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Abstract

The synthesis of isobutyl alcohdBuOH) from methanol (MeOH) and-propanol (PrOH) through the Guerbet condensation has been
studied in batch experiments using bifunctional heterogeneous systems based on a dehydrogenating/hydrogenating metal (Pd, Rh, Ni or Cu)
and a basic Mg—Al mixed oxide derived from hydrotalcite-type (HT) precursors. Only copper-based systems showed appreciable performances.
In particular, the Cu/Mg/Al mixed oxides catalysts obtained by the co-precipitation method offered the best results in terms of activity and
selectivity, thus allowing to reduce pollution problems connected with the up to now adopted copper chromite. These co-precipitated systems
were also tested in some preliminary experiments carried out in gas—solid phase in a flow reactor, thus confirming promising application
perspectives.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction (1) dehydrogenation of alcohols to the corresponding alde-
hydes, (2) aldol condensation of the resulting aldehydes and
Isobutyl alcohol (BuOH) has gained an increasing in- (3) hydrogenation of the unsaturated condensation products
terest in the last decade, owing to its potential employment to give the higher alcoholfs,6], as reported irScheme 1
as precursor for the preparation of either gasoline additives,where the reaction pathway is referred to the MeOH/PrOH
such as methylert-butyl-ether and isooctane, or plasticiz- condensation.
ers. Recently, we have propodéd4]the selective synthesis The relevant selectivity of the reaction'®uOH is proba-
of 'BUOH starting from methanol (MeOH) andpropanol bly due to its steric hindrance and to the presence of only one
(PrOH) through the Guerbet reaction, a condensation be-hydrogen on the carbon atom éaposition to the methylol
tween alcohols promoted by bifunctional catalysts based ongroup[1].
a basic component and a metal species with dehydrogenat- In particular, when MeOH/PrOH mixtures were reacted in
ing/hydrogenating properties. In particular, the above men- the presence of copper chromite/MeONa, an almost complete
tioned reaction is characterized by the following three steps: selectivity to' BuOH was observefl]. The productivity was
also found to increase by increasing the reaction temperature
* Corresponding author. Tel.: +39 050 2219222; fax: +39 050 2219260. 110mM 180 t0 220 C as well as the relative amount of MeONa
E-mail addresscarlini@dcci.unipi.it (C. Carlini). with respect to the copper component. Whens adopted
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CH;0H — CH,0 + H,

@ and M** are cations and & is an interlayer aniofi.0—14]

CH;CH,CIL,OH —— CH;CILCHO + T, When HT precursors are calcined at temperatures lower than
L -HO ca. 650°C, the resulting mixed oxides display (i) high sur-
(ii) CH;CH,CHO + CH0 —> {CHs—(l?H-(TH"} > CHy—(-CHO face area, (ii) basic properties and (iii) memory effect, since
CHOH CH, they may recover the original HT structure when contacted

(i) cHec-cHo s cH— O with water_solgtions containing \_/ariou_s aniofis2—14]
; ('“!Hz o é i o Therefore,_m this paper, several pn‘uncnonal heteroggneous
M/Mg/Al mixed oxides (M = Pd, Ni, Rh and Cu), containing
Scheme 1. both basic and dehydrogenating/hydrogenating sites, will be
checked as catalysts in the Guerbet condensation of MeOH
with PrOH for the synthesis dBUOH in batch processes.
in the place of H as reaction atmosphere, better catalytic per- Moreover, the most promising catalysts will be tested in
formances were obtained, thus indirectly confirming that the gas—solid flow experiments which allow the facile separa-
dehydrogenation of the alcohols to the corresponding aldehy-tion of the catalyst from the reaction mixture and the con-
des is the rate-limiting step of the reaction. Moreover, recy- tinuous removal of the co-produced water. In this way, con-
cle tests allowed to conclude that copper chromite essentiallytrarily to what occurs in batch processes, the water accu-
works in heterogeneous phase, unlike that observed for Pd-mulation in the reaction products is prevented, thus reduc-
Rh- or Ru-based catalysts where the metal leaching wasing any possible catalyst deactivation. Finally, these last ex-
favoured by the presence of the methoxide afi]. periments may help to have a preliminary insight on the
However, the use of MeONa as homogeneous basic com-jife and stability of the catalytic system, although a subse-
ponent represented for all the tested catalytic systems thequent deeper examination of the above parameters is required

main drawback for two reasons: (i) the progressive hy- for the evaluation of potential industrial applications of this
drolysis of the base to MeOH and inactive NaOH by the reaction.

