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Abstract 

Gas or liquid phase transesterification reactions are used in the field of biomass 

valorization to transform some platform molecules into valuable products. Basic 

heterogeneous catalysts are often claimed for these applications but the role of basicity 

on the reaction mechanism depending on the operating conditions is still under debate. 

In order to compare the catalyst properties necessary to perform a transesterification 

reaction both in liquid and gas phases, ethyl acetate and methanol, that can be easily 

processed both in gas and liquid phases, were chosen as reactants. The catalyst studied 

is MgO, known for its basic properties and its ability to perform the reaction. By means 

of appropriate thermal treatments, different kinds of MgO surfaces, with different 

coverage of natural adsorbates (carbonate or hydroxyls groups) can be prepared and 

characterized by means of CO2 adsorption followed by IR spectroscopy and hept-1-ene 

isomerization model reaction. New results on the basicity of natural MgO surface 

(covered by carbonate and hydroxyl groups) are first given and discussed. The catalytic 

behavior in transesterification reaction is then determined as a function of the 
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adsorbates coverage. It is shown that the transesterification activity in the liquid phase is 

directly correlated to the kinetic basicity of the surface in agreement with the 

mechanism already proposed in the literature. On the reverse, no direct correlation with 

the basicity of the surface was established with the transesterification activity in gas 

phase. A very high activity, in gas phase was observed and discussed for the natural 

surface pre-treated at 623 K. Preliminary DFT modeling of ester adsorption and 

methanol adsorption capacity determination were performed to investigate plausible 

reaction routes. 

1. Introduction 

The heterogeneous catalysis of transesterification is a very trendy topic due to 

the utilization of this reaction to transform triglycerides into biodiesel.[1] However, this 

reaction can also be used through gas or liquid phase processes for the production of 

other molecules of industrial interest: different kinds of organic carbonates,[2] levulinate 

by way of the opening of lactones,[3] some polyesters from polyols and organic 

carbonates[4] or from lactones.[5]  

Numerous basic solids, especially alkaline earth oxides, are known to catalyze 

transesterification in the liquid phase and it has often been claimed that the more basic 

the surface, the better the catalyst.[6–9] Nevertheless, in most of these publications, the 

basicity of the catalyst is investigated by means of the desorption of a Lewis acid (CO2) 

followed by TPD[10,11] or IR spectroscopy [12]. But this method gives insights on the 

interaction of a Lewis acid (CO2) with the surface, that may not correlate with the 

ability of the same surface to efficiently deprotonate a Brønsted acid.[13] For example, 

Veiga et al.
[14] and Kozlowski et al.

[15] didn’t find any correlation between the 

adsorption of CO2 (and, therefore, Lewis basicity) and the catalyst reactivity in the 
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transesterification reaction. In the latter, Zr clearly plays a role on methanol 

deprotonation as expected for a Lewis acid that may increase Brønsted basicity. [15] The 

improvement of reactivity due to Zr could be in line with the mechanism proposed by 

Dossin et al.
[16]  that identify the adsorption of the alcohol (Scheme 1) as the rate 

determining step in the specific case of the reaction between methanol and ethyl acetate 

in liquid phase. 

Other publications still find a correlation between the reactivity in the 

transesterification reaction and the Brønsted basicity, measured with the adsorption of 

methanol followed by IR spectroscopy, [17] with Hammett indicators,[11,18] or probed 

with DFT modeling.[19] However, Hattori et al. have shown that the order of reactivity 

of various oxides in transesterification catalysis depends on the nature of the alcohol 

and not only with basicity of the catalyst.[20] Moreover, materials with an apparent weak 

basicity can also catalyze efficiently this reaction, like alkaline earth carbonates for 

ring-opening of lactones.[21]  

Basicity can also be evaluated by model reactions that probe a “kinetic basicity” 

(the rate of a reaction on a basic site) which may differs from the thermodynamic 

basicity given by equilibrium adsorption of probe molecules (as studied by the methods 

mentioned above)[22]. To our knowledge, the correlation between this basicity and the 

reactivity in transesterification reaction was never studied and may explain some of the 

discrepancies described in the literature. 

The aim of this study is to better define the catalyst properties necessary to 

perform a transesterification reaction both in liquid and gas phases.  In order to compare 

the results obtained in both phases on the same catalyst and for similar pretreatments, 
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light esters and alcohol (ethyl acetate and methanol) were chosen as reactants, with a 

boiling point at atmospheric pressure close to the room temperature.  

