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Abstract
This article is devoted to rape oil transesterification by methanol and ethanol on 
powder and extruded Mg/Al hydrotalcite catalyst in a stirred reactor under atmos-
pheric pressure close to boiling point of alcohol with inserted perforated basket with 
extrudates. With 15 wt% of catalyst in relation to rape oil and molar ratio methanol/
ester group of oil 13:1, the yield of monomethylester reached 99.5% within 48 h in 
the case of fresh catalyst. After recalcination, the same catalyst enabled the same 
yield of monomethylester within 72 h and third cycle of this catalyst after two recal-
cinations led to 98.5% of monomethylester yield also within 72 h. Extrudates ena-
bled the same monoester yield as hydrotalcite powder within 24 (60–61%) up to 
48 h (99%). Moreover, several experiments were done in the autoclave to assume 
temperature effect to reaction time. Enhanced temperature 140 °C provided nearly 
99% monoester yield within 12 h. A new arrangement with extrudates in a perfo-
rated basket makes transesterification with heterogeneous hydrotalcite catalyst easily 
feasible. Differently from rather promising results in rape oil transesterification with 
methanol, ethanol worked in this reaction much more slowly. Not surprisingly water 
inhibits transesterification, as the reaction with 96% ethanol shows. Using 99.8% 
ethanol nearly without water makes transesterification significantly faster, but 51% 
monoester yield after 120 h reaction time is still insufficient. Nevertheless, ethanol 
remains a promising raw material for oil transesterification, as it can be prepared by 
a bioprocess, which makes the whole technology based on renewable sources.

Keywords  Fatty acid ester · Rape oil · Heterogeneous catalysis · Hydrotalcite

 *	 Aleš Kašpárek 
	 ales.kasparek@unicre.cz

1	 Unipetrol Centre for Research and Education, Revoluční 1521/84, 400 01 Ústí nad Labem, 
Czech Republic

http://orcid.org/0000-0001-8236-1093
http://crossmark.crossref.org/dialog/?doi=10.1007/s11144-020-01915-4&domain=pdf


204	 Reaction Kinetics, Mechanisms and Catalysis (2021) 132:203–218

1 3

Introduction

Fatty acid methylester (FAME) or fatty acid ethylester (FAEE) has been utilized 
as an additive in biodiesel fuel for more than ten years due to its starting mate-
rial—vegetable oil, in Europe mostly rape oil. Before use, triacylglycerides have 
to be transformed to methyl- or ethylesters with methanol (mostly) or with etha-
nol, which can be prepared from biologic and renewable starting materials. In 
industrial scale, vegetable oils are commonly transferred to FAME by homog-
enous catalysis. Rarely acidic acids take place by using sulfuric acid, but mostly 
sodium or potassium alcoholates are used. Transesterification technologies based 
on homogenous catalysts face up to various technical problems—necessity of 
washing alkali cations, saponification and emulsion arising [1]. Moreover, these 
technologies, based on homogenous catalysis, result in waste water production. 
To avoid such troubles, heterogeneous catalysts for vegetable oil transesterifica-
tion have been developed for many years.

Calcium oxide, tin (IV) oxide and their mixture were tested in babassu oil 
transesterification with methanol in molar ratio of oil to methanol 10:1 with 10 
wt% of catalyst to oil weight for 2 h. After the first test series a mixture of CaO/
SnO2 with a weight ratio 7:3 was chosen as the most efficient. At the reaction 
temperature 54 °C total yield of FAME reached 89.5% [2].

Potassium catalyst on mesoporous alumina as a heterogeneous catalyst was 
utilized for canola oil transesterification with methanol/oil molar ratio in the 
range 6:1 up to 15:1 at temperatures 50–70 °C. FAME yields were influenced by 
stirring velocity, particle size of the catalyst and reaction temperature. Stirring 
velocity 500 rpm enabled maximum conversions and faster stirring had no further 
influence to FAME yields, the smallest particle size of the catalyst (< 160 µm) led 
to the highest FAME yields. Under here mentioned optimum condition, reaction 
temperature effect to transesterification was investigated in the range 50–70 °C. 
FAME yields grew with increasing temperature and achieved up to more than 
90% [3].