water co-produced in the condensation sfgg,5,6] and
(ii) corrosion problems as well as difficult separation of
reaction products from the basic homogeneous catalytic2. Experimental
component.

In this context, more recently, the use of completely het- 2.1. Materials
erogeneous two-component catalysts was proppgedn
particular, Mg—Al mixed oxides with a variable Mg/Al atomic MeOH (Prolabo) and PrOH (Carlo Erba) were dried by
ratio, obtained from the corresponding HT precursors by con- distillation under dry argon after refluxing for 6 h on magne-
trolled calcination, were used as basic components in com-sium methoxide, according to the Lund and Bjerrum method
bination with pre-activated copper chromite. In all cases, an [15].
almost complete selectivity tBuOH was found to occur. MeONa (Aldrich) was used as received and stored under
Moreover, the activity of these systems was not affected dry argon.
by the co-produced water, no evidence of inhibition dur- Copper acetate (Cu(OAsHHO, Aldrich) and
ing the course of the reaction being observed. Finally, the bis(dibenzylideneacetone)palladium(0) (Pd(dba&ldrich)
activity was found to be affected by the Mg/Al atomic ra- were used as received.
tio in the HT precursor, in correspondence to the variation  Pd/C (10 wt.%, Aldrich) was activated prior to the use in a
of the relative amount of medium—strong and strong basic mechanically stirred Parr reactor in the presence of methanol
sites. In fact, in agreement with literature suggesti@,?3], at 180°C for 5 h under 8 MPa of bl
the heterogeneous catalyst with the lowest Mg/Al atomic ra-  M/Mg/Al (M =Pd, Rh, Ni, Cu) and Mg/Al HT precursors
tio and the highest basic strength shovjédthe maximum were prepared by co-precipitation of the corresponding ni-
of productivity to!BuOH, thus opening interesting applica- trates with NaCOs maintaining the pH equal to 10200.1
tion perspectives. In this context, it appeared very appeal- by dropwise addition of a 1-M aqueous solution of NaOH.
ing to investigate the catalytic activity of bifunctional het- The precipitates were washed with water, dried overnight at
erogeneous catalysts, characterized by both dehydrogenat100°C, calcined at 500C for 5 h and finally stored under ar-
ing/hydrogenating and basic sites present in the same ma-gon[12,14,16-18] The main characteristics of both Mg/Al
trix, with the aim to simplify the catalytic system and exploit (catalysts C1, C2) and M/Mg/Al (catalysts C6—C11) mixed
potential synergistic effects in the Guerbet condensation. In- oxides are reported ifiable 1
deed, itiswell known that the properties of hydrotalcite, a lay- For the sake of comparison, Pd-based catalysts (C3—C5)
ered mineral having the formula M4l 2(OH)16CO3-4H,0, were obtained also by impregnation of C2 with different
may be easily tailored by partial substitution of cations and/or amounts of Pd(dbajn benzene solution@ble 1.
anions in its structure to afford a new class of materials  Analogously, a Cu-based bifunctional heterogeneous cat-
named HT precursors compounds having the general for-alyst (C12) was also prepared by impregnation of C1 with a
mula [(M1—x2*M,3*(OHY)** (Aym™ )-nH20], where M* benzene solution of copper acetafalfle J).
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Table 1
Main characteristics of the heterogeneous catalysts based on Mg/Al and M/Mg/Al mixed®xides
Catalyst M/Mg/Al Weight composition (%) Surface areg(g)
M Atomic ratio® MOy MgO Al20O3
C1l - 71.0/29.0 o 65.9 34.1 232
Cc2 - 66.0/34.0 o 60.5 39.5 214
c? Pd 0.8/65.5/33.7 2 59.2 38.6 n.d.
c4 Pd 0.4/65.7/33.9 1 59.8 39.1 n.d.
cs Pd 0.2/65.8/34.0 8 60.1 39.4 n.d.
C6 Pd 5.0/66.0/29.0 18 56.0 31.0 114
C7 Rh 1.0/71.0/28.0 .0 62.0 31.0 80
Cc8 Ni 10.0/61.0/29.0 18 52.6 31.6 113
Cc9 Cu 2.2/68.8/29.0 ] 62.6 334 139
C10 Cu 7.6162.7/29.7 12 54.4 32.7 126
Ci11 Cu 11.1/60.1/28.8 18 50.7 30.8 140
Clx Cu 7.6162.7/129.7 19 54.4 32.7 n.d.

