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Abstract
Several types of zinc modified Mg–Al layered double hydroxides were prepared. Zinc was incorporated into catalyst structure 
using different methods—coprecipitation, kneading or impregnation. Characterization of all solid catalysts was performed 
using different techniques. Acido–basic properties of prepared materials were investigated using ammonia (or carbon dioxide) 
temperature programmed desorption. The activity of the prepared samples was compared with pure Mg–Al oxide with Mg:Al 
ratio 3:1 in aldol condensation of benzaldehyde and heptanal. The influence of temperature (80–120 °C) on the reaction 
course was monitored. Heptanal conversion and selectivity to two main products, i.e. 2-pentylcinnamylaldehyde (jasmine 
aldehyde) and 2 pentylnon-2-enal, were evaluated. Zinc modified catalysts exhibited under the same conditions 15–20% 
higher yields of the desired jasmine aldehyde.
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1  Introduction

Aldol condensation between substituted 4-alkylaldehyde and 
linear aldehydes is a way to produce different fragrances. 
This type of substances is frequently used in the perfume 
industry due to its stability in basic environment, which 
makes the compounds perfect for use in a number of deter-
gents, shampoos and soaps. In industry, these aldol con-
densations are usually catalyzed by inorganic hydroxides. 
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However, this brings along certain drawbacks, such as 
the use of corrosive mixtures and the production of large 
amounts of waste salts. The use of heterogeneous basic 
catalysts is promising because it offers a simple catalyst 
separation or even the potential to reuse the catalyst. In 
aldol condensation of benzaldehyde with heptanal, a wide 
number of different heterogeneous catalysts have already 
been used; among them, amino functionalized silicas [1], 
acid functionalized silicas [2, 3], magnesium organosilicates 
[4], chitosan grafted hydrotalcites [5], potassium or caesium 
modified solid supports [6], metal organic frameworks [7] 
or mixed Mg–Al oxides [8–16] seem to be very promising 
catalysts. In this work, Mg–Al–Zn oxides prepared by dif-
ferent methods were chosen to perform aldol condensation 
of benzaldehyde with heptanal. Addition of zinc to the cata-
lyst structure can enhance its Lewis acidity and increase its 
activity in aldol condensation, which is typically both acid 
and basic catalysed [17].

Hydrotalcites (HTCs, also layered double hydroxides 
LDHs) are a widely used group of materials with the struc-
ture derived from natural mineral brucite. The chemical 
composition of hydrotacites can be represented by the gen-
eral formula [MII

1−xMIII
x(OH)2]x+·[An−

x/n·y H2O]x−, where 
MII and MIII represent divalent and trivalent metal cation 
respectively, and An− stands for n-valent anion. Laminar-
ity of these materials is caused by alternating the positive 
hydroxide layers containing metal MeII+ and MeIII+ ions 
with the negative layers of hydrated anions in interlayer 
space. Individual layers are connected via weak hydrogen 
bonds. Calcination of hydrotalcites creates mixed oxides, 
which have no more laminar structure. During calcination, 
water molecules and carbonate anions are eliminated from 
structure and basic Lewis sites are formed. The laminar 
structure of mixed oxide can be re-estabilished by rehydra-
tion, which generates again Brönsted basic sites (this behav-
iour is denoted as memory effect) [18–21].

In this work aldol condensation of benzaldehyde and hep-
tanal yielding jasmine aldehyde and 2-pentylnon-2-enal was 
studied as a model reaction to explore the catalytic proper-
ties of a number of Zn–Mg–Al catalysts.

2 � Materials and Method

2.1 � Synthesis of Mixed Oxides

Zn–Mg–Al LDH´s with Zn:Mg:Al molar ratio from 0:3:1 
to 3:0:1 were synthesized by co-precipitation method 
at constant pH value (pH 9.5) and constant temperature 
(T = 60 °C). The zinc hydroxide was synthesized by precip-
itation under the same conditions. The preparation proce-
dure involved mixing of aqueous solutions of nitrates con-
sisting of zinc nitrate Zn(NO3)2·6H2O, magnesium nitrate 

Mg(NO3)2·6H2O and aluminum nitrate Al(NO3)3·9H2O 
(all Lachner, p.a. purity) (cZn+Mg+Al = 1 mol/dm3), and 
a basic solution containing potassium carbonate K2CO3 
(Penta, p.a. purity) and potassium hydroxide KOH (Lach-
ner, p.a. purity) (cKOH = 2 mol/dm3 + cK2CO3 = 0.2 mol/
dm3). After precipitation the solids were isolated by press-
filtration using paper filter plate S15N (Hobra); the filter 
cake was washed by demineralised water to neutral pH and 
dried in oven overnight at 65 °C. Samples were denoted as 
ZA, MA, Z and series with different Zn content ZMA-1 
to ZMA-6.

Four modified samples were prepared by post-synthesis 
modification of prepared Mg–Al LDH (MA sample). The 
wet part of filter cake from MA sample synthesis was used 
for preparation of sample with ZnO. The wet filter cake 
was 15 min kneaded with powdered ZnO (Lachner, p.a. 
purity), and prepared sample was thereafter dried over-
night at 65 °C. The sample was denoted as ZMA-7.

