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A B S T R A C T   

Furfural condensation with acetone has been studied over hydrotalcite materials exploring the influence of 
temperature, furfural to acetone ratio and catalyst loading. Concentration profiles exhibiting limiting conversion 
values depending on the catalyst amounts along with thermodynamic calculations clearly demonstrating absence 
of any thermodynamic restrictions point out on catalyst deactivation, which is more pronounced at lower catalyst 
concentrations. Deactivation is more likely influencing the first step of aldol condensation, rather than subse-
quent dehydration. A kinetic model has been developed which included catalyst deactivation. Kinetic modelling 
confirmed an adequate description of the experimental data with the advanced model.   

1. Introduction 

Today, the development of new technologies to produce motor fuels 
from alternative sources (in particular, from waste biomass) and to 
minimize the negative impact of different environmental factors (global 
warming, climate change, CO2 release and air pollution) and politico- 
economic reasons (limited fossil fuel resources, unpredictable prices 
for conventional hydrocarbons) remains the most important challenge 
for modern society [1–3]. The conversion of lignocellulose as the 
component of forestry biomass results in furanic compounds, such as 
furfural or 5-hydroxymethyl furfural. Both furanics represent 
high-valued platform molecules that could be easily converted into a 
range of chemicals by condensation, hydrogenation, oxidation, decar-
bonylation, etc. [2]. The aldol condensation reaction appears to be one 
of the most important steps in the conversion of light furanic molecules 
into fuel-level alkanes after formation of the long-chain carbon pre-
cursors followed by their hydrodeoxygenation [4,5]. Usually, aldol 
condensation reaction is catalyzed by basic homogeneous catalysts, such 
as the aqueous solutions of NaOH or KOH. However, the use of homo-
geneous catalysts has a negative impact on the environment, as the 
amount of wastewater to be cleaned from the hydroxides increases; 
moreover, it also negatively affects the process economics because of 
higher production costs [6,7]. Subsequently a substantial effort has been 
put recently on the development of suitable alternative catalysts, such as 

heterogeneous basic solids, MgO [8], CaO [9], TiO2 [10], MgO-ZrO2 [7, 
11], alkali-exchanged zeolites [12,13] or heterogeneous acidic solids, 
ion-exchanged resins [14], zeolites [15], MOFs [16,17], to replace 
conventional homogeneous catalysts. Among such heterogeneous cata-
lysts, materials derived from layered double hydroxides (LDH), also 
known as hydrotalcites (HTC), were reported to be promising aldoliza-
tion catalysts [11,18–25] because of their high activity and a possibility 
to exploit them at low reaction temperature (20–50 ◦C). Hydrotalcites 
can be described by a general formula [M2+

1− xM3+
x (OH)2][An-

x/n•mH2O], 
where M2+ and M3+ are divalent and trivalent metal cations, respec-
tively, and An- is an interlayer anion, typically a carbonate [26,27]. The 
as-prepared HTCs usually find little application as basic catalysts 
because they do not possess active sites with the necessary strength. The 
distinctive feature of the HTC-like materials is their “memory effect”, i.e. 
the ability to restore the original HTC structure upon the calcination of 
the as-prepared precursor and the interaction of the formed mixed oxide 
with water [24,28]. As the result of such treatment, meixnerite (mag-
nesium aluminium hydroxide hydrate), i.e. HTC material with interlayer 
hydroxyls, which are Brønsted-type basic sites, is formed. Consequently, 
the reconstructed HTCs demonstrate high activity in different catalytic 
applications that require Brønsted basicity, for example, aldol conden-
sation of furfural and acetone. 

Despite many studies covering aldol condensation over heteroge-
neous catalysts [11,18–25,29,30], only few of them considered the ki-
netic model of the reaction [11,31–35]. Surprisingly very little 
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information is available related to reaction kinetics, including kinetic 
regularities (e.g. reaction order in substrates) and modelling of con-
centration behavior across a broad range of parameters (temperature, 
ratio between parameters, catalyst loading, etc.). Moreover, the pub-
lished kinetic studies did not consider the contribution of a catalyst’s 
deactivation during aldol condensation reaction. In general, several 
different deactivation causes were described in literature: the fouling of 
the catalyst surface with high molecular weight products formed by 
consecutive aldol condensation steps, leaching of metals from the 
catalyst in the aqueous medium, and the occurrence of Cannizzaro re-
action [11,36–40]. Nevertheless, the deactivation factor was not 
considered when compiling mathematical models of aldol condensation. 
This work was subsequently initiated to fill such apparent void and has 
the objective to investigate the concentration profiles of the reactants 
and products upon changing the catalyst concentration, temperature, 
furfural to acetone molar ratio as well as considering the effect of Can-
nizzaro reaction on the overall kinetics of the reaction. 

