
EP 0 441 312 B1 Description The present invention relates to a process for
producing methacrylic acid. More particularly, the present invention
relates to a process for producing methacrylic acid by oxidizing at least
one compound as a 5  starting material, selected from methacrolein,
isobutyl aldehyde and isobutyric acid, with molecular oxygen 5    or a
molecular oxygen-containing gas in the presence of oxidation catalysts. A
number of proposals have been made on the catalyst used in production of
methacrylic acid by the vapor phase catalytic oxidation reaction of
methacrolein or the vapor phase catalytic oxidative dehydrogena- tion
reaction of isobutyl aldehyde or isobutyric acid. (In the present
invention, the above oxidation reaction io  and oxidative dehydrogenation
reaction are referred generically to simply as "oxidation reaction", unless
otherwise specified.) These proposals relate mainly to the selection of (a)
the components constituting the catalyst and (b) their ratio. The above
oxidation reaction is a highly exothermic reaction. Therefore, in the
reaction, heat build-up in the catalyst layer is large; particularly in the
abnormally hot local areas called "hot spots", product yield is 15  low due
to an excessive oxidation reaction, deterioration of catalyst takes place,
and catalyst life is influenced greatly. Accordingly, heat build-up in hot
spots is a serious problem in the industrial practice of the above
oxidation reaction. This heat build-up in hot spots tends to be striking
particularly when the concentration of material gas is increased or the
space velocity is made larger (such reaction conditions are hereinafter
referred to as "high-load reaction conditions" in some cases) in order to
enhance the 20  productivity; as a result, the reaction conditions of the
oxidation reaction are fairly restricted currently. Hence, minimization of
heat-up in hot spots is very important for industrial production of
methacrylic acid at a high yield as well as for reduction of catalyst
deterioration and resultant stable operation over a long period. Prevention
of heat build-up in hot spots is particularly important in
molybdenum-containing catalysts because the molybdenum component causes
easy sublimation. 25     Various proposals have hitherto been made in order
to suppress heat build-up in hot spots. For example, JP-A-115750/1984
proposes the use of a ring-shaped catalyst. The document describes that in
the production of methacrylic acid, the change of catalyst shape from a
conventional spherical or cylindrical shape to a ring shape can suppress
heat build-up in hot spots and accordingly an excessive oxidation reaction
and is very effective for the improvement of product yield. This method
certainly has an effect of 30  reducing the thermal load for catalyst, but
gives no sufficient results under high-load reaction conditions. It is
known in JP-A-38331/1988 that in the process for producing acrolein and
acrylic acid from propylene, a plurality of catalysts of different
activities are filled into a plurality of reaction zones formed by dividing
a reactor and an oxidation reaction is effected in the reaction zones
containing said catalysts. In the reaction for producing methacrylic acid
by, for example, oxidation of methacrolein, methacrolein 35  having a
methyl group at the [err]-position is used as a starting material, as
compared with the use of acrolein in acrylic acid production. Therefore, in
the oxidation of methacrolein, there occurs many side reactions caused by
the presence of methyl group, such as parallel reactions, succesive
reactions and the like, producing a number of by-products in large amounts.
Further, the heat generated in the reaction for producing methacrylic acid
from methacrolein is larger than that for producing acrylic acid from
acrolein; 40  this aggravates the heat build-up catalyst layer and promotes
the formation of by-products by side reactions. Furthermore, methacrylic
acid is unstable as compared with acrylic acid and easily gives rise to
so-called "post-reactions" such as autooxidation and the like, worsening
the product yield. As described above, the reaciton for producing
methacrylic acid is complex as compared with the reaction for producing
acrylic acid, making it difficult to obtain an intended product at a high
yield. 45  Therefore, the application of the techniques obtained in the
production of acrolein, acrylic acid, etc., to the production of
methacrylic acid have not been sufficiently effective, and further study
has been necessary in order to develop an improved catalyst or improved
process for producing methacrylic acid. 



