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Abstract

Mechanically strong carbon nanofiber spheres of millimeter size were grown from methane over a preshaped Ni/SiO2 catalyst. Mg–Al hydro-
talcites (HTs) were precipitated in the porous carbon bodies by consecutive impregnation of the reactants and an aging step. In a singl
HT loadings as high as 16 wt% were obtained. HTs turned out to be present as platelets with a lateral size of∼20 nm supported on the carbo
nanofibers. After activation by heat treatment and subsequent rehydration, a high number of accessible Brønsted base sites were
0.9 mmol g−1

HT), as determined by CO2 adsorption measurements. High specific activity of the supported HTs was found in the self-conde
of acetone, more than four times higher than that of unsupported catalysts. The greatly improved efficiency of the supported HTs was
the high number of active edge sites. Results show no loss of HTs from the carbon bodies after catalysis and demonstrate that the used
be easily reactivated by the thermal activation procedure. An efficient and mechanically strong catalyst for the single-stage liquid-phasis
of methyl isobutyl ketone from acetone and H2 at 331 K was obtained with the deposition of Pd and HTs on the same support.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Interest has been growing in the use of hydrotalcites (HTs)
as solid base catalysts for Knoevenagel condensations, Michael
additions, and Claisen–Schmidt and aldol condensations[1–5],
and also as support materials for noble metals[6–9]. For exam-
ple, activated Mg–Al 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 oc-
tahedra that form stacked layers. In HT, part of the Mg2+ ions
are replaced by Al3+ ions, resulting in positively charged cation
layers, with the charge balanced by anions situated together

* Corresponding author. Fax: +31 30 2511027.
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with water molecules in the interlayer[1,17,18]. The lateral size
of the layers and the degree of stacking can be varied by chang-
ing 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 decarboxy-
lation 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 conden-
sation reactions, the calcined HT must 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]. Re-
cent 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 crys-
tallization temperatures, but the lower limit that was obtained
up to recently is 60–70 nm[13,19,24,25]. Further investiga-
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tion to synthesize smaller HT crystallites is therefore benefi-
cial 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[9,21,28,29]. Cur-
rently, we are developing a catalyst system comprising a com-
bination of activated HT as solid base catalyst for condensation
and dehydration and Pd supported on carbon nanofibers for hy-
drogenation[23]. However, to use HT as a catalyst in such a
slurry-phase process, it is advantageous to have mechanically
strong catalyst particles available in the 20–100 µm range, to
facilitate fast removal of the catalyst by filtration. Ogawa and
Kaiho [30] synthesized HT particles via homogeneous precipi-
tation and were able to synthesize platelets of 20 µm. However,
as discussed above, it is not preferable to obtain large platelets,
because this implies a low number of active sites. Moreover, the
mechanical strength of HT itself is rather low, and shaping these
materials to strong catalyst particles is cumbersome. Further-
more, 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 (CNFs) 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 deter-
mine 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 spher-
ically 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 pres-
ence of alumina, which could not be fully removed by washing
with acid or base[35]. The use of a suitable Ni on silica cat-
alyst 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 paper we report on an extensive study on the inclusion
of Mg/Al HT and Pd in the pores of mechanically strong CNF
bodies for the single-stage synthesis of MIBK, starting from our
earlier research[27]. Because direct preparation of the active
solid base catalyst is hardly possible, the precursor of the ac-
tual catalyst is HT with intercalated CO3

2− supported on CNF.
After heat treatment and rehydration of these materials, their
performance as solid base catalysts was investigated in the con-
densation of acetone and compared with 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 in-
vestigated in the single-stage synthesis of MIBK from acetone
and H2. Because characterization by spectroscopic techniques
is restricted by the nature of the support, we used electron mi-
croscopy, N2 physisorption, CO2 and H2 chemisorption, X-ray
diffraction, and TGA-MS to characterize the HTs supported on
CNF skeins.

2. Experimental

2.1. 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 ni-
trate (Acros). The impregnated support was dried in static air
at room temperature before calcination at 873 K (5 K min−1)
for 3 h. The Ni catalyst precursor (1.5 g) 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 thus obtained is denoted as CNF.

