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Abstract

Dehydrogenation of 1,4-butanediol to 2,3-dihydrofuran over kaolin-supported Co and Co—Au catalysts has been investigated. Catalytic test
and XRD analysis show that the presence of metallic cobalt with hexagonal structure is favourable for selectivity to 2,3-dihydrofuran of the
reaction studied. It was established by XPS method that an optimal for the reaction selecfii@g?Caatio in Co/kaolin and Co—-Au/kaolin
catalysts exists. Quantum chemical calculations suggest that the initial step of 1,4-butanediol dehydrogenation on cobalt catalyst surface
may be the cleavage of O—H bond to form alkoxide species dri @m. Based on the effect of metallic and ionic cobalt on the catalyst
selectivity, it could be presumed that both cobalt species are involved in the rate-determining step in dehydrogenation of 1,4-butanediol into
4-hydroxybutanal intermediate.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The conversion of 1,4-butanediol on supported cobalt,
copper and platinum catalysts has been studiedll].
Dehydrogenation of alcohols gives commodity chemicals The reaction occurs through several sequence reactions
of a considerable industrial use, on which many studies are(such as shown irscheme } leading to the formation of
focused. Dehydrogenation of methanol, ethanol, propanol, 2,3-dihydrofuran and tetrahydrofuran.
2-propanol, octanol, and cyclohexanol proceeds mainly in  This scheme includes 1,4-butanediol dehydrogena-
the presence of metal oxides having basic propeftied] tion into 4-hydroxybutanal. Our experimental data sug-
and metallic or bimetallic catalys{s,6]. gests that dehydrogenation is a rate-limited stage in the
The role of cobalt either in metallic or in ionic state is synthesis of 2,3-dihydrofurari8]. Almost quantitative
not yet clear, and the nature of the active sites in dehydro- 2,3-dihydrofuran formation is a result of the subsequent
genation reactions is still debated. Now more and more datafast isomerization of 4-hydroxybutanal and dehydration of
indicate that ionic species may play an important role in de- 2-hydroxytetrahydrofuran over the support.
hydrogenation. On the other hand, it was established that in Recently, we established that the modification of sup-
the case of cyclohexanol dehydrogenation on metallic cobalt ported cobalt catalyst by gold is favourable for 2,3-dehydro-
catalyst, the incomplete reduction of the metal oxide favours furan synthesis, concerning not only the enhanced catalyst
the cyclohexene formation (side reaction) by direct cyclo- reducibility, which is desirable in order to lower the pre-
hexanol dehydratiof6]. treatment temperature, but also the catalyst selecfitify2].

The aim of the present study is to throw light on the
active phases regarding a possible participation of cobalt
in metallic and ionic states in 1,4-butanediol transforma-

* Corresponding author. Tek-371-7551822; fax:#371-7821038. tion to 2,3-dihydrofuran, over cobalt/kaolin catalysts, being
E-mail address: leite@osi.lv (L. Leite). non-promoted and promoted by gold.
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CH.-CH-OH cat, CH.-CHO -H,0 at 154.00 e\[14]. Samples were pressed in the form of pel-
éHZ-CHz_OH —ﬁz—’ éH:_CHZ_OH = Q\OH—) 0\ lets, mounted on heated sample holder and introduced inside
“HO the XPS spectrometer. Any grinding procedure was used be-
\i O fore pressing the pellets. The Co 2p, Au 4f, Al 2p, Si 2p,
0 Si 2s, O 1s, C 1s and the valence band energy regions were
recorded before and after hydrogen reduction at different
Scheme 1. temperatures and intervals. Reduction was performed in situ
in the preparation chamber using 6.0 hydrogen. The iden-
tification of surface cobalt species was made according to
2. Experimental [14-18]
The XRD study was performed on a diffractome-
2.1. Materials ter URD-6 (Germany). Cu— radiation and graphite

monochromator on the diffraction beam were used. The

1,4-Butanediol used was a commercial product with a diffraction patterns were recorded by 0:08tep Scanning
purity of at least 97%. Kaolin purchased from “Acros” and ata @ ang|e range from 10 to 70and the accumulation
air-calcined at 750C for 5h, with BET surface area of period of 30s at each point_ The XRD data were used
22.7nt/g and average particle size of 570nm was used asto determine the catalysts phase composition and particle
a support. Cobalt loading was 40%. The amount of Au in sjze. The c.s.d. ( coherent scattering domain) of metallic
gold-containing samples was equal to 4 wt.%, corresponding particles was determined by the Sherrer metfi®j using
to an atomic Co/Au ratio of 1/0.04. the half-width of the diffraction reflections: for Au (111)

