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Abstract

Anickel-aluminum layered double hydroxide (LDH), of which structure is similar to that of hydrotalcite, has been synthesized. Liquid-phase
carbonylation of methanol to methyl acetate is catalyzed over the LDH in presence of methyl iodide at 473 K. Dimethyl ether is also formed
in the reaction, but formation of acetic acid is undetectable. Nickel ions in the LDH can be replaced with tin ions, and the presence of tin
significantly promotes the activity of the LDH. Formation of methyl formate depends on the pressure of carbon monoxide in the reaction,
suggesting that insertion of carbon monoxide to methyl iodide is a key step of the carbonylation and dimethyl ether reacts with the intermediate
to form methyl formate.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction active under vapor-phase conditiof&-13]. Hydrotalcite,
Mg1_xAl(OH)2(CG3),/2, is known as a layered double

Methanol carbonylation is one of the most important hydroxide (LDH) in which a wide variety of metal cations
reactions for the manufacture of acetic acid and methyl ac- can be introduced14]. The material is a good support of
etate, which is further carbonylated to acetic anhydride. The rhodium for the liquid-phase reacti¢h5]. LDH consists of
reaction was first practiced in a high temperature (573 K) positively charged brucite-like layers with charge-balancing
and pressure (68 MPa) process using boron trifluoride or anions and water molecules and generally represented by
phosphoric acid1]. A metal carbonyl catalyst was dis- the formula of M_,2+M, 3 (OH)2(A"7),/, -mH20, where
covered by Reppe, but the process still required pressureM?* is a divalent cation, e.g., Mg, Ni, or Zn; ¥ is a
above 50MPa[2,3]. The first commercial process was trivalent cation, e.g., Al, Cr or Fe; and"A is a charge
developed by BASF. In the process the cobalt carbonyl cat- compensating anion such as €0, NO3~, etc. Nickel is
alyst was used in presence of methyl iodide at 523K and another active metal for methanol carbonylatid6—18]
68 MPa[4]. A breakthrough was made by discovery of the and Fujimoto et al. showed that solid-phase nickel cata-
rhodium carbonyl catalyst developed by Monsaft5]. lysts can catalyze vapor-phase carbonylation of methanol
However, this well-known synthetic route of methanol car- to methyl acetatd19]. Thus, LDH containing Nit is a
bonylation still suffers from recovery of expensive rhodium candidate of the catalyst for methanol carbonylation. In this
metal, multiple steps, complicated synthetic operations and paper we will show that LDH whose cations are nickel and
lengthy work-up procedures. Attempts have been made toaluminum can catalyze liquid-phase methanol carbonyla-
use heterogeneous catalysts for methanol carbonylgfjlpn  tion in presence of methyl iodide and addition of tin to the
because the system will be advantageous in separation andolid promotes the activity.
recovery of the products and recycling of the catalysts. A
number of supported rhodium catalysts are reported to be

2. Experimental
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solution of N@COs (0.3 M) and NaOH (2—-3 M) at pH 10.
The resulting mixture was stirred for 2 h at room tempera-
ture and aged at 343K for 3h. The precipitate was filtered,
washed and dried at 373K for 24 h. Samples containing
tin, (Ni1—,Sn,)1—xAl, LDH (0 < n < 0.5, 0.2=x < 0.5),
was prepared by the same procedure as above except th
presence of Snglin the starting solution.

Patterns of powder X-ray diffraction (XRD) of the
samples were recorded with a Rigaku Rotaflex using
nickel-filtered Cu Kx.

The BET surface areas of the samples were determined
from nitrogen physisorption isotherms.

Temperature-programmed reduction (TPR) of the samples
(0.10 g) was carried out in a stream of 5vol.% of hydrogen
diluted with argon at a flow rate of 1.8 drh—1. Temperature
of the sample bed was risen linearly at a rate of 300K h
The hydrogen consumption was regularly monitored with a
thermal conductivity detector (TCD).

Catalytic tests were performed in an autoclave (0.8)dm
Prior to the reaction the catalyst (0.20 g) was stabilized under
evacuation followed by reduction with hydrogen at 473K
for 2h and sealed in a glass capsule. In a typical experi-
ment, the capsule was placed in the reactor with mixture
of methanol (780 mmol) and methyl iodide (35 mmol), and
CO (101 mmol) was introduced at 1.2 MPa after displacing
air inside of the reactor with argon. The capsule was bro-
ken by pressurizing and the reactor was heated up to 473 K.
The products were analyzed with an Ohkura-802 gas chro-
matograph (TCD) whose columns were PEG 1500 (2 m) and
Porapak T (2m).