Magnesium oxide was used as a catalyst, because it is a promising catalyst for 

transesterification[23,24] as well as a solid, which surface structure and reactivity have 

been extensively studied.[25–27]. The effect of the two natural adsorbates (hydroxyl 

groups and carbonates) on the basic reactivity of MgO is now better known through 

previous mixed experimental and theoretical work carried out on purely hydroxylated 

and carbonated surfaces[22,28] using CO2 adsorption followed by IR spectroscopy, 2-

methyl-3-butyn-2-ol (MBOH) conversion and hept-1-ene isomerization as model 

reactions of basicity.  

We first investigated here the basicity of the natural MgO surface obtained by 

direct thermal treatment (covered both by hydroxyl and carbonate groups), that was 

never considered, by means of CO2 adsorption followed by IR spectroscopy and hept-1-

ene isomerization. Based on this good knowledge of MgO surface, the 

transesterification catalytic data, in gas and liquid phases are correlated to MeOH 

adsorption capacity measurements. The results are discussed in terms of nature and 

properties of the active sites. The different behavior of the catalysts observed in liquid 

and gas phases lead us to a discussion about the nature of the reaction intermediates. As 

the reaction mechanism has, to our knowledge, never been investigated in gas phase, we 

performed preliminary DFT calculations to give some insights on the plausible nature of 

reaction intermediates.  

2. Experimental section 

2.1. Preparation and pretreatment of the catalyst 
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2.1.1. Synthesis of MgO from Mg(OH)2 

MgO samples were prepared from Mg(OH)2 precursor obtained by precipitation 

from Mg(NO3)2 (Aldrich, 99.99%) and ammonium hydroxide (Aldrich, 99%) as 

precipitating agent, according to a previously described procedure.[29] The hydroxide 

sample was finally treated in vacuum (<1 Torr) up to 1273 K (ramp 1 K.min-1) and 

maintained at this temperature for 2 h to obtain stable magnesium surface (150 m2.g-1). 

This procedure is used to stabilize the MgO surface towards the effect of further thermal 

treatments, as shown in our previous publications [22]. 

2.1.2. Pretreatments of the MgO surfaces 

Natural surfaces of MgO at “temp”: before any gas phase catalytic study, the 

sample was cleaned up for 2 h at a defined temperature called “temp” under nitrogen 

flow (Air Liquide, > 99.995% pure) (20 cm3.min−1), then cooled down to the reaction 

temperature. For the liquid phase, a similar pretreatment was achieved in a U quartz-

tube that can be closed by two valves and then transferred in a Schlenk flask for the 

reaction under argon atmosphere through a glove box. In this case, depending on the 

pretreatment temperature, the surface is covered by both hydroxyl groups and 

carbonates. 

Hydroxylated and carbonated surfaces of MgO at “temp”: the preparation of the 

surface covered only with hydroxyl groups (hydroxylated surfaces) or only with 

carbonates (carbonated surfaces) is described in a previous work.[22] The two first steps 

consist in treating the sample at high temperature (1023 K) to clean the surface and in 

adding water (or carbon dioxide) at low temperature to create new adsorbates. The 

amount of hydroxyl groups (or carbonates) on the surface is monitored by the last step 

of the pretreatment, which requires a heating up to a temperature “temp”. 
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2.2. Alkene isomerization and transesterification in gas phase 

Transesterification and alkene isomerization were processed in an automated 

microreactor. For each experiment, 40 mg of catalyst was deposited on porous glass, in 

the center of a 10 mm-i.d. U quartz tube and pretreated according to the procedure 

described earlier (2.1). The reaction temperature (333 K) for both reactions was 

controlled within ±0.1 K by a thermocouple located near the catalyst. In both cases, the 

reactants were introduced by means of a liquid mass flow meter (Bronkhorst liquid 

mass flow controller), mixed and vaporized in a gas flow of nitrogen (Air liquide 

99.995%), introduced through a Bronkhorst gas mass flow controller. Flow rate for 

nitrogen was kept at 45 cm3.min-1. 

For the transesterification, methanol (Sigma Aldrich anhydrous 99.8%) and ethyl 

acetate (Sigma Aldrich anhydrous 99.8%) were premixed and introduced with a molar 

ratio of 24.25. The liquid flow rate was 0.225 g.h-1 for the mixture. Therefore, the 

partial pressure of methanol in the reactor is 55.8 Pa and the partial pressure of ethyl 

acetate is 2.42 Pa. The first analysis was carried out 180 s after the introduction of the 

mixture on the sample. 

For alkene isomerization, flow rate of hept-1-ene (Acros Organics 98%) was 0.3 

g.h-1 (partial pressure of 31 mbar). The first analysis was performed 120 s after the 

contact of the alkene flow on the sample. 