A bifunctional catalyst based on Cu and alkali earth cations was investigated 
in cannabis oil transesterification under pressure in an autoclave with 100 g can-
nabis oil batch, a molar ratio of methanol to oil 3:1 to 15:1 and 3 g of catalyst. 
FAME yields grew within the range of methanol/oil ratio 3:1 to 12:1, higher 
excess of methanol did not enhance yields in a significant way. At the molar 
methanol/oil ratio 12:1, FAME yields were in the range 73–96% and increased 
in the ascending order Cu/MgO < Cu/CaO < Cu/ BaO < Cu/SrO. Increasing CuO 
concentration in a catalyst increased FAME yields too, but only in the range 1 
to 10 wt%, above this value yields declined. In some experiments the autoclave 
was under hydrogen flow, but it resulted in a moderate decrease of FAME yields. 
Also temperature above 60 °C caused lower FAME yields. Transesterification of 
triolein by ethanol runs also with an anion exchanger in –OH form as a catalyst in 
a batch process with 2–4 g of anion exchanger, 10 g of reaction mixture and a tri-
olein/ethanol molar ratio 1:3 to 1:20 at 50 °C. Less crosslinked anion exchangers 
with smaller particle size provided highest conversions. If 4 g of ion exchanger 
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were used instead of 2  g, reaction started faster, but maximum conversions in 
equilibrium remained nearly the same. Transformation yields grew in the range 
of triolein/ethanol molar ratio 1:3 to 1:10, further enhancement up to 1:20 had no 
effect. The best anion exchanger provided after 1 h conversion above 80% with a 
product purity > 98% [4].

A comparison of Li/Al, Mg/Fe and Ag/Al oxides, calcined at 450  °C, in soya 
bean oil transesterification in a batch reactor with molar methanol/oil ratio 15:1 
showed Li/Al oxides the most effective providing FAME yield 80% with 1 wt% of 
the catalyst after 2 h. Om the other hand, Mg/Al oxides led only to 13.6% FAME 
yield with 3 wt% of the catalyst after 6 h. To tell the truth, the key parameter for suc-
cessful implementation of these results will be Li leakage into FAME [5].

Within the last 10–15 years, lots of research has been devoted to hydrotalcites as 
promising heterogeneous catalysts for transesterification of vegetable oil and similar 
substances. Comparison of pure MgO and pure Al2O3 with hydrotalcites of various 
Mg/Al ratios in transesterification of glycerol tributyrate (0.01 mol) with methanol 
(0.3  mol) and 0.05  g of a catalyst in 0.5  ml of hexyl ether showed zero catalytic 
activity for Al2O3 and 11% of glycerol tributyrate conversion for pure MgO, 42% 
conversion for hydrotalcite with 13 wt% of Mg and 75% conversion with 24 wt% of 
Mg [6].

Rape oil transesterification in a batch arrangement at 55–75 °C with a methanol/
oil molar ratio 3:1 to 9:1 and 0.5–2.5 wt% of a catalyst was studied on hydrotalcites 
with various Mg/Al molar ratios. Conversions after 4 h reaction enhanced from 75 
to 90% when Mg/Al ratio increased from 1 to 3, which corresponds to enhancement 
of basicity. Also higher calcination temperature of hydrotalcites (500 °C) provided 
a higher conversion (91%) than 86% after calcination at 400 °C and 60% at non-cal-
cined hydrotalcites. The best of investigated catalyst was a hydrotalcite with Mg/Al 
molar ratio 3 calcined 12 h at 500 °C with the highest crystallinity. Increasing molar 
ratio of methanol/oil led to higher conversions too with 61% for methanol/oil ratio 
3:1, 79% for 5:1 and 90% for 6:1. Also increasing amount of a catalyst enhanced 
conversions, but only to 1.5 wt% of oil. Further addition of a catalyst led to declina-
tion of yields, which was probably caused by side reactions. Vigorous stirring was 
necessary for optimum reaction course, the best reaction temperature was 65 °C [7].

