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The methanolysis of used sunflower oil catalyzed by hazelnut shell ash was stud-
ied to evaluate the statistical significance of the process factors, i.e., the initial 
methanol-to-oil molar ratio, the catalyst amount, and the reaction time on fatty 
acid methyl ester (FAME) content and to determine their optimal values ensuring 
the highest FAME content. The reaction was conducted in a batch reactor at the 
methanol-to-oil molar ratios of 6:1-18:1, the catalyst amounts of 1-5% (of the oil 
weight), and the reaction time of 10-50 min. Furthermore, statistical modeling and 
optimization were performed using a modified second-order polynomial model de-
veloped by the response surface methodology in combination with a 33 factorial 
design with three central points. The analysis of variance showed that all three fac-
tors, the two-parameter interaction of the catalyst amount and the reaction time, as 
well as the quadratic term of the reaction time, had a statistically significant effect 
on FAME content. The optimum conditions were found to be the methanol-to-oil 
molar ratio of 10.34:1, the catalyst amount of 5%, and the reaction time of 34 min. 
The predicted value of FAME content was 99.63%, which agreed well with the 
experimentally determined FAME content (97.15%).
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Introduction 

The depletion of the world's fossil fuel reserves and 
growing concern for the environment has stimulated 
the search for alternative renewable fuels, which can 
meet growing energy needs in the world. In recent 
decades, research and knowledge on renewable raw 
materials have intensified efforts to use sustainable en-
ergy sources, where biodiesel plays a major role. As a 
very good alternative to petroleum diesel, the use of 
biodiesel has a number of advantages. Some of them 
refer to biodiesel’s renewability, biodegradability, and 
low toxicity, as well as reduced harmful emissions and 
improved engine combustion; the additional benefits 
are the improvement of the rural economy, the use of 
existing diesel engines without or with minor modifica-
tions, blending with petroleum-based diesel fuel, etc. 
[1, 2]. However, there are some disadvantages of the 
production and application of biodiesel, such as the 
use of edible oils as feedstocks, high production costs, 
corrosion of the equipment, lower engine power, higher 
viscosity, and lower volatility compared to diesel, etc. 
[3]. Therefore, to improve the economy of a biodiesel 
production process, more research is focused on the 
possible use of cheap raw materials and catalysts ob-
tained from non-edible, waste, and natural materials.

Chemically, biodiesel is the mixture of fatty acid alkyl 

esters, obtained by the alcoholysis of triacylglycerols 
(TAGs) from oily raw materials with alcohol (methanol 
or ethanol) in the absence or presence of a catalyst 
(base, acid, or enzyme). Edible oils like rapeseed, sun-
flower, soybean, and palm are common raw materi-
als for biodiesel production due to their availability in 
large quantities and high biodiesel yields that can be 
achieved by the existing technological processes. How-
ever, due to their use in human nutrition, edible oils are 
expensive feedstocks for biodiesel production. The use 
of low-cost non-edible oily resources, such as jatropha, 
karanja, tobacco, mahua, neem, rubber, sea mango, 
castor, cotton, etc. [4], and waste cooking oils [5] can 
significantly reduce the cost of biodiesel production.

Besides numerous advantages of homogeneous 
catalysts, they can be corrosive and are difficult to sep-
arate from the products. Heterogeneous catalysts are, 
however, easily separable from the reaction mixture. 
Various compounds have been used as heterogeneous 
catalysts in biodiesel production processes, such as al-
kaline metal hydroxides and alkoxides, alkaline earth 
metal oxides, hydroxides and alkoxides, metal salts, 
zeolites, ion exchange resins, Mg-Al hydrotalcites, im-
pregnated salts of alkali metals, alkylguanidines, and 
metals [6]. In the last decade, food processing waste 
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materials, such as cockle shells [7], eggshells [8, 9], 
and animal bones [10, 11], as well as the ashes ob-
tained by combustion of biomass, such as wood [12], 
banana [13], pineapple [14], sugarcane leaves [15], 
wheat bran [16], walnut shell [17], etc., which are rich 
in K, Si, Ca, Mg, Al, S, Fe, P, Na and Ti, have been 
successfully used as solid catalysts in biodiesel pro-
duction. Thus, hazelnut shell ash contains 30.6% K2O, 
29.4% SiO2, 18.2% CaO and 8.6% MgO [18] indicating 
its good catalytic properties, but there are no data in the 
literature on the use of hazelnut shell ash as a hetero-
geneous catalyst for biodiesel production.

