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Abstract 

Possibilities of using waste plum stones in biodiesel production were investigated. The plum 
kernels were used as a source to obtain oil by the Soxhlet extraction method, while the whole 
plum stones, the plum stone shells that remained after the crashing, and the plum kernel 
cake that remained after the oil extraction, were burned off to obtain ashes. The collected 
ashes were characterized by elemental composition, porosity, and base strength and tested 
for catalytic activity in transesterification of esterified plum kernel oil. Dominant elements 
were potassium, calcium, and magnesium at different contents in the three obtained ashes. 
The most active catalyst was the plum stone shell ash, so the effect of temperature (40, 50, 
and 60 °C) on the reaction rate was investigated. The reaction rate constant increased with 
the reaction temperature with the activation energy value of 58.8 kJ mol-1. In addition, the 
plum stone shell ash can be reused as a catalyst after recalcination. 
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1. INTRODUCTION  

Different waste oily feedstocks, such as used cooking and non-edible oils, have been successfully utilized as suitable 

raw materials for producing biodiesel [1]. Conversion of these oils into biodiesel is achieved by transesterification with 

appropriate alcohol (methanol or ethanol) and a suitable homogeneous or heterogeneous acid or base catalyst. Waste 

biomass ashes occupy a significant place among solid catalytical materials, suitable in terms of environmental 

parameters, good activity, selectivity, and stability [2]. For example, shells of hazelnuts [3,4] and walnuts [5], produced 

as waste from the fruit processing industry, were combusted and calcined to ash and then successfully applied as solid 

base catalysts for sunflower oil methanolysis. In addition, other waste materials, such as salacca and bamboo leave 

ashes, were used to immobilize ZnO [6] and ZrO2 [7], respectively, to obtain efficient catalysts for biodiesel production. 

To consider low-cost solid materials as efficient heterogeneous catalysts, they need to have the following 

characteristics: high catalytic activity, chemical stability, possibility for easy separation, maintained activity, and 

reusability [8]. Therefore, the catalytic performance of different biomass ash-based catalysts has recently been tested 

for biodiesel production under various reaction conditions (Table 1).  

Similarly, oils extracted from waste kernels and seeds of different fruits remaining after fruit processing might be 

alternative, cheap sources for biodiesel production. The oils obtained from kernels or seeds of apricot [9], melon [10], 

almond [11], pumpkin [12], and mandarin orange [13] were used for biodiesel production by base-catalyzed or two-

step acid/base-catalyzed processes.  

Plum kernels, as a waste product of food processing, can be a source of inexpensive oil suitable for biodiesel 

production. The total production of plums in the world in 2020 was over 12 million tons, where China is the largest 
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producer, with over 6 million tons per year, while Serbia produces over half a million tons per year [14]. The oil content 

in plum kernels is 32-46 wt.% [15], and biodiesel quality depends on its fatty acid profile.   
 
Table 1. Biomass ash-based catalysts for biodiesel production 

Type of 
catalyst 

Catalyst characteristics Oil/Alcohol 
Reaction conditions Content/ Yield / 

Conversion, % 
Reuse Ref. 

MRa Cb / wt.% tc / C d / h 

Acai seed 
ash / 

calcined 

Content, % (EDS): 
K - 12.7, Mg - 2.7, Ca - 1.4, 
Si - 3.7, P - 3.6, S - 2.0, O - 
31.3 
Identified crystal phase 
(XRD): K2O, SiO2, CaO, 
K2CO3, K2SO4, CaCO3, 
Ca3(PO4)2, MgO, CaSiO3 

Soybean oil / 
Methanol 

18:1 12 100  1  98.5 ± 0.21/-/- 

1st, 2nd run 
(92.5%) 

3rd, 4th, 5th, 6th 
run (>80.0%) 

[26]  

Palm bunch 
ash / not 
calcined 

Content, % (XRF): 
 K - 81.1, Si - 7.28,  
Mo - 3.3, Fe - 2.69,  
Rb - 2.02, P -1.6 
Identified crystal phase 
(XRD): K2O, CaO, MgO 

Palm oil / 
Methanol 

15:1 18 Room  0.5 98.9/-/- 
1st run (97.4%) 
2nd run (70.2%) 

[27]  

Banana peel 
ash / not 
calcined 

Content, % (XRF): 
K2O - 65.11, SiO2 - 0.864,  
CaO - 7.787, P2O5 - 6.068, 
SO3 - 2.857, Cl - 2.07  
Content, % (EDS):  
K - 70.06, Ca - 9.54,  
P -7.55, Si -4.56, Cl -3.23, 
Mg - 1.78, Fe - 1.49,  
O - 1.03, S - 0.75 
Surface area: 1.4546 m2 g−1 