The catalysts were prepared as follows: cobalt or [20]; for Co (111) or (200) cubic structuf@1] and for
gold—cobalt-containing precursors were prepared by precip-Co(1 0 1) hexagonal structuf22].
itation of Co(NQ)2-6H20, respectively, co-precipitation of The calculations were performed with a Linux PC ver-
HAUCI4-3H20 and Co(NQ)2-6H20 with a sodium carbon-  sjon of the GAMESY23] package at the HF level, using
ate solution. Precipitation was carried out in an automated the TZV wave functions as basis set. The cobalt in a ionic
laboratory reactor “Contalab” (*Contraves” Switzerland), state was modelled as a €oion placed within a distance
under a complete control of all the parameters of prepara- of a few angstroms from the reactant molecule. Full opti-
tion. The precipitate was filtered and carefully washed. The mjsation of the reactants and products as well as transition
samples were dried at 12C. All the substances used were state (TS) location were performed. The TS was charac-
of an analytical grade. A mechanical mixture between the terized by calculating the hessian, and performing intrinsic
precursors and the support was made in the next step ofreaction co-ordinate calculations (IRC).
the catalysts preparation. Catalyst samples were activated The catalytic activity test was performed as described pre-
by reduction in a hydrogen stream for 20 min at different Viousiy [12]’ in a giass reactor equipped with a dropping
temperatures chosen Concerning the TPR data obtained refunneL a Stirrer, a tnermometer' and a port for nitrogen in-
cently [12]. After reduction, the sample was cooled to an troduction. The catalyst to feed-stock weight ratio veas
ambient temperature in asNstream and placed quickly  1:43. The products formed in the reaction of 1,4-butanediol
into the reactor with 1,4-butanediol and under a constant were distilled off and collected in a water-cooled condenser
nitrogen feed, i.e. under conditions Securing the absence Ofand dry-ice cooled vapour trap_ They were ana|ysed by

the contact with Q. means of gas-chromatography. The reaction was conducted
in N2 at atmospheric pressure in a 200—2@0temperature
range.

3. Methods 2,3-Dihydrofuran (2,3-DHF), tetrahydrofuran (THF) and

unidentified resinous substances (NP) were the main prod-

XPS measurements were performed using VG Scientific ucts detected in the reaction mixture. During the reaction
ESCALAB-210 spectrometer. An Al K radiation source  studied, the conversion of 1,4-butanediol (1,4-BD) was usu-
operated at a power of 300 W (15kV, 20 mA) was applied. ally 100% (the yield is equal to the selectivity in this case)
Vacuum in the analysis chamber was below 60~ mbar except of the reaction in the presence of catalyst containing
during all measurements. Pass energy of 20eV and stepCoUP,
of 0.1 eV was used. The spectrometer binding energy scale The yield and selectivity were calculated in following
was calibrated by the Ag 3¢ peak at 368.27eV and Ag  way:
M4NN peak at 895.75eV. The data obtained were anal-
ysed using ECLIPSE VG program, including satellite sub-

i 0,
traction, Shirley shape background subtraction and fitting yield (mol%) .
procedure. Quantification was made by MULTILINE pro- g of 2, 3-DHF formedx molar weight of 14-BD
gram[13]. Binding energies for cobalt species were deter-  _ x100

mined with respect to silicon in kaoline support, BE Si 2s  gof 1, 4-BD taken in feedk molar weight of 23-DHF
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selectivity(%) 50-
gof 2, 3-DHF formedx molar weight of 14-BD 40-
%100 20-|
" gof 1, 4-BD convertedx molar weight of 23-DHF 20
The mass balance was >95%. 104
int 0]
.10_.
4. Results and discussion 201
The data on the yield of 2,3-DHF in the reaction of 1,4-BD 0
over Co/kaolin and Co—Au/kaolin catalysts after reduction 40+
pre-treatment at different temperature are presenteyirl -50-
The chosen temperatures for the reduction of gold-promoted 0 @ % 70
catalyst are lower than those of the non-promoted one 20
due to the enhanced catalysts reduction in the presence of
gold in accordance with the TPR results obtairjéd 2]. Fig. 2. XRD-patterns of Co/kaolin samples after reduction at 340 (1), 470