The statistical methods are widely used for mod-
eling and optimizing biodiesel production processes 
and assessing the statistical significance of the influ-
ential process factors (like initial methanol-to-oil molar 
ratio, catalyst amount, reaction temperature, and time) 
on the desired response (ester content or yield). The 
response surface methodology (RSM), combined with 
the full 33 factorial design [19, 20], central composite 
design (CCD) [21], or Box-Behnken design (BBD) [22], 
has been most frequently applied procedure for the sta-
tistical analysis of batch biodiesel production process-
es. The second-order polynomial equation is commonly 
used to relate ester content to the process factors. In 
this way, it is possible to evaluate the statistical sig-
nificance of the process factors and their interactions 
using analysis of variance (ANOVA) and the optimal 
levels of the process factors.

In this paper, the biodiesel production involving used 
sunflower oil (USO) as an oily feedstock and hazelnut 
shells ash as a solid catalyst, was investigated. The 
aim of the study was to determine the statistical signifi-
cance of the influential methanolysis reaction conditions 
(initial methanol-to-oil molar ratio, catalyst amount, and 
reaction time) on ester content and the optimal reaction 
conditions to achieve a maximum ester content using 
the RSM coupled with a 33 factorial design with three 
central points. This can have practical significance for 
increasing the efficiency of the biodiesel production 
process and reducing its costs.

Experimental 

Materials
USO (acid number 0.54 mg KOH/g, Dijamant, Zren-

janin, Serbia) and methanol (purity of 99.5%, Zorka 
Pharma, Šabac, Serbia) were used as the reactants. 
Methanol, 2-propanol, and n-hexane, HPLC grade, 
were from Lab-Scan (Dublin, Ireland) while the stand-
ards of a mixture of methyl esters of palmitic, stearic, 
oleic, linoleic, and linolenic acids (20% of each), mono-
olein, diolein, and triolein were purchased from Sigma-
Aldrich (St. Louis, USA). 

Hazelnuts were collected at the location of south-
ern Serbia. To get ash, hazelnut shells were burned in 
the open air. The obtained biochar was then ground, 
calcinated for 2 h at 800 °C, cooled, and stored in a 

well-closed glass container in a desiccator in the pres-
ence of KOH pellets. Other authors have applied the 
combustion of hazelnut shells by pyrolysis in a muffle 
furnace at 300-550 °C [23], or in a lab-scale reactor at 
800 °C [24, 25], but a large weight loss was observed 
during the process due to the decomposition of hemi-
celluloses, celluloses, and lignin [24].

USO methanolysis 
The USO methanolysis catalyzed by hazelnut shell 

ash was conducted at a temperature of 60 °C while stir-
ring the reaction mixture of 800 rpm under atmospheric 
pressure. The initial methanol-to-oil molar ratio, the cat-
alyst amount, and the reaction time were in the ranges 
of 6:1-18:1, 1-5 wt.% (of the oil mass), and 10-50 min, 
respectively.

The reaction was performed in a three-necked 
glass round-bottomed flask (250 mL), equipped with 
a reflux condenser and a magnetic stirrer. The reactor 
was placed in a glass chamber filled with water, which 
was circulated from a thermostated bath by means of 
a centrifugal pump to maintain a constant temperature 
(60 ± 0.1 °C). The predetermined amounts of methanol 
and catalyst were poured into the reactor and thermo-
stated at the desired reaction temperature for 30 min 
with stirring (500 rpm). The required mass of USO was 
thermostated separately at the same temperature, the 
magnetic stirrer was stopped, and the preheated USO 
was added to the mixture of methanol and catalyst in 
the reactor. The samples of the reaction mixture were 
periodically taken during the reaction, immersed in the 
ice water to stop the reaction, immediately centrifuged 
(Sigma Laborcentrifugen 2-6E, Germany) for 10 min at 
3500 rpm to separate the solid catalyst particles, and 
analyzed. 