2. Experimental 

2.1. Catalyst preparation and thermal treatment 

The MgAl hydrotalcite (HTC) materials with the molar ratio Mg/Al=
3 were prepared using a conventional co-precipitation method described 
elsewhere [19,41]. For the preparation of a salt solution, Mg(NO3)2⋅6 
H2O (99.9%, Lach:Ner, Neratovice, Czech Republic) and Al(NO)3⋅9 H2O 
(98.8%, Lach:Ner, Czech Republic) were used, while NaOH (99.6%, 
Lach:Ner, Czech Republic) and Na2CO3 (99%, Penta, Czech Republic) 
were applied in the case of an alkaline solution. The aqueous salt solu-
tion (total metal ion concentration of 0.5 mol⋅l− 1) and the aqueous 
alkaline solution of Na2CO3 (0.2 mol⋅l− 1) and NaOH (1 mol⋅l− 1) were 
added at the same time to 200 ml of distilled water. The co-precipitation 
of the two solutions was performed at 25 ◦C, and the pH value of the 
reaction mixture was kept constant at pH= 10 by adjusting the flow rate 
of the added alkaline solution. The co-precipitation was carried out for 3 
h at the constant stirring rate of 420 rpm. Thereafter, the obtained 
precipitate was aged at 25 ◦C for 1.5 h under stirring conditions, fol-
lowed by filtration and washing with distilled water and drying first for 
12 h at room temperature and then for 12 h at 60 ◦C. The thermal 
treatment of the as-prepared HTC was carried out in a muffle oven at 

450 ◦C in static air for 3 h giving MgAl mixed oxides. After calcination, 
the prepared mixed oxides were stored in a desiccator to prevent their 
contact with atmospheric CO2. The rehydration strategy of the mixed 
oxides was adopted from our previous studies [22,23]. It was performed 
by the contact of the calcined solids with 23 g of distilled water under 
static conditions in a closed small bottle for 20 min at 30 ◦C to totally 
exclude the impact of the environment on the rehydration procedure. 
The resulting catalysts were separated from an aqueous phase by 
filtration with a Buchner funnel and a vacuum pump. The rehydrated 
samples were immediately transferred to a reactor loaded with furfural 
and acetone to initiate the aldol condensation reaction. 

2.2. Physico-chemical characterization 

The phase composition of the as-prepared MgAl HTC, calcined mixed 
oxide, reconstructed HTC and spent catalysts was determined by X-Ray 
diffraction using a diffractometer PANanalytical X’Pert3 Powder and 
CuKα radiation. The chemical composition of the samples was analyzed 
by AAS using Agilent 280 FS AA spectrometer. The absence of Mg or Al 
leaching into the reaction products of aldol condensation was confirmed 
by ICP analysis using Agilent 5100 ICP OES. The textural properties of 
the as-prepared, calcined and rehydrated samples were determined by 
N2 physisorption using a static volumetric adsorption system (TriFlex 
analyzer, Micromeritics). The thermal analysis of the as-prepared and 
rehydrated HTC samples in N2 atmosphere was performed using Labsys 
EVO TG-DTA/DSC instrument. The spent catalysts after reaction were 
also analyzed on the same unit in O2 atmosphere. 

2.3. Catalytic tests 

Acetone (99.9%, Penta, Czech Republic) and furfural (99%, Sigma- 
Aldrich, USA) were used as reactants in all catalytic experiments. 
First, the received furfural was distilled using a rotary evaporator and 
then stabilized with 2,6-di-tert-butyl-4-methylphenol (DBMP, 99%, 
Sigma-Aldrich, USA) and stored in a cold place, to prevent the re- 
oxidation of the freshly distilled furfural and to increase the reproduc-
ibility of catalytic results, as described in detail in [21]. The aldol 
condensation reaction of furfural with acetone was carried out in a 250 
ml stirred glass batch reactor during 3 h at various reaction tempera-
tures (10–50 ◦C), ambient pressure and stirring rate 420 RPM. A reaction 
temperature of 10 ◦C was obtained by immersing the flask with the 
solution in an ice bath with occasional additions of ice to maintain a 
constant temperature. A different amount (0.15/0.29/0.44/0.58 g) of a 
freshly calcined mixed oxide was taken in the experiments for a rehy-
dration step resulting in rehydrated MgAl HTC, denoted further as a 
catalyst, with a mass of 0.25/0.50/.75/1.00 g, respectively. The reaction 
mixture consisted of furfural, acetone (molar ratios F:Ac =1:3/5/10/20 
with the same amount of furfural equal to 12.43 g) and a rehydrated 
catalyst. As described previously [19,22,23], the absence of both 
external and internal mass transfer effects was confirmed by performing 
catalytic experiments with changing stirring rate and catalyst particle 
size. Samples were periodically taken from the reactor at regular in-
tervals, filtered form the catalyst, diluted with methanol (1:20 by vol-
ume) and analyzed by Agilent 7890 A gas chromatograph equipped with 
the flame ionization detector (FID) using an HP 5 capillary column (30 
m/0.32 mm ID/0.25 µm). Selected liquid samples were additionally 
analyzed by GC-MS using GC-MS Agilent 7010 to identify reaction 
products. 

Catalytic results on aldol condensation of furfural with acetone were 
quantified with commercially available compounds (4-(2-Furyl)− 3- 
buten-2-one, Alfa Aesar, 98%) as well as using conventional internal 
standard methods and described by conversion and selectivity param-
eters that were calculated as follows:  

Furfural conversion (t) (mol%) =100 × (moles of furfuralt=0 – moles of 
furfuralt=t)/moles of furfuralt=0                                                          (1) 

Nomenclature 

K0
j Equilibrium constant at standard conditions for reaction 

j. 
n Moles, mol. 
P Pressure, bar. 
P0 Standard pressure, bar. 
R Ideal gas constant, J/K/mol. 
T Absolute temperature, K. 
T0 Absolute standard temperature, K. 

