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Abstract
Alkaline-earth doped multiwall carbon nanotubes, M-CNT (M = Mg, Ca, Sr, Ba) have been prepared by a combined method 
of ionic exchange and precipitation. The wide characterization of the solids by nitrogen adsorption, ATR–FTIR, thermal 
analysis, XRD, scanning electron microscopy, transmission electron microscopy, point of zero charge (PZC), and X-ray 
photoelectron spectroscopy shows that the incorporation of M to the CNTs has been successfully produced. The doping with 
the alkaline-earth cations causes a decrease in the SBET value of the raw material, mainly due to the blockage of mesopores 
by the metal carbonate phase formed in most of cases. This metallic phase also contributes to the destabilization of the 
nanotubes by promoting their oxidation. According to PZC values, the acid character of oxidized CNTs changes to basic for 
the M-CNT series, Mg-CNT showing the highest PZC value. The basic properties of the catalysts have been tested in the 
C–C bond forming reaction of Knoevenagel, by carrying out the condensation of ethyl cyanoacetate with benzaldehyde or 
4-methoxybenzaldehyde.
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1  Introduction

Carbon nanotubes (CNTs) are fascinating materials [1], with 
excellent electronic, physical and chemical properties [2, 3], 
which find interesting applications in the field of catalysis as 
alternative supports to the conventional ones due to multi-
ple reasons [4–6], among them their high surface active site 
to volume ratio, light mass density, high porosity, hallow 
structure and controlled pore size distribution. Additionally, 
the absence of microporosity eliminates diffusion and inter-
particle mass transfer, leading to a high accessibility to the 
active phase. Furthermore, for multiwall CNTs (MWCNTs) 
their specific surface area and their internal diameter can be 
tuned according to the catalytic requirement.

In order to be used as catalysts, a wide variety of methods 
have been applied to deposit the active phase on CNTs [4, 
5], thus obtaining decorated CNTs with different metals, 
mainly transition metals, which can be deposited on their 

external surface [7, 8], in their inner cavity [9–11], or in 
both [12]. The choosing of the method depends on the final 
application of the material, as molecules and nanomaterials 
on the exterior walls of CNTs display different properties 
and chemical reactivities from those confined within CNTs.

With the purpose of modifying the acid or basic proper-
ties of the CNTs to be used as catalysts different function-
alities or heteroatoms can be incorporated. Thus, the basic 
character can be enhanced by inserting nitrogen functional 
groups on the CNTs surface or synthesizing them in the 
presence of a source of nitrogen [13–16]. The blending of 
CNTs with metal oxides of basic character, such as ZnO, 
TiO2, MgO among others [17] also confers basicity to the 
final material.

Between the reactions catalyzed via basic centres, Knoev-
enagel condensation has been widely used for the synthesis 
of key intermediates and final products [18–21]. However, 
this C–C bond forming reaction and the search for new 
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materials catalyzing the reaction still arouses great interest 
in the field of organic synthesis.

In this paper we report by the first time the synthesis of 
doped alkaline-earth MWCNTs, by ionic exchange between 
the protons of carboxylic groups of oxidized MWCNTs and 
the metal chlorides, and subsequent precipitation of the cor-
responding hydroxides on the walls of CNTs. The characteri-
zation of the catalysts by different techniques will allow to 
identify the influence of the oxidative functionalization, the 
pyrolysis and the metallic phase incorporated in the nano-
tubes on their textural and crystalline properties and on their 
catalytic activity in the Knoevenagel reaction between ben-
zaldehyde (or a substituted benzaldehyde, 4-methoxybenza-
ldehyde) and ethyl cyanoacetate.

2 � Experimental

2.1 � Synthesis of the Catalysts

The multiwall carbon nanotubes (named as CNT herein) 
used as pristine material for the synthesis of the catalysts 
were provided by Sigma-Aldrich, with the following char-
acteristics: OD × L 6–9 nm × 5 µm and purity > 95%. They 
were previously functionalized by oxidation with nitric 
acid, to obtain CNTO sample, according to the procedure 
described in [22].

