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The oxidation of n-butenes in the gaseous phase over mixed oxide catalysts V,O;—SnQ, has
been investigated in a pulse reactor at 523—673 K. The main products of the reaction are acetalde-
hyde and acetic acid; methyl ethyl ketone, butyraldehyde and other compounds are formed in smal-
ler quantities. Maximum selectivity is found in the oxidation of 1-butene over catalysts in the com-
position interval 3:1=V,0;:5n0,=2:1 at 523—573 K. Above 620 K the selectivity is independent
of the nature of the initial butene. This can be explained in that a gas mixture of thermodynamic
equilibrium is undergoing conversion, because of the rapid isomerization of the double bond-contain-
ing compounds. Formation of the main products can be interpreted by a mechanism including adsorp-
tion of 1-butene on a surface Bronsted acid site, oxidation of butylcarbonium ion by lattice oxygen,
and oxidative cracking of the same surface ion; in the case of 2-butene, oxidation occurs only after
isomerization to 1-butene.

Introduction

Heterogeneous selective oxidation is a practicable possibility for the processing
of the C, fraction formed as a by-product of cracking. n-Butenes can be converted
into 1,3-butadiene over Bi;O;—MoO; or SnO,—Sb, O, catalysts [1,2], or they can be
oxidized into maleic anhydride (MA) over V,0,—P,0O; [3]. Little attention has been
paid to conversion into saturated carbonyl compounds, because of the low selectivity,
though the results of Porova and MiLMAN [4] demonstrated that methyl ethyl keto-
ne is formed with high selectivity from n#-butenes over copper oxide.

The oxidation of n-butenes into acetic acid has been investigated by BROCKHAUS
[5] over various transition metal vanadates and it has been found that the selectivity for
acetic acid was nearly 70% in the temperature range 513—543 K. The only side-
reactions observed were total oxidation and the formation of small amounts of maleic
anhydride, which contrasts with the results of other authors [6—8] who have described
the formation of numerous by-products.

The gas-phase oxidation of 1-butene over unsupported V,O; has been investiga-
ted by HAUFFE and ABD EL-SALAAM [9], who found that the yields of the main products
(acetic acid and maleic anhydride) are correlated to the extent of reduction of the
catalyst; this depends on the reaction temperature. The steady-state composition of
the catalyst at 623 K, which has the highest selectivity, is V, O, s; the catalystisa'solid
solution containing V3+ and V*+,
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Although V,0;-based mixed oxide catalysts promote the formation of maleic
anhydride during the mild oxidation of n-butenes [10, 11], in the presence of certain
additives saturated carbonyl compounds such as acetic acid, acetaldehyde, methyl
ethyl ketone and possibly propionic acid can be formed. KANEKO et al. {12, 13]
investigated the relationship between the structure and the activity of V—Sn—W
oxide catalysts for butene oxidation, and found that the effective catalyst, which has
40—60% selectivity for acetic acid, contains V,0; and V,0, phases simultaneously,
the optimum atomic ratio V¥+/V, ., being 0.65. As concerns the mechanism of acetic
acid formation, it has been proposed [14] that AcOH is mainly formed from acet-
aldehyde, which in turn is produced through the direct reaction of the active O spe-
cies with the carbonium ion formed from the olefin on the acidic sites of the catalyst.
The authors suggest that both isomerization and oxidation reactions take place on the
same Bronsted acidic sites, which result from lattice defects of the catalyst. In con-
nection with the acid-base properties of V,0;-based binary catalysts, mention must
be made of the work of A1 [15, 16], who studied the relation between the acidity of the
catalyst and the selectivity for maleic anhydride; in the V,05;—SnO, system the hig-
hest acidity was measured for the catalyst with afomic ratio V:Sn'=1:1, which proved-
to be the most effective catalyst in the production of maleic anhydrlde

The rates of ox1datlon of C;Hg, C2H4, C;Hg and CO have been mvestlgated by-
ONo et al. [17] over V—Sn ox1des of various composmons The catalytic activity
exhibits two maxima at very different compositions, and it has been proposed that
different oxygen species are responsible for the oxidation. For the catalyst with atomic
ratio V/Sn=2/1 an amorphous material has been found from which-lattice oxygen is
easily released. The act1v1ty maximum for the oxide with V/Sn=1 /8 is associated
with the presence of V4+ ions dissolved in SnO,. The presence of V4+ ions appears to
faciliate the formation of adsorbed oxygen species, which play a significant role in
the oxidation reaction.

