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Chapter 1 

General introduction 
 
In the production of many chemicals the role of acid and base catalysts is often of major 

importance. In contrast to the abundance of studies and implemented industrial applications of 
solid acid-catalyzed processes, studies on solid bases are limited and the actual use of solid 
bases has been less established. Recently, Tanabe summarized the most important industrial 
chemical processes that make use of solid acid and solid base catalysts and estimated that 10-
20% of these processes are catalyzed by solid bases [1], in spite of the fact that reactions such 
as isomerizations, additions, alkylations and cyclizations may proceed with high rate and 
selectivity over solid bases. Studies on the application of solid base catalysts in organic 
reactions are of importance because of their advantages over conventional homogeneous 
systems [1-6]:  

 
• Solid base catalysts do not give rise to corrosion. 
• Successive use and regeneration is possible. 
• High catalytic activity and selectivity are often observed. 
• Facile separation of the catalyst is customary. 
• No or reduced waste streams are produced. 
 
The use of homogeneous alkali-based catalysts in the production of fine chemicals like 

vitamins, flavour and fragrance chemicals, as well as in the production of bulk chemicals like 
methyl isobutyl ketone (MIBK) or 2-ethylhexanal, brings about environmental issues because 
of the large waste streams and the formation of by-products. Efforts have been undertaken in 
the bulk as well as in the fine chemical industry to comply with the increasingly stringent 
environmental legislation, on the one hand, and to explore solid base catalysts such as alkali 
ion-exchanged zeolites, sepiolites, alkali metals supported on alumina, magnesium oxide, or 
aluminium magnesium mixed oxides, on the other hand [1-6].  

One of the most important bulk chemicals obtained via base-catalyzed aldol condensation 
is methyl isobutyl ketone (MIBK), which after methyl methacrylate and bisphenol-A is the 
third largest tonnage product obtained from acetone. The world production of MIBK is at 
present 2.5 x 105 tonnes annually, with an estimated growth of 1% annually [7,8]. The 
principal uses of MIBK are summarized in Table 1, with the main use as a solvent for 
cellulose-based and resin-based coating systems. A second important use of MIBK is as a raw 
material in the production of rubber antioxidants. 

The research described in this thesis involves the design and characterization of a highly 
active and selective heterogeneous catalyst system for the single-stage liquid-phase synthesis 
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General introduction 

of MIBK from acetone and H2 under mild conditions. As we will explain in the next section 
this catalyst system must combine basic sites with hydrogenation sites. For the hydrogenation 
function we could draw on the many publications on this subject and because of the 
requirement of a high activity and selectivity at mild conditions we chose for the use of noble 
metals, notably palladium, to fulfil this demand. Earlier research on activated hydrotalcites 
has shown that these materials are promising candidates for the synthesis of MIBK as these 
catalysts display high activity and selectivity in liquid-phase aldol-type condensation 
reactions, e.g., [9-15]. In the next paragraphs a survey is given, first, of the possible MIBK 
processes and, next, over the structure and activation of hydrotalcites for liquid-phase aldol-
type condensations and the challenges thereof. 
 
 
Table 1. Uses of methyl isobutyl ketone (USA, 1999) [7]. 

 

Uses (%) 

Surface applications 
for e.g., coatings solvent (nitrocellulose, vinyl and acrylic) 65 

Chemical production 
of e.g., rubber antioxidants and acetylenic surfactants 20 

Solvent extraction 5 

Miscellaneous 10 

 
 
 

Methyl isobutyl ketone synthesis 
 
MIBK is produced from acetone and H2 via three reaction steps (Figure 1). The first step 

consists of the base-catalyzed self-condensation of acetone to diacetone alcohol (DAA), in 
which two acetone molecules are coupled via C-C bond formation. In the second step, DAA 
is dehydrated to form mesityl oxide (MO) and water, which is catalyzed by an acid or base. 
The last step involves the selective hydrogenation of the C=C bond of MO to MIBK over 
noble metal catalysts. 

The synthesis of MIBK starting from acetone may be performed via the conventional 
three-step process, in which the three reactions are executed separately. In this conventional 
three-step process the self-condensation of acetone to DAA is typically catalyzed by dilute 
sodium hydroxide, after which DAA is separated by distillation from the reaction mixture to 
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undergo dehydration to MO catalyzed by phosphoric or sulphuric acid. Next, MO is 
hydrogenated to MIBK using a Pd catalyst or a nickel or copper chromium catalyst with MO 
either in the gas or in the liquid-phase [8]. Performing the three-step process is 
disadvantageous because of the high costs and the low yields of the first two steps which are 
limited by the thermodynamic equilibria [16-19]. 

 
 

OHO

2 
O - H2O O O

+ H2 

DAA MO MIBK 

 
 
 
 
 

 
Figure 1. Reaction scheme of the self-condensation of acetone to diacetone alcohol (DAA), dehydration of DAA 
to m sityl oxide (MO) and followed by the selective hydrogenation of MO to methyl isobutyl ketone (MIBK). 

 recent years, much interest has been shown in single-stage processes using a catalyst 
system that may perform condensation, dehydration and hydrogenation to directly convert 

y                       
irreversibly hydrogenating MO to MIBK. Single-stage processes have been commercialized 
with the use of, for instance, Pd supported on cation-exchange resins or Pd supported on 
zirc

res are 
req

e

 
 
In

acetone and H2 into MIBK. Such a single-stage process is effective in dealing with the 
thermodynamic constraints of the condensation and dehydration reaction b

onium phosphate [8,20,21]. Another possibility for the single-stage process of MIBK is 
practiced by Dow Chemicals (formally Union Carbide) wherein MIBK is formed from 2-
propanol over a copper-based catalyst. Nevertheless, more than 60 percent of the MIBK 
production stems from acetone through intermediates DAA and MO [7,8]. 

Several other bi-functional catalytic systems containing condensation, dehydration and 
hydrogenation functionalities have been investigated for the single-stage process of MIBK 
from acetone and H2, such as Pd on ion-exchange resin [22], Pt on NaX or CsX zeolites [23], 
Pd or Pt on ZSM-5 [24-27], Pd/Nb2O5/SiO2 [28,29], Cu on MgO [30], Pd on zirconium 
phosphate [31,32], Ni-γ-Al2O3 [33] or Pd or Ni on MgO [34,35]. The major disadvantages of 
these single-stage processes is that still high reaction temperatures and/or high pressu

uired, and that side reactions occur, in particular the hydrogenation of acetone to 2-
propanol. Several side reactions to products with high boiling points are expected as well 
(Figure 2) that readily occur in the high temperature region, which lower the selectivity and  
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Figure 2. Scheme of the formation of side products in the synthesis of MIBK. 

 
 

may cause catalyst deactivation [36-38]. Although the use of catalytic distillation [39] might 
overcome some of these problems, a process operating at lower temperatures appears to be 
more promising.  

arious studies have been reported on the use of hydrotalcite-based catalyst systems for 
the single-stage production of MIBK [37,40-45] in which the process is performed at high 
tem eratures and/or hydrogen pressures. Moreover, the actual condensation catalyst used in 
these studies is a mixed oxide, obtained by calcination of the hydrotalcite precursor. Recently, 
extending the pioneering work of Tichit and co-workers [14,46-48], Roelofs et al. [15,49,50] 
developed a highly active catalyst, that is, activated Mg-Al hydrotalcite, for the liquid-phase 
condensation of acetone towards DAA at low temperatures [49,50]. This catalyst also showed 
dehydration activity of DAA to MO already at 296 K [49,51].  

arlier investigations on the selective hydrogenation of MO to MIBK showed that at 
higher temperatures this reaction proceeds with appreciable rates [52,53]. However, with the 
catalysts reported up till now at low pressures and temperatures full conversion of MO to 
MIBK was not attained due to deactivation [54]. For selective hydrogenation of the olefinic 

V

p

E
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Typical composition: Mg6 Al2 (OH)16 CO3·4H O2

Mg(OH)6

Al(OH)6

CO3 
2

H
O

H

H
O

H
H

O
H

H
O

H H
O

HCO  3
2

7.7 Å  CO  3 
2

position structure, Mg

bond of α,β-unsaturated aldehydes and ketones, palladium-based catalysts, especially Pd/C 
atalysts, exhibit the best performance [40,55]. Carbon nanofibers (CNF) as support is a 
romising alternative for replacing activated carbon because of their favourable physico-
hemical properties, i.e., high mechanical strength, high surface area, tuneable surface 
roperties and the absence of micropores [56,57]. A catalyst system consisting of a mixture of 

 is therefore worthwhile to 
vestigate for the synthesis of MIBK as proposed. Another possibility is the use of a bi-

functional catalyst (palladium supported on activated hydrotalcites), in which the distance of 

n be hydrogenated directly into MIBK. Therefore, investigation of such a 
bi-f

weden around 1842 and the 
com

Figure 3 hematic representation of the hydrotalcite structure. 

c
p
c
p
activated hydrotalcites and Pd supported on carbon nanofibers
in

the basic and the hydrogenation sites is minimized. The main advantage of such a catalyst 
system could be that the intermediately formed MO does not necessarily has to desorb from 
the catalyst, but ca

unctional catalyst for the synthesis of MIBK is of interest.  
 
 
 

Hydrotalcites 
 
Hydrotalcite (HT) belongs to the class of anionic clay minerals, also known as layered 

double hydroxides. Natural HT was first discovered in S
6Al2(OH)16CO3.4H2O, was not reported until 1915. The structure of 

HT closely resembles that of brucite, Mg(OH)2. In the latter structure, Mg2+ are octahedrally 
coordinated by hydroxyl groups which are edge shared to form stacked layers. Compared to 
brucite, in HT part of the Mg  cations has been replaced by Al  resulting in positively 
charged cation layers, which charge is compensated by anions situated together with water 
molecules in between the brucite-like layers, as schematically represented in Figure 3 [58].  

 
 
 
 
 
 
 
 
 

 

2+ 3+

. Sc
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 7

Many other hydrotalcite-like structures are known with a variety of cations incorporated 
in the brucite-like layers. If the radius of the divalent or trivalent cation does not deviate much 

an be incorporated, giving numerous of possibilities such as Zn2+, Mn2+, 
Ni2 2+, Fe2+, Mg2+, Fe2+, Cu2+ and Cr3+, Fe3+, Ga3+, Al3+. The ratio between divalent and 
triv

f 
other anions is preferred. 

jor 

m ate [70-72]. Current investigations also include HT-derived adsorbents 
for CO2 capture [73,74]. Other fields of interest can be found in heterogeneous catalysis as 
solid base, e.g., [15,46,75-77] or as support material, for instance [45,78-80]. As the 
application of HT as solid base catalyst for liquid-phase condensation and dehydration 

actions is of particular interest for the research involved in this thesis, the activation of HT 

ivation 
pro

can be found with the use of these catalysts for various types of 

from Mg2+, they c
+, Co
alent cation can be varied as well, although in the case of Mg-Al HT this ratio is limited to 

Mg/Al ratios between 2 and 4 to obtain a pure HT-phase [58]. The lateral size of the layers 
and the degree of stacking can be varied by changing the synthesis conditions [59,60]. 

A wide variety of charge-compensating anions can be intercalated in the interlayer of HT, 
such as the inorganic anions SO4

2-, CO3
2-, NO3

-, OH-, Cl-, or organic anions like oxalate and 
sebacate [58,61-63]. Miyata [64] studied the ion-exchange properties of HT and found that 
the affinity for anions follows CO3

2->>SO4
2->>OH->F->Cl->Br->NO3

-. Due to the high 
affinity of HT for carbonate, it should be excluded during synthesis when intercalation o

HT compounds are used in a wide variety of areas. Important applications include HT as 
heat stabilizers in PVC [65,66] or as flame retardant additives in plastics [67]. Another ma
utilization is the use as antacid in medical applications [68,69]. Furthermore, HT can also be 
used as sorbents for the purification of waste water in order to remove phosphates or heavy 

etals such as chrom

re
is discussed next. 

 
 
 

Activated hydrotalcites as solid base catalysts 
 
In the last decades, HT has attracted much interest as solid base catalyst. However, HT as-

synthesized does not display significant activity in condensation reactions and an act
cedure is required. Reichle et al. [81,82] demonstrated in the 1980s that upon calcination 

of HT a mixed oxide of the type Mg(Al)O is formed and that this material could be used as a 
catalyst for the condensation of acetone to diacetone alcohol and mesityl oxide. Since that 
time, much research has been performed on mixed oxides obtained by heat treatment of HT. 
The material may effectively be used as catalysts in various gas-phase reactions [43,77,81,83-
85]. Although examples 
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rea

calcination temperature does not exceed that at which will lead to the 
appearance of the spinel phase MgAl2O4 [58,92-94]. This reconstruction possibility probably 
originates from the fact that the cations in the mixed oxide more or less retain their position 
with respect to the HT precursor. With the exclusion of CO3

2- during rehydration OH- groups 
y used for the intercalation of other 

interlayer anions than carbonate or OH- [61,62,91,95].  

se-catalyzed liquid-phase reactions such as aldol-type condensations 
[9,1

ctions in the liquid-phase requiring basic sites with moderately basic strength, including 
the cycloaddition of CO2 to epoxides [86], isomerization of isophorone [87], Claisen-Schmidt 
condensation of acetophenone and benzaldehyde [88], condensation of benzaldehyde with 
activated methylenic groups [89], condensation of benzaldehyde with acetone [48,90] and 
condensation of citral with acetone [11], this type of material is less suitable and low activities 
are generally observed.  

A typical feature of HT materials is the possibility to reconstruct the original layered HT 
structure from the heat-treated HT as first demonstrated by Miyata [91]. The Mg(Al)O mixed 
oxide may be reconstructed when contacted with water at conditions close to ambient, 
provided that the 

can be intercalated. This method has also been effectivel

Tichit et al. [46] and Rao et al. [14] were the first to report on the use of this feature to 
prepare an HT catalyst, obtained by rehydration of the mixed oxide, for the liquid-phase 
condensation of benzaldehyde and acetone, which exhibited very high activity and selectivity. 
These key publications changed the view of HT compounds as catalysts for liquid-phase 
reactions at low temperatures. Since that time, the rehydrated HT was subject to many 
investigations involving base-catalyzed reactions. The generally applied method of obtaining 
this activated HT involves a heat treatment at ~723 K wherein the layered structure is 
destroyed by decarboxylation and dehydroxylation of the cation layers with the removal of 
H2O and CO2 and a mixed oxide is formed. In a next step the mixed oxide is rehydrated at 
~300 K to restore the original HT structure to a large extent and with the exclusion of other 
anions and CO2, Brønsted-base sites (OH-) are incorporated in the interlayer. Other methods 
of preparing HT with interlayer OH- have been reported, such as activation via aqueous ion-
exchange [50,64] or preparation via a sol-gel method [96]. Activated hydrotalcites have been 
investigated in several ba

4,15,46], Knoevenagel condensations [76,97], Michael additions [10,97] and Claisen-
Schmidt condensations [48,98] at ambient temperature with appreciable rates and selectivity. 

Much research has been conducted on structure-activity relationships of activated HTs as 
solid base catalysts. The nature and accessibility of the active base sites, however, are not yet 
understood. Recently, it was found by several authors that the actual active sites are situated 
at the edges of the platelets, which is only a minor part of the Brønsted-base groups present 
[9,15,50,99]. Furthermore, a linear correlation between the number of active sites (determined 

 8 



General introduction 

by titration with CO2) and the initial activity found in the condensation of acetone could be 
derived [50]. Several attempts have been made to increase the number of edge sites of the HT 
pla

 
mo

telets [9,11,50,60,99], however, the exposed edge area is limited by the lateral size of the 
individual crystallites. The size in the lateral dimension could be varied by applying different 
crystallization temperatures, but the lower limit that was obtained up till now is 60-70 nm.  

It has been demonstrated that the performance of activated HTs in condensation reactions 
can be affected substantially by the activation procedure [9,49,50,93,99]. Activation via the 
rehydration procedure results in a dramatic change in the morphology of the platelets and a 
more irregular structure of the agglomerated platelets has been observed after reconstruction 
as compared to that of the catalyst precursors [9,50,93,99,100]. Roelofs et al. [50] suggested 
that activating HT is not just the introduction of OH- and indicated that the morphology of the 
HT platelets and their stacking are important factors affecting the catalytic performance too. It 
was demonstrated that, in contrast to activation via the rehydration method, HT activated via 
aqueous ion-exchange resulted in the preservation of the original hexagonal platelet structure. 
The weight-specific activity and the turn-over frequency (TOF) for the condensation of 
acetone at 273 K of the samples obtained by the rehydration route were much higher than 
with samples activated via the ion-exchange methods. Based on these results the authors 
proposed that the enhanced catalytic performance of the rehydrated samples is related to the

re irregular structure brought about by the activation method. Abelló et al. [9,99] studied 
the rehydration of the mixed oxide to activated HT via two procedures, that is, in water 
vapour and in liquid water. Upon gas-phase reconstruction a lower number of exposed active 
sites was found compared to samples reconstructed in the liquid-phase, which was explained 
by a limited accessibility of the obtained basic sites within the agglomerates. However, the 
large difference in activity in the condensation of citral with acetone at 333 K can only be 
partly accounted for by the variance in number of basic sites, since the TOFs differed 
substantially too. The results of these studies suggest that the irregular structure gives rise to 
an increase in strength of the basic sites and/or an improved accessibility of the basic sites 
near the edges of the platelets.  

 
 
 

Scope and outline of this thesis 
 
In Chapter 2 two activation procedures were studied, i.e., via aqueous ion-exchange and 

via the earlier discussed heat treatment/rehydration, leading to HT platelets with a preserved 
hexagonal structure and to platelets with a more disordered platelet structure. The effect of the 
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activation procedure on the catalytic performance was studied in the self-condensation of 
acetone. To gain further insights into the nature and the accessibility of the basic sites and 
explain the significant differences in performance of activated hydrotalcites as solid base 
catalysts, the results of the adsorption of CO2 as measured with calorimetry and of the 
adsorption of CDCl3 with DRIFT on the differently activated HTs are presented and 
discussed. Chapter 3 deals with the condensation of acetone and dehydration of diacetone 
alcohol to mesityl oxide over activated HTs to enhance the performance of the catalyst system 
for the first two steps in the synthesis of MIBK. Moreover, a comparison between palladium 
supported on activated HT bi-functional catalysts on the one hand and physical mixtures of 
activated HT with Pd supported on carbon nanofibers on the other hand is presented and 
discussed. The research described in Chapter 4 focuses on the single-stage liquid-phase 
synthesis of MIBK from acetone and H2 under mild conditions over a physical mixture of 
activated HT and Pd supported on carbon nanofibers. In Chapter 5 of this thesis the 
deposition of Pd and Co via different synthesis methods was studied. When applying noble 
metals on carbon nanofibers one should be aware of the location of the metal particles, that is, 
in the inner tubes or on the external surface of the fibers. The presence of metal particles on 
the internal surface of the carbon nanofibers can be disadvantageous from a catalytic 
perspective, because mass transfer limitations in the narrow tubes of the fibers may arise, 

e location of the metal particles was investigated with 
TEM tilt series and quantitative XPS. In Chapter 6 we report on our study to obtain smaller 
HT

especially in liquid-phase processes. Th

 crystallites beneficial for obtaining more efficient catalysts by using carbon nanofibers as 
support bodies. The catalysts were investigated in the self-condensation of acetone and the 
condensation of citral with acetone and compared to unsupported HT catalysts. Moreover, the 
deposition of Pd and HT on the same support (carbon nanofibers) was studied as catalyst 
system for the synthesis of MIBK from acetone and H2. Finally, the results of the previous 
chapters are summarized and some concluding remarks are given in Chapter 7. 
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2 
On the Nature and Accessibility of the Brønsted-base 

Sites in Activated Hydrotalcite Catalysts 
 
 

Abstract 
Base catalysis is of importance for organic synthesis in general and fine chemicals 

manufacture in particular. Activated hydrotalcites recently have received a great deal of 
attention as solid base catalysts, however, no systematic work on the nature of their active 
sites has been published up till now. In this work two different methods have been applied to 
activate Mg-Al hydrotalcites to obtain Brønsted-base catalysts for liquid-phase condensation 
reactions. Activation via thermal treatment followed by rehydration (HT-reh) resulted in 
irregularly stacked platelets (~60 nm), whereas the sample activated via aqueous ion-
exchange (HT-exc) preserved its original hexagonal platelets (~100 nm). The specific activity 
for the self-condensation of acetone of HT-reh was over 10 times that of HT-exc. The enthalpy 
of CO2 adsorption on the activated hydrotalcites determined with calorimetry to gain insight 
into the strength of the basic sites showed very similar values. IR spectra of adsorbed CDCl3 
as a probe molecule on the differently activated samples revealed large differences in 
adsorbed amounts, but again the strength of the basic sites appeared to be the same. These 
results point to steric hindrance for the substrate molecules as the main factor determining 
differences in catalytic activity. The high accessibility of Brønsted-base sites in HT-reh is 
proposed to involve a distorted edge structure of the platelets. The edge structure of 
exchanged samples could be distorted too, either by exchange under reflux conditions or 
under ultrasonic treatment. In line with the proposed model, the distorted exchanged samples 
displayed a much higher catalytic activity than HT-exc. 
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Introduction 
 
In recent years, hydrotalcites (HT) have received increasing attention in the search for 

environmentally benign catalysts for base-catalysed reactions. Replacement of the traditional 
homogenous catalysts, such as aqueous KOH, by heterogeneous catalysts could result in the 
reduction of waste streams, facile separation of the catalyst and reusability of the catalyst. It 
has been shown that activated hydrotalcites can be used in several base-catalyzed liquid-phase 
reactions such as aldol-type condensations, Knoevenagel condensations, Michael additions 
and Claisen-Schmidt condensations at ambient temperature with appreciable rates and 
selectivity [1-14]. However, the nature of the active sites in activated hydrotalcites, which is 
the topic of this chapter, has remained largely unknown. 

HT or layered double hydroxide, e.g., Mg4Al2(OH)12CO3.4H2O, has a structure similar to 
that of Mg(OH)2. In the latter, Mg2+ is octahedrally coordinated by hydroxyl groups, which 
are edge-shared to form a sheet-like structure. A net positive charge of the brucite-like layers 
originates from replacement of Mg2+ by Al3+. This charge is compensated for by anions, 
typically carbonate, situated together with water molecules in the interlayers [15]. HT 
intercalated with carbonate displays no catalytic activity in liquid-phase aldol condensation 
reactions [10,12]. To obtain a highly active solid base catalyst, HT can be activated by 
replacement of CO3

2- by OH-, i.e., stronger Brønsted-base sites [8-12]. The generally applied 
method of activation is the thermal activation method. Thermal decomposition of HT in the 
temperature range of 723-773 K leads to the formation of a mixed oxide phase, Mg(Al)O. In a 
next step the mixed oxide is rehydrated under CO2 free conditions and the layered structure is 
recovered to a large extent with Brønsted-base sites (OH-) incorporated in the interlayer [8-
12]. 