The upper methyl ester layer was withdrawn, dis-
solved in a solution of 2-propanol and n-hexane (5/4, 
v/v) in the ratio of 1:200, and filtered through a 0.45 
μm Millipore filter. The filtrate was analyzed using liquid 
chromatograph (Agilent 1100 Series) to determine its 
quantitative composition [26]. 

Optimization study 
To assess the impact of the reaction conditions on 

FAME content, the RSM combined with a factorial plan 
33 with three central points was applied in the optimiza-
tion study. The following process factors (independent 
variables) were optimized: the initial methanol-to-oil 
molar ratio (X1), the amount of catalyst (X2), and the re-
action time (X3). The low, central, and high coded levels 
of the process factors are denoted as (−1), (0), and (1), 
respectively (Table 1). The dependent variable (system 
response) was FAME content achieved under the de-
fined reaction conditions. The experimental matrix with 
coded and uncoded levels of the process variables and 
obtained FAME contents are given in Table 2. Experi-
ments were randomly performed to avoid errors that 
may occur due to the influence of the external factors 
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(noise) on FAME content. The statistical significance 
of all the factors and their interactions was assessed 
based on F- (Fisher's test) and p-values. The higher F-
value of factor and the lower p-value indicate the higher 
significance level of the model for fitting the experimen-

tal data. If the p-values are lower than 0.05, the factors 
and their interactions are significant at the confidence 
level of 95%. When the p-values are greater than 0.05, 
then the factors and their interactions have no statisti-
cally significant effect on FAME content.

Table 1. Experimental range and levels of each process factor

Table 2. The matrix of experiments: factorial plan 33 with three central 
points
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Table 3a. ANOVA results for the second-order regression model

Table 3b. ANOVA results for the reduced second-order regression model

A multiple regression model corresponding to the 
second-order polynomial equation was applied in the 
analysis of the experimental data. The general regres-
sion equation of this model that correlates FAME con-
tent with the process factors is as follows:

                                                                     ........(1)

where Y is the FAME content, b0 is the constant re-
gression coefficient, bi and bii are the linear and quad-
ratic regression coefficients, respectively and bij are the 
regression coefficients of the two-factor interactions (i, 
j, k = 1, 2, 3) while Xi is the process factor.

The obtained experimental data were analyzed by 
a Design Expert software (a trial version). The statisti-
cal significance of the process factors and their interac-
tions, as well as the applicability of the model to fit the 
experimental data, were determined by the analysis of 
variance (ANOVA). The influence of the process factors 
on FAME content was assessed by the RSM, and the 
optimal reaction conditions for achieving the maximum 
FAME content were determined by solving the devel-
oped regression equation.

Results and discussion

Analysis of variance (ANOVA)
The ANOVA results (Table 3a) showed a statisti-

cal significance of the methanol-to-oil molar ratio, the 
catalyst amount, and the reaction time, as well as the 
two-parameter interaction of the catalyst amount and 
the reaction time and the quadratic term of the reac-
tion time on FAME content. Based on the F-value of 
the individual factors, the reaction time had the great-
est statistical effect, followed by the amount of cata-
lyst, while the methanol-to-oil molar ratio had a much 
smaller effect. On the other hand, the interactions of the 
methanol-to-oil molar ratio with the amount of catalyst 
and the reaction time, their three-parameter interaction, 
and the squares of the methanol-to-oil molar ratio and 
the amount of catalyst did not have a statistically sig-
nificant effect on FAME content. The ANOVA results for 
the reduced second-order regression model are shown 
in Table 3b.
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In the case of the methanolysis of Bauhinia monan-
dra oil catalyzed by banana peel ash, a positive effect 
of the methanol-to-oil molar ratio, catalyst amounts, 
and two-parameter interactions of all factors on FAME 
content was observed, while the reaction time and the 
square of reaction time were not statistically significant 
[20]. Along with the catalyst amount and methanol-to-
oil molar ratio, the reaction temperature had a signifi-
cant effect on FAME yield in the methanolysis of Ca-
lophyllum inophyllum oil over sugarcane leaf ash as a 
solid catalyst while the influence of the reaction time 
was not investigated [15]. The reaction time and cata-
lyst amount did not have a statistically significant effect 
on FAME content in the corn oil methanolysis catalyzed 
by corn cob ash [19]. The significant effect of the cata-
lyst amount on FAME yield was observed in the rubber 
seed oil methanolysis over a catalyst prepared by load-
ing on activated carbon [27]. However, Kostić et al. [19] 
found that the influence of the catalyst amount obtained 
by calcination of palm kernel shell biochar on FAME 
content was not statistically significant.