Although the basic features of the mild oxidation of olefins over V,0;—SnO,
have been clarified in previous work, the overall picture is still somewhat inconsistent
and incomplete. The present paper, connected with studies on mild oxidation over
SnO,-based mixed oxide catalysts [18 19], deals with thé oxidation of n-butenes over
Sn0,—V,0;. We set out to establish catalyst compositions suitable for the produc-
tion of saturated carbonyl compounds, and the optimum reaction conditions.

Experimental

" The oxidation of n-butenes over pure V,0;, pure SnO,, and their mixtures in
various ratios, was investigated in a pulse reactor, while isomerization was studied
in a recirculatory flow reactor. V,0; was prepared from ammoniim metavanadate by
calcination at 623 K. For the preparation of SnO,, metallic tin was dissolved in conc.
HCI. Tin(IV) hydroxide was precxpltated with NH,OH, then washed and dried. The
bmary oxides were prepared by mixing the respective components in the correct pro-
portions, followed by calcination at 873 K for 6 hours.

. The thermal behaviour of the catalysts was investigated by derlvatography
(Q Derivatbograph, MOM) and X-ray diffraction (DRON——3 JUSSR).
The microcatalytic reactor was made of stainless steel in a heated aluminium block



MILD OXIDATION OF n-BUTENES T 99

situated in a CHROM—4 gc unit. The reactor contained 0.5 g catalyst. The conditions
selected (if not stated otherwise) were: pulse volume: 3 cm?; composition::
C4H8 :0,:N,=1:3:11.2; flow rate of N, carrier gas: 0.4 cm3~!; and pressure: 10° Pa.
For gc analysis, a 2.5 m column was used containing Carbowax 20M ‘and phosp-
horic acid as stationary phase on Chromosorb W.
n-Butene isomerization measurements were cartied out in a remrculatory ﬂow
reactor 243 cm?in volume. Product compositions were :
determined by gc analysis on samples withdrawn
through a 0.5 cm?® sampling valve at regular intervals.
For separation of the components, a 2.5m column
containing dinonyl phthalate on Chromosorb W was
used. :

- Results ‘
T /zermal analys1s of the catalysts

Figure ‘I depicts DTA curves of’ the pure and
mixed oxides. The DTA curve of pure V,0; displays
three endovther_ms The first, at 203 K, is a result of
the loss of adsorbed and structural water; this peak is
observed only in the case of samples 2 and 3 indicating
the absence of water from catalysts with higher tin
contents. The peak at 963 K corresponds to the
melting of V,0;. In the case of samples 3, 4, and 5 273 673 873 073 /K
there are endothermic and exothermic peaks above . .-

X gt . . Fig. 1. DTA curves for catalysts
the melting point of V,0;. Since no loss of weight of different compositions
was found in this range, these peaks relate to the for-  (heating rate 10 K/min)

mation of a new compound, probably tin vanadate. Compositions: 1. V,0;;
The formation of a new compound (and possibly 32 \\,’ 285_155“82_23} 11

a new phase) is proved by X-ray diffraction measu- 4 V:OEZSgoz;lglz

rements. New peaks can be found in the X-ray 5. V,0,:8n0,=1:2:

diffraction patterns of the catalysts calcined at various 6. V,05:8n0,=1:3; 7. SnO,
temperatures, but new compound formation is inex-

tensive, for the original peaks of V,0; and SnO, remain dominant. Calcination
above 973 K does not cause any further change in the structure of the catalyst.

Oxidation of n-butenes

*In the oxidation of n-butenes in a pulse reactor, the applied catalysts were charac-
terized by the conversion (x) (the ratio of the oxidized and initial amounts of butene)
and by the selectivity (y) (the ratio of the amount of a given product to the amount
of butene oxidized). Average conversion and selectivity values for different catalysts
and reaction conditions were calculated by using data obtained from the 4th—5th
pulse on, which practically correspond to a stationary state.
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Properties of the catalysts as a function of composition

Since the properties of the mixed oxide catalysts used in the mild oxidation reac-
tions are not the additive resultants of the properties of the pure components, we
investigated how the properties change as a function of composition.

For the oxidation of both n-butenes, the conversion depends only slightly on the
composition of the catalyst; maximum conversion is attained at a tin content of
75—30%.

During the oxidation, acetaldehyde and acetic acid are obtained as main products.
Methyl ethyl ketone, butyraldehyde, propionaldehyde, propionic acid, crotonalde-
hyde, acrolein and some other products are also formed in small quantities.

