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Abstract

Mechanically strong carbon nanofiber spheres of millimeter size were grown from methane over a preshapedatéfi®d. Mg—Al hydro-
talcites (HTs) were precipitated in the porous carbon bodies by consecutive impregnation of the reactants and an aging step. In a single sequ
HT loadings as high as 16 wt% were obtained. HTs turned out to be present as platelets with a lateral 2 @mfsupported on the carbon
nanofibers. After activation by heat treatment and subsequent rehydration, a high number of accessible Brgnsted base sites were found
0.9 mmol g]%), as determined by Cf£adsorption measurements. High specific activity of the supported HTs was found in the self-condensatior
of acetone, more than four times higher than that of unsupported catalysts. The greatly improved efficiency of the supported HTs was ascribe
the high number of active edge sites. Results show no loss of HTs from the carbon bodies after catalysis and demonstrate that the used cataly
be easily reactivated by the thermal activation procedure. An efficient and mechanically strong catalyst for the single-stage liquid-phise synth
of methyl isobutyl ketone from acetone ang &t 331 K was obtained with the deposition of Pd and HTs on the same support.
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1. Introduction with water molecules in the interlaygt,17,18] The lateral size
of the layers and the degree of stacking can be varied by chang-

Interest has been growing in the use of hydrotalcites (HTsi" the synthesis conditiorjs9].
as solid base catalysts for Knoevenagel condensations, Michael BY heat treating an HT [e.g., M@l 2(OH)12C0s-4H20] up
additions, and Claisen—Schmidt and aldol condensafiory, ~ [© 723-773 K, the layered structure is destroyed by decarboxy-
and also as support materials for noble melf&]. For exam- lation and dehydroxylation of the cation layer, and a mixed

ple, activated Mg—AI HT is Capable of CataIyZing quuid_phaseOXide is formed. This leEd OXi.de exhibits Lewis baSiCity and
condensation reactions at low temperatures with high activit an be ysed ‘_"‘S a catqust Invarious gas-phage reaf2@ad}
and selectivityj4,10-16] 0 obtain a highly active base catalyst for liquid-phase conden-

HT belongs to a class of anionic clay minerals also knowrFation reactions, the calcined HT must be rehydrated, which

as layered double hydroxides. Its structure closely resemblé'sesuit_S n the reconftrucélobn of the layered stru;:;u;e in which

that of brucite, Mg(OH). In the latter structure, magnesium Os lons are replaced by OHions [4.’11_.15‘ ' .3].Re-. .

cations are six-coordinated by hydroxyl ions in edge-shared okent stgdles sh'owed that the actual active sites participating in
tahedra that form stacked layers. In HT, part of the?Mépns catalysis are situated at the edges of the plat¢lasl4, 24—

. S . . 26]. Efforts have been made to increase the number of edge
are replaced by Al ions, resulting in positively charged cation ites of the HT plateletid3,24.25] however, the exposed edge

layers, with the charge balanced by anions situated to ethgf o> Ot the . ) o
y ¢ y g area is limited by the lateral size of the crystallites. The size in
the lateral dimension can be varied by applying different crys-