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 demineralized water, and dried
at 393 K for 24 h (further denoted as CNFox).

2.2. Assembly and activation of Mg/Al HTs supported by CNF

Supported Mg/Al HTs (Mg/Al = 2) were prepared by pore
precipitation, which involved subsequent incipient wetness im-
pregnation of the constituents. First, 3.2 g CNFox was im-
pregnated 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 sam-
ples were heated to the desired temperature (333 or 423 K), kept
at that temperature for 20 h in a water-saturated atmosphere,
and then dried 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 by, for ex-
ample, HT/CNFas,333. All other supported HT samples were
denoted by the stage of activation and the synthesis tempera-
ture, for example, HT/CNFact,423.

HT/CNFas samples were activated[4,13] by heating in a ni-
trogen flow to 773 K (10 K min−1) for 8 h, followed by rehydra-
tion at room temperature using a decarbonated water-saturated
nitrogen flow of 150 ml min−1 for 48 h, and were stored under
nitrogen atmosphere.
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Unsupported HT with a Mg/Al ratio of 2 was prepared via
co-precipitation[38]. To an aqueous solution (75 ml) contain-
ing 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 Al(NO3)3·9H2O (Merck) was added. The result-
ing white suspension was heated to 333 K for 24 h under vig-
orous stirring, after which the precipitate was filtered off and
washed extensively. The sample, further denoted as HTas, was
dried for 24 h at 393 K. HTas was activated via heat treatment
at 723 K and rehydration (further denoted as HTact).

2.3. 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,333was
added to a solution of Pd(acac)2 in toluene. The solvent was
evaporated under continuous stirring of the suspension and ap-
plying a dynamic vacuum. The catalyst precursor was heated in
an Ar flow at 773 K (5 K min−1) for 2 h, after which the tem-
perature was lowered to the reduction temperature (523 K) and
maintained there for 2 h in H2 flow. The sample was rehydrated
as described above and further denoted as PdHT/CNFact.

2.4. Catalyst characterization

Powder X-ray diffraction (XRD) patterns were measured
using an Enraf-Nonius CPS 120 powder diffraction appara-
tus with Co-Kα radiation (λ = 1.789 Å). N2 physisorption
measurements were performed using a Micromeritics Tristar
3000 analyzer after drying the samples at 393 K for at least
20 h. 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 vac-
uum for at least 20 h. The total number of accessible sites was
determined taking the amount of CO2 chemisorbed to zero pres-
sure 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. Be-
fore the chemisorption measurements at 343 K, samples were
dried in vacuo at 393 K for 16 h, reduced in H2 flow at 423 K for
2 h (5 K min−1), and degassed for two h at the reduction tem-
perature. The H/M ratios are based on the amount of hydrogen
adsorbed by extrapolating the linear part of the isotherm of the
total amount of adsorbed hydrogen to zero pressure. TGA-MS
analyses were carried out with a Netzsch STA-429 thermobal-
ance. Samples were heated up to 1230 K in an Ar flow at a rate
of 5 K min−1. The gases evolved during analysis were moni-
tored using 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 HTs present was calculated from TGA results, after
correction for CNFox, by assuming that the weight loss due to
the decomposition of the HT was 45%. The tensile failure of the
spheres was determined with the side crushing strength (SCS)
test. Statistical information was obtained by determining the av-
erage SCS value of multiple particles by applying increasing
contact forces on a particle between two flat plates. The SCS

value is the force (N) needed to break the particle. A Philips
XL30FEG electron microscope equipped with an EDX detec-
tor for elemental analysis was used to obtain SEM images.
TEM images were obtained with a Philips CM-200 FEG TEM
operating at 200 kV equipped with an EDX detector. Various
sample preparations were used to investigate whether HT was
strongly adhered to CNF. After ultrasonic treatment of 30 or
60 s in ethanol, samples were dispersed on a holey carbon film
supported on a copper grid. A third sample was prepared by dip-
ping the grid in the ground sample. Statistical information on
HT platelet size (lateral dimension) was obtained by determin-
ing the platelet size of 50 HT platelets during TEM analysis.
The pore volume of CNFox was determined by incipient wet-
ness impregnation of demineralized water at room temperature.