Reaction products were analyzed every 366 s (alkene isomerization) or 486 s 

(transesterification) using a Varian chromatograph equipped with a FID detector and a 

CP WAX 57 CB column.  

The hept-1-ene was converted into Z and E hept-2-ene with an average ratio of Z 
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hept-2-ene/E hept-2-ene around 2 (a typical value for basic catalysts),[22] that did not 

vary in the different experiments. Ethanol and methyl acetate are the only products 

detected for the transesterification thus catalytic data are expressed for both reactions in 

terms of conversion only. The partial pressure of each reactant Pi° (before reaction) and 

Pi (after reaction) was calculated from chromatographic measurements using the 

appropriate response coefficient. The conversion τ is given by equation 1. 

� = P�° − P�
P�°  

 

Eq. 1: Calculation of the conversion in gas phase 

where i stands for hept-1-ene for isomerization and ethyl acetate for transesterification. 

Carbon balance is systematically checked and is always determined at values over 95%. 

2.3. Transesterification in liquid phase 

40 mg of the catalyst previously pretreated was introduced in a Schlenk flask 

under Argon atmosphere in a glove box. Vacuum was then performed in the Schlenk 

flask through a vacuum manifold (10-3 Torr) and then heated in an oil bath at 343 K. 

One hour later, nitrogen (Air liquide 99.99%) was introduced into the Schlenk (1 bar) 

and then 10 mL methanol (Sigma Aldrich anhydrous 99.8%) and 1 mL 1,4 dioxane 

(Sigma Aldrich anhydrous 99.8%), as standard reference, were introduced through 

needles into the Schlenk. The introduction of 1 mL ethyl acetate (Sigma Aldrich 

anhydrous 99.8%) determines the initial time of the reaction. Like in the gas phase, the 

molar ratio between the reactants was 24.25.  
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The ratios ethyl acetate/dioxane, methyl acetate/dioxane, ethanol/dioxane, and 

methanol/dioxane were determined by gas chromatography of a sample taken from the 

Schlenk and diluted in n-butanol after 5 hours of reaction. The only detected products 

were methyl acetate and ethanol, therefore the conversion was calculated through 

equation 2: 

� =
� �	
��

����������� − � �	
��


������������
� �	
��

�����������

 

Eq. 2: Calculation of the conversion in liquid phase 

2.4. Infra-red spectroscopy 

Infrared spectra were obtained from self-supported pellets (30 mg) placed in a 

quartz cell equipped with CaF2 windows and connected to a vacuum line allowing 

thermal treatments and adsorption–desorption experiments to be carried out in situ. 

Wafers were first pretreated in vacuum at the pretreatment temperature during 2 hours, 

then cooled down to room temperature. Therefore, only natural surfaces were studied. 

Spectra were recorded (at room temperature) before and after introduction at room 

temperature of increasing doses of CO2 gas (a dose consisting in a small volume – 1.2 

cm3 filled with 8.4.10-8 mol of CO2) up to a final equilibrium pressure of 0.8 Torr using 

a Bruker FTIR Vector 22 spectrometer, equipped with an MCT detector (resolution 2 

cm–1, 128 scans per spectrum). The spectra of adsorbed molecules are reported in 

absorbance by subtracting the spectrum before adsorption to the spectrum after. 

2.5. Dynamic adsorption on the catalyst 
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 9 

A mass spectrometer (OmniStar GSD 320, Pfeiffer vacuum) analyses every 

second the concentration of methanol (Sigma Aldrich anhydrous 99.8%) through the 

peak m/q = 32 in a flow composed of methanol (0.75 g.h-1) and nitrogen (45 mL.min-1). 

The flow is then redirected on a micro-reactor containing either 40 mg of catalyst after 

pretreatment or nothing (blank analysis). The total adsorbed amount of methanol on the 

catalyst is given by the difference between the integration of the signal σ obtained with 

magnesium oxide and the blank signal σ0 as shown by equation 3. 

Σ��� = � �� − ��� !
"

�
 

Eq. 3: Measurement of the amount of adsorbed methanol on MgO 

Knowing the signal �0 for the continuous methanol flow (0.75 g.h-1), the 

quantity Σads can be converted in an absolute quantity and divided by the mass of the 

catalyst. 