2 Prepared by co-precipitation of the corresponding nitrates and subsequent calcinationGtibA6t otherwise specified.
b Prepared by impregnation of C2 with different amount of Pd(glbabenzene solution.
¢ Prepared by impregnation of C1 with Cu(OA@)H,O in benzene solution.

All the catalytic systems prepared by the impregnation der whose inlet diameter is 0.6 cm. The adopted catalyst, a
method were dried by solvent evaporation overnight under Cu/Mg/Al sample (C11) having a 600-8atn particle size,
vacuum at 100C, calcined at 500C for 5 handfinally stored  was firstly calcined at 500C and then pre-reduced, using

under argon. a 60-ml/min stream of bIAr (10/90, v/v), with a constant
heating rate of 2C/min starting from room temperature up

2.2. Catalytic experiments for the condensation of to 300°C. In the experiments, a catalytic bed of 2.7 g was

MeOH with PrOH in a batch reactor employed. After the pre-reduction of the catalyst, the experi-

ments were carried out by feeding a liquid MeOH/PrOH mix-
A 300-ml Parr reactor, equipped with a mechanical stir- tyre characterized by a 6.25 molar ratio. The liquid reactants
rer, a heating system, a temperature control device, a samwere introduced by means of a HPLC pump with a flow rate
pling valve for liquids, an inlet valve for gas introduction and  of 0.1 ml/min. Under the adopted reaction conditions (room
an outlet sampling valve for gaseous products, was used inpressure and temperature over 209, the reactants were
the catalytic batch experiments. The heterogeneous catalysyaporized before reaching the reactor. Therefore, the contact
was introduced into the reactor which was closed and sub-time adopted was®g h mol-1. After an established time, the

sequently evacuated. MeOH was then introduced by suctiongutlet gaseous stream was condensed and the collected liquid
through the liquid sampling valve and the reactor was pres- reaction mixture was analyzed by GC.

surized with B up to 8 MPa and heated at 180 for 5 h for
the metal component pre-reduction. The reactor was evacu-2.4. Analytical procedures
ated, MeOH was removed under vacuum, and subsequently,
the alcohols mixture was introduced by suction through the ~ The analysis of the reaction products was performed
liquid sampling valve. Finally, the reactor was pressurized at by GC using a Perkin-Elmer Sigma 3B chromatograph,
3 MPa with the proper gas and the reaction was carried out atequipped with a thermal conductivity detector, a CE In-
the chosen temperature (200-22). The reaction was fol- ~ struments DP 700 integrator and a 2-m length Poropak PS
lowed by collecting at different times, through the sampling Packed column (0.32 cm internal diameter) with a stationary
valve, portions of the reaction mixture quickly cooled ta@ phase based on ethylvinylbenzene/divinylbenzene resin. He-
Atthe end of each experiment, the reactor was rapidly cooled lilum was used as carrier gas with a 25-ml/min flow rate. The
at room temperature and degassed through a trap maintainedpllowing temperature program was adopted for the oven:
at 30°C, in order to condense any vapour present in the 80°C for 5min, then the temperature was increased by a
gas phase. Finally, the liquid reaction mixture was analysed 8°C/min heating until 210C was reached, maintaining this
by gas chromatography (GC) after the addition of a known value constant for further 15 min. For the quantitative deter-
amount of benzene as internal standard. mination of the reaction mixtures, the chromatographic re-
sponse factor for each individual component was determined
2.3. Catalytic experiments for the Guerbet condensation  using mixtures of pure compounds of known composition,
in a continue flow reactor with benzene as internal standard.
In all the batch experiments, an almost total selectivity
The experiments in a continuous flow reactor were carried to 'BuOH was observed. Indeed, only traces (<0.5mol%)
outin an Autoclave Engineering Bench Top Reaction System of methyl and propyl formate were detected by GC/MS
(BTRS), equipped with a 15-cm length stainless steel cylin- analysis carried out employing a HP5973 Mass Selective
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Detector and a HP6890 Series GC System, equipped withcharacterized by a very low amount of Mg content (Mg/Al

