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Abstract

Biodiesel is an alternative to conventional diesel. The use of heterogeneous catalysts in
biodiesel production is promising, as it is easier to separate them from the product than
homogeneous ones. It was determined that the calcined grape snail (Helix pomatia) shells
show good catalytic efficiency in the rapeseed oil transesterification process with methanol.
It was determined that the CaO concentration in calcined grape snail (Helix pomatia) shells
was 97.74 + 0.12%. Using the response surface methodology, the biodiesel production
process was optimized. The influence of the interaction of independent variables and
optimal conditions for the synthesis of rapeseed oil methyl ester was determined: an
alcohol-to-oil molar ratio of 10.6:1, a catalyst concentration of 5.7 wt%, and a reaction
duration of 7.8 h at a temperature of 64 °C. The physical and chemical properties of the
produced biodiesel at optimal process conditions are presented, and their compliance with
the requirements of the biodiesel standard is discussed. The produced biodiesel using snail
shells, which are food processing waste, meets the requirements of the standard and can be
used in diesel engines during the summer period.

Keywords: heterogeneous catalysis; snail shells; response surface methodology; biodiesel

1. Introduction

Population growth leads to a high demand for energy and, at the same time, depen-
dence on limited fossil energy resources [1], the use of which pollutes the environment
and increases global warming. It is predicted that in 2040, global energy consumption will
increase by 56% compared with the 2010 level [2]. In the transport sector, a large share of
vehicles are those that use mineral diesel.

Biodiesel is an alternative to conventional diesel. The advantages of biodiesel over
diesel are better biodegradability, it has higher combustion efficiency, and less harmful
substances are released during combustion, such as aromatic hydrocarbons, etc. [3,4]
Another advantage is that biodiesel is miscible with mineral diesel in any ratio, so replacing
at least part of mineral diesel with biodiesel reduces environmental pollution and increases
energy independence on countries exporting oil or mineral fuels. It would also bring us
closer to the Kyoto Protocol (1997) and the Paris Agreement (2015), which encourage the
reduction of fossil fuel consumption and aim to implement one of the goals of the European
Green Deal—reducing the negative impact on the environment of transport.

Biodiesel is obtained from renewable resources—oils or fats—by transesterifying them
with alcohols and using catalysts to accelerate the process. Catalysts are divided into
homogeneous and heterogeneous. Homogeneous catalysts such as NaOH or KOH are
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most often used in industrial biodiesel production thanks to their good catalytic activity
and cheapness [4]. However, the disadvantage of homogeneous catalysts is the inevitable
waste generated during the washing process, which cannot be reused, and most often
during homogeneous reactions, several transesterification cycles are required to obtain
high-quality biodiesel [5]. Alkaline catalysts are only suitable for use with low-acid oils,
up to 2%, and are therefore not suitable for feedstocks with high free fatty acid contents
(e.g., waste cooking oils) [5]. Acidic homogeneous (H,SO4, HySO3, HCI) catalysts are
most often used when the acidity of the oil is higher than 2%, but the acidic nature of
these catalysts accelerates equipment corrosion, and they are also used once [6]. Some
Fe(IlI)-based catalysts have been reported in the literature to be highly active at very low
loadings (ppm range), enabling high biodiesel yields even with feedstocks rich in free
fatty acids such as waste cooking oils. These catalysts also avoid problems of equipment
corrosion typical of Brensted acids and usually remain in residual concentrations below
tolerated limits, eliminating the need for separation [7].

Multiple uses, better reaction rate and selectivity, easier catalyst separation from the
final product and low cost are the advantages of heterogeneous catalysts. Due to these
factors, more and more attention is paid to the search for solid-phase catalysts. Immobilized
lipases are environmentally friendly materials that can be used in biodiesel synthesis, but
their disadvantages are that lipases work most efficiently at temperatures of 40-45 °C, and
at higher temperatures, denaturation processes begin. The transesterification process is
most efficient when the temperature is close to the boiling point of alcohol [8,9]. What is
more, transesterification is more efficient when excess alcohol is used, which can inactivate
lipases [10]. As heterogeneous catalysts, alkali oxides, alkaline earth metal oxides are most
often used. One of the oxides—CaO—is poorly soluble in methanol, easily available and
cheap, and is also stable for a long time when used in biodiesel production [11]. It is
promising to extract CaO from natural waste sources, which are large amounts of calcium
carbonate [12]. There are many food production wastes, most of which consist of calcium
carbonate. In biodiesel synthesis, heterogeneous catalysts can be oyster shells [13], crab
shells [14], mussel shells [15], shrimp shells [16] or eggshells [17,18].

Snails belong to the classes Gastropoda and Phylum Mollusca. Every year, more and
more snails are consumed worldwide. In 2014, the market was valued at approximately
USD 12 billion, and the total consumption reached about 450,000 tons [19]. The value of the
Lithuanian snail market in 2023 reached USD 3.7 million [20]. In Lithuania, grape snails
grow in nature; they are collected, sold, and consumed. The development of the snail
market is driven by the growing consumer interest in gourmet food, the recognition of
the nutritional benefits of snails, and the increasing attention to sustainable food sources.
After snails are consumed, the shells remain waste; therefore, research related to their use
is relevant.

