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The catalytic gas-phasc oxidation of isobutene has been studied on polycomponent Mo-Co-Ni-Bi-Fe-K
oxide catalysts suitable for industrial preparation of propenal from propene. It has been found that
within the temperature interval of 290 — 350 °C the main oxidation products are 2-methylpropenal,
acctone, 2-methylpropenoic acid, acctic acid and carbon dioxide. A modification of the mentioned
catalyst by addition of a further component (W, P, Te, and 7Zn) showed that zinc increases the con-
version of isobutene and at the same time markedly increases its sclectivity for 2-methylpropenal,
whereas the additions of tungsten and phosphorus decrease the conversion of isobutene with a simul-
tancous increase of sclectivity for CO,. If fert-butyl alcohol is used as the starting material instead of
isobutcne, then the extent of reaction is slightly decreased with simultancous increase of selectivity
for 2-methylpropenal, whereas the selectivities for the acids remain almost unchanged.

Multicomponent oxide catalysts based on the Mo-Bi-X where X represents one or sev-
cral elements from the series Fe, Ni, Sb, Co, W, Sn, P ctc. have been used successfully
for the industrial production of propenal from propene which usually rcpresents the
initial step in the production of propenoic acid. The increased demand for methyl 2-
methylpropenoate was accompanied also by an interest in a similar reaction — catalytic
oxidation of isobutene or tert-butyl alcohol to 2-methylpropenal and 2-methylpropenoic
acid! = 5. Most catalytic systems studicd arc based on the above-mentioned Mo-Bi-X
oxide catalysts® = !, on the Sn-Sb-O system'2, or on Mo-V-P heteropolyacids'®. The
present paper is focused on the oxidation of isobutene on the Mo-Co-Ni-Bi-Fe-K oxide
catalysts used in the industrial production of propenal from propenc'® and on their
modifications by the addition of a further component (W, P, Te, Zn).

EXPERIMENTAL

Catalysts

In the preparation of the basic catalysts S1 and S2 differing distinctly in the Fe and Bi content, the
amounts of the respective components were chosen in such a way as to make the molar ratio of the
metals Mo : Co : Ni: Bi: Fe: Kequal 068 :3:1:089:1.11:008and7:3:1:22:02: 008
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for the catalysts S1 and S2, respectively!®. Both the catalysts mentioned were prepared from the sol-
utions of ammonium heptamolybdate, tartaric acid, nitrates of the respective metals, and potassium
hydroxide. The pH value of final solutions was adjusted at 6 — 7 by addition of ammonia, whereupon
cach solution was evaporated at 90 °C with vigorous stirring to give a microcrystalline paste. This
paste was always dricd at 120 °C 12 h, and anncaled at 160 and 180 °C 3 h, at 350 °C 5 h, and at
460 °C 6 h. The samples obtained were ground and scparated on sieves to get a fraction of 0.315 -
0.500 mm grain size. The catalysts S1K1 — S1K4, containing additional tungsten, and the catalysts
S1KS — S1K8, containing additional phosphorus, were prepared in the same way as S1; tungsten and
phosphorus were added to the solutions in the form of WOj3 and (NH,),HPO,, respectively.

The catalysts S2C1 — $2CS5, containing additional tellurium, and the catalysts S2C6 — S2C8, con-
taining additional zinc, were prepared in the same way as $2; the metallic tellurium was dissolved in
HNO; and then added to the resulting solution, zinc was added in the form of zinc(II) acetate.

Apparatus

The activity and selectivity of the catalysts prepared were studied on a through-flow apparatus with
integral rcactor with solid bed. In the reactor there was a coaxial tube of 1.7 ¢cm diameter with a
thermocouple. The reactor was heated with an cleetric oven with two windings onc of which was
controlled by an automatic regulator Radelkis, which allowed maintaining the chosen temperature
with the accuracy of 1.8 °C. The flow rates of gases (N3, O,, CH,=C(CH;),) were measured with
capillary flow meters. Water vapour and ferf-butyl alcohol were dosed into the reaction mixture from
saturators temperated at a calculated temperature. The composition of reaction mixture (% v/v): iso-
butene (IB) or fert-butyl alcohol (TB) 5, O, 12, HyO 20, N, 63; total feed of the reaction mixture F =5 dm’®
STP h~', the amount of catalyst used 1 — 6 g. The catalyst was always diluted with SiC of the same
grain size in the ratio of 1 : 1, hence the bed height in the reactor was always greater than 1 cm. At
the conditions given the cffect of inner and outer diffusion is ncgligible. The liquid reaction products
(aldehydes and acids) were condensed in a water absorber placed at the end of the through-flow ap-
paratus. The specific surface arca of catalysts was measured by the method of thermal desorption of

nitrogen.