Soybean oil / 
Methanol 

6:1 0.7  Room 4  -/-/98.95 

1st run (98.95%)  
2nd run (81.33%) 
3rd run (67.74%) 
4th run (52.16%) 

[28]  

Coconut 
husk ash / 

not calcined 

Identified crystal phase 
(XRD): K2O 

Cerbera 
manghas oil 

6:1  10 60 3 88.6/-/- 
1st, 2nd, 3rd, 4th 

run (88%) 
[29]  

Pineapple 
leaves ash / 

calcined 

Identified elements (XRF):  
K, Ca 
Identified crystal phase 
(XRD): MgO, Mg2P2O7, 
Na2Ca4(PO4)2SiO4, Al(SO4)3, 
Mn0.97Mg0.03SiO3, K2SO4 

Soybean oil / 
Methanol 

40:1 4 60  0.5 -/-/98 

1st run (98.92%)  
2nd run (97.6%)  
3rd run (94.3%) 
4th run (> 85%) 

[30]  

Biomass fly 
ash / not 
calcined 

Identified elements (EDX): 
Ca, Mg, Si, Al, O, K, S, Na, 
Cl, P 
Content, % (XRD):  
CaCO3 - 71.0, Ca(OH)2 -
12.9, KCl - 7.1, CaO - 3.8, 
SiO2 - 2.3, other - 3.0 
Surface area: 9.028 m2 g−1 

Blends of 
waste 

cooking oil 
and refined 

palm oil 
/Methanol 

6.7 :1 13.57 55 2 -/73.8/- 

 
1st run (73.5%) 
2nd run (76.2%) 
 3rd run (83.6%) 

[31]  

Walnut shell 
ash / 

calcined 

Content, wt.% (EDX): 
K -23.55, Ca -17.67  
Identified crystal phase 
(XRD): CaO, MgO 
(periclase), SiO2  
(b-cristobalite), K2O, 
Ca2SiO4, KAlO2, Ca(OH)2 
Surface area: 8.8 m2 g−1 
Base strength:  
11 < H_ < 15 
Total basicity:  
0.352 mmol g-1 

Sunflower 
oil / 

Methanol 
12:1 5 60 0.167  98/-/- 

1st, 2nd, 3rd, 4th 
run (>96%)  

[5]  
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Type of 
catalyst 

Catalyst characteristics Oil/Alcohol 
Reaction conditions Content/ Yield / 

Conversion, % 
Reuse Ref. 

MRa Cb / wt.% tc / C d / h 

Hazelnut 
shell ash / 
calcined 

Content, wt.% (EDX): 
K - 26.29, Ca - 11.62,  
Mg - 6.77, P - 6.10  
Identified crystal phase 
(XRD): KAlO2, K4P2O7, 
K3FeO2, 
Ca2SiO4, MgO (periclase), 
SiO2 (quartz), CaO and K2O 
Surface area: 4.9 m2 g−1 
Base strength:  
11 < H_ < 15  
Total basicity: 1.03 mmol g-1 

Used cook-
ing sunflo-
wer oil / 

Methanol 

12:1  5 60 0.167 98/-/- 
1st, 2nd, 3rd run 

(>96%)  
[3]  

Waste 
fermented-

unfer-
mented kola 

nut pod / 
calcined 

Identified elements (EDX): 
Ca, K, Mg  
SFCKNP  
Base strength: 175 μmol g-1 

UCKNP 
Surface area: 0.8 m2 g−1 
Base strength:  
140 μmol g-1 

Shea butter 
oil / 

Methanol 
5:1* 2.5 50  0.92 95.30/-/- 

1st, 2nd, 3rd run 
(>95%) 

4th run (>90%) 
5th run (>85%) 

[32] 

aMR – methanol-to-oil molar ratio; bC – catalyst loading; ct – reaction temperature; d – reaction time; *methanol-to-oil volume ratio; UCKNP - 
unfermented calcined kola nut pod; SFCKNP - solid fermented calcined kola nut pod 
 

Plum oil has rarely been investigated as a feedstock for biodiesel production. One of the first studies referred to bio-

diesel synthesis via a two-step process consisting of acid-catalyzed esterification (using H2SO4) of free fatty acids followed 

by base-catalyzed methanolysis (using solid CaO) of the esterified oil, obtained by extraction from plum kernels [16]. Górna 

et al. [17] investigated the potential application of plum kernel oils from twenty-eight varieties of Prunus domestica L. and 

Prunus cerasifera Ehrh in the biodiesel industry. The several examined biodiesel properties, such as kinematic viscosity, 

cetane number, density, and iodine values, satisfied the European biodiesel specification. Almost 70 % of the tested 

biodiesel samples met the standard for oxidation stability. Composite nano-structured catalysts, obtained by mixing 

potassium ferricyanide with different low-cost clay support materials such as bentonite, granite, White pocha, Sindh, 

and Kolten clays, were tested for transesterification of plum kernel oil [15]. Bentonite–potassium ferricyanide composite 

at a concentration of 0.3 wt.% (reaction conditions: temperature 60 °C, methanol-to-oil molar ratio 10:1) showed a high 

biodiesel yield, which further increased after calcination of the composite. Also, the obtained biodiesel quality para-

meters (iodine value, cetane number, acid value, specific gravity, and density) satisfied the standard specifications [15].  

