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ABSTRACT 

BACKGROUND: A series of Mg-Fe mixed oxides prepared from thermal decomposition of 

hydrotalcite-like materials was studied. Fixing other variables, the effect of Mg/Fe ratio varying 

nominally from 1 to 10 on physicochemical and acido-basic properties was originally examined. 

Materials were characterized by experimental techniques XRD, N2-physisorption, CO2 and NH3-TPD. 

Obtained oxides were tested as new catalysts for the aldol condensation of furfural with acetone, as 

the reaction to obtain long carbon chain products and diesel fuel precursors. 

RESULTS: It was shown that Mg-Fe oxide properties are significantly related to their chemical 

composition. Particularly, with increasing amount of Mg in the matrix both basicity and population 

strong basic sites O
2-

 increased. Oxides with high Mg/Fe were relatively less acidic. The conversion of 

furfural and the selectivity to desired C13 product (F2Ac) were correlated with the concentration of 

basic sites, and particularly with the population of strong basic sites. The reaction was promoted by a 

higher surface site density. The dehydration step of the reaction proceeded better on more acidic 

samples. Correspondingly, oxides with high Mg/Fe ratio showed the best catalytic performance. 

CONCLUSIONS: Pyroaurite precursors were successfully prepared by co-precipitation and 

corresponding Mg-Fe mixed oxides by calcination. Oxides revealed a good catalytic performance in 

the aldol condensation of furfural with acetone where samples with a high content of magnesium 

were significantly more basic and had relatively enhanced furfural conversion (nominal Mg/Fe ratio 

10; furfural conversion 88 % and selectivity to F2Ac 34 %; conditions: batch reactor; 50 °C; 

aceton/furfural = 10 molar).  

 

KEYWORDS: Mg-Fe oxides; pyroaurite precursors; aldol condensation; Mg/Fe ratio; basic sites 

concentration/density
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INTRODUCTION 

In the last decades, the problem of the society dependence on fossil resources including their 

sustainability and the related carbon dioxide emissions has become the focal concern. Due to the 

constantly increasing consumption of fossil sources (oil, coal, and natural gas) there is a great effort 

to replace them by renewable ones. For the electricity production there solar or wind energy can be 

employed. For the production of chemicals and transportation fuels, the biomass is the key resource 

to at least partially satisfy growing energy demand. Lignocellulosic biomass has the potential to be 

converted into many chemicals and a variety of fuels. It consists of the three main components: 

cellulose, hemicellulose and lignin. For the fuel production, hemicellulose represents the starting 

material. Hemicellulose is connected with the production of xylitol, furfural, and furfural derivatives 
1-

3
. Furfural can be used to produce alternative fuels 

4
. The direct hydrogenation of furfural leads to 

the linear C5 hydrocarbon – n-pentane formation, which is unsuitable for fuels production. To 

produce long chain hydrocarbons, the aldol condensation of furfural and ketones can be exploited 
5,6

. 

In the case of the aldol condensation of furfural with acetone, hydrocarbons of chain length to 13 

carbons are obtained. These hydrocarbons can be subsequently transformed after hydrogenation 

and thorough hydrodeoxygenation to high-quality diesel fuels.  

In general, the aldol condensation can be performed via homogeneous catalysis using both acid and 

basic catalysts 
7
. To obtain desired long chain products, basic catalysis with aqueous hydroxide 

solutions were applied 
8
. Major drawback of this classical route is the difficult catalysts regeneration 

and corrosion of equipment 
9
. The alternative route is represented by the heterogeneous catalysis 

using basic catalysts. There was an effort to find suitable catalyst with high stability. Hydrotalcite-like 

materials and their derived oxide forms represent interesting group of materials which are 

fundamentally studied in several fields of material chemistry, including heterogeneous catalysis 
10,11

. 

The natural hydrotalcites, a family of anionic clays, are composed by positively charged brucite-like 

layers (Mg(OH)2) in which some of Mg
2+

 is replaced by Al
3+

 in octahedral sites of hydroxide sheets. 

The electrical neutrality is attained by compensating anions located in the interlayer space along with 

water molecules 
12-14

. Thermal decomposition of hydrotalcites leads to the forming of mixed oxides. 

The obtained mixed oxides show relatively well dispersed Al
3+

 and Mg
2+

 cations, variable surface 

basicity, surface area and a quantity of surface defects 
15

. The low cost of synthesis and high thermal 

stability represent advantages of layered double hydroxide-related mixed oxide catalysts 
14

. For the 

aldol condensation of furfural with acetone, the hydrotalcite derived Mg-Al  
6,16-20

, Zn-Al, Zn-Mg-Al 
19

, 

Mg-Zr 
6,21

 and Ca-Zr 
6
 oxides were used.  
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The change of bivalent Mg and/or trivalent Al in the hydrotalcite-like matrix, the ratio of bivalent to 

trivalent ions, type of synthesis (whether co-precipitation of nitrate/chlorides, urea method, 

hydrothermal or sol-gel), temperature of calcination of parent hydrotalcite-like precursors are 

expected to alter physicochemical, acido-basic and related catalytic properties of obtained oxides  

11,14,22,23
.  