Analysis of Reaction Products

The qualitative analysis of liquid reaction products was carricd out on apparatuses GC/MS Hewlett
Packard and Kratos 25 RFA, the quantitative analysis on a GC Chrom S with heat conductivity de-
tector connected to the through-flow apparatus. A system of three six-way cocks enabled dosing of
the reaction mixture into the gas chromatograph before and after the passage through the reactor bed.
A column of 2.5 m length and 3 mm inner diameter packed with Porapak Q or T was used with
helium as the carrier gas. After finished clution of air, water, and unrcacted 1B at 123 °C the tem-
perature in the column was raised to 195 °C to accomplish the elution of acetone, 2-methylpropenal,
acetic acid, and 2-methylpropenoic acid. Carbon dioxide was determined in the same column at
30 °C.

RESULTS AND DISCUSSION

The qualitative analysis of aqueous absorbate showed ca 20 products of the catalytic
oxidation of isobutene, the main products including 2-methylpropenal (methacrolein, MA),
acctone (AC), 2-methylpropenoic (methacrylic) acid (MAA), acetic acid (AA), and
CO,. The yields of the other oxidation products were below 0.5% and were not deter-

Collect. Czech. Chem. Commun. (Vol. 58) (1993)



Catalytic Oxidation of Isobutene 2869

mined. The conversion of 1B and the yiclds of products on the S1 catalyst (specific
surface area 8.0 m? g~') were studied for various valucs of time factor W/Fg (Where W
is the catalyst weight in g, and Fg is the isobutenc feed in mol h™!) and showed that at
320 °C the catalyst is relatively highly active but with an only average selectivity for
2-methylpropenal and 2-methylpropenoic acid (Fig. 1). At an almost 100% conversion
of IB the yiclds of MA and MAA arc only 66% and 5.1%, respectively, whereas the
propene oxidation on the same catalyst at the same reaction conditions gives 85% and
7.9% yiclds of propenal and propenoic acid, respectively!®. The conversion (as a
measure of the catalyst activity), selectivity, and yields of products were estimated in
the following way:

conversion of IB or TB X = (nr/nA) 100%,
sclectivity for the i-th product Si = (1/vi)(ni/nr) 100%,
yicld of the i-th product Yi = (1/vi)(ni/na) 100%,

where n, is the number of mols of IB (TB) fed per hour, ny is the number of mols of IB
(TB) reacted per hour, n;is the number of mols of the i-th product formed per hour, v;
is the stoichiometric cocfficient of the i-th product (v; = 1 for MA and MAA, 4/3 for
AC, 2 for AA, and 4 for CO,).

The formation of acctone indicates partial destruction of carbon chain of the oxidized
molecule. Most patent literature dealing with the catalytic oxidation of isobutene to
2-methylpropenal gives also tert-butyl alcohol (TB) as starting matcrial. Therefore, we

100 v T T T 0
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FiG. 1
Dependence of: a conversion of isobutene Xy (1)
and yields of 2-mcthylpropenal Yya (2) and carb-
on dioxide Y, (3) and b yicelds of acetone Yue
(1), 2-methylpropenoic acid Ymaa (), and acctic L )
acid Ya (3) upon time factor W/F; t = 320 °C 100 20 Wik, ghmot™ 400
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compared the effect of reaction temperature upon the activity and sclectivity of the S1
catalyst with isobutene and tert-butyl alcohol as the starting materials. From the data of
Table I it follows that particularly at lower temperatures the oxidation of TB proceeds
to a smaller extent but with higher selectivity for 2-methylpropenal as compared with
the oxidation of IB. The selectivitics for MAA and AA did not practically change, the
selectivity for CO, somewhat decreased. It is interesting to compare the selectivities for
AC. Whereas in the oxidation of IB the selectivity for AC practically does not change
with temperature, in the oxidation of TB the temperaturc increase is connected with a
more distinct destruction of carbon chain. Since even at low conversions of TB the
latter was not dctected among the reaction products (only IB was always detected), the
oxidation of TB at the active centres must be preceded by its dehydration to IB. The
cffect of tungsten upon the properties of the catalyst S1 in the oxidation of IB was
studied with the catalysts having the molar ratios of Mo : Co: Ni: Bi: Fe : K: W =
6.8:3:1:089:1.11:0.08 : n, where n = 0.5, 1.0, 1.5, and 2.0 for the catalyst S1K1,
S1K2, S1K3, and S1K4, respectively, with the specific surface area values of 7.3, 7.6,
5.5, and 5.9 m? g”!, respectively. The effect of phosphorus was studicd with the cata-
lysts having the molar ratios of Mo : Co: Ni:Bi: Fe : K: P=68:3:1:0.89: 1.11
: 0.08 : m, where m = 0.4, 0.8, 1.2, and 1.6 for the catalysts S1KS, S1K6, S1K7, and
S1K8, respectively, with the specific surface arca values of 7.5, 7.6, 8.1, and 7.9 m?2 g“,
respectively. The reaction temperature was 320 °C, the time factor W/Fig = 342