On the other hand, investigation of soya oil transesterification by methanol 
in batch arrangement with methanol/oil molar ratio 12:1 and 5 wt% of a catalyst 
(related to oil) at 65 °C with 6 h reaction time showed the best FAME yield (92%) 
with hydrotalcite of a molar ratio Mg/Al 2, but only 34% FAME yield with Mg/
Al 4 and 9% FAME with Mg/Al 3. All hydrotalcites were calcined at 500 °C as a 
standard method. Among this standard calcination method, various calcination tem-
peratures were tested too. Calcination at 400 °C resulted in FAME yield decrease 
from 92 to only 4%. Enhancement of calcination temperature to 700 °C enabled pro-
longed activity of a catalyst even at its second and third cycle (92% and 35% of 
FAME). With a higher methanol/oil ratio, a smaller amount of a catalyst was neces-
sary for nearly the same FAME yields [8].

Another article on soyabean oil transformation to methylester with calcined (to 
500 °C) Mg/Al hydrotalcites (7.5 wt%) at molar ratio methanol to oil 15:1 reports 
67% oil conversion after 9 h [9]. As several hydrotalcite catalysts were tested, the 
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best results were reached with Mg/Al = 3.0, which corresponds to results in [7]. On 
the other hand, a work on biodiesel synthesis with Mg/Al hydrotalcites with molar 
ratio of Mg/Al 1.5 to 5 shows that the hydrotalcite catalysts with the highest Mg/Al 
ratio provided the best results of sunflower oil transformation to methylester due to 
their strongest basicity. Especially rehydrated hydrotalcites worked most effectively. 
92% methylester yield was reached with 2% of the best catalyst and molar ratio of 
methanol/oil 48:1 [10].

As a contribution to environmental effort, biodiesel synthesis by waste cooking 
oil transesterification with hydrotalcite having Mg/Al molar ratio 4:1 was described 
including hydrotalcite preparation by two various methods. Co-precipitation method 
lies in common precipitation of Mg and Al nitrates in ratio 3:1 by sodium carbonate 
solution, heating, aging at room temperature for 18 h, product separation and wash-
ing. Urea hydrolysis method is based on precipitation of Mg and Al nitrate solutions 
with molar ratio 4:1 by urea solution with urea to nitrate ratio 0.6, the following 
steps remained the same as in the above described co-precipitation method. Transes-
terification experiments were optimized with respect to reaction temperature, metha-
nol/oil molar ratio and amount of catalyst. The best yields were reached at 60 °C 
with methanol/oil ratio 9:1 and 1.5 wt% of catalyst [11].

The reusability of Mg/Al hydrotalcite catalyst in sunflower oil transesterification 
was also investigated. First reaction conditions were optimized and the best achieved 
yields of FAME were 96.5% after 3 h at 70 °C with molar ratio methanol/oil 12:1. 
Then repeated use of catalyst was tried, the catalyst was successfully used three 
times with only a moderate decrease of FAME yield from 96.5 to 90% [12].

Soybean oil was also transformed to FAME by hydrotalcite at 64 °C with metha-
nol/oil ratio 20:1 and 5% of catalyst with 94.8% yield on Mg/Al hydrotalcite after 
10  h. Hydrotalcite powder was prepared by precipitation and after its separation, 
washing and drying it was calcined at 450 °C for 4 h under air flow [13].

Besides processing vegetable oils, transesterification between ethylene glycol 
monomethyl ether (EGME) and methyl laurate (ML) was studied to produce a novel 
biodiesel consisting of ethylene glycol monomethyl ether monolaurate (EGMEML). 
KF modified Ca/Al hydrotalcites were used. Biodiesel yields grew with increasing 
KF concentrations in catalysts up to 97.7% yield with 24.7% of KF in the best cata-
lyst. Higher KF concentrations led to lower yields [14].

Ca/Al hydrotalcites were also modified by potassium carbonate and utilized in 
soybean transesterification. At optimum reaction conditions, which were methanol/
oil molar ratio 13:1, temperature 65 °C, reaction time 2 h and 2 wt% of a catalyst, 
the catalyst was usable several times and after 4 cycles yields reached more than 
87.4% [15].

A modified Ca-Mg/Al hydrotalcite prepared by impregnation with calcium nitrate 
and calcined at 600  °C for 30  min was also tested in transesterification between 
methyl acetate and ethanol with a molar ratio 6:1 and 4 wt% of catalyst. The catalyst 
was reusable at least 5 times, only Ca leaching has to be solved for use in a techno-
logical process [16].