The procedure of preparation of alkaline-earth doped 
CNTs was based on the ionic exchange between the protons 
of carboxylic groups of CNTO and the metal cations and the 

subsequent precipitation of the corresponding hydroxides 
on the walls of CNTs (Scheme 1), and it is detailed as fol-
lows. 1 g of CNTO was dispersed in 50 mL of 0.15 M MCl2 
(M = Mg, Ca, Sr, Ba). Ammonium hydroxide was added 
dropwise until pH 8. The suspension was sonicated for 
30 min and then left for 5 h. The solid was filtered, washed 
until absence of chlorides and dried at room temperature for 
24 h and at 60 °C for 16 h. Finally it was pyrolyzed under 
nitrogen flow of 100 mL/min at 500 °C for 5 h. Accord-
ing to shown in Scheme 1, the initially formed hydroxides 
must be transformed into the corresponding oxides; how-
ever, the metal carbonate phases are also formed, as it will 
be seen below by XRD results. It is supposed that some 
atmospheric CO2 held in the pores of the catalyst structure 
could be catched by the surface oxide groups, leading to the 
formation of carbonates, in spite of the fact that the pyrolysis 
was carried out under inert atmosphere. The catalysts thus 
obtained were denoted as M-CNT (with M = Mg, Ca, Sr, 
Ba). For comparison, the oxidized nanotubes without dop-
ing treatment were also pyrolyzed in the same conditions, 
obtaining the CNTOp sample.

2.2 � Characterization of the Catalysts

The textural properties of samples were determined from the 
nitrogen adsorption–desorption isotherms at − 196 °C, by 
using a Micromeritics ASAP 2010 equipment. The samples 
were previously outgassed at 150 °C for 8 h until a vacuum 
set point of 200 µm Hg. The surface area and micropore 
volume were determined by BET method and t-plot method, 

Scheme 1   Schematic illustration of the procedure for preparation of M-CNT samples



2282	 N. Barrios‑Bermúdez et al.

1 3

respectively, and the mesoporosity characteristics of sam-
ples were obtained by the BJH method. A Seiko SSC 5200 
TG–DTA 320 System was used for the thermal analysis of 
samples, by heating about 20 mg of sample in air flow of 
100 mL/min from 30 up to 1000 °C (heating rate of 10 °C/
min). Infrared spectra of CNT, CNTO, CNTOp and M-CNT 
samples were measured in a FT-IR Nicolet iS50 (Thermo 
Scientific) instrument, equipped with ATR analyzer of ger-
manium in the 4000–700 cm−1 range. Transmission electron 
microscopy (TEM) images of the samples were recorded 
by using a JEOL 2100 microscope operating at 200 kV and 
scanning electron microscopy (SEM) and energy dispersive 
X-ray spectroscopy (EDX) measurements were performed 
using an Oxford Instrument, model: X-Max of 80 mm2 and 
resolution between 127 eV and 5.9 keV. X-ray diffraction 
patterns were registered using a X’Pert Pro Panalytical dif-
fractometer with Cu Kα radiation (1.5406 Å), operating at 
40 kV and 40 mA.

The surface chemical composition was analyzed by 
X-ray photoelectron spectroscopy (XPS). The spectra were 
obtained on a SPECS GmmH spectrometer equipped with 
a PHOIBOS 150 9MCD hemispherical multichannel elec-
tronics analyzer. The pressure in the analysis chamber was 
kept below 8 × 10−10 mbar and the excitation source was the 
Al Kα line (hν = 1486.74 eV, 12 kV, 200 W). The binding 
energy was referenced to the C1s line at 284.6 eV.