" Corresponding author. Fax: +31 30 2511027. tallization temperatures, but the lower limit that was obtained
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tion to synthesize smaller HT crystallites is therefore benefiSubsequently, highly dispersed palladium was deposited on the
cial to obtain more efficient catalysts. Recently, we reported osupported HT catalyst, and the catalytic properties were in-
supported HT platelets with a lateral size of 20 nm, and thesestigated in the single-stage synthesis of MIBK from acetone
resulting activated catalyst showed very high activity in the selfand H. Because characterization by spectroscopic techniques
condensation of acetone and in the condensation of citral witks restricted by the nature of the support, we used electron mi-
acetond27]. The significant increase in efficiency was found to croscopy, N physisorption, C@ and H chemisorption, X-ray
be related to the small crystallite size of the HT platelets, whichliffraction, and TGA-MS to characterize the HTs supported on
implies a high number of active sites. CNF skeins.
Single-stage production of methyl isobutyl ketone (MIBK)
has been investigated by a number of groj@21,28,29] Cur- 2. Experimental
rently, we are developing a catalyst system comprising a com-
bination of activated HT as solid base catalyst for condensatio8.1. Carbon nanofiber growth
and dehydration and Pd supported on carbon nanofibers for hy-
drogenation23]. However, to use HT as a catalyst in such a For the growth of CNF, 18 wt% Ni/Si©was prepared by
slurry-phase process, it is advantageous to have mechanicallycipient wetness impregnation using 1.7-mm silica spheres
strong catalyst particles available in the 20-100 um range, t(Engelhard; SA= 60 n? g1, PV = 1.0 mig-1) and nickel ni-
facilitate fast removal of the catalyst by filtration. Ogawa andtrate (Acros). The impregnated support was dried in static air
Kaiho[30] synthesized HT particles via homogeneous precipi-at room temperature before calcination at 873 K (5 Kmjn
tation and were able to synthesize platelets of 20 um. Howevefor 3 h. The Ni catalyst precursor (1.5 g) was reduced in situ
as discussed above, it is not preferable to obtain large plateletat 973 K in a fixed-bed reactor for 2 h in a 20% M, flow
because this implies a low number of active sites. Moreover, th€400 mImirr1). Next, the temperature was decreased to 843 K,
mechanical strength of HT itself is rather low, and shaping thesand methane (25% Cpibalanced with N was passed through
materials to strong catalyst particles is cumbersome. Furthethe reactor for 19 h at a pressure of 1 bar and a total flow of
more, it is important to avoid the application of the commonly400 mimirL. The sample thus obtained is denoted as CNF.
used type of binders, because these compounds could introduceTo remove the silica support, CNF samples were refluxed
as such catalytic sites that negatively affect the selectivity anéor 2 h in a 1 M KOH solution, washed, and then refluxed in
decrease the accessibility of the basic sites of HT. Taking thesesoncentrated nitric acid for 2 h to remove exposed Ni and to
aspects into account, we concluded that a different approach istroduce oxygen-containing groups. Next, the samples were
needed. filtered, thoroughly washed with demineralized water, and dried
Carbon nanofibers (CNFs) are mechanically strong and caat 393 K for 24 h (further denoted as CHJ-
be produced as bodies of interwoven fibers (skeins) with a high
mesopore and macropore volume and no micropf8#&s32] 2.2. Assembly and activation of Wiyl HTs supported by CNF
Moreover, the shape and size of CNF bodies (um—mm) can be
controlled to a large extent, because the shape of the catalyst Supported MgAl HTs (Mg/Al = 2) were prepared by pore
from which CNF is grown and the growth conditions deter- precipitation, which involved subsequent incipient wetness im-
mine the size, density, and shape of the ultimate CNF particlegregnation of the constituents. First, 3.2 g GhNRvas im-
[33,34] Earlier, Teunissen et al34] synthesized very strong pregnated with 2.1 ml of an aqueous solution containing both
CNF spheres of 3—5 mm out of methane at 843 K over a sphef1.4 M) Mg(NGzs)2-6H>O (Acros) and (0.71 M) AI(N@)s-
ically shaped 20 wt% Ni on AlD3 catalyst. The increase in 9H,O (Merck). The impregnated support was dried in static
diameter of the spherical CNF particles was 3-fold that of theair at room temperature for 1 h, followed by drying at 393 K
original Ni/Al,O3 catalyst bodies. A disadvantage was the presfor 1 h. Next, the material was impregnated with 1.9 ml of
ence of alumina, which could not be fully removed by washingan aqueous solution containing both (8.3 M) NaOH (Merck)
with acid or basg35]. The use of a suitable Ni on silica cat- and (0.56 M) NaCOs (Acros). The impregnated support was
alyst would be beneficial, because $i® easily removed in a placed in a Teflon holder and placed in an autoclave. The sam-
solution of NaOH. Subsequent treatment of CNF in nitric acidples were heated to the desired temperature (333 or 423 K), kept
removes exposed Ni and introduces oxygen-containing surfac that temperature for 20 h in a water-saturated atmosphere,
sites[36,37] and then dried at 333 K in static air. The catalyst precursor
In this paper we report on an extensive study on the inclusiomas thoroughly washed with demineralized water and dried at
of Mg/Al HT and Pd in the pores of mechanically strong CNF 393 K for 20 h. The samples are further denoted by, for ex-
bodies for the single-stage synthesis of MIBK, starting from ourample, HT/CNEs 333 All other supported HT samples were
earlier researc27]. Because direct preparation of the active denoted by the stage of activation and the synthesis tempera-
solid base catalyst is hardly possible, the precursor of the adure, for example, HT/CNzt 423
tual catalyst is HT with intercalated G& supported on CNF. HT/CNF;s samples were activatdd,13] by heating in a ni-
After heat treatment and rehydration of these materials, theirogen flow to 773 K (10 K min?) for 8 h, followed by rehydra-
performance as solid base catalysts was investigated in the cotien at room temperature using a decarbonated water-saturated
densation of acetone and compared with that of an unsupportettrogen flow of 150 ml min? for 48 h, and were stored under
HT, to derive the relationship between structure and activitynitrogen atmosphere.
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Unsupported HT with a MgAI ratio of 2 was prepared via value is the force (N) needed to break the particle. A Philips
co-precipitation38]. To an aqueous solution (75 ml) contain- XL30FEG electron microscope equipped with an EDX detec-
ing 0.35 mol NaOH (Merck) and 0.09 mol \aOs (Acros), an  tor for elemental analysis was used to obtain SEM images.
aqueous solution (50 ml) of 0.1 mol Mg(NB-6H20 (Acros) TEM images were obtained with a Philips CM-200 FEG TEM
and 0.05 mol Al(NQ)3-9H,0 (Merck) was added. The result- operating at 200 kV equipped with an EDX detector. Various
ing white suspension was heated to 333 K for 24 h under vigsample preparations were used to investigate whether HT was
orous stirring, after which the precipitate was filtered off andstrongly adhered to CNF. After ultrasonic treatment of 30 or
washed extensively. The sample, further denoted ag,HBs 60 s in ethanol, samples were dispersed on a holey carbon film
dried for 24 h at 393 K. His was activated via heat treatment supported on a copper grid. A third sample was prepared by dip-