Our focus was now dedicated on the hydrotalcite-based Mg-Fe mixed oxides which we previously 

successfully tested as basic catalysts for transesterification of rapeseed oil 
24,25

. Mg-Fe mixed oxides 

were also used by others in the transesterification of microalage oil 
26

 and the etherification of 

glycerol 
27

. Mg-Fe-Al oxides were tested in ethanol condensation reaction 
28

. In this contribution we 

performed the analysis of physicochemical and acido-basic properties of a series Mg-Fe mixed oxides 

and studied their activity and selectivity in the reaction of aldol condensation of furfural with 

acetone. Particularly, the impact of varying Mg/Fe ratio was perused. The other parameters within 

synthesis, as kind of salt anions and temperature of hydrotalcite calcination were invariable. To the 

best of our knowledge, these correlations were not made yet. Catalysts were characterized by 

number of experimental techniques: XRD, N2-BET adsorption for the physicochemical features, CO2 

and NH3-TPD for acido-basic features. The condensation of furfural with acetone was carried out in a 

stirred batch reactor and the conversion of furfural with selectivity to individual products was 

calculated for various times of the reaction. 

EXPERIMENTAL 

Synthesis of materials 

Parent Mg-Fe hydrotalcites were synthesized using the co-precipitation method at 60 °C in a batch 

reactor Syrris Globe (Syrris Ltd.) equipped with two piston (syringe) pumps and paddle stirrer. The 

cation solution was prepared by the dissolution of Mg(NO3)2∙6H2O and Fe(NO3)3∙9H2O (Lach-Ner, 

s.r.o.) in deionized water. The total concentration of cations was kept at 1 mol.dm
-3

. The amount of 

particular nitrate and water depended on the desired molar ratio of Mg/Fe hydrotalcite/oxide (in the 

range 1 - 10). The alkali solution was prepared by the dissolution of KOH and K2CO3 in deionized 

water (2 mol.dm
-3

, 0.2 mol.dm
-3

, respectively).  

The solution of cations was added to reactor (30 ml.min
-1

) and the alkali solution was added 

simultaneously (50 ml.min
-1

) into reactor keeping the pH of the mixture at 9.5. The mixture was 

intensively stirred at 250 rpm. After adding of whole amount of cation solution, the reaction mixture 

was aged for 24 h at the same temperature and intensity of stirring. The formed hydrotalcite was 

filtered by press-filtration using filter paper plate S15N (Hobra, s.r.o.) and washed by deionized water 
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until pH of filtrate dropped to 7, then dried for 24 h at 65 °C. Finally, the hydrotalcite was placed in 

muffle oven and heated at temperature gradient 5 °C.min
-1

 to 500 °C and calcined at this 

temperature for 3 h.     

Materials characterization 

Chemical composition of materials was determined using the ICP-EOS Agilent 725 (Agilent 

Technologies Inc.). Before analysis, 200 mg sample was dissolved in 10 cm
3
 of H2SO4 (1:1) and heated. 

After dissolution, the sample was cooled down, diluted by demineralized water and heated to 100 °C 

for a few minutes. Finally, the solution of sample was transported to volumetric flask and measured.  

Specific surface area of Mg/Fe hydrotalcites and oxides was measured at the boiling point of the 

liquid nitrogen (77 K). It was determined by the fitting of experimental data to the BET isotherm 

model. The pore size distribution of oxide forms was estimated from adsorption branch of the finely 

measured isotherm using the BJH method.  

X-ray diffractograms (XRD) were recorded with Bruker AXS D8-Advance diffractometer using Cu Kα 

radiation (λ =0.154056 nm) with a secondary graphite monochromator. The powder (1-50 μm) was 

used for determination. The diffraction intensity was measured between 5° and 70°, with 2° steps. 

The crystal size of calcined hydrotalcite froms was calculated from the diffraction line 62.2° (D110) by 

using the Scherrer formula D=0.9λ/(βcosθ); where D is the average crystal size (nm), 0.9 is the value 

of the used shape factor, λ is the wavelength of the used Cu Kα radiation (0.154056 nm), β is the full 

width at half-maximum (FWHM) and θ is the diffraction angle.  

The temperature-programmed desorption of probe molecules CO2 (CO2-TPD) and NH3 (NH3-TPD) was 

performed on a Micromeritics AutoChem II 2920 (Micromeritics Instrument Corp., USA). Desorption 

signals were detected by joint mass spectrometer Pfeiffer Vacuum OmniStar
TM

 GSD 320. For TPD, 

100 mg of sample was placed in a quartz reactor, heated (10 °C.min
-1

) to 500 °C and maintained for 

5 min in a flow of helium (25 ml.min
-1

). Subsequently, the sample was cooled down to RT (CO2-TPD) 

or 70 °C (NH3-TPD) and saturated in a flow of gas mixture containing 10 vol. % of CO2 or 5 vol. % of 

NH3 in helium for 30 min. Then, the sample was purged in the flow of helium for 60 min in order to 

remove the physically absorbed molecules. The TPD experiment itself was carried out with a linear 

heating rate of 10 °C.min
-1

 in a flow of He (25 ml.min
-1

). 