2.6. Computational details 

DFT calculations were performed using ab-initio plane-wave pseudopotential 

approach as implemented in VASP.[30,31] The generalized gradient approximation 

exchange-correlation functional of Perdew and Wang PW91[32] was chosen to perform 

the periodic calculations with reliable accuracy. The convergence criterion for the 

electronic self-consistent cycle was fixed to 10-6 eV per supercell. Geometry 

optimizations were performed within a conjugate-gradient algorithm until the 

convergence criterion on forces (10-2 eV.Å-1) was reached. A dipolar correction along 

the perpendicular to the slab was applied in order to remove the effect of electrostatic 

interaction between the slab and its periodic images along the z axis.  
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 10 

The adsorption energy of ester on the MgO surfaces was calculated as: 

Eads(0K) =  Eester/surf –( Esurf + Efree-ester) 

Eq. 4: Adsorption energy of the ester 

 

Where Esurf represents the energy of bare surface, Efree-ester is the energy of gas 

ester and Eester/surf that of the adsorbed system. 

The MgO surface is represented by the monoatomic step (S1) models already used 

in our previous works. [33,34] This MgO surface defect involves four coordinated (4C) 

ions and is composed by three-layer slab representing a 1-dMg−O high step with a 6-

dMg−O long edge (where dMg−O is the Mg−O distance). It offers three available Mg-O 

sites for the adsorption of molecules water,[35] CO2
[13], or alcohol.[34] The two upper 

layers of the slab were allowed to relax during all the calculations. 

3. Results and discussion 

3.1. Structure and basic reactivity of the MgO natural surface 

3.1.1. Background on hydroxylated and carbonated surfaces 

As mentioned in our previous publication,[22] the specific surface area of the 

materials remains unaffected after a hydroxylation or a carbonatation cycle in 

agreement with the similar hept-1-ene conversion obtained before and after a complete 

desorption cycle. On figure 1 is reported the conversion of hept-1-ene on magnesium 

oxide as a function of the pretreatment temperature (“temp”) for the following surfaces: 

 - Heated at high temperature (1023 K), covered with water at low temperature 

then heated again at temp under nitrogen flow: hydroxylated surface 
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 11 

  - Heated at high temperature (1023 K), covered with CO2 at low temperature 

then heated again at temp under nitrogen flow: carbonated surface  

 - Directly treated at a given pretreatment temperature, temp (natural surface).  

For carbonated surfaces (figure 1, solid line), a simple poisoning effect of the 

basic reactivity towards alcohol and alkenes was observed [22]. In this case, the reactivity 

occurs only after carbonates desorption from the active sites. 

In the case of hydroxylated surfaces (figure 1, dashed line), a maximum of 

reactivity is observed in the isomerization of hept-1-ene into the more stable 

configurations E-hept-2-ene and Z-hept-2-ene for intermediate pretreatment temperature 

(773 K). This phenomena could be explained through a well-known local 

restructuration happening during hydroxylation[26,36] leading to the formation of (110) 

planes on MgO, stabilized through the presence of hydroxyl groups on hydroxylated 

surfaces. These unstable planes have been shown to exhibit a higher Brønsted basicity 

than the usual defects found on stable (100) planes. For example, the calculated 

adsorption energy of but-1-ene on the (110) surface is 0.32 eV and 0.08 eV on the (100) 

terrace.[22] They are progressively unveiled by the desorption of hydroxyl groups with 

the increase of the pretreatment temperature. Nevertheless, at high temperature 

treatment, the unstable (110) planes disappear forming the more stable (100) planes and 

leading to a decrease of basic reactivity. 

The formation of these (110) planes was evidenced through the adsorption of 

CO2 followed by IR spectroscopy [13]. Indeed, it has been shown that carbonates formed 

on the (100) surface (bidentate and tridentate) have a high splitting between the high 

(ν3h) and low (ν3l) vibration frequencies (∆ν > 300 cm-1) while carbonates adsorbed on 

the (110) planes exhibit a more symmetric structure and their vibration frequencies are 
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 12 

closer to those observed for the isolated carbonate [37] with a small splitting of the ν3 

frequencies (∆ν < 200 cm-1). 

3.1.2. Infra-red study of adsorption of CO2 on MgO natural surface 

This method has thus been used to analyze the natural surface of MgO for 

various the pretreatment temperature. Figure 2 reports the FTIR spectra obtained after 

the addition of 14 µmol (figure 2.a) and 56 µmol (figure 2.b) of CO2 per gram of 

catalyst directly pretreated at 773 K and 1023 K in vacuum.  