at 723 K and rehydration (further denoted as;E)T ping the grid in the ground sample. Statistical information on
HT platelet size (lateral dimension) was obtained by determin-
2.3. Deposition of Pd on HT/CNF ing the platelet size of 50 HT platelets during TEM analysis.

The pore volume of CNfx was determined by incipient wet-

Palladium (2 wt%) was deposited on HT/CNR3zVvia  nessimpregnation of demineralized water at room temperature.
wet impregnation with Pd(acac)Typically, HT/CNF;s 333was
added to a solution of Pd(acadp toluene. The solvent was 2.5. Catalytic experiments
evaporated under continuous stirring of the suspension and ap-
plying a dynamic vacuum. The catalyst precursor was heated in The self-condensation of acetone was performed under N
an Ar flow at 773 K (5 Kmirrt) for 2 h, after which the tem- atmosphere in a stirred double-walled thermostatically cooled
perature was lowered to the reduction temperature (523 K) anglass reactor, equipped with baffles. Typically, 1.8 mol of ace-
maintained there for 2 h infflow. The sample was rehydrated tone (Merck) was cooled to 273 K, and 1.0 g of crushed (20—

as described above and further denoted as PAHTiGNF 100 pm particles) HT/CNF catalyst or 0.30 g iwas added.
The single-stage synthesis of MIBK at 331 K was performed in
2.4. Catalyst characterization a semibatch slurry reactor operating at a constarngrdssure of

1.2 bar[23,39]with similar amounts as in the condensation of

Powder X-ray diffraction (XRD) patterns were measuredacetone. Aliquots of 1 ml were taken from the reaction mixture
using an Enraf-Nonius CPS 120 powder diffraction apparaduring reaction and analyzed using a Chrompack CP 9001 GC
tus with Co-K, radiation ¢ = 1.789 A). Np physisorption provided with a Chrompack CP 9050 autosampler. Iso-octane
measurements were performed using a Micromeritics TristagAcros) was used as an internal standard. Blank experiments
3000 analyzer after drying the samples at 393 K for at leasshowed that neither the CNFsupport nor HT/CNEs exhib-
20 h. Volumetric CQ adsorption measurements in the range ofited catalytic activity in the condensation of acetone.
0-50 mbar were executed at 273 K with a Micromeritics ASAP
2010C apparatus after drying the samples at 393 K in vac3. Resultsand discussion
uum for at least 20 h. The total number of accessible sites was
determined taking the amount of GChemisorbed to zero pres- 3.1. Growth of CNF bodies
sure by extrapolation of the linear part of the uptake isotherm.
Hydrogen chemisorption data on PdHT/CNF samples were Fig. 1shows the growth catalyst and the resulting spherical
recorded using a Micromeritics ASAP 2010C apparatus. Becarbon bodies grown out of methane at 843 K. The CNF bod-
fore the chemisorption measurements at 343 K, samples wefgs are enlarged replicas of the growth catalyst. As was found
dried in vacuo at 393 K for 16 h, reduced in fiow at 423 K for
2 h (5 Kmin1), and degassed for two h at the reduction tem-
perature. The IAM 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 Kmin~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% @/Ar at a rate of 5 K mirmt. The
amount of HTs present was calculated from TGA results, after
correction for CNEyx, 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 increasind:ig- 1. The Ni/SiQ spherical particles gnq the rgsulting carbon bodies grown
contact forces on a particle between two flat plates. The SC&'tof methane at843 K. Length scaleis in centimeters.
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Fig. 2. SEM micrographs of CNF after treatment in KOH at various magnifications. (A) Outer surface of spherical carbon body (low magnificatiorgr (B) Out
surface of the sphere (high magnification). (C) Internal (left) and external surface (top right) of the sphere obtained upon cutting. (D) Insjoleeoéthe