Catalytic test 

Aldol condensation reaction of furfural with acetone was performed at temperature of 50 °C in a 

100 ml stirred batch reactor. Prior to the catalytic tests, the mixture of 39.5 g of acetone (dried with 
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molecular sieve 3A) and 6.5 g of furfural (acetone to furfural molar ratio 10/1) was pre-heated to the 

reaction temperature. After that, 2 g of catalyst (grains 250-500 µm) was added and the reaction 

proceeded for 4 h. It has been previously established that the reaction is not limited neither by 

external nor internal mass transfer under the chosen reaction conditions (the test with changing 

stirring rate and catalyst particle size) 
5
. Samples were withdrawn from the reaction mixture during 

the experiment at 5, 10, 20, 40, 80, 120, 180, 240 min. Catalyst was separated from the reaction 

mixture by filtration and the products were analysed by Agilent 7890A gas chromatograph equipped 

with a flame ionization detector and HP 5 capillary column (30 m/0.32 mm ID/0.25 μm).  

It has to be noted that, in this case, acetone is considered not only as a reactant, but also as a 

solvent. This minimizes the formation of compounds with higher molecular weight 
29

 that formation 

could lead to the deactivation of catalyst 
30

. Recently it was shown that the interaction of basic 

catalyst with furfural during aldol condensation of furfural and acetone provokes the occurrence of 

Cannizzaro reaction 
31

, which results in the deactivation of basic active sites with formed furoic acid. 

To limit the effect of the by-reaction and to decrease the catalyst deactivation high acetone/furfural 

ratio was preferred. 

RESULTS AND DISCUSSION 

Physicochemical characteristics 

The chemical composition of synthesized Mg/Fe hydrotalcites, real values of Mg/Fe ratio determined 

by the ICP-EOS, is summarized in Table 1.  Samples with higher Mg content contained relatively lower 

amount of Mg in the structure compared to the amount theoretical (synthetic). The percentages of 

the real Mg/Fe values related to the synthetic ones were 98.0 % and 84.7 % for nominal Mg/Fe ratio 

1 and 10, respectively. For high synthetic Mg/Fe ratios there was obviously more difficult to 

incorporate Mg to the structure of catalyst precursors within synthesis being the rest amount of Mg 

in the precipitation solution. Such behaviour was already observed by our co-workers for Mg/Al 

hydrotalcite series, where at higher Mg/Al ratios (> 3) the samples had a lack of magnesium, 

suggesting the precipitation of this element was not completed during the precipitations 
20

. 

The layered structure of catalyst precursors was studied by XRD. Obtained XRD patterns are depicted 

in Figure 1 A.  XRD patterns are represented by sharp, intensive and symmetry diffractions lines at 2θ 

= 11.4, 22.8, 34.1, 38.4, 45.5, 59.3 and 60.6°. All measured XRD patterns indicate a high degree of 

crystallinity and correspond to the pyroaurite structure 
24,32,33

. The diffraction lines of the sample 

with molar ratio Mg/Fe > 5 exhibited relatively less intensive and broader symmetry lines. It can be 

concluded that the samples with nominal molar ratio higher than 5 have relatively lower crystallinity 
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compared to the samples having lower ratios. Indeed, same experimental trend was showed in our 

previous study on similar Mg-Fe series where samples with Mg/Fe ratio > 3 had lower crystallinity 
25

. 

It has to be noted that, according to other studies, the pure Mg/Al hydrotalcites without phase 

ad/mixtures are usually formed in the range molar ratio from 2 to 4 
14,15,34

. However, the XRD pattern 

of the second hydrotalcite phase in present Mg-Fe series was not detected even for the highest 

studied ratio Mg/Fe = 10.  

For the pyroaurite precursors, unit cell parameters a and c were calculated from d110 (59.3°) and d003 

(11.4°) lines (a = 2 d110; c = 3 d003). Obtained values of cell parameters are presented in Table 1. 

Similarly to Mg-Al hydrotalcites, pyroaurites crystallize in rhombohedra 3R symmetry. The cell 

parameter a represents metal-metal distance within the layers pointing out the cations stacking in 

the 110 planes. The cell parameter c represents the distance of the three cations and anions layers 
14

. 

The thickness of anion layer is influenced by number, orientation and strength of the bonds between 

anions and hydroxyls groups of cation layer. The values of parameter a in present Mg-Fe series were 

in the range from 0.310 to 0.312 nm and were typical for layered double hydroxides 
14,19,20

. The cell 

parameters a were very similar among samples in Mg/Fe series. The values of cell parameter c were 

in the range from 2.287 to 2.376 nm and exhibited a slight decreasing trend with increasing Mg/Fe 

ratio in present pyroaurites. This phenomenon is related to larger interlayer galleries for samples 

with high Mg content. Pyroaurites with the lowest and highest Mg/Fe ratios revealed a deviation 

from this trend. Even though another phase was not detected by XRD, such observation is probably 

due to the presence of some amount of second phase with bonded Fe
3+

 (at low Mg/Fe ratio) or Mg
2+ 

ions (at high Mg/Fe ratio) in present Mg-Fe series.  