The aim of this study was to optimize the transesterification process of rapeseed
oil with methanol using response surface methodology (RSM) and calcined grape snail
(Helix pomatia) shells as a heterogeneous catalyst. In order to assess the influence of three
independent variables on the biodiesel yield, multiple regression and correlation analysis
were applied. The interaction effect of three independent variables—alcohol-to-oil molar
ratio, concentration of the catalyst, and process duration—on the ester yield was evaluated.
Furthermore, the optimal conditions were determined under which the maximum ester
yield meeting the requirements of the standard was obtained.
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2. Results and Discussions
2.1. Concentration of Calcium Oxide in Snail Shells

It was found that the CaO concentration in uncalcined snail shells (Helix pomatia) was
47.14 £ 0.22%, while after calcination at 850 °C for 5 h, it reached 97.74 & 0.12%. A slightly
lower CaO content was obtained in snail shells of Helix Aspersa Maxima calcined under
the same conditions (91.69 & 0.43%) [11]. This proves that snail shells calcined under the
same conditions produce different amounts of calcium oxide, which may be influenced
not only by the type of snail but also by the duration of growth. In snail farms, snails
grow within 9-12 months, while in nature, under natural conditions, on average, within
3 years, and in natural snail shells, a higher amount of calcium oxide is found. Similar
results were obtained by Laskar et al., where snail shells (Pila spp.) were dried in an oven at
100 °C for 12 h before calcination (4 h at a temperature of 900 °C), and CaO content reached
98.017% [21]. Mohammed et al. obtained the optimal conditions for the preparation of snail
shells at 900 °C and 3.5 h [22]. Trisupakitti et al. studied golden apple cherry snail shells
(Pomacea canaliculata). They calcined crushed shells at 1050 °C for 2 h and determined 98.6%
of CaO [23].

A lower CaO content of 70.113% was obtained by heating river snail shells at 800 °C
for 4 h [24]. It is believed that the lower concentration of CaO was obtained because the
calcination temperature was lower. However, Phewphong et al. investigated shells of
golden apple snails (Pomacea canaliculata) and used a calcination temperature of 800 °C. It
was found that the CaO concentration reaches 100% in treated snail shells with acid before
calcination and 95.05% of CaO in untreated snail shells [25]. Trisupakitti et al. investigated
golden apple cherry snail shells and obtained CaO of 99.5%. However, before calcination
deproteination was done, ground shell was agitated with 4% w/v NaOH at 60 °C for 1 h
and then allowed to precipitate, and the filtrate was washed with distilled water until the
pH of the wash water was neutral, dried in an oven at 100 °C for 1 h, decolorized by boiling
in acetone for 1 h, filtered and washed with methanol, and dried at 100 °C for 1 h [23].
Phewphong et al. [25] and Trisupakitti et al.’s [23] studies prove that treatment of snail
shells before calcination leads to a 1-5% higher CaO concentration; nevertheless, additional
reagents and energy costs are used during the treatment stage.

2.2. Optimal Reaction Conditions Modeling and Determination Using Response
Surface Methodology

It is known that the main parameters determining the efficiency of biodiesel production
are the molar ratio of alcohol to oil (A; mol/mol), catalyst concentration (B; wt%), and
reaction duration (C; h). In order to evaluate the interaction effects (the total effect of
these factors), experiments were carried out by varying the physical parameters according
to the experimental design (Table 5). Multiple regression analysis applied to the data in
Table 1 allowed the experimental results obtained according to the full factorial central
composition design to be approximated by a second-order polynomial equation. The
resulting regression model describing the synthesis of rapeseed methyl ester is presented
in Equation (1), where the response variable (Y, ester yield; %) is expressed as the sum of
the products of the independent variables and the regression coefficients.

Y = —182.02 + 13.90A + 19B + 27.40C — 0.32AB + 0.46AC + 0.26BC — 0.62A% — 1.17B* — 1.81C? (1)

where

Y—ester yield, %;

A—alcohol-to-oil molar ratio, mol/mol;
B—catalyst loading, wt%;

C—reaction duration, h.
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Table 1. Result of experimental design matrix for ester yield.
Source of Sum of Degrees of Mean
Variation Squares Freegdom (df) Squares F-Value p-Value Prob > F
Model 14,527.03 9 1614.11 273.49 <0.0001 Significant
A-molar ratio 1899.94 1 1899.94 321.92 <0.0001
B-catalyst 143.28 1 143.28 24.28 0.0017
C-Duration 7786.11 1 7786.11 1319.26 <0.0001
AB 184.22 1 184.22 31.21 0.0008
AC 383.23 1 383.23 64.93 <0.0001
BC 43.11 1 43.11 7.30 0.0305
A? 174211 1 174211 295.18 <0.0001
B? 814.71 1 814.71 138.04 <0.0001
C? 192791 1 192791 326.66 <0.0001
Residual 41.31 7 5.90
Lack of Fit 40.43 5 8.09 18.25 0.0528 . N(.)t
significant
Pure Error 0.8861 2 0.4430
Cor Total 14,568.34 16
CV.% =3.64 R? =0.9972 Adeq Precision = 44.764
R?4j = 0.9935 R%peq = 0.9781

Positive (+) coefficients indicate a positive correlation with the response variable, and
negative (—) coefficients indicate a negative correlation.