Much research has been conducted on structure-activity relationships of activated HTs as 
solid base catalysts. Recently, it was found that the actual active sites are situated at the edges 
of the platelets [5,6,9,10,12,16], which is only a minor part of the Brønsted-base groups 
present. The number of edge sites could be enhanced by decreasing the lateral size of the HT 
crystallites [9,12,16]. We have reported earlier that the linear correlation between the number 
of active sites (determined by titration with CO2) and the initial activity found in the 
condensation of acetone is viable over a wide range [12,16]. It has been shown that the 
catalytic performance of activated HTs can be affected substantially by the activation 
procedure [5,6,9,17]. Activation via the rehydration procedure results in a dramatic change in 
morphology of the platelets. A more irregular structure of the agglomerated platelets has been 
observed after reconstruction as compared with that of the catalyst precursors [5,6,9,18]. 
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Roelofs et al. [9] reported that activation of HT involves both the introduction of OH- and 
a reconstruction of the HT platelets. Characterization of an activated HT prepared via aqueous 
ion-exchange showed that the original HT-structure can be largely preserved in contrast to 
samples activated via the rehydration route. The activity and the turn-over frequency (TOF) in 
the condensation of acetone at 273 K of the samples obtained by the thermal activation route 
were much higher than with samples activated via ion-exchange methods. It was proposed 
that the enhanced catalytic performance is related to the more irregular structure, as 
schematically represented in Figure 1. Abelló et al. [5,6] studied the rehydration of the mixed 
oxide via two rehydration procedures, that is, in water vapour and in the liquid-phase. Upon 
gas-phase reconstruction a lower number of exposed active sites was found compared with 
samples reconstructed in the liquid-phase, which was explained by a difference in 
accessibility of the obtained basic sites. However, the large difference in activity in the 
condensation of citral with acetone at 333 K can only be partly accounted for by the variance 
in number of basic sites, since the TOFs differed largely as well. The results of these studies 
suggest that the irregular structure obtained via rehydration gives rise to an increase in 
strength of the basic sites and/or an improved accessibility of the basic sites near the edges of 
the platelets. Further study on the nature and accessibility of the active sites is therefore 
necessary to understand and explain the large differences in catalytic activity.  

 

Heat/rehydration Ion-exchange 

Active OH-

Less active OH-

Non-accessible OH-

A 

B C 

Figure 1. Schematic representation of the effect of the activation procedure on the HT structure, adapted from 
[9]. A) HT as-synthesized; B) HT after ion-exchange; C) HT after heat treatment and rehydration. 
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To this end we have characterized in detail HT activated via the thermal route and HT 
activated via modified ion-exchange methods using, for instance, XRD, N2 physisorption, 
CO2 chemisorption and TEM. The catalytic properties of the activated HTs were investigated 
in the base-catalyzed self-condensation of acetone to diacetone alcohol to establish structure-
activity relationships. The strength and accessibility of the basic sites were assessed by 
calorimetry of CO2 adsorption and by IR spectroscopy of adsorbed CDCl3.  
 
 
 

Experimental 
 
Preparation of hydrotalcites 

HT with an Mg/Al ratio of 2 was prepared via co-precipitation [13,19]. To an aqueous 
solution (70 ml) containing 0.35 mol NaOH (Merck) and 0.09 mol Na2CO3 (Acros) an 
aqueous solution (45 ml) of 0.1 mol Mg(NO3)2.6H2O (Acros) and 0.05 mol Al(NO3)3.9H2O 
(Merck) was added. The resulting white suspension was heated to 333 K for 24 hours under 
vigorous stirring, after which the precipitate was filtered and washed extensively. The sample, 
further designated as HT-carb, was dried for 24 hours at 393 K. 

HT with oxalate as the compensating anion was prepared via a method adapted from that 
of Titulaer [20]. An aqueous solution (55 ml) containing 0.05 mol Al(NO3)3.9H2O (Merck) 
and 0.1 mol Mg(NO3)2.6H2O (Acros) was added all at once to an aqueous solution (160 ml) 
containing 0.39 mol KOH (Merck) and 0.016 mol oxalic acid (Merck) under nitrogen 
atmosphere. In order to remove CO2 from the solution, the solutions had been previously 
outgassed. The resulting white suspension was stirred at 293 K for 1 h, after which a third 
aqueous solution (70 ml) of 0.052 mol oxalic acid and 0.11 mol KOH was added. The 
suspension was heated at 367 K under vigorously stirring for 20 h under N2 atmosphere, after 
which the precipitate was filtered and washed extensively. The sample, further designated as 
HT-oxa, was dried in nitrogen flow at 333 K for 24 h. 

 
Activation of the catalyst precursors 

The descriptions of the various materials together with the identification codes are listed 
in Table 1. HT-carb was activated by heating in a nitrogen flow to 723 K (10 K.min-1) for 8 h 
and allowed to cool down to room temperature (HT-heat) [8,9].  HT-heat was rehydrated in 
decarbonated water and stirred under N2 atmosphere for 1h. Next, the sample was filtered and 
dried in N2 flow at 293 K. The sample is further denoted as HT-reh. 
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For the activation via aqueous ion-exchange HT-oxa was used as precursor material, since 
oxalate can be readily exchanged for OH- [9,15,21,22]. To a decarbonated 0.5 M KOH 
solution (200 ml) 1.6 g of HT-oxa was added. The suspension was heated to 349 K and stirred 
at that temperature for 20 h under nitrogen atmosphere. At room temperature, the resulting 
precipitate was filtered off, washed extensively and dried in N2 flow at 293 K (HT-exc). A 
second sample was activated by ion-exchange under reflux conditions by performing the 
activation in boiling 0.5 M KOH solution under ambient pressure (HT-exr). Finally, A 
Branson Sonifier W450 was used at 90% for the ion-exchange performed under ultrasonic 
treatment for 1 h (HT-exu) at 323 K. The stainless steel ultrasonic tip was immerged in the 
suspension.  
 
Table 1. Sample names and treatment conditions of the various hydrotalcite samples. 

Sample code Designation Comments 

HT-carb As-synthesized Carbonate as interlayer anion 

HT-heat Mg(Al)O Heat treated at 723 K 

HT-reh Activated Rehydration of HT-heat 

HT-oxa As-synthesized Oxalate as interlayer anion 

HT-exc Activated Ion-exchange of HT-oxa in aq. KOH at 349 K 

HT-exr Activated Ibid at ~373 K (boiling) 

HT-exu Activated Ibid at ~ 323 K under ultrasonic treatment 

 
Catalyst characterization 

Powder X-ray diffraction (XRD) patterns were measured using an Enraf-Nonius CPS 120 
powder diffraction apparatus with Co Kα radiation (λ=1.789Å). Volumetric CO2 adsorption 
measurements in the range of 0-50 mbar were executed at 273 K with a Micromeritics ASAP 
2010C apparatus after drying the samples at 393 K in vacuum for at least 20 h. After 
evacuation of the sample, CO2 was dosed with small increments. The total number of basic 
sites was determined taking the amount of CO2 chemisorbed at zero pressure obtained by 
extrapolation of the linear part of the uptake isotherm [8-10,12,23]. N2 physisorption 
measurements were performed using a Micromeritics Tristar 3000 analyzer after drying the 
samples at 393 K for at least 20 hours. TEM images were obtained with a Fei Technai 20 FEG 
TEM operating at 200 kV. Samples were, after ultrasonic treatment, dispersed on a holey 
carbon film supported on a copper grid. To study the exchange of oxalate FTIR spectra of HT 
were recorded from 400-4000 cm-1 with a Perkin-Elmer 2000 Fourier Transform spectrometer 
equipped with a DTGS detector using the KBr pellet technique.  
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Calorimetric study of CO2 adsorption 
Prior to the microcalorimetric measurements, 0.1 g of activated HT (sieve fraction 

between 212 – 425 μm) was dried in vacuum at 393 K for 20 hours. Contact with air during 
the preparation of the samples was avoided by working in nitrogen atmosphere in a glove box. 
The dried samples were transferred to the calorimetric setup in a glass capsule, sealed under 
vacuum. Adsorption of CO2 was followed by calorimetry using a specially designed 
measurement cell in a Tian-Calvet calorimeter as described elsewhere [24]. The apparent leak 
rate of the dosing apparatus was about 3*10-4 Pa.s-1. After degassing the setup at 393 K the 
temperature was lowered to 303 K. The capsule was crushed in the measuring cell by a linear 
motion feed-through after which the cell was filled with nitrogen (PN2 = 60 Pa). To measure 
the differential heat of adsorption, CO2 was dosed sequentially at 303 K with small 
increments up to a pressure of 80 Pa. The differential heat of adsorption was calculated for 
each dose by dividing the measured heat produced by the quantity of adsorbed CO2 of each 
dose. 
 
Diffuse reflectance infrared Fourier transformed spectroscopy  of CDCl3 adsorption 

During CDCl3 adsorption DRIFT spectra were recorded on a Perkin-Elmer Spectrum One 
instrument with an MCT detector. A Harrick Praying Mantis DRIFT cell with a high 
temperature reaction chamber with CaF2 windows was used for the adsorption measurements. 
The sample (non-diluted) was placed in the sampling cup on the Praying Mantis and heated 
up to 493 K for 2 h in a stream of helium (10 ml.min-1). Subsequently, the sample was cooled 
to 303 K and the adsorption of CDCl3 (Acros) was started by switching the gas stream at 
atmospheric pressure to CDCl3 in He flow (10 ml.min-1) (PCDCl3 / Ptotal = 0.2). Spectra were 
measured with a resolution of 4 cm-1 (250 scans) with the spectrum of the HT sample (after 
drying) as the background.  
 
Catalytic tests 

The self-condensation of acetone was performed under N2 atmosphere in a stirred double-
walled thermostatically cooled glass reactor, equipped with baffles. Typically, 1.8 mol of 
acetone (Merck) was cooled to 273 K and 0.3 g of activated HT catalyst was added under N2 

flow to exclude atmospheric CO2. Aliquots of 1 ml were taken from the reaction mixture 
during reaction and analyzed using a Chrompack CP 9001 GC provided with a Chrompack 
CP 9050 autosampler. Iso-octane (Acros) was used as an internal standard to calculate the 
amount of diacetone alcohol (DAA) formed. 
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Results and discussion 
 
Catalyst characterization  

In Figure 2 the XRD patterns of the various hydrotalcite compounds are given. The 
pattern of HT-carb showed the diffraction lines typical for a hydrotalcite compound with 
interlayer carbonate [15]. Heat treatment up to 723 K resulted in the destruction of the layered 
compound and the formation of a mixed oxide. By rehydration of the mixed oxide the HT 
structure is restored to a large extent as can be concluded from the XRD pattern of HT-reh, 
although the line broadening indicates a loss in crystallinity compared to HT-carb. By 
exclusion of other anions and CO2 Brønsted-base sites (OH-) are incorporated in HT-reh. The 
pattern of HT-oxa is similar to that reported in literature [9,20]. The shift of the (00l) 
reflections in the HT-oxa pattern towards lower 2θ values is explained by the presence of 
oxalate as the compensating anion. From the position of the (00l) reflections the lattice 
distance can be calculated (the sum of one brucite-like layer and one interlayer spacing), 
which is dependent on the nature of the compensating anion present and the degree of 
hydration [15], that is, 7.7 Å for HT-carb/HT-reh and 9.8 Å for HT-oxa. The diffraction line at 
22.6 degrees 2θ in the HT-oxa pattern was observed earlier and is ascribed to a superlattice 
diffraction likely coming from a high degree of cation ordening [9].  The shift of the (003) 
line from 9.8 Å (2θ = 10.8o) to 7.8 Å (2θ = 13.2o) in the pattern of HT-exc compared with that 
of HT-oxa indicates that oxalate has been succesfully replaced with OH- upon ion-exchange. 

5 25 45 65 85
2θ degrees

HT-carb

HT-heat

HT-reh

HT-oxa

HT-exc

105

Figure 2. X-ray diffraction patterns of HT with interlayer carbonate (HT-carb); after heat treatment at 723 K 
(HT-heat); after heat treatment and rehydration (HT-reh); HT with interlayer oxalate (HT-oxa); after aqueous ion-
exchange in KOH solution (HT-exc). 
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N2 physisorption experiments were performed to obtain texture information of the 
different HT materials. In Figure 3 the N2 adsorption and desorption isotherms of HT-reh and 
HT-exc are given. The hysteresis between 0.47-0.8 P/P0 in the isotherms of HT-reh indicates 
an enhanced mesoporosity of HT-reh as compared to HT-exc. The pore size distribution as 
given in Figure 4 shows that smaller mesopores (5-20 nm) are formed in HT-re, which are 
hardly present in HT-exc. The sharp peak at 3-4 nm is an artifact of the BJH model associated 
with a sudden closure of the hysteresis loop at P/P0 = 0.47. The results from N2 physisorption 
of the HTs as-synthesized and those of HTs after activation are summarized in Table 2. Upon 
heat treatment of HT-carb the specific surface area increases significantly as well as the 
micropore and mesopore volume due to dehydroxylation and decomposition of interlayer 
carbonate. Upon reconstructing the HT structure, the micropores disappear and the surface 
area and pore volume decrease. HT-exc exhibits a surface area and pore volume similar to that 
of HT-oxa, indicating that except for the exchange of oxalate by OH-, as was concluded based 
on XRD results, no significant changes in texture of the material are apparent. 

Volumetric CO2 adsorption measurements at low pressures were performed to determine 
the total amount of accessible Brønsted-base sites present in the activated HTs (Table 3). 
Based on the number of Al3+ ions as established by ICP analysis and the results from CO2 
adsorption, it is demonstrated that only a minor part (up to 10%) of the OH- ions present in 
the activated HT samples is titrated with CO2 at low pressure, which is in consistence with the 
model that CO2 uptake is confined to OH- ions present at or near the edges of the  

 

0

50

100

150

200

250

0 0.2 0.4 0.6 0.8 1
Relative pressure P/P0

HT-reh

HT-excV
ol

um
e 

ad
so

rb
ed

 (c
m

3 
ST

P.
g-1

)

Figure 3. N2 adsorption and desorption isotherms of HT-exc and HT-reh. 
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Figure 4. Pore size distributions of HT-exc and HT-reh calculated from the desorption branch 
using the BJH method. * Artifact of the BJH model. 
 
 
platelets [9,12]. A large difference between the adsorbed amount of CO2 between by HT-reh 
and HT-exc is observed, 0.16 versus 0.44 mmol.gcat

-1. Calculation of the exposed edge area in 
HT-exc based on the hexagonal platelet structure indicates that the amount of CO2 adsorbed 
correlates rather well with the edge area. The relatively low amount of CO2 adsorbed on HT-
reh, in agreement with the data reported in literature [6,8,9,18], is ascribed to agglomeration 
of HT platelets brought about by the activation method, making the edge sites within the 
agglomerates inaccessible as schematically represented in Figure 1C.   
  
 
Table 2. Results from N2 physisorption measurements and from ICP. 

 SBET
 a  

(m2.g-1) 
St

 b
   

(m2.g-1) 
Total pore 

volume (cm3.g-1) 
Micropore 

volume (cm3.g-1) Mg/Alc

HT-carb 89 87 0.74 0.00 2.2 
HT-heat 191 163 0.97 0.01 n.d. 
HT-reh 69 67 0.38 0.00 2.2 
HT-oxa 47 46 0.24 0.00 2.1 
HT-exc 46 45 0.24 0.00 2.2 
HT-exr 89 87 0.48 0.00 2.2 

a BET method. 
b t-method. 
c ICP analysis. 
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Table 3. Results from CO2 adsorption and catalytic measurements. 
 CO2 adsorptiona 

(mmol.gHT
-1) 

Initial activity 
(mmolDAA.gHT

-1.h-1) 
TOF  
(s-1)b

Initial heat of adsorption 
of CO2  

(kJ.mol-1) 
HT-heat n.d. 26 n.d. n.d. 

HT-reh 0.16 134 0.46 108 

HT-exc 0.44 12 0.015 109 

HT-exr 0.40 72 0.10 107 
a From volumetric CO2 adsorption measurements 
b Turn-over frequency of acetone condensation based on the number of sites from CO2 adsorption. 
   n.d. = not determined 

 
 

Figure 5 shows TEM images of the as-synthesized and the activated HTs. The TEM image 
of HT-reh shows the effect of activation via heat treatment and rehydration on the morphology 
of the material. The hexagonal platelets as found with the as-synthesized material (Figure 5A) 
have been transformed into an irregular structure (Figure 5B), although the HT phase is 
clearly present in the XRD pattern of HT-reh. The increase in pore volume of mesopores 
between 5-20 nm in the N2 physisorption experiments further indicate the agglomeration of 
irregularly shaped platelets (Table 2, Figure 4). Results obtained from TEM analysis of HT-
exc show that the original hexagonal structure of HT-oxa is preserved upon ion-exchange 
(Figure 5C and 5D). 
 
Catalytic performance 

The catalytic properties of the catalysts were investigated in the self-condensation of 
acetone to diacetone alcohol (DAA) at 273 K. The catalytic properties of HT-reh and HT-exc 
are given in Table 3 and Figure 6. The as-synthesized materials did not exhibit catalytic 
activity. HT-heat displayed some condensation activity comparable to what is reported by 
other authors [6,10,18], that is, 26 mmolDAA.gcat

-1.h-1. HT-reh displayed a much higher activity 
than HT-heat, which stresses that Brønsted-base sites are mandatory to obtain a high catalytic 
activity [7-9]. The initial activity of HT-reh in relation to the number of active sites as 
determined by volumetric CO2 adsorption corresponds well with the correlation reported 
earlier between the number of edge sites and the activity in the condensation of acetone over 
activated HTs with different platelet sizes [9,12]. The activity of HT-exc was low, that is, 12 
mmolDAA.gcat

-1.h-1, comparable to what has been reported earlier [9]. Based on the correlation 
between the number of edge sites and the initial activity we would expect an activity of 337 
mmolDAA.gcat

-1.h-1 with the exchanged sample. 
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Figure 5. TEM images of (A) HT-carb, (B) HT-reh, (C) HT-oxa and (D) HT-exc. 
 

Figure 6. DAA formation in time for the self-condensation of acetone at 273 K over HT-reh, HT-exc 
and HT-exr. 1.8 mol acetone and 0.3 g catalyst were initially present. 

 25



Chapter 2 

Evaluation of basic strength and accessibility of active sites 
Calorimetric study of CO2 adsorption: To gain information about the strength of the basic 
sites calorimetric measurements were performed by determining the heat of adsorption of CO2 
on the activated HTs. Earlier calorimetric studies using carbon dioxide as a probe molecule 
showed that an estimation of base strength can be obtained with the heat of adsorption up to 
160 kJ.mol-1 [8,23,25-32]. Figure 7 displays the differential heat of adsorption in the range of 
0-50 μmolCO2.gHT

-1. An initial heat of adsorption of 100-110 kJ.mol-1 is observed that dropped 
below 80 kJ.mol-1 already at relatively low uptake. Sanchez Valente et al. [23] investigated 
the heat of adsorption of CO2 using calorimetry on various hydrotalcite-like materials. They 
measured small but significant differences in basic strength by changing the chemical 
composition of the hydrotalcite (Al3+ for Fe3+ or Cr3+). The heat of adsorption at low uptake 
of our samples (Table 3) is similar to those reported by Figueras and co-workers [8,23]. 
Although the initial heats of adsorption of HT-exc and HT-reh are similar, a higher number of 
basic sites with a heat of adsorption above 80 kJ.mol-1 was found for the exchanged sample. 
Based on these results we would expect HT-exc to exhibit a catalytic activity above that 
obtained for HT-reh. 
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Figure 7. Differential heats of adsorption of CO2 on HT-reh and HT-exc at 303 K. 
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During the calorimetric measurements with both types of samples we observed at an 
uptake above 40 μmol.gHT

-1 an endothermic process when CO2 had been dosed (Figure 8). At 
low uptake a continuous drop of pressure coincided with an exothermic process (Figure 8A), 
whereas at high uptake an endothermic peak overlapped with an exothermic peak coming 
from the heat evolution from CO2 adsorption (Figure 8B). Directly after dosing CO2 at an 
uptake above 40 μmol.gHT

-1 the pressure dropped rapidly due to adsorption of CO2 after 
which the pressure slowly increased and steady-state was apparent after 20 minutes. We 
suggest that both the increase in pressure after 2 minutes and the endothermic process 
originate from a time-delayed rearrangement of the HT structure [33], due to changes in 
composition of the interlayer (formation of bicarbonate, carbonate and water) or stacking of 
the layers. 
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Figure 8. Examples of the heat evolution and pressure in time during calorimetry measurements 
of CO2 adsorption. A) uptake below 40 μmolCO2.g-1. B) uptake above 40 μmolCO2.g-1. 
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DRIFTS study of CDCl3 adsorption: To use FTIR as an accurate method for studying the 
basic properties of a catalyst the choice of the probe molecule is essential. Since CO2 is a 
relatively strong acid which can easily react with OH- to bicarbonate and carbonate species 
[34-37], a weak acid as molecular probe seems more suitable. For reviews on IR spectroscopy 
of small and weakly interacting molecular probes, see [36,38-40]. Paukshtis et al. [41,42] 
have reported that CDCl3 can be used as a probe molecule to characterize the different types 
and strengths of basic sites. The main advantages of using deuterated chloroform as probe 
molecule [41-53] are that it does not undergo chemical transformation under ambient 
conditions and that the relevant vCD bands do not overlap with the bands of the OH groups. 
Furthermore, the size of this probe molecule is similar to that of acetone. 

CDCl3 displays an isolated C-D stretching vibration ([vCD]gas = 2264 cm-1), which is 
expected to shift to lower frequencies when it undergoes hydrogen bonding. Figure 9 shows 
the DRIFT spectra in the vCD region (2280-2120 cm-1) of CDCl3 adsorbed on HT-carb, HT-exc 
and HT-reh at 303 K. The spectrum of adsorbed CDCl3 on HT-carb is given to check whether 
the brucite-like layers adsorb CDCl3 strongly, which is not the case as can be concluded from 
Figure 9. Two bands at 2252 and 2238 cm-1 appeared with a very low intensity. It is likely that 
these bands originate from an interaction with interlayer carbonate, since an excess of brucite-
like layers enables much more intense bands.  The spectra of CDCl3 adsorbed on HT-reh and 
HT-exc show a relatively strong band at around 2221 cm-1. Deconvolution of the spectra of 

 
Figure 9. Background substracted DRIFT spectra (vCD region, HT used as background) of CDCl3 adsorbed 
on HT-carb, HT-exc, HT-exr and HT-reh. For clarity reasons the spectrum of HT-exc, HT-exr and HT-reh 
have been shifted vertically by 0.02, 0.04 and 0.06, respectively. Inset shows the deconvolution of the 2280-
2180 cm-1 region of the HT-exc spectrum. 
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HT-exc and HT-reh revealed two more weak bands at 2249 and 2240 cm-1 (see inset Figure 9). 
The peak at ~2220 cm-1 is assigned to an interaction with interlayer OH-. The position of the 
vCD band in the spectrum of HT-reh and that of HT-exc do not show remarkable differences. 
However, a pronounced difference of intensities shows that much more CDCl3 is adsorbed on 
HT-reh than on HT-exc. Evaluation of the shift in the vCD band upon adsorption of CDCl3 
reveals that the basic sites in HT-exc and HT-reh exhibit moderately basic strength [41-53]. 