a HP5-MS crosslinked 5% phenylmethylsiloxane column molar ratio <2, catalyst C2), were found to disp[yan ac-

(30mx 0.25 mmx 0.25um). tivity similar to that observed with the homogeneous MeONa
In the case of flow experiments, a wide range of by- base€[1]. The best performances obtained in the presence of

products were detected by GC/MS and quantified by GC C2 as basic component were attributed to the highest concen-

analysis. tration of strong basic sites. Therefore, with the aim to check
if other metal components would be active when combined
2.5. Catalysts characterization with heterogeneous basic Mg/Al mixed oxides, the catalyst

obtained as a mechanical mixture of Pd/C and C2 (Pd/C//C2

The adsorption and temperature programmed desorptioncatalyst) was preliminarily checked in the Guerbet conden-
(TPD) of CQ, as probe-molecule for determining the ba- sation of MeOH with PrOHTable 3. Moreover, the absence
sic properties of the M/Mg/Al and Mg/Al mixed oxides, was in liquid phase of methoxide basic species would prevent any
carried out on a Pulse Chemisorb 2705 Micromeritics instru- metal leaching from the catalytic system.
ment. Each sample (nearly 0.5 g) was pre-treated under He at  |n all cases, a feed with a MeOH/PrOH molar ratio equal
500°C for 2 h to eliminate water and gas impurities eventu- to 12.5 and usually 200C as reaction temperature were used,
ally present. After cooling the sample, the adsorption 0pCO  as those optimized in previous papers for the Guerbet con-
at 21°C was carried out until surface saturation was reached; densatiorn(3,4,7]. When the reaction was performed under
the presence of physically adsorbedfs avoided by per-  nitrogen atmosphere and Pd/C was pre-activated, either in
forming the adsorption under a He flow. The temperature was MeOH at 180°C for 5 h (entry 1) or in the presence of Me-
then increased linearly from room temperature up to®D0  ONa (subsequently eliminated by washing with MeOH) (en-
and CQ evolution was monitored by mass spectrometry. The try 2), no activity at all was observed. Analogous results were
basic strength distribution of the sites was evaluated from the obtained when a pNH, mixed atmosphere was used (entry
capability of the material to retain the probe molecule during 3). Also when the Pd/C was not pre-activated (entries 4 and
desorption. The TPD profiles were analyzed by a deconvolu- 5) and the reaction temperature was increased up t6Q20
tion program (Galactic Peaksolve) in order to determine the (entry 5), only a very low catalytic activity was observed.
signal number and position. The quality of the elaboration ob- When Rh/C was used in the place of Pd/C under the same
tained by the Levenberg-Marquadt algorithm was evaluated conditions as those adopted in entry 4, no appreciable activity

on the basis of the correlation coefficieREE 0.97). was ascertained. Considering that under these last conditions,
BET surface area values were obtained using a single pointhoth Pd/C and Rh/C//MeONa systems displayed arather high
ThermoQuest Surface Area Analizer Qsurf S1. activity to give'BuOH [3,4], these results clearly indicate

that the mechanical combination of the basic component C2
with these dehydrogenating/hydrogenating supported metal