by Teunissen et a[34], the shape of the resulting CNF bodies Table 1
is highly dependent on the shape of the growth catalyst. The irRhysico-chemical properties of the various HT/CNF materials angtHT

crease in diameter was about 2-fold, and the increase in weight SBET SBET Vmeso  HT loading® SCS value
was by a factor of 6-7. (M?gY) (m?ggnp) (Emg™l) (wioe) (N)

To obtain more detailed information about the structurecnr 69 7P 0.36 - 35
of the CNF spheres, SEM analysis at various magnification§NFox 89 89 047 - 41
was performed Kig. 2). Low-magnification SEM can dis- HT/CNFas,333 72 81 035 113 n.d.
o ? . HT/CNFagtzaz 77 87 037 113 38
tinguish cracks of 100-200 um in the CNF spheres; h|gher_|T/CNFuse'd’33§ 80 90 033 110 nd.

magnification shows the interwoven fibers. At the edges ofy, 69 _ Q38 100 nd.
the_cracks and the outer surface of th_e spheres, the CNR petermined by TGA-MS.
skeins are rather open. However, on cutting the spherical paré g of CNF after correction for the presence of the Ni/Sigiowth cata-
ticles, the fibers appear to be densely packed on the inside gkt
the particle with a less dense outer layer of 2 |fig$. 2C ¢ After two catalytic runs.
and 2D.

To remove the growth catalyst, the CNF spheres were sulB.2. Assembly and activation of HTs on CNF
jected to a treatment in KOH solution and subsequently in
concentrated HN@ The pore volume of the thus pretreated Fig. 3A shows the TGA-MS results of CNg On heat
carbon bodies as determined by impregnation of water is apgreatment in Ar up to 1230 K, considerable weight loss was
preciable, that is, 0.60-0.65 émp~1. Table 1presents some found, accompanied by evolution 0,8, CQ, and CO. Be-
physicochemical properties of the carbon materials. It is wortlsides the weight loss due to the evolution of physisorbed wa-
mentioning that growth from methane resulted in strong CNRer around 393 K, these distinctive weight losses are due to
spheres, whereas growth from synthesis gas (GDvébulted the presence of carboxylic acid groups (3@nd phenol-type
in soft lumps. To obtain more quantitative information aboutgroups (CO) introduced by the treatment in concentrated ni-
the strength of the carbon bodies, SCS tests were performettic acid [35,40—44] Fig. 3B displays a typical TGA-MS pro-
After removal of the growth catalyst, we observed a high SCSile of HT/CNF,s In general, our TGA-MS results obtained
value for CNRy, that is, 41 N. A SCS value of 13 N was deter- with unsupported HT with interlayer G&~ reveal two dis-
mined for the original Ni/Si@ growth catalyst. tinct weight losses with the evolution of water and £@ith
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9 1 HT/CNF,, 333
88 T T T T
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temperature (K) 85 105
102 20 degrees
100 1 B 1 Fig. 4. XRD diffraction patterns of CNjz, HTasand HT/CNF samples.
98 T = . .
~ 5 the presence of CNF spheres. In this experiment, the volume of
< 96 T &  thereaction mixture exceeded the pore volume of the CNF bod-
E o4 ] 1 g ies by a factor of 14. We found that only 3.3 wt% of HT was
A applied in the CNF bodies via this method, considerably lower
921 m/z18 /7 28 i than the amount of HT applied with the consecutive impregna-
90 - + tion method that we describe.
08 m/z44 After activation of HT/CNFRs 333via heat treatment and sub-
300 500 700 900 1100 sequent rehydration, TGA—MS results (_Jlemonstrated the pres-
temperature (K) ence of an HT phase in the CNF spherieg(3C). The weight

percentage of activated HT in CNF was about equal to that of
HT/CNFys 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 Cphjfand HT,s In the HT/CNFRzg
and HT/CNRg; 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 13.26 (003 line), representing the lat-
tice distance of one cation layer and one interlayer distance
(7.7 A). Moreover, the other peaks in the patterns of HT/CNF
300 500 700 900 1100 correspond well with the typical features of gtTFurthermore,