An interaction of CDCl3 with OH- also brings about new bands in the vOH region (Figure 
10). The absence of any additional bands in the HT-carb spectrum supports the supposition 
that no interaction of CDCl3 with the brucite-like layers is apparent. In the spectrum of HT-reh 
and HT-exc several bands appeared. The presence of these bands indicates that part of the OH- 
groups interact with deuterated chloroform upon adsorption. Note the difference in intensity 
of these bands with HT-reh and HT-exc, which is in line with the observation in the vCD 

region. The appearance of these bands in the 3800-3650 cm-1 region has been observed earlier 
and was ascribed to the interaction between OH groups with Cl atoms as well as with D (type 
a in Scheme 1) [35,43,47]. After switching off the CDCl3 feed, the bands discussed 
disappeared. The perturbation of the bands in the region 3300-3100 cm-1 remained unclear, 
but could originate from an interaction of the type Cl3C-D…OH- (type b in Scheme 1).  
 

Figure 10. Background substracted DRIFT spectra (vOH region, HT used as background) of CDCl3 adsorbed 
on HT-carb, HT-exc and HT-reh. For clarity reasons the spectrum of HT-exc and HT-reh have been shifted 
vertically by 0.005 and 0.01, respectively. 
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Scheme 1. Different modes of interaction of CDCl3 with active sites. 
 

Based on the results from the adsorption of CO2 as measured with calorimetry and the 
adsorption of CDCl3 (IR) we can deduce that no significant differences in basic strength of the 
materials are apparent. Based on the calorimetric measurements we would expect a much 
higher catalytic activity for HT-exc since there are more sites with a relatively high heat of 
adsorption towards CO2 in HT-exc than in HT-reh. The results from CDCl3 adsorption are 
revealing. No significant difference in the shift of vCD is observed, but a large difference in 
intensity of the absorption band is apparent. The low amount of CDCl3 adsorbed on HT-exc is 
ascribed to steric hindrance preventing the formation of adsorption-complexes between the 
Brønsted-base sites and CDCl3 due to the defect-free hexagonal structure of the platelets, as 
schematically represented in Figure 11. With HT-reh a more disordered structure was obtained 
and due to this disordered structure the accessibility for CDCl3 of the Brønsted-base sites 
enhanced. We propose that the enhanced accessibility of chloroform and, similarly, for 
acetone is a key characteristic of hydrotalcite catalysts active in condensation reactions.  

 

 

Less active OH-

 

Active OH-

Accessibility 
<< 

Activity 

Figure 11. Schematic representation of the difference in accessibility of the basic sites in HT-exc (left) with a 
preserved layer structure, and in HT-reh/HT-exr with a more distorted edge structure (right) when probing with 
CDCl3. 
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Consequences of the new model 
The new structural model was tested by enhancing the accessibility of activated HT 

obtained via ion-exchange. To distort the edge structure of the platelets we used modified ion-
exchange methods, which involved the ion-exchange of HT-oxa in aqueous KOH under reflux 
conditions (HT-exr). Figure 12 shows a representative TEM micrograph of HT-exr. It 
appeared that upon ion-exchange in boiling solution the hexagonal platelet structure of the as-
synthesized material has been severely altered. Although a platelet-like structure could still be 
distinguished, the edge-structure of the platelets appeared to be frayed and the morphology of 
the platelets, in particular at the edges, seemed to be more distorted.  

The results from N2 physisorption of HT-exr (Table 2) are in line with the observations 
with TEM; the increase in surface area and pore volume strongly indicate roughening of the 
surface. The initial heat of adsorption of CO2 as measured by calorimetry of HT-exr appeared 
to be the same as the values for HT-exc and HT-reh (Table 3). In Figure 9 the DRIFT 
spectrum of CDCl3 adsorbed on HT-exr is displayed. Although the strength of the basic sites 
in HT-exr appeared to be the same as HT-exc, the adsorbed amount of CDCl3 on HT-exr was 
found to be much larger and point to an increase in accessibility of the Brønsted-base sites 
brought about by performing the ion-exchange under reflux conditions. As a consequence of 
the modifications of the edge structure, a large enhancement in catalytic activity in the 
condensation of acetone was observed compared with the activity of HT-exc (Figure 6, Table 
3).  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. TEM micrograph of HT-exr, prepared by ion-exchange under reflux conditions. 
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Finally, structure modifications induced by performing the ion-exchange under ultrasonic 
treatment were investigated. We found similar results when performing the ion-exchange 
under ultrasonic treatment to that performed under reflux conditions, that is, a more distorted 
edge structure and enhanced catalytic performance. Cavitation damage [54] most likely is the 
cause of the generation of edge defects. The conclusions based on these results may also 
explain the large enhancement in catalytic activity of hydrotalcites activated via rehydration 
in combination with ultrasonic treatment [5]. 

Another approach to enhance the catalytic activity of activated hydrotalcites, of course, is 
to decrease the lateral size of the HT platelets in order to increase the number of active edge 
sites. In recent work [12,16] we showed that it is possible to prepare very small HT platelets 
(~20 nm) supported on carbon nanofibers and that the resulting catalysts exhibited a very high 
catalytic activity in the condensation of citral with acetone and in the self-condensation of 
acetone.  
 
 
 

Conclusions 
  

Two different procedures have been applied to activate hydrotalcites for liquid-phase 
condensation reactions, i.e., heat treatment/rehydration and aqueous ion-exchange. With the 
latter the hexagonal platelet structure of the as-synthesized material could be preserved, 
whereas a more irregular structure was found for the rehydrated sample. From the 
microcalorimetric measurements of the adsorption of CO2 as well as from IR of the 
adsorption of CDCl3 no significant differences in strength of the basic sites were apparent. 
However, a high amount of CDCl3 was adsorbed on the rehydrated samples in contrast to the 
exchanged sample. The rehydrated catalyst exhibited an activity in the condensation of 
acetone ten-fold higher than that of the exchanged catalyst. An enhanced accessibility of the 
edge sites situated at the distorted edges of the platelets of rehydrated hydrotalcites is 
proposed. By performing the ion-exchange under reflux conditions or by ultrasonic treatment 
the edge structure could be distorted too, hereby increasing the accessibility of the Brønsted-
base sites and thus enhancing largely its catalytic activity. This study shows that not the 
strength but the accessibility of the basic sites largely determines the catalytic performance of 
activated hydrotalcites. Moreover, it is shown that with a probe molecule similar in size as the 
reactant molecule (acetone) we can assess relevant steric effects.  
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A Hydrotalcite-Based Catalyst System for  
the Single-Stage Liquid-Phase Synthesis of MIBK  

 
 
 
 
 

Abstract 
A comparative study was performed between Pd supported on activated hydrotalcites bi-

functional catalysts and physical mixtures of activated hydrotalcites with Pd supported on 
carbon nanofibers for the single-stage liquid-phase synthesis of methyl isobutyl ketone from 
acetone and H2. Since it was found earlier that the dehydration reaction of diacetone alcohol 
over activated hydrotalcites is the rate-determining step in this process, Mg-Al hydrotalcites 
were investigated in the condensation of acetone to diacetone alcohol and its dehydration to 
mesityl oxide to enhance the activity. A correlation between the number of active base sites, 
as determined by volumetric CO2 adsorption measurements at low pressures, and the activity 
in the dehydration reaction could be derived. A dependency on the Pd loading (0-1 wt%) of 
Pd supported on activated hydrotalcites catalysts was found in the single-stage synthesis of 
methyl isobutyl ketone, whereas no such an effect was found when using physical mixtures of 
activated hydrotalcites with Pd on carbon nanofibers. Results from TEM, CO2 chemisorption 
and N2 physisorption as well as catalytic experiments in the hydrogenation of mesityl oxide 
and of cyclohexene indicate that this dependency is largely accounted for by entrapment of Pd 
particles in the agglomerates of the irregular stacks of hydrotalcite platelets, making these 
sites inaccessible for the reactants. 
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Introduction 
  

Industrially important chemicals like methyl isobutyl ketone (MIBK) and 2-ethylhexanal 
are usually produced in a three-step process, wherein the three reactions steps are executed 
separately. The first step is a base-catalyzed aldol condensation, followed by an acid-
catalyzed dehydration reaction. The last step is the selective hydrogenation of the α,β-
unsaturated aldehyde or ketone. The three-step process is disadvantageous, because the yield 
of the first two steps is being controlled by the thermodynamic equilibria while only the third 
step, the hydrogenation, is thermodynamically favored towards the end-product [1-3]. 
Furthermore, the large waste streams coming from the use of homogeneous catalysts have to 
be reduced significantly. To deal with the thermodynamic constraints and the more stringent 
environmental legislation, several catalytic systems have been investigated for the single-
stage process wherein n-butyraldehyde and H2 into 2-ethylhexanal or acetone and H2 into 
MIBK are directly converted. Examples of these catalytic systems are Pd on ion-exchange 
resin [4], Pd or Pt on ZSM-5 [5-7], Pd on zeolite X [8,9], Pd on Na/SiO2 [10], Pd/Nb2O5/SiO2 
[11,12], Ni/γ-Al2O3 [13] and Ni or Pd on Mg(Al)O [14-20]. Although these single-stage 
processes seem promising, still high reaction temperatures and pressures are required and 
side-reactions occur that lower the selectivity of the process and cause catalyst deactivation 
[16,21,22]. Although the use of catalytic distillation [23] might overcome these problems, a 
process operating at low temperatures appears to be more suitable.  

Recently, we reported a preliminary study of a hydrotalcite-based catalyst system 
consisting of a physical mixture of activated Mg-Al hydrotalcites (HT) and palladium 
supported on carbon nanofibers (Pd/CNF) for the single-stage synthesis of MIBK [24]. This 
catalyst system converts acetone and H2 into MIBK in the liquid-phase under mild conditions 
(331 K and 1.2 bar H2) with appreciable activity and high selectivity, although more research 
is required to further improve the efficiency. As the condensation of acetone to diacetone 
alcohol (DAA) over HT proceeded very fast and the second step, the dehydration of DAA to 
mesityl oxide (MO) over HT, was found to be rate limiting in the production of MIBK, the 
MIBK production rate may be improved by enhancing the rate of the dehydration reaction. 
However, in our previous work we showed that already at low MO concentrations severe 
deactivation of the hydrogenation catalyst occurred due to oligomerization of MO. The 
balance between the rate of the dehydration reaction and of the hydrogenation to MIBK is 
crucial in maintaining very low MO concentrations to suppress deactivation of the 
hydrogenation functionality. With a physical mixture of activated HT and Pd/CNF this 
balance may be shifted with the composition of the mixture. Another alternative would be the 
use of a bi-functional catalyst, in which the distance between the basic sites and 
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hydrogenation sites is minimized. The main advantage of such a catalyst system could be that 
MO does not necessarily have to desorb from the catalyst, but can be hydrogenated directly 
into MIBK. Therefore, it is beneficial to perform a comparison between hydrotalcite-based bi-
functional catalysts and physical mixtures. 

The deposition of highly dispersed Pd supported on hydrotalcites has been executed using 
various synthesis methods, such as co-precipitation [17], deposition-precipitation [25], 
impregnation [26-28] or by use of Pd clusters in a polymer [29]. However, the main focus of 
these studies was on the hydrogenation reaction and no attention has been given on the basic 
function. Recently, Tichit et al. [28] reported on Pd supported on a Mg/Al mixed oxide as an 
efficient catalyst for the synthesis of 2-methyl-3-phenyl-propanal from benzaldehyde and 2-
propanal, wherein basic sites as well as hydrogenation sites are required. An interesting 
finding was that by adding water to the reaction mixture the activity increased significantly, 
because reconstruction of the mixed oxide to hydrotalcites occurred. By reconstruction to 
hydrotalcite Brønsted-base sites (OH-) were incorporated in the structure, which were 
responsible for the significant increase in catalytic activity. Therefore, this reconstructed 
material is of interest to investigate in the single-stage synthesis of MIBK from acetone and 
H2. 

In this chapter we report on a comprehensive study on hydrotalcite-based catalysts for the 
single-stage liquid-phase synthesis of MIBK from acetone and H2 under mild conditions. The 
dehydration of DAA to MO over activated Mg-Al HT was studied separately to enhance the 
rate-determining step. To this end HT with different platelet sizes were investigated to derive 
the relation between the number of active sites and the catalytic performance for this reaction. 
Furthermore, since water is a side-product in the dehydration reaction, investigation on the 
influence of water is performed. A comparative study was made between Pd supported on 
activated hydrotalcites bi-functional catalysts and physical mixtures of activated hydrotalcites 
with Pd on carbon nanofibers in the single-stage liquid-phase synthesis of MIBK at 313 K and 
1.2 bar H2. Hydrogenation experiments were performed separately too to obtain more detailed 
information about the catalytic properties of the hydrogenation function of the catalysts. 
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Experimental 
 
Preparation of hydrotalcite materials 

HT with an Mg/Al ratio of 2 was prepared via co-precipitation [24,30]. To an aqueous 
solution (70 ml) containing 0.35 mol NaOH (Merck) and 0.09 mol Na2CO3 (Acros) an 
aqueous solution (45 ml) of 0.1 mol Mg(NO3)2.6H2O (Acros) and 0.05 mol Al(NO3)3.9H2O 
(Merck) was added. The resulting white suspension was heated at 333 K for 24 hours under 
vigorous stirring, after which the precipitate was filtered and washed extensively. The sample, 
further designated as HTas, was dried for 24 hours at 393 K. For the HT samples prepared at 
temperatures of 373, 423 and 473 K an autoclave was used. These samples are further 
indicated with their respective synthesis temperature. 

To activate HTas [31,32] it was heated in a nitrogen flow to 723 K (10 K.min-1) for 8 h and 
allowed to cool down to room temperature (HTheat). HTheat was rehydrated by suspending it in 
decarbonated water under N2 atmosphere for 1h. Next, the sample was filtered under N2 
atmosphere and dried in N2 flow at 293 K. The sample is further denoted as HTre. 
 
Deposition of palladium on activated hydrotalcites 

Pd was deposited via a method adapted from literature [26-28]. Typically 1.5 g of HTheat 
was added to a toluene solution (20 ml) containing appropriate amounts of Pd(acac)2 (Acros) 
(intended loading in the range of 0-1 wt%). The solvent was evaporated under continuously 
stirring the suspension while applying a dynamic vacuum. After drying in N2 flow at 393 K 
for 16 h, the catalyst precursor was heated in an Ar flow at 723 K for 0.5 h. Subsequently, the 
temperature was lowered to the reduction temperature (473 K) and the sample was kept at this 
temperature for 2 h in a 20 % H2 in Ar flow, followed by rehydration at room temperature by 
use of a water-saturated nitrogen flow for 72 h (samples are further denoted as Pd/HTre). 
 
Preparation of Pd/CNF and Pd/SiO2 

Pd was deposited on carbon nanofibers (0.9 wt% Pd) by ion adsorption as described 
elsewhere [24,33]. Carbon nanofibers (CNF) were grown out of synthesis gas (CO/H2) using 
a commercial 57 wt% Ni/SiO2 catalyst (Engelhard Ni5270P) at a growth temperature of 773 
K. Removal of the growth catalyst and oxidation of CNF was performed by treatment in KOH 
and subsequently in concentrated HNO3, followed by thorough washing. Next, Pd was 
deposited by ion adsorption using Pd(NH3)4

2+. The catalyst precursor was reduced at 523 K in 
H2 flow (further denoted as Pd/CNF). A 3 wt% Pd on SiO2 catalyst obtained from Engelhard 
(Q500-189, unreduced sample) was reduced in H2 flow at 523 K for 2 hours. 
 

 40 



A hydrotalcite-based catalyst system for the synthesis of MIBK 

Catalyst characterization 
Powder X-ray diffraction patterns were measured using an Enraf-Nonius CPS 120 powder 

diffraction apparatus with Co Kα radiation (λ=1.789Å). Volumetric CO2 adsorption 
measurements in the range of 0-50 mbar were executed at 273 K with a Micromeritics ASAP 
2010C apparatus after drying the samples at 393 K in vacuum for at least 20 h. After 
evacuation of the sample, CO2 was dosed with small increments. The total number of 
accessible sites was determined by taking the amount of CO2 chemisorbed at zero pressure 
obtained by extrapolation of the linear part of the uptake isotherm. N2 physisorption 
measurements were performed using a Micromeritics Tristar 3000 analyzer after drying the 
samples at 393 K for at least 20 hours. H2 chemisorption data on Pd samples were recorded 
using a Micromeritics ASAP 2010C apparatus. Prior to the chemisorption measurements at 
343 K, samples were dried in vacuum at 393 K for 16 hours, reduced in H2 flow at 423 K for 
2 hours (5 K/min) and degassed for two hours at the reduction temperature. The H/M ratios 
are based on the amount of hydrogen adsorbed by extrapolating the linear part of the isotherm 
to zero pressure. TEM images were obtained with a Fei Technai 20 FEG TEM operating at 
200 kV. Samples were, after ultrasonic treatment, dispersed on a holey carbon film supported 
on a copper grid. ICP analyses were performed using a Thermo Jarrel Ash Atom Scan 16 
apparatus. 

Catalytic tests 

Condensation and dehydration experiments were performed under N2 atmosphere with  
0.5 g of activated HT catalyst and 1.8 mol acetone. Hydrogenation experiments and the 
single-stage synthesis of MIBK were performed in a semi-batch slurry reactor operating at a 
constant pressure of 1.2 bar H2 at 313 K [24,34]. The set-up consisted of a thermostatted 
stirred double-walled glass reactor, equipped with baffles and a gas-tight mechanical stirrer. 
The single-stage synthesis of MIBK was performed at 313 K and 1.2 bar H2. Typically, to a 
solution containing 1.8 mol acetone and 6 g iso-octane as internal standard we added 0.5 g 
Pd/HTre or a physical mixture of for example 0.5 g HTre with 0.14 g of Pd/CNF, after which 
the reactor was pressurized to 1.2 bar H2. For a typical hydrogenation experiment, 0.05 g of 
crushed hydrogenation catalyst was added to a solution containing 120 ml ethanol and 6 g iso-
octane at 313 K, after which the reactor was pressurized to 1.2 bar H2. The reaction was 
started by injection of 0.01 mol mesityl oxide (Acros, 99% α- and β-isomer (ratio 1:13), 
purified by distillation) or cyclohexene (Acros). Aliquots of 1 ml were taken from the reaction 
mixture during reaction and analyzed using a Chrompack CP 9001 GC provided with a 
Chrompack CP 9050 autosampler. 
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Results and discussion 
 
Catalyst characterization 

The XRD pattern of the as-synthesized HT (HTas) shows the characteristic diffraction 
lines typical for an HT compound (Figure 1). After heat treatment of HTas at 773 K the 
layered compound was destroyed and a mixed oxide (Mg(Al)O) was formed. The original 
layered structure could be restored by rehydration of the mixed oxide, although line 
broadening in the pattern of HTre is apparent compared with that of HTas. Palladium was 
deposited on the mixed oxide and, after a second heat treatment at 773 K and reduction at 473 
K, rehydrated to form palladium supported on activated hydrotalcites (Pd/HTre) with loadings 
in the range 0-1 wt%. The line broadening is even more pronounced with Pd/HTre, caused by 
the additional synthesis steps needed for deposition of Pd. No diffraction lines from Pd are 
apparent in the XRD pattern due to the low loading and small Pd particles. 

The results from N2 physisorption of HTas, HTheat, HTre and Pd/HTre (1wt%) are given in 
Table 1. After heat treatment of HTas the surface area as well as the pore volume increased 
significantly. Only with HTheat micropores were observed, caused by the evolution of water 
and CO2 during heat treatment of HTas [24,31,35]. After rehydration of the mixed oxide 
(HTre) a BET surface area similar to that of HTas was found, whereas Pd/HTre exhibited a 
relatively low surface area. The results from N2 physisorption of Pd/CNF and Pd/SiO2 are 
given in Table 1. No micropores were present in Pd/CNF, whereas micropores were observed 
with Pd/SiO2. 
 

Figure 1. X-ray diffraction patterns of HTas, HTheat, HTre and 1 wt% Pd/HTre. 
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Table 1. Results from N2 physisorption and CO2 adsorption measurements. 

* Calculated with the BET method or from the t-plot when micropores were present. 

 S*
 

(m2.g-1) 
Vmeso  

(cm3.g-1) 
Vmicro 

(cm3.g-1) 
CO2 adsorption 

(mmol.gcat
-1) 

HTas 62 0.56 0.00 n.d. 

HTheat 212 0.77 0.01 n.d. 

HTre 67 0.38 0.00 0.174 

Pd/HTre (1 wt%) 27 0.24 0.00 0.076 

Pd/CNF 138 0.40 0.00 n.d. 

Pd/SiO2 278 0.91 0.02 n.d. 

 
 
Volumetric CO2 adsorption measurements were performed to obtain information on the 

number of active base sites in the HT samples (Table 1). The amount of CO2 adsorbed on all 
Pd/HTre samples was found in the range 0.05-0.08 mmol.gcat

-1, a factor 2-3 lower than was 
found for HTre (0.17 mmol.gcat

-1) and values reported earlier for similar materials [31,32,36-
38]. This low amount of accessible basic sites is best explained by further agglomeration of 
the HT platelets as could already be observed with activated HTs [32,36,39,40], brought 
about by the additional heat treatment and rehydration procedure. The regular stacks of 
hexagonal platelets present in the as-synthesized HT have been transformed into agglomerates 
of irregular stacks (Figure 2A).  

TEM analysis of Pd/HTre at higher magnification (Figure 2B) and in STEM High-Angle 
Annular Dark-Field mode (HAADF, Figure 2C) shows that Pd is distributed as small particles 
(1-3 nm) on the HT agglomerates. The Pd particle size for all Pd/HTre samples as determined 
with H2 chemisorption was typically 1.6 nm (Table 2). TEM analyses on Pd/CNF and Pd/SiO2 
revealed small particles in the range of 1-4 nm as well, in line with results from H2 
chemisorption (Table 2). 

 
 

Table 2. Characterization results for the various hydrogenation catalysts. 

H2 chemisorption  Pd Loading  
(ICP, wt%) 

Pd particle size 
(TEM, nm) H/M d (nm) 

Pd/HTre 1 1-3 0.71 1.6 

Pd/CNF 0.9 1-4 0.43 2.6 

Pd/SiO2 2.8 1-3 0.75 1.5 
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Figure 2. TEM images of 1 wt% Pd/HTre.  
A and B) Bright field, C) STEM HAADF.  

 

A B 
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Condensation and dehydration over activated HTs 

The formation of MO from acetone over HTre was investigated at various temperatures. 
Figure 3 displays the initial rate in the dehydration reaction over HTre as a function of the 
reaction temperature. In these experiments the condensation of acetone to DAA was found to 
be much faster than the dehydration reaction by almost two orders of magnitude. As expected, 
the dehydration rate enhances considerably upon increasing the reaction temperature, but this 
improvement is limited due to the relatively low boiling point of acetone at ambient pressure. 
A perfect fit of the experimental data was obtained with an activation energy of 73.5 kJ.mol-1 
(Figure 3), which is similar to values reported in literature [2,41,42].  