3. Results and discussion species is not able, differently from the copper chromite/C2

system, to operate as a real bifunctional catalyst. Moreover,
3.1. Guerbet condensation of MeOH with PrOH in these data represent an indirect confirmation of the determi-
batch processes nantrole played on the catalytic activity by the homogeneous

Pd and Rh species released in the liquid phase when Me-
As mentioned in Sectioh completely heterogeneous sys- ONa was use(B,4]. Therefore, catalytic systems, prepared
tems based on the combination of copper chromite and a basidy impregnation of C2 with different amounts of Pd(dba)
Mg/Al mixed oxides component, particularly when this was (C3—-C5), were checked in the Guerbet reaction with the aim

Table 2
Guerbet condensation of MeOH with PrOH in batch processes toBel@H in the presence of the Pd/C//C2 catalysts containing different relative amounts
of basic and dehydrogenating/hydrogenating 8ites

Entry C2, MgO (mmol) Pd (mmol) P, (PMa) Py, (PMa) IBUOH yield (mol%$

1h 6h 12h
1 60 0.85 3 0.0 0.0 0.0
2¢ 20 0.13 3 - 0.0 0.0 0.0
3 60 0.85 1 2 0.0 0.0 0.0
4d 60 0.13 3 - 0.0 1.0 5.0
5d.e 60 0.85 3 - 0.0 0.0 7.0

2 Reaction conditions: MeOH, 1250 mmol; PrOH, 100 mniok 200°C, if not otherwise specified; Pd/C was pre-activated in MeOH with 8 MPapcdtH
180°C for 5 h, if not otherwise specified.

b Calculated as (mol dBuOH/initial mol of PrOH)x 100.

¢ Pd/C was pre-reduced in the presence of MeONa which was subsequently removed by washing with MeOH.

d Pd/C was not submitted to pre-activation.

€ At 220°C.
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Table 3
Guerbet condensation of MeOH with PrOH in batch processes to eldH in the presence of heterogeneous catalysts (C3-C5) obtained by impregnation
of C2 with different relative amounts of Pd(db)

Entry Catalyst Basic component, Dehydrogenating/hydrogenating 'BUOH yield (mol%¥
MgO (mmol) component, Pd (mmol)

1h 6h 12h
6 C3 20 0.25 63} 14 30
7 C4 45 0.25 @® 03 0.8
8 C5 60 0.25 ® 16 16
9 C4 20 0.12 ® 0.2 0.5
10° C4 20 0.12 ® 15 28
11 C3 20+20C2 0.25 .0 03 10
12 C3 20+160 MeONa 0.25 »w 400 501

@ Reaction conditions: MeOH, 1250 mmol; PrOH, 100 mniot200°C; Py, = 3 MPa; catalysts C3—C5 were pre-activated in MeOH with 8 MPa0&H
180°C for 5h.

b Calculated as (mol dBuOH/initial mol of PrOH)x 100.

¢ Catalyst C4 was submitted to a second calcination af 60@r 5 h.