Kinetic modeling of homo- or heterogeneously-catalyzed transesterification of different oils has been used for simu-

lation and techno-economic analysis of biodiesel production processes. Kinetic models, such as the second order [18,19], 

an irreversible pseudo-first-order [20-22], or an irreversible pseudo-second-order [23,24], have been recommended so far. 

Kostić et al. [25] compared kinetic parameters of base-catalyzed methanolysis of different vegetable oils, such as plum 

kernel, roadside pennycress, olive, melon, grape¬seed, hempseed, and sunflower. Influence of the fatty acid composition 

of all tested oils on the reaction kinetics was investigated, and the reaction rate constants correlated to the content of 

unsaturated fatty acids in oils. In addition, the model of the irreversible pseudo-first-order reaction was applied to describe 

the reaction kinetics. The reaction rate constant increased linearly with increasing the content of unsaturated fatty acids, 

with the highest value observed for plum oil methanolysis. However, studies about the kinetic modeling of the 

transesterification reaction of plum oil in the presence of plum stone shell ash as a solid catalyst are lacking.  

The present paper is the first attempt to use waste ashes from combustion of the whole plum stone, stone shells, 

and kernel cake as solid catalysts in methanolysis of plum kernel oil. The possibility of using ash to catalyze methanolysis 

of oil from the same waste material is advantageous over using other catalysts. Primarily, all catalysts were character-

rized by determining their elemental and phase composition and textural parameters. Then, the effect of the reaction 

temperature on the reaction rate and fatty acid methyl esters (FAMEs) content was investigated. Finally, the kinetics of 

the methanolysis reaction was analyzed to define the appropriate kinetic model. 
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2. MATERIAL AND METHODS 

2. 1. Materials 

Plum fruit was purchased at a local market in South Serbia. The plum stones were used for obtaining the oil and 

catalyst preparation. The chemicals used in transesterification and analytical analysis were methanol (purity of 99.5 %) 

obtained from Zorka Pharma (Šabac, Serbia), concentrated sulfuric acid (p.a. 96 %) from Lach-Ner Ltd. (Neratovice, 

Czech Republic), potassium hydroxide standard solution 0.1 N, Titrisol from Merck (Darmstadt, Germany), methanol, 

2-propanol, and n-hexane, HPLC purity, from LGC Promochem (Wesel, Germany), phenolphthalein, thymolphthalein, 

thymol violet, 2,4-dinitroaniline and benzene carboxylic acid (Sigma Aldrich, USA). 

2. 2. Oil extraction 

Plum kernel oil was obtained by the Soxhlet extraction method [16]. The yield of obtained oil was 332±02 g / kg with a 

moisture content of 2.7±0.1 wt.% and an acid value of 14.7±0.1 mg KOH/g. Due to its high acid value, the oil was pre-

esterified. The presence of free fatty acids (FFA) is not desirable in base-catalyzed transesterification due to the possibility 

for catalyst consumption. Usually, refined oils with an acid value lower than 2 mg KOH/g are recommended [33]. The 

esterification of plum kernel oil was carried out at optimal reaction conditions defined by Kostić et al. [16] to reduce its 

acid value to 1.0±0.2 mg KOH/g making it suitable for base-catalyzed transesterification.  

2. 3. Catalyst preparation 

Three types of catalysts were prepared by burning off the whole plum stones, stone shells, and kernel cake in open 

air. The obtained chars were calcined in a furnace at 800 °C in the air atmosphere, resulting in 3 wt.% of ash content. 

Catalytic activity of the calcined ashes obtained from plum stones (PSA), stone shells (PSSA), and kernel cake (PKCA) was 

tested in transesterification of plum oil with methanol.  