The point of zero charge (PZC) was measured follow-
ing a similar procedure to that described in [23], with some 
modifications. Twelve solutions in the range of pH 1.0–12.0 
were prepared using dilute aqueous solutions of NaOH and 
HCl and NaNO3 as electrolyte. A 4.5 mL aliquot of each 
solution was pipetted into polyethylene vials and allowed 
to equilibrate for 1 h. The initial pH of each solution was 
then recorded. A 5.0 mg amount of the CNTs were added 
to each vial, which was then capped, sealed and stirred for 
24 h. Afterwards, the solid was removed by filtration and the 
final pH of the solution was measured. The plateaus of the 
plots of initial versus final pH values reveal the PZC value 
for each sample.

2.3 � Catalytic Activity

Knoevenagel condensation between an aldehyde (benzal-
dehyde or 4-methoxybenzaldehyde) and ethyl cyanoacetate 
was carried out under inert atmosphere in absence of solvent 
by mixing equimolar amounts of both reactants (14 mmol of 
each) in a three-necked reactor on a StarFish multi-experi-
ment work station, equipped with thermometer. After equili-
brating the reactants at 90 °C, the catalyst was added. The 
amount of catalysts used was 1 wt% when benzaldehyde was 
condensed, and 1 and 2 wt% in the case of 4-methoxyben-
zaldehyde. The samples taken periodically from the batch 
reactor at selected reaction times were filtered to remove the 

catalyst and analyzed by gas chromatography in an Agilent 
6890 GC equipment. Once the reaction was finished, tests of 
recyclability of the catalysts were carried out. For this, the 
catalyst was filtered, washed with acetone several times and 
dried at 100 °C for 24 h before to be reused in a new cycle 
of reaction. As a result of the slight loss of catalyst amount 
produced between consecutive cycles, it was necessary to 
rescale the amount of reactants in order to keep constant the 
catalyst/reactants ratio.

3 � Results and Discussion

3.1 � Physicochemical Characterization

Figure 1 shows the diffraction patterns of CNT, CNTO and 
CNTOp samples. The peaks observed at 2θ = 25.8° and 
43° in the diffractogram of commercial CNT (Fig. 1a) can 
be assigned to hexagonal graphite (JCPDS-ICDD 01-075-
1621), and two peaks of low intensity placed at 2θ = 14.8° 
and 31° are associated with CoCu2Sn (JCPDS-ICDD 
00-029-0467), present as metallic impurities derived from 
the preparation method. This impurity disappears after the 
treatment with nitric acid (see the corresponding diffrac-
tion patterns of CNTO and CNTOp samples). The crys-
tallite size of graphite calculated determined according to 
Scherrer equation was similar for the three samples, around 
3.2–3.5 nm.

After doping with the alkaline-earth chlorides and pyroly-
sis of the oxidized nanotubes, the presence of metal carbon-
ates is detected (see Fig. 1b). Although it cannot be discarded 
that metal oxides are formed initially, they must be trans-
formed into the corresponding carbonates. Thus, the phases 
corresponding to CaCO3 (JCPDS-ICDD 00-002-0629, 
crystallite size of 28.2 nm), SrCO3 (JCPDS-ICDD 00-005-
0418, crystallite size of 8.7 nm), and BaCO3 (JCPDS-ICDD 
00-041-0373, crystallite size of 12.5 nm) are present in the 
Ca-CNT, Sr-CNT and Ba-CNT samples, respectively. How-
ever, in the diffractogram of Mg-CNTO, no metallic phase is 
detected. The slightly lower percentage of Mg incorporated 
(as determined by TG analysis, see below) may be respon-
sible for a higher dispersion and the formation of crystallite 
size lower than 4 nm, not being detected by XRD technique. 
The doping with the alkaline-earth cations does not affect 
the crystallinity of graphite from nanotubes, as the crystallite 
size of this phase in M-CNTO samples was barely modified, 
being around 3.0–3.3 nm.

