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Abstract

The hydrogenolysis of formic esters to methanol, as the second step of the low temperature methanol synthesis from syngas,
has been studied using rhenium catalysts. ‘Rhenium blacks’ containing reduced Re(0) species produced ‘in situ’ starting from
soluble rhenium precursors like Re,O; or Re,(CO) y, are active and generally very selective (99%) in the hydrogenation of the
formy] group to methanol. Unfortunately this catalyst suffers from CO poisoning: however, the poisoning is reversible and the
catalytic activity can be restored by treatment with pure hydrogen. Rhenium catalysts supported on oxides generally are less
active and selective: the acid or basic centres of the support, which strongly interact with the oxophilic rhenium cations, make
difficult the generation of the active Re(0) species and on other hand promote the decarboxylation of the formic ester.
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1. Introduction

Several process alternatives have been pro-
posed for converting CO/H, to methanol at milder
conditions with respect to the current copper-cat-
alyzed process in order to improve the thermo-
dynamic efficiency of the process. Among these
alternatives one of the most notable is the synthe-
sis of methanol via an alkyl formate, generally
methyl formate [1]:

CH,OH + CO = HCOOCH, (1)
HCOOCH, + H, - 2CH,0H (2)
CO+2H, - CH,OH (3)
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Methanol is first carbonylated to methyl for-
mate and the subsequent hydrogenolysis resuits in
the gain of a methanol molecule over the total
reaction (Eqgs. 1-3).

While the carbonylation step is commercially
available, the hydrogenolysis, in order to be eco-
nomically advantageous, must be carried out
using a hydrogen feed containing the CO not con-
verted in the carbonylation stage; as a conse-
quence, the hydrogenolysis catalyst must be
insensitive to CO poisoning [ 1]. Furthermore the
same catalyst should be able to depress undesired
reactions such as decarbonylation and decarbox-
ylations (Eqgs. 4-7); reaction (7) follows an inter-
mediate hydrolysis step occurring when water is
present:



20 G. Braca et al. / Journal of Molecular Catalysis A: Chemical 95 (1995) 19-26

HCOOCH; = CH;0H+CO 4)
HCOOCH; — CH, + CO, (5)
HCOOCH; + H,0 = CH,0H + HCOOH (6)
HCOOH—-CO,+H, 7

Up to now copper-based catalysts (copper
chromite, Cu-Raney, Cu/Si0,) have been exten-
sively studied but they generally were found to be
inhibited by CO whereas a contemporary signifi-
cant decarbonylation of the esters took place
[2,3]. Moreover, in the gas phase, the heteroge-
neous copper hydrogenolysis catalysts were also
deactivated by the intermediate formaldehyde,
whose polymers deposit on their surface [4].

In this context the hydrogenating activity of
homogeneous and heterogeneous rhenium cata-
lysts, never reported in methyl formate hydrogen-
olysis, has been investigated with the aim at
finding new useful catalytic systems.

Rhenium oxides (Re,O5, ReO;, ReO,, Re,0;,
ReO) are known to act as hydrogenation catalysts,
and are particularly active for ketones, aldehydes,
amides and also for acids and carboxylic acids
esters [5-8]. By using Re,O; as precursor, under
high hydrogen pressure and at temperatures rang-
ing from 120 to 220°C, a heterogeneous hydro-
genation catalyst indicated as ‘rhenium black’ is
obtained, able also to hydrogenate esters and a lot
of carboxylic acids to alcohols but not formic acid
to methanol [5].

About the nature of the active species present
in the ‘rhenium black’ metal Re(0), or Re(1V)
species, when water or acetic acid are the reaction
media, have been suggested [5].

Another interesting characteristic of the homo-
geneous and heterogeneous rhenium catalysts is
their activity in the hydrogenation of CO to eth-
ylene glycol and methanol [9,10] and in the
hydroformylation of olefins [ 11] which suggests
a possible maintenance of the hydrogenating abil-
ity also in the presence of CO.

Finally, a recent patent has reported the resis-
tance of rhenium catalysts to formaldehyde poi-
soning [ 12], a possible drawback in formic esters

hydrogenolysis, where formaldehyde is produced
as intermediate; however, the catalyst employed
in that study (Re/C) was unable to hydrogeno-
lyze alkyl formates, their decomposition to alco-
hol and CO being the only reaction detected.

2. Experimental
2.1. Materials

NH,ReO, (Strem), Re,O; (Fluka),
Re,(CO),, (Fluka) were used as received.

[Re (CO); (OH)1, [13], [Bu,N] [Re,
(CO)6 (OMe);] [14], HyRe; (CO)y; [15] and
H, Re, (CO),, [16] were prepared according to
literature methods.