3. Results and discussion
3.1. XRD characterization

The XRD pattern of Nj.75Alp.25 LDH showed that the
sample has hydrotalcite-like structure with good crystallinity
(Fig. D) [15]. The peaks at Fland 22 in 26 can be attributed
to (003) and (006) of rhombohedral symmetry, respec-
tively, and the values depend on the lattice parametenr-
responding to three times thickness of the brucite-like layer.
The peaks were broad in the patterns ofi(INSn,)1— Al
LDH (seeFig. 1), suggesting that the distance between the
layers are somehow disordered compared witi7l g 25
LDH. The lattice parametea, corresponding to the average
distance of cations in the positive brucite-like layers, was

almost the same regardless of the Sn content in the samples

(Fig. 2). This shows that St is replaced with Ni* in the
positive brucite-like layers, whereas the ionic radii ofNi
and SAt are the same (0.83 A). The increase iff Sions in
the positive layers results in an increase in the charge of the

layers causing stronger electrostatic interaction between the

positive layers and the negative inter-layers. The interaction
can account for the decrease in the valuedfwith an in-
crease in the number of $hwhile an increase in the num-
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Fig. 1. XRD patterns of Ni7sAlg2s5 LDH and (Nip.75SM0.25)0.75Al0.25
LDH.
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Fig. 2. Lattice parameters and BET surface area of (\$n,)o.75Alo.25
LDH.

ber of CQ?~ ions may affect the change in the distance (see
Fig. 2). The similar tendency was observed by changing the
value ofx, i.e., Al/(Al + Ni + Sn) (Fig. 3). The higher con-
tent of ARBT in the positive layers will result in the stronger
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Fig. 3. Lattice parameters and BET surface area of {8y .25)1- Al
LDH.



M.P. Kapoor, Y. Matsumura/ Catalysis Today 93-95 (2004) 287-291 289

50 40
AI/(Al + Sn + Ni) = 0.25
= Z
o ]
3 L30
= S 3
S 5 s
£ Nio.75Alo.2sLDH - [0 S
5 o s
- ° Pl
> o
= 10 =
‘A ~.
S 2
E (Nig_755n0_25)0.75Al0.25L DH o 0
0 0.2 0.4 0.6
i+
300 500 700 900 Sn/(Ni + Sn)
Temperature !/ K Fig. 5. Catalytic activity of (Ni—,Sn,)o.75Alp25 LDH in liquid-phase
methanol carbonylation at 473K for 12 h.
Fig. 4. TPR profiles of NizsAlo2s LDH and (Nip.75Sm.25)0.75Al0.25
LDH.
40 40
. . Sn/(Ni + Sn) = 0.25
electrostatic bonding between the layers. The BET surface S
areas of th_e samples were as hlgh as 14172?@1%1 It de.— 30 | g0 %
creased with an increase in Sn/(NiSn), but increased with 5 DME 3
an increase in Al/(AH- Ni + Sn) (se€Figs. 2 and B £ MeOAc o
- o
~ 20 -20 S
3.2. Temperature-programmed reduction o — §
[
. . . ~ — 2
The TPR profiles for Nj75Alg2s5 LDH and (Nip.7s 10 - 10 i
Smy.25)0.75Al0.25 LDH showed that slight hydrogen con- s
sumption takes place above ca. 400K, while the major
reduction peaks started from ca. 600Kd. 4). The XRD o 0

patterns of these samples after reduction with hydrogen at (Ni + S:;/(AI + N+ S:)'S
573K for 1 h were very similar to those of the samples as

prepared (seEig. 1), appearing that the major part of nickel Fig. 6. Catalytic activity of (Ni.75Srb.25)1-xAlx LDH in liquid-phase
ions were retained in the structure. However, complete de- Methanol carbonylation at 473K for 12h.

struction of the LDH structure after the reduction at 773K

was confirmed by the XRD measurement. celerated with a time period of reactioRig. 7). The XRD
pattern of the catalyst recovered in air after the reaction for
3.3. Methanol carbonylation 12 h was very similar to that prior to the reaction. The activ-

ity of the recovered catalyst without the pretreatment with

Liguid-phase methanol carbonylation was catalyzed over
Nig.75Al .25 LDH at 473 K. The major products were methyl
acetate (MeOAc) and dimethyl ether (DME) without any loss
of methyliodide. A small amount of acetaldehyde (0.2 mmol
or less for 12h) was by-produced, but no formation of
acetic acid was detected. Addition of tin to the catalyst in-
creased the yield of MeOA¢{g. 5. The maximum yield of
32.3 mmol was produced with (hy5Smy 25)0.75Al 0,25 LDH
in the reaction for 12 h. The total methanol conversion was
almost stable up to, i.e., Sn/(Ni+ Sn), equal to 0.25, but
decreased at the higher value. When the value-ef{ i.e.,