In order to quantify the amount of alkaline-earth metal 
incorporated to the oxidized nanotubes and to study its influ-
ence on their thermal stability, thermogravimetric analysis 
of pyrolyzed nanotubes were carried out in air. The final 
residue obtained together with the range of decomposition 
temperature of CNTs are given in Table 1.
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Notice that the oxidation process of the nanotubes occurs 
in the M-CNT samples at a lower temperature than that of 
CNTOp, around 50 °C lower in the case of Mg-CNT, 100 °C 
for Ca-CNT and Sr-CNTO, and 140 °C for Ba-CNT, sug-
gesting that the metallic phase contributes to the destabiliza-
tion of the nanotubes by promoting their oxidation, accord-
ing to previous results found by us [22]. Furthermore, in 
general, these results are in agreement with those reported 
for MWCNTs by other authors, who found that the lower the 
metallic content, the higher the oxidation temperature was 
[24]. The final residue obtained for M-CNT, higher than that 
for CNTOp (see Table 1), confirms the incorporation of the 
alkaline-earth metal to the nanotubes. By assuming that the 
final residue corresponds to the content in oxide MO, the 
amounts of incorporated metal were calculated. Although 
the wt% of metal increases with the cation size, when trans-
formed in terms of at-g M/100 g sample, it is observed that 

the alkaline-earth cations have been exchanged in a similar 
amount, around 0.100 at-g/100 g, although the Mg has been 
incorporated in less extent.

From the textural properties of the samples (Table 2), it 
can be seen that CNTs under study are mesoporous solids, 
as deduced from the values of Vmes and Vmic, and the major 
contribution to the porosity proceeds mainly from the void 
space between the bundles, which results in lower surface 
areas compared to other carbon materials. The commercial 
CNT shows a mesopore volume (2–50 nm) of 0.530 cm3/g 
and a specific surface area of 248 m2/g, which is very simi-
lar to that reported by other authors for other commercial 
MWCNTs [25–27]. As observed in Table 2, a slight incre-
ment in the BET surface area and pore volume is produced 
after oxidation of CNT (compare values for CNT and 
CNTO), similarly to that reported previously [26, 27], due 
to the removal of amorphous carbon and impurities of the 
surface [28, 29] and to a shortening of the nanotubes [30]. 
The pyrolysis of the oxidized nanotubes leads to the removal 
of the oxygen functionalities anchored to the walls of nano-
tubes, producing a development of mesoporosity (compare 
Vmes values for CNTO and CNTOp, Table 2).

When the CNTO are doped with the alkaline-earth met-
als, the SBET values decrease, this decrease being higher as 
bigger the size of the cation. The diminishment in the sur-
face areas values is mainly due to the blockage of mesopores 
(compare Vmes for the M-CNTO series with that of CNTOp) 
by the metallic carbonate, whose crystallite sizes, deter-
mined by Scherrer equation, are in the order of mesopore 

Fig. 1   XRD patterns of carbon 
nanotubes. a CNT, CNTO 
and CNTOp and b M-CNT 
(M = Mg, Ca, Sr, Ba). A 
graphite, B CaCO3, C SrCO3, 
D BaCO3
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Table 1   Temperatures of decomposition of carbon nanotubes (Tdec), 
residues and metal amount of the samples determined by thermal 
analysis in air

Samples Tdec (°C) Residue (wt%) MO (%) M (%) at-g M/100 g

CNTOp 400–640 0.56 – – –
Mg-CNT 350–590 4.0 3.44 2.1 0.086
Ca-CNT 325–590 6.36 5.80 4.12 0.103
Sr-CNT 315–540 11.1 10.54 12.43 0.102
Ba-CNT 290–500 14.9 14.34 12.8 0.093
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sizes (see results above). However, a blockage of micropores 
is also produced, as deduced by the values of Vmic, being 
more accused for Ca-CNT and Sr-CNT, especially for this 
last sample. The decrease in the SBET and Vmes values is less 
accused in the case of Mg-CNT, for which, according to the 
TG analysis, a less amount of metal has been anchored to 
the nanotubes.