2. 4. Catalyst characterization 

2. 4. 1. Elemental analysis 

Elemental analysis of ashes was determined by using the inductively coupled plasma analytical technique with 

optical emission spectrometry (ICP-OES). Digestion of samples was carried out in a microwave digester (Ethos 1, 

Milestone, Italy), in closed Teflon cuvettes, at high pressure (10 MPa) and high temperature (210 oC) for 20 min. Acids 

used for the total sample dissolution were H2SO4 96 %, H3PO4 85 %, HNO3 65 %, and HF 40 % (Alfa Aesar GmbH & Co 

KG, Germany). For instrument calibration, standard solutions were prepared from the multi-element standard plasma 

solution 4, Specpure®, 1000 μg cm-3, and silicon, the standard plasma solution, Specpure®, Si 1000 µg cm-3 (Alfa Aesar 

GmbH & Co KG, Germany). The concentration of elements was measured by using an iCAP 6500 Duo ICP instrument 

(Thermo Fisher Scientific, Cambridge, UK) with iTEVA operating software. 

2. 4. 2. XRD analysis 

Identification of phases in PSA, PSSA, and PKCA samples was performed by the X-ray powder diffraction (XRD) 

technique (Rigaku SmartLab automatic multipurpose X-ray diffractometer) using CuKα radiation (λ = 0.15418 nm) in the 

2 range of 10-90° and step-length of 3o min-1. The crystalline phases were identified by comparing the XRD 

diffractograms with the diffraction patterns of individual phases provided by the ICDD (International Center for 

Diffraction Data), the former JCPDS (Joint Committee of Powder Diffraction Standards). 

2. 4. 3. Hg porosimetry 

Mercury Intrusion Porosimetry measurements were performed in the fully automated conventional apparatus Carlo 

Erba Porosimeter 2000 (Carlo Erba, Italy; pressure range: 0.1 to 200 MPa; pores with a diameter within 7.5 and 

15,000 nm). Acquisition of the analysis data was performed by using the Milestone Software 200 (Milestone Systems, 

Denmark). Two subsequent intrusion-extrusion runs (Run I and Run II) were conducted. Before the analysis, the samples 

were evacuated for 2 h in a dilatometer placed in the Macropores Unit 120 (Carlo Erba, Italy). 
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2. 4. 4. Base strength 

Base strength (H_) of catalysts was determined by using Hammett indicators: phenolphthalein (H_ = 9.3), 

thymolphthalein (H_ = 10.0), thymol violet (H_ = 11.0), and 2,4-dinitroaniline (H_ = 15.0). The procedure included 

mixing the catalyst (50 mg) with 1 cm3 of Hammett indicators solution diluted in 2 cm3 of methanol. The mixture was 

shaken for 1 h and left to reach color equilibration. The base strength of the catalyst was determined based on the 

change of color in the solution. The change of colors occurs when the catalyst strength is higher than the weakest 

indicator, but it remains unchanged when it is lower than the strongest indicator. The catalyst basicity was measured 

by titration of the Hammett indicator-benzene carboxylic acid (0.02 mol L−1 anhydrous ethanol solution). 

2. 5. Transesterification 

Transesterification of esterified plum kernel oil (20 g) with methanol (8.83 g) using PSA, PSSA, PKCA as a catalyst 

(catalyst loading of 10 %, based on the oil weight) was carried out in a 250 cm3 three-neck glass round-bottom flask 

equipped with a reflux condenser and stirred by a magnetic stirrer. The initial methanol-to-oil molar ratio of 12:1 was 

kept constant while the reaction temperature varied from 40 to 60 °C. The reaction mixture was intensively agitated at 

800 rpm. The samples (0.3 cm3) were taken at timed intervals (5, 10, 20, 30, 40, 50, 60, 75, 90, and 120 min) and 

quenched by immersing the vials in ice water and centrifuged (Sigma Laborcentrifugen 2-6E, Germany, 3500 rpm) for 

10 min to separate the methyl ester layer. The upper layer aliquot (methyl esters phase) was dissolved 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 m Millipore filter to prepare for 

HPLC analysis. The HPLC analysis was performed by using HPLC chromatography (Agilent 1100 Series, Agilent 

Technologies, Germany) according to the method described elsewhere [34]. The test for catalyst reusability was also 

performed under the same reaction conditions: the catalyst amount of 10 wt.%, the methanol-to-oil molar ratio of 12:1, 

and the reaction temperature of 60 °C. The catalyst was separated from the reaction mixture at the end of reaction by 

vacuum filtration and used in the next batch without treatment. Also, the separated catalyst was recalcined (800 °C, 2 

h) before the subsequent cycle and then tested for reusability. All experiments were done in duplicate. 

3. KINETICS 

Kinetics of plum oil methanolysis catalyzed by PSSA was studied under intensive agitation (800 rpm) at various 

temperatures by monitoring the FAME production. It was assumed that the catalyst, reactants, and products were 

distributed uniformly in the reaction mixture. As a result, the consumption rates of diacylglycerols (DAGs) and 

monoacylglycerols (MAGs) were higher than that of triacylglycerols (TAGs), resulting in low concentrations of the two 

former acylglycerols during the reaction. Hence, the conversion of plum kernel oil into the FAMEs and glycerol, in the 

presence of ash as a solid catalyst, can be presented by the overall stoichiometric equation instead of presenting 

separately each of all three reaction steps, equation (1): 

A + 3B ⇄ 3R + S (1) 

where A, B, R, and S denote the reactants and products: oil, methanol, FAME, and glycerol, respectively. 