Transesterification of rape oil was also investigated on a series of prepared hydro-
talcite catalysts with various Mg/Al molar ratio in the range 1.8 to 7.2, which were 
calcined at 450  °C before use. Total concentration of basic sites decreased with 
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increasing Mg/Al ratio, but yields of esters grew as well as surface area of catalysts. 
Only negligible Mg leaching was observed [17].

Surprising results of soybean oil transesterification were reached with hydro-
talcites of three various Mg/Al ratios. The hydrotalcites were calcined at 400  °C, 
transesterification ran in an autoclave at 180 °C and 230 °C with methanol/oil ratio 
8–13:1 and 3–5 wt% of a catalyst. The highest conversion (90.7%) was achieved at 
230 °C, molar methanol/oil ratio 13:1 and with the catalyst having the least Mg con-
tent [18].

As a new alternative, Mg/Fe hydrotalcites with a molar ratio Mg/Fe 2.5:1 were 
prepared in two manners—from nitrates and chlorides of both metals. Products were 
calcined at 500 °C and 600 °C to compare their efficiency in rape oil transesterifica-
tion. Calcined products from nitrates contained more basic sites and provided higher 
conversions than that synthesized from chlorides. For successful rehydration hydro-
talcites from nitrates needed calcination at 500 °C, but hydrotalcites from chlorides 
had to be calcined at 600 °C [19, 20].

Besides most utilized Mg/Al hydrotalcites, Mg-Fe catalysts of the same structure 
were studied too and catalytic behaviour of both types in rape oil transesterification 
was compared. All catalysts had Mg/Al or Mg/Fe ratio 3:1. Before use, they were 
calcined to 500  °C. Reaction ran at 115  °C, 150  °C and 200  °C, long time tests 
verified stability and lifetime of these catalysts. At the highest temperature (200 °C) 
both types of catalysts had very close catalytic activity, but at lower temperatures the 
Mg/Al hydrotalcites provided better results [21].

A detailed study on the influence of calcination temperature of Mg/Al hydrotal-
cite with a molar Mg/Al ratio 3.2:1 to oil transesterification results was done too. 
The reaction ran at 117 °C for 8 h with molar ratio methanol/oil 24:1 and 4 wt% of 
the catalyst to oil. Increase in calcination temperature from 450 °C to 550 °C led 
to larger MgO crystallites, larger number of basic centres and BET surface area 
increase. On the contrary, higher calcination temperatures (650–150  °C) had an 
opposite effect. The highest ester yield (77%) was achieved with a hydrotalcite cal-
cined at 550 °C [22].

Mixed Ca-Mg/Al hydrotalcites were also used for sunflower oil transesterification 
with methanol in non-calcined and calcined (at 600 °C) state. The reaction ran at 
60 °C with molar methanol/oil ratio 15:1 and 2.5 wt% of a catalyst for 6 h. The best 
results were achieved after impregnation of non-calcined Mg4Al2hydrotalcite with 
40% Ca and calcination at 600 °C, where FAME yield was 95% [23].

A question of regeneration and repeated use of Mg/Al hydrotalcite in soya bean 
oil transesterification was also studied. The reaction ran at 220 °C and 55 bar. Wash-
ing the catalyst in situ 4 h with methanol at 100 °C did not lead to its original activ-
ity after its exhaustion, but washing with acetone at 70 °C for the same time pro-
vided the same catalytic activity and lifetime as at the beginning [24].

Within environmental effort, transesterification of waste cooking oil was investi-
gated with Mg/Al hydrotalcite catalyst having Mg/Al ratio 3:1, calcined at 500 °C 
[25]. Before transesterification, the waste cooking oil involved preliminary treat-
ment. First, mechanical impurities (bones, paper, vegetables etc.) were removed, 
then clay was added to sorb further impurities and after its removal, free acids were 
washed out by extraction and water removed up to moisture content under 0.5%. 
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Finally, a small addition of NaOH was needed to neutralize the oil to pH 7. For trans-
esterification, a mixture of methanol and ethanol was used. The highest monoester 
yield (95%) was achieved with alcohol/oil molar ratio 6:1 at 80 °C.