temperature (K) the diffraction lines in the HT/CNJz 333 and HT/CNFRs 423
patterns are broader than those observed insHimplying
that the HT crystallites in HT/CNE are smaller than those
of HTas Comparing the pattern of HT/CNE423with that of
HT/CNFys 333 the peak broadening in HT/CNE423is less

a total weight loss of 45%. First, the removal of interlayer wa- onounced. as would be expected when increasing the crvs
ter can be observed at temperatures up to 473-483 K; seco:Eca{ u » as wou xp W ’ ng y

dehydroxylation and decarboxylation is observed above 573 cm]lrlszc?:lsoz tetr2p7e;gtu|£eilr?,ii?}oA;tﬁr f:;?,j“?hget:]ae g?éﬁly;trfgfdre
[1,45]. This pattern of decomposition is rather specific for HT. b 9 ’ y

. . is destroyed and a mixed oxide is formed. Rehydration of
Comparing the TGA-MS profiles of CNfand the HT/CNF the samples results in the reconstruction of the layered struc-

samples, we can conclude that HT is indeed present in the CNt'l:Jre to a large extenf4,12-14,23] The presence of HT in
bodies. _ __the CNF spheres after activation (HT/CNFs39 is evident
From the TGA-MS results measured in Ar as well as i1 O fom the diffraction pattern, although even further line broad-
(i-e., the total burn-off experiments), we calculated an HT conegning is apparent, and the relative intensity of the characteris-
tent of 11 wt% in these HT/CNfs s33bodies Table ). When  tic peaks of HT to the most intense graphite reflection is de-
applying more concentrated impregnate solutions, loadings qfreased.
around 16 wt% of HT were obtained. Li et §6] prepared From the nitrogen adsorption and desorption isotherms of
Ni—Al HTs on carbon nanotubes by coprecipitation from di- CNFox and HT/CNFRs 333 shown inFig. 5 we can deduce the
luted solution of the Ni—Al HTs. We investigated what weight presence of cylindrical mesopores with open ends at both sides.
percentage HT could be applied with this proced@®38]in Both samples have a broad pore size distribution;Kge6.

Intensity (a.u.)

Fig. 3. TGA-MS of (A) CNFx. (B) HT/CNFys 333 (C) HT/CNFygt 333heated
in Ar flow.
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Fig. 5. Nitrogen adsorption and desorption isotherms of gNRnd
HT/CNFas 333 Fig. 7. The atomic MgAl ratio of HT/CNFas 33388 monitored with SEM-EDX
line scan through part of a catalyst particle.

0.9

e CNF alyst (example given ifrig. 7). TEM analysis revealed small
hexagonal HT crystallites present on the carbon nanofibers,
visible as small platelets-{g. 8A—C). The HT platelet size dis-
- HT/CNF 333 tribution in the lateral dimension of HT/CNE333is given in
| HT/CNFasas 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/CNR3swas
0 = = e S much smaller than that of HE(i.e.,~60 nm); seé-ig. 10 EDX
1 10 100 1000 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-
Fig. 6. Pore size distributions of CNf HT/CNFys 333and HT/CNRer333  row in Fig. 8C), but not on seemingly bare fibers. TEM did not
calculated from the desorption branch using the BJH method. show HT platelets separate from the fibers on the sample grid.
Furthermore, by varying the sample preparation method for
The sharp peak at 3—-4 nm is an artifact of the Barret-JoynerfEm analysis, we investigated to what extent the HT crystal-
Halenda (BJH) model due to closing of the hysteresis loopijites exhibited strong interaction with CNF. Two samples were
A somewhat smaller mean pore diameter was found with th@yrepared by an ultrasonic treatment after suspending crushed
HT/CNF samples due to coverage of the carbon nanofibers. WQT/CNF,s 333in ethanol. A third sample was prepared by only
attribute the main part of the pore volume to the open space betipping the sample holder in the crushed catalyst. Even after an
tween the cylindrical fibers, although a minor part could be dugyjtrasonic treatment in ethanol of 60 s, TEM analysis showed
to the presence of inner tubf6,37] similar results as obtained with the sample prepared without
Table 1shows the results derived from nitrogen physisorphis ultrasonic treatment. These results indicate that the HT
tion of the various HT/CNF materials and ktf HT/CNFas 333 phase was strongly adhered to the carbon nanofibers, not just
exhibited a BET surface area and pore volume significantlyantrapped in the porous structure.
lower than that measured with Ch§f indicating that the pores
of the carbon bodies are partly filled by HT. The absence of .
micropores and the high average pore diametég.(6) sug- 3.3. Deposition of Pd on HT/CNF
gest that although some filling of the pores occurs, the material
has a readily accessible pore system. The decreased BET sur-Two methods of Pd deposition on HT/Chiz33 were
face area after inclusion of HT is largely accounted for by theinvestigated: ion adsorption using Pd(RHNOs)2, as de-
loading of CNF by HT, because the surface area per gram dfcribed elsewherf23], and a wet-impregnation method using
CNF remains almost constarftable ). As a result of the heat Pd(acac). The best results were obtained with the wet impreg-
treatment of HT/CNEs 333at 773 K and subsequent rehydra- nation method (PdHT/CNfy). TEM examination of this latter
tion, surface area and pore volume increased slightly, as wasatalyst showed that palladium was deposited on HT/4sMEz
observed by Roelofs et al. with unsupported HI8]. The as small particles42-5 nm; sed-ig. 11); this was confirmed
strength of the spherical catalyst particles was maintained, artsy Hy chemisorption results. The concordant results of TEM
an average SCS value of 38 N was found. and H chemisorption clearly indicate that Pd is not covered up
EDX line scans obtained with SEM revealed Mg and Al by HT and is well accessible for catalysis. Pd is largely present
(Mg/Al ratio of 2) through the macroscopic bodies of the cat-on CNF in view of the limited coverage of CNF with HT.