Greek symbols 
ΔG0

f Gibbs free energy of formation at standard conditions, 
J/mol. 

ΔG0
r Gibbs free energy of reaction at standard conditions, J/ 

mol. 
ΔGΦ

r,j Gibbs free energy of reaction at 1 bar and chosen 
temperature, J/mol. 

ΔH0
f Enthalpy of formation at standard conditions, J/mol. 

ΔH0
r Enthalpy of reaction at standard conditions, J/mol. 

νi,j Stoichiometric matrix composed by i components and j 
reactions, -  
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where t stands for reaction time.  

Selectivity to product i (mol%)=100×(mole of reactant converted to product i) 
/ (total converted moles)                                                                   (2) 

Carbon balance was monitored in all experiments as the total number 
of carbon atoms detected in each organic compound with Cn atoms 
(where n = 3, 5, 8, …, etc.) divided by the initial number of carbon 
atoms in F + Ac feed:  

Carbon balance (%) = (3 mol C3 + 5 mol C5 …+ nmol Cn) /(3 mol C3(t=0) +

5 mol C5(t=0))                                                                                  (3) 

Based on the calculations, the carbon balance was above 95% in all 
performed experiments. 

In selected cases, experiments were repeated 2–3 times to confirm 
reproducibility of the catalytic results. 

Acetone self-condensation was evaluated in separate experiments at 
the same conditions used for aldol condensation of furfural and acetone. 
It yields of acetone self-condensation products below 2–3% even at the 
highest reaction temperature, and thus it was excluded from further 
consideration. 

3. Results and discussion 

3.1. Physico-chemical characterization 

The XRD pattern of the as-prepared MgAl HTC evidenced the phase 
purity and high crystallinity of this material. The calcination of the 
precursor at T = 450 ◦C produced MgAl mixed oxide with periclase 
structure. The rehydration of the mixed oxide in static conditions 
resulted in the recovery of the HTC structure, as evidenced by the 
presence of intensive characteristic reflections in the XRD pattern of the 
rehydrated sample. The obtained results agreed well with those ob-
tained in our previous studies for similar MgAl HTC materials [19,22, 
23] and confirmed the effectiveness of the used “static” rehydration 
method. 

The properties of the as-prepared HTC precursor, mixed oxide and 
rehydrated HTC sample were also characterized by N2 physisorption. 

The results obtained from these methods were also very close to those 
obtained for similar materials in our previous studies [19,22,23]. 

TGA results for the as-prepared HTC precursor, mixed oxide and 
rehydrated HTC also corresponded to those obtained previously for 
similar materials and confirmed the quality of materials used in the 
present study. 

3.2. Catalytic data 

Based on approach developed in our previous studies [20,22], 
several experiments were initially performed to evaluate the possibility 
of leaching, i.e. the partial dissolution of a rehydrated HTC catalyst in a 
reaction mixture. Experiments with the separation of the catalyst from a 
reaction mixture and Mg/Al determination in solid and liquid phases 
proved the absence of the leaching effect. 

3.2.1. Influence of reaction temperature 
The influence of reaction temperature on the catalytic performance 

of rehydrated MgAl HTC was studied at three different temperatures – 
10, 30 and 50 ◦C. Fig. 1 represents a change in furfural conversion with 
the reaction time in experiments with 1.00 g of catalyst. 

After 180 min of the reaction, a very high furfural conversion was 
observed (>88%) for all examined temperatures that correlates well 
with the previous studies [6,19,23]. The lowest conversion of 88% was 
observed as expected at 10 ◦C, while an increase in reaction temperature 
from 10◦ to 50◦C resulted only in a slight increase in a final furfural 
conversion from 88% to 99%. At the same time Fig. 1 clearly confirms 
that elevation of the reaction temperature increased the rate as could be 
seen for example through differences in furfural conversion after 
5–30 min 

Because the reaction thermodynamics is favorable for aldol 
condensation, as will be discussed below, it is not surprising that furfural 
conversion after 180 min of the reaction differs only slightly depending 
on the reaction temperature. It is, however, interesting that there were 
substantial changes in selectivity at the same conversion level, implying 
that the rates of chemical reactions comprising the reaction network (e. 
g. formation of 4-(2-furyl)− 4-hydroxybutan-2-one, FAc-OH, through 

Fig. 1. Dependence of furfural conversion on reaction time in the aldol condensation of furfural with acetone over rehydrated MgAl HTC. Conditions: m(cat)= 1.00 g, 
molar ratio F:Ac= 1:5. Hollow and filled squares stand for repeated experiments. 
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addition of furfural to acetone; subsequent dehydration to 4-(2-furyl)−
3-buten-2-one, FAc, and finally addition of the second furfural molecule 
giving F2Ac) have different activation energies. To illustrate this point, 
data at isoconversion of 88% can be considered. At 10 ◦C, FAc-OH is the 
main reaction product (Fig. 2) with a selectivity of 69%, followed by FAc 
(12%) and F2Ac (12%). An increase in the reaction temperature to 30 ◦C 
leads to intensive dehydration with formation of FAc (26%) and F2Ac 
(18%), while selectivity to FAc-OH decreases to 50%. A further increase 
in the reaction temperature to 50 ◦C results in formation of FAc as the 
main reaction product with selectivity of 37%, followed by FAc-OH 
(36%) and F2Ac (23%). 