Other investigations reported in literature showed that the actual active basic sites in 
activated HTs are situated at the edges of the platelets and that the number of these sites can 
be varied by changing the lateral platelet size [36,38,39,43,44]. A linear correlation between 
the number of active sites and the activity in the condensation of acetone at 273 K was found 
[36,38,44]. It was worthwhile to investigate whether a similar structure-activity relationship 
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Figure 3. Initial activity in the dehydration of DAA to MO over HTre as a function of the temperature, 
( ) experimental data and (dashed line) fitted curve (fitted with an activation energy of 73.5 kJ.mol-1).  
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could be derived for the dehydration reaction. To this end we have prepared HTs with 
increasing platelet size by increasing the synthesis temperature, 333 K, 373 K, 423 K and 473 
K [36,45]. TEM and SEM-analyses on these samples showed that HT prepared at 473 K 
consisted of large platelets of about 400-500 nm, whereas the smallest platelets (~60-90 nm) 
were found for HT prepared at 333 K (data not shown). These materials were, after activation, 
investigated in the condensation and dehydration to MO at 313 K (Figure 4). In all 
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Figure 4. Formation of mesityl oxide at 313 K over HTre samples with varying platelet size, prepared at 
333 K (HTre), at 373 K (HTre,373 K), at 423 K (HTre,423 K) and at 473 K (HTre,473 K). 1.8 mol acetone and 0.5 
g catalyst were initially present. 
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experiments equilibrium (~0.45 molDAA.l-1) in the condensation of acetone was established 
within 15 minutes. The initial activity in the MO formation increases with decreasing platelet 
size (Figure 4), similar to results obtained in the condensation of acetone. The number of 
active sites in these materials was determined by volumetric CO2 adsorption measurements at 
low pressures. In Figure 5 the initial activity in the dehydration reaction is given as a function 
of the CO2 uptake. As expected the number of active sites increased upon decreasing the 
platelet size. A similar correlation was obtained for the dehydration of DAA to MO as was 
reported earlier for the self-condensation of acetone, indicating that the dehydration reaction 
also proceeds via the basic sites situated at the edges of the platelets. 

Water is one of the products of the dehydration reaction, therefore, an exploratory 
investigation on the influence of water on the catalytic properties was performed. The 
influence of water added prior to reaction was investigated in the self-condensation of acetone 
to DAA and the consecutive dehydration of DAA to MO at 313 K (Table 3). The rate of the 
dehydration reaction decreased by factor 3 when increasing the initial water concentration 
from 0.02 to 0.25 mol.l-1. The rate of the condensation reaction was much higher than that of 
the dehydration reaction, by two orders of magnitude. When adding water to the reaction 
mixture, surprisingly, the condensation reaction was affected considerably too. The influence 
of water on the activity of HTre was further investigated in the self-condensation at 273 K, at a 
temperature at which no dehydration of DAA to MO occurs, by adding water prior to reaction 
as well as during the experiment. Figure 6 shows the relative initial activity as a function 
 
 

Figure 5. Initial activity in the dehydration reaction vs the number of active sites as determined by 
volumetric CO2 adsorption measurements. 
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Table 3. Rates in the self-condensation of acetone to DAA and the dehydration to MO at 313 K over HTre with 
increasing initial water concentration. 

Initial activity# (molproduct.g-1.h-1) [H2O]o
(mol.l-1) Condensation Dehydration 
0.02 1.1 9.4*10-3

0.25 0.39 3.1*10-3

# Initial activity in the condensation reaction over the first 2 minutes, in the dehydration reaction over the first 15 
minutes.  

 
of the water content initially present. The initial rate in the condensation of acetone drops 
considerably by adding small amounts of water. These results show that the water 
concentration in the reaction mixture is a crucial parameter influencing the catalytic 
performance of activated hydrotalcites, most likely due to the competitive adsorption of water 
with the reactants [46-48]. 
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Figure 6. Decrease in initial activity in the self-condensation of acetone as a function of the water 
content added to the reaction mixture at 273 K over HTre. 

 
 
Single-stage synthesis of MIBK 

The Pd/HTre samples and physical mixtures of HTre and Pd/CNF were investigated in the 
single-stage synthesis of MIBK at 313 K and 1.2 bar H2. The formation of DAA, MO and 
MIBK over 0.25 wt% and 1 wt% Pd/HTre as well as the physical mixture of HTre with 
Pd/CNF (0.25 wt% Pd with respect to the amount of HTre) is shown in Figure 7 and Table 4. 
The acetone condensation was fast and equilibrium was attained already within 15 minutes. 
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With 1 wt% Pd/HTre the MO concentration remained low due to rapid hydrogenation to 
MIBK (Figure 7A). However, with 0.25 wt% Pd/HTre the MO concentration increased 
continuously during several hours of reaction, whereas the MIBK formation was much slower 
and even slowed down with time (Figure 7B). In the latter case the hydrogenation activity 
gradually decreased during the experiment likely due to catalyst deactivation [24]. Figure 8 
shows the results from the catalytic experiments obtained with the whole series of Pd/HTre 
samples with Pd loadings ranging from 0-1 wt%. A clear dependency of the MIBK formation 
on the Pd loading was found. At Pd-loadings up to 0.75 wt% the catalyst could not keep the 
MO concentration low (Table 4). At Pd-loadings of 1 wt% the rate of hydrogenation was high 
enough to keep the MO concentration at such a low level that deactivation was suppressed. 
The dehydration activity (calculated from the amounts of MO and MIBK formed) is given in 
Figure 8 as well. The dehydration activity of HTre was significantly higher than that of 
Pd/HTre, in line with the measured number of active sites (Table 1). 

Results from experiments using a physical mixture of Pd/CNF and HTre (0.25 wt% Pd 
with respect to the amount of HTre) are given in Figure 7C and Table 4. With the physical 
mixture the MO concentration could be kept very low at a relative loading of 0.25 wt% Pd (at 
a much lower Pd-loading than with the Pd/HTre samples). Moreover, with this catalyst system 
a rather constant MIBK formation was found over several hours of reaction. 

The difference in catalytic performance between the Pd/HTre samples and the physical 
mixtures can be ascribed to either a support-effect or to partly loss of the hydrogenation sites 
in the Pd/HTre samples brought about by agglomeration of the HT platelets due to which part  
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Figure 7. Formation of DAA, MO and MIBK in the 
single-stage synthesis of MIBK from acetone and 
H2 (1.2 bar) at 313 K over 0.5 g catalyst. A) 1 wt% 
Pd/HTre. B) 0.25 wt% Pd/HTre. C) Physical mixture 
of HTre and Pd/CNF (0.5 g HTre and 0.14 g 
Pd/CNF). 
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Table 4.  MIBK production rate and reaction mixture composition in the single-stage synthesis of MIBK, 
performed at 313 K and 1.2 bar H2. 

Products (mol%)b MIBK production ratea 
(mmol.gcat

-1.h-1) DAA MO MIBK Otherc

HTre 0 81.9 17.0 0 1.1 

Pd/HTre 
0.25 wt% 2.0 80.7 12.6 5.5 1.2 

Pd/HTre 
0.5 wt% 

2.3 82.1 10.4 6.5 1.0 

Pd/HTre 
0.75 wt% 

2.6 82.3 5.9 9.9 1.9 

Pd/HTre 
1 wt% 

3.9 81.6 1.8 13.7 2.9 

Pd/CNF & 
HTre

d 5.7 78.2 0.2 19.9 1.7 
a Calculated for the first hour 
b Determined after six hours 
c Main side products are isopropanol, isophorone and triacetone alcohol 
d Physical mixture of 0.50 g HTre and 0.14 g Pd/CNF. 

 
of the hydrogenation sites have become inaccessible for the reactants. Results from N2 
physisorption, XRD and especially TEM indicated the extensive formation of agglomerates 
with Pd/HTre. The low amount of CO2 adsorbed on these materials as well as the low 
hydrogenation activity further indicate a loss of basic sites as well as hydrogenation sites. Due 
to the favorable physico-chemical properties of the carbon nanofibers support, such effects 
can be excluded for Pd/CNF.  It must be mentioned that a relatively high H/Pd was obtained 

Figure 8. Dehydration activity (first hour) and the relative conversion of MO to MIBK as a 
function of the Pd loading in the single-stage synthesis of MIBK at 313 K over Pd/HTre samples. 
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from H2 chemisorption for the Pd/HTre samples (similar to that of Pd/SiO2), which indicates 
that accessibility of Pd for H2 does not pose a problem. To elucidate on the supposition of 
partly loss of Pd particles in the HT agglomerates direct MO hydrogenation experiments over 
Pd/HTre have been performed and the results are compared to those obtained with Pd/CNF 
and Pd/SiO2. Cyclohexene hydrogenation experiments were investigated as well, because this 
reaction is expected not to be influenced by the basic sites present in Pd/HTre and water 
present in the reaction mixture. 

 
Hydrogenation of MO and cyclohexene 

Earlier we reported that the nature of the support might affect the activity in the 
hydrogenation of MO and that severe deactivation of the catalyst occurred especially when 
applying relatively high MO concentrations (~0.3 mol.l-1) at low H2 pressure (1 bar) [24]. 
Therefore, the hydrogenation of cyclohexene was performed as well. In Figure 9 the 
hydrogenation of MO and of cyclohexene over (1 wt%) Pd/HTre and (0.9 wt%) Pd/CNF at 
313 K and 1.2 bar H2 are depicted. The initial rate in the hydrogenation of cyclohexene was 
somewhat lower than the rate in the hydrogenation of MO over all catalysts. Clear differences 
in catalytic performance between Pd/CNF and Pd/HTre were observed in both reactions. In 
Table 5 the initial activity as well as the turn-over frequency (TOF, based on hydrogen 
chemisorption data) are given for the hydrogenation catalysts. The initial activity and TOF in 
the MO hydrogenation of Pd/CNF and Pd/SiO2 differ somewhat, while these differences are 

Figure 9. Hydrogenation of MO (0.08 mol.l-1) and hydrogenation of cyclohexene (0.08 mol.l-1) 
over (1wt%) Pd/HTre (  and , respectively) and Pd/CNF (  and , respectively) performed in 
ethanol at 1.2 bar H2 and 313 K. 
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less pronounced in the cyclohexene hydrogenation. However, both catalysts exhibited much 
higher activity than Pd/HTre. The difference in TOF was found to be as large as 30 times that 
for the MO hydrogenation and 11 times that for the cyclohexene hydrogenation. Such large 
differences have not been reported earlier for hydrogenation of cyclohexene using Rh and Pd 
catalysts [34,49]. Jackson et al. [49] studied the hydrogenation of cyclohexene over 
Pd/alumina, Pd/carbon, Pd/silica and Pd/zirconia catalysts and found relatively small 
variations in the TOF, that is, differences only up to a factor 2. Activities obtained for our 
Pd/CNF and Pd/SiO2 catalysts are in the same range. 

Although the lower activity in the hydrogenation of MO might partly be ascribed to the 
nature of the support, these results strongly direct to partly entrapment of Pd particles in the 
agglomerates of HT, making them inaccessible for the organic reactants. Since hydrogen 
chemisorption on Pd/HTre is similar to Pd/SiO2 (Table 2), accessibility of H2 does not pose a 
problem. The use of HTre as support for Pd appears to affect the performance of the catalyst 
negatively and shows that the physical mixture of HTre with Pd/CNF is superior over Pd/HTre 
bi-functional catalysts in the liquid-phase synthesis of MIBK under mild conditions.  
 
 
Table 5. Activity and TOF for the MO and cyclohexene hydrogenation performed in ethanol at 313 K and 1.2 
bar H2. 

MO hydrogenation Cyclohexene hydrogenation 

 Initial activity x 103 
(mol.gPd

-1.s-1) 
TOFa  
(s-1) 

Initial activity x 103  
(mol.gPd

-1.s-1) 
TOFa  
(s-1) 

Pd/HTre (1 wt%) 0.94 0.14 1.5 0.22 

Pd/CNF 24 5.3 11 2.8 

Pd/SiO2 9.1 1.5 11 1.6 
a TOF is given for the first 2 minutes in molreactant hydrogenated per mol metal surface atoms in the catalyst per 
second. 
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Conclusions 
 
Pd supported on activated hydrotalcites and physical mixtures of activated hydrotalcites 

with Pd on carbon nanofibers catalysts were studied for the single-stage synthesis of methyl 
isobutyl ketone from acetone and H2. The rate of the dehydration reaction over activated 
hydrotalcites was found to be dependent on the number of basic sites, similar to the 
correlation found in the self-condensation of acetone over activated hydrotalcites. Deposition 
of Pd on activated hydrotalcites resulted in agglomerates of irregular stacks of hydrotalcite 
platelets bringing about inclusion of a large part of the Pd particles. The conversion of MO to 
MIBK in the single-stage experiments turned out to be dependent on the palladium loading, 
which was not observed with physical mixtures of activated hydrotalcites and Pd supported 
on carbon nanofibers. Very low activities and TOFs in the hydrogenation of mesityl oxide and 
of cyclohexene were obtained with the Pd supported on hydrotalcites catalysts compared to 
the other hydrogenation catalysts, which we ascribe to entrapment of Pd particles in the 
hydrotalcite agglomerates making them inaccessible for the organic reactants. 
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4 

Single-Stage Liquid-Phase Synthesis of Methyl  
Isobutyl Ketone under Mild Conditions  

 
 
 
 
 
 
 
 
 
 
 
 

Abstract 
In this study a catalyst mixture of activated Mg/Al hydrotalcite as solid base and Pd on 

carbon nanofibers was investigated for the single-stage liquid-phase synthesis of methyl 
isobutyl ketone (MIBK) from acetone and H2 at 313 K and H2 pressures of 1-20 bar. With this 
catalyst system acetone and H2 are selectively converted into MIBK in a single reactor, even 
at 1.2 bar H2. Although the hydrogenation of one of the intermediates, mesityl oxide, at 1.2 
bar suffers from severe mass transfer limitations in H2, the catalytic activity in the single-stage 
synthesis is stable over several hours if the steady-state concentration of mesityl oxide is kept 
low. Under the presented conditions the dehydration reaction of diacetone alcohol to mesityl 
oxide is rate limiting in the production of MIBK.  
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Introduction 
 

Methyl isobutyl ketone (MIBK) is an industrially important chemical, mainly used as a 
coating solvent. It is the third largest tonnage product formed from acetone and is mainly 
produced via a conventional three-step process, wherein starting from acetone the three 
reactions are executed separately (Figure 1). The first step consists of the self-condensation of 
acetone to form diacetone alcohol (DAA). In a sequential step DAA is dehydrated to mesityl 
oxide (MO). In the third step, MIBK is formed by selective hydrogenation of the C=C bond of 
MO. The first two steps are base and acid catalyzed reactions, respectively, the third step is 
generally catalyzed by supported noble metals. 

 
 

OHO

2 
O - H2O O O

+ H2 

DAA MO MIBK 

 
 
 
 
 

Figure 1. Reaction scheme of the self-condensation of acetone to diacetone alcohol (DAA), dehydration of DAA 
to m sityl oxide (MO) and followed by selective hydrogenation to methyl isobutyl ketone (MIBK). 

he high costs of the conventional three-step process relate to the yields of the first two 
steps being controlled by the thermodynamic equilibria of these reactions. The equilibrium of 

To deal 
with the thermodynamic constraints, single-stage processes have been developed to convert 
ace

 

e

 
 
T

the condensation of acetone shifts to DAA at lower reaction temperatures, whereas for the 
dehydration step the equilibrium shifts to MO at higher reaction temperatures [1-4]. 

tone and hydrogen directly into MIBK. Several catalytic systems containing condensation, 
dehydration and hydrogenation functionalities have been investigated for the single-stage 
process, e.g., Pd on ion-exchange resin [5], Pd or Pt on ZSM-5 [6-8], Pd/Nb2O5/SiO2 [9,10], 
Ni/γ-Al2O3 [11] and Ni or Pd on MgO [12,13]. The single-stage processes as developed or 
proposed up till now still require high reaction temperatures and pressures, and side reactions 
occur, in particular hydrogenation of acetone to 2-propanol and probably oligomerization. As 
a consequence the selectivity of the process is lowered and the catalysts deactivate [14-17].  

Several studies have been reported on the use of hydrotalcite-based catalyst systems for 
the single-stage production of MIBK [15,16,18-20], in which the process is mainly performed 
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at high temperatures and/or hydrogen pressures. In these studies the actual condensation 
catalyst is a mixed oxide obtained by calcination of the hydrotalcite. Recently, extending the 
pioneering work of Tichit and co-workers [21-24], our group developed a highly active 
cata

, especially Pd/C catalysts, exhibit the best 
per

, Pd on SiO2 (Pd/SiO2) and Pd on graphite 
(Pd

reparation of Hydrotalcite materials 
HT with an Mg/Al ratio of 2 was prepared via co-precipitation [32]. To an aqueous 

olution (70 ml) containing 0.35 mol NaOH (Merck) and 0.09 mol Na2CO3 (Acros) an 
45 ml) of 0.1 mol Mg(NO3)2.6H2O (Acros) and 0.05 mol Al(NO3)3.9H2O 

erck) was added. The resulting white suspension was heated to 333 K for 24 hours under 
itate was filtered and washed extensively. The sample, 

furt

lyst for the liquid-phase condensation of acetone at low temperatures, i.e., activated Mg-
Al hydrotalcite (HT) [25,26]. Furthermore, this catalyst showed dehydration functionality of 
DAA to MO already at room temperature [2,26].  

Earlier studies reported in literature on the hydrogenation of MO to MIBK showed that at 
higher temperatures the reaction proceeds with appreciable initial rates [27,28]. However, 
with the catalysts explored up till now at low pressure and temperature full conversion of MO 
to MIBK is not attained due to deactivation [29]. For hydrogenation of α,β-unsaturated 
ketones and aldehydes, palladium-based catalysts

formance in the hydrogenation of the olefinic bond [15,30]. As a promising alternative for 
activated carbon we used carbon nanofibers (CNF) as the support material, because of their 
high mechanical strength, high surface area and accessibility, tuneable surface properties, 
their purity and the absence of micropores [31].  

In this work we studied the formation of DAA and MO from acetone using activated HT. 
Furthermore, a palladium on CNF catalyst (Pd/CNF) was investigated in the hydrogenation of 
MO at H2 pressures ranging between 1-20 bar and with different MO concentrations. An 
exploratory study was conducted on the performance of this Pd/CNF catalyst in comparison 
with other supported palladium catalysts, that is

/G), and with a platinum supported on CNF catalyst (Pt/CNF). Finally, the single-stage 
conversion of acetone and H2 into MIBK under mild conditions was studied using a catalyst 
mixture of activated HT and Pd/CNF. 
 
 
 

Experimental 
 
P

s
aqueous solution (
(M
vigorous stirring, after which the precip

her designated as HT-CO3, was dried for 24 hours at 393 K. 
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HT-CO3 was activated using the procedure of Roelofs et al. [33]. HT-CO3 was heated to 
723 K (10 K/min) in a nitrogen flow for 8 hours (HTheat). HTheat was rehydrated in 
decarbonated water for 1 hour under nitrogen atmosphere, filtered and washed with ethanol to 
obtain a relatively high amount of accessible basic sites (HTact).  
 

ne gram of calcined Ni/SiO2 
as first reduced at 873 K in a fixed bed reactor for 2h in a 20% H2/N2 flow (400 ml.min-1). 

creased to 773 K and a mixture of CO (80 ml.min-1), H2 (30 
ml.

CNF or graphite (Lonza, 
SAG100) was suspended in 100 ml demineralised water. The pH of the suspension was 

um hydroxide solution (25%). 
Sub

fraction apparatus with Co Kα radiation (λ = 1.789Å). N2 physisorption 
easurements were performed using a Micromeritics ASAP 2400 analyser. When micropores 

are present, the surface area calculated with the t-method is reported instead of the BET 
surface area. Volumetric CO2 adsorption measurements in the range 0-100 mbar were 

Growth of carbon nanofibers 
CNF were grown out of a commercial 57 wt% Ni/SiO2 catalyst (Engelhard Ni5270P, 

calcined at 648 K for three hours)) from syngas [34,35]. About o
w
Next, the temperature was de

min-1) and N2 (290 ml.min-1) was passed through the catalyst bed for 20 hours. The reactor 
content was refluxed for 1.5 hours in a KOH solution (1 M) and thoroughly washed in order 
to remove the silica support. Next, the fibers were treated for 2 hours in boiling concentrated 
nitric acid to remove exposed nickel and to introduce adsorption sites, filtered, thoroughly 
washed with demineralised water and dried at 393 K for 24 hours.  
 
Preparation of palladium and platinum supported catalysts 

Pd or Pt was deposited on the carbon supports via an ion adsorption method, earlier 
applied by Hoogenraad et al. [36]. Typically, 5 g of oxidized 
H
adjusted at a value between 5-6 by adding ammoni

sequently, an aqueous solution of Pd(NH3)4(NO3)2 (Alfa Aesar) or Pt(NH3)4(NO3)2 
(Aldrich) was added and the resulting suspension was stirred for 20 hours at room 
temperature under N2 atmosphere. The catalyst precursor was filtered under N2 flow, washed 
and dried at 353 K for 20 hours in N2 flow. The Pd catalyst precursors were reduced in 
hydrogen flow at 523 K (5 K/min) for 2 hours, whereas the Pt catalyst precursor was reduced 
at 473 K (2 K/min) in hydrogen flow for 3 hours. A 3 wt% Pd on SiO2 catalyst obtained from 
Engelhard (Q500-189, unreduced sample) was reduced in hydrogen flow at 523 K for 2 hours 
(5 K/min). 
 
Catalyst characterization 

Powder X-ray diffraction (XRD) patterns were measured using an Enraf-Nonius CPS 120 
powder dif
m
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executed at 273 K with a Micromeritics ASAP 2010C apparatus after drying the samples at 
393

 of a thermostatted stirred double-walled glass reactor, equipped with baffles and 
 gass-tight mechanical stirrer. For a typical hydrogenation experiment, 50 mg of crushed 

pt at 1.2 bar H2 for one hour, after which it was added to a 
solu

 K in vacuo for at least 20 hours. The total amount of accessible sites was determined 
taking the amount of CO2 chemisorbed to zero pressure by extrapolation of the linear part of 
the uptake isotherm. Hydrogen chemisorption data were recorded using a Micromeritics 
ASAP 2010C apparatus. Prior to the chemisorption measurements at 343 K for the Pd 
samples and 307 K for the Pt catalyst, samples were dried in vacuo at 393 K for 16 hours, 
reduced in H2 flow at 473 K for 2 hours (5 K/min) and degassed for two hours at the 
reduction temperature. The H/M ratios are based on the amount of hydrogen adsorbed by 
extrapolating the linear part of the isotherm to zero pressure. TEM images to assess the metal 
particle size were obtained with a Fei Technai 20 FEG TEM operating at 200 kV. Samples 
were, after an ultrasonic treatment in butanol, dispersed on a holey carbon film. A Philips 
XL30FEG electron microscope was used to obtain SEM images. ICP analyses to determine 
metal loadings were performed using a Thermo Jarrel Ash Atom Scan 16 apparatus. After 
crushing and suspending in ethanol, the catalyst particle size distribution was measured with 
an optical particle sizer Accusizer Model 770, capable of detecting particles in the range of 1 
to 500 μm. 
 