Besides powders as heterogeneous catalysts, Mg–Al hydrotalcite with sepiolite 
as a binder wash-coated to metal monoliths fixed to blades of a propeller was used 
for sunflower oil transesterification. Before use, the metal monolites fixed to blades 
were calcined at 500 °C for 6 h, then rehydrated in boiling deionized water and dried 
in vacuum at 60  °C. With molar methanol/oil ratio 48:1 and 2% of catalyst, after 
10 h 62% conversion of oil was done with 10% of sepiolite and 77% oil conversion 
on the same reaction conditions, when the catalyst contained only 5% of sepiolite 
[26]. Also γ-Al2O3 and pseudo-boehmite were used as binders to prepare particles 
of a catalyst containing hydrotalcite, γ-Al2O3 and pseudo-boehmite in ratios 7.5:10:2 
[27]. Also magnetite containing extrudates from γ-Al2O3 and sepiolite as binders 
and potassium carbonate as the active ingredient were prepared and tested in trans-
esterification of sunflower oil by ethanol. Magnetic properties of extrudates enable 
their separation, which can be advantageous for larger scale implementations [28].

Nearly all above given articles deal with powder catalysts. Only two last pub-
lished papers inform about formed hydrotalcite catalysts with binders. From pub-
lished articles it follows, that among heterogeneous catalysts, hydrotalcite powders 
provide most promising results. Anyway, to implement scientific results into indus-
trial scale, powders as catalysts are encumbered by a drawback of necessary separa-
tion of the powder from a reaction mixture. In this article, transesterification of rape 
oil by methanol and ethanol with binderless extruded hydrotalcite catalyst in a reac-
tor with inserted perforated basket is studied. Differently from powder, this arrange-
ment enables simple manipulation with a catalyst without any separation processes. 
The stainless steel basket is only pulled out from a reactor, inserted into a kiln to 
calcine it and then the extrudates can be used once more. As heterogeneous catalysis 
still does not enable such fast reaction as direct transesterification of oil with sodium 
methanolate, several transesterification tests with hydrotalcite under higher pressure 
at 140 °C were done.

Experimental

Hydrotalcite characterization

The crystalline structure of as synthesized powder hydrotalcite before calcination 
was determined by X-ray diffraction method (XRD) on the diffractometer BRUKER 
AXS D8 Advance.

Scanning electron microscopy (SEM) of hydrotalcite powder was performed on 
JEOL JSMIT500HR. The samples sprinkled throughout the carbon tape were sput-
tered with gold before analysis. Adsorption properties, surface area and porosity of 
catalysts were characterized by measurements of nitrogen sorption and desorption 
isotherms at 77  K on Quantachrome Autosorb iQ. Prior to analysis, the samples 
were heated to 395 °C for 19 h at pressure 0.13–0.15 Pa. Total surface area, total 
pore volume, micropore and mesopore volumes were calculated by NLDFT method 
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with a model for silica with cylindrical pores. For external surface area determina-
tion, t-plot analysis was used.

Chemical analysis of hydrotalcite catalyst was measured on extrudates after cal-
cination (described below) by X-ray fluorescence (XRF) using the spectrometer 
BRUKER AXS S8 Tiger with a 5–10% error.

Forming powder catalyst by extrusion

Mg/Al hydrotalcite powder (100  g, Sigma-Aldrich) was inserted into a kneader 
HKV-1 (IKA), glycerol (40 g, Penta) and isopropanol (15 g, Penta) were added and 
the whole mixture was kneaded while stirring with 30  Hz frequency for 10  min. 
Resulting thick paste was pushed in the device CALEVA VDE with a single screw 
auger through a die with circle slots of 2.2 mm diameter, extrudates were saved in a 
desiccator and before use they were calcined in air flow in a kiln (LAC) with a tem-
perature increase to 550 °C within 8 h and further 8 h dwell. Immediately after cal-
cination the extrudates were saved in a desiccator with KOH under a grate to prevent 
catalyst from humidity and CO2. These extrudates after calcination did not contain 
any binder neither any other ingredient besides pure calcined hydrotalcite.

Transesterification tests under atmospheric pressure

Doses of reactants for tests with methanol

Rape oil (Brölio) 40 g (45.7 mmol of triacylglyceride).
Hydrotalcite 2.8 g (7 wt% of oil) or 4 g (10 wt% of oil) or 6 g (15 wt% of oil).
Methanol (LachNer) 43.92 g (1.371 mol) for molar ratio CH3OH/ester group of 

oil = 10 or 57.09 g (1.781 mol) for molar ratio CH3OH/ester group of oil = 13.