Supported Re catalysts were prepared by wet
impregnation of the support with slightly warm
solutions of ammonium perrhenate and successive
drying at 250°C for 8 h.

The following supports were used: SiO, (Akzo
Si-4-5p; surface area: 400 m?/g), Al,O; (Akzo
p29440; surface area: 200 m*/g), MgO (Carlo
Erba; surface area: 80 m?/g), TiO, (Fluka; sur-
face area: 55 m?/g), Nb,Os (CBMM; surface
area: 164 m?/g).

The determination of rhenium content in the
various supported catalysts was carried out spec-
trophotometrically according to literature proce-
dure [17].

2.2. Apparatus and procedure

The hydrogenolysis reactions were carried out
in a 190 ml Hastelloy C rocking autoclave filled
with a glass vial and heated in an oil bath and
equipped with devices for removal of liquid and
gas samples during the runs.

2.3. Analysis

Liquid and gas products were analyzed by GLC
(Perkin Elmer Sigma 3B) as reported previously
[18].
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IR spectra were carried out with a Perkin Elmer
1750 Fourier transform infrared spectrometer.
The infrared cell was interfaced to a gas manifold
to maintain the recovered catalyst under argon.

3. Results and discussion

3.1. Hydrogenolysis of methyl formate with
soluble rhenium precursors

The most utilized soluble rhenium precursors
reported in the literature are the Re(VII) oxide,
Re,0;, and the Re(0) carbonyl Re,(CO) .

Hydrogenolysis runs on methyl formate, car-
ried out with Re, O reduced in situ to ‘Re black’
at 200°C and 10 MPa of hydrogen, displayed good
selectivity to methanol (up to 99%), being very
limited the decomposition of the formic moiety to
CO or CO, (run 1, Table 1).

The recycled ‘rhenium black’ catalyst did not
lose significantly activity and selectivity in suc-
cessive hydrogenolysis cycles (Table 1, run 2).

The hydrogenolysis of methyl formate took
place very rapidly also under milder temperature
conditions (150°C, but at higher pressures and
rhenium concentrations) and also using THF as
solvent (Table 1, run 5 and 6).

In contrast, when the hydrogenolysis was car-
ried out in the presence of initial CO (H,/CO:
10) (Table 1, run 3), a marked decrease of the
catalytic activity was observed. Contemporary a
great part (=60%) of the catalyst was trans-

Table 1
Hydrogenolysis of methyl formate with Re,O,

formed into Re,(CO),, present in solution or
adsorbed on the solid catalyst. This result gave an
indirect confirmation of the prevailing Re(0)
nature of ‘rhenium black’ and prompted us to
accomplish a new synthesis route of Re,(CO),,
from Re, O, under mild conditions in the presence
of CO/H, mixtures [19].

After removal of the adsorbed Re,(CO) ,,, the
residual solid catalyst was used in a successive
hydrogenolysis cycle under pure H, (Table 1, run
4): its activity (expressed as TN and taking into
account the loss of soluble Re) and selectivity
toward MeOH were completely restored. This
indicates that ‘rhenium black’ can be regenerated
under pure H,. IR spectrum of the solid catalyst
recovered from run 4 indicates the complete
absence of carbonyl species.

To better clarify the phenomenon of CO-
induced catalyst inhibition, the hydrogenolysis of
methyl formate was also investigated starting
from homogeneous rhenium metal carbonyl com-
plexes.

Catalysts originated from Re,(CO) ;, were less
active both in pure methyl formate and in THF
with respect to the corresponding catalysts
obtained from Re,0, working under analogous
conditions (compare runs 7-8, Table 2 with runs
5-6, Table 1).

The selectivity to methanol was always > 95%
being CH, and CO, the only by-products; no
decarbonylation reaction of methyl formate was
noticed.

Run 1 2

Catalyst charged Re,0, ‘Re black’ from run 1
Methy! formate/Re (w/w) 200 200

p H, (MPa) 10 10

p CO (MPa) - -

T(°C) 200 200

Time (h) 8 8

Conversion (%) 79.7 77.9

MeOH (Selectivity %) 98.6 99.7

TN (hH" 10.5 10.3

3 4 5 6°
‘Re black’ from run 2 ‘Re black’ from run 3 Re,0, Re,0,
200 500 60 60
10 10 15 15
1 —_ — _
200 200 150 150
8 8 4 4
4.2 33.1 70.0 89.0
100 95.8 98.0 98.5
05 10.5 8.3 10.8

2 Solvent: THF (THF/MF=2/1v/v).
°TN (h~'): g MeOH/(g Re Xh).
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Table 2