Small differences in the values of initial conversion with 1.00 g 
catalyst prompted evaluation of the temperature influence with a lower 
catalyst loading of 0.50 g (Fig. 3). 

From Fig. 3 it is evident that the reaction temperature has a signifi-
cant effect on the aldol condensation in terms of reactivity and also 
catalyst deactivation. An increase in the reaction temperature resulted in 

elevation of furfural conversion. At the same time, as mentioned above, 
the aldol condensation with furfural is not limited by thermodynamics, 
therefore incomplete conversion levelling off at prolonged reaction time 
of 3 h can be attributed to catalyst deactivation. The lowest furfural 
conversion of 29% was observed at 10 ◦C after 180 min, with the cor-
responding levels at 30 ◦C and 50 ◦C being 74% and 96% respectively. 

While there are some minor differences in the absolute values of 
selectivity for two catalyst loadings, the trends of selectivity dependence 
on conversion for a lower catalyst loading (Fig. 4) were similar to the 
ones observed for the experiments with twofold higher amounts. 
Namely, an increase in reaction temperature is beneficial for dehydra-
tion of FAc-OH, formation of FAc and occurrence of the second 
condensation step giving F2Ac. At 10 and 30 ◦C, FAc-OH was the main 
reaction product with selectivity of 76 (extrapolated to 40% conversion) 
and 70% at 40% conversion, respectively. It was followed by FAc (11% 
and 9%, respectively) and F2Ac (9% and 13%, respectively) at the 
furfural conversion of 40% (again selectivity at 10 ◦C was calculated by 
extrapolating the selectivity trends to 40% furfural conversion to allow 
isoconversion data comparison). At 50 ◦C, FAc-OH is still prevailed 
decreasing rather rapidly after 70% conversion and beyond ca. 90% 
conversion the most dominant product was FAc. 

3.2.2. Influence of F/Ac ratio 
The effect of F/Ac molar ratio on the catalytic performance of 

rehydrated MgAl HTC was studied under four different ratios: 1:3, 1:5, 
1:10, 1:20. Fig. 5А represents the dependence of furfural conversion on 
the reaction time at catalyst loading m= 1.00 g and reaction tempera-
ture of 30 ◦C. 

As in the experiments carried out under various temperatures with 
the same catalyst amount, very high furfural conversion was observed 
(96–99%) for all tested F/Ac ratios after 180 min. Furthermore, con-
version close to 90% (87–99%) was achieved already after 1 h. By 
comparing furfural conversion at 10 min of the reaction it can be un-
equivocally concluded that an increase in the amount of acetone in the 
reaction mixture positively influenced furfural conversion with the 
lowest value of 54% observed for the molar ratio F/Ac= 1:3. An increase 
in the amount of acetone elevated conversion level to 66% and 81% for 
respectively F/Ac= 1:5 and 1:10 ratios. The maximum furfural conver-
sion of 90% after 10 min was obtained for the highest tested F/Ac molar 
ratio of 1:20. 

In general, such kinetic dependences can be related to an increase in 
the reaction rate at higher acetone concentrations. On the other hand, a 

Fig. 2. Dependence of selectivity to the main reaction products on furfural 
conversion in the aldol condensation of furfural with acetone over the rehy-
drated MgAl HTC. Conditions: m(cat)= 1.00 g, molar ratio F:Ac= 1:5. 

Fig. 3. Dependence of furfural conversion on reaction time in the aldol 
condensation of furfural with acetone over rehydrated MgAl HTC. Conditions: 
m(cat)= 0.50 g, molar ratio F:Ac= 1:5. 

Fig. 4. Dependence of selectivity on furfural conversion over rehydrated MgAl 
HTC. Conditions: m(cat)= 0.50 g, molar ratio F:Ac= 1:5. 
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high excess of one compound typically leads to zero order kinetics in this 
compound as can be clearly seen for the data at F:Ac ratios of 10 and 20. 
An alternative explanation involves the occurrence of the Cannizzaro 
reaction with the formation of both furfuryl alcohol (F-OH) and furoic 
acid (F-OOH) as a parallel route during the base-catalyzed aldol 
condensation reaction at high furfural concentrations in the reaction 
mixture. Generally, both furfural and acetone could compete for the 
same active sites on the surface of a basic catalyst [36]. The abstraction 
of α-proton in acetone molecule results in the formation of the enol, a 
key intermediate in the aldol condensation [11,25]. Alternatively, in-
teractions of furfural with a basic site initiate the Cannizzaro reaction. 
Both the aldol condensation and the Cannizzaro reaction occur on the 
same active sites, therefore, deactivation and poisoning of a basic 
catalyst with furoic acid formed by the Cannizzaro reaction should affect 
the outcome of the aldol condensation. Formation of F-OH as a product 
was detected by GC analysis in all experiments, moreover, its yield after 
10 min decreases from 0.16% to 0.02% with the increase in the acetone 
amount in the reaction mixture from F/Ac= 1:3–1:20, respectively 
(Fig. 6). F-OOH formation was not detected by GC, indicating that, once 
formed, it readily reacts with the basic sites of a catalyst and forms 
surface furoate species, as described in [25,36]. 