To assess the variance (ANOVA) and to check the adequacy of the empirical model, a
statistical analysis of the model was performed. Table 6 summarizes the ANOVA results
obtained after applying the second-order response surface model using the mean squares
method. The statistical significance of each coefficient was determined based on the p-
values (probabilities, Prob > F), which also indicate the strength of the interaction of each
parameter. Based on the data in Table 2, the p-value of the model is less than 0.0001, which
indicates a high statistical significance of the model for predicting response values and
the adequacy of the derived model. The probability that such a high F-value of the model
would be random (due to noise or natural variability) is only 0.01%. The high F-value of
the model (F = 273.49) and the correspondingly low p-value (p < 0.0001) confirm the high
statistical significance of the constructed model. The “Lack of Fit” test assesses whether the
selected model adequately describes the relationship between the independent variables
and the response variable, or whether there is a systematic bias that the model misses.
If the model imprecision is statistically significant (small p-value), this would indicate
that the model is inappropriate and does not describe the data well enough, possibly
because the model was too simple or important factors were omitted. An assessment
of the discrepancy between the residual errors and the net error (F-value 18.25) showed
that the model imprecision is not statistically significant (p = 0.0528 > 0.05). This result is
desirable as it confirms that the selected second-order polynomial model is appropriate
and adequately describes the experimental data, without significant systematic bias. The
statistical significance of all model coefficients was determined by p-values and is presented
in Table 1.
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Table 2. Optimum parameters for rapeseed oil methyl ester production, predicted and experimental

ester yield.
Methanol-tol- oil Snail Shells o Reaction Predicted Ester Experimental Experimental
Molar Ratio, Concentration, wt% . . . Ester Content,
. Duration, h Yield, wt% Ester Yield, wt%
mol/mol (from Oil Mass) wt%
10.6:1 5.7 7.8 99.81 98.80 £+ 0.30 97.15 £ 0.25

A higher F-value and a lower p-value indicate that the corresponding parameters are
significant. p-Values “p > F” less than 0.05 mean that the model components are significant.
In this model, A, B, C, AB, AC, BC, A2, B2, and C? are statistically significant model
components. A low coefficient of variation (CV) value (3.64%) indicates minimal data
dispersion around the mean value, which indicates high experimental precision and model
reliability. The coefficient of determination (R?) defines the proportion of the variance of
the response variable that is explained by the regression model. The range of R? values
is from 0 to 1, where a value closer to 1 reflects a better fit of the model to the empirical
data. Ideally, R? = 1 would mean a complete explanation of the response variation by the
model, while R? = 0 would mean complete failure of the model to explain the variation.
The resulting R? value (0.9972) is extremely high, and indicates that the model explains
99.72% of the variation in the response variable, indicating an excellent fit of the model
to the experimental data (Figure 1). The adjusted coefficient of determination (R? Adj)isa
modification of R? that adjusts the indicator for the number of independent variables in the
model. Because R? tends to increase artificially with an increasing number of variables, even
if the newly added variables are not statistically significant, R? Adj introduces a correction
factor that re-analyzes the addition of unnecessary variables. For this reason, R? Adj 18
considered a more reliable indicator of model fit, especially in models with a larger number
of variables. For a good model, the value of R? Adj should be close to the value of R2. The
obtained R? Adj value (0.9935) is extremely high and close to R? (0.9972), which confirms
the model fit and indicates that the model is not overfit with insignificant variables. A
high R? Adj value reinforces the conclusion that the model is well-fitting, even considering
the complexity of the model. The predicted coefficient of determination (R%p,eq) assesses
the model’s ability to predict response values for new, independent data. It is desirable
that the R?p.4 value be positive and close to the R? and R? Adj values. The obtained R%pred
value (0.9781) is high and close to R? and R? Adj, Which indicates that the model has good
predictive properties and can accurately predict response values for new data. The Adeq
Precision value, reaching 44.764, shows a high signal-to-noise ratio, indicating that the
model is statistically significant and reliable. This indicator allows us to conclude that the
model is suitable for predicting response values and can be effectively used for optimizing
reaction conditions. The high Adeq Precision value confirms the validity of the model and
its value for further research.

Figure 1 shows the accuracy of the predictive model, assessed by comparing the
experimentally determined and model-predicted values of ester yield. The visual graphical
analysis presented shows the good fit and high predictive power of the regression model.
The arrangement of the data points, close to the line of perfect fit, confirms the excellent fit
of the model to the experimental data and the accuracy of the predicted values.
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Figure 1. Comparison of actual and predicted ester yield data.