The selectivity for acetaldehyde (one of the main products) formation as a func-
tion of the catalyst composition is shown at three different reaction temperatures in
Fig. 2. Over the catalyst with V,0;:Sn0,=:3: 1, this selectivity is higher than 50%,
but in the range 1:1=V,0;:Sn0,=1:2 and over pure SnO, an insignificant
amount of acetaldehyde is found.

The selectivity for acetic acid (the other main product) can be seen in Fig. 3.
Over pure SnQ,, acetic acid is not formed, and its quantity does not attain 1% in the
catalyst composition range 1:1=V,0;:Sn0,=1:2. However, the selectivity reaches
30—35% at ratios 4:1=V,0;,:Sn0,=2:1. During the oxidation, butyraldehyde is
produced in relatively large amount. The appearance of this C, saturated aldehyde
deserves particular attention, as its formation in this reaction has never been described
before. Its selectivity as a function of composition is shown in Fig. 4. The course of
the curve is similar to the previous ones, with the difference that butyraldehyde is
formed in appreciable amount over pure SnQO,. The quantity of methyl ethyl ketone as
a function of catalyst composition can be seen in Fig. 5. This is the second C, satura-
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xSn
Fig. 2. Selectivity for acetaldehyde Fig. 3. Selectivity for acetic acid
as a function of catalyst composi- as a function of catalyst composi-
tion in the oxidation of 1-butene tion in the oxidation of 1-butene.
Treaction=X: 523 K; [O: 598 K (T,eaction are the same as in

Q: 673K Fig. 2)



MILD OXIDATION OF #n-BUTENES  ~ ' 101

ted carbonyl compound formed in large amount. The formation of butyraldehyde and
methyl ethyl ketone can be explamed by the participation of Bronsted type acidic

surface sites, in a carbonium ion mechanism [20].

0 0,25 05 0,75 10

Fig. 4. Selectivity for butyraldehyde
as a function of catalyst composi-
tion in the oxidation of 1-butene
(T, caciion are the same as in Fig.2)

Y 2

x
0 0,25 05 075 1.0

Fig. 5. Selectivity for methyl ethyl

ketone as a function of catalyst

composition in the oxidation of
1-butene

(Troaction are the same as in Fig. 2)

Conversion and selectivity as functions of reaction temperature

At all reaction temperatures, the conversions in the oxidation of 1-butene over
pure V,0; and SnO, are much higher than the conversions of 2-butene, but the pro-
ducts are obtained in small amounts. Maximum selectivity in the oxidation of 1-butene
has been found over the mixed oxide V,0;:5n0,=3:1. In Fig. 7, the conversions and
the selectivities for the main products (acetic acid and acetaldehyde) are shown as
functions of the reaction temperature. At low
temperatures the conversion increases sharply,
attains a maximum at 623 K, and then decreases. In
the range 523—573 K, the quantities of acetalde-
hyde and acetic acid are each about 50%. The
selectivities for these products decrease as the
reaction temperature increases, and total oxidation
resulting in CO,.becomes dominant.

The difference between the oxidation of 1- and
2-butenes is illustrated in Figs. 6, 8. The conver-
sion over the mixed oxide V,0;:Sn0,=1:1 is
shown as a function of temperature in Fig. 6. At
low temperatures (below 623 K), 2-butene is -
oxidized less extensively than 1-butene, which 53 53 63
undergoes 31—38 % conversion in the temperature
interval considered. The conversion of 2-butene
depends strongly on the reaction temperature; at
523 K it is 18%, whereas at 673 K it is over 70%.

x%

§0

40

20

673 T/K

Fig. 6. Temperature-dependence
of conversion in oxidation of
1-butene (@) and 2-butene
(O) over V,0;:Sn0,=1:1
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A comparison of the selectivities in the reactions of the two n-butenes revealed a great
difference at low temperature (Fig. 8), but above 623 K the products and their
selectivities are practically the same, independently of the initial compound. Below
623 K, the oxidation of 1-butene is more selective, with 2-butene the selctivity for
each product being less than 20%.

x % y'h y'h
50
40 40
40
20 20
30{ ®
523 573 623 673 T/K 523 573 623 673 /K

Fig. 7. Temperature-dependence of
1-butene oxidation over
V:0;:8n0,=3:1 (x: conversion, O
selectivity for acetaldehyde, 3:
selectivity for acetic acid)