0.6

dV/dlogD

0.3 A

pore diameter (nm)
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Fig. 9. Hydrotalcite platelet size distribution (lateral dimension) of
HT/CNFys 333
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Fig. 8. (A), (B) and (C) TEM images of HT/CNjs 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. 11. TEM micrograph of PAHT/CNfzt.
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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
COy, adsorption Initial rate? Initial rate? (HT-based) TOF?
(mmol g7) (mmolbaa geath™?) (mmobpaa g7 ™) (s
HTact 0.16 134 134 o6
HT/CNFgs 333 n.d. 0 0 -
HT/CNFact 333 0.75 61 542 010
HT/CNFreact 338 n.d. 56 513 -
HT/CNFa¢t 423 0.34 23 210 ®B5

2 values are given over the first 15 min. Turn over frequency is based on the@®rption, 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/GME

1.2 800
HT/CNF (333 700 -

o O from [13]

% . — 600 - A HTacl

£ = S @ HT/CNF, 3 .
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Fig. 12. DAA production at 273 K in 1.8 mole acetone with 0.3 g4TA), Fig. 13. Initial activity in the condensation of acetone at 273 K vsp @@sorp-
1.0 g HT/CNRyt 333(4) and 0.9 g HT/CNFeact(after reactivation of the used  tion over unsupported activated HTS,(A) and HT/CNFct (4, ®) samples.
catalyst) ©O).

high number of active sites of HT/CNE&k samples compared
3.4. Catalytic properties and characterization of the used with HT ¢t was found, which is due to the much smaller crys-

catalyst tallites as found with XRD and TEM. The number of active
sites is determined by the lateral size of the platelets, because
3.4.1. Condensation of acetone at 273 K these are most likely situated at the edges of the platelets. The