2.5. 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 ace-
tone (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 semibatch 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. Blank experiments
showed that neither the CNFox support nor HT/CNFas exhib-
ited catalytic activity in the condensation of acetone.

3. Results and discussion

3.1. Growth of CNF bodies

Fig. 1 shows the growth catalyst and the resulting spherical
carbon bodies grown out of methane at 843 K. The CNF bod-
ies are enlarged replicas of the growth catalyst. As was found

Fig. 1. The Ni/SiO2 spherical particles and the resulting carbon bodies grown
out of methane at 843 K. Length scale is in centimeters.
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B) Out
Fig. 2. SEM micrographs of CNF after treatment in KOH at various magnifications. (A) Outer surface of spherical carbon body (low magnification). (er
surface of the sphere (high magnification). (C) Internal (left) and external surface (top right) of the sphere obtained upon cutting. (D) Inside of thesphere.
by Teunissen et al.[34], the shape of the resulting CNF bodies
is highly dependent on the shape of the growth catalyst. The in-
crease in diameter was about 2-fold, and the increase in weight
was by a factor of 6–7.

To obtain more detailed information about the structure
of the CNF spheres, SEM analysis at various magnifications
was performed (Fig. 2). Low-magnification SEM can dis-
tinguish cracks of 100–200 µm in the CNF spheres; higher
magnification shows 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 par-
ticles, the fibers appear to be densely packed on the inside of
the particle with a less dense outer layer of 2 µm (Figs. 2C
and 2D).

To remove the growth catalyst, the CNF spheres were sub-
jected 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 ap-
preciable, that is, 0.60–0.65 cm3 g−1. Table 1presents some
physicochemical properties of the carbon materials. It is worth
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, 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 deter-
mined for the original Ni/SiO2 growth catalyst.

Table 1
Physico-chemical properties of the various HT/CNF materials and HTact

SBET
(m2 g−1)

SBET
(m2 g−1

CNF)
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 cata-

lyst.
c After two catalytic runs.

3.2. Assembly and activation of HTs on CNF

Fig. 3A shows the TGA–MS results of CNFox. On heat
treatment in Ar up to 1230 K, considerable weight loss was
found, accompanied by evolution of H2O, CO2, and CO. Be-
sides the weight loss due to the evolution of physisorbed wa-
ter 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 ni-
tric acid [35,40–44]. Fig. 3B displays a typical TGA–MS pro-
file of HT/CNFas. In general, our TGA–MS results obtained
with unsupported HT with interlayer CO32− reveal two dis-
tinct weight losses with the evolution of water and CO2 with
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Fig. 3. TGA–MS of (A) CNFox. (B) HT/CNFas,333. (C) HT/CNFact,333heated
in Ar flow.

a total weight loss of 45%. First, the removal of interlayer wa-
ter 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.

From the TGA–MS results measured in Ar as well as in O2

(i.e., the total burn-off experiments), we calculated an HT con-
tent of 11 wt% in these HT/CNFas,333bodies (Table 1). When
applying more concentrated impregnate solutions, loadings of
around 16 wt% of HT were obtained. Li et al.[46] prepared
Ni–Al HTs on carbon nanotubes by coprecipitation from di-
luted solution of the Ni–Al HTs. We investigated what weight
percentage HT could be applied with this procedure[23,38] in

Fig. 4. XRD diffraction patterns of CNFox, HTasand HT/CNF samples.

the presence of CNF spheres. In this experiment, the volume of
the reaction mixture exceeded the pore volume of the CNF bod-
ies by a factor of 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 impregna-
tion method that we describe.

After activation of HT/CNFas,333via heat treatment and sub-
sequent rehydration, TGA–MS results demonstrated the pres-
ence of an HT phase in the CNF spheres (Fig. 3C). The weight
percentage of activated HT in CNF was about equal to that of
HT/CNFas,333, that is, 11 wt%.