2.3. Effect of the Interaction of Independent Variables on the Effectiveness of Transesterification

Based on the results of the primary analysis, three-dimensional (3D) contour plots
were constructed to visualize and identify the optimal conditions for the ester yield, as
illustrated in Figure 2A—C. Each plot analyzes the dependencies between the process
response (ester yield (%)) and the independent variables—catalyst concentration, alcohol-
to-oil molar ratio, and reaction duration. Contour plots are constructed by fixing one
independent variable at a stationary point and varying the remaining two independent
variables on the X and Y axes to visually identify the conditions under which the response
value is maximum. Figure 2 depicts the response surfaces for the ester yield, reflecting
Figure 2A, the interaction between alcohol-to-oil molar ratio and catalyst concentration;
Figure 2B shows the interaction between alcohol-to-oil molar ratio and the reaction duration;
Figure 2C shows the interaction between the catalyst loading and the reaction duration.

Ester yield (%)

Ester yield (%)

Figure 2. Dependence of the ester yield on two independent variables: (A) alcohol-to-oil molar ratio
and catalyst loading; (B) alcohol-to-oil molar ratio and reaction duration; (C) catalyst loading and
reaction duration.

The analysis of Figure 2A, where the reaction duration is fixed at 6.94 h, shows the
interaction effect of the alcohol-to-oil molar ratio and catalyst loading on the ester yield.
The graph shows that the ester yield increases with increasing both the alcohol-to-oil molar
ratio and the catalyst loading. The contour plots of the surface response methodology
provide a detailed visual analysis of the efficiency of the snail shells CaO catalyst. The snail
shells CaO catalyst acts as a solid material, and the catalytic reaction occurs on its surface.
A higher catalyst loading in the reaction mixture means that a larger amount of solid
catalyst particles is introduced into the system. These particles obtained after calcination
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are characterized by a porous structure and a large specific surface area [11]. The active
catalytic sites responsible for the transesterification reaction (most often basic CaO surface
sites, such as O?~ ions) are located precisely on this surface. Therefore, increasing the
catalyst loading proportionally increases the total surface area of the catalyst in the reaction
mixture, and with it the total number of available active sites on which the reacting oil
and alcohol molecules can adsorb and the transesterification reaction takes place. As a
result, the reaction rate accelerates, and a larger portion of the oil is converted to ester
during the same reaction time. A higher alcohol-to-oil molar ratio pushes the reaction
equilibrium in the direction of ester formation according to Le Chatelier’s principle, also
increasing the probability of collision of the reactants with the catalyst [12]. The highest
yield, exceeding 98%, is achieved at the highest tested alcohol amount and catalyst loading,
confirming the synergistic effect of these parameters, and the shape of the contour lines
in the graph highlights this interaction, consistent with trends reported in the scientific
literature for heterogeneous catalysis. For example, Trisupakitti et al. [23] obtained a
biodiesel yield of 95.2% with a golden apple snail shell catalyst using a 0.8 wt% catalyst
loading and a 12:1 methanol-to-oil molar ratio, while Laskar et al. [21] reached a 98%
ester yield with a Pila spp. snail shell catalyst using a 3 wt% catalyst loading and a 6:1
methanol-to-oil molar ratio, highlighting the potential of snail shells as a promising catalyst
source. These quantitative values show a direct correlation between catalyst loading,
alcohol-to-oil molar ratio, and ester yield, emphasizing the critical role of catalyst loading
for an efficient transesterification process. The effect of the alcohol-to-oil molar ratio and
the reaction duration on the ester yield, where the catalyst loading is fixed at 4.24%, is
given in Figure 2B. It can be seen that the ester yield increases in both cases, with increasing
the alcohol-to-oil molar ratio and the reaction duration. The effect of reaction duration is
particularly important in heterogeneous catalysis, where the reaction takes place on the
catalyst surface. A longer reaction duration provides more time for molecules of the oil and
alcohol to diffuse into the catalyst pores, adsorb on the active sites, and react, especially
when the catalyst concentration is relatively low [14]. A higher alcohol-to-oil molar ratio,
as in Figure 2A, further shifts the reaction equilibrium towards the formation of esters. The
highest ester yield, exceeding 99%, is again achieved at the highest tested reaction duration
values, emphasizing that the longer reaction duration compensates for the lower catalyst
concentration, allowing for obtaining high ester yield. The shape of the contour lines and
the localization of the highest ester yield in the graph emphasize the synergistic effect of
the parameters and are consistent with the trends described in the scientific literature for
heterogeneous catalysis in biodiesel production. Kaewdaeng et al. [24] achieved 92.5% oil
conversion to ester after a 1 h reaction with a river snail shell catalyst, while Birla et al. [26]
obtained the optimal reaction duration of 7 h, achieving 99.58% conversion with a snail
shell catalyst. It can be noticed that the reaction duration is one of the essential parameters
to achieve a high ester yield, especially when using heterogeneous catalysts.