In both cases of non-promoted and promoted supported(z)r and 650C (3)_. Designation§k and h-cpbalt' of cubic or he_>fagonal
cobalt catalysts, the reducibility of cobalt is limited. The structure, respectivelyg: CoO; without designations: aluminosilicate.
fact that some cobalt species remain in an unreducible

state is known from the literature and it has been explained It was established by XRD analysis that the reduction of
concerning the small particle size and a strong support Co/kaolin studied occurs via CoO formatiofig. 2, curve
interaction[18,24] 1). After the treatment of the catalyst sample inad470°C,

The modification by gold is favourable concerning not a reduction to metallic cobalt phase with hexagonal'®o
only the reduction temperature but also the catalyst selec-and cubic (C8"9) structure takes placeFig. 2, curve 2).
tivity. The selectivity depends significantly on the reduction The increase of the reduction temperature up to°€s@ads
temperature, andrig. 1 clearly demonstrates a maximum to the enlargement of the €® particles size up to 400 A,
of the yield of 2,3-dihydrofuran both in the presence of the while the average particles size of hexagonal Co structure
non-promoted and promoted by gold—cobalt catalysts. The decreases to approximately 50 Big. 2 curve 3).
optimum temperature depends on the cobalt loadit In the XRD pattern of Co—Au/kaolin sample reduced at
and modification. For 40% Co/kaolin it is equal to 41D 340°C (Fig. 3, curve 1), there are lines of a nanosize phase
and for 35% Co-5% Au/kaolin — to 33, respectively. (6 = 60 A) of metallic cobalt with hexagonal structuj22]
The yield of 2,3-DHF on Co-Au/kaolin catalyst reduced at and gold with an average particle size of approximately
330°C, is higher than that of non-promoted catalyst reduced 250 A [20]. It is seen in the diffractogranfig. 3, curve 2)
at 470°C. Even when the pre-treatment reduction tempera- that after the reduction of Co—Au/kaolin sample at 660
ture of the Au—Co/kaolin sample is lower than the optimal
one, the yield of 2,3-DHF is approximately the same as of
the non-promoted catalyst (see the yield after reduction at a0

300 and 470C, respectively). 70
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07 co-AuKaoln int 40

0 Cofkaokin 20

50

40

30

2 26

Fig. 3. XRD-patterns of Co—Au/kaolin (D) after reduction at 340
(1) and at 650C (2). Designations:k and h—cobalt of cubic or
Fig. 1. Dependence of the 2,3-dihydrofuran yield on the catalyst reduction hexagonal structureA: gold; S: trace of CoAISiO-compound; without
temperature. designations—aluminosilicate.

AN

10

300 330 3 430 470 510 T.°C

[
o



98

Table 1
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Catalytic properties of metallic cobalt: different phases of cobalt-kaolin catalysts in the conversion of 1,4-butanediol

Catalyst Catalyst reduction Phase Yield (%) Specific activity in relation to
o _ . -1 -1
temperature °C) 2.3DHF THE NP 2,3-DHF formation § x gea x h™")
Co-Au/kaolin 300 clex 60 10 27 3.8
Co-Au/kaolin 330 (ol 66 11 21 4.3
Colkaolin 470 CB™> 4+ cowp 57 11 29 37
Co-Au/kaolirt 650 caw 20 10 50 1.3

a Conversion of 1,4-BD is 82%, selectivity to 2,3-DHF 30%.

the amount of metallic Co sharply grows and the particles
sinter up to the size of 450 A. The Co structure is cubic with
the lattice parameter = 3.5447 A[21].