Fig. 4 shows the XRD patterns of the materials at differ-
ent stages of the synthesis procedure. 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 HT in the HT/CNF
patterns is seen at 13.2◦ 2θ (003 line), representing the lat-
tice distance of one cation layer and one interlayer distance
(7.7 Å). Moreover, the other 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, implying
that the HT crystallites in HT/CNFas are smaller than those
of HTas. Comparing the pattern of HT/CNFas,423with that of
HT/CNFas,333, the peak broadening in HT/CNFas,423 is less
pronounced, as would be expected when increasing the crys-
tallization temperature[13,19]. After heating the catalyst pre-
cursors up to 773 K in nitrogen flow, the layered structure
is destroyed and a mixed oxide is formed. Rehydration of
the samples results in the reconstruction of the layered struc-
ture 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 broad-
ening is apparent, and the relative intensity of the characteris-
tic peaks of HT to the most intense graphite reflection is de-
creased.

From the nitrogen adsorption and desorption isotherms of
CNFox and HT/CNFas,333, shown inFig. 5, we can deduce the
presence of cylindrical mesopores with open ends at both sides.
Both samples have a broad pore size distribution; seeFig. 6.
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Fig. 5. Nitrogen adsorption and desorption isotherms of CNFox and
HT/CNFas,333.

Fig. 6. Pore size distributions of CNFox, HT/CNFas,333and HT/CNFact,333
calculated from the desorption branch using the BJH method.

The sharp peak at 3–4 nm is an artifact of the Barret–Joyner–
Halenda (BJH) model due to closing of the hysteresis loop.
A somewhat smaller mean pore diameter was found with the
HT/CNF samples due to coverage of the carbon nanofibers. We
attribute the main part of the pore volume to the open space be-
tween the cylindrical fibers, although a minor part could be due
to the presence of inner tubes[36,37].

Table 1shows the results derived from nitrogen physisorp-
tion of the various HT/CNF materials and HTact. HT/CNFas,333

exhibited a BET surface area and pore volume significantly
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 high average pore diameter (Fig. 6) sug-
gest that although some filling of the pores occurs, the material
has a readily accessible pore system. The decreased BET sur-
face area after inclusion of HT is largely accounted for by the
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,333at 773 K and subsequent rehydra-
tion, 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 was maintained, 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 cat-

Fig. 7. The atomic Mg/Al ratio of HT/CNFas,333as monitored with SEM-EDX
line scan through part of a catalyst particle.

alyst (example given inFig. 7). TEM analysis revealed small
hexagonal HT crystallites present on the carbon nanofibers,
visible as small platelets (Fig. 8A–C). The HT platelet size dis-
tribution in the lateral dimension of HT/CNFas,333is given in
Fig. 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 equa-
tion (i.e., 20 nm). The lateral platelet size of HT/CNFas,333was
much smaller than that of HTas(i.e.,∼60 nm); seeFig. 10. EDX
analyses during TEM performed on the HT/CNF samples de-
tected Mg and Al on the platelet-like structures (example given
in Fig. 8D; EDX, spot size 3–4 nm, indicated with a thick ar-
row in Fig. 8C), but not on seemingly bare fibers. TEM did not
show 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 crystal-
lites exhibited strong interaction with CNF. Two samples were
prepared by an ultrasonic treatment after suspending crushed
HT/CNFas,333in 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 s, TEM analysis showed
similar results as obtained with the sample 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.

3.3. 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 de-
scribed elsewhere[23], and a wet-impregnation method using
Pd(acac)2. The best results were obtained with the wet impreg-
nation method (PdHT/CNFact). TEM examination of this latter
catalyst showed that palladium was deposited on HT/CNFas,333

as small particles (∼2–5 nm; seeFig. 11); this was confirmed
by H2 chemisorption results. The concordant results of TEM
and H2 chemisorption clearly indicate that 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.
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Fig. 8. (A), (B) and (C) TEM images of HT/CNFas,333. (D) EDX spot analy-
sis of area indicated with a thick arrow in (C). Some other HT platelets are
indicated by thin arrows.

Fig. 9. Hydrotalcite platelet size distribution (lateral dimension)
HT/CNFas,333.