The effect of catalyst loading and reaction duration, when the alcohol-to-oil molar
ratio is fixed at 8.4 mol/mol, on the ester yield is presented in Figure 2C. It can be seen that
the ester yield increases with increasing both catalyst loading and reaction duration, and
optimal conditions are achieved by combining these parameters. When the alcohol content
is fixed, catalyst loading and reaction duration become the main factors determining the es-
ter yield. Higher catalyst loading increases the number of active sites, while longer reaction
duration provides sufficient time for the reaction to proceed to completion, especially when
the alcohol content is limited [11]. The highest ester yield, exceeding 98%, is again achieved
at the highest tested catalyst loading, close to 9-10 wt%, and reaction duration reaching
9-10 h, confirming the synergistic effect of these parameters. For example, Kaewdaeng
et al. investigated the use of a river snail shell catalyst for the synthesis of fatty acid methyl



Catalysts 2025, 15, 979

8 of 16

ester [24]. The optimal catalyst loading of 3 wt% and a reaction time of 1 h allowed the
achievement of 92.5% of fatty acid methyl ester yield, and subsequent optimization tests
showed that the ester yield can reach up to 98.19%. Karkal et al. (2023) optimized the pro-
cess with a crab shell as a heterogeneous catalyst, achieving a biodiesel yield of 88.56 wt%
with a catalyst loading of 3 wt% and a reaction duration of 60 min, demonstrating efficiency
even in short reaction duration [14]. Alsabi et al. (2024) achieved an extremely high, 99.36%,
fatty acid methyl ester yield with a mussel shell as a catalyst, optimizing the methanol-to-oil
molar ratio to 18:1, a catalyst loading of 6 wt%, and a reaction duration of 6 h [15]. Laskar
et al. (2018) obtained a biodiesel yield of 98% while using snail shells as a catalyst (3 wt%);
the reaction took 7 h, and the methanol-to-oil molar ratio was 6:1 [21].

2.4. Optimization of Rapeseed Oil Methyl Ester Synthesis Process

The influence of three independent variables on the rapeseed oil methyl ester yield
was evaluated, and the process was optimized. The optimal conditions were determined
(process temperature is 64 °C): the methanol-to-oil molar ratio is 10.6:1, snail shells loading
is 5.7 wt%, and reaction duration is 7.8 h. The predicted ester yield was 99.81 wt%, and
the experimentally determined ester content was slightly lower at 98.80 & 0.30 wt%, while
the obtained experimental ester content was 97.15 £ 0.25 wt%; however, it meets the
requirements of the standard EN 14214 [27]. The data are presented in Table 2.

Table 3 presents comparative results of studies by scientists who analyzed the process
of transesterification of oil with methanol using snail shells as a catalyst. Different oils were
used. Rapeseed oil was used in this research and Gaide et al.’s [11] study; soybean oil was
used by Laskar et al. [21], Das et al. [28], and Ouafi et al. [29]. Transesterification of palm
oil was studied by Viriya-empikul et al. [30], Phewphong et al. [25], and Birla et al. [26].
Kaewdaeng et al. [24] and Mohammed et al. [22] produced fatty acid methyl ester from
waste frying/cooking oil. The obtained ester yield ranged from 85.5 to 98.15 wt%. The
lowest ester yield was 85.5 wt%, 87.28 wt%, and 87.5 wt% for the transesterification of
waste cooking oil [25], waste frying oil [26], and palm oil [21], respectively. The lower ester
yield is probably due to the lower quality of the oil used for frying.

Many researchers have performed the synthesis of methyl esters at 60-65 °C; in this
research, 64 °C was used. It is believed that temperatures close to the boiling point of
methanol (64.7 °C) were chosen, as it is known that transesterification reactions are most
efficient under temperatures close to alcohols boiling. Only Laskar et al. synthesized
biodiesel at a low temperature of 28 °C and obtained an ester yield of 98 wt% [21].

For the transesterification reaction to proceed, a minimum methanol-to-oil molar ratio
of 3:1 is required; all researchers used an excess of methanol-to-oil molar ratio from 21:5
(4.2:1) [22] to 12:1 [23,25,29,30]. In this study, the optimal methanol-to-oil molar ratio was
found to be 10.6:1.

Very different data were obtained by other researchers when determining the optimal
amount of catalyst and process duration. Trisupakitti et al. (2018) obtained 92.5 wt% of
ester yield in 6 h, while using 0.8 wt% of golden apple snail shells [23]. While the same
snails were used by Viriya-empikul et al. [30], however, the optimal catalyst amount was
10 wt%, although the process duration was 2 h, and a similar ester yield of 93.2 wt% was
obtained. In this study, the optimum reaction duration was 7.8 h and 5.7 wt% of Helix
pomatia snail shells.

Although in this study optimized process conditions were similar to the optimal con-
ditions described in the literature, significantly higher ester yield (98.80 wt%) was achieved,
and ester content (97.15 wt%), exceeding the requirements of the EN 14214 standard.



Catalysts 2025, 15, 979

9o0f 16

Table 3. Comparison of optimum conditions for biodiesel production when different snail shells are
used as heterogeneous catalysts.