to increase the catalytic performances. In fact, owing to a catalyst surface. This occurrence could be responsible of ba-
higher dispersion of the metal sites, the closer vicinity of ba- sic sites inhibition due to their coverage. Therefore, entry 10
sic and dehydrogenating/hydrogenating sites would favour was repeated by adding to C3 an equivalent amount of C2
synergistic effects on the activity. in terms of MgO (entry 11Table 3. However, also in this
However, when the pre-activated catalyst C3, contain- case, modest performances were observed. The only way to
ing Pd/Mg/Al atomic ratios equal to 0.8/65.5/33.7, was activate the system was the addition of MeONa to C3 (en-
used under nitrogen atmosphere again a very low ac-try 12; Table 3, which caused a sharp increase of activity as
tivity (3% of 'BuOH yield after 12h) was observed expected4].
(entry 6;Table 3. With the aim to detect if the lack of activity of the above
No significant improvement of activity was obtained by catalytic systems was due to their preparation procedure (im-
progressively reducing the loading of the metal on C2 up pregnation method), new catalysts were prepared by calcina-
to 0.2% (catalysts C4 and C5, entries 7 and 8, respectively;tion at 500°C of the corresponding HT precursors obtained
Table 3. This in contrast to that reported by Chen ef{&8] by co-precipitation of nitrates of Mg, Al and the metal chosen
for the synthesis of methyl isobutyl ketone from acetone with (Pd, Rh, Ni and Cu). In this way, the metal would be homo-
analogous catalysts where the above loading value was regeneously dispersed on the surface and inside the structure
ported to be the optimum. In fact, higher loading values are of the basic matrix and the closer vicinity of basic and de-
probably responsible of the formation of Pd aggregates on hydrogenating/hydrogenating sites, would favour synergetic
the catalyst surface, thus covering and deactivating the ba-effects on activity. In this context, catalysts based on Pd, Rh
sic sites. When the amount of catalyst was halved as com-and Ni (C6, C7 and C8, respectively) were firstly checked
pared to entry 8, only traces tBuUOH were obtained (entry in the Guerbet condensation of MeOH with PrOH to give
9; Table 3. Moreover, when catalyst C4 was submitted to a 'BuOH (Table 4.
second calcination at 50€, a slightimprovement of activity The obtained results indicate that also these catalytic sys-
was observed but still very unsatisfactory (entry Téble 3. tems (entries 13—15;able 4 did not reveal superior perfor-
However, it must be underlined that the preparation of the mances, only Rh-based C7 catalyst showing a slight higher
catalyst by metal impregnation, although would guarantee to activity (12.6 mol%d BuOH yield after 12 h). These data also
maintain unchanged the structure of the basic component C2seem to suggest that the co-precipitation method has to be
may cause the adsorption of the metal species mainly on thepreferred in the preparation of these heterogeneous catalysts,

Table 4
Guerbet condensation in batch processes of MeOH with PrOH tégiu@H using M/Mg/Al mixed oxides obtained from the corresponding HTprecursors by
co-precipitation and subsequent calcination (catalysts C3-C5)

Entry Catalyst Basic component, Dehydrogenating/hydrogenating 'BUOH yield (mol%¥
MgO (mmol) component, metal (mmol)
1h 6h 12h
13 Cc6 25 Pd (1.9) 0.0 0.8 .a
14 Cc7 18 Rh (0.25) 0.0 11 ®»
15 Cc8 25 Ni (4.1) 0.0 0.0 0

& Reaction conditions: MeOH, 1250 mmol; PrOH, 100 mm;, = 3 MPa;T=200°C.
b Calculated as (mol dBuOH/initial mol of PrOH)x 100.
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Table 5
Guerbet condensation in batch processes of MeOH with PrOH td Bis®@H using Cu/Mg/Al mixed oxides obtained from the corresponding HT precursors
by co-precipitation and subsequent calcination at8D(catalysts C9—C1%)

Entry Catalyst Basic component, Dehydrogenating/hydrogenating T(°C) 'BUOH yield (mol%¥
MgO (mmol) component, Cu (mmol)

1h 6h 12h
16 Cc9 88 b 200 73 185 275
17 Cc9 88 36 210 121 215 40.6
18 Cc9 41 17 200 42 111 18.5
19 C10 41 0 200 14 148 26.0
20 Cc10 21 5 200 26 109 14.9
21 C10 56 67 200 19 109 27.7
22 Cl1 40 4 200 43 136 22.0
23 C11 60 in 200 38 219 35.2
24 Cl1 60 1n 210 70 278 375
25° C12 21 25 200 19 6.6 10.1

2 Reaction conditions:. MeOH, 1250 mmol; PrOH, 100 mn#|, = 3 MPa; C9-C11 were pre-activated in MeOH under 8 MPa paH180°C for 5 h.
b Calculated as (mol dBuOH/initial mol of PrOH)x 100.
¢ Catalyst C12 was prepared by impregnation of C1 with Cu(@4¢},0 in benzene solution and displays the same composition as catalyst C10.