During calcination of the pyroaurite precursors, the layered structure of pyroaurite was decomposed 

and the water and anions were released from the sample 
25

. After calcination at 500 °C the respective 

Mg-Fe mixed oxides were formed. XRD patterns of the calcined samples are depicted in Figure 1 B. 

XRD patterns exhibited the two main diffractions lines at 2θ = 42.9, 62.2° which corresponded to the 

MgO 
35,36

. These diffractions lines were more intensive and sharper for higher Mg/Fe ratios. Sharp 

MgO signals indicated that not all magnesium ions were intercalated into the lattice of mixed oxide 

and the pure MgO phase was formed for oxides with higher content of magnesium. This observation 

corresponds to the difficult incorporation of Mg to the structure of precursors for high synthetic 

ratios (Table 1). Additional diffraction line at 2θ = 35.6° was observed for the mixed oxide with 

nominal molar ratio Mg/Fe 1 due to the presence of separate magnetite phase. The magnetite phase 

was not detected for the mixed oxides with high Mg/Fe molar ratios. The presence of separate 

phases in oxide forms is probably related to the presence of separate phases in parental 

hydrotalcites (even though no discernible signal on XRD record was found). Table 1 gives the mean 
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particle size (crystallite size) of the oxides calculated from the MgO diffraction line at 62.2° using the 

Scherrer´s formula 
37

. The crystallite size varied in the range 6.01 – 7.39 nm and was not in any 

dependence on Mg/Fe molar ratio. The exception is the sample with nominal molar ratio of Mg/Fe 1 

for which the calculated crystallite size was somewhat higher, 11.13 nm. However, the error in the 

calculation of the crystallite sizes is relatively high for low Mg/Fe molar ratios due to less intensive 

diffraction lines. It is concluded that pyroaurite originated Mg-Fe oxides (with Mg/Fe > 2) can be 

prepared with crystallite sizes relatively independent on Mg/Fe ratio which is specific for such 

samples  

The N2 adsorption isotherms and BJH pore size distribution curves for the Mg-Fe oxide series are 

depicted in Figure 2 A and B, respectively. Adsorption isotherms correspond to the mesoporous 

materials and reveal well developed mesoporous structure for all the samples. Only negligible 

population of micropores was observed. The pore size distribution is strongly varied with the oxides 

composition. Oxides with low Mg/Fe ratios have larger pore size distribution. The maximum on the 

distribution curve is shifted to the lower values with increasing Mg/Fe ratio. Nominal Mg/Fe ratios 1 

and 2 are characterized by the maximum of distribution curve at around 50-52 nm. Mg/Fe ratio 4 has 

the maximum of this curve at 28 nm. High Mg/Fe ratios 8 and 10 have the maximum at lowest value 

10 nm.  

The specific surface areas of hydrotalcite precursors and calcined samples were determined by the 

BET method. The obtained values are summarized in Table 1. Upon calcination at 500 °C for 3 h the 

surface areas of the oxides are significantly higher than their corresponding hydrotalcite-like 

precursors. This increase is attributed to the formation of mesoporous structure due to expulsion of 

CO2 and H2O from the hydrotalcite 
38

. Samples of the Mg-Fe oxide series are characterized by the 

specific surface area in the range 76.9 –  115.9 m
2
/g. Obtained values of BET area increase with 

Mg/Fe ratio up to nominal Mg/Fe = 4. For the Mg/Fe range 4 – 6 relatively constant value of BET area 

is observed, being around 90 – 100 m
2
/g. Finally, for the Mg/Fe range 6 – 10 BET area is increasing 

again and reaching the highest value 115.9 m
2
/g for the Mg/Fe = 10.  

Acido-basic characteristics 

The basicity, namely the concentration and distribution of basic sites, of tested Mg-Fe oxide series 

was determined by the temperature programmed desorption of carbon dioxide (CO2-TPD). Samples 

were pre-treated in He flow at 500 °C. Being 500 °C the temperature of calcination, structural CO2 is 

removed from the sample. Samples were saturated and then flushed at the temperature 35 °C to 

remove physisorbed CO2 molecules. TPD experiment was taken up to the temperature 500 °C. Within 

Page 8 of 26

http://mc.manuscriptcentral.com/jctb-wiley

Journal of Chemical Technology & Biotechnology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 

this setup, the desorbed CO2 corresponds to basic sites on the oxide surface with the interaction 

energies higher than 31 kJ/mol 
39

.   