Methanol-to-

Temperature Snail Shells Reaction oil Ester Yield,
0Oil Snail 13 ” Amount, Dura- . Content * Reference
C o . Molar Ratio, o
wt% tion, h wt%
mol/mol
Waste frvin Snail from the banks of
ste irymg the river Ganges in 60 2 8 6.03:1 87.28 [26]
oil . .
Varanasi, India
Palm olein oil Golden apple snail 60 10 2 12:1 93.2 [30]
Used gg’l"kmg River snail 65 3 1 9:1 925 [24]
Palm oil Golden apple snail 65 0.8 6 12:1 92.5 [23]
Soybean oil Pila spp 28 3 7 6:1 98 [21]
Palm oil Golden apple snail 65 5 2.5 12:1 87.5
Waste Pomacea canaliculata . [25]
cooking oil (calcination and acid 65 5 25 12:1 85.5
Waste treatment process) .
cooking oil Snail from Iraq 62.2 9.8 4.8 21:5 95 [22]
Rapeseed 0il ~ Helix Aspersa Maxima 64 6.06 8 7.5:1 98.15 * [11]
Soybean oil Snail “chengkawl sawl” 70 6.0 3 8:1 96.1 [28]
Snail shells powder after
Soybean oil the copper Cu(II) 60 2 1 12:1 93 [29]
removal
. . . 98.80 This
Rapeseed oil Helix pomatia 64 5.7 7.8 10.6:1 9715 * work

* Ester content.

2.5. Physical and Chemical Properties of Obtained Rapeseed Oil Methyl Ester

Biofuels can be used in the transport sector if they meet the requirements of the stan-
dard EN 14214 [27]. The compliance of physical and chemical properties of the produced
methyl ester and their comparison with the requirements of the standard are presented in
Table 4.

The ester content shows how many fatty acid methyl esters were formed from
triglycerides. The ester content of the obtained biodiesel 97.15 £ 0.25 wt% meets the
requirements of the standard (not less than 96.5%). The density of biodiesel is higher
(885 + 2.00 kgm—3) than that of mineral diesel and meets the requirements of the standard
(860-900 kgm—3) (at 15 °C). Viscosity affects the fuel supply and combustion process. It
should be 3.5-5.0 mm?2s~! (at 40 °C). The obtained value is 4.70 + 0.10 mm?s~!. The
maximum acid value in the European standard 0.5 mg KOHg~!. If biodiesel contains a
higher number of acids, engine corrosion and sediment formation may occur; the resulting
RME acid value is 0.22 + 0.05 mg KOHg~!. Water in biodiesel can cause microbiolog-
ical processes, during which the sludge formed can clog filters. Moisture content must
be a maximum of 500 mgkg~!. In this study, the RME moisture content obtained is
305 4 2.10 mgkg 1.

Iodine value and linolenic acid methyl ester content depend on the fatty acid composi-
tion of the oils or fats used. It is determined that if biodiesel consists of a large amount of
mono- and poly-unsaturated acids, it polymerizes when heated and sediment is formed.
The iodine value should be a maximum of 120 g J,100~'g~!, and the obtained value is
15 4 0.20 g J,100~'g~!. The linolenic acid methyl ester content should be a maximum of
12%, and the obtained value is 8.86 £ 0.10%. Monoglyceride, diglyceride, triglyceride, free
and total glycerol content should be no less than 0.8%, 0.2%, 0.2%, 0.02%, and 0.25%, respec-
tively, and the obtained values are 0.27 &+ 0.03%, 0.05 % 0.02%, 0.06 % 0.01%, 0.007%, and
0.19 & 0.10%, respectively. If these indicators are exceeded, sediment may form, and they
also directly affect the increase in viscosity. Excess methanol is used for transesterification,
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so its removal is a very important stage of the biodiesel purification process. Methanol
content should not exceed 0.2%, and in the resulting biodiesel, it is 0.10 £ 0.05%. Another
indicator that depends on the oil used is the phosphorus content. Phosphorus in esters
may remain due to phospholipids contained in the raw material. Phosphorus content is
limited to 10 ppm; the determined value is 7.5 4= 0.10 ppm. The content of alkali metals
must not exceed 5 mgkg !, and the obtained is 3.5 + 0.25 mgkg~!. Because snail shells
calcined to CaO were used as catalysts in this study, it is very important that the biodiesel is
purified well, and no calcium remains. It is important that the fuel maintains the required
properties during storage and transportation, as oxidation processes occur when it comes
into contact with oxygen, and the properties of the fuel change. Oxidation stability must be
a minimum of 8 h at 110 °C, and was obtained at 8.5 4= 0.15 h. Cetane number determines
combustion quality. According to the standard requirements, it is a minimum of 51, and
it was obtained at 52 &= 0.20. Low-temperature properties are very important to use the
fuel not only in the summer, but also in the cold period. In different countries, depending
on climatic conditions, different requirements apply for the cold filter plugging point. In
this study, the RME cold filter plugging point obtained is —9.8 &£ 0.04 °C. The cold filter
plugging point of fuels used in the summer period is a minimum of —5 °C in Lithuania.

Table 4. The physical and chemical properties of rapeseed oil methy]l ester.