ZMA-8 and ZMA-9 samples were prepared by incipi-
ent wetness impregnation method. The sample ZMA-8 
was prepared by impregnation of calcined MA (calcina-
tion in open air 3 h at 450 °C) by solution of zinc nitrate 
Zn(NO3)2·6H2O. The impregnated sample was dried over-
night at 65 °C. The same process, but with dried MA, was 
used for preparation of the next sample. MA was only 
dried overnight at 120 °C, and impregnated by solution 
of zinc nitrate Zn(NO3)2·6H2O. After impregnation it was 
dried overnight at 65 °C and denoted as ZMA-9.

The last sample was prepared by homogenous precip-
itation of zinc hydroxide on Mg–Al LDH surface. The 
MA, dried overnight at 120 °C, was suspended at 70 °C in 
300 ml of demineralised water and 200 ml of zinc nitrate, 
and urea solution was dropwise added (molar ratio of 
zinc nitrate to urea was 1:5). The suspension of LDH was 
heated for 4 h to reflux temperature. After this time the 
suspension was cooled, filtered, washed by demineral-
ised water and left to dry overnight at 65 °C. The sample 
was denoted as ZMA-10. The zinc content of all modi-
fied samples was calculated to the target Zn:Mg:Al ratio 
0.5:2.5:1.0.

The calcined versions of all samples were denoted with 
“C” before the name of the sample.

Equation of co-recipitation:
6Me(NO

3
)
2
+ 2Al(NO

3
)
3
+ 16KOH + K

2
CO

3
+ 4H

2
O

= Me
6
Al

2
(OH)

16
CO

3
⋅ 4H

2
O + 18KNO

3

Me = Mg and Zn
Equation of precipitation:
Zn(NO3)2 + 2KOH = Zn(OH)2 + 2KNO3

Equations of homogenous precipitation:
(NH2)2CO + H2O = 2NH3+CO2

CO2 + H2O = H2CO3

H2CO3 = 2H+ + CO3
2−

5Zn2+ + 2CO3
2− + 6OH− = Zn5(CO3)2(OH)6



Aldol Condensation of Benzaldehyde and Heptanal Over Zinc Modified Mixed Mg/Al Oxides﻿	

1 3

2.2 � Characterization

The crystallographic structure of the precursors and cata-
lysts was determined by examining the X-ray diffraction 
(XRD) patterns of the powder samples obtained by using 
D8 Advance ECO (Bruker) applying CuKα radiation 
(λ = 1.5406 Å). The step size of 0.02° and the step time of 
0.5 s were used. The patterns were collected over a 2θ range 
of 5°–70° and evaluated by using the Diffrac.Eva software 
with the Powder Diffraction File database (PDF 2–2002, 
International Centre for Diffraction Data).

The specific surface areas (BET) of the catalysts were 
determined by N2 adsorption/desorption at − 196 °C by 
using Autosorb iQ (Quantachrome Instruments). All sam-
ples were dried before the analysis in a glass-cell at 110 °C 
(200 °C for calcined materials) under vacuum for 16 h.

SEM images were obtained by using a scanning electron 
microscope (SEM) JSM-7500F (JEOL Ltd.) with a cold 
cathode—field emission SEM (parameters of measurements: 
1 kV, GB high mode).

Acid–base properties of materials were characterized by 
means of CO2 and NH3 temperature programmed desorption 
(TPD) using Autochem 2950 HP (Micromeritics Instrument 
Corporation). Typically, a 100 mg sample in a quartz U-tube 
reactor was pretreated in He to 450 °C with temperature 
ramp of 10°C/min. In the case of NH3-TPD, the sample 
was cooled to 50 °C and then saturated by ammonia (flow 
25 ml/min, 10 vol% NH3/He for 30 min). Subsequently, the 
gas was changed to helium (25 ml/min) in order to remove 
physically/weakly adsorbed ammonia [flushing out until the 
baseline was constant (60 min)]. After this procedure the 
temperature was increased to 450 °C at a rate of 15°C/min 
to obtain NH3-TPD curves. In the case of CO2-TPD, the 
pretreatment was the same as for NH3-TPD. After the pre-
treatment the sample was cooled to 50 °C and the gas was 
switched to gas mixture of 10 vol% CO2/He (25 ml/min). 
The sample was saturated by CO2 for 30 min. Then the gas 
was changed to helium and left for 1 h at 50 °C in order 
to remove weakly adsorbed molecules. TPD curves were 
obtained by increasing the temperature from 50 to 450 °C 
with the ramp of 15 °C/min. The changes of gas concentra-
tion were monitored by a TCD detector.

Diffuse Reflectance Infrared Fourier Transform Spectros-
copy (DRIFT) of dried and calcined samples was obtained 
using Nicolet iS 10 (Thermo Scientific). The sample (15 mg) 
was mixed with KBr (300 mg) and measured with the fol-
lowing parameters: number of scans 128 and resolution 
2 cm−1.

Thermogravimetric analyses (TGA) of dried LDH cata-
lysts were obtained using TA Instruments TGA Discovery 
series operating at heating ramp 10°C/min from the tem-
perature of 40–900 °C in flowing of nitrogen (20 ml/min, 
Linde 5.0). Approximately 15 mg of sample was heated in 

an open alumina crucible. Quadrupole mass detector Omni-
Star GSD320 (Pfeiffer Vacuum Austria GmbH) was used 
for detection of fragments. Measurements were carried out 
by SCAN mode with voltage 1450 V of electron multiplier.