The ATR–FTIR spectra for CNT, CNTO and CNTOp 
samples are displayed in Fig.  2a. A band centred at 
1550 cm−1, assigned to –C=C– vibrations of the skeleton 
of CNT [31, 32] is observed in all cases. The presence of 
carboxylic groups in the CNTO and CNTOp is corrobo-
rated by the band centred at 1715 cm−1, assigned to C=O 
stretching [31, 33] and the band around 1160 cm−1, associ-
ated with C–O stretching vibrations [32, 34]. The partial 
removal of these groups after pyrolysis is confirmed by the 
decreasing in the intensity of both bands in the spectrum of 
CNTOp, with respect to that of CNTO. The band placed at 
1850 cm−1 in the spectrum of CNTO can be due to the sym-
metric stretching of carbonyl groups in anhydride structures 
[35] and that located at 1050–1060 cm−1 can be assigned to 
=C–O–C stretching vibrations in ether functionalities [32].

In the infrared spectra of the alkaline-earth doped nano-
tubes (Fig. 2b), the appearing of new bands and the shift of 
the existing ones in the spectrum of CNTOp occurs, as a 
result of the interaction between the alkaline-earth metals 
and the walls of nanotubes. In this sense, two bands associ-
ated with carbonate groups are observed in the spectra of 
Ba-CNT, Sr-CNT and Ca-CNT (for these samples, the corre-
sponding alkaline-earth carbonates were detected by XRD). 
For Ba-CNT, a very intense band placed at 1420 cm−1 can 
be associated with antisymmetric stretching of the car-
bonate groups and the band of lower intensity located at 
850 cm−1 could be due to the out-of-plane bend of the same 
group [35]. These bands are also present in the spectra of 
Sr-CNT and Ca-CNT, although with lower intensity. The 
band placed at 1060 cm−1 in the spectrum of Ba-CNT could 
be associated, as explained above, with =C–O–C stretching 
vibrations in ether functionalities [32]. Finally, the bands at 

1150–1175 cm−1 and 1375 cm−1 in the spectra of M-CNT 
samples could be assigned to antisymmetric stretching of 
O–C–C groups and antisymmetric stretching of CO–O 
groups, respectively, present in esters and lactones [36].

Table 2   Textural characteristics 
and PZC values of the samples

SBET specific surface area, Smic micropore surface area determined by t-plot, Vp pore volume at single point 
at P/P0 = 0.967, Vmic micropore volume by t-plot method, Vmes mesopore volume by BJH between 2 and 
50 nm, dmes average mesopore diameter (4V/A) by BJH, PZC point of zero charge values

SBET (m2/g) Smic (m2/g) Vp (cm3/g) Vmic (cm3/g) Vmes (cm3/g) dmes (nm) PZC

CNT 248.0 24.7 0.799 0.012 0.518 12.9 6.4
CNTO 259.9 15.9 0.964 0.008 0.756 18.6 2.6
CNTOp 313.2 12.6 1.072 0.007 0.859 15.7 4.8
Mg-CNT 240.0 5.6 0.948 0.003 0.772 16.6 9.8
Ca-CNT 215.4 0.4 0.873 0.001 0.699 17.5 9.1
Sr-CNT 214.9 – 0.934 – 0.749 18.5 8.9
Ba-CNT 187.5 9.5 0.906 0.005 0.712 19.5 9.0
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Fig. 2   ATR–FTIR spectra of a CNT, CNTO and CNTOp and b 
M-CNT (M = Mg, Ca, Sr, Ba)
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Considering that catalytic reactions are mostly carried 
out at the surface of the solids, composition of surface of 
the catalysts was analysed by XPS. The atomic composition 
(%) is given in Table 3. It can be seen that the oxidation pro-
cess of pristine CNTs was successfully produced, as deduced 
from the increment in oxygen content from 2.3% (for CNT) 
to 22% (for CNTO). Some of these oxygen groups incorpo-
rated during oxidation are removed after pyrolysis (12.6% 
oxygen for CNTOp) and in the doped samples. Notice that 
the surface is significantly enriched in alkaline-earth cati-
ons with respect to the bulk (compare results of at.% M of 
Table 3 with those of at-g M/100 g in Table 1). With the 
exception of Mg-CNT, the presence of chloride is detected 
at the surface of the doped CNTs, which can remains as a 
residue, resulting from the synthesis process, even though 
the samples were washed repeatedly.