JP-A-20243/1984 proposes a process for producing methacrylic acid from
methacrolein by the com- bination use of catalysts of different phosphorus
contents. In this document, it is proposed to fill a catalyst 50  of higher
phosphorus content into the material gas inlet portion of the reactor to
stabilize the catalyst system, based on the finding that the molybdenum and
phosphorus-containing catalyst effective for production of methacrylic acid
has, for the most part, a heteropoly-acid type structure of low heat
resistance and causes severe volatilization of phosphorus at the material
gas inlet portion of the reactor. As described above, there was proposed a
process for producing methacrylic acid from methacrolein 55  by the
combination use of catalysts of different phosphorus contents. It was found
by the present inventors as well that the volatilization of phosphorus
takes place partially at the material gas inlet portion of the reactor
during the reaction for methacrylic acid production from methacrolein.
However, filling of a catalyst of high phosphorus content at the material
gas inlet portion as a 2    EP 0 441 312 B1 measure for the phosphorus
volatilization is not sufficient for the stabilization of total catalyst
system, because it is known by literatures that many of catalysts
containing molybdenum and phosphorus as essential components, suitable for
methacrylic acid production have a heteropoly-acid type structure but this
structure has low heat resistance and is easily decomposed at 400-450 [err]
C. 5      The decomposition of heteropoly-acid type structure invites
reduction in methacrolein conversion as well as in methacrylic acid
selectivity. Elevation of reaction temperature in order to maintain the
conversion invites heat generation owing to reduction in methacrylic acid
selectivity, i.e. increase in [err] selectivity; this heat generation
slowly increases heat build-up in catalyst layer; it accelerates the
decomposition of heteropoly-acid type structure; finally, the heat build-up
cannot be controlled and the reaction becomes 10  uncontrolleable, making
its continuation impossible. Thus, heteropoly-acid type catalysts are
difficult to predict their life, and suddenly show a last-stage phenomenon.
This is unique to the catalysts but is a very disadvantageous property from
the standpoint of stable operation for industrial production of methacrylic
acid. Therefore, when methacrylic acid is produced using a catalyst of
heteropoly-acid type structure, it is 15  necessary to pay an utmost
attention to the dispersion of the heat accumulated in the catalyst layer,
whereby the extension of catalyst life and the stable operation for
industrial production of methacrylic acid become possible. An object of the
present invention is to provide a process for producing methacrylic acid at
a high yield by oxidizing at least one compound selected from methacrolein,
isobutyl aldehyde and isobutyric acid. 20     Another object of the present
invention is to provide a process for producing methacrylic acid by
oxidizing at least one compound selected from methacrolein, isobutyl
aldehyde and isobutyric acid, wherein the heat build-up in hot spots in
catalyst layer is suppressed to increase the yield of methacrylic acid and
the deterioration of catalyst is prevented to enable the stable use of
catalyst over a long period. Still another object of the present invention
is to provide a process for producing methacrylic acid by 25 oxidizing,
under high-load reaction conditions, at least one compound selected from
methacrolein, isobutyl aldehyde and isobutyric acid, wherein the heat
build-up in hot spots in catalyst layer is suppressed to increase the yield
of methacrylic acid, the deterioration of catalyst is prevented to enable
the stable use of catalyst over a long period, and thereby productivity is
improved significantly. The researches by the present inventors revealed
that the above objects can be achieved by, in 30  oxidizing at least one
compound selected from methacrolein, isobutyl aldehyde and isobutyric acid,
preparing a plurality of oxidation catalysts of different activities and
filling these catalysts into a plurality of 



reaction zones which have been formed in a reaction tube by dividing the
reaction tube in the direction of tubular axis, so that the activity of
catalyst is higher as the catalyst zone is closer to the outlet of reaction
tube. 35     According to the present invention, there is provided a
process for producing methacrylic acid, which comprises filling a plurality
of catalysts of different activities into a plurality of reaction zones
which have been formed in each of the reaction tubes of a fixed bed
multi-tubular reactor by dividing said reaction tube into two or more
portions in the direction of tubular axis, so that the activity of catalyst
is higher as the reaction 40  zone is closer to the outlet of the reaction
tube, and introducing into the reaction zones containing the catalysts at
least one compound selected from methacrolein, isobutyl aldehyde and
isobutyric acid to oxidize the at least one compound with molecular oxygen
or a molecular oxygen-containing gas, which is characterized in that the 45
catalysts are compound oxides represented by the following general formula
(I). [err] wherein Mo represents molybdenum; P represents phosphorus; A
represents at least one element selected so  from arsenic , antimony,
germanium, bismuth, zirconium, selenium, cerium, copper, iron, chromium,
nickel, manganese, cobalt, tin, silver, zinc, palladium, rhodium and
tellurium; B represents at least one element selected from vanadium,
tungsten and niobium; C represents at least one element selected from
alkali metals, alkaline earth metals and thallium; 0 represents oxygen; a,
b, c, d, e and x represent the atom numbers of Mo, P, A, B. C and 0.