(Ni + Sn)/(Al + Ni + Sn), was changed, the methanol con-
version and the yield of MeOAc increased with an increase 0 :

in the value of 1— x, but they decreased at-1 x being 0 5 10 15
equal to 0.8 Fig. 6). Time period of reaction / h

In the initial Stag? of the reaction with (b}HSSm:ZS)O.?S Fig. 7. Time profile of liquid-phase methanol carbonylation over
Alg 25 LDH, production of MeOAc was small and it was ac-  (Nig.75Sm.25)0.75Al0.25 LDH at 473K.
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40 40 which is generally accepted in the reaction scheme of
methanol carbonylatiofi7,18], is probably the key step in
the reaction over the LDH, indicating that actual reactant
is not methanol but methyl iodide, which is reproduced
in the reaction. Nickel carbonyl complex would catalyze
the reaction stefj17,18], but it is known that the activ-
ity is small in absence of promoters such as phosphine
and tin organic compounds. In addition XRD pattern of
(Nig.75Smp.25)0.75Al0.25 LDH recovered after the reaction
showed no change in the structure, appearing that dissolu-
tion of nickel into the solvent hardly takes place. Shikada
et al. pointed out the importance of valence shift between

oy 10 20 30 P Ni® and NP+ to produce T and Ch—Ni to which CO is
inserted20]. The activity of the LDH catalysts was not sta-
ble without the pretreatment with hydrogen, suggesting that
Fig. 8. Effect of CHI concentration on liquid-phase methanol carbony- partial reduction of nickel is an important step in the cat-
lation over (Np.75Sno.25)0.75Alo.25 LDH at 473K for 12h. alytic process. However, no peak attributed to nickel metal

was recorded in the XRD pattern of @Ni5Sp 25)0.75Al0.25

LDH after the reaction. The function of $hto the reaction
hydrogen at 473K was almost half of the new one. We did is not clear at present. The cations may stabilize the active
not carry out the pretreatment in this experiment because or-species, but the excessive addition of Snauses a decrease
ganic compounds strongly stuck on the recovered catalyst.in the quantity of the active nickel species ($&g. 5. A
Nevertheless, the reaction was repeatable with the recov-decrease in the number of 31 ions in the positive layers
ered catalyst, showing that the methanol carbonylation takescorresponds to an increase in the number of nickel ions (see
place on the LDH catalyst. Since a catalyst of 5wt.% Ni Fig. 6): however, the activity decreases when the number
and 5wt.% Sn supported on alumina produced only 6 mmol of A3+ jons is too small, suggesting that presence SftAl

of methyl acetate for 12h, the structure of LDH strongly also contributes to the activity of the nickel species.
affects its catalytic activity. In the reaction,

No methanol carbonylation occurred in the absence of
methyl iodide except for formation of a small amount of CHsl + CH3OH — DME + HI
DME. Hence, methanol cannot be directly carbonylated over
the catalyst, and the presence of methyl iodide is essentiaIWOUId .take pIace[lj], but the Iowe.r pressure Of_ carbon
in the formation of MeOAc. The yield of MeOAc depended monoxide resulted in the less formation of DME (seg. 7),

on the content of methyl iodidé={g. 8). The production of showing that the interaction between methyl iodide and
MeOAc also depended on the CO presstig.(9). Thus methanol to form DME is small. Reaction between4CiDI
the reaction step e ' and methanol results in formation of MeOAc, thafis],

Yield / mmol
% / UOISI9AUOD |OUBYISIN

Content of CH;l / mmol

CHsl + CO — CHsCOl, CH30H + CH3COI — MeOAc+ HI.

The reaction produces HI, which can catalyze dehydration of
methanol to DME, and it accounts for the contribution of CO
pressure to the formation of DME (sEé&. 7). Regeneration

of methyl iodide will take place in the reaction [if7]

40 40

MeOAc

30+ -30 CH3OH + HI — CHsl + H20.
However, formation of MeOAc is not linear to the concen-
tration of methyl iodide or CO pressure (deigs. 7 and 3
suggesting presence of other reaction route. Since the yield
of DME at 12 h was smaller than that at 9h (d&g. 7),
DME was also consumed in the reaction. Carbonylation of
DME to MeOAc has been proposed in the vapor-phase re-
action[19], and in actual, Shikada et al. showed that the re-
0 action takes place over nickel supported on activated carbon
[20,21] Thus, CHCOI reacts rather with DME than with

methanol, that is,
Fig. 9. Effect of CO pressure on liquid-phase methanol carbonylation
over (Nip.7sSM.25)0.75Al0.25 LDH at 473K for 12h. CH3COIl + DME — MeOAc+ CHal,
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and this can account for the induction period of formation
of MeOACc (seeFig. 6).
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