Obtained CO2-TPD curves are depicted in Figure 3 A. The integrated areas under CO2 desorption 

curves resulted in the (total) concentration of basic sites in studied Mg-Fe oxides. The concentration 

of sites varied from 72 to 161 μmol/g and its dependence on the Mg/Fe ratio is depicted in Figure 3B. 

Obviously, the concentration of basic sites steadily increased with Mg/Fe ratio. In the range of Mg/Fe 

1 – 4 there was only slight increase of the basicity, while in the range 5 – 10 there was substantial 

increase of the basicity. It could be concluded that oxides with large amount of Mg in the structure 

bear high amount of basic sites.  

CO2 with basic sites on oxide forms several complexes, (pseudo)carbonates, which differ in stability 

40-42
. Least stable complexes, which are desorbed on the temperature ramp firstly, are usually 

assigned to bicarbonates being formed on weak basic sites represented by OH
-
 groups. Medium 

stable complexes are bidentetate carbonates (chelating and bridged), formed on highly 

heterogeneous Me
n+

-O
2-

 pairs 
19

. Bidentate carbonates are often observed as dominant species on 

hydrotalcite derived mixed oxides 
11

. The most stable species, which are desorbed as latest in the 

high temperature region, are unidentate carbonates formed on (isolated) highly basic O
2-

 sites.  

Measured CO2-TPD curves were peaked at around 100 °C. For samples with nominal Mg/Fe ratio in 

the range 2 – 6 the maximum was shifted to slightly higher temperature. TPD curves were not 

symmetrical being tailed at the high temperature side, mirroring presence of carbon dioxide 

complexes with different thermal stability and structure. For oxides with high Mg/Fe ratio (> 5), clear 

contribution at higher temperature side appeared. Based on previous contributions on Mg/Al mixed 

oxides 
15,19,20,43,44

, present CO2-TPD curves on Mg/Fe oxides were deconvoluted into three (arbitrary) 

components. Peaks with maxima at around 85 °C, 135 °C and 243 °C were found being related to the 

presence of weak, medium and strong basic sites, respectively. The population of individual sites is 

displayed in Figure 3 C. It is obvious that increasing Mg/Fe ratio is connected with abundance of 

strong basic sites (O
2-

), whereas the population of medium (Me
n+

-O
2-

 pairs) and weak (OH
-
) basic sites 

steadily decreases. For oxides with Mg/Fe < 5 the dominant sites are medium strength basic sites 

whereas for Mg/Fe > 5 the dominant sites are strong basic sites. This observation is in line with fact 

that the presence separate MgO is probable for high content of magnesium in the sample (see 

chapter Physicochemical characteristics) and the basicity of pure MgO oxide is relatively high 
15,20

. 

The presence of highly basic O
2-

 ions can be additionally related to the abundance of surface defects 

in such samples. On the other hand, samples with low Mg/Fe ratios have surface enriched with more 

electronegative Fe oxides (with the presence of magnetite phase), and the total basicity and strength 
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of basic sites is therefore decreased. The population of weak basic sites, OH
-
 ions, only slightly 

decreased with magnesium content in the sample. In general, compared to the often studied 

hydrotalcite based Mg-Al oxides, the Mg-Fe oxides have lower total concentration of basic sites than 

Mg-Al oxides (for similar Mg/Me
3+

 ratios approximately two times) 
15,19,20

, but the population of 

strong basic sites is higher for Mg-Fe oxides being accented for higher Mg/Fe ratios. For Mg-Al 

oxides, the dominant species were actually medium strength Me
n+

-O
2-

 sites in the whole series of 

Mg/Al ratios in the range 0.5 – 10 
20

.  

The acidity, namely the amount of acid sites, of tested Mg-Fe oxide series was determined by the 

temperature programmed desorption of ammonia (NH3-TPD). The initial saturation and flushing 

before TPD was realized at the temperature 70 °C, at which the physisorbed NH3 on the surface is 

suppressed 
45

. At this condition the determined amount of desorbed ammonia corresponds mainly to 

the chemisorbed NH3. Chemisorbed NH3 forms strong chemical bonds via nitrogen lone pair with 

Lewis acid sites, unsaturated metal cations, and, where favourable, simultaneously interacts via 

hydrogen bond to nearby basic oxygen or hydroxyl group.  

Corresponding NH3-TPD curves on samples of the Mg-Fe oxide series are depicted in Figure 4 A. 

Amounts of released NH3 are related to the (total) concentration of acid sites on studied Mg-Fe 

mixed oxides. The concentration of acid sites varied from 32 to 91 μmol/g. Compared to the 

hydrotalcite derived Mg-Al oxides, studied Mg-Fe oxides are significantly less acidic 
19,20

. Actually, as 

was shown before by Ordóñez et al. 
28

, the substitution of Al
3+

 by Fe
3+

 in the structure of the resulting 

mixed oxide leads to a slight decrease of the concentration of basic sites and a more marked 

decrease of the concentration of acid sites. According to 
46,47

, the acid sites are related to the 

presence of tetrahedrally coordinated Me
3+

 ions in the crystalline structure. In the parent structure, 

Me
3+

 ions are ordinarily octahedrally coordinated. Tetrahedrally coordinated Me
3+ 

ions are formed by 

substitution of Mg
2+

 ions which are tetrahedrally coordinated in the parent structure. Such 

substitution is supressed for the case of the Fe
3+

, because of its larger ionic diameter compared to 

Al
3+

. 