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

Fig. 11. TEM micrograph of PdHT/CNFact.
of
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Table 2
Initial reaction rates and turn over frequencies (TOF) for acetone self-condensation at 273 K with the HT catalysts

CO2 adsorption
(mmol g−1

HT)
Initial ratea

(mmolDAA g−1
cat h−1)

Initial ratea (HT-based)
(mmolDAA g−1

HT h−1)
TOFa

(s−1)

HTact 0.16 134 134 0.46
HT/CNFas,333 n.d. 0 0 –
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 min. Turn over frequency is based on the CO2 adsorption, given in mol acetone converted per mol of basic sites in the catalyst
per second.

b After reactivation via heat treatment and rehydration of HT/CNFused.

Fig. 12. DAA production at 273 K in 1.8 mole acetone with 0.3 g HTact (Q),
1.0 g HT/CNFact,333(F) and 0.9 g HT/CNFreact(after reactivation of the used
catalyst) (!).

3.4. Catalytic properties and characterization of the used
catalyst

3.4.1. Condensation of acetone at 273 K
We investigated the performance of the HT/CNF samples in

the liquid-phase self-condensation of acetone and found that
HT/CNFas samples did not display any condensation activity
due to the absence of Brønsted base sites[4,14,15,23]. Fig. 12
andTable 2show the results using HTact and HT/CNFact,333.
High activity for diacetone alcohol (DAA) formation over
HT/CNFact,333 was observed (Table 2) after 23 h in a DAA
concentration of 1.37 mol l−1, which is close to the equilib-
rium value of 1.57 mol l−1 [47]. The selectivity to DAA was
>98%, with the side products mesityl oxide (MO) and tri-
acetone alcohol. HTact exhibited high initial activity in the
condensation as well, with rates comparable with those re-
ported previously[13,14]. It is important to emphasize that the
HT/CNFact,333activity based on the weight of HT present in the
sample is extremely high (Table 2); that is, the specific activ-
ity of HT/CNFact,333is about four times that of HTact. Because
CO2 has been successfully applied as probe molecule to gain in-
formation about the number of basic sites in activated HTs[4,
12,13,48], the total number of accessible active sites in the sup-
ported and unsupported catalysts was determined with volumet-
ric CO2 measurements at low pressures (Table 2). A relatively

Fig. 13. Initial activity in the condensation of acetone at 273 K vs. CO2 adsorp-
tion over unsupported activated HTs (1, Q) and HT/CNFact (F, ") samples.

high number of active sites of HT/CNFact samples compared
with HTact was found, which is due to the much smaller crys-
tallites 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
turnover frequencies (TOFs) in the condensation of acetone at
273 K are about the same for the supported and unsupported
materials.

Fig. 13shows the initial activities of HTact, HT/CNFact,423,
and several HT/CNFact,333 samples versus the number of ac-
cessible sites as measured by CO2 adsorption. For reference,
the correlation with activated HTs with different platelet sizes
found by Roelofs et al.[13] is also given. As can be con-
cluded based onFig. 13, the correlation of activated HTs is
valid over a wide range, because the extrapolation of this cor-
relation to the HT/CNFact samples is very good. Our study
further indicates that the active sites participating in cataly-
sis are most likely situated at the edges of the platelets[13,
14,25], in contrast to recent reports by other researchers on
the structure and activity of activated HTs as solid base cat-
alysts that proposed a correlation between activity and sur-
face area[24,49]. Note the significant improvement in effi-
ciency of the supported HT samples compared with the un-
supported HT samples and to recently reported values with
activated HTs in aldol-type condensation reactions[13,14,24,
25].
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Abelló et al. [24,25] recently reported on the correlation
between the surface area of the activated HTs and the activ-
ity found in the condensation of citral with acetone at 333 K.
However, because the surface area of the material is not de-
pendent on the lateral size of the platelets but mainly on the
degree of stacking (i.e., the thickness of the platelets), a cor-
relation between surface area and catalytic performance is
not expected. We investigated, using the results from N2 ph-
ysisorption, whether such a correlation can be derived for the
condensation of acetone at 273 K using the catalysts reported
here, those reported by Abelló et al.[25], and those reported by
Roelofs et al.[12,13]. However, no obvious correlation could
be derived. Calculation of the specific surface area (HT-based)
of our supported catalyst using the thickness (6 nm) and the
lateral size (20 nm) as determined by TEM and XRD gives
around 260 m2 g−1