Isomerization of n-butenes

Fig. 8. Temperature-dependence of
selectivity for acetaldehyde (O @)
and acetic acid (O ®) in the
oxidation of 1-butene (@ B) and
2-butene (O O) over
V,0;:Sn0,=3:1

The identical selectivities point to the rapid occurrence of isomerization of the

n-butenes, especially above 623 K. Accordingly, the isomerization of 1- and 2-butenes
was studied over V,0,:Sn0,=3:1 at 473 K and 523 K in a recirculatory flow reac-

tor, in the absence of dioxygen. The results are to be seen in Figs. 9—10. For both

p/kPa p/kPa
4y 4
. o
3 o—0—0—R— O a0 3 —O0—0 0 o o
o T

2 2
1 1

\ . 4 L) N 'y o ry ._‘_e 'y * »

12 24 36 48 ks 2 24 6 48 tiks

Fig. 9. Double bond isomerization of 1-butene
over V,0,:Sn0,=3:1 at 523K;
P puienc=4 kPa; @ : 1-butene; O: 2-butene

Fig. 10. Double bond isomerization

of 2-butene over V,0;:Sn0,=3:1at 523 K;
Pi-vutene=4 kPa; @ : 1-butene; O : 2-butene
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starting substances the reactants reach thermodynamic equilibrium in less than 10
minutes. At higher temperatures (above 623K), the rate of isomerization is probably
larger than the rate of oxidation, so that a reaction mixture in thermodynamic equi-
librium (ca. 25% l-butene and 75% 2-butene) is involved in the oxidation. The iso-
merization was investigated above 523 K too, but the results were difficult to interpret,
as the catalyst was reduced by the olefins.

Discussion

The pulse reactor measurements show that 1-butene can be converted into acetal-
dehyde and acetic acid with high selectivity over the mixed oxide V,0;:Sn0,=3:1
in the temperature range 523—573 K. Comparison of the oxidations of the two n-bu-
tenes demonstrates that both the conversion and the selectivity for useful products are
lower in the oxidation of 2-butene at low temperature than in that of 1-butene. How-
ever, above 623 K the selectivities yielded by the two n-butenes are practically the
same. This can be explained in that the rate of double bond isomerization is much
larger than the rate of oxidation at higher temperature , so that the oxidation involves
a reaction mixture of n-butenes in thermodynamic equilibrium. Below 623 K (when
the rate of isomerization is commensurable with or less than the rate of oxidation),
1- and 2-butenes behave differently. Under these circumstances the oxidation of
1-butene is more rapid and the selectivity is much higher too. It must be assumed that
the two components are adsorbed in different ways and that two different species are
formed on the catalyst surface, these species yielding products characteristic of the
initial reagents. The formation of acetaldehyde and acetic acid from 2-butene can be,
explained by associative adsorption with cracking of the double bond [21]:

‘ +
CH,—CH=—CH—CH,j (gas) —» CH,—CH—CH—CH,

M

Interaction of the surface species and an O%~ ion gives
O~

o
CH,—CH—CH—CH,
I

Mwn

Further oxidation of this surface ion leads to acetaldehyde and acetic acid. However,
our measurements indicate that oxidation of 1-butene into acetaldehyde or acetic
acid cannot be explained either by associative adsorption or by n-type adsorption;
in this latter case allyl-type unsaturated products such as 1,3-butadiene are formed.
Associative adsorption resulting in cracking of the double bond would give propion-
aldehyde and propionic acid in the oxidation of 1-butene, but we found only small
amounts of these products. Since the oxidation of 1-butene is more rapid than that of
2-butene, 2-butene formed by double bond isomerization is inconceivable as a transi-
tion product. The formation of acetic acid in the oxidation of 1-butene over transition
metal oxides has been explained by two types of mechanism. KANEKO et al. [14] found
that oxidation takes place over acidic sites resulting from lattice defects on the cata-
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lyst surface. YAMASHITA et al. [22], however, concluded that hydration and oxidation
steps play a significant role in this reaction and sec-butanol, methyl ethyl ketone and
diacetyl were proposed as transition products. Both mechanisms assume the same
transition products in the reaction of 1-butene and 2-butene, and similar rates of
oxidation too.