TaBLE 1
Effect of reaction temperature upon activity and selectivity of S1 catalyst in oxidation of IB and TB.
Time factor W/F, = 342 g h mol™! (where A is cither 1B or TB); X conversion of IB or TB (%), S;
selectivity for the i-th product (%)

Reaction

temperature, °C Xa Sma Sac Suan San Sco,
A=1IB
298 32.7 68.8 6.1 2.4 2.1 18.3
310 50.7 64.7 6.1 2.7 2.6 21.9
320 84.2 65.1 5.0 4.1 2.7 22.7
330 90.4 55.2 6.7 4.3 2.8 30.5
342 96.1 49.8 5.4 5.0 3.6 36.8
A="TB
295 20.6 78.2 2.0 2.8 2.0 14.5
312 43.8 73.1 3.1 2.4 23 17.0
327 81.5 60.8 7.3 4.8 3.2 23.4
344 90.6 53.1 7.0 5.6 4.0 28.5
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g h mol~L. It was found that even a small admixture of tungsten markedly decreases the
catalyst activity which further decreases with increasing tungsten content (Fig. 2). The
sclectivity for 2-methylpropenal has a similar course, although its decrease at the lo-
west admixture of W is not as distinct as the decrease in conversion. The sclectivity for
CO, increascs with incrcasing W content to a maximum (the S1K3 catalyst) and then
decreases. Hence, tungsten markedly reduces the number of active points for partial
oxidation of IB and — at thc amount exceeding 10.4 mole % (related to metals) — also
the number of active points for total oxidation of IB.

The influence of phosphorus is similar. Again, its small admixture (the catalyst
S1KS) already markedly reduces the activity of the S1 catalyst, but the further decrease
with increasing phosphorus content is insignificant. Generally, phosphorus increases
the number of acidic centres at the catalyst surface but it scems that at these centres
there takes place the total oxidation of cither IB or the 2-methylpropenal formed or
both of them. This is indicated by the continuous increase in sclectivity for CO,
(Fig. 3). To sum up, it can be stated that the cffects of P and W upon the activity and
sclectivity of S1 catalyst are negative in the partial oxidation of 1B to 2-methylpropenal.

Furthcrmore, the oxidation of IB was studied with the S2 catalyst (specific surface
arca 6.1 m g=!) which has a lower Fc content and a higher Bi content than those in S1.
The cffect of tellurium upon the propertics of this catalyst was studied with the cata-
lysts having the molar ratios of metals Mo: Co:Ni:Bi:Fe:K:Te=7:3:1:22:
0.2: 0.08 : a, where a = 0.1, 0.2, 0.3, 0.4, and 0.5 for the catalysts S2C1 — S2C5 with
the specific surface arca values of 4.1, 3.5, 4.2, 4.1, and 3.0 m? g™!, respectively. The
cffect of zinc upon the propertics of the S2 catalyst in the oxidation of 1B was studied
with the catalysts of the metals molar ratios Mo : Co: Ni: Bi: Fe: K:Zn=7:3:1:
22:0.2:0.08 : b, where b = 0.5, 1.0, and 2.0 for the catalysts S2C6 — S2C8 with the
specific surface arca values of 8.4,4.6, and 7.5 m? g1, respectively. The lowering of Fe

FiG. 2
Dependence of conversion of isobutene Xy (1)
and selectivities for 2-methylpropenal Sy, (2),
2-methylpropenoic acid Syaa (3) and carbon diox-

ide S(‘Oz (4) on molar proportion of tungsten, n, in 10} 10
catalysts S1K1 — S1K4; W/F;g3 = 342 g h mol™!, —- 3

1 I 1
t =320 °C 0 05 1.0 n 20
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content was accompanied by the catalyst activity dccrease, hence the measurements
were carricd out at the temperature of 340 °C and the time factor W/Fjg= 359 g h mol L.
In comparison with S1, the S2 catalyst is substantially less active and less selective for
CO, (Tables I and II). The increasing Te content markedly reduces the catalyst activity.
The selectivity for MA goes through an indistinct minimum at the Te content about 3
mole % (referred to metals, the S2C4 catalyst), whereafter it again increases. Weng ct
al.!" found that in a mechanic mixturc of MoO; and TcO, the latter oxide behaves as an
oxygen donor in the oxidation of IB and ensures regencration of deactivated surface
centres whereby the properties of the MoO;-TeO, catalyst arc improved. In the