The chemical composition was verified by using an ICP-
EOS Agilent 725 (Agilent Technologies Inc.). Before analy-
sis, a 200 mg sample was dissolved in 10 cm3 of H2SO4 (1:1) 
and heated. After dissolution, the sample was cooled down, 
diluted with demineralized water and heated to 100 °C for a 
few minutes. Finally, the solution of sample was transported 
to volumetric flask and measured.

2.3 � Aldol Condensation

For the studied aldol condensation, benzaldehyde and hep-
tanal (both Sigma-Aldrich, 97%) were used. Heptanal was 
freshly distilled before the reaction. The solvent used for the 
reaction was N,N’-dimethylformamide (DMF, Penta, p.a.). 
The catalysts were activated before the reaction by calcina-
tion (air, 450 °C, 15 h).

In a typical experiment, a 25 ml round-bottomed flask 
was equipped with condenser and filled up with solvent 
(when used, 1  ml), catalyst and benzaldehyde, and the 
reaction mixture was stirred vigorously and heated to the 
desired temperature (80–100 °C). Then heptanal was added 
in three portions—in minutes 0, 30 and 60 of the reaction (to 
suppress autocondensation of heptanal). The reactant ratio 
was as follows: 20 wt% of catalyst compared to heptanal 
amount, heptanal:benzadehyde molar ratio 1:2. A typical 
experiment involved: benzaldehyde (0.87 ml, 8.50 mmol), 
heptanal (0.60 ml, 4.25 mmol), 0.097 g of catalyst and DMF 
as solvent (1 ml).

Prior to analysis, the samples (4 × 0.1 ml) were centri-
fuged, diluted with ethanol, and then analyzed using Shi-
madzu GC 17A chromatograph fitted with nonpolar column 
ZB-5 (60 m, 0.32 mm diameter, 0.25 µm film) and FID.

3 � Results

3.1 � Characterization

Chemical composition of all laboratory prepared samples 
was determined by the ICP method. The results presented in 
Table 1 show chemical composition, i.e. molar ratio of zinc, 
magnesium and aluminium in the samples respectively. The 
specific surface area (BET) of dried and calcined Zn–Mg–Al 
samples decreased with the increasing Zn content in the 
sample in range of zinc content 0.80–2.11. As for zinc modi-
fied samples, the largest specific surface area is in the sample 
prepared by homogenous precipitation, which is caused by 
contribution of hydrozincite precipitated on the LDH sur-
face. The low specific surface area of impregnated sample 
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ZMA-8 is connected with filling up the pores with the pro-
duced Zn(OH)2. Having been calcined, the samples show 
an increase of the specific surface areas (up to the value of 
around 150–200 m2/g). A less marked increase is observed 
in samples with high zinc content, whereas the sample Z, 
containing Zn(OH)2, exhibits the opposite trend—after cal-
cination, its specific surface area decreases significantly, 
which is connected with the formation of ZnO.

Diffractograms of dried samples (Fig. 1) exhibit typical 
diffraction lines characteristic for LDH materials. Typical 
are reflexions on 2theta 10.3°, 22.9°, 34.7°, 39.1°, 46.2°, 

60.5° and 61.8°. Other crystallic phases present in the sam-
ples include zinc hydroxide contained in sample Z, typi-
cal diffraction lines 2theta 31.8°, 34.4°, 36.2° and 56.6°. A 
small part of zinc hydroxide is also formed in sample ZA, 
where the diffraction spectrum shows that not the entire zinc 
was built into the structure of LDH. Samples Z, ZMA-9 and 
ZMA-10 also contain, as a minority phase, hydrozincite with 
characteristic lines 2theta 13.0°, 28.0°,31.0°and 32.8°, while 
in sample ZMA-7 the added ZnO is visible.

Calcined samples (Fig.  2) indicate that magnesium 
oxide phase content (2θ 43.0°and 62.4°) decreases with the 

Table 1   Chemical and textural 
properties and methods of 
preparation of the samples

Sample (dried/calcined) Specific surface area 
SBET (m2/g)

Chemical composition 
(molar ratio)

Method of preparation

110 °C 450 °C Zn Mg Al

ZMA-1/CZMA-1 83.0 205.7 0.26 2.93 1.00 Coprecipitation
ZMA-2/CZMA-2 98.7 243.7 0.53 2.71 1.00 Coprecipitation
ZMA-3/CZMA-3 96.0 238.4 0.80 2.45 1.00 Coprecipitation
ZMA-4/CZMA-4 59.6 147.5 1.03 2.05 1.00 Coprecipitation
ZMA-5/CZMA-5 45.6 122.3 1.55 1.54 1.00 Coprecipitation
ZMA-6/CZMA-6 30.5 114.8 2.11 1.01 1.00 Coprecipitation
ZMA-7/CZMA-7 73.5 214.2 0.48 3.10 1.00 Kneading
ZMA-8/CZMA-8 10.0 175.3 0.52 3.14 1.00 Impregnation
ZMA-9/CZMA-9 47.8 162.1 0.57 3.19 1.00 Impregnation
ZMA-10/CZMA-10 96.2 192.6 0.55 2.61 1.00 Homogenous precipitation
ZA/CZA 18.1 105.1 3.02 – 1.00 Coprecipitation
MA/CMA 59.5 188.5 – 3.22 1.00 Coprecipitation
Z/CZ 51.6 16.7 1.00 – – Precipitation

Fig. 1   XRD patterns of the pre-
pared dried Zn/Mg/Al samples
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increasing content of zinc in the sample. The highest crys-
tallinity is exhibited by the sample Z containing only zinc 
oxide phase: 2θ 31.7°, 34.4°, 36.2°, 47.5°, 56.5°, 62.8° and 
67.9°.