The increase in the acetone amount in the reaction mixture also 
slightly affected product selectivity at Treac. = 30 ◦C (Fig. 5B). The 

Fig. 5. Dependence of a) furfural conversion on reaction time over rehydrated MgAl HTCs and b) product selectivity on furfural conversion in aldol condensation of 
furfural with acetone. Conditions: m(cat)= 1.00 g, reaction temperature 30 ◦C. 

Fig. 6. Dependence of the furfuryl alcohol yield on F/Ac molar ratio. Condi-
tions: m(cat)= 1.00 g, reaction temperature 30 ◦C, treaction= 10 min. 

Fig. 7. Dependence of a) furfural conversion on the reaction time and b) selectivity on furfural conversion for the rehydrated MgAl HTCs in the aldol condensation of 
furfural with acetone. Conditions: m(cat)= 1.00 g, Treaction= 10 ◦C. 
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influence of F/Ac molar ratio on the performance of rehydrate hydro-
talcites at 10 ◦C was also investigated (Fig. 7a). 

Although an increase in furfural conversion is slower if compared 
with experiments at 30 ◦C, a general trend is similar: furfural conversion 
increases with increasing acetone amount in a reaction mixture. The 
lowest furfural conversion of 71% after 180 min was observed for F: 
Ac= 1:3. An increase in acetone amount leads to an increase in furfural 
conversion to 88–95%. The Cannizzaro reaction also takes place under 
these reaction conditions: F-OH is detected by GC in all reaction prod-
ucts. Similar to experiments described above, a decrease in F-OH yield 
after 10 min of reaction from 0.14% to 0.04% was observed with an 
increase in the amount of acetone in the reaction in the molar ratios F/ 
Ac= 1:3 and 1:20, respectively. At these reaction conditions, selectivity 
(Fig. 7B) was also influenced by changes in the amount of acetone. For 
all experiments, FAc-OH was the main reaction product and its selec-
tivity slightly increased with an increase in the acetone amount from 
74% to 83%. A minor decrease in selectivity of both dehydrated FAc and 
F2Ac products was observed with an increase in acetone amount. 

3.2.3. Influence of the catalyst loading 
The influence of the catalyst amount on aldol condensation of 

furfural with acetone was investigated using four different catalyst 
loadings of freshly calcined and subsequently rehydrated HTC. Fig. 8 
illustrates dependence of furfural conversion on the reaction time, using 
various amounts of catalyst. From Fig. 8, it is obvious that the increase of 
the catalyst weight leads to increased furfural conversion. The lowest 
conversion of 24% after 3 h was observed using 0.25 g of catalyst. An 
additional increase in the catalyst weight to 0.50 g led to a three-fold 
increase in the final conversion to 67%. Experiments with 0.75 g and 
1.00 g of catalyst resulted in furfural conversion– of 97% and 98% after 
3 h, respectively. Furthermore, for both these catalyst loadings, furfural 
conversion above 90% was obtained just after 60 min (Fig. 8). 

Data in Fig. 8 along with thermodynamic calculations to be pre-
sented in the subsequent section indicate that aldol condensation is not 
limited by thermodynamics, as the latter is not depending on the catalyst 
loading. Moreover, calculations of the Gibbs energy (see below) un-
equivocally confirm absence of any thermodynamic restrictions. Sub-
sequently, such behavior as observed in Fig. 8 can be ascribed to catalyst 
deactivation, which is more profound at lower catalyst concentrations as 
can be expected. 

In description of catalyst deactivation kinetics, often selectivity is 
treated separately from activity assuming that a part of the catalyst 
surface is progressively covered by coke, while the relative ratio of 
surface coverages for various species remains the same. Subsequently 
selectivity also does not change even if the level of deactivation is 
different. To clarify if such assumption can be used for modeling of ki-
netic data in the current case it was instructive to explore if the catalyst 
loading influences selectivity vs conversion profiles (Fig. 9). 

As can be seen in Fig. 9a, there are minor changes in selectivity vs 
conversion at different catalyst amounts and almost the same yields are 
obtained up to the conversion level of ca. 70% (Fig. 9b). Some differ-
ences could be seen at higher conversions, as higher yields of FAc-OH 
were observed at higher catalyst loading, which might mean that 
deactivation is more likely influencing the first step of aldol condensa-
tion – the formation of FAc-OH, rather than the subsequent dehydration. 
This can be also seen through changes in the product distribution at 
close to complete conversion levels for catalyst loading of 0.75 g and 
1.00 g, namely FAc became the main reaction product with yields 35% 
and 52%, respectively. 

3.3. The properties of catalysts after reaction 

Spent samples after catalytic experiments were characterized by 
XRD, and obtained results are presented in the SI. All spent catalysts 
from experiments with 0.5 g and T = 10, 30 and 50 ◦ possessed HTC 

Fig. 8. Dependence of furfural conversion on reaction time over rehydrated 
MgAl HTCs in the aldol condensation of furfural with acetone using various 
catalyst loading. Conditions: F/Ac= 1:5, reaction temperature 30 ◦C. 