although the type of metal cation, which modifies the HT alyst C10, having a higher content of copper with respect
precursor, appears very crucial. to C9 was used, and entry 18 was repeated employing the
In this context, Cu/Mg/Al mixed oxides with variable same amount of the basic component (entryTedle 5. In
compositions and obtained by the co-precipitation method this experiment, a remarkable improvement of activity was
were checked in the Guerbet condensation of MeOH with observed, the yield ttBuOH being about 40% higher after
PrOH to give'BUOH. In all cases, the catalysts were pre- 12h. Considering that in this case the amount of copper was
activated under Blatmosphere at 18@ according to previ-  almost three-fold as compared to that of entry 18, this result
ous experimentgl,2,7]. seems to indicate that the metal amount may play an impor-
When catalyst C9 containing the lowest amount of copper tant role. When the amount of C10 was halved with respect
was employed (entry 16fable 5 by using reaction condi-  to entry 19 (entry 20Table 5 also thé BUOH yield halved,
tions and similar amounts of basic and metal components asthe catalyst productivity remaining substantially the same.
for the copper chromite/C1 catalyst in a previous pdpgr On the contrary, when the amount of C10 was increased with
a comparable activity was observed, the yieltBoOH pro- respect to entry 19 (entry 2Table 5, no significant im-
gressively increasing from 7.3 to 27.5 mol% after 1 and 12 h provement of BUOH yield was found. When catalyst C11,
of reaction, clearly showing that the copper-based bifunc- containing the highest amount of copper, was employed by
tional catalysts obtained directly by co-precipitation could using an amount of the basic component equal to 40 mmol
be efficiently employed in the Guerbet condensation between(entry 22;Table 5, analogous to that adopted in entries 18
MeOH and PrOH. and 19, intermediate catalytic performances were substan-
When the reaction temperature was increased t210 tially found with respect to those obtained in the cited exper-
(entry 17;Table 5, still maintaining constant the other reac- iments. However, when the amount of catalyst was increased
tion parameters, a further increase of activity was achievedto reach a value of basic component similar to that employed
(40.6% yield of BUOH after 12 h). When entry 16 was re- in entry 21 (entry 23Table 5, a significant improvement of
peated just halving the amount of catalyst with respect to 'BuOH yield was observed. Again the enhancement of reac-
the reactants (entry 18able 5, a lower PrOH conversion  tion temperature to 21T (entry 24;Table § caused a fur-
to 'BUOH was obtained. Considering that both components ther increase of activity (37.5 mol% BuOH yield). When
(metal and basic sites) were contemporary halved, it is not catalyst C12, obtained by impregnation of C1 and having
possible to address the activity reduction to one individual the same composition as catalyst C10, was used under the
species of the two types. In order to clarify this point, cat- same conditions as in entry 20 (entry d%ple 5, a signifi-

Table 6

Distribution of the basic sites evaluated by £&sorption in the TPD experiments

Basic catalyst (Cu/Mg/ Overall amount of Weak basic sites Medium basic Medium—strong basic Strong basic sites
Al at. ratio %) desorbed CQ(p.mol/g) (p.mol/g) sites {Lmol/g) sites Lmol/g) (rmol/g)

C1 (0/71/29% 249 17 59 135 38

C2 (0/66/34% 284 39 10 117 118

C10 (7.6/62.7/29.7) 110 8 54 41 7
C11(11.1/60.1/28.8) 112 7 66 34 5

@ Data reported in Ref7].
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Table 7

IBUOH yield obtained in the Guerbet condensation of MeOH with PrOH with a continuous reactor in the presence of the CP1 catalyst

Entry Temperature’C) PrOH Conversion (mol%) 'BUOH yield (mol%¥ Selectivity (%)
26 250 220 19.7 86.4

27 280 100 79.3 79.3

a Reaction conditions: C11, 2.7 g; MeOH/PrOH, 6.25 mol/mol; contact tife,l2molL.
b Calculated with respect to PrOH.