The reaction occurred in excess of methanol, so it can be considered irreversible. At lower temperatures, the overall 

process rate is controlled by the TAG mass transfer rate and the chemical reaction rate in the initial heterogeneous and 

the later pseudo-homogeneous regime, respectively [35]. On the other hand, only a pseudo-homogeneous regime exists 

at the highest temperature, where the chemical reaction limits the overall process rate. The pseudo-first-order kinetic 

model is valid for both heterogeneous and pseudo-homogeneous regimes [35], equation (2): 

( ) A

A A

d

d

c
r kc


− = − =  (2) 

where cA is the TAG concentration, k is the apparent rate constant, and  is the reaction time. For the heterogeneous 

regime, the apparent rate constant corresponds to the TAG mass transfer coefficient. For the pseudo-homogeneous 

regime, it is the pseudo-first-order reaction rate constant. The TAG concentration is related to the conversion degree xA 

as follows, equation (3): 
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cA =cA0 (1-xA) (3) 

By introducing Eq. (3) into Eq. (2) and by integrating it for the initial condition:  = 0 and xA = 0, the final equation (4) 

is obtained: 

-ln (1-xA) = k + C (4) 

where C is the integration constant (C = 0 for the heterogeneous regime at 40 and 50 °C and the pseudo-homogeneous 

regime at 60 oC, because xA = 0 for  = 0). 

4. RESULTS AND DISCUSSION 

4. 1. Catalyst characterization 

The main elements in the obtained ashes were K, Ca, and Mg (Table 2), at reasonably high contents typical for some 

ashes, such as Sesamum indicum plant ash [36], hazelnut shell ash [3] or Acai seed ash [26]. Silicon, a common consti-

tuent of ashes from various sources, such as wood, shells, straws, and husks [37], was present in the PSA and PSSA but 

significantly less in PKCA. The prevalence of K and Ca affects the catalytic activity of ash. A high FAME content was 

achieved in a shorter reaction time in oil methanolysis catalyzed by ashes containing higher contents of K and Ca than 

other elements [3,5,26]. Similarly, a higher ash catalytic activity due to the presence of K was demonstrated by 

comparing the catalytic activities of hazelnut shell ash and quicklime (CaO) under similar reaction conditions [3]. 
 
Table 2. Elemental composition of the obtained ashes 

Element 
Content*, % 

PSA PSSA PKCA 

Ca 9.43 11.79 6.55 

K 7.82 11.31 12.47 

Mg 2.62 2.43 3.08 

Si 1.07 2.49 0.05 

Fe 0.71 0.68 0.08 

Al 0.48 0.58 0 

Na 0.32 0.47 0.14 
*STD was lower than 0.26 

 

The structure evolution during calcination of raw materials is shown in Fig. 1. The detected crystalline phases in all three 

samples could be divided into three groups: group I – pure oxide and chloride phases of potassium (sylvite – KCl,  

PDF#41-1476), calcium (lime – CaO, PDF#37-1497), magnesium (periclase – MgO, PDF#43-1022), and silicon (quartz – SiO2, 

PDF#46-1045), group II – calcium silicate phases (rankinite – Ca3Si2O7, PDF#22-0539 and laranite – Ca2SiO4, PDF#70-0388), 

group III – complex crystalline phases of potassium, magnesium, calcium, sodium, aluminum, and silicon in the form of 

sulfate, phosphate, and chloride (hazenite – KNaMg2(PO4)2·14H2O, PDF#15-0762, kainite – KMg(SO4)Cl·2.75H2O, 

PDF#35-0812, carnallite - KMgCl3·6H2O, PDF# 24-0869, polyhalite – K2Ca2Mg(SO4)4·2H2O, PDF#5-628, syngenite –K2Ca(SO4)2· 

·H2O, PDF#74-2159 and flörkeite – K3Ca2Na[Al8Si8O32]·12H2O, PDF#34-0137). The phase composition corresponds to the 

other ashes derived from different biomass sources [38]. Intensities of the primary diffraction line of phases varied 

according to chemical composition and decreased as the element concentration decreased. However, interactions 

between elements led to a deviation due to the creation of numerous complex phases. The appearance of group II 

characteristic phases follows the mechanism of biomass ash formation [38] as a consequence of the interaction between 