Tasle 11

Effeet of Te and Zn admixtures upon activity and sclectivity of S2 catalyst in oxidation of 1B (%).
Time factor W/l = 359 g h mol™!, reaction temperature 340 °C

Catalyst Xip Sma Sac Sco, Sac”
S2 54.8 65.0 2.5 16.0 9.6
S2C1 54.9 69.5 4.2 10.3 9.7
s2C2 S1.5 68.2 4.2 15.3 24
S2C3 47.6 59.5 9.9 17.8 9.6
S2C4 41.6 57.9 14.4 14.2 6.1
§2C5 22.5 69.5 14.3 11.0 3.3
S2C6 85.6 74.2 5.2 7.2 9.6
$2C7 73.6 86.2 2.9 7.1 3.8
$2C8 59.0 78.6 1.8 12.8 3.4

“ §,. Sclectivity for sum of acetic and 2-methylpropenoic acids.

FiG. 3
Dependence of conversion of isobutene Xy
(1) and sclectivities for 2-methylpropenal Sy
(2), acctone Sp¢ (3), and carbon dioxide Sco,
(4) on molar proportion of phosphorus, m, in
catalysts S1KS - SIK8; W/Fy, = 342 g h mol™,
1 =320 °C
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cxample given, where the form of Te present in the catalyst was not determined, it can
be presumed that it creates or regencrates the surface centres causing a partial destruc-
tion of carbon chain of IB, which is indicated by the marked increase in selectivity for
acctone. Beside that, the catalysts containing tellurium produce small amounts of ethyl
and vinyl acetates along with the products given in Table II. As little as 3.6 mole %
added zinc (referred to the metals content, the S2C6 catalyst) distinctly increases the
activity of S2 catalyst which, however, decreases with further increasing the Zn content
(Table II). It can be anticipated that Zn will increase the number of basic centres at the
catalyst surface and, hence, improve the desorption of the MA formed, which also has
basic character and, hence, low affinity to thesc centres. If the Zn content reaches 12.9
mole % (referred to the metals content, the S2C8 catalyst), the selectivity for CO, is
increascd, which is obviously duc to the subsequent oxidation of MA to CO, also indi-
cated by the unchanged yicld of acids. The best result was obtained with the catalyst
S2C7 containing 6.9 mole % Zn (referred to metals): 73% conversion of IB with 86%
sclectivity for MA. This catalyst was experimentally studied from the standpoint of the
dependence of selectivities for MA and CO, upon the conversion of IB, the increase in
conversion of IB being achieved either by increasing the time factor in the interval of
108 — 543 g h mol~! at a temperature of 340 °C or by increasing the reaction tempera-
ture in the interval of 320 — 360 °C at a constant time factor W/F; = 359 g h mol~!. The
data of Table III show that the temperature increase by 40 °C will causc an only small
selectivity decrease for MA and an about 4% selectivity increase for CO,, which, how-

TasLg HI
Effect of reaction temperature and time factor W/F g upon activity and sclectivity of S2C7 catalyst in
oxidation of IB (%)

Parameter Xis SMA Sac S(‘OZ Sac

Reaction
temperature?, °C

320 21.0 86.7 1.8 5.6 4.6
340 73.6 86.2 2.9 7.1 38
360 89.9 80.6 2.7 9.3 7.3

W/, g h mol™

108.5 28.6 85.2 2.1 52 1.4
217.1 50.0 86.8 2.7 7.2 33
305.6 60.5 86.5 3.3 7.7 3.9
359.0 73.6 86.2 29 7.1 38
542.7 85.9 82.9 2.9 9.4 3.8

“Time factor W/l = 359 g h mol™; ® reaction temperature 340 °C.
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ever, can be due to free radical total oxidation of MA in gas phase at 360 °C. Similarly,
a ca threefold increase in conversion of IB due to the increased time factor is not
accompanicd — with the S2C7 catalyst — by any distinct drop in selectivity for MA, the
selectivity for CO, being increased by only 4% again. From among the admixtures
investigated, only zinc improved the properties of the polycomponent catalysts in the
oxidation of IB. At present it sccms improbable that the classic acetone cyanohydrin
route for production of methyl 2-methylpropenoate (methyl methacrylate, MMAC)
could successfully be replaced by the two-step catalytic oxidation IB — 2-methylpropenal —
2-methylpropcnoic acid and subsequent esterification of the acid to MMAC. The price
of 1 kg MMAC prepared by the Sumitomo—Nippon-Shokubai procedure of oxidation
of IB is 1.76 USD while that in Europe and U.S.A. (of the product manufactured via
acetone cyanohydrin'®) is 1.17 — 1.48 USD.
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