The different state of the metallic cobalt phases after re-

duction at various temperatures (340, 470, and°&0s in
agreement with the literature dgtE9]. According to these

is less active than hexagonal cobalt in the Fischer—Tropsch
synthesiq27].

To explain the interesting experimental fact, i.e. the pres-
ence of the maxima in the yield of 2,3-DHF which depends
on the reduction temperature of both Co and Co-Au cata-
lysts Fig. 1), XPS analysis was applied for the study of a

data, the equilibrium state of cobalt at temperatures below corresponding oxidation state of surface cobalt. Due to rela-

450°C is a C&®, and at temperature higher than 4&Dit
is a C&UP. Near to the phase transition point a metastable

tively small shifts, absolute value of binding energy og2p
peak is not very useful for distinguish betweent@and

biphases state, corresponding to the microdomains of bothCo*? oxides. However, presence of secondary features of

structures, can be observ§eb]. Due to the enhanced re-
ducibility in the presence of gold, the reduction of cobalt to
metallic state occurs at a temperaturé50°C. That is why
only Cd" is present in the case of Co—Au catalyst after
reduction at 340C.

Taking into account the XRD results and the higher activ-
ity of gold-promoted catalyst in relation to 2,3-DHF forma-
tion than that of non-promoted onEi¢. 1), it may be sug-

the spectra as satellite structures, arising from interaction of
emitted photoelectrons with core vacancy is a characteris-
tic for Co?* only, not for C6+ and C&. Such structures at
approximately 787 eV are visible in both catalysts in unre-
duced state irFigs. 4(a) and 5(a)Together with peaks at
781.3 eV, this exhibit presence of €oin unreduced sam-
ples. After reduction, the main peak of Coz2g diminishes

to values of BE to about 777.8 eV, which is a characteristic

gested that the selectivity of the reaction studied is connectedto supported metallic cobdlt7,18]

with the structure of the metallic cobalt phase. A comparison
of the 2,3-DHF yield and specific activity of Co/kaolin and
Co-Au/kaolin catalysts shows that t8is more favourable
for 2,3-DHF formation than C3° (Table J).

A low value of the specific activity of Co—Au sample
reduced at 650C and containing only CG8° may be due
to the lower activity of such form of cobalt, as well as may
be connected with the growth of particle size up to 450 A.

Detailed decomposition of the spectra shows that the re-
duction is not complete as part of Cdspecies still is visi-
ble on the surface. The ratio of the peak area of the metallic
component to the total area of Cogz2ppeak can be used
as a measure for the extent of reductidalfle 3. Due to
complexity of Co 2p spectra, this method is not very ac-
curate. However, obtained extent of reduction is in good
agreement with values obtained for Co/gily Reuel and

Recently, it has been also established that the cubic cobaltBartholomew([28] or Niemela et al.[29]. It is worth to

intensity [a.u.]
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BE [eV]
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intensity [a.u.]

a

790 780
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810 800 770

Fig. 4. XPS spectra in the Co 2p region of Co/kaolin reduced at different Fig. 5. XPS spectra in the Co 2p region of Co—Au/kaolin reduced at
temperatures: (a) unreduced state; (b), (c), (d) samples reduced at 450different temperatures (a) unreduced state; (b), (c), (d) samples reduced
470 and 490C, respectively. at 310, 330 and 35CC, respectively.
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Table 2
XPS data of Co/kaolin (Co) and Co—Au/kaolin (Co—Au) catalysts
Sample Reduction (T,C) Concentration (at.%) GHC?t ratio BE

cd® cot Co* sat. cét co®

Co before reduction 0 100 785.35 781.34
Co 450 76.72 23.28 3.3 782.83 780.25 777.87
Co 470 81.73 18.27 4.5 782.76 780.43 777.89
Co 490 83.09 16.91 4.9 782.54 780.08 777.75
Co-Au before reduction 0 100 785.83 781.32
Co-Au 310 75.76 24.25 3.1 783.01 780.51 777.69
Co-Au 330 77.26 22.74 3.4 782.97 780.60 777.84
Co-Au 350 80.42 19.58 4.1 782.72 780.36 777.89

underline that for Co—Au/kaoline reduction, to this extent, lic cobalt and its oxidation causes the catalyst deactivation
was obtained in much lower temperatures. [30].