CaO and SiO2 during the solid-state reaction at the ash fusion temperature. At high temperatures (>700 °C), CaO pene-

trates the melted glassy phase, whereby a part reacts and forms calcium silicate compounds. The other part of CaO is 

trapped and inaccessible as an active catalyst center. More significant calcium losses at these temperatures are 

characteristic for samples with higher silicon contents and for long-term calcination [39]. Besides the simple compounds 

in the CaO-SiO2 phase system, creation of more complex crystal forms (group III) takes place, especially in the case of a 

sample with the low silicon content. The crystalline phases from groups II and III could contribute to the morphological 

and textural properties of the final catalyst. 
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The values of textural parameters obtained by Hg porosimetry for the obtained catalysts (i.e. calcined ashes) are 

given in Table 3. Furthermore, the total intruded volume of Hg and the corresponding pore size distribution (PSD) curves 

for the two subsequent intrusion cycles (I and II) are presented in Fig. 2. In all three samples, a significant reduction in 

the total intruded mercury can be observed, indicating the existence of interparticle space in the materials [40], which 

was confirmed by a decrease in porosity amounting to 40 to 65 % in the cycle II. The PSD curve for the PSA sample is 

bimodal in cycle I with pore diameters centered at 2.48 and 7.53 μm. In cycle II, the PSD curve exhibits a monomodal 

character with a pore diameter centered at 2.23 μm. 
 

 
 
Fig. 1. XRD patterns of calcined PSA, PSSA and PKCA ashes 

 
Fig. 2. Pore size distribution curves for (a) PSA, (b) PSSA, and (c) PKCA ashes 
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On the other hand, the PSD curves for the PSSA sample exhibit monomodal character in both intrusion cycles with 

a slight change in pore diameter centered at nearly 7.0 μm. Unlike the first two samples, the PSD curves for PKCA are 

multimodal with pore diameters in a wide range (from 1.71 to 6.50 μm). The multimodal character of the curve was 

preserved in the cycle II but with a somewhat narrower range of pore diameters, excluding pores of about 7.0 μm. 

Shifting pore size to a larger diameter leads to a lower surface area [41]. Thus, the pore diameter for all samples is in 

the macropore region, as confirmed by a low specific surface area. The macroporous pore system is very favorable and 

suitable for reactions whose reactants are large organic molecules, such as TAGs [3,5,42]. However, for the type of 

catalyst obtained in the one-way process, such as in this study, the chemical composition plays a more significant role 

than the textural properties. Although the catalytic activity of solid catalysts is directly related to the surface area, the 

surface area did not influence the catalytic activity of walnut and hazelnut ashes [3,5]. The PSSA catalyst had the lowest 

surface area (Table 3) amounting to 1.67 m2 g-1, which is lower than the value reported for a Sesamum indicum plant 

ash (3.66 m2 g-1) [36] and close to that of a Musa acuminata peel ash (1.45 m2 g-1) [28].  

The base strength (H_) for all catalysts was in the range 9.3<H_<15.0. The PSSA sample exhibited the highest basicity 

(3.384 mmol g-1), while the basicity of the PKCA and PSA samples was lower (1.293 and 0.924 mmol g-1, respectively).  
 
Table 3. Textural parameters of catalysts 

Sample Intrusion cycle Vp / cm3 g-1 SHg / m2 g-1 Dp / μm BD / g cm-3 BDCorr / g cm-3 P / % 

PSA 
I 1.19 10.35 2.60 0.67 3.31 79.75 

II 0.73 3.83 2.27 0.67 1.30 48.58 

PSSA 
I 0.80 1.67 7.23 0.93 3.59 74.06 

II 0.39 1.28 5.05 0.93 1.45 35.93 

PKCA 
I 1.38 4.14 5.81 0.57 2.69 78.83 

II 0.49 3.16 1.67 0.57 0.79 27.65 

Vp – Total pore volume; SHg – Specific surface area; Dp – Average pore diameter; BD – Bulk density; P - Porosity 

4. 2. Plum kernel oil methanolysis catalyzed by PSA, PSSA, and PKCA ashes 

The catalytic performance of PSA, PSSA, and PKCA was evaluated in methanolysis of the pre-esterified plum oil. 

Change in FAME contents during the reactions is presented in Fig. 3, where the order of the catalytic performance of 

the tested ashes was PSSA > PKCA > PSA and it follows their basicity. Significantly higher FAME contents were achieved 

in the reaction catalyzed by PSSA as compared to those obtained in the reactions catalyzed by PSA and PKCA during the 

whole reaction period. Furthermore, rapid formation of FAMEs in the initial reaction period contributed to a faster 

overall reaction catalyzed by PSSA, thus indicating absence of diffusion limitations in the liquid-liquid-solid system at 

the beginning of the reaction. On the other hand, slow FAME formation at the beginning of the reactions catalyzed by 

PSA or PKCA was evident. 
 