Hydrogenolysis of methyl formate with Re,(CO)},

Run 7® 8 9® 10° 11°®

Methyl formate/ 60 60 60 60 40

Re (w/w)

Promoter - - EN p-tolylsulphonic  Me;NO
acid

Promoter/Re - - 2 5 3

(molar ratio}

Time (h) 4 4 17 7 4

Conversion (%) 42 33 35 29 23

MeOH 96.0 973970 953 82.1

(Selectivity %)

TN (h™Y)° 39 31 19 15 11

® Reaction conditions: temperature: 150°C; pressure (H,): 15 MPa.
b Solvent: THF (THF/MF=2/1v/v).
°TN (h™'): g MeOH/ (g Re X h).

The IR spectroscopic analysis of the discharged
solution revealed the presence of a part of uncon-
verted Re,(CO);,p and little amount of
[Re(CO);(OH) ], (produced by reaction of rhe-
nium carbonyl with moisture impurity); solid
‘rhenium black’ was also separated.

Working in the presence of CO (CO/H,:1/12)
complete inactivity was observed and no solid
‘rhenium black’ was formed.

The addition of bases, such as Et;N, did not
promote the expected formation of hydrido-car-
bonyl species which could increase the hydrogen-
ating activity; analogously the addition of strong
acids, such as p-tolyl sulphonic acid, did slightly
inhibit the catalytic activity (runs 9-10, Table 2).

The difficulty in activating rhenium carbonyl
prompted us to investigate the effect of the addi-
tion of species (such Me;NO) able to subtract CO
from the metal with formation of CO,. The activity
of the modified system was very scarce and the
selectivity to methanol was lower than 85%: in
this case significant decarbonylation of methyl
formate was observed (run 11, Table 2).

The IR analysis of the discharged solutions
revealed that Re,(CO),, was in this case com-
pletely converted into other carbony! species such
as [Re (CO); (OH)], and [Re, (CO)s
(OMe);_, (OH),]~ (x=0-3) [14,20,21]. Fur-
thermore, separate runs using [Re (CO); (OH) 1,4
and [Bu,N] [Re, (CO)¢ (OMe),] as catalytic

precursors showed that they were very stable and

unable to catalyze the hydrogenolysis of methyl

formate (not reported in the table): this indicates
that they should not correspond to active species.

Other hydrido rhenium carbonyl precursors,
such as H3Re;(CO) , and H,Re,(CO),, were not
able to hydrogenate methyl formate; the addition
of MesNO favoured only the production of
[Re(CO);(OH) L.

In conclusion, the following points have been
ascertained about the catalytic activity of rhenium
catalysts produced from homogeneous precur-
SOrs:

(i) ‘rhenium black’ heterogeneous catalyst,
formed from Re,O, under pure hydrogen
and likely consisting of metal Re, is active
and very selective in the hydrogenation of
the formic moiety. A reversible CO poison-
ing is observed working under CO/H,
mixtures.

(ii) the presence of CO ligands in the precursor
compounds makes more difficult the reduc-
tion to ‘rhenium black’.

(iii) rhenium(I) species, such as [Re (CO),
(OH)]4 and [Re, (CO)s (OMe);] ™ are
catalytically inactive.

3.2. Hydrogenolysis of formic esters with
supported heterogeneous rhenium catalysts

In order to diminish rhenium concentration and
attain a better dispersion of metal, heterogeneous
catalysts, prepared by wet impregnation of differ-
ent supports with ammonium perrhenate, were
prepared and tested after a preactivation with 10
MPa of hydrogen at 200°C in n-hexane. Acid,
neutral and basic supports were used.

When Re/SiO, was used in the hydrogenolysis
of methyl formate, the activity and selectivity
toward MeOH appeared reduced with respect to
catalysts prepared from homogeneous precursors
(compare run 12, Table 3 with run 1, Table 1)
and a significant formation of CO, and methane
was observed.

The solid catalyst recycled in successive
HCOOMe hydrogenolysis tests maintained
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Table 3

Hydrogenolysis of methyl formate with supported rhenium catalysts *

Run 12 13 14 15 16
Catalyst charged Re/SiO, ® Re/SiO, from run 12 Re/SiO, from run 13 Re/SiO, from run 14 Re/AlLO5°
p H, (MPa) 10 10 10 10 10
p CO (MPa) - - 1 - -
Conversion (%) 46.1 43.0 48 40.9 12.1
Reaction products Selectivity %

MeOH 90 90 675 90.4 60.5
CO, 7.0 5.0 14.5 5.9 9.7
co - - - - -
CH, 3.0 5.0 18.0 37 12.0
TN (h= 1) ¢ 1.1 1.0 0.1 0.9 0.2

* Reaction conditions: temperature: 200°C; methyl formate/Re: 118; time: 24 h.