cant reduction of activity was achieved, 10.1 mol%BxfOH and by analysing the reaction products every 10 min. Under
yield after 12 h being obtained versus 14.9 mol%. This result these conditions, as shown by GC/MS analysis on the product
confirms that the co-precipitation method is by far the best obtained after 1h of reactiohBuOH was formed only in
one for preparing the M/Mg/Al mixed oxides bifunctional traces, unreacted reagents being substantially recovered. On
catalysts. increasing the reaction temperature from 200 toZ5Qentry
Finally, it must be underlined that in all the experiments, 26) and thento 280C (entry 27), a progressive improvement
the selectivity to'BUOH was almost complete, no side- of the yield to'BUOH was observedTable 7.
products deriving from PrOH self-condensation or by Can-  In both cases, after 1 h of reaction, a steady state was
nizzaro reaction being formed. reached, the yield t6BuOH being about 20 and 80%
With the aim to have a deeper insight on the relations for reaction temperatures of 250 and 280 respectively.
between activity and concentration as well as strength of the The selectivity, although not complete, was always around
basic sites in the copper-based co-precipitated systems, thé&0% (Table 7. Several by-products were identified such as
catalysts C10 and C11, with lower Mg/Al atomic ratios, were Ppropanal, 2-methyl-propanal, 2-methyl-pentanal, methyl 2-
characterized as previously reported for catalysts C1 and C2methyl-propanoate and some ketones, such as butan-2-one,
[7] by TPD analysis. The data are reportedrable 6and 3-methyl-butan-2-one and pentan-3-one. A tentative to ex-
compared with those achieved in R§f] for catalysts C1  plain how some of the above by-products may be formed is
and C2. reported inScheme 2
The TPD characterization of the catalysts clearly shows  These results, to the best of our knowledge, have shown
that the partial substitution of Mg cations with copper re- values of selectivity and yield t®uOH much higher than
markably decreases not only the total amount of basic sitesthose previously reported in similar experiments where a re-
but also the percentage of medium—-strong and strong basicaction temperature of 30€ was adopted20,21] Indeed,
sites. However, catalysts C10 and C11 have the same conthe catalytic systems used in these last experiments exclu-
centration of overall basic sites and the slightly higher con- sively consisted of heterogeneous basic components without
centration of medium—strong and strong basic sites in C10 any hydrogenating/dehydrogenating metal species, which, as
may be compensated by the lower content of copper dehy-already shown, plays a fundamental role in the Guerbet reac-
drogenating/hydrogenating sites, the performances of the twotion [5].
catalysts being quite similar. It must be underlined that the results obtained in flow re-
In conclusion, the systems obtained by the co-precipitation actor are quite promising although several aspects have to be
method, which display performances comparable with those further investigated, such as the influence of the contact time,
obtained by blending copper chromite with C1, appear
very promising. In fact, C9-C11 catalysts are also pre- CH;0H —— CH0
ferred because they allow to eliminate chromium, a Nnon-  CH;CH,CH,0H — CH;CH,CHO
environmental-friendly metal, and at the same time, they are

3He - H0
more simple consisting of only one component. CHyCH,CHO —» CH;CHCH—CHCHO — = | CHyCH,CH,CHCHO
In this context, this Cu-based catalyst (C11) was checked G0 OH CH; CHy
in preliminary experiments where the Guerbet condensation 2-methyl-pentanal
of MeOH with PrOH was carried out in flow processes. CH-‘E:T;:?
112
3.2. Guerbet condensation of MeOH with PrOH in flow ; “:l-"»-o CH,GHCH,OH
processes Hy CHy
('H3(|?H(‘HO "BuOH
The catalytic experiments were carried out in gas—solid s N'
phase with a contact time equal 8 @h mol1, a value very 2-methyl-propanal - CH;CHCOOCH;
similar to that previously reported for analogous processes bn,
[20].

) . . methyl 2-methyl-propanoate
The first experiments were performed at 2Q0by using

a molar ratio MeOH/PrOH equal to 6.25 at room pressure Scheme 2.
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