For samples containing LDH phase, the size of crystal-
lites and interlayer distance of LDH phase were identified 
(Table 2). The size of crystallites of dried samples was 
calculated from the first distinctive LDH reflexion (around 
11° 2θ). The interlayer distance of the samples does not 
change significantly, showing only a minor reduction with 
the increase of zinc content in the sample. The sample 
containing only Mg/Al LDH has an interlayer distance of 

7.82 Å, while the Zn/Al LDH sample exhibits only slightly 
smaller value of 7.62 Å. As for zinc modified samples, a 
major increase was observed in the samples ZMA-8 and 
ZMA-9 prepared by impregnation with zinc nitrate, which 
is due to introduction of NO3

− anion into the interlayer 
of LDH [18]. The sample ZMA-9 prepared by impregna-
tion of dried sample MA contains, besides LDH phase, 
also hydrozincite. Compared to the sample ZMA-10, the 
hydrozincite content is relatively higher, which is caused 
by higher content of amorphous phase in the sample, or 
higher crystallinity of the sample ZMA-10.

Fig. 2   XRD patterns of the 
calcined Zn modified Mg/Al 
samples

Table 2   Diffraction and phase 
properties of the dried samples

Sample Relative content of crystallic phases (%) LDH crystallite 
size D (nm)

LDH D 
value 
(Å)LDH Zn(OH)2 ZnO Zn5(OH)6(CO3)2

ZMA-1 100.0 – – – 138.0 7.75
ZMA-2 100.0 – – – 138.0 7.76
ZMA-3 100.0 – – – 142.3 7.75
ZMA-4 100.0 – – – 174.0 7.75
ZMA-5 100.0 – – – 196.9 7.72
ZMA-6 100.0 – – – 236.2 7.69
ZMA-7 84.1 – 19.1 – 159.3 7.81
ZMA-8 100.0 – – – 55.3 8.33
ZMA-9 86.9 – – 13.1 61.8 8.89
ZMA-10 95.7 – – 4.3 124.3 7.78
ZA 95.7 4.3 – – 284.2 7.62
MA 100.0 – – – 159.0 7.82
Z – 100.0 – – – –
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The size of LDH crystallites (Table 2) in samples ZMA-1 
through ZMA-6 grows with the increasing content of Zn. 
The zinc modified sample ZMA-7 exhibits the same size of 
crystallites as the original MA; this is caused by the fact that 
the ZnO added by kneading to the MA cake does not directly 
affect its structure and remains as a separate phase. Sam-
ples prepared by impregnation show a significant decrease 
in the size of crystallites, which relates to reconstruction 
and reorganisation of the structure during the impregnation 
process. In case of sample ZMA-10 prepared by homogene-
ous precipitation of zinc on the surface of MA sample, the 
crystallite is slightly smaller.

The size of crystallites of MgO and ZnO calcined sam-
ples (Table 3) were calculated from the reflexions at 32° 2θ 
for ZnO and 43° 2θ for MgO. The reflexion in the position 
of 32° 2θ was chosen for ZnO because in case of samples 
with lower zinc content the reflexions in the positions of 
34°and 36° 2θ are overlapping/connected, making it impos-
sible to determine the values with precision. For CZMA-1 
through CZMA-4 the results show increase in the size of 
MgO crystallites with the increasing content of Zn in the 
sample. For samples CZMA-5 and CZMA-6 it is not pos-
sible to determine the size of MgO crystallites because the 
diffraction lines are not visible. Similar situation occurs with 
the determination of ZnO crystallites, where the samples 
CZMA-1 through CZMA-3 contain too little ZnO phase, and 
therefore the respective diffraction lines cannot be quanti-
fied. The size of ZnO crystallites in other samples in the 
line shows an increasing tendency with the increasing zinc 
content. For modified samples, the biggest ZnO crystallite 
is observed in sample CZMA-7, which was prepared by 
kneading of the MA sample with ZnO. Modified samples 
CZMA-8 through CZMA-10 have ZnO crystallites whose 

size is at the border between samples with zinc in structure 
and those with free ZnO, which is caused by occurrence of 
ZnO as a separate phase on the surface and in the pores of 
the prepared samples.

Zinc modified samples were also characterized by scan-
ning electron microscope (series of scans in Fig. 3). Images 
with smaller magnification show agglomerates of individual 
LDH crystallites. Images of MA sample exhibit well devel-
oped leaf-like crystals with sharp edges, while samples mod-
ified by impregnation exhibit deformed wavy crystals—this 
applies namely to sample ZMA-8. Images of the sample pre-
pared by homogeneous precipitation display tiny thin leaves 
of hydrozincite released on LDH surface.

The process of transformation of LDH structure into 
mixed oxides was investigated also by applying thermo-
gravimetric analysis (Fig. 4). DTG curves of the analysed 
samples indicate several steps of decomposition, which are 
accompanied with loss of mass. Physically adsorbed water 
and the interlayer water are removed at 50–200 °C, sur-
face OH− groups and decomposition of carbonates in the 
LDH interlayer are observed at 200–500 °C [12]. Samples 
containing Zn in LDH structure (ZMA-1 through ZMA-6) 
show increasing loss of mass with decreasing zinc con-
tent. DTG curves illustrate a visible shift of the first peak 
towards higher temperatures depending on the decreasing 
zinc content, as well as lower intensity of the second peak 
with the opposite trend, where the intensity decreases with 
the increasing content of zinc in the sample. This is due to 
higher number of OH– groups in the brucite layer of LDH, 
resulting in higher loss of mass at around 400 °C.