 
Fig. 3. Methanolysis of plum kernel oil catalyzed by PSSA - , PSA  -  and PKCA -  (reaction temperature 60 °C) 

 
  / min 
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Investigating the catalytic performance of mixed oxides, Fraile et al. [43] found that alkaline ions (Na+) were the primary 

source of the catalyst strong basicity and contributed to the higher catalytic activity. Furthermore, they concluded that 

solids with a high content of alkaline ions had a low surface area. Therefore, the observed difference in reaction rates could 

be analyzed from the aspect of elemental composition; the higher content of Ca and K would positively affect the basicity. 

Buchori et al. [44] studied the effect of adding K2O to CaO-ZnO on the resulting catalyst basicity. The results revealed that 

a higher molar ratio of CaO and higher content of the added K2O increased the catalyst basicity. Similarly, Tang et al. [45] 

reported that loading KCl onto CaO can increase the basicity of the catalyst and affect its porosity. Although the pore size 

diameters of all catalysts investigated in the present study were distributed in the macroporous region (Section 4. 1.) 

indicating effective diffusion [41], lower reaction rates of the reactions catalyzed by PKCA and PSA were observed. 

4. 3. Effect of the reaction temperature on the methanolysis reaction rate and FAME content 

Since PSSA showed the best catalytic performance, kinetics of the reaction catalyzed by this catalyst was investigated 

at three reaction temperatures (40, 50 and 60 °C). Lower FAME contents were achieved when the reaction was performed 

at lower temperatures (Fig. 4), which was especially pronounced in the initial reaction period. A longer reaction time was 

required to reach the FAME content over 95 % at 50 °C than at 60 °C. Similarly, Barros et al. [30] found that increasing the 

temperature from 50 to 60 °C significantly increased the FAME content in the reaction catalyzed by calcined pineapple 

leaves ash. The increase in the reaction temperature increases the reaction rate constant since oil methanolysis is an 

endothermic reaction. However, by lowering the reaction temperature, diffusion limitations in the liquid-liquid-solid 

system could also occur, causing a slow initial reaction period. A temperature increases from 40 to 80 °C at a methanol-to-

oil molar ratio of 12:1 and a catalyst loading of 7 wt.% positively affected oil conversion over calcined tucumã peel ash, 

containing mainly K, P, Ca, and Mg [46]. The PSSA-catalyzed methanolysis was performed at a lower temperature (60 °C) 

than other methanolysis reactions catalyzed by different ashes reported in literature [35,46-48]. Likewise, the high FAME 

contents were achieved at the same reaction temperature in oil methanolysis using the walnut shell [5] and hazelnut 

shell [3] ashes as catalysts.   
 

 
Fig. 4. Changes in the FAME content over the reaction time at different reaction temperatures: 60 oC - , 50 oC -  and 40 oC -   
 

A simple empirical pseudo-first-order reaction model (Eq. 4) was employed for the kinetic study of plum oil methano-

lysis catalyzed by PSSA. The dependence -ln (1-xA) vs. time is shown in Fig. 5. The reaction performed at 60 °C was 

successfully described by the model as a linear dependence -ln (1-xA) vs. time was observed. However, for the reactions at 

40 and 50 °C, two straight lines with different slopes in the initial and the final reaction periods were observed. Therefore, 

 
  / min 
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Eq. (4) was applied to calculate only the apparent reaction rate constants for the pseudo-homogeneous regime at different 

temperatures. The apparent reaction rate constant increased with the temperature (Fig. 6). The activation energy for the 

plum oil methanolysis catalyzed by PSSA was calculated by applying the Arrhenius equation (5): 

aE

RTk Ae
 

− 
 =  (5) 

where A / min-1is the pre-exponential factor, Ea / J·mol-1 is the activation energy, R is the gas constant (8.314 J·mol-1·K-1), 

and T / K is the reaction temperature.  
 

 
  / min 
Fig. 5. Application of the irreversible pseudo-first-order kinetic model (lines) for plum kernel oil methanolysis at different reaction 
temperatures (experimental data: 60 °C - , 50 °C - , and 40 °C - ) 
 

 
Fig. 6. Dependence of ln k on the 1/T (Arrhenius plot) 
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The values of ln k were linearly dependent on 1/T, as shown in Fig. 6 and the activation energy was calculated from 

the slope of the linear dependence. Hence, the activation energy and pre-exponential factor of plum oil methanolysis 

catalyzed by PSSA were determined to be 58.8 kJ mol-1 and 19.3·105 min-1. The activation energy value was in the range 

of other values reported in literature, presented in Table 4. It is lower than the values for methanolysis of soybean oil 

catalyzed by pineapple leaves ash [30] and Tucumã peel ash [46] but higher than those reported for methanolysis of J. 

curcas oil and soybean oil catalyzed by L. perpusilla Torrey ash [49] and waste Brassica nigra plant ash [52], respectively.  
 