The morphology and surface element composition were 
observed by TEM and SEM–EDX. Figure 3 shows the TEM 
spectra of samples and their corresponding EDX analysis. 
The cylindrical structure of nanotubes (with a diameter 
of 6–9 nm, according to data of manufacturer) is clearly 
observed in all cases. The oxidation causes the partial rup-
ture of some nanotubes and the opening of the tips, as can be 
seen in the zones marked with red circles in Fig. 3b, i. The 
incorporation of alkaline-earth metals produces the creation 
of some defects and irregularities over the walls of nano-
tubes (Fig. 3g, e, zones with red circles). The corresponding 
EDX spectra show the presence of the alkaline-earth ele-
ments, indicating that their incorporation to the CNTs has 
occurred. The presence of these elements in the CNTs is 
also corroborated by checking the EDX spectra of the SEM 
images (Fig. 4), obtained from central area of images, where 
the corresponding atomic percentages are also given. The 
at.% values are similar and of the same order of magnitude 
to those obtained by XPS analysis (see Table 3), with the 
exception of Ca-NTC, for which a value of almost ten times 
higher is obtained by EDX analysis.

From the PZC values of the samples (Table  2), it is 
deduced that the almost neutral character of the surface 

(PZC = 6.4) of commercial CNT, changes to acid (PZC of 
2.6 for CNTO sample) due to the presence of some oxygen-
ated groups, mainly carboxylic groups, after treatment with 
nitric acid. The removal of most of these oxygenated groups 
by pyrolysis produces an increment in PZC valued (4.8 for 
CNTOp). For M-CNT samples, the PZC values are much 
higher (PZC ≥ 9) than for CNTO, which proves the anchor-
ing of the alkaline-earth metals to the surface of nanotubes, 
the presence of carbonate species conferring basic charac-
ter to the CNT surface. With the exception of Mg, which 
shows the highest basicity (PZC = 9.8), the PZC values for 
the M-CNTO samples are very similar, around 9.0.

3.2 � Catalytic Activity

The conversion values of benzaldehyde (%) in the condensa-
tion with ethyl cyanoacetate over M-CNT catalysts (Fig. 5) 
reveal that the reaction proceeds effectively when alkaline-
earth cations are anchored to the walls of nanotubes, in 
contrast to CNT and CNTO samples, which resulted in a 
negligible activity (not shown in Fig. 5).

The conversion of benzaldehyde for all the M-CNT 
samples increased with the reaction time, as expected. 
Ethyl(2E)-2-cyano-3-phenyl-2-propenoate was the only 
reaction product obtained in all cases. Conversion values 
comprised between 64 and 85% were reached after 240 min. 
The order of catalytic activity observed at higher reaction 
times was: Ca < Sr < Ba ≅ Mg. Considering that the amount 
of metal incorporated for the first three catalysts, and there-
fore, the amount of basic centres, was similar in all cases 
(see values of number of at-g M/100 g sample, Table 1), 
the activity order seems to be in agreement with the incre-
ment in the basic character of the corresponding carbonate 
(phase detected by XRD) when descending in the group of 
alkaline-earth metals. However, the activity of Mg-CNT, 
for which less amount of metal was incorporated, was very 
similar to that of Ba-CNT after 120 min of reaction, being 
the most active catalyst at low reaction times. The activity 
of Mg-CNT, higher than the expected according to the basic 
character of the metal, could be caused by a higher disper-
sion of the active phase, resulting in smaller particles, not 
being detected by XRD. The unexpected higher activity of 
Mg-CNT could also be explained by the fact that for this 
catalyst no chloride was detected at the surface, in contrast 
to the observed for the rest of samples. May be these chlo-
ride ions can poison or inhibit some of the active sites of the 
M-CNT (M = Ca, Sr, Ba) catalysts, which should result in a 
higher activity of Mg-CNT.