> Re/Si0,: 4.77% Re.
© Re/ALO,: 4.29% Re.
4TN (h™'): g MeOH/ (g Re X h).

almost unchanged its catalytic activity and selec-
tivity (Table 3, run 13). When the hydrogenolysis
of methyl formate was carried out with H, stream
containing CO (H,/CO: 10/1) a marked decrease
of the catalytic activity and an increase of the
selectivity to CO, and CH, formation were
observed (Table 3, run 14).

IR analysis of the discharged solution (from
run 14, Table 3) excluded the formation of soluble
Re,(CO),, or other carbonyl derivatives. On the
contrary the IR spectrum of the solid discharged
catalyst provided evidence for the presence of a
strong band at 2030 cm ™' due to linear Re~CO
species, to be compared with the strong band at
2035 cm ™! reported in the literature for CO lin-
early bound to Re supported crystallites; absorp-
tions assignable to oxidized rhenium carbonyl
species were nearly absent (Fig. 1) [22,23].

The formation of Re(0) carbonyl species
should indicate the presence of metal Re(0) in the
preactivated catalyst and of weak interactions
between rhenium and SiO, which facilitate its
reduction [24]. The lower catalytic activity of the
supported catalyst with respect to ‘rhenium black’
is probably related to residual not fully reduced
rhenium species, dissolved into bulk SiO, [25].

The residual solid catalyst, used in a successive
recycle under pure H,, restored again nearly com-

pletely its activity and selectivity (run 15, Table
3).

The acid y-Al,O5 was also used as support for
rhenium catalysts in the hydrogenolysis of methyl
formate. The catalyst was very little active in this
reaction whereas promoted an extensive ester
decomposition (decarbonylation and decarbox-
ylation), favoured by the acid character of the
support (Table 3, run 16).

These negative performances point out once
again the relevance of reducing Re completely:
the reduction of rhenium on y-Al,O; is in fact
reported to be more difficult with respect to Re/
SiO, due to the oxophilic nature of the rhenium
cations which are strongly bonded to the support
oxide surface [26,27]. These strong metal support
interactions (SMSI) prevent the reduction step
[28,29], causing a significant decrease of the cat-
alytic activity of the hydrogenolysis reaction.
Residual activity could be assured by the presence
of very low amounts of Re(0), as also observed
in related spectroscopic studies [30].

To gain more information on the hydrogenation
of the formyl moiety some experiments were then
carried out using formic esters of higher alcohols.

Thus Re/SiO, catalysts were tested in the
hydrogenolysis of ethyl formate and n-butyl for-
mate (Table 4, runs 17-18): lower activity with
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Fig. 1. Infrared spectra in the carbonyl region of: (A) Re/SiO,
catalyst recovered after run 14 carried out in the presence of CO;
(B) Re/TiO, catalyst recovered after run 20 carried out in the pres-
ence of CO. (C) Re/Nb,O; catalyst recovered after run 23 carried
out in the presence of CO.

respect to methyl formate hydrogenolysis was
ascertained; the lower selectivity toward free
MeOH (30%) was due to the transesterification
reaction to methyl formate (Eq. 8):

HCOOR + MeOH = HCOOMe + ROH (8)

Re/TiO, catalysts, reported in the literature as
active in the CO hydrogenation to methanol [23]
and consequently insensitive to CO poisoning,
were also tested in the ethyl formate hydrogenol-
ysis: they showed a catalytic activity analogous to
that observed with Re/SiO,, but the extent of the

decarboxylation reaction was higher and a CO
reversible poisoning was again observed (Table
4, run 20).

The infrared spectrum of the discharged cata-
lyst (Fig. 1 B) showed not only the absorption at
2030 cm ™' due to CO occupying sites on the metal
surface, but also the presence of a broad band
centered at 1900 cm™' probably due to an oxi-
dized rhenium carbonyl species on the titanium
oxide.

Also the less known Re/Nb,Os catalyst,
claimed to be active in the hydrogenation of CO,
to methanol [31], was tested in the hydrogenol-
ysis of ethyl formate: in this case the formic moi-
ety was prevailingly decomposed to CO,, due to
the high acidity of the support [32]. The IR spec-
trum of the catalyst, recovered after the run carried
out in the presence of CO, indicated the presence
of CO linearly bound to supported Re(0) (v CO:
2030 cm™') but also the prevailing presence of
oxidized carbonyl species, with ¥ CO bands at
2030, 1920 and 1885 cm ™!, assignable to species
of general formula [Re(CO);][ONb],_,
[HOND], [33-35]. The presence of these species
at the expenses of Re(0) is likely the cause of the
low hydrogenolyzing ability.