Table 4. Summary of activation energy values reported for oil methanolysis catalyzed by various solid base catalysts 

Catalyst type Type of oil feedstock Kinetic model Ea / kJ mol-1 Ref. 
L. perpusilla Torrey ash Jatropha curcas L. oil Based on TGA analysis 29.49 [49]  

Palm oil mill fly ash supported calcium oxide Crude palm oil Pseudo-first order 42.56 [50]  

Rice husk-derived sodium silicate Palm oil Pseudo-first order 48.30 [51]  

Tucumã peel ash Soybean oil Pseudo-first order 61.23 [46]  

Waste Brassica nigra plant ash Soybean oil Pseudo-first order 27.87 [52]  

Pineapple leaves ash Soybean oil n.r. 86.84 [30]  

Citrus sinensis peel ash (CSPA)@Fe3O4 Waste cooking oil Pseudo-first order 34.41 [53]  

Plum stone shell ash Plum oil Pseudo-first order 58.8 This work 
n.r. – not reported 

4. 4. Reuse of the PSSA catalyst 

The PSSA catalyst was tested for reuse as it exhibited the highest catalytic activity. After the reaction completion the 

catalyst was separated from the reaction mixture and reused in the next batch without treatment. In the repeated 

reaction a low FAME content (30 %) was obtained at 60 min, indicating the catalytic activity loss. Therefore, the 

separated catalyst was recalcined (800 °C, 2 h) before the subsequent cycle. In this case, a high FAME content of 93.54 % 

was achieved in 90 min of reaction (Fig. 7), which was still lower than that achieved in the first batch. Similarly, a lower 

FAME content at the beginning of the reaction was observed with recalcined walnut and hazelnut shell ashes [3,5]. 

Therefore, PSSA could be recommended as an effective catalyst for the transesterification of plum kernel oil with the 

possibility of being reused after recalcination. However, a further detailed investigation of reused catalysts in respect 

of basicity and elemental and phase composition should be performed to provide information on the effect of the reuse 

and recalcination on the catalytic activity. 
 

 
Fig. 7. Comparison of FAME contents obtained by using the fresh PSSA (dark grey) and recalcined PSSA (light grey) as catalysts at 
different reaction times (temperature of 60 °C, methanol-to-oil molar ratio of 12:1, and catalyst amount of 10 %) 

 
  / min 
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5. CONCLUSION

Waste plum stones can be a significant raw material for biodiesel production as they can be used as a source of oil

(kernels) and catalyst (stone shell ash). However, using plum oil in transesterification required its pre-esterification 

because of its high acid value and basic properties of the catalyst. The plum stone shell ash predominantly contains K, 

Ca, and Mg compounds. The catalytic test revealed that PSSA at 60 °C was the most active catalyst as compared to PSA 

and PKCA. The determined activation energy value (58.8 kJ mol-1) was in the range of the values reported for ash-based 

catalysts. Overall, PSSA can be recommended as a catalyst for biodiesel production from plum kernel oil because of its 

efficiency and reusability after recalcination. 
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(Naučni rad) 
Izvod 

U ovom radu istraživana je mogućnost korišćenja otpadnih koštica šljive u proizvodnji biodizela. Jezgra 
šljive su iskorišćena kao sirovina za dobijanje ulja primenom Soxhlet-ove metode ekstrakcije. Cele 
koštice, ljuske koštica šljive i pogača dobijena nakon ekstrakcije ulja iz jezgra šljive spaljeni su da bi se 
dobio pepeo, koji je korišćen kao katalizator. Dobijene tri vrste sakupljenog pepela su najpre 
okarakterisane u pogledu hemijskog sastava, poroznosti i baznosti, a zatim je testirana katalitička 
aktivnost u transesterifikaciji esterifikovanog ulja koštica šljive. Dominantni elementi u pepelu, kao što 
su kalijum, kalcijum i magnezijum, imali su različit sadržaj u sve tri vrste pepela. Najveću katalitičku 
aktivnost pokazao je pepeo koštica šljive, zbog čega je dalje istraživan uticaj temperature (40, 50 i 60 °C) 
na brzinu reakcije katalizovane ovim pepelom. Konstanta brzine reakcije povećavala se sa porastom 
temperature reakcije, a vrednost energije aktivacije je 58,8 kJ mol-1. Pored toga, pepeo koštica šljive 
može se ponovo koristiti kao katalizator nakon rekalcinacije.  

Ključne reči: pepeo; kataliza; kinetika; 
metanoliza; transesterifikacija 
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