The dependence of the acidity on the values of Mg/Fe ratio is depicted in Figure 4 B. The curve is 

peaked at the Mg/Fe = 3 mirroring the highest total acidity of such sample. It is also clearly seen that 

samples with high content of Mg are relatively less acidic. It goes in parallel with previous study on 

hydrotalcite derived Mg-Al oxides, where decreasing amount of acid sites with increasing Mg content 

was observed 
20

. Additionally, very low amount of acid sites for the pure MgO was also detected 
20

. 

On the other hand, the decreasing trend of acid site concentration with magnesium content is not so 

pronounced for Mg-Fe oxides compared to the Mg-Al oxides.  
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Studied curves (Figure 4 A) were characterized by the dominant peak with maximum below 200 °C. 

This maximum was shifted to the lower temperature with increasing Mg/Fe ratio, being 173 °C for 

Mg/Fe = 1 and 160 °C for Mg/Fe = 10, respectively. Low Mg/Fe ratios were connected with 

discernible contribution on the high temperature side, being pronounced for ratios 3 – 5. High Mg/Fe 

ratios were connected with relatively symmetrical peaks. From these observations it is concluded 

that oxides with low Mg/Fe ratios have higher heterogeneity of Lewis acid sites, together with the 

abundance of stronger acid sites. Oxides with high Mg/Fe ratio have homogeneous Lewis acid sites, 

which are relatively weaker.     

Catalysis – aldol condensation 

The aldol condensation of furfural and acetone on basic catalysts provides the formation of 

hydrocarbons of chain length to 13 carbons 
6
. Target products from the condensation of furfural with 

acetone are shown in Scheme 1. Furfural reacts with acetone to form intermediate C8 alcohol (FAc-

OH) which is subsequently dehydrated to the first condensation C8 product: 4-(2-furyl)-3-buten-2-one 

(FAc). It can react with another furfural to form C13 alcohol and after dehydration final C13 product: 

1,4-pentadien-3-one, 1,5-di-2- furanyl (F2Ac). 

The catalytic results on Mg-Fe sample series in the aldol condensation are depicted in Figure 5. The 

reaction between furfural and acetone provided FAc-OH, FAc and F2Ac, in full agreement with the 

commonly accepted reaction scheme for basic catalysts. The products of the aceton self-

condensation (mainly diacetone alcohol and mesitil oxide) were detected in negligible amount and 

were not considered further. It can be seen that tested Mg-Fe oxide samples exhibited good catalytic 

activity. The conversion of furfural steadily increased with the time of the running reaction (Figure 5 

A). The selectivity toward FAc-OH (Figure 5 B), FAc (Figure 5 C) and F2Ac (Figure 5 D) showed a 

dependence on furfural conversion. The selectivity to FAc-OH decreased with increasing conversion 

of furfural, while the selectivity to subsequent dehydrated products FAc and F2Ac, correspondingly, 

increased. The comparison of FAc-OH and FAc selectivity indicated that with the reaction time the 

ability of the catalyst to dehydrate the intermediate alcohol is higher. It was concluded before that 

the increase selectivity to FAc (and also F2Ac) could be due to the (partial) reconstruction of HTC 

structure as a result of the interaction of the catalyst with water released during the reaction 
17,19

.  

Under identical conditions, there were differences among tested samples in the furfural conversion 

and selectivity to individual condensation/dehydration products. With increasing Mg/Fe ratio the 

conversion of furfural was steadily increasing (Figure 5 A). At the 240 min, the conversion of furfural 

was around 20 % for nominal Mg/Fe = 1, whereas it reached 88 % for nominal Mg/Fe = 10. For Mg/Fe 

in the region 1 – 5 there was a moderate increase of furfural conversion whereas for Mg/Fe in the 
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region 6 – 10 there was a substantial increase of the furfural conversion on time of the reaction. 

Samples with Mg/Fe 6 – 10 showed somewhat higher selectivity to intermediate alcohol FAc-OH and 

lower to dehydrated FAc. Nevertheless, selectivity to the final product F2Ac was similar among all 

tested samples.  

Generally, the catalytic activity – conversion of furfural and selectivity to the individual product – 

depends on the complex contribution of textural, structural and acido-basic properties of an oxide 
20

. 

Studied Mg-Fe oxides varying in Mg/Fe ratio exhibited very similar particle sizes of crystallites (Table 

1). All samples in the series showed well developed mesoporous structure (Figure 2 A). From the 

pore size distribution, the pores at least 10 nm in diameter were detected (Figure 2 B). These pores 

are wide enough even for bulkier molecules in the aldol condensation reaction of furfural with 

acetone (Scheme 1). We can conclude that steric constraints do not apply in the considered reaction. 