Catalytic reaction procedures 

Condensation and dehydration to MO experiments were performed under N2 atmosphere 
with 0.3 g of activated HT catalyst. MO hydrogenation experiments were performed in a 
semi-batch slurry reactor operating at a constant pressure of 1.2 bar H2 at 313 K [37]. The set-
up consisted
a
hydrogenation catalyst was ke

tion containing 120 ml of acetone or ethanol, 6 g iso-octane as an internal standard 
(99.5% pure) and MO (Acros, 99% α- and β-isomer (ratio 1:13), purified by distillation) at 
313 K. During the reaction the hydrogen consumption was monitored by an electronic mass 
flow controller. For the single-stage synthesis of MIBK at 331 K and 1.2 bar H2 a mixture of 
0.3 g HTact and 0.2 g Pd/CNF was used. MO hydrogenation experiments at 10 and 20 bar H2 
were performed in a 1 L Parr reactor. Typically, 275 mg of crushed catalyst was suspended in 
670 ml of ethanol or acetone at 313 K, after which a second solution containing 80 ml of 
ethanol or acetone and the desired amount of MO was added. Next, the reactor was filled with 
H2 and pressurized. Aliquots of 1 ml were taken from the reaction mixture during reaction and 
analysed using a Chrompack CP 9001 GC provided with a Chrompack CP 9050 autosampler. 
 

 59



Chapter 4 

 60 

5 25 45 65 85
2θ degrees

A

B

105

C

 
igure 2). By heating the sample up to 723 K, the layered structure was destroyed and a 

nt as can be concluded from XRD. This heat treatment caused a 
rge increase in surface area as well as in micropore and mesopore volume and a lowering of 

38]. Upon reconstructing the HT structure by rehydrating 
HT

t in the structure of HT. This is in line with the conclusions stated by 
Roe

 
 

 
 

 
 
 

 
 
Figure 2. XRD patterns of A) HT-CO3 B) HTheat C) HTact. 

 
 

Results and discussion 
 
Characterization of the hydrotalcite 

The XRD pattern of HT-CO3 shows the characteristics of a crystalline layered structure
(F
mixed oxide phase was prese
la
the average pore diameter (Table 1) [

heat in CO2-free water, the micropores disappeared and the average pore diameter 
increased. The HT structure could be restored to a large extent as can be concluded from XRD 
(Figure 2C), although line broadening is apparent in the XRD pattern of HTact when compared 
with that of HT-CO3.  

Volumetric CO2-adsorption measurements were performed to obtain information about the 
total amount of edge sites in HTact. With the sample prepared as described, typically 6.6 ml 
STP CO2.gHT

-1 was found, corresponding to 0.29 mmol.gHT
-1 of basic sites. According to these 

results, we calculated that these sites represent about 6 mol% of the total amount of 
aluminium ions presen

lofs et al. [25], that only the active sites at the edge area of the stacked platelets are 
accessible. 
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Table 1. Results from N2 physisorption of HT samples. 

Sample Surface area 
(m2.g-1) 

Total pore volume 
(cm3.g-1) 

Micropore volume 
(cm3.g-1) 

Average pore diameter 
(nm) 

HT-CO3 58 0.37 0.00 25 

HTheat 109* 0.54 0.01 11 

0.00 19 HTact 132 0.61 
* Surface calcul hod. 

 
 
C terization of upport materia

Figure 3 an SE mage of CNF is displayed. The fibers are tightly interwoven and the 
s structure. The diameter of the fibers is in the range of 20-80 
m. XRD and TEM showed that the graphite-like structure of CNF was not been affected 
fter removal of the growth catalyst and the activation treatment with nitric acid needed for 

 shows platelets with only the external surface 
acc

 

 
 
 

Figure 3. SEM image of Pd/CNF. 

 

 area ated with t-met

harac the s l 
In M i

keins of the fibers form a porous 
n
a
applying the metal precursor. Graphite

essible for large molecules (data not shown). The graphite platelets are randomly stacked 
to form a house of cards structure with a meso- and macro pore structure. 

The results of N2-physisorption of the support materials are given in Table 2. CNF as well 
as the graphite support displayed a much lower surface area and pore volume than the 
Pd/SiO2 material. No micropores were present in the CNF and graphite support materials, 
whereas micropores were observed with Pd/SiO2. 

 

 
 

 
 
 
 
 
 

 61



Chapter 4 

Table 2. Results from N2 physisorption. 

Sample Surface area 

(m2.g-1) 
Total pore volume 

(cm3.g-1) 
Micropore volume 

(cm3.g-1) 

Oxidized CNF  137 0.38 0.00 

Graphite 111 0.25 0.00 
* 0.93 0.02 Pd/SiO2 278

* Surface area calculated with t-method. 

 

Characterization of palladium and platinum supported catalysts 
results of the various hydrogenation catalysts are presented. 

After reduction at 523 K of the Pd/CNF catalys M examination showed palladium 
 nm (Figure 4). Examination by TEM of Pd/SiO2 as well as 

f Pd/G reduced at 523 K revealed small Pd particles of about 1-3 nm. Moreover, EDX 
with TEM no particles were 

obs

volume fraction was in the 
ran

 

gure 4. TEM image of Pd/CNF after reduction at 
3 K.  

In Table 3 the characterization 
t, TE

particles on the fibers of about 1-4
o
analysis during TEM on Pd/G even shows Pd at surfaces where 

erved, indicating that also particles smaller than 1 nm must be present. Pt/CNF showed 
particles down to 1 nm after reduction at 473 K, but also with this sample EDX revealed the 
presence of smaller Pt particles. The results obtained with H2 chemisorption for the various 
catalysts correspond with the results obtained with TEM analysis. 

To get an indication of the macroscopic size of the catalyst particles measurements were 
performed after severely crushing the various catalysts and suspending them in ethanol (Table 
3). Pd/CNF and Pd/SiO2 showed a volume averaged particle size of 24 μm and 23 μm, 
respectively. However, the particle size distribution was rather broad with most of the 
particles in de range of 2-10 μm, whereas the largest part of the 

ge 6-30 μm. Pd/G showed a somewhat higher average particle size, i.e., 35 μm, caused by 
the presence of some particles larger than 70 μm. However, with this catalyst a large portion 
of the volume fraction was found in the range 2-22 μm. 

 
 
 
 
 

 
 
 
 Fi
52

 62 



Single-stage liquid-phase synthesis of MIBK 
 

0.0

0.1

0.2

0.3

0.4

0.5

0 1 2 3 4 5 6 7
Time (h)

Pr
od

uc
ts

 (m
ol

.l-1
)

DAA

MO

able 3. Characterization results for the various hydrogenation catalysts.  

H2 chemisorption 

T

Sample Metal loading 
(ICP, wt%) 

Metal particle size 
(TEM) (nm) H/M d (nm) 

Particle size in ethanol 
(μm) 

Pd/CNF 0.90 1-4 0.43 2.6 24 

Pd/G 0.46 1-3 0.63 1.8 35 

Pd/SiO2
2.76 23 1-3 

~1 

0.75 1.5 

Pt/CNF 1.24 0.88 1.3 n.d. 

 

 
Condensation and dehydration to mes oxide over

catalytic pr ties of HTact were investigated in the for on of MO fro acetone at 
3 he conden  proceeded very rapid over HTact and equilibrium 

0.45 molDAA.l-1) was attained within the first hour (Figure 5). The rate of dehydration of 
AA to MO was much lower than the rate of the condensation reaction. We found an initial 

, which is 6 times higher than that 
me

 
 
 
 
 

 
 
 
 
 

Figure 5. DAA and MO production at 313 K with HTact. 

 

ityl  HTact

The oper mati m 
13 K. T sation of acetone to DAA

(~
D
rate in the dehydration reaction of 9.3*10-3 mol .gMO HT

-1.h-1

asured earlier by Roelofs et al. at 296 K [2,26]. The activity in the dehydration reaction 
lowered somewhat in time, which is most likely due to the gradually increasing concentration 
of MO and water.  

 
 

 
 
 

 63



Chapter 4 

 64 

0

20

40

60

80

100

0 30 60 90 120 150 180
Time (min)

M
O

 (m
ol

%
)

0.08 M - 1.2 bar
0.35 M - 1.2 bar
0.35 M - 10 bar

ydrogenation of mesityl oxide  in ethanol 
In Figure 6 the results of the hydrogenation at 313 K of MO (0.08 mol.l-1) at 1.2 bar H2 

over Pd/CNF are depicted. Under the given 
d high (initial) activities and high selectivities (Table 4). The 

-1 plete conversion within 40 
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Figure 6. MO (0.08 M and 0.35 M) hydrogenation at 1.2 and 10 bar H2 over Pd/CNF at 313 K in e nol. 

 
Nijhuis et al. [39] and Ros et al. [40] exploring the use of small rhodium particles on CNF 

for the hydrogenation of cyclohexene, recently found that at low hydrogen pressures (~ 1 bar) 
hydrogenation reactions with comparably high reaction rates give rise to internal mass 

 bar 
hydrogen over our Pd/CNF catalyst suf  

H

and MO (0.35 mol.l-1) at 1.2 and 10 bar H2 
conditions this catalyst exhibite
reaction with MO0 = 0.08 mol.l  at 1.2 bar resulted in com
minutes. Although the reaction with MO  0 = 0.35 mol.l  at 1.2 bar started with a somewhat 
higher rate (Table 4), probably due to the higher initial MO concentration, a decrease in rate 
was observed right from the start resulting in a total deactivation after about 3 h (Figure 6). 
Deactivation of the catalyst, however, was avoided or at least suppressed to a large extent 
when the hydrogen pressure was increased up to 10 bar. From these results it may be 
concluded that at relatively high MO concentrations (oligomerization) products were formed 
which irreversibly deactivate the metal sites. A high excess concentration of MO at the active 
sites could occur if hydrogen was rapidly depleted in the catalyst particles due to a high rate 
of hydrogenation in combination with its low solubility. 

 
 

 
 
 

tha

transfer limitations in hydrogen. A first indication that the MO hydrogenation at 1.2
fers from mass transfer limitation in hydrogen 
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Table 4. Activity and selectivity for MO hydrogenation in ethanol.  

Sample 
MO 

concentration 
(mol.l-1) 

H2 pressure 
(bar) 

Initial activity 
*104 

(mol .gMO cat
-1.s-1) 

TOF a

(s-1) 
Selectivity to 
MIBK (%) 

0.08 1.2 2.54 6.9 > 99 
Pd/CNF 

30.1 > 99 

Pd/G 1.2 2.5 > 99 

Pt/CNF 0.08 1.2 0.99 1.8 94 

0.35 10 11.1 

0.08 

0.08 

0.69 

Pd/SiO2 1.2 2.84 1.5 > 99 
 

a iven for the 20 seconds in O hydrogen per mol metal surface atoms in alyst 
per second.  

appeared from the experiments with catalyst samp hich were rtly and p ngedly 

te increased almost twofold with decreasing catalyst particle size. We also 
calculated the Weisz-Prater number (Φ) for an nth order reaction [41] that indicates the 
absence of internal mass transfer limitations if: 

 TOF is g first 1  mol M ated,  the cat

 
 

les, w  sho rolo
crushed to obtain samples with different particle sizes. With MO0 = 0.08 mol.l-1 the initial 
reaction ra

 

0.15   )
2
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C*D * 36
d*r*ρ
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se

2
p

obs
pw,p <

+
=  

 
The parameters used for the calculation of  Φ (in H2) for the reaction over Pd/CNF in 

ethanol as solvent at 1.2 bar H2 are given in Table 5. We found a value for Φ of 1.3 which is 
amply above the value of 0.15. The initial rate when started with MO0 =  0.35 mol.l-1at 10 bar 
is 1.11*10-3 molMO.gcat

-1.s-1 and from this value, with Chydrogen = 38.3 mol.m-3 [42] and the 
other relevant parameters of Table 5, a value for the Weisz-Prater number of 0.66 could be 
der

palladium catalysts, 94 % and > 99%, respectively. Although the reaction is restricted by mass 

ived. Obviously, although this value still exceeds the criterion and mass transfer limitation 
still occurs, this did not bring about deactivation. At 10 bar hydrogen is available throughout 
the catalyst particle thereby protecting the Pd active phase from deactivation. We cannot, 
however, exclude deactivation of part of the metal sites at relatively high MO concentrations, 
that is, in the first stage of the reaction.  

In Table 4 the results obtained with MO0 = 0.08 mol.l-1 at 313 K and 1.2 bar H2 for all four 
catalysts are given. Pt/CNF exhibited a comparable activity in the hydrogenation of MO as 
the palladium catalysts, however, with a selectivity significantly lower than measured with the 
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transfer of H2, the average catalyst particle size of all catalysts was rather similar making an 
exploratory study on their performances meaningful. Pd/CNF exhibited an initial activity 3-
fold that of Pd/G and an activity rather similar to that obtained with Pd/SiO2. When 
comparing of the turn-over frequencies (TOF) obtained with these catalysts, the distinct 
activity of Pd/CNF is even more pronounced. The TOF obtained with Pd/CNF is a factor 3 
and 5 higher than these obtained with Pd/G and Pd/SiO2, respectively. The reason for this 
difference can be the effect of the presence of oxygen-containing surface groups on the carbon 
support [43-45] or of the metal particle size [46]. However, the metal particle sizes did not 
differ significantly. As was already stated by Toebes et al. [45,47], oxygen containing surface 
groups on the carbon nanofibers may have a tremendous effect on the activity and selectivity 
in hydrogenation reactions. It could well be that the presence of these functional groups 
introduced by treatment in nitric acid, resulted in a more active catalyst. More research is 
needed to fully elucidate these effects, preferentially without the presence of mass transfer 
limitations in H2 enabling comparison between the intrinsic activities of the catalysts more 
quantitatively. 
 
Table 5. Values of the parameters used to validate the Weisz-Prater criterion for the presence of internal 
diffusion limitations. 

Parameter  Value 

obs
pw,r  Observed reaction rate per unit mass of catalyst 0.25 mol.kg -1s-1

particle cat

dp Catalyst particle diameter 24 * 10-6 m 

sity of catalyst particle 1020 kg.m

oncentration of reactant l.m-3

D a

rticle 

ent of reactant  2.s-1

ρp Den -3

Chydrogen C 4.6 mo

Diffusion coefficient 2.3 * 10-9 m2.s-1

ε Void fraction of catalyst pa 0.46 

τ Tortuosity factor 2 

De Effective diffusion coeffici 7.2 * 10-10 m

Φ b Weisz-Prater 1.3 
a Diffusion constant is determined by using the method from Wilke-Chang [48,49]. 
b lculated with the st order. 

 
 Ca  assumption that the reaction is fir
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Single-stage liquid-phase synthesis of MIBK 
 
Hydrogenation of

In order to investigate to what extent the hydrogenation of MO under mild conditions over 
these catalysts is n the single-stage process of MIBK starting from acetone and 

s solvent and reactant. 
H er Pd/CNF did not bring about acetone 
ydrogenation up to 20 bar over Pd/CNF. Moreover, the selectivity of the hydrogenation of 

s the catalyst. To this end the catalyst was suspended in 
ace

H  when performing the reaction in acetone at 10 bar 
H . 

ogenation reaction are given. The rate of the dehydration reaction was calculated from 
the sum of the amount of MIBK and the amount of MO formed during reaction. At this 

ceeded extremely 
fast

 mesityl oxide  in acetone 

applicable i
hydrogen, hydrogenation experiments were performed in acetone a

ydrogenation of MO0 = 0.08 mol.l-1 in acetone ov
h
MO to MIBK remained > 99%.  

However, concerning deactivation very different results were obtained when the 
hydrogenation with MO0 = 0.08 mol.l-1 was performed at 1.2 bar H2 in acetone instead of in 
ethanol. Hydrogenation at 1.2 bar H2 led to a rapid deactivation of all catalysts (Figure 7). 
This may be a side reaction of MO in which acetone is involved, because with MO0 = 0.08 
mol.l-1 in ethanol this fast deactivation did not occur. In a next experiment it was tested 
whether acetone itself deactivate

tone at 1.2 bar H2 one hour before adding MO. It turned out that the catalyst was still 
active, which demonstrates that probably oligomerization of MO and/or a reaction of MO 
with acetone cause deactivation. It is clear that this deactivation is not just a feature of the 
carbon supported catalysts, since hydrogenating MO under these conditions over Pd/SiO2 
resulted in deactivation too (Figure 7). 

The activity of Pd/CNF was maintained when a hydrogen pressure as high as 10 bar was 
applied and full conversion was obtained, which demonstrates that a rapid decrease of the MO 
concentration or a good availability of hydrogen throughout the catalyst particles is needed to 
avoid deactivation. The initial rate observed at 10 bar H2  over Pd/CNF was found to be 
1.5*10-4 molMO.gcat

-1.s-1 and a Weisz-Prater number of 0.04 was calculated, indicating the 
absence of mass transfer limitations in 2

2

 
Combination of Pd/CNF and HTact in the single-stage production of MIBK  

The suitability of a mixture of HTact and Pd/CNF in the single-stage process of MIBK 
starting from acetone and H2 was tested at 1.2 bar H2 and 331 K (Figure 8). In Table 6 the 
activity and TOF values over the first 30 minutes in the condensation, dehydration and 
hydr

reaction temperature, the condensation reaction of acetone to form DAA pro
 as equilibrium was attained within 5 minutes. The rate of condensation over HTact was 

calculated to be 1.3 molDAA.gHT
-1.h-1 (Table 6) over the first minutes and the DAA 

concentration stayed at equilibrium throughout the experiment.  
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Figure 7. MO (0.08 mol.l-1) hydrogenation at 313 K in acetone at 1.2 and 10 bar H2 over Pd/ nd at 1.2 bar 
H2 over Pd/SiO2. 

 
During the experiment the MO concentration remained low at a value of 0.003 mol.l-1 by 

further hydrogenation to MIBK. Within the first three hours the productivity of the catalyst 

Deactivation of the hydrogenation catalyst was not apparent, which is due to 
e low steady-state concentration of MO during the experiment even at this low H2 pressure. 

The

 
 
 
 
 
 

 
 
Figure 8. Formation of DAA, MO and MIBK in the single-stage liquid-phase synthesis of MIBK om acetone 
and H2 (1.2 bar) at 331 K over 0.3 g HTact and 0.2 g Pd/CNF in 1.8 mol acetone. 

CNF a

system decreased somewhat, but subsequently a stable MIBK production rate was found for 
several hours. 
th

act after three hours was found to be 6.2*10-3 molMO.gHT
-1.h-1,  

 
 
 
 
 

 fr



Single-stage liquid-phase synthesis of MIBK 
 
Tab  6. Activity and TOF for the single-stage production of MIBK over a catalyst mixture of HTact and Pd/CNF 
at 3 and 1.2 bar H2. 

a  calculated over the firs inutes or when marked with # ov irst 5 minutes over 
HTact  TOF in the MIBK fo n over Pd/CNF are 0.036 molMIBK pd/cnf

-1.h-1 and 0.27 s-1, 
r

 

, affect the catalytic activity of HTact. It was investigated separately 
whether the Pd/CNF displays any dehydration functionality. It was found that under these 

Activitya TOFa

le
31 K 

 (molproduct.gHT
-1.h-1) (s-1) 

DAA production 1.34# 1.26# 

MO production 0.026 0.024 

MIBK format n 0io 0.023 

 Activity and TOF
. Activity and

t 30 m
rmatio

er the f
.g

.022 

espectively. 

 
with a selectivity to the desired products (DAA, MO and MIBK) of around 95%. The main 
side products were due to secondary condensations as was found with GC-MS, which could, 
together with water

conditions the dehydration reaction proceeds exclusively over HTact. 
It appeared that after three hours the reaction was in pseudo steady-state, as the MO 

concentration did not increase during the course of the reaction and the MIBK production rate 
remained constant. These observations strongly indicate that the production rate of MIBK is 
mainly determined by the rate of dehydration. Furthermore, the TOF in the MIBK formation 
over Pd/CNF was about 10-fold the TOF in the dehydration over HTact (Table 6).  

From the arguments mentioned above we can conclude that most likely the dehydration 
reaction over HTact is the rate-determining step in the single-stage synthesis of MIBK under 
the described mild conditions. Above results show the potential of this catalyst system for the 
single-stage liquid-phase synthesis of MIBK from acetone and hydrogen under mild 
conditions. Note that the system is far from optimised. Further work will concentrate on the 
condensation and dehydration reaction over activated hydrotalcites in order to improve the 
MIBK productivity of this catalyst system.  
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Conclusions 
  

Results obtained with the HTact – Pd/CNF catalyst mixture demonstrate the suitability of 
tem for the single-stage liquid-phase production of MIBK from acetone and 
 mild conditions. Due to the balance between the formation rate of MO and 

the
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5 

TEM and XPS Studies to Reveal the Presence 
 of Cobalt and Palladium in the Inner Core 

 of Carbon Nanofibers 
 

 
 
 
 
 
 
 
 
 

Abstract 
In this paper, the presence of a considerable number of Co (3-4 nm) and Pd (1-4 nm) 

particles in the inner tube (4-9 nm inner diameter) of carbon nanofibers is demonstrated with 
TEM and XPS. Oxidation of freshly grown fibers in nitric acid resulted in opening of the 
inner tube of the fibers and in creating adsorption sites on the internal and external surface of 
the fibers needed for anchoring of the metal precursors. It is demonstrated that analysis with 
TEM tilt series is a very powerful tool to locate the actual position of the metal particles, that 
is, on the external or internal surface of the fibers. The fraction of metal present in the inner 
core of the fibers varied from 10-15% for Pd to 28-34% for Co, depending on the synthesis 
method.  
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Introduction 
 
Carbon nanofibers (CNF) and carbon nanotubes (CNT) receive growing attention as 

support material for heterogeneous catalysts because of their purity, high mechanical strength, 
tunable surface properties, high surface area and accessibility and the absence of micropores 
[1,2]. The fibers consist of stacks of graphene sheets and depending on the growth conditions 
and/or the type of metal used as growth catalyst, different structures can be obtained [3].  

CNT, built up of coaxial cylindrical sheets, have a straight hollow core throughout the 
entire length of the fiber, which can easily be opened by careful oxidation in air [4] or carbon 
dioxide [5], or by treatment in nitric acid [6]. The diameter of the inner tubes of CNT is 
variable in the range of a few nanometers up to 100 nm. With the fishbone-type CNF the 
graphitic layers are cone shaped and stacked on top of each other. The macroscopic CNF 
bodies consist of skeins of interwoven fibers [1,3,7]. The core of the individual fibers most 
probably consist of highly disordered graphene sheets or an amorphous carbon phase which is 
removed upon HNO3 treatment [1,8]. Only recently, it has been shown that it is also possible 
to grow in a single-step fishbone-type CNF with a hollow core throughout the length of the 
fiber [9-11]. In general, we can differentiate into three types of CNT/CNF (Figure 1), wherein 
the main difference between CNF of type 1 and type 2 is the absence or presence, 
respectively, of a hollow core throughout the length of the fiber. 

The deposition of metals and metal oxides inside CNT pretreated as indicated has been 
reported by several authors [12-16]. After removing the caps of the tubes, it appeared to be 
possible to fill them with the metal(oxide) precursor solution.  
 