. . Rapeseed Oil Methyl

Parameter Units EN 14214 Requirements Ester (RME)

Ester content Yo min 96.5 9715 £0.25
. o _3 min 860
Density at 15 °C kgm max 900 885 £ 2.00
. . ° 2. -1 min 350

Viscosity at 40 °C mm-s max 5.00 470+ 0.10
Acid value mg KOHg ! max 0.5 0.22 4+ 0.05
Moisture content mgkg ! max 500 305 +2.10
Iodine value gJx1007 g1 max 120 115 + 0.20
Linolenic acid methyl ester o, max 12.0 8.86 4 0.10
content
Monoglyceride content Yo max 0.8 0.27 £0.03
Diglyceride content % max 0.2 0.05 £ 0.02
Triglyceride content Yo max 0.2 0.06 + 0.01
Free glycerol content % max 0.02 0.007 & 0.00
Total glycerol content % max 0.25 0.19 +£0.10
Methanol content Yo max 0.2 0.10 £ 0.05
Phosphorus content, ppm 10 7.5+0.10
Metals II (Ca/Mg) mg kg ! max 5 3.5+0.25
Oxidation stability 110 °C H min 8§ 8.5+0.15
Cetane number - min 51 52 4+0.20
Cold filter plugging point °C —5°C (in summer) —9.8 +0.04

—32 °C (in winter)

The produced biodiesel meets the requirements of the EN 14214 standard and can be
used in diesel engines during the summer period. The results obtained substantiate the
relevance and novelty of the research in obtaining biodiesel that meets the requirements
of the standard, while the works of other scientists who studied the use of different snail
shells in the production of biodiesel do not contain detailed studies of the properties of the
resulting biodiesel; therefore, it is unclear whether it can be used in the transport sector.
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3. Materials and Methods
3.1. Preparation of the Catalyst

Grape snails (Helix pomatia) were collected in Lithuania, Panevezys distr. Snail shells
are a natural material consisting mainly of calcium carbonate. When calcium carbonate is
heated, it decomposes into calcium oxide and carbon dioxide. Snail shells were prepared
according to the studies conducted by Gaide and colleagues. Snails were calcined in a
muffle furnace (AB UMEGA SNOL 8.2/1100, Utena, Lithuania) for 5 h at 850 °C [31]. Before
calcination, snail shells were crushed, sieved through a sieve, and a 0.315-0.1 mm fraction
was used for the experiment.

3.2. Determination of Calcium Oxide in Snail Shells

Crushed snail shells were dissolved in aqua regia (a mixture of nitric and hydrochloric
acid in a 1:3 volume ratio). A total of 25 mL of the test solution was poured into a conical
flask, and 60-70 mL of H,O and 10 mL of KOH (2 mol/L) were added. After mixing well,
the indicator of calcium carboxylic acid was added to the flask, mixed and titrated with
trilon B. A color change from raspberry to blue was observed. Equation (2) was used for
the calculation of the CaO content:

V x K x 0.0014 x 250

CaO = — s x 100% )

where

V—volume of trilon B used for calcium titration, mL;
m—mmass of the snail shells sample, g;
K—trilon B correction factor.

3.3. Oil Transesterification Process

Rapeseed oil purchased from a local market was used for transesterification. It met the
requirements for edible oil. The transesterification process was carried out in a laboratory
reactor equipped with mixing and heating elements and a reflux condenser.

Before adding methanol (Analytical pure Lach-Ner) and the prepared catalyst, the
oil was heated to the temperature required for the reaction, then the required amount of
catalyst and alcohol was added. The experiments were performed at 64 °C, i.e., close to the
boiling point of methanol, which is most often chosen for research, because increasing the
temperature is associated with an increase in the reaction rate, but higher than the boiling
point is undesirable due to possible alcohol losses and increased energy consumption.

After the reaction, the resulting mixture was filtered through cellulose paper, washed
once with H3POy (5%) (10% of the volume of the mixture) and twice with distilled water
(10% of the volume of the mixture), after which the aqueous part was separated. The
acidic water neutralizes any residual base catalyst. It also helps convert soap (formed from
free fatty acids + base) back into free fatty acids, which can then separate out instead of
emulsifying with biodiesel. A rotary evaporator was used to separate the excess alcohol
and water residues.

3.4. Determination of Ester Content

The content of rapeseed oil methyl ester in the product obtained during the synthesis
was analyzed by gas chromatography methods using a Clarus 500 chromatograph (Perkin
Elmer) with a flame ionization detector. The content of methyl ester up to 80% was
determined according to the methodology given in the standard EN 14105 [32]. The analysis
conditions for determining the content of partial (mono-, di-, tri-glyceride) glycerides were
as follows: Restek MXT Biodiesel TG capillary column (14 m-0.53 mm-0, and 16 pm);
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initial thermostat temperature 50 °C, held for 1 min. Then, the temperature was raised
by 15 °C/min to 180 °C, then 7 °C/min to 230 °C and 30 °C/min to 370 °C, and held for
5 min; detector temperature—380 °C; carrier gas—hydrogen, the flow rate of which was
4 mL/min. The ester yield (%) was calculated based on the determined amount of partial
glycerides [33].

In the case of ester content of more than 80% in a final product, determination was
done based on the requirements of the EN 14103 standard [34]. The following conditions
were used for the analysis: Alltech AT-FAME capillary column (30 m-0.25 mm-0.25 um),
the initial oven temperature was 210 °C, held for 5 min, then at a rate of 20 °C/min it was
raised to 230 °C and held for 12 min; the carrier gas (H;) flow rate was 3 mL/min; the
injector and detector temperature was 250 °C.