On figure 2.a, the difference between the sample treated at 773 K and the one 

treated at 1023 K is evidenced. For the sample pretreated at lower temperature, the 

bands with large split (ν3h > 1600 cm-1 and ν3l < 1350 cm-1) that were attributed to 

tridentate and bidentate carbonates on a (100) surface[13] are much less intense than the 

bands in the central zone, between 1350 and 1600 cm-1 attributed to the carbonates on 

(110) planes. The sample pretreated at 1023 K shows a different proportion of those 

bands, with a much higher contribution of the carbonates on the (100) surface and a 

much lower one on the (110). This evolution could be linked to surface reconstruction 

and will be discussed for understanding the differences of the reactivity of those 

samples. Figure 2.b shows that, for larger quantity of CO2, the two spectra are very 

similar as the molecules are then mainly adsorbed on the less basic but more abundant 

sites located on the (100) plane. Saturation of the defects and therefore no further 

evolution of the IR signal is observed after the addition about of CO2 150 µmol.g-1.   

3.1.3. Basic reactivity of magnesium oxide natural surfaces. 

On figure 1 (dotted line) is reported the conversion of hept-1-ene on magnesium 

oxide as a function of the pretreatment temperature (“temp”) for natural surfaces. For a 
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pretreatment temperature below 623 K, that is to say for magnesium oxide with a huge 

coverage of hydroxyl groups and carbonates, there is no conversion of hept-1-ene.  

At higher temperature (1023 K), the conversion is the same as the one obtained 

for the same pretreatment temperature on surface with only hydroxyl groups or 

carbonates, within the reproducibility of those measures (± 3%) (figure 1). For an 

intermediate pretreatment temperature, the conversion profile shows a maximum 

(around 773 K) but the level of conversion reached is much higher (more than 50%) for 

natural surfaces than for the surface only covered with hydroxyl groups with similar 

temp values (lower than 25%).  

As mentioned in the 3.1.1 section, hydroxyl groups and carbonates poison the 

basic active sites. Infrared analysis (Section 3.1.2) has shown that the highly basic (110) 

planes are more abundant for the sample pretreated at 773 K than for the one pretreated 

at 1023 K. Therefore, the increased reactivity at intermediate temperature can be 

explained by the temporary stabilization of (110) planes exposed to adsorbates, as it was 

already mentioned for the hydroxylated surfaces.  

However, the conversion of hept-1-ene given by the natural surface pretreated at 

773 K is much higher than the one obtained on the hydroxylated surface for the same 

temp value. As the carbonate is surely not responsible for the increased reactivity by 

itself, this enhanced reactivity has to be explained by the development on natural 

magnesium oxide covered by water and carbon dioxide of transient (110) planes in 

higher amount than on the hydroxylated surfaces. Indeed, natural surface has a much 

longer period of time to relax the exposed planes during exposure to water and CO2 than 

the hydroxylated MgO (a few hours in air between synthesis and use in catalysis, 

compared to 10 minutes of exposition to water for the later) and the conversion of the 
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(100) planes into the (110) planes is kinetically slow.[26,38]. Therefore, the surface 

reconstruction is deeper for the natural surface, which explains the higher basic 

reactivity. 

3.2. Transesterification of ethyl acetate with methanol 

3.2.1. Background 

The link between the pretreatment of MgO and its ability to catalyze liquid 

phase transesterification is still a matter of discussion. Leclercq and coworkers[39] found 

that increasing the calcination temperature of magnesium oxide from 723 to 823 K leads 

to a significant improvement in the kinetics for the transesterification of fatty esters in 

liquid phase. More recently, Xu et al.
[24] showed that the calcination of 

(MgCO3)4·Mg(OH)2 is optimum between 823 and 973 K to give the best activity in 

transesterification reaction. They related this phenomenon to an optimum of the surface 

area (which decreases for higher temperature, once (MgCO3)4·Mg(OH)2 is transformed 

into MgO) and of the porous diameter (which should be large enough to ensure the 

migration of fatty ester). However, they assume that other characteristics, as the surface 

basicity, could be taken into account to explain this phenomenon. Recently, Di Cosimo 

et al. have explained the lower reactivity of magnesium oxide calcined at high 

temperature by the diminution of the strong basic sites density on the surface during 

calcination.[27] 

In our study, the catalyst was first treated at high temperature to ensure that the 

specific surface area doesn’t vary with a pretreatment cycle. The main transformation 

upon heating should be the coverage by hydroxyl groups and carbonates as well as the 

reconstruction of accessible planes that are unstable when uncovered. The results 

obtained here for hept-1ene isomerization on natural surfaces or previously reported for 
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hydroxylated and carbonated surfaces show that the effect of surface reconstruction on 

catalysis is not detectable for the carbonated surface, effective for the hydroxylated one 

and huge for the natural surface. These results may enlighten those obtained for 

transesterification in gas and liquid phases.  

3.2.2. Conversion in gas phase 

To discriminate the effect of the hydroxyl groups from the one of carbonates the 

transesterification model reaction was operated on magnesium oxide for the three 

different surfaces (see section 3.1.1).  