Zinc modified samples have similar characteristics as 
this series, only samples ZMA-8 and ZMA-9, prepared 
by impregnation, exhibit higher loss of mass at around 
400 °C (Fig. 5). This relates to the decomposition of the 
nitrate anion present in the material after impregnation of 
the basic LDH with a solution of zinc nitrate. Mass detector 
has identified in ZMA-8 mainly the presence of nitrogen 
oxides originated from thermal decomposition of nitrate 
anion, while the sample ZMA-9 contained nitrogen oxides 
as well as CO2, which resulted from thermal decomposition 
of carbonate anion (Fig. 10). As for ZMA-10 and the sample 
MA, which was used for the preparation of zinc modified 
samples, only CO2 was detected. The content of CO2 was 
higher in ZMA-10, which corresponds with the contribution 
of carbonate anion bound in hydrozincite. The presence of 
NO3

− anions was also proved by the DRIFT method.
The DRIFT analysis of LDH structure, or the mixed 

oxide, showed differences between the prepared samples 
and the modified samples (Figs. 6, 7). DRIFT spectra of 
the prepared materials are similar to other published results 
[18, 22–27].

The typical wide band at approximately 3400–3600 cm−1 
is attributed to the stretching vibrations of structural 

Table 3   Diffraction and phase properties of the calcined samples

Sample Relative content of crystal-
lic phases (%)

Crystallite size D 
(Å)

MgO ZnO MgO ZnO

CZMA-1 93.4 6.6 37.8 –
CZMA-2 87.1 12.9 37.3 –
CZMA-3 69.4 30.6 38.4 –
CZMA-4 49.5 50.5 45.0 71.2
CZMA-5 13.9 86.1 – 73.3
CZMA-6 4.5 95.5 – 73.2
CZMA-7 21.4 78.6 – 577.3
CZMA-8 77.8 22.2 – 113.5
CZMA-9 64.8 35.2 – 172.9
CZMA-10 59.4 40.6 – 125.2
CZA – 100.0 – 124.9
CMA 100.0 – 43.8 –
CZ – 100.0 – 320.4
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hydroxyl groups in the brucite-like layer. The band around 
1640  cm−1 indicates the presence of water molecules 
in LDH and the bands 1380 and 1420 cm−1 point to the 
presence of carbonates in the interlayer. The band around 
1510 cm−1 corresponds to the OH– absorption band, and 
the bands 820–840 and 1760 cm−1 pertain to the nitrate 
anion. The area of low frequencies showed bands at 550, 680 

and 770 cm−1 related to M–OH vibrations, and the band at 
420 cm−1 assigned to O–M–O vibration. Calcination of the 
samples resulted in removal of water, carbonate and hydrox-
ide anions; this was confirmed by disappearance or signifi-
cant reduction of the respective bands at 1380, 1640 and the 
wide band 3400–3600 cm−1. M–OH and O–M–O vibrations 
can be seen in the bands at 470, 680 and 790 cm−1. DRIFT 

Fig. 3   SEM images of the 
prepared samples—first 
quadruple (upper group) with 
lower resolution of 25,000× 
and second quadruple (lower 
group) with higher resolution of 
75,000–100,000× (MA, ZMA-
8, ZMA-9, ZMA-10)
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spectra of samples calcined at the temperature T = 450 °C 
indicate the presence of residual carbonate and hydroxyl 
anions. The presence of water sorbed from air during meas-
urement of the samples is documented by a moderate band 
around 1640 cm−1.

Acidic and basic properties were investigated by desorp-
tion of ammonia and carbon dioxide respectively (Figs. 8, 
9). NH3-TPD spectra show a broad peak, indicating the pres-
ence of weak and medium acid sites. CZ sample shows two 
separate peaks, one with the maximum at 95 °C caused by 
residual NH3 bound to surface, while the other reaching the 
maximum at the temperature of 410 °C is probably caused 

by further thermal decomposition of the sample. Compared 
to CZMA-2, zinc modified samples have a narrower peak 
and the materials contain mainly weak acid sites. The den-
sity of acid sites in CMA, CZMA-1 through CZMA-6 and 
CZA samples increases with the content of Zn and is com-
parable to the density of acid sites in zinc modified samples.

CO2-TPD spectra of the samples indicate the presence 
of at least three types of basic sites located in low tempera-
ture (100–110 °C), medium temperature (200–280 °C) and 
high temperature (300–350 °C) regions (the temperatures 
may be assigned to low, medium and strong basic sites). 
Samples CZMA-1 through CZMA-6 show higher rate of 

Fig. 4   TGA (right)/ DTG (left) 
curves of the prepared samples

Fig. 5   TGA (right)/ DTG (left) 
curves of the Zn modified Mg/
Al samples
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medium basic sites in comparison to sample CMA; with 
increasing zinc content the peak moves towards lower tem-
peratures. As for sample CZA, there is no clear distinction 
between weak and medium basic sites, and sample CZ 
exhibits, similarly as NH3-TPD, only two separate peaks—
first at 105 °C caused by residual CO2 bound on surface, 
and second at 420 °C which is probably caused again by 
further thermal decomposition of the sample.