Based on these observations, the different catalytic activity of Mg-Fe oxides under otherwise 

identical catalytic conditions have to be primarily related to their varying acido-basic properties. For 

the correlation of acido-basicity and catalytic performance among samples in the series of Mg/Fe 

ratio, the amount of basic and sites were normalized to the unit sample weight due to the constant 

weight of the sample in catalytic tests (see chapter Catalytic test). 

The furfural conversion dependence on the Mg/Fe ratio of studied oxides is displayed in Figure 6 A.  

It can be seen that with increasing Mg/Fe ratio the conversion of furfural steadily increases. From 

CO2-TPD (Figure 3) and NH3-TPD (Figure 4) it is clear that samples with high content of magnesium 

possess high concentration of basic sites and low concentration of acid sites. It is commonly accepted 

that the aldol condensation is catalysed by the basic sites on the oxide surface 
15,43,48,49

. From that 

point of view, the furfural conversion was related to the concentration of basic sites. The furfural 

conversion dependence on the total amount of basic sites, being depicted in Figure 6 B, shows a 

correlation. However, this dependence is not evidently linear, a positive deviation from the linear 

regression is observed at higher concentrations. The deconvolution of CO2-TPD curves showed that 

oxides with high concentration of basic sites are abundant in strong basic sites. In this line, the 

dependence of furfural conversion was plotted on the concentration of strong basic sites, being 

displayed in Figure 6 C. More straightforward conversion dependence on the concentration of sites is 

observed suggesting that strong basic sites, represented by O
2-

 ions, mostly contribute to the activity 

of Mg-Fe mixed oxides in aldol condensation of furfural and acetone. Straight correlation also 

supposes that the composition of Mg-Fe oxide does not influence the basicity of isolated O
2-

 sites. 

Nevertheless, a contribution of other basic sites cannot be fully excluded. As we showed previously 

on Mg-Al and Zn-Mg-Al oxides, medium strength basic sites are highly heterogeneous Me
n+

-O
2-

 sites 

covering wide range of CO2 interaction energies 
19,39

. Based on large energetic heterogeneity of 
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medium strong Me
n+

-O
2-

 basic sites, the portion of medium strong basic sites would successfully 

contribute to the aldol condensation reaction. In summary, we can conclude that Mg-Fe oxide 

samples with high content of magnesium have relatively enhanced furfural conversion given by the 

higher total concentration of basic sites and additionally, due to the abundance of strong basic O
2-

sites.  

Besides varying furfural conversion, samples of the Mg-Fe oxide series revealed also different 

selectivity to the intermediates of the aldol condensation of furfural with acetone. Figure 5B and C 

show varying selectivity to FAc-OH and FAc being the first condensation and dehydration products, 

respectively (Scheme 1). Oxides with Mg/Fe ratio ≤ 5 represent group of samples with a lower 

selectivity to the FAc-OH intermediate, together with a higher selectivity to the dehydrated product 

FAc. According to the work of Tichit et al. 
50

 and Kikhtyanin et al. 
20

 on Mg-Al hydrotalcites/oxides,  

the dehydration activity of Mg-Al catalysts is given by the presence of acid sites which are 

represented by unsaturated Me
n+

 ions. Since the Mg-Fe oxides with Mg/Fe ratio ≤ 5 bear higher 

amount of acid sites and abundance of stronger acid sites (from NH3-TPD, see Figure 4 A), the 

dehydration step of FAc-OH to FAc would be favoured on such samples. On the contrary, F2Ac 

formation is concerned with the presence of basic sites and differences among samples in the series 

of Mg/Fe ratio are further decreased (Figure 5 D). 

In final, physicochemical parameters are additive influences to the catalytic behaviour of basic mixed 

oxides, as discussed before 
19,20

. As displayed in Figure 6 D, the conversion of furfural reveals a 

correlation with the BET surface area. The surface area determines the surface site density. For that 

purpose, the surface density of basic sites (both total and strong) was calculated for samples in the 

series of the Mg/Fe ratio, details being in Table 2. It is clear that increasing Mg/Fe ratio is related to 

the increasing basic site density of considered sites. We can conclude that Mg-Fe oxides with high 

content of magnesium, being highly basic, have enhanced catalytic activity further supporter by 

higher basic surface site densities. Indeed, the positive correlation between catalytic activity of Mg-Al 

hydrotalcites/oxides in aldol condensation reactions and the density of basic sites was previously 

published 
20,48,49

. This phenomenon can be related to the cooperation of active sites within the 

consecutive reaction steps in the aldol condensation reaction.  