Figure 3 shows the conversions of ethyl acetate into methyl acetate in gas phase 

as function of temp. As for the isomerization of hept-1-ene, the conversion at low 

pretreatment temperature is small for all the pretreatments. Within the reproducibility of 

the measurements (± 3%), the conversion for the transesterification on magnesium 

oxide at “temp” = 1023 K was similar for the three kinds of pretreatments. Hence, the 

same clean surface is recovered at high temperature, insuring an acceptable reversibility 

of the hydroxylation and carbonation pretreatments. 

In the case of the hydroxylated and carbonated surfaces, a monotonic increase of 

the reactivity with the pretreatment temperature is observed. Therefore, a simple link 

exists between the adsorbates coverage and the reactivity: when fewer adsorbates are on 

the surface, better is the reactivity. Hydroxyl groups and carbonates are therefore 

poisoning the surface, inhibiting probably the reactants adsorption. The surface 

reconstruction of the hydroxylated surface doesn’t seem there to improve the reactivity. 

Steps, corners, kinks,  and divacancies, that are progressively desorbed, in this range of 

temperature, from hydroxyls and carbonates [13], are probable sites for this reaction. 
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For the natural surface, a maximum of conversion is obtained for a pretreatment 

temperature of 623 K and this behaviour is similar to the one observed in the hept-1ene 

conversion. Nevertheless, the maximum for hept-1-ene conversion is obtained for a 

catalyst pretreated at a temperature 150 K higher than for transesterification. 

Furthermore, the maximum conversion value reached in transesterification is almost 1.5 

times the best conversion obtained on hydroxylated or carbonated surfaces.  

From these results, it can be concluded that there is no direct correlation between 

basicity and reactivity in gas phase transesterification as two very basic surfaces, the 

natural and the hydroxylated, pretreated at 773 K, are not the most reactive. Moreover, 

no decrease of the reactivity with high temperature pretreatment is observed, thus, the 

highly basic (110) unstable planes are probably not the best sites and it must be 

considered that the usual MgO (100) defects revealed upon desorption of the natural 

adsorbates exhibit the highest activity.  

The very high activity observed for the natural surface pre-treated at 623 K can 

be linked to specific defects formation, unidentified at that date. IR/CO2 has evidenced, 

on this system, the more abundant formation of (110) planes than on the hydroxylated 

surface but this restructuration may be accompanied by others unstable defects 

formation. The coexistence of carbonates and hydroxyls groups on this surface, after a 

long time atmosphere exposure may also explain the obtention of a transient very 

disordered surface. However, further work is necessary to have a better description of 

this very reactive surface. 

3.2.3. Conversion in liquid phase 

Transesterification in liquid phase was only studied on MgO natural surface and 

the catalytic data as function of the pretreatment temperature (temp) are given Figure 4 
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(dashed line) after 5 hours of reaction time. The general trend is close to the one 

observed in the gas phase, also reported for comparison on Figure 4: for low 

pretreatment temperature, the conversion improves when the pretreatment temperature 

increases. At high pretreatment temperature, the reverse behavior is observed, even if 

the conversion remains high. Nevertheless, the best pretreatment temperature is not the 

same in gas phase (623 K) and in liquid phase (773 K). It is highlighted that this latter 

value is similar to the one observed for hept-1-ene isomerization. It can be inferred that 

in the liquid phase, the strong basic sites created on the (110) unstable planes play an 

important role in the catalytic performance. 

3.2.4. Link with basicity 

According to Dossin et al.
[16] the mechanism of the transesterification of 

methanol with ethyl acetate in liquid phase follows an Eley-Rideal mechanism with 

adsorbed methanol (scheme 1). As a first step, which is claimed to be the rate 

determining step, this mechanism involves the deprotonation of the methanol on the 

oxide. A Langmuir−Hinshelwood−Hougen−Watson mechanism was found by Kapil et 

al.
 [40] in the case of triglycerides transesterification on basic hydrotalcites methanol 

adsorption, This mechanism also involve the adsorption of methanol as rate determining 

step. It is not thus surprising that the trend observed for the basicity measured through 

the hept-1-ene isomerization model reaction is the same as the one found for the 

transesterification in liquid phase and that a maximum for the conversion is reached for 

a temperature around 773 K. Nevertheless, at low pretreatment temperature, the 

conversion for transesterification in liquid phase occurs as no conversion of hept-1-ene 

is observed. This has to be linked with the huge difference in residence time between 

liquid and gas phase, which forbids any direct comparison between the conversions. 
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Therefore, in liquid phase, the trend mentioned in the introduction, “the more 

basic the surface, the better the catalyst for transesterification” is here verified with the 

model reaction of isomerization of alkene as scale of basicity. 