Fig. 9. Dependence of a) selectivity and b) yield of the main reaction products on furfural conversion observed over rehydrated MgAl HTCs in the aldol condensation 
of furfural with acetone using various catalyst loading. Conditions: F/Ac= 1:5, reaction temperature 30 ◦C. 
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structure without any presence of reflections from other phases. 
Nevertheless, characteristic HTC reflections slightly increased in in-
tensity with the growth of reaction temperature. The gradual degrada-
tion of HTC structure was also detected in samples after experiments 
with decreasing catalysts weight. If only 0.25 g of MgAl sample was used 
for catalytic experiment, the XRD pattern of the spent catalyst evidenced 
the appearance of reflections from MgO. The obtained XRD results 
agreed with observed trends in furfural conversion for corresponding 
catalytic experiments (see Figs. 3 and 8). It could be therefore assumed 
that the stability of HTC framework during catalytic experiments 
correlated with the amount of unreacted furfural in a reaction mixture, i. 
e. presumably also with the occurrence of Cannizzaro reaction discussed 
above. Definitely, the detailed analysis of the impact of reaction con-
ditions on the HTC crystalline structure of rehydrated samples is a topic 
for an additional investigation, and this is outside the scope of the pre-
sent study. 

Spent samples after catalytic experiments with different catalyst 
loading were also studied by TGA. The weight loss of the spent samples 
slightly increased with decreasing the amount of a catalyst taken for the 
experiments. Fig. 8 demonstrates that the decrease of the catalyst 
loading led to a decline in furfural conversion. Therefore, the observed 
trend in the weight loss for spent catalysts according to TGA study 
allowed suggesting that non-desorbed species in the spent samples could 

be formed as the consequence of the contact of catalysts with excessive 
furfural in a reaction mixture, i.e. because of the occurrence of Canni-
zzaro reaction, rather than by consecutive condensation steps. The 
consideration of DTG profiles also confirmed this suggestion: as 
compared to results for both as-prepared and rehydrated HTCs, the 
characteristic peak at ≈ 400 ◦C in the DTG profiles of spent catalysts was 
noticeably broader with a definite shoulder appearing in a low- 
temperature region. Previously, it was shown [36] that the formation 
of surface furoate species in spent catalysts as the consequence of Can-
nizzaro reaction during aldol condensation was characterized by the 
appearance of an additional peak in the DTG profiles at around 350 ◦C. 
Taken together, the results of TGA studies led to the conclusion that the 
deactivation of catalysts observed in the catalytic experiments of the 
present study was mostly concerned with the occurrence of Cannizzaro 
reaction. 

3.4. Analysis of thermodynamics 

Enthalpy (ΔH0
r ) and Gibbs free energy (ΔG0

r ) at standard conditions 
were calculated by following the thermodynamic approach [42], start-
ing from the standard enthalpy (ΔH0

f ) and Gibbs free energy (ΔG0
f ) of 

formation from the elements retrieved from CHEMCAD database [43, 
44] using the Joback approach [45–47], as illustrated below 

Fig. 10. Reaction network of aldol condensation of furfural with acetone. F- furfural, Ac-acetone, FAc-OH- 4-(furan-2-yl)− 4-hydroxybutan-2-one, FAc - 4-(furan-2-yl) 
but-3-en-2-one, F2Ac- 1,5-di(furan-2-yl)penta-1,4-dien-3-one, F2Ac-(OH)- 1,5-di(furan-2-yl)− 5-hydroxypent-1-en-3-one, F-OH- furfuryl alcohol, F-OOH- furoic acid, F- 
OOM- a salt of furoic acid. 
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ΔH0
r,j =

∑

j
νi,j⋅ΔH0

f ,i (4)  

ΔG0
r,j =

∑

j
νi,j⋅ΔG0

f ,i (5) 

The equilibrium constant of each reaction was calculated from its 
dependence on the Gibbs energy 

K0
j = exp

(

−
ΔG0

r,i

RT

)

(6) 

The dependence of the reaction free Gibbs energy with temperature 
was included by implementing the Gibbs-Helmholtz equation valid at 
P = 1 bar (ΔGΦ

r,j) 

ΔGφ
r,j(T)
T

=
ΔG0

r,j

T0 + ΔH0
r,j

(
1
T
−

1
T0

)

(7) 

The calculated enthalpy and Gibbs free energy formation for each 
component (i) present in the reaction network (Fig. 10) are reported in  
Table 1. 

Starting from these values, the enthalpy and Gibbs free energy for 
each reaction (j) at standard conditions, equilibrium constants at stan-
dard conditions (K0

j ), enthalpy and Gibbs free energy at different tem-
peratures and pressure were calculated. For calculations, the lumped 
reaction of 4 A and 4B was considered, giving directly F2AC from FAc 
and furfural. 

A temperature range was investigated (Tmin=323 K, Tmax=423 K). 
The results of the calculations reported in Table 2 and Fig. 11, reveal 
that the reaction 3 is not spontaneous, as could be also seen from the 
experimental data as well. All the other reactions are spontaneous with 
the lowest ΔGr exhibited by reaction 2. 

3.5. Kinetic modelling 

For kinetic modelling, the reaction network presented in Fig. 10 was 
adopted. As the reaction 3 was considered to be thermodynamically not 
feasible, it was not included in the modelling. Adsorption of all reactants 

on the surface of the catalysts was supposed to be feasible giving the 
following rate expressions: 

r1 =
k1cFcAc

D2 ;

r2 =
k2 cFAcOH

D
;

r4A = k4A
cFAccF

D2 ;

r4B = k4B
cF2AcOH

D
;

r5 = k5c2
F;

r6 = k6cFCOOH

(8) 

where 

D =1.0+KF cF +KAc cAc +KFAC cFAc +KF2AcOH cF2AcOH

+KF2Ac cF2Ac +KFOH cFOH
(9) 

As follows from Eq. (8) reactions 5 and 6 were considered to be non- 
heterogeneous catalytic, thus they do not contain the denominator (Eq. 
(9)). 