Ca-NTC and Sr-NTC are less active than the rest of cata-
lysts. This could be due to the fact that, for these samples, not 
all of the metallic active centres are placed in the mesopores, 
but some of them could be located in the micropores, block-
ing them (these two samples have the lowest Vmic values, 

Table 3   Surface concentrations (at.%) of the samples determined by 
XPS

a For this sample, 0.35% of sulphur was detected

C O M Cl

CNTa 97.3 2.35 – –
CNTO 78.0 22.0 – –
CNTOp 87.4 12.6 – –
Mg-CNT 92.28 6.48 1.24 –
Ca-CNT 86.7 10.91 2.17 0.22
Sr-CNT 92.7 6.44 0.72 0.14
Ba-CNT 91.8 6.8 1.20 0.20
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Fig. 3   TEM spectra of samples and their corresponding EDX analysis. a CNTO, b CNTOp, c and d Mg-CNT, e and f Ca-CNT, g and h Sr-CNT, i and j Ba-CNT
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Table 2), being more difficult for the Knoevenagel reactants 
to access to them. Therefore, although the catalytic activ-
ity seems to depend mainly on the basic character of the 
alkaline-earth cation and the amount of these basic centres 

incorporated to the CNTs, the influence of the textural 
properties cannot be discarded. This influence of the porous 
structure on the catalytic behaviour in Knoevenagel conden-
sation has been also reported for other materials [37, 38].

Fig. 4   SEM microphotographs 
and their corresponding EDX 
spectra. a and b Mg-CNT, c and 
d Ca-CNT, e and f Sr-CNT, g 
and h Ba-CNT
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With the aim of comparing with other data from litera-
ture, the values of catalytic activity for the Knoevenagel 
condensation (pKa = 9) were expressed in terms of yields 
(mol/gcat h). The values of yields obtained at 60 min, were 
0.252 mol/g h for Mg-NTC, 0.169 mol/g h for Ca-NTC, 
0.230 mol/g h for Sr-NTC, and 0.197 mol/g h for Ba-NTC. 
These values are remarkably higher than those obtained by 
other authors, 0.045 mol/g h in [39] and 0.017 mol/g h in 
[40], when using nitrogen-doped CNTs at 80 °C at the same 
reaction time and similar reaction conditions, which proves 
the efficiency of our catalysts for this reaction.

Some experiments of recycling of the catalysts were 
carried out in order to determine their stability. Figure 6 
shows the conversion values after 240 min of reaction for 
four consecutive cycles. Notice that the most stable catalyst 
was Ca-CNT, for which a decrease of 10% in the conversion 
values is produced after four cycles. However, for the rest 

of samples, a more accused diminishment in the activity 
was observed, being comprised between the 22% for Mg-
CNT and the 30% for Sr-CNT. It has to be remarked that in 
general the most significant decrease in the activity occurs 
from the first to the second cycle, which could be due to a 
leaching of the alkaline-earth metals to the solution or by 
a deactivation of the active sites due to the adsorption of 
the organic products on them. However, the activities for 
the successive cycles were similar, the deactivation for the 
second to fourth runs being quite lower.

In order to study the influence of a substituent in the alde-
hyde molecule in the Knoevenagel reaction, this was carried 
out by condensation between ethyl cyanoacetate and a sub-
stituted benzaldehyde, 4-methoxybenzaldehyde. The con-
version values of 4-methoxybenzaldehyde, which contains 
an electron donor group in 4-position, are shown in Fig. 7a.