HT [note that the value derived from N2 ph-
ysisorption (66 m2 g−1

HT) is much lower due to the effect of the
carbon nanofibers], which is similar to the surface area reported
by Abelló et al.[25] (i.e., 270 m2 g−1). However, the specific
activity of our supported catalysts in the condensation of ace-
tone at 273 K is>10 times that reported by those authors. As
can be concluded fromFig. 13, the supposition that the platelet
size in the lateral dimension determines the number of active
sites, and thereby the performance of the catalyst, is much more
likely.

A directly reused HT/CNFact,333sample, after filtration un-
der nitrogen, showed significantly lower activity than the initial
run, that is, 8.4 mmolDAA g−1

cat h
−1. This could be due to ad-

sorption of side products or loss of HT from the CNF bodies
during the first run. Reactivation of the used catalyst was ap-
plied by a repeated heat treatment and rehydration procedure.
The initial activity of the original catalyst for the condensation
of acetone at 273 K was almost restored (Table 2; Fig. 12). With
TGA–MS, we established the amount of HT remaining in the
used catalyst after two catalytic runs. Results obtained in Ar
flow demonstrated that the characteristic weight losses of HT
due to the 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 mater-
ial from the CNF bodies had occurred. To further support the
absence of HT leaching, in another experiment we filtered off
the HT/CNFact,333catalyst after 5 min 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 formed after the catalyst was removed.

3.4.2. Single-stage synthesis of MIBK at 331 K
In a recent study, we showed that with a physical mixture

of Pd supported on CNF and unsupported activated HTs, ace-
tone 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]. Once we signifi-
cantly 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.Fig. 14
displays the formation of DAA, MO, and MIBK. The conden-
sation of acetone to DAA was very rapid compared with the rate
of dehydration of DAA to MO, which remained low due to the
rapid hydrogenation of MO to MIBK. Selectivity to the desired
products (DAA, MO, and MIBK) was>99%.

The initial activity of PdHT/CNFact in the condensation of
acetone appeared to be 5 times higher than that measured with
the physical mixture (Table 3), 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
higher, hereby improving the production rate of MIBK (albeit
by less than a factor of 2).Table 3also gives the TOF values
for the condensation and dehydration based on the CO2 mea-
surements. The TOF in the condensation reaction was similar
between both catalysts; however, the TOF in the dehydration
reaction differed significantly. 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 relation-
ship in this reaction.

Fig. 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/CNFact in 1.8 mol acetone.

lated
Table 3
Single-stage production of MIBK at 331 K and 1.2 bar H2 over PdHT/CNFact and over a physical mixture of activated hydrotalcites and Pd on CNF

Activity (molproductg
−1
HT h−1)a Selectivity

(%)b
TOF (s−1)a

DAA∗ MO MIBK Condensation∗ Dehydration

HTact and Pd/CNFc 1.3 0.026 0.023 95 4 0.08
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 min. The activity and TOF in the dehydration reaction was calcu
from the sum of MO and MIBK formed.

b Selectivity to DAA, MO and MIBK after 6 h (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.
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4. Conclusions

We have demonstrated that activated HTs supported
CNF bodies exhibit much greater catalytic activity in the s
condensation of acetone than unsupported activated HTs.
high reactivity must be ascribed to the HT crystallites with
tremely small sizes in the lateral dimension (∼20 nm), which
implies a high number of active edge sites. The correla
between the number of accessible active sites and the i
activity in the self-condensation of acetone is extended ov
wide range. Our results show that loss of HT from the CNF b
ies during catalysis is absent, while the activity can be rest
via a repeated thermal activation procedure. By depositing
on the supported HT catalyst an efficient bi-functional ca
lyst for the single-stage synthesis of MIBK from acetone a
H2 could be obtained. The highly active and selective car
nanofibers-supported HTs catalyst can be interesting in va
applications, slurry phase as well as in fixed bed reactors,
to the favorable physico-chemical properties, the macrosc
size and the mechanical strength of the catalyst bodies.
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