Full reduction of cobalt to metal form probably can beim- ~ The mechanism of alcohol dehydrogenation on metal
possible due to encapsulation part of Co species by supportand metal oxides has been investigated by many scientists
(possible) and/or due to formation of non-reducible cobalt [31-36] As a chemical intermediate, the surface alkoxide
aluminosilicates. formation was suggested in most cases. Some authors have

Direct comparison of the Co 2p spectra for both series been studying IR and EPR spectra of methanol, ethanol,
of catalyst show that catalysts Co—Au/kaolin have visible and propanol—adsorbed on Co and Cu supported catalysts
broadening of Co 2p, peak Fig. 6). This may indicate [31-33] It was suggested that the initial step in the dehy-
a higher Co dispersion in Co—Au/kaolin. Intensity of Au drogenation reaction is the formation of alkoxide species on
4f peaks increase after first and sequenced reduction stage€c?t and C#+ and its further transformation to aldehyde
(Fig. 7). Value of BE Au 4f,> changes from 84.35eV be- or ketone. It has been confirmed that the abstraction of an
fore reduction to 83.4 eV after reduction. Similar value of «-hydrogen from methanol results in the formation of the
negative shift of BE was observed for palladium—gold alloys corresponding aldehyde, is the rate-determing step in the
[14]. dehydrogenation proce§36].

Thus, the correlation between the catalytic results and the The mechanism of ethanol dehydrogenation was also
reduction degree of surface cobalt shows that when the presstudied by quantum chemical methods. Two possible de-
ence of metallic cobalt of Co/kaolin catalyst is higher than hydrogenation mechanisms of ethanol over metal oxide
approximately 82%, the yield of 2,3-dihydrofuran decreases. via surface ethoxy groups generation have been proposed.
In the case of Co—Au/kaolin, the optimal €content is ap- Concerning the first mechanism, the surface metal ion and
proximately 77%. It may mean that an optimum ratio of oxygen ion concertedly interact with oxygen and hydrogen
metallic cobalt/cobalt in ionic state exists for the reaction of the OH group, respectively. An Hof the ethoxy group
studied. then shifts to a surface proton resulting in acetaldehyde and

The influence of the reduction extent on Co/@§ cata- a molecular hydrogen formation. According to the second
lyst activity in the Fischer—Tropsch reaction was noted by mechanism, a proton of OH group aaeproton of ethanol
Schanke et al., however in this case, the active phase is metal-

—— dried at 120°C 4f
Au-Co/kaolin reduced at 350° C 2p,, - - - - reduced at 310°C 4, i~
- - -.Co/kaolin reduced at 490° C 1 reduced at 330°C i\ / 4‘.\
----- reduced at 350°C LY LR
3 5
S S,
> 2
— a
e 5
2 IS
£ =
T T T T . .
810 800 790 780 770 95 90 85 80

BE [eV] BE [eV]

Fig. 6. Example of comparison Co 2p in Au—Co/kaolin and Co/kaolin Fig. 7. XPS spectra in the Au 4f region of Co—Au/kaolin reduced at
(reduced at highest temperatures). different temperatures.
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Table 3
Bond orders of the main molecular bonds characteristic to the compounds involved in the dehydrogenation reaction of 1,4-butanediol bothriceghe prese
of Cc?* and in its absence

Bond Bond order
1,4-Butanediol (optimised geometry) 1,4-Butanediol (transition state) Aldelydarogen(optimised geometry)
Without C&+ With Co?+ Without C@+ With Co?t Without C&#+ With Co?+