It can be noticed that the conversion values of 4-methoxy-
benzaldehyde were lower than those of benzaldehyde. Mg-
CNT was again the most active of the catalysts (conversion 
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Fig. 5   Knoevenagel reaction between benzaldehyde and ethyl 
cyanoacetate over M-CNTOM (M = Mg, Ca, Sr, Ba) catalysts at 
90 °C

Fig. 6   Recyclability of the catalysts in the Knoevenagel reaction 
between benzaldehyde and ethyl cyanoacetate at 90 °C. Reaction time 
4 h
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of 22% at 240 min), and the trend of catalytic activity was 
similar to that observed for benzaldehyde, leading to con-
version values comprised between 13.6% for Ca-CNT and 
17% for Ba-CNT after 300 min of reaction. The Knoeve-
nagel condensation product was the only one detected in 
all cases, resulting in a total selectivity. The non-catalyzed 
reaction led to conversion values of only 4% after 300 min, 
therefore the introduction of alkaline-earth metals into the 
CNTs results in active catalysts for the Knoevenagel conden-
sation. The mechanism for the Knoevenagel condensation 
over acid, basic, and acid–base sites is very well reported 
[37, 38]. In the M-CNT catalysts, the basic active centres 
abstract an alpha proton from the methylene carbon in ethyl 
cyanoacetate forming a carbanion. The basic centres also 
form a carbocation on the benzaldehyde carbon. Then, the 
carbanion interacts with the carbocation towards the Kno-
evenagel product. The attack of the carbanion on benzalde-
hyde carbon atom (carbocation) requires the accessibility 
to this carbon atom. In case of benzaldehyde, this carbon 
atom is more accessible than in 4-methoxybenzaldehyde and 
therefore M-CNT catalysts were more active. In case of the 
4-methoxybenzaldehyde molecule the access to this carbon 
atom can be sterically congested and influenced in the neigh-
borhood by the 4-methoxy substituent resulting in a lower 
activity. In order to achieve higher activities the amount 
of catalyst was duplicated. The results (Fig. 7b) show that 
the conversion values were not duplicated but multiplied 
by a factor between 1.3 and 1.6 when the amount of cata-
lyst increased from 1 to 2 wt%. Again, Mg-CNT was the 
most active catalyst, leading to a conversion value of 34% 
at 300 min, while the other three catalysts showed similar 
conversion curves at all the reaction times, reaching final 
conversion values between 21 and 25%.

4 � Conclusions

CNTs doped with alkaline-earth metals have been success-
fully prepared, as determined by different characterization 
techniques, by an ionic exchange–precipitation method start-
ing from commercial CNTs oxidized and the correspond-
ing metal chlorides. The alkaline-earth cations have been 
exchanged in a similar amount, around 0.100 at-g/100 g, 
although the surface of catalysts is significantly enriched in 
them with respect to the bulk. The SBET values of M-CNT 
samples decrease with respect to that of non-doped nano-
tubes, mainly due to the blockage of mesopores by the metal 
carbonate (phase detected by XRD and FTIR–ATR) formed 
after pyrolysis in most of cases. The basic character of the 
samples (as deduced from PZC values) has been tested in 
the Knoevenagel condensation between ethyl cyanoacetate 
and benzaldehyde or 4-methoxybenzaldehyde. Conversion 
values comprised between 64 and 85% were obtained after 

240 min when the reaction was carried out with benzalde-
hyde, Mg-CNT being the most active catalyst. Studies of 
recyclability showed that Ca-CNT was the most stable sam-
ple, for which a decrease of 10% in the conversion values 
was produced after four cycles. The catalytic activity seems 
to depend mainly on the basic character of the alkaline-earth 
cation and the amount of these basic centres incorporated to 
the CNTs; however, the influence of the textural properties 
cannot be discarded, as the presence of some of the met-
als into the micropores makes more difficult the access of 
the reactants to them. These alkaline-earth CNTs could be 
applied as catalysts in other C–C bond forming reactions 
requiring basic character.
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