Finally a basic support as MgO was used. Also
for this oxide several studies [33,34,36-38]
revealed the easy formation of the [Re
(CO);1{OMgl.:_,[HOMg], species thus indi-
cating the presence of strong interactions pre-
venting complete rhenium reduction.

In effect also in this case a scarce hydrogeno-
lyzing activity and a significant decomposition of
the formic moiety to CO, were observed (Table
4, runs 25-27).

In conclusion, the use of supported rhenium
catalysts always resulted in a decrease of the over-
all activity (TN) with the supported catalysts suf-
fering from the same CO poisoning as ‘rhenium
black’: moreover the supports, especially acid and
basic ones which strongly interact with rhenium
oxides, make difficult the reduction to the active
Re(0) species. Thus, the best support appears to
be silica where Re(0) species can be easily gen-
erated and stabilized; similar conclusions were
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Table 4

Hydrogenolysis of ethyl and butyl formate with supported rhenium catalysts *

Run 17 18 19 20 21 22 23 24 25 26 27

Catalyst Re/Si0," Re/Si0,® Re/TiO,° Re/TiO, Re/TiO, Re/ Re/Nb,Os Re/Nb,Os Re/MgO°® Re/MgO Re/MgO

charged fromrun fromrun  Nb,Os*  fromrun  from run fromrun  from run
19 20 22 23 25 26

Ester HCOOEt HCOOBu HCOOEt HCOOEt HCOOEt HCOOEt HCOOEt HCOOEt HCOOEt HCOOEt HCOOEt

pH, (MPa) 10 10 10 10 10 10 10 10 10 10 10

pCO (MPa) - - - 1 - - 1 - - 1 -

Conversion  41.7 449 62.4 14.7 76.3 66.7 25.6 71.0 69.7 11.5 63.2

(%)

Reaction Selectivity %

products

MeOH 29.6 25.2 31.2 2.1 43.9 23.1 53 30.4 25.7 - 24.5

HCOOMe 557 60.0 482 59.6 23.5 21.7 449 22.9 233 11.8 304

CO, 7.0 8.0 17.7 18.1 28.0 40.6 375 314 36.8 60.2 32.8

CcO ~ - - - - - - - 3.6 - 3.7

CH, 7.7 6.8 29 20.2 4.6 14.6 12.3 15.3 10.5 28.0 8.0

TN (hHf 0.8 0.6 1.0 0.2 1.0 0.6 0.2 0.8 0.8 0.3 0.7

 Reaction conditions: temperature: 200°C; alkyl formate/Re: 118; time: 24 h; all catalysts were used after a preactivation step carried out under H, in

n-hexane at 200°C.
" Re/Si0,: 4.77% Re.
¢ Re/TiO,: 4.5% Re.
¢ Re/Nb,0s: 4.3% Re.
¢ Re/MgO: 4.2% Re.
g of formed MeOH (as free MeOH+MeOH in MF)
gReXh ’

TTN (h™"):

also achieved in a study on the hydrogenation of
CO, with supported rhenium catalysts on different
oxides [39].

3.3. General conclusions

The present work shows that heterogeneous dis-
persed rhenium catalysts, i.e. Re(0) ‘rhenium
black’, is an active (TN: 10 g MeOH/(g Re X
h) and selective (selectivity >99%) catalyst for
the hydrogenation of the HCO group to methanol
under not too drastic conditions (T 150-200°C,
P: 10-15 MPa).

Unfortunately, the active metal rhenium is poi-
soned, albeit in a reversible manner, by CO with
formation of rhenium carbonyl species: the car-
bonylation may proceed up to the formation of
soluble Re, (CO) ;.

The ‘rhenium black’ upon recycle maintains
unchanged its catalytic activity and after poison-

ing by CO can be restored by treatment at high
temperature (200°C) with pure H,.

The formation of oxidized rhenium(I) species
corresponds to the occurrence of less active cata-
lysts, both in the homogeneous (species [Re
(CO); (OH)]s and [Re, (CO)s (OMe);_,
(OH),] ™), and in the heterogeneous phase (spe-
cies [Re (CO);] [OM*];_, [HOM"*], (x=0-
3; M*=Al, Mg,).

Thus, only neutral and almost inert matrices can
be proposed as supports for the rhenium catalysts
to be used in the hydrogenation of the formyl
moiety of the formic esters without causing their
decarboxylation to CO, and CH,.
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