respectively; when a is 12, b is 0.5-4, c is 0.001-5, d is 0.001-4 and e is
55  0.001-4; and x is a value determined by the oxidation state of each
element, and that a plurality of catalysts of different activities are
prepared (i) by changing the types and/or amounts of the A group elements
in the general formula (I), (ii) by changing the types and/or amounts of
the B group elements in the general formula (i) or 3    EP 0 441 312 B1
(iii) by changing the types and/or amounts of the elements of at least two
groups selected from the A group, the B group and the C group in the
general formula (I). The present invention is hereinafter described in
detail. In the present invention, a plurality of reaction zones are formed
in each of the reaction tubes of a fixed 5  bed multi-tublar reactor by
dividing the reaction tube into two or more portions in the direction of
tubular axis. In this case, the more the reaction zones, the easier is the
control of the temperature distribution in the catalyst zones;
industrially, however, 2 or 3 reaction zones are enough to obtain intended
effects. The detail of division of each reaction tube into reaction zones
cannot be determined by a general rule because it varies depending upon the
composition, shape, etc. of the catalyst to be filled into each reaction
zone; 10 therefore, it should be determined so that the most appropriate
activity and selectivity can be obtained overall. In the present invention,
a plurality of oxidation catalysts of different activities are filled into
said plurality of reaction zones so that the activity of catalyst is higher
as the reaction zone is closer to the outlet of reaction tube. That is, the
catalyst of lowest activity is filled into the reaction zone having a
material gas 15 inlet, and the catalyst of highest activity is filled into
the reaction zone having an outlet. By employing such arrangement of
catalysts, heat build-up in hot spots can be suppressed and methacrylic
acid can be obtained at a high selectivity. 



Incidentally, the "activity" used in the present invention refers to the
conversion of starting material. The catalysts used in the present
invention are compound oxides represented by the following general 20
formula (I). [err] wherein Mo represents molybdenum (Mo); P represents
phosphorus (P); A represents at least one element 25 selected from arsenic
(As), antimony (Sb), germanium (Ge), bismuth (Bi), zirconium (Zr), selenium
(Se), cerium (Ce), copper (Cu), iron (Fe), chromium (Cr), nickel (Ni),
manganese (Mn), cobalt (Co), tin (Sn), silver (Ag), zinc (Zn), palladium
(Pd), rhodium (Rh) and tellurium (Te); B represents at least one element
selected from vanadium (V), tungsten (W) and niobium (Nb); C represents at
least one element selected from alkali metals [e.g. lithium (Li), sodium
(Na), potassium (K), rubidium (Rb) and cesium (Cs)], alkaline earth metals
30 [e.g. beryllium (Be), magnesium (Mg), calcium (Ca), strontium (Sr) and
barium (Ba)] and thallium; 0 represents oxygen (0); ab,c,d,e and x
represent the atom numbers of Mo, P, A, B, C and 0, respectively; when a is
12, b is 0.5-4, c is 0.001-5, d is 0.001-4 and e is 0.001-4; and x is a
value determined by the oxidation state of each element. The catalysts of
different activities, represented by the general formula (I) are prepared
by the following 35 methods. (1) Changes the kinds and/or amounts of the
group A elements in the general formula (I). (2) Changes the kinds and/or
amounts of the group B elements in the general formula (I). (3) Changes the
kinds and/or amounts of the elements of at least two groups selected from
the group A, the group B and the group C. 40     The amounts of the group A
elements, the group B elements and the group C elements are changed within
the ranges of the atom numbers c, d and e specified in the general formula
(I). The preparation method of the catalysts used in the present invention
as well as their raw materials are not particularly restricted, and the
present catalysts can be preapared using the methods and materials
generally used in the preparation of such catalysts. 45     The present
catalysts can be used, for example, as molded catalysts obtained by an
ordinary molding method such as extrusion molding method, tablet molding
method or the like, or as supported catalysts obtained by allowing an
ordinary inactive carrier (e.g. silicon carbide, alumina, zirconium oxide,