CNT 
axis 

Cross 
section 

Cross 
section

CNF-1 
axis 

Cross 
section

CNF-2 
axis 

 
Figure 1. Schematic representation of CNT and CNF of different types. 
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Co and Pd particles in the inner core of carbon nanofibers 

The preparation of noble metal supported on CNF/CNT catalysts via impregnation and ion 
adsorption has been studied extensively, e.g., [3,7,17-26]. In this chapter we report on the 
application of Co and Pd by wet-impregnation/ion-adsorption techniques on CNF pretreated 
in concentrated nitric acid. This pretreatment is necessary to introduce adsorption sites for the 
polar catalyst precursor on the originally hydrophobic surface of the fibers. Additionally, it 
makes the inner tube accessible. To the best of our knowledge we are the first to establish 
unambiguously the presence of a considerable fraction of metal particles at the internal 
surface of fishbone-type fibers in the ultimate catalyst. It is demonstrated that TEM imaging 
of samples tilted over a sequence of angles with respect to the electron beam is a powerful 
tool to discriminate between particles at the external and internal fiber surface. 

 
 

 

Experimental 
 
Synthesis of carbon nanofibers  

CNF were grown out of synthesis gas (H2/CO) using either a commercial 57 wt% Ni/SiO2 
catalyst (Engelhard Ni5270P) or a 20 wt% Ni/SiO2 catalyst, prepared using homogeneous 
deposition precipitation [1,20,27-29]. The commercial Ni/SiO2 catalyst was used, after 
calcination (648 K) and reduction (873 K), at a growth temperature of 773 K, whereas the 20 
wt% Ni/SiO2 catalyst was used at 823 K. After growth, the reactor content (further denoted as 
CNF a.s.) was refluxed for 1.5 hours in a 1 M KOH solution, for removal of the silica support, 
and after thoroughly washing treated in boiling concentrated nitric acid for 2 h.  
 
Preparation of palladium and cobalt on carbon nanofibers 

The Pd (1 wt%) supported on carbon nanofibers catalyst was obtained by ion adsorption 
with Pd(NH3)4

2+ as described elsewhere [3,30]. The pretreated CNF support was suspended in 
water of which the pH was maintained at 5-6 by addition of an ammonia hydroxide solution 
(25%) and after addition of an aqueous solution of Pd(NH3)4(NO3)2 (Alfa Aesar) the 
suspension was vigorously stirred for 20 hours under N2 atmosphere. After filtering, the 
catalyst precursor was washed, dried at 353 K under N2 flow and reduced at 523 K in H2 flow. 
The sample is further denoted as Pd/CNF. 

Co (5 wt%) was deposited on thus activated CNF prepared using a wet-impregnation 
method as described previously [31]. In a flask the required amount of Co(NO3)2.6H2O was 
dissolved in mixture of toluene/ethanol (2:1 v/v), after which CNF was added. Under 
continuous stirring the solvent was evaporated at ambient temperature applying a dynamic 
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vacuum. The catalyst precursor was dried at 333 K in air and subsequently reduced in H2 flow 
at 573 K (Co/CNF).  

 
Characterization 

TEM images were obtained with a Fei Technai 20 FEG TEM operating at 200 kV. 
Samples were, after ultrasonic treatment in butanol, dispersed on a holey carbon film. From a 
representative fiber a tilt series was taken from about -60o to +45o with 15o intervals. The tilt 
axis was chosen parallel to the length of the fiber. N2 physisorption measurements were 
performed using a Micromeritics ASAP 2400 analyzer. Before characterization measurements 
were performed, the samples were out gassed in vacuum at 393 K. Powder X-ray diffraction 
(XRD) was performed using an Enraf-Nonius CPS 120 powder diffraction apparatus with Co 
Kα radiation (λ = 1.789 Å). X-ray Photoelectron Spectroscopy (XPS) measurements were 
performed on a Thermo VG Scientific XPS system using non-monochromatic Mg (Kα) 
radiation. The pass energy of the analyzer was set at 70 eV. Calculations to determine the 
percentage of metal situated on the inner surface of CNF were performed with XPSCAT [32], 
a dispersion analysis program based on the original idea by Kuipers et al. [33,34]. In this 
model, and based on the TEM images Pd particles were assumed to have hemispherical 
shapes, whereas for Co particles spherical particles were used. Surface areas as determined 
with N2 physisorption were used in the calculations. 
 
 
 

Results and discussion 
 
CNF have a length of several hundreds of nanometers and diameters of around 30 nm for 

Co/CNF (not shown) and of 20 to 80 nm for Pd/CNF (Figure 2). It appears that most of the 
fibers contain an inner core present over the whole length of the fiber with diameters ranging 
from 4 to 9 nm. This variation appeared dependent on the diameter of the fiber itself. High 
resolution TEM (Figure 3) shows that the fibers are indeed of the fishbone type, however, 
with irregularities in the graphene sheets. The distance between the graphene sheets is about 
3.4 Å, a value which corresponds well with values that were obtained with XRD and with that 
reported by other authors [3,8,35]. The core in CNF a.s. is either empty, or filled by an 
amorphous carbon phase or highly disordered graphene sheets.  

Nitrogen physisorption was performed on the CNF materials in the different synthesis 
stages. In Figure 4 subsequent the adsorption and desorption isotherms of CNF after KOH 
treatment and after treatment in nitric acid are depicted. BET surface area and pore volume of 
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the CNF materials are summarized in Table 1. The isotherms are characteristic for multilayer 
adsorption/desorption and capillary condensation in mesopores, which cause the hysteresis 
loop. From the shape of the hysteresis the presence of cylindrical mesopores with open ends 
at both sides can be derived. The micropore volume, calculated with the t-method is very low 
in all samples, below 0.004 cm3.g-1. CNF after KOH treatment exhibits after correction for the 
silica support a BET surface area similar to CNF a.s., that is, 106 m2.g-1. Treatment in nitric 
acid increases the specific surface considerably, which demonstrates the influence of the 
oxidation step, mainly due to the opening of the inner tubes, as was earlier suggested by 
Toebes et al. [36].  

 
 
 
 
 
 
 
 
 
 
 

Figure 2. TEM images of Pd/CNF at low (left) and high (right) magnification. 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
Figure 3. High resolution TEM micrograph of CNF. 
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Table 1. N2 physisorption on the CNF materials during different stages of preparation. 

a BET surface area after correction for the Ni/SiO2 growth catalyst is 107 m2.g-1. 

Samples 
BET surface area  

(m2.g-1) 
Total pore volume 

 (cm3.g-1) 
Micropore volume 

 (cm3.g-1) 

CNF a.s. 113a 0.32 0.002 

CNF after KOH 106 0.26 0.003 

CNF after HNO3 137 0.38 0.004 

Pd/CNF  138 0.40 0.003 

 
After applying the metal on the fibers, metal particles of 1-4 nm for Pd/CNF (Figure 2 and 

5) and 3-4 nm for Co/CNF (Figure 6) were found with TEM, imaged by small black dots. 
These particles are randomly distributed as well as ordered to a great extent over the cores of 
the fibers. It is emphasized that TEM gives a 2-dimensional projection, which makes a 
decision regarding the actual location of the metal particles, that is, inside the core or at the 
external surface, difficult. Recently, electron tomography has been used to analyze porous 
catalysts [37-39]. TEM images taken over an angular tilt range give more detailed information 
about the actual position of the metal particles in the catalyst. In Figure 5 a series of TEM 
images of Pd/CNF is depicted wherein the tilt axis, which was chosen parallel to the length of 
the fiber, is varied over a large angular range. In this series the displacement of four encircled 
Pd particles is key. When a metal particle is situated on the external surface of the fiber along 
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Figure 4. Nitrogen adsorption and desorption isotherms of CNF after KOH and CNF after treatment 
in nitric acid. 
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Chapter 5 

with tilting the position of the particle should be largely determined by the tilt angle. In 
contrast to this, no or hardly any translation should occur upon tilting when a particle is 
situated inside the core of the fiber. From the sequence of images it can be concluded that the 
particles denoted with a circle appear to be on the external surface of the fiber. The particles 
denoted by a square are located inside the fiber. Clearly, Pd particles are present both on the 
inside of the core and on the external surface over the entire length of these fishbone fibers. 
Similar results were found with the Co/CNF samples (Figure 6).  

The presence of Pd particles in the inner tubes strongly suggests that the required 
adsorption sites brought about by treatment in boiling nitric acid are also present on the 
internal surface and that this inner tube is accessible for the metal precursor solutions and 
later on for H2 to make reduction of the precursor possible. Also, with Co/CNF we found that 
treatment of CNF with nitric acid is necessary to effectuate catalysts with high metal 
dispersions. Without this oxidative pre-treatment cobalt clusters as large as 300 nm were 
obtained on the surface of the macroscopic CNF bodies, while no cobalt particles on the 
internal surface of the fibers were found. Earlier studies on the deposition of Ni, Pt and Ru on 
CNF showed that deposition of metals using similar preparation methods is only possible 
when the surface of the fibers is oxidized [40,41]. 

To get an impression of the distribution ratio of the metal phase between internal and 
external surface we localized over 720 Pd particles distributed over 100 different fibers (Table 
2). In the 2D TEM images about 28% of the Pd particles measured appears to overlap with the 
2D-projection of the fiber core. By calculation we found that the percentage of external 
surface area of the fiber overlapping with the 2D-projection of the fiber core is about 13% of 
the total external surface area, with the assumption that the fibers have an average diameter of 
35 nm with an inner average core of 7 nm. Therefore, in case of a homogeneous distribution  
 

 
 
 
 
 
 
 
 
 

Figure 6. TEM images of Co/CNF, both particles 
on the inside and outside are present. 
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exclusively over the external surface of the fibers, the percentage of Pd overlapping the fiber 
core should be about 13%, which is considerably lower than the percentage observed. These 
results give an indication of the percentage of Pd inside the fibers, that is, 15%. The ratio 
between the surface area of the inner tube and the total surface area is of about the same order 
(17%) as the percentage of Pd on the internal surface. This indicates that the distribution over 
the fibers is rather homogeneous over the internal as well as the external surface and that the 
inner tubes are completely accessible for metal deposition using the ion adsorption method. 
Furthermore, no significant differences in metal particle size between particles situated on the 
internal or external surface were observed. 

With the Co/CNF catalyst over 410 particles distributed on 80 fibers were examined. The 
mean Co particle size turned out to be 4 nm, which corresponds nicely to the particle size 
found with XRD. Nearly 47% of the particles seemed to overlap in 2D-TEM micrographs 
with the inner tubes of the fibers, whereas a homogeneous coverage of internal and external 
surface should have given the value of 28%, as argued above. This strongly indicates that 
about 34% of the Co particles is present in the inner tubes of the fibers.  

With XPS analysis metal particles located in the inner tubes of the fibers give no 
contribution in signal, due to the short mean free path of excitated electrons in graphite (2.6 
nm) and the relatively large thickness of the fibers (14 nm). This loss in signal provides 
valuable information about the percentage of metal particles situated at the inner surface of 
the fibers (Table 2). In the calculation we assumed that the Pd particles in Pd/CNF have 
hemispherical shapes, which we inferred from TEM. The shape of the particles can be 
inferred from the TEM tilt series if a particle is situated on the edge of the fiber in the TEM 
micrograph as indicated by the arrows in Figure 5. For Co/CNF, also in line with our TEM 
results, a spherical particle shape was used. The weight percentage of metal situated in the 
inner tubes of CNF was determined by calculating from the XPS data the metal loading at the 
averaged metal particle sizes (as determined with TEM). The calculated metal loading reflects 
the weight percentage of metal situated at the external surface of the fibers. Based on this 
information, we calculated that according to XPS analysis, about 10% of the metal particles of 
Pd/CNF and 28% of Co/CNF appears to be at the internal surface, which is readily in line 
with the observations with TEM analysis.  
 
Table 2. Percentage of metal particles situated in the inner tube of the fibers for Pd/CNF and Co/CNF as 
determined with TEM and XPS. 

Sample % metal in inner tube (TEM) % metal in inner tube (XPS) 

Pd/CNF 15 10 

Co/CNF 34 28 
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The relative high percentage of Co inside the tubes of Co/CNF, prepared by wet 
impregnation, compared to the nominal fraction of Pd present inside Pd/CNF, prepared using 
ion adsorption, points out that different loading processes result in different distributions. On 
basis of the increase in pore volume due to the treatment of the fibers in nitric acid we would 
expect 32% of metal to be present on the internal surface when applying the wet impregnation 
method. When ion adsorption is used the surface ratio between inner and outer tube (17%) 
should govern the fraction of metal particles located inside the fibers. Above values are close 
to the fractions of metal particles present in the inner tube of the samples. 

 
 
 

Conclusions 
 

We have demonstrated that treatment of fishbone-type CNF in nitric acid results in 
opening of the inner tubes (4-9 nm) of the fibers and the creation of anchoring sites for the 
metal precursors. Results show that, depending on the synthesis method, 28-34 % of Co and 
10-15 % Pd end up in the inner cores of these fibers. It is demonstrated that tilting the axis 
during TEM analysis gives very valuable information about the location of metal particles in 
CNF supported catalysts. Location of the metal particles on the internal surface of the fibers 
can be disadvantageous from a catalytic perspective, because mass transfer limitations in the 
narrow tubes of the fibers may arise, especially in liquid phase processes.  
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Hydrotalcites Supported on Carbon Nanofibers as 
Highly Active Solid Base Catalysts 

 
 

 
 
 
 
Abstract 

Mechanically strong carbon nanofibers spheres of millimeter size were grown from 
methane over a pre-shaped Ni/SiO2 catalyst. Mg-Al hydrotalcites were precipitated in the 
porous carbon bodies by consecutive impregnation of the reactants and an aging step. In a 
single sequence, hydrotalcites loadings as high as 16 wt% could be obtained. Hydrotalcites 
turned out to be present as platelets with a lateral size of ~20 nm supported on the carbon 
nanofibers. After activation by heat treatment and subsequent rehydration, a high number of 
accessible Brønsted-base sites was found (0.7-0.9 mmol.gHT

-1), as determined by CO2 
adsorption measurements. High specific activity of the supported hydrotalcites was found in 
the condensation of citral with acetone and in the self-condensation of acetone, more than four 
times higher than that of unsupported catalysts. The greatly improved efficiency of the 
supported hydrotalcites was ascribed to the high number of active edge sites. Results show no 
loss of hydrotalcites from the carbon bodies after catalysis and demonstrate that the used 
catalyst can be easily reactivated by the thermal activation procedure. An efficient and 
mechanically strong catalyst for the single-stage liquid-phase synthesis of MIBK from 
acetone and H2 at 331 K was obtained with the deposition of Pd and hydrotalcites on the same 
support.  
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Introduction 
 

Interest has been growing in the use of hydrotalcites as solid base catalysts for 
Knoevenagel condensations, Michael additions, Claisen-Schmidt and aldol condensations  
[1-5], or as support material for noble metals [6-9]. For example, activated Mg-Al 
hydrotalcite (HT) is capable of catalyzing liquid-phase condensation reactions at low 
temperatures with high activity and selectivity [4,10-16].  

HT belongs to a class of anionic clay minerals also known as layered double hydroxides. 
Its structure closely resembles that of brucite, Mg(OH)2. In the latter structure, magnesium 
cations are six-coordinated by hydroxyl ions in edge-shared octahedra that form stacked 
layers. In HT, part of the Mg2+ ions is replaced by Al3+ ions resulting in positively charged 
cation layers, with the charge balanced by anions situated together with water molecules in 
the interlayer [1,17,18]. The lateral size of the layers and the degree of stacking can be varied 
by changing the synthesis conditions [19].  

By heat treating an HT, e.g., Mg4Al2(OH)12CO3.4H2O, up to 723-773 K the layered 
structure is destroyed by decarboxylation and dehydroxylation of the cation layer, and a 
mixed oxide is formed. This mixed oxide exhibits Lewis basicity and can be used as a catalyst 
in various gas-phase reactions [20,21]. To obtain a highly active base catalyst for liquid-phase 
condensation reactions the calcined HT has to be rehydrated, which results in the 
reconstruction of the layered structure, in which CO3

2- ions are replaced by OH- ions [4,11-
15,22,23]. Recent studies showed that the actual active sites participating in catalysis are 
situated at the edges of the platelets [13,14,24-26]. Efforts have been made to increase the 
number of edge sites of the HT platelets [13,24,25], however, the exposed edge area is limited 
by the lateral size of the crystallites. The size in the lateral dimension can be varied by 
applying different crystallization temperatures, but the lower limit that was obtained up to 
recently is 60-70 nm [13,19,24,25]. Further investigation to synthesize smaller HT crystallites 
is therefore beneficial to obtain more efficient catalysts. Recently, we reported on supported 
HT platelets with a lateral size of 20 nm, and the resulting activated catalyst showed very high 
activity in the self-condensation of acetone and in the condensation of citral with acetone [27]. 
The significant increase in efficiency was found to be related to the small crystallite size of 
the HT platelets, which implies a high number of active sites. 

Single-stage production of methyl isobutyl ketone (MIBK) has been investigated by a 
number of groups, e.g., [9,21,28,29]. Currently, we are developing a catalyst system 
comprising a combination of activated HT as solid base catalyst for condensation and 
dehydration and Pd supported on carbon nanofibers for hydrogenation [23]. However, to 
utilize HT as a catalyst in such a slurry-phase process, it is advantageous to have 
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mechanically strong catalyst particles available in the range of 20-100 μm to facilitate fast 
removal of the catalyst by filtration. Ogawa et al. [30] synthesized HT particles via 
homogeneous precipitation and were able to synthesize platelets of 20 μm. However, as 
discussed above, it is not preferable to obtain large platelets, since this implies a low number 
of active sites. Moreover, the mechanical strength of HT itself is rather low and shaping of 
these materials to strong catalyst particles is cumbersome. Furthermore, it is important to 
avoid the application of the commonly used type of binders, because these compounds could 
introduce as such catalytic sites that negatively affect the selectivity and decrease the 
accessibility of the basic sites of HT. Taking these aspects into account, we concluded that a 
different approach is needed. 

Carbon nanofibers (CNF) are mechanically strong and can be produced as bodies of 
interwoven fibers (skeins) with a high mesopore and macropore volume and no micropores 
[31,32]. Moreover, the shape and size of CNF bodies (μm-mm) can be controlled to a large 
extent, because the shape of the catalyst from which CNF is grown and the growth conditions 
determine the size, density and shape of the ultimate CNF particles [33,34]. Earlier, Teunissen 
et al. [34] synthesized very strong CNF spheres of 3-5 mm out of methane at 843 K over a 
spherically shaped 20 wt% Ni on Al2O3 catalyst. The increase in diameter of the spherical 
CNF particles was 3-fold that of the original Ni/Al2O3 catalyst bodies. A disadvantage was the 
presence of the alumina, which could not be fully removed by washing with acid or base [35]. 
The use of a suitable Ni on silica catalyst would be beneficial, because SiO2 is easily removed 
in a solution of NaOH. Subsequent treatment of CNF in nitric acid removes exposed Ni and 
introduces oxygen-containing surface sites [36,37].  

In this chapter we report on an extensive study on the inclusion of Mg/Al HT in the pores 
of mechanically strong CNF bodies for solid base applications, starting from our earlier 
research [27]. Because direct preparation of the active solid base catalyst is hardly possible, 
the precursor of the actual catalyst is HT with intercalated CO3

2- supported on CNF. After 
heat treatment and rehydration of the materials, their performance as solid base catalysts was 
investigated in the condensation of citral with acetone and in the self-condensation of acetone 
and compared to that of an unsupported HT to derive the relationship between structure and 
activity. Subsequently, highly dispersed palladium was deposited on the supported HT 
catalyst, and the catalytic properties were investigated in the single-stage synthesis of MIBK 
from acetone and H2. Since characterization by spectroscopic techniques is restricted by the 
nature of the support, we used electron microscopy, N2 physisorption, CO2 and H2 
chemisorption, X-ray diffraction and TGA-MS to characterize the hydrotalcites supported on 
CNF skeins. 
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Experimental 
 
Carbon nanofiber growth 

For the growth of CNF, 18 wt% Ni/SiO2 was prepared by incipient wetness impregnation 
using 1.7 mm silica spheres (Engelhard, SA= 60 m2.g-1, PV = 1.0 ml.g-1) and nickel nitrate 
(Acros). The impregnated support was dried in static air at room temperature, prior to 
calcination at 873 K (5 K.min-1) for 3 h. The Ni catalyst precursor (1.5 gram) was reduced in 
situ at 973 K in a fixed bed reactor for 2 h in a 20 % H2/N2 flow (400 ml.min-1). Next the 
temperature was decreased to 843 K and methane (25 % CH4) balanced with N2 was passed 
through the reactor for 19 h at a pressure of 1 bar and a total flow of 400 ml.min-1. The sample 
obtained is further denoted as CNF.  

In order to remove the silica support, CNF samples were refluxed for 2 h in a 1 M KOH 
solution, washed and then refluxed in concentrated nitric acid for 2 h to remove exposed Ni 
and to introduce oxygen-containing groups. Next, the samples were filtered, thoroughly 
washed with demineralised water and dried at 393 K for 24 h (further denoted as CNFox). 
 
Assembly and activation of Mg/Al hydrotalcites supported by CNF 

Supported Mg/Al hydrotalcites (Mg/Al=2) were prepared by pore precipitation, which 
involved subsequent incipient wetness impregnation of the constituents. First, 3.2 g CNFox 
was impregnated with 2.1 ml of an aqueous solution containing both (1.4 M) Mg(NO3)2.6H2O 
(Acros) and (0.71 M) Al(NO3)3.9H2O (Merck). The impregnated support was dried in static 
air at room temperature for 1 h, followed by drying at 393 K for 1 h. Next, the material was 
impregnated with 1.9 ml of an aqueous solution containing both (8.3 M) NaOH (Merck) and 
(0.56 M) Na2CO3  (Acros). The impregnated support was placed in a teflon holder and placed 
in an autoclave. The samples were heated to the desired temperature (333 or 423 K), kept at 
that temperature for 20 h in a water-saturated atmosphere and dried afterwards at 333 K in 
static air. The catalyst precursor was thoroughly washed with demineralized water and dried 
at 393 K for 20 h. The samples are further denoted as, for example, HT/CNFas,333. All other 
supported HT samples were denoted by the stage of activation and the synthesis temperature, 
for example, HT/CNFact,423. 

HT/CNFas samples were activated [4,13] by heating in a nitrogen flow to 773 K (10 
K.min-1) for 8 h, followed by rehydration at room temperature by use of a water-saturated 
nitrogen flow of 150 ml.min-1 for 48 h, and stored under nitrogen atmosphere. 

Unsupported HT with a Mg/Al ratio of 2 was prepared via co-precipitation [38]. To an 
aqueous solution (75 ml) containing 0.35 mol NaOH (Merck) and 0.09 mol Na2CO3 (Acros), 
an aqueous solution (50 ml) of 0.1 mol Mg(NO3)2.6H2O (Acros) and 0.05 mol 
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Al(NO3)3.9H2O (Merck) was added. The resulting white suspension was heated to 333 K for 
24 hours under vigorous stirring, after which the precipitate was filtered off and washed 
extensively. The sample, further denoted as HTas, was dried for 24 hours at 393 K. HTas was 
activated via heat treatment at 723 K and rehydration (further denoted as HTact). 
 