Doses of reactants for tests with ethanol

Rape oil 30 g (34.3 mmol of triacylglyceride).
Hydrotalcite 4.5 g (15 wt% of oil).
Ethanol (LachNer, 99.8% and 96%) 61.69  g (1.336  mol for 99.8% C2H5OH) 

and 64.14 g (1.336 mol for 96% C2H5OH) for molar ratio C2H5OH/ester group of 
oil = 13.

Procedure with hydrotalcite extrudates

In a two-neck round bottom glass flask (NZ 45/40 neck for a cooler with a desic-
cant end cap (KOH) and NZ 14/23 neck for a thermometer and sampling) a stainless 
steel perforated basket with hydrotalcite extrudates was immersed in a mixture of 
rape oil and alcohol. The flask was immersed in oil bath of 69 °C temperature on a 
heated magnetic stirrer, the whole reaction mixture was vigorously stirred (700 rpm) 
and held on 63 °C for methanol or 78 °C for ethanol. The time when the flask was 
inserted into the oil bath, was assumed the beginning of the reaction. During the 
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whole catalytic test, sampling was done usually after every 24 h. When the samples 
settled, their top phase was taken away. The bottom glycerol phase was not analysed. 
After methanol evaporation the samples were analysed by gas chromatography.

Procedure with hydrotalcite powder

A catalytic test under the same conditions and with the same doses of reactants as 
the optimum test with methanol was done to compare results reached with powder 
and extrudates. A reaction mixture in this comparative test contained 40 g of oil, 
57.09 g of methanol (CH3OH/ester group of oil = 13) and 6 g of hydrotalcite powder 
(15 wt% of oil). The only difference was, that no perforated basket was used and the 
powder catalyst was added directly into the reaction mixture.

Transesterification tests in a laboratory autoclave with powder hydrotalcite

Instead of one test with several samplings, several individual tests with powder 
hydrotalcite (15 wt% of oil), rape oil and methanol (with molar ratio to ester group 
of oil = 13) in a laboratory autoclave with various reaction times were done to see 
the whole reaction course. Powder hydrotalcite was calcined before test in the same 
way as extrudates (see above).

For catalytic tests, a batch of rape oil (20  g), methanol (28.54  g) and calcined 
hydrotalcite powder (3 g) was used always of the same composition. The catalytic 
tests were carried out in an autoclave stirred by a propeller with a velocity 700 rpm 
at 140  °C. During heating period, the temperature in the autoclave increased to 
130 °C within 11 min and this time was assumed the beginning of the reaction time. 
Further heating led to reaction temperature 140 °C within 4 min. Individual experi-
ments ran with reaction times 3 h, 6 h and 9 h. After that the heating coat of the auto-
clave was removed and the internal vessel was cooled by immersing in cold water. 
Internal pressure reached 9.9 bar and during experiment it decreased to 9.6 bar due 
to lower methanol concentration after its partial conversion to methyl ester.

Analyses of reaction mixtures after transesterifications

Samples from transesterifications were derivatized first. To 5 µl of a sample, N-tri-
methylsilyl-N-methyl trifluoroacetamide (MSTFA, 60.8 µl), 100 µl of pyridine and 
4 ml of cyclohexane were added. The sample was let react 2 h at room temperature, 
then it was transferred into a vial and analysed on GC Agilent 7890 with a column 
Agilent cp 90,787 (10 m × 30 µm × 0,1 µm) with FID. Evaluation was done from a 
calibration curve. As a standard, pure rape oil monoester, purified by molecular dis-
tillation, was used.

Leaching inorganic elements from catalysts into reaction mixtures was evalu-
ated at the end of the reaction by inductively coupled plasma emission spectroscopy 
using ICP-OES Agilent VDV 5110. The following elements were determined in oil 
phases after transesterification tests: Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, 
Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb, Se, Sr, Ti, Tl, V, Zn.
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Evaluation of transesterification courses

Monoester yields and their dependence on time were evaluated by using first order 
reaction mechanism, as a very high excess of alcohol enables this approximation. So 
the following equation was used:

Here Y stands for yield, t stands for time and A, B are regression constants, calcu-
lated by the least squares method. The sum of squares of deviations from experi-
mental points was calculated by using a data analysis in EXCEL. Equation 1 with 
calculated constants was used for calculating the curves fitting experimental data in 
the Figs. 4 and 5.