Zinc modification of MA sample leads to a change in the 
ratio of the individual basic sites. Sample CZMA-7 con-
tains more medium than weak basic sites, while in sample 
CZMA-9 the ratio is almost equal, and in sample CZMA-
10 the ratio of weak and medium basic sites is opposite. In 
terms of density of basic sites, CZ is the most distinctive 
sample, which is due to very small specific surface area. 
The density of medium basic sites reaches the maximum in 

Fig. 6   DRIFT spectra of the 
dried prepared samples (left) 
and of the dried Zn modified 
Mg/Al samples (right)

Fig. 7   DRIFT spectra of the 
calcined prepared samples (left) 
and of the calcined Zn modified 
Mg/Al samples (right)
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sample CZMA-4. Zinc modified samples (CZMA-7 through 
CZMA-10) are very similar to each other. Compared to 
CZMA-2, they exhibit higher ratios, namely of weak basic 
centres.

Based on the obtained results it is obvious that the modi-
fied samples ZMA-8 and ZMA-9 are very similar to each 
other, although they were prepared from differently ther-
mally treated MA samples (Fig. 10). During impregnation 
of dried LDH, CO3

2− anion is substituted by NO3
− anion, 

which then reacts, forming another minority crystalline 
phase—hydrozincite. An indistinctive band of OH groups 
(1505–1510 cm−1) observed in DRIFT spectrum of sam-
ple ZMA-9 indicates OH groups related to the formation of 
hydrozincite. The only other sample where the same band 
is observed is ZMA-10, which contains hydrozincite as well 
[28]. During impregnation of calcined LDH, no other crys-
talline phase is observed, the interlayer contains for compen-
sation of the charge only NO3

− anion, and zinc is dispersed 
in the sample, not forming further crystalline phases vis-
ible in XRD. The values of interplanar distance in samples 
ZMA-8 and ZMA-9 indicate that ZMA-8 contains in the 
interlayer only nitrate anion, whereas ZMA-9 has a nitrate 
anion and probably partially also a carbonate anion [18]. 
Both modified samples also have almost identical acidobasic 
properties, which is demonstrated in catalytic tests, where 
they achieve similar results and also the best conversions of 
heptanal and selectivity to the required product, i.e. jasmine 
aldehyde, of all tested samples.

Summary equation of impregnation of dried MA and 
hydrozincite formation

5Mg6Al2(OH)16CO3 ⋅ 4H2O + 5Zn(NO3)2 = 5Mg6
Al

2
(OH)

16
(NO

3
)
2
⋅ 4H

2
O + Zn

5
(CO

3
)
2
(OH)

6
+ 13H

2
O

+3CO
2

Equations of impregnation of calcined MA
Mg6Al2O9+Zn(NO3)2 + 13H2O = Mg6Al2(OH)16

(NO
3
)
2
⋅ 4H

2
O + Zn(OH)

2

3.2 � Aldol Condensation

In this work, aldol condensation of benzaldehyde with hep-
tanal (Fig. 11) was used to evaluate the activity of several 
types of zinc containing catalysts prepared by different 
techniques. In this type of reaction, two possible products 
can occur—a product of autocondensation of two heptanal 
molecules—2-pentylnon-2-enal (PN) or a product of mixed 
aldol condensation—2pentylcinnamylaldehyde (jasmine 
aldehyde, JA).

Catalysts with increasing zinc content were tested at 
80 °C. At this temperature, a well-marked maximum was 
observed. The highest heptanal conversions were obtained 
using catalysts CZMA-2 and CZMA-3; the CZMA-2 catalyst 
was chosen to be tested also at higher temperatures (100 and 
120 °C, Table 4). Subsequently, other samples with the same 
molar composition were prepared by different methods, and 
the catalytic activity of these samples was tested only at 
100 °C (at this temperature the reference catalyst CZMA-2 
had the conversion higher than 85%). The temperatures for 
catalytic testing were selected according to our previous 
work [16]. The stability of catalysts was studied. The leach-
ing metals from catalysts were not determinate in products, 
therefore the catalysts were stable in aldol condensation of 
benzaldehyde with heptanal. The fact that this reaction is 
heterogeneously catalyzed was confirmed by hot filtration 
test. No reaction occurred when catalyst was filtered of reac-
tion mixture.

Aldol condensation performed using catalysts prepared 
by copreciptation method (Fig. 12) showed that the catalyst 
with the lowest activity was pure zinc oxide. This catalyst 
possessed a remarkably lower reaction rate comparing other 
catalysts.

When comparing catalysts containing increasing amount 
of zinc to pure Mg–Al oxide (CMA catalyst), the reac-
tion rate was almost the same in all cases except catalyst 
CZMA-6 with the highest zinc amount of all coprecipitated 
catalysts. When comparing selectivities to the products, in 
all cases (except pure zinc oxide, CZ cat.) more jasmine 
aldehyde than 2-pentylnon-2-enal originated. The highest 
JA/PN ratio was present in the case of pure Mg-Al mixed 
oxide, in case of catalysts containing zinc this JA/PN ratio 
was lower. This reaction (catalyzed using pure zinc oxide) 
resulted in significantly more autocondensation product than 
mixed aldol condensation product. These results show that 

Fig. 8   Concentration and density of acid and basic sites of the cal-
cined samples. NH3-TPD, CO2-TPD [LTP low temperature peak 
(100–110  °C), MTP medium temperature peak (200–280  °C), HTP 
high temperature peak (300–350°C)]
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incorporation of zinc into the catalyst structure by copre-
cipitation did not influence the reaction rate and that the 
influence on selectivity to the desired mixed aldol product 
was rather negative.