Deposition of Pd on HT/CNF 

Palladium (2 wt%) was deposited on HT/CNFas,333 via wet-impregnation with Pd(acac)2. 
Typically, HT/CNFas,333 was added to a solution of Pd(acac)2 in toluene. The solvent was 
evaporated under continuous stirring the suspension at ambient temperature applying a 
dynamic vacuum. The catalyst precursor was heated in an Ar flow at 773 K (5 K.min-1) for 
2h, after which the temperature was lowered to the reduction temperature (523 K) and kept at 
this temperature for 2 h in H2 flow. The sample was rehydrated as described above and further 
denoted as PdHT/CNFact.  

 
Catalyst characterization 

Powder X-ray diffraction (XRD) patterns were measured using an Enraf-Nonius CPS 120 
powder diffraction apparatus with Co Kα radiation (λ=1.789Å). N2 physisorption 
measurements were performed using a Micromeritics Tristar 3000 analyzer after drying the 
samples at 393 K for at least 20 hours. Volumetric CO2 adsorption measurements in the range 
of 0-50 mbar were executed at 273 K with a Micromeritics ASAP 2010C apparatus after 
drying the samples at 393 K in vacuum for at least 20 h. The total number of accessible sites 
was determined taking the amount of CO2 chemisorbed to zero pressure by extrapolation of 
the linear part of the uptake isotherm. Hydrogen chemisorption data on PdHT/CNF samples 
were recorded using a Micromeritics ASAP 2010C apparatus. Prior to the chemisorption 
measurements at 343 K, samples were dried in vacuo at 393 K for 16 hours, reduced in H2 
flow at 423 K for 2 hours (5 K/min) and degassed for two hours at the reduction temperature. 
The H/M ratios are based on the amount of hydrogen adsorbed by extrapolating the linear part 
of the isotherm to zero pressure. TGA-MS analyses were carried out on a Netzsch STA-429 
thermobalance. Samples were heated up to 1230 K in a flow of Ar at a rate of 5 K.min-1. The 
gases evolved during analysis were monitored by a Fisons Thermolab quadropole mass 
spectrometer. Burn-off experiments were performed by heating the samples up to 1230 K in a 
flow of 20% O2/Ar at a rate of 5 K.min-1. The amount of hydrotalcites present was calculated 
from TGA results, after correction for CNFox, by assuming that the weight loss due to the 
decomposition of the hydrotalcite is 45%. The tensile failure of the spheres was determined 
with the Side Crushing Strength (SCS) test. Statistical information was obtained by 
determining the average SCS value of multiple particles by applying increasing contact forces 
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on a particle between two flat plates. The SCS value is the force (N) needed for breakage of 
the particle. A Philips XL30FEG electron microscope equipped with an EDX detector for 
elemental analysis was used to obtain SEM images. TEM images were obtained with a Fei 
Technai 20 FEG TEM operating at 200 kV equipped with an EDX detector. In order to 
investigate whether HT is strongly adhered to CNF different sample preparations for TEM 
analysis were used. After ultrasonic treatment of 30 or 60 seconds in ethanol, samples were 
dispersed on a holey carbon film supported on a copper grid. A third sample was prepared by 
dipping the grid in the ground sample. Statistical information on the HT platelet size (lateral 
dimension) was obtained by determining the platelet size of 50 HT platelets during TEM 
analysis. The pore volume of CNFox was determined by incipient wetness impregnation of 
demineralized water at room temperature. 
 
Catalytic experiments  

The self-condensation of acetone was performed under N2 atmosphere in a stirred double-
walled thermostatically cooled glass reactor, equipped with baffles. Typically, 1.8 mol of 
acetone (Merck) was cooled to 273 K and 1.0 g of crushed (20-100 μm particles) HT/CNF 
catalyst or 0.30 g HTact was added. The single-stage synthesis of MIBK at 331 K was 
performed in a semi-batch slurry reactor operating at a constant H2 pressure of 1.2 bar [23,39] 
with similar amounts as in the condensation of acetone. Aliquots of 1 ml were taken from the 
reaction mixture during reaction and analyzed using a Chrompack CP 9001 GC provided with 
a Chrompack CP 9050 autosampler. Iso-octane (Acros) was used as an internal standard. The 
citral (Acros) (13 mmol) with acetone (1.7 mol) condensation was performed at 333 K, 
tetradecane was used as internal standard. Blank experiments showed that neither the CNFox 
support nor HT/CNFas exhibited catalytic activity in the condensation of citral with acetone 
and in the self-condensation of acetone. 
 
 
 

Results and discussion 
 
Growth of CNF bodies 

Figure 1 shows the growth catalyst and the resulting spherical carbon bodies grown out of 
methane at 843 K. The CNF bodies are enlarged replicas of the growth catalyst. As was found 
by Teunissen et al. [34], the shape of the resulting CNF bodies is highly dependent on the 
shape of the growth catalyst. The increase in diameter was about 2-fold and the increase in 
weight was by a factor 6-7.  
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Figure 1. The Ni/SiO2 spherical particles and the 
resulting carbon bodies grown out of methane at 843 K. 
Leng h scale is in centimeters. t

 
 
To obtain more detailed information about the structure of the CNF spheres, SEM analysis 

at various magnifications was performed (Figure 2). With low magnification SEM, cracks of 
100-200 μm in the CNF spheres can be distinguished. Higher magnifications show the 
interwoven fibers. At the edges of the cracks and the outer surface of the spheres the CNF 
skeins are rather open. However, on cutting the spherical particles, the fibers appear to be 
densely packed on the inside of the particle with a less dense outer layer of 2 μm (Figure 2C 
and 2D).   

To remove the growth catalyst, the CNF spheres were subjected to a treatment in KOH 
solution and subsequently in concentrated HNO3. The pore volume of the thus pretreated 
carbon bodies as determined by impregnation of water is appreciable, i.e., 0.60-0.65 cm3.g-1. 
Table 1 presents some physico-chemical properties of the carbon materials. It is worth  
 
Table 1. Physico-chemical properties of the various HT/CNF materials and HTact. 

 SBET
(m2.g-1) 

SBET
(m2.gCNF

-1) 
Vmeso

(cm3.g-1) 
HT loadinga 

(wt%) 
SCS value 

(N) 

CNF 69 71b 0.36 - 35 

CNFox 89 89 0.47 - 41 

HT/CNFas,333 72 81 0.35 11.3 n.d. 

HT/CNFact,333 77 87 0.37 11.3 38 

HT/CNFused,333
c 80 90 0.33 11.0 n.d. 

HTact 69 - 0.38 100 n.d. 
a Determined by TGA-MS. 
b SBET of CNF after correction for the presence of the Ni/SiO2 growth catalyst. 
c After two catalytic runs. 
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Figure 2. SEM micrographs of CNF after treatment in KOH at various magnifications. A) Outer surface of 
spherical carbon body (low magnification). B) outer surface of the sphere (high magnification). C) internal 
(left) and external surface (top right) of the sphere obtained upon cutting. D) inside of the sphere. 

 
mentioning that growth from methane resulted in strong CNF spheres, whereas growth from 
synthesis gas (CO/H2) resulted in soft lumps. To obtain more quantitative information about 
the strength of the carbon bodies side crushing strength (SCS) tests were performed. After 
removal of the growth catalyst, we observed a high SCS value for CNFox, that is, 41 N. A 
SCS value of 13 N was determined for the original Ni/SiO2 growth catalyst. 
 
Assembly and activation of hydrotalcites on CNF 

Figure 3A shows the TGA-MS results of CNFox. Upon heat treatment in Ar up to 1230 K 
a considerable weight loss was found accompanied with evolution of H2O, CO2 and CO. 
Besides the weight loss due to the evolution of physisorbed water around 393 K, these 
distinctive weight losses are due to the presence of carboxylic acid-groups (CO2) and phenol-
type groups (CO) introduced by the treatment in concentrated nitric acid [35,40-44]. Figure 
3B displays a typical TGA-MS profile of HT/CNFas. In general, our TGA-MS results obtained 
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with unsupported HT with interlayer CO3
2- reveal two distinct weight losses with the 

evolution of water and CO2 with a total weight loss of 45%. First, the removal of interlayer 
water can be observed at temperatures up to 473-483 K. Second, dehydroxylation and 
decarboxylation is observed above 573 K [1,45]. This pattern of decomposition is rather 
specific for HT. Comparing the TGA-MS profiles of CNFox and the HT/CNF samples, we can 
conclude that HT is indeed present in the CNF bodies.  
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Figure 3. TGA-MS of A) CNFox. B) HT/CNFas,333. 
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From the TGA-MS results measured in Ar as well as in O2 (i.e., the total burn-off 
experiments), we calculated an HT content of 11 wt% in these HT/CNFas,333 bodies (Table 1). 
When applying more concentrated impregnate solutions, loadings of around 16 wt% of HT 
were obtained. Li et al. [46] prepared Ni-Al hydrotalcites on carbon nanotubes by co-
precipitation from diluted solution of the Ni-Al hydrotalcites. We investigated what weight 
percentage HT could be applied with this procedure [23,38] in the presence of CNF spheres. 
In this experiment, the volume of the reaction mixture exceeded the pore volume of the CNF 
bodies by a factor 14. We found that only 3.3 wt% of HT was applied in the CNF bodies via 
this method, considerably lower than the amount of HT applied with the consecutive 
impregnation method (HT/CNF samples).  

After activation of HT/CNFas,333 via heat treatment and subsequent rehydration, TGA-MS 
results demonstrated the presence of a HT-phase in the CNF spheres. The weight percentage 
of activated HT in CNF was about equal to that of HT/CNFas,333, that is, 11 wt%. 

5 25 45 65 85 10
2θ degrees

# ### #

*

* * **

* graphite
# Mg-Al hydrotalcite

CNFox

HT/CNFas,333

HT/CNFas,423

HT/CNFact,333

HTas

5

 
 
 
 
 

 
 

 
 

 
 

 
 

 
 

 
igure 4. XRD diffraction patterns of CNFox, HTas and HT/CNF samples. 

The XRD patterns of the materials at different stages of the synthesis procedure are shown 
in Figure 4. For reference, this figure also includes the patterns of CNFox and HTas. In the 
HT/CNFas and HT/CNFact patterns, diffraction lines due to the presence of HT can be 
distinguished next to the strong lines of the CNF support. The most intense line of 
hydrotalcite in the HT/CNF patterns is found at 13.2 degrees 2θ (003 line), which represents 
the lattice distance of one cation layer and one interlayer distance (7.7 Å). Moreover, the other  
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coverage of the carbon nanofibers. We attribute the main part of the pore volume to the open 
space between the cylindrical fibers although a minor part could be due to the presence of 
inner tubes [36,37]. 

 
 
 

 
 
 
 
 

peaks in the patterns of HT/CNF correspond well with the typical features of HTas. 
Furthermore, the diffraction lines in the HT/CNFas,333 and HT/CNFas,423 patterns are broader 
than those observed in HTas, which implies that the HT crystallites in HT/CNFas are smaller 
than those of HTas. Comparing the pattern of HT/CNFas,423 with that of HT/CNFas,333, the peak 
broadening in HT/CNFas,423 is less pronounced, as would be expected when increasing the 
crystallization temperature [13,19]. After heating the catalyst precursors up to 773 K in 
nitrogen flow the layered structure is destroyed and a mixed oxide is formed. Rehydration of 
the samples resulted in the reconstruction of the layered structure to a large extent [4,12-
14,23]. The presence of HT in the CNF spheres after activation (HT/CNFact,333) is evident 
from the diffraction pattern, although even further line broadening is apparent and the relative 
intensity of the characteristic peaks of HT to the most intense graphite reflection is decreased.  

rom the nitrogen adsorption and desorption isotherms of CNFox and HT/CNFas,333, shown 
in Figure 5, we can deduce the presence of cylindrical mesopores with open ends at both 
sides. Both samples have a broad pore size distribution, see Figure 6. The sharp peak at 3-4 
m is an artifact of the BJH (Barret-Joyner-Halenda) model due to closing of the hysteresis 

th the HT/CNF samples due to 

Figure 5. Nitrogen adsorption and desorption isotherms of CNFox and HT/CNFas,333. 

F

n
loop. A somewhat smaller mean pore diameter was found wi
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deso tion branch using the BJH method. 

 

e significantly 

eter (Figure 6) 
 a well accessible pore 

e
loading of CNF by HT, because the surface area per gram of CNF remains almost constant 
(Table 1). As a result of the heat treatment of HT/CNFas,333 at 773 K and subsequent 
rehydration, surface area and pore volume increased slightly, as was observed by Roelofs et 
al. with unsupported HTs [13]. The strength of the spherical catalyst particles is ma
and an average SCS value of 38 N was found. 

EDX line scans obtained with SEM revealed Mg and Al (Mg/Al ratio of 2) through the 
macroscopic bodies of the catalyst (example given in Figure 7). Analysis with TEM revealed 
small hexagonal hydrotalcite crystallites present on the carbon nanofibers, visible as small 
platelets (Figure 8A to C). The hydrotalcite platelet size distribution in the lateral dimension 
of HT/CNFas,333 is given in Figure 9. The average platelet size of 21 nm corresponds well with 
the size calculated from the line broadening in the XRD pattern of the (110) diffraction line 
using the Scherrer equation, that is, 20 nm. The lateral platelet size of HT/CNFas,333 was found 
to be much smaller than that of HTas (TEM micrograph is given in Figure 10), i.e., ~60 nm. 

 Al on the 

 
 

 
 
 
 
 

Figure 6. Pore size distributions of CNFox, HT/CNFas,333 and HT/CNFact,333 calculated from th
rp

Table 1 shows the results derived from nitrogen physisorption of the various HT/CNF 
materials and HTact. HT/CNFas,333 exhibited a BET surface area and pore volum
lower than that measured with CNFox, indicating that the pores of the carbon bodies are partly 
filled by HT. The absence of micropores and the still high average pore diam
suggests that although some filling of the pores occurs, the material has
system. The decreased BET surface area after inclusion of HT is largely account d for by the 

intained, 

EDX-analyses during TEM performed on the HT/CNF samples detected Mg and
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Figure 7. The atomic Mg/Al ratio of HT/CNFas,333 as monitored with SEM-EDX line scan through 
part of a catalyst particle. 

 
 

 
 
 
 

 
 

Figure 8. A, B and C) TEM images of HT/CNF s,333. D) EDX spot analysis of area indicated with a t
arrow in 8C. Some other HT platelets are indicated by thin arrows. 



Chapter 6 

 98 

0

5

10

15

20

25

30

Fr
ac

tio
n 

(%
)

8 12 16 20 24 28 32 36 40
Platelet size (nm)

platelet-like structures (example given in Figure 8D, EDX, spot size 3-4 nm, indicated with a 
thick arrow in Figure 8C), but not on seemingly bare fibers. With TEM we did not observe 
HT platelets separate from the fibers on the sample grid. Furthermore, by varying the sample 
preparation method for TEM analysis we investigated to what extent the HT crystallites 
exhibit strong interaction with CNF. Two samples were prepared by an ultrasonic treatm t 
after suspending crushed HT/CNFas,333 in ethanol. A third sample was prepared by only 
dipping the sample holder in the crushed catalyst. Even after an ultrasonic treatment in 
ethanol of 60 seconds, TEM analysis showed similar results as obtained with the sam e 
prepared without this ultrasonic treatment. These results indicate that the HT-phase was 
strongly adhered to the carbon nanofibers, not just entrapped in the porous structure. 
 

 
 

 
 
 
 
 

 
 

 
 
 
 
 Figure 10. TEM image of HTas, synthesized at 333 K.  

en
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Figure 9. Hydrotalcite platelet size distribution (lateral dimension) of HT/CNFas,333. 
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Deposition of Pd on HT/CNF 
Two methods of Pd deposition on HT/CNFas,333 were investigated: ion adsorption using 

Pd(NH3)4(NO3)2, as described elsewhere [23], and a wet-impregnation method using 
Pd(acac)2. Best results were obtained with the wet impregnation method (PdHT/CNFact). TEM 
examination of the latter catalyst showed that palladium was deposited on HT/CNFas,333 as 
small particles (~2-5 nm, see Figure 11); this was confirmed by H2 chemisorption results 
(~2.5 nm). The concordant results of TEM and H2 chemisorption clearly indi ate that the Pd 
is not covered up by HT and is well accessible for catalysis. Pd is largely present on CNF in 
view of the limited coverage of CNF with HT. 

 
 
 
 
 

 
 
 
 
 

igure 11. TEM micrograph of PdHT/CNFact. 

 
 
 
Catalytic properties and characterization of the used catalyst 
Condensation of acetone at 273 K

c

 

 
F

: We investig
nsation of acetone to diacetone alcohol (DAA), as shown in 

Sch

NFact,333 based on the weight of HT present in 
the sample is very high (Table 2), that is, the specific activity of HT/CNFact,333 is about four 

ated the performance of the HT/CNF samples 
in the liquid-phase self-conde

eme 1A. HT/CNFas samples did not display any condensation activity due to the absence 
of Brønsted-base sites [4,14,15,23]. Figure 12 and Table 2 show the results using HTact and 
HT/CNFact,333. High activity for DAA formation over HT/CNFact,333 was observed (Table 2), 
resulting after 23 h in a DAA concentration of 1.37 mol.l-1, which is close to the equilibrium 
value of 1.57 mol.l-1 [47]. The selectivity to DAA was found to be over 98%, the side-
products being mesityl oxide (MO) and triacetone alcohol. HTact exhibited high initial activity 
in the condensation as well, with rates comparable with those reported previously [13,14]. It is 
important to emphasize that the activity of HT/C
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times that of HTact. Since CO2 has been succe lied as probe molecule 
to obtain information about the number of basic sites in activated hydrotalcites by several 
groups [4,12,13,48], the total number of accessible active sites in the supported and 
unsupported catalysts was determined with volumetric CO2 measurements at low pressures 
(Table 2). A relatively high number of active sites of HT/CNFact samples compared with HTact 

was found, which is due to the much smaller crystallites as found with XRD and TEM. The 
number of active sites is determined by the lateral size of the platelets, because these are most 
likely situated at the edges of the platelets. The turn-over frequencies (TOF) in the 
condensation of acetone at 273 K are about the sam  the supported and unsupported 
materials. 
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Scheme 1. A) Reaction scheme of the self-condensation of acetone to DAA, dehydration of DAA to MO and 
followed by hydrogenation to MIBK. B) Condensation of citral with acetone to β-hydroxyketone and 
followed by dehydration to yield pseudoionone. 
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samples versus the number of accessible sites as measured by CO2 adsorption. For reference, 
e correlation with activated HTs with different platelet sizes found by Roelofs et al. [13] is 

iven as well. As can be concluded based on Figure 13, the correlation of activated 
ydrotalcites is valid over a wide range, because extrapolation of this correlation to the 
T/CNFact samples is very good. Our study gives further support that the active sites 

 
able 2. Initial reaction rates and turn over frequencies (TOF) for acetone self-condensation at 273 K 
ith the HT catalysts. 

 CO2 adsorption  
(mmol.gHT

-1) 
Initial ratea 

(mmolDAA.gcat
-1.h-1) 

Initial ratea 

(HT-based) 
(mmolDAA.gHT

-1.h-1) 

TOFa  
(s-1) 

 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 12. DAA production at 273 K in 1.8 mole acetone with 0.3 g HTact (▲), 1.0 g HT/CNFact,333 (◆) 

and 0.9 g HT/CNFreact (after reactivation of the used catalyst) (ο). 
 
 

Figure 13 shows the initial activities of HTact, HT/CNFact,423 and several HT/CNFact,333 
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HT/CNFact,333 0.75 61 542 0.40 

HT/CNFreact,333
b n.d. 56 513 - 

HT/CNFact,423 0.34 23 210 0.35 
a Values are given over the first 15 minutes. Turn over frequency is based on the CO2 adsorption, given 

 mol acetone converted per mol of basic sites in the catalyst per second. 
b After reactivation via heat treatment and rehydration of HT/CNFused. 
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igure 13. Initial activity in the condensation of acetone at 273 K vs. CO2 adsorption over 
nsupported activated HTs ( ,▲) and HT/CNFact ( , ) samples. 

articipating in catalysis are most likely situated at the edges of the platelets [13,14,25], in 
ontrast to recent reports by other researchers on structure-activity relationships of activated 
ydrotalcites as solid base catalysts that proposed a correlation between activity and surface 

ples 
reported values with activated HTs in 

ldol-type condensation reactions [13,14,24,25].  
f the

t al. [25], and those reported earlier by Roelofs et al. [12,13]. However, no obvious 
 

sing the thickness (6 nm) and the lateral size (20 nm) as determined with 
TEM and XRD gives around 260 m2.gHT

-1 (note that the value derived from N2 physisorption 
(66 m2.gHT

-1) is muc  th bon ch is similar to the 
surface area reported by Abelló et al. [25], that is, 270 m .g . However, the specific activity 

 
 
 
 
 
F
u

 
 
p
c
h
area [24,49]. Note the significant improvement in efficiency of the supported HT sam
compared with the unsupported HTs and to recently 
a

Abelló et al. [24,25] recently reported on the correlation between the surface area o  
activated hydrotalcites and the activity found in the condensation of citral with acetone at 333 
K. However, since the surface area of the material is not dependent on the lateral size of the 
platelets but mainly on the degree of stacking, i.e., the thickness of the platelets, a correlation 
between surface area and catalytic performance is not to be expected. We investigated, using 
the results from N2 physisorption, whether such a correlation can be derived for the 
condensation of acetone at 273 K using the catalysts reported here, those reported by Abelló 
e
correlation could be derived. Calculation of the specific surface area (HT-based) of our
supported catalyst u

h lower due to e effect of the car  nanofibers), whi
2 -1
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of our supported catalys  the condens  of acetone at 2  is over 10  
reported by those authors. As can be concluded from Figure 13, the supposition that the 
p ra ension determ s the number of e sites, and y the 
p uch more likely. 

ly re-used NFact,333 sam  after filtration under nitrogen, showed a 
e due 

F bodies during the first run. 
ed heat treatment and rehydration 

al catalyst 
was almost restored (Table 2, Figure 12). With TGA-MS, we established the am
still present in the used catalyst after two catalytic runs. Results obtained in Ar flow 
demonstrated that the characteristic weight losses of HT due to evolution of water and CO2 
were still present in the TGA-MS profile. Furthermore, the amount of HT calculated from 
TGA-MS in Ar and the burn-off experiments (Table 1) again was 11 wt%, demonstrating that 
no loss of HT-material from the CNF bodies had occurred. To further support the absence of 
HT leaching, in another experiment we filtered off the HT/CNFact,333 catalyst afte inutes 
of reaction. The filtrate was kept at room temperature in N2 atmosphere for 7 h, after which 
the total amount of DAA formed was determined. No extra DAA was form  after the 
catalyst was removed. 
 
Citral with acetone condensation at 333 K:

ts in ation 73 K  times that

latelet size in the late l dim ine activ thereb
erformance of the catalyst, is m

A direct HT/C ple,
significantly lower activity than the initial run, that is, 8.4 mmolDAA.gcat

-1.h-1. This may b
to adsorption of side products or loss of HT from the CN
Reactivation of the used catalyst was applied by a repeat
procedure. The initial activity for the condensation of acetone at 273 K of the origin

ount of HT 

r 5 m

ed

 The catalytic properties of HTact and HT/CNFact,333 
me 1B) at 

 found for both catalysts (97%). The 
atalysts were active over several hours of reaction and a conversion level of 98% was 
btained after 5 h of reaction. The specific activity of HT/CNFact,333 was considerably higher 

were investigated in the condensation of citral with acetone to pseudoionone (Sche
333 K (Table 3). High selectivity to pseudoionone was
c
o
than that obtained with HTact and to values reported recently [12,14,24,25,49-51], which 
underlines the improvement in efficiency of our supported catalyst due to the high number of 
active sites. 
 