Results and discussion

The SEM photo of calcined powder hydrotalcite and calcined extrudates are shown 
in the Fig. 1a, b and a photo of calcined extrudates is shown in the Fig. 2. Hydro-
talcite composition, determined as concentrations of all elements detected by XRF 
method in wt%, is given in the Table  1. With regards to XRF limitations, where 
only elements with atomic numbers equal to fluorine and higher are detectable, 
oxygen was not determined. Hydrogen from hydroxylic groups was probably not 
present after 8  h calcination at 550  °C. Molar Mg/Al ratio in binderless calcined 
hydrotalcite extrudates was 2.066. This from Sigma Aldrich purchased hydrotalcite 
contained also some impurities probably from manufacture process, as it is given in 
the Table 1. XRD plot of crystalline hydrotalcite structure of original Sigma Aldrich 
hydrotalcite powder is depicted in the Fig. 3. Surface area and porosity data of cal-
cined hydrotalcite powder and extrudates from NLDFT analysis of nitrogen sorption 
and desorption isotherms are given in the Table  2. No micropores were found in 
hydrotalcite powder and nearly none in extrudates. All calculated parameters (total 
surface area, total pore volume and micropore volume) are significantly higher in 
extrudates, which shows internal porosity of extrudates, necessary for good trans-
port of a substrate to catalytic sites.

Optimizations of methanol/triglyceride molar ratio and weight ratio of hydro-
talcite extrudates to oil are depicted in the Fig.  4 and show obvious sensitivity 
of the reaction to catalyst concentration in the range 7–15% of catalyst to oil, 
where reaction rate is rather proportional to increasing amount of the catalyst, 
especially at the beginning. Also increase in molar ratio of methanol to ester 
group of oil from 10 to 13 leads to faster reaction course and higher monoester 
yields. Repeated use of hydrotalcite extrudates after re-calcination is depicted 
in the Fig.  5 and illustrates the same transesterification course after second re-
calcination in the third use of hydrotalcite extrudates as in their second utiliza-
tion after first re-calcination. Comparison of these reused extrudates shows a bit 
slower reaction, but nearly 100% monoester yields were reached within 72 h with 

(1)Y = 100− A exp(−Bt)
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recycled extrudates. When fresh extrudates provided nearly 100% yields within 
48  h, recycled catalyst in its second and third use led to about 90% monoester 
yields at the same time.

The calculated curves of monoester yields in dependence on time fit experi-
mental data rather well with one exception. It is clear that these curves do not go 
through zero. First order as a reaction mechanism was chosen due to high surplus 
of alcohol resulting in its nearly constant concentration for the whole reaction 
time. Nevertheless, the whole transesterification of triglycerides to monoester 

Fig. 1   a SEM photo of calcined powder hydrotalcite. b SEM photo of extrudates
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is rather complicated and passes through diglycerides and further intermedi-
ates. Therefore initial periods of the reaction cannot be controlled by first order 
mechanism.

Fig. 2   Hydrotalcite extrudates—a photo with a ruler (cm)

Table 1   Concentrations of elements in calcined extrudates of hydrotalcite Sigma Aldrich (in wt%)

Mg Al Ca Si Fe Ru Cl Sr

20.1% 10.8% 0.540% 0.135% 0.04% 0.034% 0.029% 0.022%
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Fig. 3   XRD plot of non-calcined Sigma Aldrich hydrotalcite powder
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As normal boiling point of methanol limits reaction velocity, rape oil trans-
esterifications were performed also in an autoclave at 140  °C. Unfortunately, 
our laboratory autoclave is too small to insert a basket with extrudates inside, 
so these experiments were done with calcined hydrotalcite powder at the same 
ratios of reactants and catalyst as in optimized tests before (15 wt% of hydrotal-
cite to oil and molar methanol/triglyceride ratio = 13). Not surprisingly increase 
in reaction temperature from 63 to 140  °C led to significant higher reaction 
velocity, when almost 99% monoester yield was achieved within 12 h in an auto-
clave instead of 48 h at normal atmospheric pressure. Anyway, it was not certain 
whether only temperature caused this difference in reaction velocity or also much 
smaller particle size of powder than size of extrudates could have a significant 
influence. Therefore a comparative transesterification test with powder at normal 
atmospheric pressure and 63  °C was done. Utilization of extrudates and hydro-
talcite powder shows nearly the same results (see Fig. 6). Only a little bit smaller 