The generation equations for the reactants can be easily written from 
Fig. 10, as exemplified below for furfural: 

−
dCfurfural

dt
= ρB

(

r1 + r4A + 2r5

)

a (10)  

Where ri are the rates of the corresponding reactions, ρB is the catalyst 
bulk density (mcat/VL), . 

and a is the activity function. 
The parameter estimation was carried out with a software ModEst 

[47] using as the objective function the squared difference between all 
experimental and calculated values combined, which was minimized by 
using hybrid simplex and Levenberg-Marquardt algorithms. The rate 
constants were calculated using the modified Arrhenius equation with 
the pre-exponential factor corresponding to the rate constant at the 
average temperature, 

k = k0e
− Ea

R

(

1
T−

1
Tavg

)

(11)  

which was 303 K in the current case. 
Several empirical and semi-empirical activity functions were tested, 

reflecting deactivation by carbon deposition on the catalyst surface. 
Finally, the expression for the activity coefficient was adopted, which 

Table 1 
Enthalpy and Gibbs free energy formation for each component (i) and stoi-
chiometric matrix for component i for reaction j.  

Component ΔH0
f [kJ/ 

mol] 
ΔG0

f [kJ/ 
mol] 

i/ 
j 

1 2 3 4 5 

F  -147.85  -57.12  1 -1 0  -1 -1 -2 
Ac  -1821.40  -153.20  2 -1 0  0 0 0 
FAc-OH  -381.29  -200.52  3 + 1 -1  -1 0 0 
H2O  -241.83  -228.44  4 0 + 1  0 + 1 0 
FAc  -178.32  -55.50  5 0 + 1  0 -1 0 
F2Ac  -138.81  43.54  6 0 0  0 + 1 0 
F2Ac-(OH)  -390.89  -134.42  7 0 0  +1 0 0 
F-OH  -201.51  -94.42  8 0 0  0 0 + 1 
F-OOH  -399.55  -301.51  9 0 0  0 0 + 1 

*F- furfural, Ac-acetone, FAc-OH- 4-(furan-2-yl)− 4-hydroxybutan-2-one, FAc - 
4-(furan-2-yl)but-3-en-2-one, F2Ac- 1,5-di(furan-2-yl)penta-1,4-dien-3-one, 
F2Ac-(OH)- 1,5-di(furan-2-yl)− 5-hydroxypent-1-en-3-one, F-OH- furfuryl 
alcohol, F-OOH- furoic acid. 

Table 2 
Enthalpy and Gibbs free energy at standard conditions, equilibrium constants at 
standard conditions (K0

j ).  

ΔH0
r [kJ/mol] ΔG0

r [kJ/mol] K0
j 

1.59 103  9.80 1.92 10-2 

-38.9  -83.4 4.12 1014 

138  123 2.59 10-22 

-54.5  -72.3 4.60 1012 

-305  -282 2.24 1049  

Fig. 11. Gibbs free energy as a function of temperature for different reactions 
in Fig. 10. 
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comprises two terms with the first one reflecting residual activity at 
infinite time and the second depending on time, catalyst bulk density 
and the molar ratio of furfural and acetone: 

a = a∞ + a
(
t, ρB, cfurfural

/
cacetone

)
(12)  

or more specifically: 

a = a∞ +
1

1 + kdρBtne− kdf
cfurfural
cacetone

(13) 

In Eq. (13) n, kd and kdf are constants determined through numerical 
data fitting. Two separate terms for deactivation were introduced to 
account for the presence of residual activity a∞ at infinite time. The 
other term reflects steepness of catalyst deactivation. Time dependent 
catalyst deactivation is typically expresed by the exponential decay 
functions, which was not operative in the current case. 

An alternative is to consider a deactivation function of the type 
a = a∞ +1/(1+k′tn) which exhibits a reciprocal dependence on the re-
action time to a certain power. In the current case as deactivation 
behavior was seen to be dependent on the catalyst loading and the ratio 
between the reactants, these parameters have been also introduced in 
Eq. (13). 

Apparently more mechanistically sound models for catalyst 

Table 3 
Values for kinetic parameters and statistical analysis.  

Parameter Value Units Standard error (%) 

k1/KF
2 0.00022 (dm3)2/mol/g/min 6.1 

k2/KF 0.0013 g/dm3/min 8.2 
k4A/KF

2 0.0062 (dm3)2/mol/g/min 7.3 
k4B/KF 0.0063 g/dm3/min 11.6 
k5 0.5 10-5 (dm3)2/mol/g/min 33.4 
KAc/KF 0.7 10-2 dm3/mol 7 
KFAc/KF 0.3 10-6 dm3/mol > 1000 
KF2AcOH/KF 3.26 dm3/mol 22.7 
KF2Ac/KF 0.8 dm3/mol 16.3 
KFOh/KF 4.1 dm3/mol 40.1 
kd 0.3 10-2 dm3/g/min2.3 57.4 
kdf 1.27 - 34.2 
n 2.3 - 7.2 
a∞ 0.02 - 17.2 
Eact1 20.4 kJ/mol 5.4 
Eact2 29.4 kJ/mol 4.9 
Eact4A n.d. kJ/mol > 1000 
Eact4B 4.2 kJ/mol > 100 
Eact5 81 kJ/mol 22.1  

Fig. 12. Comparison between experimental (points) and calculated values (lines) for all experiments. Conversion (blue), selectivity to FAcOH (black), FAc (red), 
F2AcOH (cyan) and F2Ac (yellow). 