For the gas phase transesterification, the behavior of the catalysts is different 

from the one obtained in hept-1ene isomerization: no maximum of transesterification 

activity is observed for the hydroxylated surfaces nor for natural surfaces (Figure 3), the 

best catalyst for these two reactions is obtained for different pretreatment temperatures 

(623 vs 773 K). The highly basic (110) planes don’t seem to play a key role in 

transesterification reaction.  

To our knowledge, there is no data in the literature concerning the 

heterogeneously catalyzed mechanism of the transesterification reaction in gas phase, 

but from this study it can be suggested that the mechanism to be considered may not 

involve adsorption of the methanol as a rate determining step.  

In order to go deeper in the comprehension of the characteristics of the surface 

that are needed to catalyze the transesterification reaction, the dynamic adsorption of the 

methanol that is the major component of the reacting flow was investigated. 

3.2.5. Dynamic adsorption of methanol 

In order to measure the capacity of the oxide to adsorb methanol in similar 

conditions to those of the catalysis in gas phase (that is to say from gas flow containing 

nitrogen and reactive molecules), dynamic adsorption of methanol on natural surfaces 

of magnesium oxide was carried out. The integration of the difference between the 

concentration of the methanol measured after the introduction on a blank and a MgO 

filled reactor gives the total amount of methanol molecules adsorbed (physisorbed or 
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chemisorbed) on the surface. This method is inspired by the “Breakthrough methods” 

used, for instance, in environmental remediation. [41] 

Figure 4 indicates the total adsorption of methanol in µmol.g-1 on the natural 

surface as a function of pretreatment temperatures temp (dotted line). The amount of 

adsorbed methanol varies with temp: a maximum capacity to adsorb methanol is 

observed for the sample pretreated at 773 K. The maximal value of around 175 µmol.g-1 

of methanol adsorbed on the surface is in agreement with the amount found in IR/CO2 

experiments, necessary to saturate the adsorption sites (result not shown). 

The conversion obtained in the transesterification in liquid phase follows the 

same trend than the total adsorption of methanol that can be adsorbed on this surface 

(figure 4). It is a new hint to consider the adsorption of methanol as the rate determining 

step, as considered by Dossin[16]. However, for the gas phase, there is no direct 

correlation between the methanol adsorption capacity and the catalysis of the reaction, 

in agreement with the lack of correlation, already reported, between the catalytic 

transesterification activity and the basicity. 

3.3. Discussion on the reaction intermediates and DFT calculations. 

From these results it may be inferred that the transesterification reaction 

mechanism differs from the liquid to the gas phase. The overall route may be the same 

with a different rate determining step or the route itself is different. As, in the liquid 

phase, our conclusions are in agreement with literature data concerning the 

identification of the rate determining step as the methanol adsorption, we tried to give 

some insights on how the reactants could be adsorbed on the MgO surface in gas phase.  
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Adsorption of methanol on the defects of the MgO (100) surface has already 

been calculated by DFT in our group[34] and results were consistent with the previous 

DFT work of Rodriguez et al. on the adsorption of this alcohol over the (100) plane [42] 

and on the edges.[43] Some studies were also performed about the adsorption of fatty 

acid methyl ester, [23,27,44,45] but the adsorption of small ester on MgO was, to our 

knowledge never investigated. Moreover, most of the studies concerning the activation 

of the ester only considered a kind of Lewis adduct between the oxygen of the C=O 

bond of the ester and a magnesium cation of the surface. Nevertheless, other activations 

of the ester are possible and often neglected, for instance, the deprotonation of the ester, 

as suggested by the mass spectrometry study of Haas et al.
 [46] : they show that in 

vacuum conditions the transesterification reaction involves a deprotonated ester instead 

of a deprotonated alcohol (scheme 2).[46]
  

In order to evaluate the adsorption mechanisms of acetyl acetate on MgO defects 

we calculated the minimum energy structures of adsorbed ester, deprotonated or not, 

interacting with a monoatomic step. DFT adsorption energies and optimized geometric 

parameters are reported in table 1. Figure 5 illustrates the adsorption modes of the 

modelled ester on the MgO (100) step. The data for formic acid chelated to Mg2+ were 

used for a comparison. For the ester adsorbed on the step, the distance between the 

magnesium cation and the O atom from the C=O bond (2.10 Å) is slightly higher than 

for the one found for the chelation of a Mg2+ cation by a carboxylic acid (1.85 Å). This 

difference is related to the steric repulsion of the other atoms from the surface.[47] This 

longer distance may explain the much less exothermic  adsorption of the non 

deprotonated ester on the step (-0.44 eV) compared to the  formic acid coordinated with 

a single Mg2+ cation (-4.33 eV).  
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When the ester is deprotonated, the adsorption becomes far more favored (-1.27 

eV). This is due to the strong binding between the proton coming from the methyl group 

with an oxygen ion from the surface and to the better interaction between the surface 

and the oxygen, more negatively charged when the ester is deprotonated. 