In our opinion, both the formation of C, and C, carbonyl compounds in the
oxidation of 1-butene can be described by a carbonium ion mechanism, the first step
of which is the adsorption of the olefin on a surface site containing an —OH group.
This reaction therefore takes place over a catalyst containing Bronsted acid sites
capable of further oxidizing the surface carbonium ion. V—Sn mixed oxide catalysts
contain Bronsted acid sites. A1[16] reported that the acidity depends considerably on
the composition. Maximum acidity was found for the mixed oxide containing 50%
vanadium, and this catalyst seemed to be the most active in the oxidation of 2-butene
into maleic anhydride. However, in accordance with our results, this mixed oxide
did not prove to be selective in the oxidation of 1-butene. As concerns the relation
between the identification of the oxidation centres, the structure of the catalyst, and the
properties displayed in mild oxidation reactions, it can be stated that the selectivities
given by the pure oxides are much lower than those with certain mixed catalysts.
The derivatographic and X-ray diffraction results revealed that a new compound, tin
vanadate, is formed only above the temperature of calcination of the catalyst. Hence
neither the pure oxides nor the new phase is responsible for the selectivity. On the
other hand, it can be assumed that the presence of the phase V;O,, mentioned by
ANDERSSON [23] results in the selectivity. The role of SnO, is to weaken the surface
V=0 bonds, thereby mobilizing the lattice oxygens and promoting the incorporation
of oxygen into the products.

Thus, the oxidation of 1-butene over V,0,—SnO, can be explained by the follow-
ing mechanism. The first step is the adsorption of 1-butene on a surface acidic site:

+ ,
CHg—CHg“‘CHz—CHa

|
T/ o (I)
CH/~CH—CH~CH; + 0. |
J +
CHy;—CH—CH,—CH,
|
o (I
l

During the chemisorption, two kinds of carbonium'ion can be formed on the surface;
these are attached via the oxygen of the —OH group. Reaction between via 1-butyl-
carbonium ion (I) (the formation of which is much less probable than that of the
2-butylcarbonium ion (II) ) and O of the lattice results in butyraldehyde:

I+ 0% +(2V3*)— CH ;—CH,—CHy;—CHO + H + (2V*t)
lattice oxygen butyraldehyde
0}
|

A
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In the similar reaction of the 2-butylcarbonium ion, methyl ethyl ketone is formed:
0

' l
II+ 0% +(2V3*+)—» CH;—C—CH,—CHj, + H + (2V**)
methyl ethyl ketone I
O

aMmwa

However, oxidative cracking is more probable in the reaction of the 2-butylcarbo-
nium ion, with the formation of ethyloxonium ions:

+ o+
I[ 4+ 20~ +(2V3*) —» CH,—CH + CH—CH, + H -+ 2V*%)
|
o) (0] o)
3 PO R

Desorption of the ethyloxonium ion results in the formation of acetaldehyde, and
further oxidation leads to acetic acid:

+
CH;—CH + 0%~ + (2V%*+) —» CH,—COOH + (2V*+)
|
o)

A
Gaseous dioxygen plays an important role in reoxidation of the catalyst:
0.50, + 2Vt — O~ £ 2V5+

Adsorbed oxygen enters the lattice in this way and subsequently participates in the
reaction as lattice oxygen.

Selective product formation in the reaction of 2-butene is due to double bond
isomerization; 2-butene is first converted into 1-butene, which yields acetaldehyde
and acetic acid via the mechanism desribed above. Saturated C, and C, carbonyl
compounds can be formed only in the oxidation of 1-butene.
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YACTOYHOE OKWCIEHUE H-BYTEHOB HAJA CMEHMIAHHBIMH
OJIOBO-BAHUOUEBBIMU OKCUOAMU

K. Iepnaou, A. anac, K. Bapea, I1. Peew

W3yueHo OKHC/IEHHE H-OYTEHOB B ra3oBoii (a3e HaI CMEIIAHHLIMH OKCHAHLIMH KaTalM3aTo-
pamu V,0;—Sn0O, B UMIIyIbCHOM peaxTope npH temnepatypax 523—673 K. OcHOBHbIMM NpOAyK-
TaMH SIBIAIOTCH ALETaNbAETHA, YKCYCHas KHCJIOTA, METHIISTHIKETOH, Oy THpalbaeru, a Apyrue npo-
HyKTbI 00pa3yroTcsa B MEHbIIMX kKonudecTBax. HaubGonbuias cenekTUBHOCTE B OKMCHeHHU 1-OyTeHa
HaliIeHa HA[ KaTaJTU3aTOPaMH ¢ coTaBoM 3:1=V,0;:5710,=2:1 B uHTEpBalle TeMneparTyp 523—
573 K. Bsiure Temnepatypel 620 K CeeKTHBHOCTb peakUUdH HE 3aBHCHT OT CTPOEHWSA HMCXOOHOTO

OyTeHa.