3.2.1 � Possible Reaction Mechanism

We propose the reaction mechanism based on literary data 
as follows: metal (Mg2+) and oxygen in catalyst’s structure 
interact with α-hydrogen of heptanal molecule (Fig. 13a) and 
generate initial hydroxyl group, which subsequently attacks 
other heptanal molecule and forms enolate. Enolate formed 
from heptanal attacks carbonyl group of benzaldehyde and 
forms aldol, which is subsequently dehydrated to aldol 

condensation product. Metal (Al3+) and oxygen in catalyst’s 
structure interacts with heptanal molecule (Fig. 13b) as well. 
In this case carbonyl group of heptanal is polarized by metal, 
which acidifies α-hydrogen and it is abstracted by framework 
oxygen generating metal enolate, which again attacks car-
bonyl group of benzaldehyde and reaction proceeds further 
as described below [29, 30].

3.2.2 � Influence of Temperature

The influence of temperature on the reaction rate was pre-
dictable—with increasing temperature the reaction rate 
increased (Table 4).

Fig. 9   CO2-TPD (up) and 
NH3-TPD (down) graphs of the 
calcined samples



	 Z. Tišler et al.

1 3

The reaction temperature also influenced the jasminalde-
hyde selectivity. In all cases the jasminaldehyde selectivity 
was increased from 57 to 71% with increasing temperature 
from 80 to 140 °C in heptanal conversion of 30%. The reac-
tion rate was increased with increasing temperature. The 
heptanal conversion of 30% was achieved after 6.3 h at 80 °C 
and 0.89 h at 140 °C. This phenomenon could be also caused 

by the fact that with increasing temperature more heptanal 
refluxed, and therefore heptanal concentration in reaction 
mixture was lower, which caused preference of mixed prod-
uct origination. The influence of temperature (60–160 °C) on 
conversion of heptanal and selectivity to jasmine aldehyde 
Prabhu at all studied [31] and Al-KIT-6 was used as acid 
catalysts. The rise of reaction temperature from 60 to 120 °C 

Fig. 10   TGA-MS spectra of the MA sample and Zn modified Mg/Al samples (ZMA-8, ZMA-9 and ZMA-10)

Fig. 11   Reaction scheme of 
aldol condensation of benza-
ldehyde with heptanal giving 
2-pentylcinnamylaldehyde (a) 
and 2-pentylnon-2-enal (b)
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resulted in an increase in the conversion of heptanal and 
selectivity to jasmine aldehyde from 54 to 90% and from 70 
to 90% respectively after 12 h. The reasons of the low con-
centration product of self-condensation of heptanal were the 
weak acid nature of Brönsted acid sites and the high content 
of benzaldehyde (molar ration benzaldehyde:heptanal 3:1) 
[31]. On the other hand, Hamza et al. [32] tested the FeAlP 
catalyst and found that with increased reaction temperature 
from 80 to 150 °C, the conversion of heptanal increased 

from 9 to 81%. The selectivity increased from 36 to 71% up 
to 140 °C. When the reaction was carried out at 150 °C, the 
selectivity decreased to 52% after 4 h. On contrary, Sharma 
et al. [9] presented that with increasing temperature from 
70 to 170 °C the reaction rate increased as well. Mg–Al 
rehydrated mixed oxide with molar ratio Mg/Al 3.5 was used 
as catalyst. The selectivity to jasmine aldehyde decreased 
because higher temperature favors the formation of 2-pen-
tylnon-2-enal, which is the product of self-condensation of 
heptanal [9]. However, we observed that the selectivity to 
jasmine aldehyde increased with increased reaction tempera-
ture, as shown in Table 4.

3.2.3 � Influence of Zinc Amount in Catalyst and Type 
of Catalyst Preparation

Incorporation of zinc into the structure using coprecipita-
tion method did not influence the selectivity to the desired 
product as it had been expected. For these modifications 
we used pre-prepared MA or CMA samples. All catalysts 

Table 4   Influence of temperature on the jasminaldehyde selectivity in 
30% heptanal conversion (HP:BZ = 1:2 molar, catalyst CZMA-2, no 
solvent, 7 h)

Temperature (°C) Jasmine aldehyde selectivity 
(%)

Time (h)

80 57 6.3
100 58 2.7
120 68 1.0
140 71 0.89

Fig. 12   Conversion and selectivity (HP:BZ = 1:2 molar, 80 °C, no solvent, 7 h)
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contained similar Mg:Al:Zn molar ratio (3:1:0.5). The 
highest initial reaction rates were observed at CZMA-2 
and CZMA-3, how it can see on Fig. 12. CZMA-2 and 
CZMA-3 achieved also the highest heptanal conversion 
(65.3%) after 7 h.When comparing catalyst prepared by 
coprecipitation (CZMA-2) with catalysts prepared by 
other methods, coprecipitated catalyst showed signifi-
cantly lower selectivity to cross-aldol product. Overall, 
the selectivity to cross-aldol product was the highest using 
materials prepared by impregnation. Catalyst activity was 
evaluated using isoconversion data (Tables 5, 6). Catalysts 
prepared by coprecipitation method were compared at 15% 
heptanal conversion. The highest selectivity to jasmine 
aldehyde was obtained using CZMA-5 catalyst, which was 
in the range of measurement error with the selectivities 

obtained using CZMA-2, CZMA-3 and CZMA-4 catalysts. 
Selectivity to jasmine aldehyde was similar also using 
other coprecipitated catalysts except CZ, which possessed 
significantly lower selectivity to jasmine aldehyde (33%). 
The highest reaction rate was obtained using CZMA-3 and 
CZMA-2 catalysts. Except for catalyst CZMA-1, copre-
cipitated catalysts showed a decrease of reaction rate with 
increasing zinc content.