3.5. Response Surface Analysis: Optimization and Statistical Analysis of the
Transesterification Process

In order to optimize the transesterification process and determine the influence of the
molar ratio of methanol to rapeseed oil (A), catalyst loading (B), and reaction duration
(C) (Table 5) on the ester yield, a 3-factor experiment was performed using the Central
composite design (CCD). The CCD experiment consisted of 17 trials (Table 6). The ester
yield (%) was used as a response indicator in the model. The obtained data were analyzed by
variance (ANOVA) and graphical analysis using Design-Expert 13 (Stat-Ease, Minneapolis,
MN, USA) software. The experimental data (Table 6) were analyzed using the response
surface regression (RSREG) method of the Statistical Analysis System (SAS). This method
is based on a second-order polynomial model (Equation (3)). The RSREG methodology
includes canonical analysis to determine the stationary values of each factor. Based on the
fitted model, response surface contour plots were constructed for each pair of factors under
study, fixing the third factor at its calculated stationary value. To validate the model, an
optimization procedure of the reaction conditions was performed using combinations of
independent variables that were not included in the original experimental design.

The quadratic polynomial regression equation was used to estimate the model param-
eters and predict the response:

3 3 2 3
Y= po+ Zizl PiXi + Zizl :BiiXiz + 2i:1 Zj:i+l PijXiX; (3)
where

Y—the response (dependent variable);
X; and Xj—the independent variables;
Bo, Bi, Bii bei B, and jj—constant coefficients.

Table 5. Independent variables used in the Central composite design for the synthesis of rapeseed oil
methyl ester.

Factors Name Units Low Actual High Actual
Molar ratio of
A: methanol to mol/mol 5 15
rapeseed oil

Catalyst

B: loading (from wit% 4 10
oil mass)

C Reaction h 4 10

duration
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Table 6. Central composite design matrix with three independent variables and experimental and
predicted results.

Alcohol-to-Oil Catalyst Reacti Ester Yield, %
. . eaction
No. Molar Ratio, Concentration (from Duration. h Experimental Predicted
mol/mol Oil Mass), wt% ’ Results Results
1 10 7 7 96.94 96.37
2 5 4 4 18.22 16.86
3 15 10 10 99.81 100.16
4 10 7 7 99.15 100.27
5 5 10 10 29.54 28.75
6 15 10 10 28.95 30.56
7 3 7 7 45.64 48.39
8 10 2.8 2.8 67.25 70.79
9 5 10 10 70.33 70.67
10 10 7 7 97.8 96.37
11 10 11.2 11.2 81.99 80.50
12 15 4 4 39.21 37.87
13 15 4 4 98.4 98.18
14 10 7 7 27.78 28.71
15 10 7 7 96.49 96.37
16 17 7 7 84.44 83.74
17 5 4 4 52.11 49.49

3.6. Studies of the Physical and Chemical Properties of Biodiesel

The physical and chemical properties of the obtained biodiesel were evaluated based
on the requirements of the EN 14214 standard. Linolenic acid methyl ester and ester con-
tent were determined by gas chromatography according to the standard test method, EN
14103 [34]. ISO 3675, the standard method, was used for the determination of the density
at 15 °C [35]. The standard EN ISO 3104 was used to determine the kinematic viscosity of
a biodiesel at 40 °C [36]. The acid value was determined according to ISO 660 [37], and
the moisture content according to ISO 665 [38]. The international standard ISO 3961 was
used to determine the iodine value [39]. Glyceride contents (glycerol, monoglycerides,
diglycerides, and triglycerides) were determined by gas chromatography using a Perkin
Elmer Clarus 500 (Boston, MA, USA)(detector—FID) gas chromatograph according to
the requirements of the EN 14105 standard. EN 14110 was used for the determination of
methanol in rapeseed oil methyl ester [40]. Calcium, magnesium, and phosphorus were de-
termined by ICP-OES (standards EN 14109 [41] and EN 14107 [42]). The oxidation stability at
110 °C of a biodiesel was determined by the Rancimat method (EN 14112) [43]. The cetane
number was determined by EN 590 [44]. The cold filter plugging point (CFPP) of biodiesel
was determined based on the requirements of EN 116, which vary according to the season
to ensure fuel efficiency at low temperatures [45]. CFPP is the lowest temperature at which
fuel will clog the filter due to crystallization.

4. Conclusions

Calcium oxide is a suitable catalyst for biodiesel synthesis. CaO concentration was
97.74 £ 0.12% in calcined for 4 h at 850 °C grape snail shells (Helix pomatia). Transesterifi-
cation studies were performed by varying three independent variables (methanol-to-oil
molar ratio, loading of catalyst, and reaction duration) in order to determine their influence
on the efficiency of the transesterification process and to select optimal conditions. The
studies were performed at a temperature of 64 °C. The optimal conditions for the synthesis
of rapeseed oil methyl ester were determined by using the response surface methodology:
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alcohol-to-oil molar ratio 10.6:1, loading of catalyst 5.7 wt%, and process duration 7.8 h.
Under the determined optimal conditions, the ester yield reached 97.15 wt%. The produced
biodiesel meets the requirements of the EN 14214 standard and can be used in diesel
engines during the summer period.
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