O-H (1) 0.824 0.711 0.633 0.085 - -

C-H (1) 0.953 0.922 0.526 0.641 - -

0-C (1) 0.818 0.450 1.229 0.398 1.902 1.166

H-H (1) 0.000 0.000 0.248 0.294 1.000 1.000

O-H (2) 0.824 0.790 0.817 0.795 0.822 0.790

C-H (2) 0.953 0.827 0.948 0.937 0.952 0.939

0-C (2) 0.818 1.417 0.840 0.873 0.821 0.869

are extracted simultaneously by the surface oxygen and Another effect consists of the modification of the reaction
metal ions[37,38] The mechanism of other alkanol dehy- mechanism. As it can be seenliable 3 in the absence of the
drogenation reactions has received relatively less attentioncatalyst the G—H bond breaks first, whereas in the presence
in literature. of C?t the hydroxylic H shifts first and the O—H bond
A marked effect of cobalt cation quantity on the 1,4-BD is practically broken at the TS point. In fact, the literature
conversion to 2,3-DHF could indicate that cobalt in the ionic data indicate that the dehydrogenation of alcohols on metal
state participates in the rate-determining step, i.e. in 1,4-BD oxides takes place with formation of an alkoxide species
dehydrogenation, to form 4-hydroxybutanal. In the presence adsorbed on the surface.
of kaolin-supported Co catalysts, dehydrogenation and de- The alkanols can also adsorb on metallic spef3ds39]
hydration of 1,4-BD occurs. That is why we considered the but it has been established that the degree of adsorption
necessity to clarify the influence of €oion on C—OH, decreases in the presence of hydrogen.
O-H and G—H bonds by ab initio quantum chemical calcu- On the basis of our experimental and theoretical studies
lations. The results obtained are presentedahle 3 The as well as on the literature data on catalytic dehydrogena-
reacting bonds of 1,4-butanediol molecule are noted as (1),tion of alcohols, it can be proposed that both metallic and
while the other similar bonds are noted as (2). ionic cobalt take part in the dehydrogenation reaction stage.
In order to explain the necessity of cobalt cation pres- Most probably the first step of the reaction studied is a dis-
ence in the active catalyst, the bond orders (BO) analy- sociative adsorption of 1,4-BD molecule on an active site
sis was performed. BO is a measure of the bond strengthconsisting of a pair of metal-oxygen ions and the forma-
and can be useful in monitoring the reaction mechanism tion of an alkoxide species. It is also possible that in our
[37,38] case the alkoxide species are formed on metal cobalt as it is
On the basis of BO analysis, it was found that in the pres- shown by IR method in relation to the surface 2-propoxide
ence of C8" the bonds O-H and GH (breaking in the intermediate formation on Ri[34]. The fact that the cata-
1,4-BD dehydrogenation) are weaker (smaller BO) than in lyst reduction to a high metal cobalt content is an essential
the isolated molecule and in this way they are activated for stage of catalyst pre-treatment may mean that the metallic
4-hydroxybutanal formation. The BO of C—O bond also de- cobalt takes part in the rate-determined stage of proton ab-
creases in the presence of<pmeaning that the dehydra- straction from G atom of 1,4-BD molecule. After cleav-
tion process is also possible. Nevertheless, the TS locatedage of the organometallic bond formed between cobalt and
indicates that the O—-H and,EH BO decreases, whereas oxygen atom of diol, alkoxide intermediate migrates to the
the C-0O BO increases, reaching a value close to that for akaolin support and it undergoes isomerization and dehydra-
double bond in the products (aldehyde formation). At the tion to form 2,3-DHF. Hydrogen atoms are removed proba-
same time it can be seen that the single bond in the hydrogerbly by migration to C8 sites, recombination, and desorption
molecule is formed. as H. The interaction of ionic and metallic sites via mi-
The second O-H, C-O and,€H bonds in the 1,4-BD  gration of hydrogen atoms formed in,€H and O—H bond
molecule have unchanged BO and they are not weakened byof alkanol to metal was suggested by Iglesia ef4(]. It
the presence of Gd ion, meaning that a further dehydro- was suggested that €and C3* sites are located within
genation of 4-hydroxybutanal is highly improbable. a molecular distance so that migration and adsorption of H
The catalytic effect of C®" results in decreasing the acti- atoms are possible. The necessity of bicentric active phase
vation energy from 175 kcal/mol (in the absence of thé'Co  formed by metallic cobalt in interaction with CoO was as-
ion) down to 103 kcal/mol (in its presence). The activation sumed by Enache et al. for cobalt-based Fischer—Tropsch
energy was calculated as the difference between the totalcatalyst[27]. The cooperative behaviour of €oand C&
energy of the optimised reactant and of the TS. surface sites is an essential requirement for the 1,4-BD
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