Table 3. Initial activity and selectivity in the condensation of citral and acetone at 333 K over HTact and 
HT/CNF . act,333

 Initial rate 
(mmolcitral.gHT

-1.h-1) 
Selectivity 

(%) 

HTact 220 97 

HT/CNFact,333 547 97 
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Single-stage synthesis of methyl isobutyl ketone at 331 K: In a recent study we showed that 
with a physical mixture of Pd supported on CNF and unsupported activated HTs, acetone and 
H2 are converted to MIBK under mild conditions with appreciable rate and high selectivity, 
with the dehydration of DAA to MO as the rate-limiting step [23]. Now that we have 
significantly improved the activity of the HT catalyst, we investigated PdHT/CNFact in the 
single-stage synthesis of MIBK, wherein all catalytic functions are present in the same 
catalyst. Figure 14 displays the formation of DAA, MO and MIBK. The condensation of 
acetone to DAA was very fast compared with the rate of dehydration of DAA to MO, which 
concentration remained low due to rapid hydrogenation of MO to MIBK. Selectivity to the 
desired products (DAA, MO and MIBK) was over 99%.  
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Figure 14. Formation of DAA, MO and MIBK in the single-stage synthesis of MIBK at 331 K and 1.2 
bar H2 over 1 g of PdHT/CN

 
Fact in 1.8 mol acetone. 

 
The initial activity of PdHT/CNFact in the condensation of acetone appeared to be factor 5 

higher than that measured with the physical mixture (Table 4), similar to the results obtained 
in the condensation of acetone at 273 K. The activity in the dehydration reaction over 
PdHT/CNFact was also considerably, hereby improving the production rate of MIBK (albeit 
by less than a factor 2). Table 4 also gives the TOF values for the condensation and 
dehydration based on the CO2 measurements. The TOF in the condensation reaction was 
similar between both catalysts, however, the TOF in the dehydration reaction differed 
 

 104 



Hydrotalcites supported on carbon nanofibers 

Table 4. Single-stage production of MIBK at 331 K and 1.2 bar H2 over PdHT/CNFact and over a physical 

Activity (molproduct.gHT
-1.h-1)a TOF (s-1) a

mixture of activated hydrotalcites and Pd on CNF.  

 
DAA*

Selectivity 

(%)b
conden Dehydration MO MIBK sa *tion

HTact &  
Pd/CNFc 1.3 0.026 023 95 4 0.08 0.

PdHT/CNFact 7.1 0.043 0.040 99 5 0.03 
a Activity and TOF calculated over the first 30 min or when marked with * over the first 5 minutes. The activity 
and TOF in the dehydration reaction was calculated from the sum of MO and MIBK formed. 
b Selectivity to DAA, MO and MIBK after 6 hours (at ~3 % acetone conversion). 
c
 Taken from [23], physical mixture of 0.3 g HTact and 0.2 g Pd supported on CNF in 1.8 mol acetone were 

initially present. 

 
 

largely. Although this difference could be ascribed to deactivation of the catalyst due to the 
relatively low amount of HT present in the PdHT/CNFact catalyst, further research is needed 
to elucidate the structure-activity relationship in this reaction. 
 
 
 

Conclusions 
 

We have demonstrated that activated hydrotalcites supported on carbon nanofibers bodies 
exhibit a much higher catalytic activity in the condensation of citral with acetone and in the 
self-condensation of acetone than unsupported activated hydrotalcites. This high reactivity 
must be ascribed to the HT-crystallites with very small sizes in the lateral dim  
nm), which implies a high number of active edge sites. The correlation between the number of 
accessible active sites and the initial activity in the self-condensation of acetone is extended 
over a wide range. Our results show that loss of HT from the CNF bodies during catalysis is 
absent, while the activity can be restored via a repeated thermal activation procedure. By 
depositing Pd on the supported HT catalyst an efficient bi-functional catalyst for the single-
stage synthesis of MIBK from acetone and H2 could be obtained. The highly active and 

various 
xed bed reactors, due to the favorable physico-

chemical properties, the macroscopic size and the mechanical strength of the catalyst bodies. 
 
 

ension (~20

selective carbon nanofibers-supported hydrotalcites catalyst may be of interest in 
applications, slurry phase as well as in fi
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Chapter 7a 

Methyl isobutyl ketone (MIBK) is an industrially important chemical, which is obtained 
from acetone via three reaction steps, namely the self-condensation of acetone to diacetone 
alcohol, dehydration to mesityl oxide and subsequent hydrogenation to MIBK. Since the use 
of the conventional three-step process with homogeneous catalysts for the first two steps is 
disadvantageous from an economical and an environmental perspective, a single-stage liquid-
phase process is desired with the use of a heterogeneous catalyst system to overcome the 
encountered problems of the former. Such a catalyst system should contain basic sites for 
condensation and dehydration and hydrogenation sites for the last step. As the hydrogenation 
of mesityl oxide to MIBK proceeds readily over supported Pd catalysts described earlier, the 
main challenge is to find a solid base catalyst suitable for use under mild conditions. 
Activated hydrotalcites have shown promising results as solid base catalysts in liquid-phase 
aldol-type condensation reactions at ambient conditions, exhibiting high activity and 
selectivity. The research described in this thesis concerns the development and 
characterization of a hydrotalcite-based catalyst system for the single-stage liquid-phase 
synthesis of MIBK from acetone and H2. 

Hydrotalcite as-synthesized does not display catalytic activity in liquid-phase 
condensations and activation is therefore required. There are several methods for activation of 
the catalyst precursor involving calcination and rehydration or ion-exchange. The generally 
applied method of activation involves, first, heat treatment of the hydrotalcite (HT), wherein 
the layered structure is destroyed to form a mixed oxide. In the second step the mixed oxide is 
rehydrated to reconstruct the original hydrotalcite structure to a large extent and to incorporate 
OH- in the interlayer. This method of activation generally leads to highly active solid base 
catalysts. It has been demonstrated by numerous investigations reported in literature on 
activated hydrotalcites as solid base catalysts that large differences in catalytic properties may 
be observed depending on the preparation of the catalyst precursors as well as the activation 
procedure. However, a systematic study on the nature of the Brønsted-base sites has not been 
reported up till now. In Chapter 2 a comprehensive study on the influence of the activation 
procedure on the catalytic performance of differently activated hydrotalcites is reported. Two 
different methods have been applied to activate Mg-Al hydrotalcites to obtain catalysts for 
liquid-phase aldol-type condensations. HT activated via aqueous ion-exchange resulted in the 
preservation of the original hexagonal platelet structure. Activation via the rehydration 
procedure resulted in a dramatic change in morphology of the platelets and a more irregular 
structure of the agglomerated platelets was observed after activation as compared to that of 
the catalyst precursor. The weight-specific activity and turn-over frequency (TOF) over the 
rehydrated HT was very high, whereas the ion-exchanged sample displayed very low activity 
and TOF, which appeared to be linked to the difference in morphology of the materials. The 
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strength and accessibility of the basic sites were assessed by means of calorimetry of CO2 
adsorption and by IR spectroscopy of adsorbed CDCl3. The results from those studies strongly 
suggest that it is not the strength but the accessibility of the basic sites situated at the edges of 
the platelets that determines the catalytic performance of activated HT. The high accessibility 
of the Brønsted-base sites in the rehydrated HT is proposed to involve a distorted edge 
structure of the platelets. An enhanced accessibility of the edge sites of the exchanged HT was 
achieved by distorting the edge structure of the platelets by performing the ion-exchange in 
boiling water or during ultrasonic treatment and, in line with the proposed model, an 
enhanced catalytic activity was observed. This study contributes to understanding the nature 
and accessibility of the Brønsted-base sites in activated hydrotalcites to explain the large 
difference in catalytic behaviour in liquid-phase condensation reactions and is related to other 
studies reported in literature with the use of this type of catalysts. 

Chapter 3 deals with the utilization of activated HTs in the self-condensation of acetone 
to diacetone alcohol (DAA) and dehydration of DAA to mesityl oxide (MO). The rate of the 
dehydration reaction was found to be dependent on the number of basic sites, similar to the 
correlation found earlier in the self-condensation of acetone. The number of basic edge sites 
was varied by preparing HT with different platelet size. It turned out that a controlled drying 
step of activated HT and a low water concentration in the reaction mixture are of crucial 
importance for obtaining high catalytic activity. A comparison was made between Pd 
supported on activated hydrotalcites bi-functional catalysts and physical mixtures of activated 
hydrotalcites and Pd on carbon nanofibers (CNF) for the single-stage synthesis of MIBK from 
acetone and H2. Deposition of Pd on activated HT resulted in agglomerates of irregular stacks 
of HT platelets. The MIBK formation turned out to be dependent on the Pd loading, not 
observed with the physical mixtures. The lower hydrogenation activity of the bi-functional 
catalysts was ascribed to the entrapment of Pd particles in the agglomerates making them 
inaccessible for the organic reactants. Therefore, the research described in Chapter 4 
focussed further on the investigation of the single-stage liquid-phase synthesis of MIBK from 
acetone and H2 over the physical mixture of activated HT and Pd on CNF. It was found that 
the steady-state concentration of mesityl oxide must be kept low to suppress rapid 
deactivation of the hydrogenation catalyst.  

The use of carbon nanofibers as support for noble metals may also have some 
disadvantages. In Chapter 5 we demonstrate that after oxidation with nitric acid CNF can 
have an accessible inner tube throughout the length of the fibers and that depending on the 
synthesis method a considerable fraction of metal particles could end up in the inner tube of 
CNF. Analysis with TEM tilt series appeared a very powerful tool to locate the actual position 
of the metal particles, i.e. on the external or internal surface of the fibers. However, location 
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of metal particles on the internal surface of CNF can be disadvantageous for catalysis, since 
mass transfer limitations in the narrow tubes (4-9 nm) may arise.  

Chapter 6 focuses on the preparation and utilization of hydrotalcites supported on carbon 
nanofibers. After preparation of mechanically strong CNF support bodies, Mg-Al HT platelets 
could be deposited on CNF with lateral sizes of about 20 nm, much smaller than reported in 
literature up till now. Due to the well accessible pore system of the CNF bodies, a high 
number of accessible OH- could be obtained and as a result the catalysts exhibited 
unsurpassed activity in the self-condensation of acetone and the condensation of citral with 
acetone. The linear correlation between the CO2 uptake and the initial activity in the self-
condensation of acetone was extended over a large range and supported the model that the 
sites participating in catalysis are situated at the edges of the platelets. By depositing Pd and 
hydrotalcites supported on the same support (CNF) an efficient bi-functional catalyst for the 
single-stage synthesis of MIBK from acetone and H2 was obtained. 

In conclusion, the results of the research described in this thesis give further insights into 
the nature of the Brønsted-base sites of activated hydrotalcites which made it possible to 
develop and optimize efficient solid base catalysts for liquid-phase applications. The research 
on activated hydrotalcites in the synthesis of MIBK from acetone and H2 is relevant but also 
holds the potential for the production of various other chemicals in the fine and bulk industry. 
Using carbon nanofibers as support for Mg-Al hydrotalcites enabled the preparation of very 
small HT platelets, thus enhancing largely the catalytic activity. Furthermore, utilization of 
this catalyst overcomes the issues arising considering catalyst particle size and mechanical 
strength when using unsupported hydrotalcites, due to the favourable physico-chemical 
properties of the carbon nanofibers. Further research is advocated to implement the findings 
of this study to other applications including catalyzing different types of organic reactions or 
hydrotalcites as adsorbents for the purification of waste water or for CO2 capture.  
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Het onderzoek beschreven in deze dissertatie heeft betrekking op het ontwikkelen van een 
katalysatorsysteem gebaseerd op geactiveerde hydrotalcieten voor de synthese van 
methylisobutylketon (MIBK) vanuit aceton en H2 in één en dezelfde reactor. MIBK is een 
belangrijk product dat op grote schaal wordt gemaakt uit aceton. De omzetting van aceton 
naar MIBK verloopt in drie stappen: eerst wordt diacetonalcohol gevormd door de 
zelfcondensatie van aceton. De tweede stap is de dehydratatie van diacetonalcohol onder 
vorming van mesityloxide en water. In de laatste stap wordt MIBK verkregen door de 
selectieve hydrogenering van mesityloxide. De conventionele productie van MIBK vindt 
plaats door de reactiestappen in drie reactoren afzonderlijk te laten plaatsvinden waarbij in de 
stappen één en twee gebruik wordt gemaakt van homogene katalysatoren. Dit heeft bezwaren 
vanuit het oogpunt van milieubelasting en vanuit een economisch perspectief vanwege de 
grote hoeveelheid afval die geproduceerd wordt. Een proces in de vloeistoffase waarbij aceton 
met waterstof in één reactor omgezet wordt in MIBK, gebruikmakend van een heterogeen 
katalysatorsysteem, zou een goed alternatief kunnen zijn. Het katalysatorsysteem moet een 
basische functionaliteit voor de condensatie- en de dehydratatiereactie combineren met een 
hydrogeneringsfunctie voor de laatste stap. Op basis van eerder onderzoek is gebleken dat de 
hydrogenering van de onverzadigde koolstofverbinding in α,β-onverzadigde aldehydes en 
ketonen goed verloopt over gedragen palladiumkatalysatoren. De grootste uitdaging lag 
daarom bij het ontwikkelen en optimaliseren van een vaste basische katalysator voor 
applicaties in de vloeistoffase onder milde condities. In ons onderzoek hebben wij gekozen 
voor geactiveerde hydrotalcieten: vaste basische katalysatoren die veelbelovende resultaten 
hebben laten zien in aldolcondensaties in de vloeistoffase.  

Hydrotalciet (HT) wordt meestal gesynthetiseerd met carbonaat in de tussenlaag. Om een 
actieve vaste basische katalysator uit dit materiaal te verkrijgen is een activeringsstap nodig. 
HT met carbonaat vertoont namelijk geen katalytische activiteit in aldolcondensaties, terwijl 
HT met OH- in de tussenlaag over het algemeen hoge activiteit laat zien. Er zijn verscheidene 
methodes om HT te activeren, te weten verhitting/rehydratie en ionenuitwisseling. De eerste 
activeringsprocedure, veelvuldig gebruikt in de literatuur, bestaat uit twee stappen. De eerste 
stap is de gecontroleerde verhitting tot ~773 K, waarbij HT ontleedt en een gemengd oxide 
wordt gevormd. In de tweede stap wordt het gemengd oxide gerehydrateerd onder uitsluiting 
van CO2, waarbij de gelaagde structuur weer wordt gevormd met OH- in de tussenlaag. Deze 
methode leidt over het algemeen tot een zeer actieve, basische katalysator. Uit de vele studies 
naar de katalytische eigenschappen van deze geactiveerde hydrotalcieten is gebleken dat grote 
verschillen in katalytische eigenschappen kunnen optreden, afhankelijk van de 
bereidingswijze en van de activeringsprocedure. Een systematische studie naar de aard van de 
Brønsted-basische groepen is echter tot op heden niet uitgevoerd. 
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Hoofdstuk 2 beschrijft het onderzoek naar de invloed van de activeringsprocedure op de 
katalytische eigenschappen van Mg-Al hydrotalcieten in condensatiereacties. Twee 
verschillende manieren van activering zijn bestudeerd, te weten verhitting/rehydratatie en 
ionenuitwisseling. In HT geactiveerd via ionenuitwisseling bleek de originele hexagonale 
plaatstructuur behouden. Activering via rehydratatie resulteerde in een ongeordende, 
geagglomereerde plaatstructuur. De katalytische activiteit van de diverse materialen werd 
bepaald in de zelfcondensatie van aceton bij 273 K. De gemeten activiteiten verschilden 
significant: HT geactiveerd via rehydratatie vertoonde een activiteit 10 keer hoger dan die van 
de ionenuitgewisselde. De sterkte en toegankelijkheid van de Brønsted-basische groepen in de 
verschillend geactiveerde hydrotalcieten werden geëvalueerd met behulp van calorimetrische 
metingen aan de adsorptie van CO2 en met behulp van infrarood (IR) spectroscopische 
metingen van geadsorbeerd CDCl3. De resultaten van deze studies duiden er op dat niet de 
sterkte maar de toegankelijkheid van de basische groepen aan de randen van de platen 
bepalend is voor de katalytische prestaties van geactiveerde HT. Een verhoogde 
toegankelijkheid van de Brønsted-basische groepen aan de randen van de platen, zoals in 
gerehydrateerd HT, hangt waarschijnlijk samen met een verstoorde randstructuur van de 
platen. De randen van de platen in de ionenuitgewisselde HT konden ook aangetast worden 
door behandeling van HT in kokend water of door ultrasone behandeling, waarbij de 
toegankelijkheid van de basische groepen werd verhoogd en een verbeterde katalytische 
activiteit werd verkregen. De conclusies voortvloeiende uit dit onderzoek geven fundamenteel 
inzicht in de relatie tussen de morfologie en katalytische activiteit. Naar verwachting kan dit 
onderzoek ook meer inzicht geven in andere studies in de literatuur naar hydrotalcieten als 
vaste basische katalysator.  

In hoofdstuk 3 wordt de toepassing van geactiveerde hydrotalcieten in de condensatie van 
aceton naar diacetonalcohol (DAA) en de dehydratatie van DAA naar mesityloxide (MO) 
behandeld. De katalytische activiteit van HTs met verschillende plaatgroottes, geactiveerd via 
verhitting en rehydratatie, werd gemeten. De activiteit in de dehydratatiereactie van DAA 
naar MO bleek afhankelijk te zijn van het aantal basische groepen dat getitreerd werd met 
CO2 chemisorptie, een afhankelijkheid die eerder was gevonden voor de zelfcondensatie van 
aceton. Het is gebleken dat een gecontroleerde droogstap van geactiveerd HT en een lage 
waterconcentratie in het reactiemengsel van cruciaal belang zijn voor een hoge katalytische 
activiteit. Verder is een vergelijkende studie beschreven over bi-functionele katalysatoren  op 
basis van palladium gedragen op geactiveerde hydrotalciet (Pd/HT) en fysische mengsels van 
geactiveerde hydrotalcieten met Pd-op-koolstofvezels. De vormingssnelheid van MIBK uit 
aceton en H2 over de Pd/HT katalysatoren bleek afhankelijk te zijn van de Pd-belading, dit in 
tegenstelling tot de fysische mengsels waarbij bij vergelijkbare beladingen geen invloed werd 
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gevonden. De verlaagde hydrogeneringsactiviteit van Pd/HT werd waarschijnlijk veroorzaakt 
door het opsluiten van een groot deel van de palladiumdeeltjes in de ongeordende structuur 
van de agglomeraten van HT en de daarmee samenhangende verminderde toegankelijkheid 
van de organische reactanten. Het onderzoek gepresenteerd in hoofdstuk 4 concentreert zich 
dan ook op het proces voor de synthese van MIBK uit aceton en H2 in één reactor over de 
fysische mengsels van geactiveerd HT en katalysatoren op basis van Pd-op-koolstofvezels. 
Om deactivering van de hydrogeneringskatalysator te voorkomen diende men de MO-
concentratie laag te houden. 

Hoewel het gebruik van koolstofvezels als dragermateriaal voor edelmetalen een aantal 
belangrijke voordelen met zich meebrengt, zijn er ook nadelen aan deze drager. Het 
onderzoek beschreven in hoofdstuk 5 laat zien dat koolstofvezels na oxidatie in salpeterzuur 
een toegankelijke binnenbuis over de lengte van de draad kunnen hebben. Wanneer 
edelmetalen afgezet werden op deze koolstofvezels kon er, afhankelijk van de 
bereidingswijze, een behoorlijke fractie van de metaaldeeltjes in deze binnenbuis 
terechtkomen. Door een monster tijdens analyse met transmissie elektronenmicroscopie te 
kantelen kon inzicht worden verkregen in de locatie van de metaaldeeltjes. Met behulp van 
deze techniek werd een serie aan TEM-beelden gemaakt, waarbij duidelijk werd dat er zowel 
metaaldeeltjes aan de binnenkant als aan de buitenkant van de vezels aanwezig waren. De 
aanwezigheid van metaaldeeltjes in de binnenbuis (4-9 nm) van koolstofvezels zou nadelig 
kunnen zijn voor de katalyse, omdat mogelijk diffusielimitering kan optreden. 

Eerder is aangetoond dat met een verhoging van het aantal actieve plaatsen aan de randen 
van de HT-platen door het verkleinen van de laterale afmeting, een verhoging van de activiteit 
kan worden bewerkstelligd. Echter, de minimale laterale grootte van HT-platen tot dan toe 
gevonden was ~60-70 nm. Verder onderzoek naar kleinere HT-platen kon daarom leiden tot 
actievere katalysatoren. In hoofdstuk 6 is de synthese en toepassing van hydrotalcieten 
gedragen op koolstofvezels beschreven. Het gebruik van koolstofvezels als dragermateriaal 
voor HT leverde enerzijds mechanisch sterke katalysatordeeltjes op en anderzijds bleek dat in 
deze katalysatoren HT-plaatjes aanwezig waren met zeer kleine laterale afmetingen (~20 nm). 
Hierdoor werd in deze gedragen HTs een groot aantal OH- sites verkregen (bepaald met CO2 
chemisorptie) met als gevolg een onovertroffen katalytische activiteit in de zelfcondensatie 
van aceton en de condensatie van citral met aceton. De lineaire correlatie tussen de CO2-
opname en de initiële activiteit in de zelfcondensatie van aceton kon doorgetrokken worden 
over een veel groter deeltjesbereik. Deze resultaten zijn in overeenstemming met het model 
waarin de basische groepen die katalytisch actief zijn zich bevinden aan de randen van de 
platen. Tevens werden palladium en hydrotalciet op dezelfde koolstofvezeldrager afgezet, 
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zodat een efficiënte bi-functionele katalysator voor de synthese van MIBK uit aceton en H2 
werd verkregen. 

De resultaten beschreven in deze dissertatie geven meer inzicht in de aard van de 
Brønsted-basische plaatsen in geactiveerde hydrotalcieten wat het mogelijk maakte om 
nieuwe, efficiëntere katalysatoren voor reacties in de vloeistoffase te ontwikkelen. Het 
onderzoek naar de synthese van MIBK uit aceton en H2 is relevant, maar laat evenzeer het 
potentieel van de ontwikkelde katalysatoren zien voor de productie van verscheidene andere 
chemicaliën in de fijn- en bulkchemie. Het afzetten van zeer kleine HT-platen op 
koolstofvezels maakt het mogelijk om een zeer actieve katalysator te ontwikkelen, waarbij de 
deeltjesgrootte en de mechanische sterkte van de katalysator geen obstakels meer behoeven te 
zijn voor industriële toepassingen. Verder onderzoek dient bij voorkeur gericht te zijn op het 
vertalen van de behaalde resultaten en verkregen inzichten naar andere toepassingen van dit 
type materialen. Gedacht kan worden aan het katalyseren van andere organische reacties maar 
ook het gebruik van de ontwikkelde materialen als adsorbens voor de zuivering van 
afvalwater of voor het wegvangen van CO2. 
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