V. Korolova et al.                                                                                                                                                                                                                               



Catalysis Today 423 (2023) 114272

10

inactivation should include not the reaction time but rather conversion 
and product concentrations being more closely associated with the 
intrinsic reaction and deactivation mechanisms. 

Preliminary calculations indicated that the adsorption terms are 
significant compared to unity, thus Eqs. (8) and (9) can be modified, 
giving first 

D′ =cF +KAc cAc/KF +KFAC cFAc/KF +KF2AcOH cF2AcOH/KF

+KF2Ac cF2Ac/KF +KFOH cFOH/KF
(14)  

and then in combination with Eq. (8). 

r1 =
k1cFcAc

(KFD′)2;

r2 =
k2 cFAcOH

KFD′ ;

r4A = k4A
cFAccF

(KFD′)2;

r4B = k4B
cF2AcOH

KFD′ ;

r5 = k5c2
F ;

r6 = k6cFCOOH

(15) 

The coefficient of determination R2, which compares the model 
performance with respect to the variance of all experimental points, was 
equal to 97.05%. The values of parameters with the respective errors are 
presented in Table 3, while comparison between the experimental and 
calculated values is given in Fig. 12. It follows from Table 3 that 
apparently acetone and FAc are adsorbed weaker than furfural, which 
F2AcOH, F2AC and furfuryl alcohol have apparently similar values of 
adsorption constants. The values of activation energies for the aldol 
condensation reactions are rather while at the same time furfural 
disproportionation has a much higher energy. An analysis of the acti-
vation energy is, however, not straightforward also considering specific 
features of the hydrotalcite catalyst and its sensitivity to the water 
content. 

The calculated kinetic curves demonstrated in Fig. 12 illustrate 
overall a good description of the experimental data at different tem-
peratures, concentrations of reactants, and the catalyst mass, which 
apparently influenced the catalyst deactivation. Just three parameters 
were not statistically sound, which is acceptable considering a relatively 
large number of parameters. 

Some deviations in the description of the data are visible from Fig. 12 
mainly related to concentration of F2Ac, i.e. the ultimate reaction 
product, and in some cases also related to the conversion of furfural. 

Fig. 12. (continued). 
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4. Conclusions 

In this study, the effect of reaction variables on the performance of 
rehydrated MgAl hydrotalcite in aldol condensation of furfural and 
acetone was investigated in detail leading to development of the reac-
tion network and kinetic modelling based on this network. The experi-
ments demonstrated that an increase in reaction temperature, catalyst 
loading, or the amount of acetone in the reaction mixture resulted in an 
increase in the initial rate of furfural consumption and, as a result, an 
increase in the final furfural conversion after 180 min of the reaction. 
The obtained experimental data, as well as the calculations of the Gibbs 
free energy for each individual chemical reaction in the network sug-
gested that the reaction thermodynamics was favorable for the aldol 
condensation. Experiments at low reaction temperature or with 
decreased catalyst loading evidenced elevation of catalyst deactivation 
that occurred at low furfural consumption rate. Such deactivation 
allowed suggesting that, at high furfural concentration in the reaction 
mixture, two parallel processes took place: i) aldol condensation of 
furfural and acetone and ii) the Cannizzaro reaction with the formation 
of furfuryl alcohol and furoic acid. Comparing selectivity vs conversion 
profiles demonstrated that the rates of individual chemical reactions had 
different activation energies. A change in the selectivity profiles ob-
tained in experiments with different catalyst loadings indicated that the 
catalyst deactivation was more likely influencing the first step of aldol 

condensation, i.e. FAc-OH formation, rather than its subsequent dehy-
dration to FAc. 

Kinetic modelling described both a change in the concentration of 
reactants and deactivation of the catalyst surface with carbon deposits 
was performed based on the proposed reaction network. The calculated 
kinetic curves showed a good agreement with the obtained experimental 
data and proved that the change in reaction variables, i.e. reaction 
temperature, the concentration of reactants, and the catalyst loading 
had a big impact on both the reaction rate and catalyst deactivation. The 
results obtained in this study can be further used to optimize conditions 
to perform aldol condensation of furfural and acetone in presence of 
heterogeneous basic catalysts. 
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[17] O. Kikhtyanin, D. Kubická, J. Čejka, Catal. Today 243 (2015) 158–162. 
[18] B.F. Sels, D.E. de Vos, P.A. Jacobs, Catal. Rev. Sci. Eng. 43 (2001) 443–488. 
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[34] R.M. West, Z.Y. Liu, M. Peter, C.A. Gärtner, J.A. Dumesic, J. Molec. Catal. A: Chem. 

296 (2008) 18–27. 
[35] X. Fang, Z. Wang, W. Song, S. Li, J. Taiwan, Inst. Chem. Eng. 108 (2020) 16–22. 
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