Table 2   Surface area and 
porosity data of calcined powder 
and extrudates of hydrotalcite

Parameter of NLDFT analysis Powder Extrudates

Total surface area, m2/g 117.5 259.4
Total pore volume, cm3/g 0.174 0.303
Micropore volume, cm3/g 0.000 0.008
Mesopore volume, cm3/g 0.157 0.274
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Fig. 4   Time course of monoester yield in methanol transesterification of rape oil with 7%, 10% and 15% 
of hydrotalcite extrudates to oil at molar methanol/ester group of oil ratio 13 and 10 with 10% of catalyst
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reaction velocity with extrudates in comparison to powder is observed in the 
early reaction stage, but within 24 h this small difference disappears and finally 
both powder and extrudates provide the same monoester yields (99%) within 
48 h. These results entitle us to suggest a feasible industrial oil transesterification 
arrangement lying in an autoclave with a perforated stainless steel basket placed 
inside eccentrically outside a stirrer. After the reaction the basket can be pulled 
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Fig. 5   Time course of monoester yield in methanol transesterification of rape oil with 15% of extrudates 
to oil at molar methanol/ester group of oil ratio 13 with fresh extrudates, after 1st and 2nd recalcination
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out, hydrotalcite extrudates can be easily re-calcined in the basket and used once 
more.

Differently from rather promising results in rape oil transesterification with 
methanol, ethanol worked in this reaction much more slowly (see Fig. 7). Not sur-
prisingly water inhibits transesterification, as the reaction with 96% ethanol shows. 
Using 99.8% ethanol nearly without water makes transesterification significantly 
faster, but 51% monoester yield after 120 h reaction time is still insufficient.

ICP analyses of liquid phases after transesterifications with extrudates deter-
mined all examined elements under detection limits, which were different for vari-
ous elements and moved in the range 2–5 ppm except S (7.5 ppm). In one transes-
terification test with hydrotalcite powder at normal pressure, 3 ppm of Ca in liquid 
phase were found. Other elements were under detection limits. Liquid phases after 
autoclave tests with hydrotalcite powder at 140  °C contained some impurities: Al 
and Mg in roughly 60 ppm level, Fe 9 ppm, Ca, Cr and S about 5 ppm. This con-
tamination was probably caused by not well filterable reaction mixtures and also by 
corroded walls of the autoclave.

Conclusions

A new arrangement with effective use of hydrotalcite extrudates in perforated basket 
was developed. After reaction, extrudates can be calcined directly in the basket and 
used once more. Comparison of extrudates with powder hydrotalcite showed nearly 
the same reaction course only with very small differences in the early reaction stage. 
As normal boiling point of methanol limits reaction velocity, a basket with hydrotal-
cite extrudates can be inserted into an autoclave where reaction can run at 140 °C or 
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extrudates to oil at 78 °C, molar ethanol/ester group of oil ratio 13 with 96% and 99.8% ethanol
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even higher temperature. On such conditions, 99% monoester yield can be reached 
within 12 h. Our laboratory autoclave was too small to perform transesterification 
tests with basket of extrudates inside, so this suggestion was proved indirectly by 
comparison of reaction course with powder and extrudates of hydrotalcite at 63 °C 
and normal atmospheric pressure: Results reached with powder hydrotalcite and 
extrudates were very close.

Differently from rather promising results in rape oil transesterification with 
methanol, ethanol worked in this reaction much more slowly. Not surprisingly water 
inhibits transesterification, as the reaction with 96% ethanol shows. Using 99.8% 
ethanol nearly without water makes transesterification significantly faster, but 51% 
monoester yield after 120 h reaction time is still insufficient. Nevertheless, ethanol 
remains a promising raw material for oil transesterification, as it can be prepared by 
a bioprocess, which makes the whole technology based on renewable sources.
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