We investigated the performance of the HT/CNF samples inurnover frequencies (TOFs) in the condensation of acetone at
the liquid-phase self-condensation of acetone and found th&73 K are about the same for the supported and unsupported
HT/CNF;s samples did not display any condensation activitymaterials.
due to the absence of Brgnsted base $itgist,15,23] Fig. 12 Fig. 13shows the initial activities of Hict, HT/CNFact 423
and Table 2show the results using Hg and HT/CNFRct 333 and several HT/CNkgt 333 Samples versus the number of ac-
High activity for diacetone alcohol (DAA) formation over cessible sites as measured by £&dlsorption. For reference,
HT/CNFact 333 Was observedTable 9 after 23 h in a DAA  the correlation with activated HTs with different platelet sizes
concentration of 1.37 moft, which is close to the equilib- found by Roelofs et al[13] is also given. As can be con-
rium value of 1.57 molt! [47]. The selectivity to DAA was cluded based ofrig. 13 the correlation of activated HTs is
>98%, with the side products mesityl oxide (MO) and tri- valid over a wide range, because the extrapolation of this cor-
acetone alcohol. H: exhibited high initial activity in the relation to the HT/CNE samples is very good. Our study
condensation as well, with rates comparable with those refurther indicates that the active sites participating in cataly-
ported previously13,14] It is important to emphasize that the sis are most likely situated at the edges of the platdls2s
HT/CNFact 333activity based on the weight of HT presentin the 14,25] in contrast to recent reports by other researchers on
sample is extremely highTéble 2; that is, the specific activ- the structure and activity of activated HTs as solid base cat-
ity of HT/CNFact,333is about four times that of Hit. Because alysts that proposed a correlation between activity and sur-
CO;, has been successfully applied as probe molecule to gainifiace area[24,49] Note the significant improvement in effi-
formation about the number of basic sites in activated HTs ciency of the supported HT samples compared with the un-
12,13,48] the total number of accessible active sites in the supsupported HT samples and to recently reported values with
ported and unsupported catalysts was determined with volumeactivated HTs in aldol-type condensation reactifit 14,24,
ric CO; measurements at low pressuréalfle 3. A relatively  25].
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Abell6 et al.[24,25] recently reported on the correlation 3.4.2. Single-stage synthesis of MIBK at 331 K
between the surface area of the activated HTs and the activ- In a recent study, we showed that with a physical mixture
ity found in the condensation of citral with acetone at 333 K.of Pd supported on CNF and unsupported activated HTs, ace-
However, because the surface area of the material is not deone and H are converted to MIBK under mild conditions with
pendent on the lateral size of the platelets but mainly on thgppreciable rate and high selectivity, with the dehydration of
degrge of stacking (i.e., the thickness of thg platelets), a COPAA to MO as the rate-limiting steff23]. Once we signifi-
relation between surface area and catalytic performance {gntly improved the activity of the HT catalyst, we investigated
not expected. We investigated, using the results frompN- - pg7/CcNR in the single-stage synthesis of MIBK, wherein
ysisorption, whether such a correlation can be derived for thg catalytic functions are present in the same catafist. 14
condensation of acetone at 2,73 K using the catalysts report Splays the formation of DAA, MO, and MIBK. The conden-
here, those reported by Abell et 5], and those reported by sation of acetone to DAA was very rapid compared with the rate

Egzl‘g:;:é aégllihlljg'ioiog\ﬁxzr;Sgcﬁitz:vgur?aggrgea;?ﬂﬁ gglge f dehydration of DAA to MO, which remained low due to the
: pid hydrogenation of MO to MIBK. Selectivity to the desired

of our supported catalyst using the thickness (6 nm) and th o
lateral size (20 nm) as determined by TEM and XRD givesProducts (DAA, MO, and MIBK) was-99%.

around 260 r%gg% [note that the value derived fromoNoh- The initial activity of PdHT/CNIgct in the condensation of .
acetone appeared to be 5 times higher than that measured with

by Abell6 et al.[25] (i.e., 270 nf g~1). However, the specific in the condensation of acetone at 273 K. The activity in the

activity of our supported catalysts in the condensation of acedehydration reaction over PAHT/Chrwas also considerably
tone at 273 K is>10 times that reported by those authors. Ashigher, hereby improving the production rate of MIBK (albeit
can be concluded froig. 13 the supposition that the platelet by less than a factor of 2)able 3also gives the TOF values
size in the lateral dimension determines the number of activéor the condensation and dehydration based on the @€a-
sites, and thereby the performance of the catalyst, is much moseirements. The TOF in the condensation reaction was similar
likely. between both catalysts; however, the TOF in the dehydration
A directly reused HT/CNkt 333sample, after filtration un- reaction differed significantly. Although this difference could
der nitrogen, showed significantly lower activity than the initial be ascribed to deactivation of the catalyst due to the relatively
run, that is, 8.4 mm@aa gea:h~2. This could be due to ad- low amount of HT present in the PAHT/ChYrcatalyst, further
sorption of side products or loss of HT from the CNF bodiesresearch is needed to elucidate the structure—activity relation-
during the first run. Reactivation of the used catalyst was apship in this reaction.
plied by a repeated heat treatment and rehydration procedure.
The initial activity of the original catalyst for the condensation 0.30 "
of acetone at 273 K was almost restor@dlfle 2 Fig. 12). With DAA
TGA-MS, we established the amount of HT remaining in thepo‘z“*
used catalyst after two catalytic runs. Results obtained in ArZ
flow demonstrated that the characteristic weight losses of HTE%%
due to the evolution of water and G@vere still present in the §0.06
TGA-MS profile. Furthermore, the amount of HT calculated :% |
from TGA-MS in Ar and the burn-off experiment3able J 0.03 |
again was 11 wt%, demonstrating that no loss of HT mater-
ial from the CNF bodies had occurred. To further support the . . . . . MO
absence of HT leaching, in another experiment we filtered off 0 1 2 3 4 5 6
the HT/CNFRy¢t 333catalyst after 5 min of reaction. The filtrate
was kept at room temperature in ldtmosphere for 7 h, after
which the total amount of DAA formed was determined. NO Fig. 14. Formation of DAA, MO and MIBK in the single-stage synthesis of