As shown by DFT calculations, the deprotonation of the ester stabilizes its 

adsorption on the catalyst. Due to this increased stability the deprotonation energy for 

the ester is closer to the one of the methanol (-1.86 eV).[34] This preliminary result 

indicates that the endothermicity of the C-H bond breaking is in this case compensated 

by the creation of bond with the support. Of course further mixed experimental – 

theoretical studies are needed to determine whether the thermodynamically favored 

methanol dissociation (specially when methanol is introduced in large excess) may 

compete kinetically with the ester dissociation to perform the overall reaction. But these 

results show that a mechanism involving a deprotonated ester must be a considered way 

to describe the reaction pathway of the transesterification on MgO in the gas phase, 

among other possibilities of ester activation as those shown by Gómez-Bombarelli for 

the hydrolysis of ester.[48] Finally, the prediction given by our preliminary DFT 

calculations of the phenomena occurring around the active site would be less 

representative in liquid phase as the solvent is not taken into account and thus, may 

change the stabilization of the intermediate products. 

4. Conclusion 

The impact of the basicity of solids in their ability to catalyze transesterification 

differs between the liquid and the gas phase. 

• In liquid phase: Natural surfaces of magnesium oxide pretreated at a 

temperature of 773 K are the most active catalyst for the 
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transesterification. Due to the transient formation of (110) planes this 

surface is also the most basic surface according to both model reaction of 

basicity and to the dynamic adsorption of methanol on its surface. The 

link between basicity and reactivity is confirmed and backed by the 

proposed mechanisms for this reaction. 

• In gas phase: The link between basicity and reactivity is not obvious any 

more, as two very basic surfaces, the natural and the hydroxylated, 

pretreated at 773 K, are not the most reactive ones. Obviously, the 

formation of highly basic (110) planes is not a key parameter in this case. 

The best catalysts are obtained upon desorption of the natural adsorbates 

of the surface that exhibit the usual MgO (100) defects. The very high 

activity observed for the natural surface pre-treated at 623 K can be 

linked to deep reconstruction of the material after a long time atmosphere 

exposure that lead to transient very disordered surface. The mechanism 

has to be studied in order to explain these results. As shown by DFT 

calculations, the deprotonated ester may be a legitimate first reaction 

intermediate. 
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Table 1 

Energy and geometrical parameters for esters and acids bounded to Mg2+ ions calculated 
by DFT and comparison with experimental data[49] 

 Eads (eV) C-H (Å) Mg-O (Å) Mg-O-C (°) 

Formic acid 
chelating Mg2+[49] 

-4.33  1.85 161 

Non-deprotonated 
ester on MgO step 

-0.44 1.10 2.10 137 

Deprotonated ester 
on MgO step 

-1.27 3.87 2.00 134 
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Scheme 1 

Plausible mechanism for the transesterification with deprotonation of the alcohol 

 

  

Page 27 of 35 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 28 

Scheme 2 

Plausible mechanism for the transesterification with deprotonation of the ester based on 

[46] 
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Figure 1 

Reactivity of hydroxylated, carbonated and natural MgO surfaces in hept-1-ene 
isomerization as a function of pretreatment temperature. The results for the 
hydroxylated and the carbonated surfaces were already published in [22] 
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Figure 2 

FTIR spectra of natural MgO surfaces at temp = 773 K (dashed line) and 1023 K (solid 

line) registered at room temperature after addition of 14 µmol (a) and 56 µmol (b) of 

CO2 per gram of catalyst. 
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Figure 3 

Reactivity of MgO in the transesterification reaction in gas phase after different kinds of 
pretreatment as a function of temp 
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Figure 4 

Amount of MeOH molecules adsorbed on MgO natural surface (left scale, dotted curve) 
and transesterification conversion (right scale) in liquid (dashed line) and gas (solid 
line) phases as a function of the pretreatment temperature. 
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Figure 5 

DFT optimized structures of the ester molecule adsorbed on a MgO (100) step, before 
and after methyl group deprotonation . a)  protonated ester, b) deprotonated ester 
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