Mathematical modeling of the process using the 
multiple regression method
Based on the ANOVA results (Table 3a), the second-

order model, Equation 1, can be reduced by removing 
the statistically insignificant terms in the following modi-
fied equation:

                                                                    .........(2)

The developed regression model with coded and 
uncoded factors is given by Equations 3 and 4, respec-
tively:

Y = 89.17 + 4.29 · X1 + 12.28 · X2 + 19.38 · X3 - 7,71 · X2X3  - 15.86 · 
 · X3

2...........................................................................(3)

Y = - 19.95 + 0.72 · X1 + 11.92 · X2 + 3.93 · X3 - 0.19 · X2X3  - 0.04 · 
 · X3

2...........................................................................(4)

The positive regression coefficients of Equation 3 in-
dicate the process factors that favorably influence the 
FAME content. The interaction of the catalyst amount 
and the reaction time, as well as the quadratic term 
of the reaction time, has an antagonistic effect on the 
FAME content due to the stronger influence of the indi-
vidual process factors.

The validity of the developed model was assessed 
using the Fmodel- and pmodel- values, the coefficient of de-
termination (R2), the adjusted coefficient of determina-
tion (adj. R2), the predicted coefficient of determination 
(pred. R2), and the coefficient of variation (C.V.). The 
Fmodel- and pmodel- values (Table 3b) indicate that the 
model is statistically significant within 95% of the confi-
dence level. Having high values of  R2 (0.957) and   adj. 
R2  (0.948), the model can be used to predict the FAME 
content with good accuracy. The R2 -value of 0.957 indi-

cates that 95.7% of the variations in the FAME content 
can be explained by the regression model while 4.3% 
of these variations were the result of other uncontrolled 
factors. An acceptable agreement between the pred. R2 
(0.929) and the adj. R2  (0.948) indicated that the model 
achieved a good data fit and estimated FAME content 
reliably in the investigated range of experimental con-
ditions. The coefficient of variation of 6.0% (less than 
10%) indicated a high degree of precision and reliability 
of the model. The p-value (0.0047) of the lack of fit in-
dicated its significance, which was not desirable. This 
significant lack of fit could occur due to the small value 
of the mean square of pure error (0.58). Namely, the 
F-value of the lack of fit was obtained by dividing the 
mean square of the lack of fit by the mean square of 
the pure error, which may explain its high value. There-
fore, a very good agreement between the values of the 
FAME content predicted by the developed regression 
model and the experimentally obtained values was 
confirmed by a small mean relative percentage devia-
tion (MRPD) between them (5.2%, 30 data), as can be 
observed in Figure 1. The Shapiro-Wilk test confirmed 
the normal distribution of residuals (p˃0.05), so there 
was no problem with the normality of the distribution of 
the experimental data (Figure 2). The values of Cook's 
distance, far less than the limit value (0.9), indicated no 
outliers in the tested dataset (Figure 3).

Figure 1 Comparison between predicted and experimental val-
ues of FAME content
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Figure 2 Estimation of residue distribution normality Figure 3 Cook's distance

Figure 4 Response surface and contour plots for FAME content as a function of catalyst amount and 
reaction time at the methanol-to-oil molar ratio of 6:1 (a), 12:1 (b), and 18:1 (c)

Optimal reaction conditions
To visualize the optimal reaction conditions for achiev-

ing the maximum FAME content, the 3D response sur-
face plots were applied (Figure 4 a-c). The FAME content 
increases with increasing the amount of catalyst and the 
reaction time reaching a maximum. After that, a slight 
decrease in FAME content can be observed because of 
the reversible reaction that can occur at a prolonged re-

action time and a larger amount of catalyst [28, 29]. The 
statistical influence of the methanol-to-oil molar ratio on 
FAME content is the smallest compared to the other two 
factors; its increase has a more pronounced positive ef-
fect at smaller amounts of the catalyst.