*
p
4
4

MIBK

Time (h)

extra DAA was formed after the Cata|y5t was removed. MIBK at 331 K and 1.2 bar Hover 1 g of PAHT/CNEctin 1.8 mol acetone.
Table 3
Single-stage production of MIBK at 331 K and 1.2 bar éler PAHT/CNRct and over a physical mixture of activated hydrotalcites and Pd on CNF

Activity (Molproductdpt h~1)2 Selectivity TOF (s 1)2

DAA* MO MIBK ()P Condensatiof Dehydration
HTactand Pd/CNE 13 0.026 0023 95 4 008
PAHT/CNFRyct 71 0.043 Q040 99 5 003

& Activity and TOF calculated over the first 30 min or when marked Withver the first 5 min. 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 h (at-3% acetone conversion).

€ Taken from[23], physical mixture of 0.3 g Hictand 0.2 g Pd supported on CNF in 1.8 mol acetone were initially present.
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4. Conclusions [14] J.C.A.A. Roelofs, A.J. van Dillen, K.P. de Jong, Catal. Today 60 (2000)
297.

We have demonstrated that activated HTs supported OHS] A. Guida, L.M. Hassane, D. Tichit, F. Figueras, P. Geneste, Appl. Catal.
A 164 (1997) 251.

CNF bOdle_S exhibit much greater catalytic aCtIYIty in the Self'[lG] C. Noda Perez, C.A. Perez, C.A. Henriques, J.L.F. Monteiro, Appl. Catal.
condensation of acetone than unsupported activated HTs. This " A 272 (2004) 229.
high reactivity must be ascribed to the HT crystallites with ex-[17] w. Kagunya, P. Dutta, Z. Lei, Physica B 234-236 (1997) 910.
tremely small sizes in the lateral dimensien20 nm), which  [18] S.P. Newman, W. Jones, New J. Chem. (1998) 105.
implies a high number of active edge sites. The correlatioft?] W.T. Reichle, Solid State lonics 22 (1986) 135.
between the number of accessible active sites and the initi O W.T. Reichle, J. Catal. 63 (1980) 295.

o - > 1] N. Das, D. Tichit, R. Durand, P. Graffin, B. Coq, Catal. Lett. 71 (2001)
activity in the self-condensation of acetone is extended over a ~ 1g1.
wide range. Our results show that loss of HT from the CNF bod$22] F. Prinetto, D. Tichit, R. Tessier, B. Cog, Catal. Today 55 (2000) 103.
ies during catalysis is absent, while the activity can be restore@3] F. Winter, A.J. van Dillen, K.P. de Jong, J. Mol. Catal. A 219 (2004) 273.
via a repeated thermal activation procedure. By depositing P84] S. AbeIIQ, F. Medina, D. Tichit, J. Pérez-Ramirez, Y. Cesteros, P. Salagre,
on the supported HT catalyst an efficient bi-functional cata,, v ocas: Chem. Commun. 11 (2005) 1453, ,

. . 25] S. Abelld, F. Medina, D. Tichit, J. Pérez-Ramirez, J.C. Groen, J.E. Sueiras,

lyst for the single-stage synthesis of MIBK from acetone an P. Salagre, Y. Cesteros, Chem. Eur. J. 11 (2005) 728.
H> could be obtained. The highly active and selective carbones] D. Tichit, B. Cog, Cattech 7 (2004) 206.
nanofibers-supported HTs catalyst can be interesting in varioUg?] F. Winter, A.J. van Dillen, K.P. de Jong, Chem. Commun. 31 (2005) 3977.
applications, slurry phase as well as in fixed bed reactors, ddéS] A.A. Nikolopoulos, G.B. Howe, B.W.-L. Jang, R. Subramanian, J.J. Spi-

. . . . vey, D.J. Olsen, T.J. Devon, R.D. Culp, Catal. Org. React. 82 (2001) 533.
to the favorable physico-chemical properties, the macroscopiGy; g “nnikrishan, S. Narayanan, J. Mol. Catal. A 144 (1999) 173.

size and the mechanical strength of the catalyst bodies. [30] M. Ogawa, H. Kaiho, Langmuir 18 (2002) 4240.
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