, a kinetic 
model was proposed and then compared with the experi-
mentally obtained biodiesel yield results. Mathematically, 
the appropriate rate equation for the reaction with respect 
to the reactants (jatropha oil and MeOH) can be written as:

Since there is an excess of methanol in the system, the 
change in MeOH concentration is negligible and the value 
of b in Eq. (8) can be considered 0. Accordingly, by rear-
ranging the above equation, the total kinetic equation that 

(8)−
d
[

Coil

]

d�
= k0 × e

−
Ea

R∗T × [Coil]
a × [CMeOH]

b

depends only on the change in oil concentration in terms 
of oil conversion (X) can be written as in Eq. (9):

Data obtained from the experiments were substituted 
into Eq. (10) and subjected to nonlinear regression analysis 
using the Statistica package software. The kinetic data (α, 
k0, Ea) were calculated and the appropriate reaction model 
was proposed within a 5% deviation rate for the experi-
mental data according to the proposed reaction model. 
According to this model, the appropriate values of the 

(9)
dX

d�
= k0 × e

−
Ea

R∗T × [Coil,0]
a−1 × (1 − X)a

(10)X = 1 − [1 + (a − 1) × k0 × e
−

Ea

R∗T ×
[

Coil,0

]a−1
× �]

1

1−a

Fig. 11   a Catalyst reuse, and b FTIR of reused catalyst

Fig. 12   Relationship between the reaction rate constant and tempera-
ture
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Fig. 13   Comparison between the predicted and experimental oil con-
versions
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reaction degree (α), Arrhenius constant (k0), and the acti-
vation energy (Ea) were obtained as 2.24, 1.63 × 108 L1.24/
mol1.24 min and 104.28 kJ/mol, respectively (r2 = 0.9662). 
In addition, the activation energy of the chemical reaction 
being studied is confirmed by acquiring the relationship 
between the reaction rate constant and temperature as pre-
sented in Fig. 12.

A comparison between the predicted and experimen-
tal oil conversions is shown in Fig. 13, and it can be 
said that the proposed model fits satisfactorily with 
our experimental data. The above values were applied 
in the final reaction rate equation, and the overall 
equation for the experiments was written as follows 
(Eq. 11):

4 � Conclusion

The present study investigated the production of biodiesel 
from Jatropha oil using ZnO/γ-Al2O3 as a heterogeneous 
catalyst. The results showed that the use of 10 wt% ZnO/γ-
Al2O3 significantly increased the biodiesel yield compared 
to the reaction without catalyst. Under optimal conditions of 
a molar ratio of 1:40 oil/methanol, a reaction temperature 
of 300 °C, a reaction pressure of 9 MPa, and a residence 
time of 3 min, a yield of 95.64% was obtained. The use 
of the heterogeneous catalyst reduced the reaction time to 
3 min compared to conventional reaction times of hours. 
This study suggests an appropriate kinetic rate equation 
based on experimental results, indicating that the reaction 
rate increases with increasing temperature and methanol 
molar ratio. These findings are useful in optimizing reac-
tion conditions for biodiesel production through supercritical 
alcohol transesterification, which is the main reaction used 
to convert crude jatropha oil into biodiesel.
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