Catalysts prepared by other ways of zinc incorporation 
were evaluated at 40% heptanal conversion. In this case, 
selectivity to jasmine aldehyde was in the range of measure-
ment error for catalysts prepared by other synthesis methods 
than coprecipitation. Except catalyst CZMA-7, fairly lower 
catalyst activity was observed as well.

Correlation of catalysts (Fig.  14) indicates that the 
increasing zinc amount in catalyst caused the increase of jas-
mine aldehyde yield up to molar ratio Zn:Mg:Al = 0.5:2.5:1 
(CZMA-2). With following increase of zinc amount in the 
catalyst, jasmine aldehyde yield decreased from 26 to 3% 

Fig. 13   Enolate formation by 
Mg–Al catalyst from heptanal 
molecule

Table 5   Jasmine aldehyde selectivity and time to reach 15% heptanal 
conversion (HP:BZ = 1:2 molar, 80 °C, no solvent)

Sample Jasmine aldehyde selectivity 
(%)

Time (h)

CZMA-1 54 2.4
CZMA-2 57 1.8
CZMA-3 60 2.0
CZMA-4 57 3.7
CZMA-5 60 4.3
CZMA-6 56 4.7
CZA 56 4.6
CZ 33 6.2
CMA 55 3.7

Table 6   Jasmine aldehyde selectivity and time to reach 40% heptanal 
conversion (HP:BZ = 1:2 molar, 80 °C, no solvent)

Sample Jasmine aldehyde selectivity 
(%)

Time (h)

CZMA-2 56 4.0
CZMA-7 57 3.1
CZMA-8 57 3.7
CZMA-9 60 3.5
CZMA-10 58 4.0
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for pure Zn-Al (molar ratio Zn:Al = 3:1, CZ) catalyst. The 
same trend was observed also in case of specific surface area 
(SBET). Data of material basicity and acidity confirmed that 
both basic and acid sites are active in aldol condensation as 
predicted. More acid active sites were detected in materials 
with lower zinc amount, in case of basic active sites the max-
imum was observed in materials with molar Zn:Mg:Al ratio 
1:2:1. A decrease of abundance of both acid and basic active 
sites was observed with higher zinc content in catalyst. This 
decrease was probably caused by the increase of particle 
size with increasing zinc amount, which caused decrease of 
specific surface area and was accompanied by decrease of 
amount of active sites.

Comparison with similar catalysts in literature was per-
formed (Table 7). The results presented here are comparable 
with the data presented in literature for Mg-Al mixed oxides 
and better than chitosan modified hydrotacites or magnesium 
organo silicates.

4 � Conclusion

Several catalyst types were synthesized and characterized 
using different methods. These materials with different 
Mg:Al:Zn ratio (1.0:2.1:1.0–3.2:0.57:1.0) were used as 
catalysts in aldol condensation of benzaldehyde with hep-
tanal as a model reaction. Comparing the activity of pure 
Mg–Al oxide and Mg–Al–Zn oxides shows under the same 
conditions, yields of jasmine aldehyde by 15–20% higher. 
The amount of zinc in the catalyst influences the reaction 
rate, and the yields of jasmine aldehyde at 100 °C is in the 
range of 0.6–0.65. Increase of reaction temperature caused 
the increased reaction rate and also the origination of jas-
mine aldehyde in higher ratio. Contrariwise, usage of sol-
vent (DMF) caused lower reaction rate and also decrease of 
jasmine aldehyde origination, but it is convenient to reduce 
the viscosity of the mixture in the event of synthesis in a 
flow reactor. It was shown that by modification by Zn it 

Fig. 14   Correlation of catalyst 
characteristics and yield 
(HP:BZ = 1:2 molar, 80 °C, no 
solvent, 7 h)

Table 7   Comparison with data in literature

Catalyst type Heptanal con-
version (%)

Selectivity to jasmine 
aldehyde (%)

HP:BZ 
molar ratio

Temperature 
(°C)

Time (h) References

Reconstructed Mg–Al hydrotalcite 53 84 1:5 100 2 9
Mg–Al mixed oxide 99 75 1:5 125 8 8
Magnesium organo silicate 98 66 1:2 125 8 4
Mg–Al mixed oxide 99 73 1:2 100 7 16
Chitosan grafted hydrotalcite 97 61 1:2 125 7 33
Mg–Al mixed oxide modified with zinc 98 74 1:2 100 7 Current work
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is possible to prepare catalysts, which are more active and 
provide higher yields of the desired product—jasmine alde-
hyde. Catalyst testing gave valuable data, which will help in 
further investigation of this reaction and in future testing in 
continuous stirred-tank reactor.
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