CONCLUSIONS 

The Mg-Fe hydrotalcites/pyroaurites with varying nominal Mg/Fe ratio from 1 to 10 were 

successfully prepared from nitrate salts using the co-precipitation method. Corresponding mixed 

oxide forms were obtained by calcination at 500 °C and characterized on both physicochemical and 

acido-basic levels. Study revealed that oxides properties are significantly related to their chemical 
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composition. With increasing content of Mg in the structure the BET area increases, the total 

concentration of basic sites and abundance of strong basic sites also increases whereas the 

concentration of acid sites decreases. These features were in line with the probable presence of MgO 

phase and surface defects on oxides with high Mg content. Peculiarly, no change was observed for 

crystallite sizes within series of Mg/Fe ratios. In general, compared to the hydrotalcite based Mg-Al 

oxides, the Mg-Fe oxides had lower total concentration of basic sites than Mg-Al oxides, but the 

population of strong basic sites, represented by isolated O
2-

 ions, was higher for Mg-Fe oxides. Oxides 

were tested in aldol condensation of furfural with acetone as the reaction to obtain long carbon 

chain substances. The positive correlation of furfural conversion and selectivity to desired long chain 

product (F2Ac) on the concentration of basic sites was found. Moreover, the population of strong 

basic sites was significant for the reaction. Higher density of active sites was showed to promote the 

reaction. In summary, Mg-Fe oxides with high content of magnesium have relatively enhanced 

furfural conversion given by the higher concentration of basic sites, abundance of strong basic sites 

and higher surface site density. Mg-Fe oxides with low content of magnesium easily catalysed the 

dehydration step of FAc-OH to FAc intermediate due to their higher acidity.  
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Tables: 

* Numbers in parenthesis are percentages of the real Mg/Fe molar ratios related to the synthetic ones  

Table 1. Chemical Composition, Unit cell parameters, Specific Surface Areas and Crystallite Sizes 

determined for the Mg/Fe sample series. 

 

 

Total Strong  

Mg/Fe µµµµmol/m2 µµµµmol/m2 

1.00 0.94 0.23 

2.00 0.94 0.24 

3.00 0.78 0.19 

4.00 0.81 0.29 

5.00 1.05 0.51 

6.00 1.12 0.48 

8.00 1.33 0.60 

10.00 1.39 0.71 

Table 2. Surface density of basic sites for the Mg/Fe oxide series.  

 

 

 

  

a 

(precursors) 

c 

(precursors) 

SBET 

(precursors) 

SBET 

(oxides) 

D101 

(oxides) 

Mg/Fe 

(synthesis) 

Mg/Fe 

(ICP)* nm nm m2/g m2/g nm 

1.00 0.98 (98.0) 0.310 2.338 60.8 76.9 11.13 

2.00 1.96 (98.0) 0.311 2.362 79.6 84.8 6.83 

3.00 2.99 (99.7) 0.311 2.376 60.3 95.3 7.39 

4.00 3.81 (95.0) 0.311 2.352 55.8 100.3 6.01 

5.00 4.82 (96.4) 0.312 2.314 22.3 95.7 6.32 

6.00 5.49 (91.5) 0.310 2.317 25.9 90.2 6.62 

8.00 7.05 (88.1) 0.310 2.319 9.43 107.4 6.57 

10.00 8.47 (84.7) 0.311 2.287 21.31 115.9 6.82 
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Figure legends: 

Figure 1. XRD patterns of parental Mg/Fe hydrotalcites (A) and related Mg/Fe mixed oxides (B). 

Figure 2. N2 adsorption isotherms (A) and pore size distribution curves (B) for the Mg/Fe oxide series. 

Figure 3. CO2-TPD curves (A), concentration of basic sites (B) and population of individual basic sites 

(C) for the Mg/Fe oxide series. 

Figure 4. NH3-TPD curves (A) and concentration of acid sites (B) for the Mg/Fe oxide series. 

Figure 5. Activity of the Mg/Fe mixed oxides in the aldol condensation of furfural with acetone. 

Reaction conditions: 2 g of the catalyst, reaction temperature 50 °C, acetone to furfural molar ratio = 

10/1.  

Figure 6. Dependence of the furfural conversion (t = 240 min) on the Mg/Fe ratio (A),  total 

concentration of basic sites (B), concentration of strong basic sites (C), and specific surface area (SBET) 

(D) for the Mg/Fe oxide series.  

 

Scheme 1. Reaction scheme of the aldol condensation of furfural with acetone with the principal 

products. 
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Figure 1 
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Figure 2 

Page 21 of 26

http://mc.manuscriptcentral.com/jctb-wiley

Journal of Chemical Technology & Biotechnology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

0 100 200 300 400 500

M
S
 s
ig
n
a
l 
4
4
/4

Temperature (°C)

 10:1

 8:1

 6:1

 5:1

 4:1

 3:1

 2:1

 1:1

5E-4
A

0 2 4 6 8 10

60

80

100

120

140

160

C
o
n
c
e
n
tr
a
ti
o
n
 (
µµ µµ
m
o
l/
g
)

Mg/Fe ratio

B

0 2 4 6 8 10

15

20

25

30

35

40

45

50

55

60

65
 strong

 medium

 weak

P
o
p
u
la
ti
o
n
 (
%
)

Mg/Fe ratio

C

 

Figure 3 
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Figure 5 
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Figure 6 
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Scheme 1 
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