To choose the optimal reaction conditions and to re-
duce the cost of biodiesel production, it is necessary to 
decrease the required amount of methanol (methanol-
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to-oil molar ratio). Under the selected optimal condi-
tions, i.e., the methanol-to-oil molar ratio of 10.34:1, the 
catalyst amount of 5%, and the reaction time of 34 min, 
the model predicts the FAME content of 99.6%. This 
value agrees well with the experimentally obtained value 
(97.2%). These optimal reaction conditions differ from 
those determined for the methanolysis of Bauhinia mo-
nandra oil over banana peels ash as a catalyst where the 
methanol-to-oil molar ratio and the catalyst amount were 
lower, but the reaction time was longer [21]. In the case 
of Calophyllum inophyllum oil methanolysis catalyzed by 
sugarcane leaf ash [15], the optimal methanol-to-oil mo-
lar ratio (19:1) and the reaction temperature (64 °C) were 
higher while the optimal catalyst amount was the same 
(5%) as in the present study. When tucumã peels ash 
was used as a catalyst (1%), the optimal methanol-to-oil 
molar ratio, reaction time, and temperature were 15:1, 4 
h, and 80 °C, respectively [30].

Conclusions

The statistical analysis of the methanolysis of USO 
with hazelnut shell ash as a catalyst showed that the 
reaction conditions (initial methanol-to-oil molar ratio, 
catalyst amount, and reaction time), as well as the two-
parameter interaction of the catalyst amount and the re-
action time, and the quadratic term of the reaction time, 
have a statistically significant effect on FAME content. 
The modified second-order polynomial model was used 
to optimize the reaction conditions. The validity of the 
developed model was confirmed by a low MRPD be-
tween the predicted and experimental data (5.2%). The 
presented model is adequate, with normal distribution of 
the experimental data, and with no outliers in the tested 
dataset. According to this model, the predicted value of 
the maximum FAME content of 99.6% was achieved at 
the following optimal conditions: the initial methanol-to-
oil molar ratio of 10.34:1, the catalyst amount of 5%, and 
the reaction time of 34 min. Therefore, a high FAME con-
tent was obtained by the USO methanolysis catalyzed 
by hazelnut shell ash under moderate reaction condi-
tions. The experimental value of FAME content (97.2%) 
achieved under the optimal reaction conditions agreed 
well with the predicted one. A very good agreement be-
tween FAME content predicted by the developed regres-
sion model and the experimentally obtained values was 
confirmed by a small mean relative percentage deviation 
(5.2%).
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U radu je izvršeno istraživanje metanolize korišćenog suncokretovog ulja pomoću 
pepela ljuske lešnika kao katalizatora radi procene statističke značajnosti procesnih 
faktora, tj. početnog molskog odnosa metanol:ulje, količine katalizatora i vremena 
reakcije na sintezu metil estara masnih kiselina (MEMK), kao i odredjivanja nji-
hovih optimalnih vrednosti. Reakcija metanolize je izvedena u šaržnom reaktoru 
pri početnom molskom odnosu metanol:ulje 6:1-18:1, količini katalizatora 1-5 % (u 
odnosu na masu ulja) i vremenu reakcije 10-50 min. Statističko modelovanje i opti-
mizacija izvedeni su primenom modifikovane polinomne jednačine drugog reda koja 
je razvijena metodom površine odziva u kombinaciji sa punum faktorijelnim planom 
33 sa tri centralne tačke. Primenom analize varijansi (ANOVA) pokazano je da sva tri 
faktora, kao i dvoparametarska interakcija količine katalizatora sa vremenom reakci-
je, i kvadrat vremena reakcije imaju statistički značajan uticaj na sadržaj MEMK. 
Optimalni uslovi izvodjenja reakcije su: molski odnos metanol:ulje 10,34:1, količina 
katalizatora 5% i vreme reakcije 34 min. Predviđena vrednost sadržaja metil estara 
(99,63%) dobro se slaže sa eksperimentalno određenom vrednošću (97,15%).
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