titanium oxide) to support a catalyst component [e.g. a compound oxide
represented by the general formula (1)]. The types of the different
catalysts filled into a plurality of reaction zones may be the same or
different. so When the number of the reaction zones is, for example, 2, it
is possible to fill a supported catalyst into a reaction zone functioning
also as a material gas inlet and fill a molded catalyst into a reaction
zone also functioning as an outlet. The shapes of the catalysts used in the
present invention has no particular restriction, either, and can be
spherical, columnar, ring-shaped, etc. The use of ring-shaped catalysts can
give various advantages 55 such as prevention of heat build-up in hot
spots, increased yield, prevention of catalyst deterioration, reduced
pressure drop in catalyst layer, and the like. Therefore, ring-shaped
catalysts can be preferably used in the present invention. The preferable
dimensions of the ring-shaped catalysts are such that the outside diameter
is 3-10 mm, the length is 0.5-2 times the outside diameter, and the inside
diameter (the 4    EP 0 441 312 B1 diameter of the through-hole formed in
the length direction) is 0.1 -0.7 time the outside diameter. The shapes of
the different catalysts filled into a plurality of reaction zones may be
the same or different. When the number of the reaction zones is, for
example, 2, better results are obtained by filling a 



ring-shaped catalyst into a reaction zone functioning also as a material
gas inlet and a pellet-shaped 5  catalyst into a reaction zone functioning
also as an outlet. The starting material used in the present invention is
at least one compound selected from methacrolein, isobutyl aldehyde and
isobutyric acid. As described above, methacrolein gives methacrylic acid by
an oxidation reaction, and isobutyl aldehyde or isobutyric acid gives
methacrylic acid by an oxidative dehydrogenation reaction. 10     The
oxidation reaction in the present invention may be effected by an ordinary
single-pass method or a recycle method. The reaction conditions have no
particular restriction, and the oxidation reaction can be effected under
the conditions generally employed in similar reactions. For example, a
mized gas consisiting of 1-10 % by volume of a starting material, 3-20 % by
volume of molecular oxygen, 0-60 % by volume of steam, 20-80 % by volume of
an inert gas (e.g. nitrogen, carbon dioxide), etc. is introduced into a
catalyst 15 layer consisting of the present catalysts and subjected to a
reaction at a temperature range of 250-450 [err] C at a pressure of normal
pressure to 10 atm. at a space velocity of 300-5,000 hr[err]1. In the
present process, far more advantageous results can be obtained under
high-load reaction conditions (e.g. higher material concentration, higher
space velocity) than in conventional processes, whereby higher productivity
can be obtained. 20    In the present invention, various meritorious
effects such as mentioned below can be obtained by filling a plurality of
catalysts of different activities into a plurality of reaction zones so
that the activity of catalyst is higher as the reaction zone is closer to
the outlet of reaction tube. (a) Methacrylic acid can be obtained at a high
yield. (b) Heat build-up in hot spots can be suppressed effectively. 25
(c) The excessive oxidation reaction in hot spots can be prevented and
methacrylic acid can be obtained at a high yield. (d) Catalyst
deterioration due to thermal load can be prevented and stable use of
catalyst over long period is possible. (e) Methacrylic acid can be obtained
at a high yield even under high-load reaction conditions (e.g. high 30
material concentration, high space velocity), whereby productivity can be
increased significantly. Further, the following effect can additionally be
obtained by the use of ring-shaped catalyst. (f) Pressure drop in catalyst
layer is reduced, whereby electricity consumption can be decreased. (g) As
shown in the present invention, when the reaction for methacrylic acid
production is effected using two or more catalysts of different activities
in combination, it is possible to disperse the load of reaction 35    on
the entire portion of the catalyst layer. Consequently, the local heat load
resulting from the reaction can be minimized and, moreover, reduction in
catalyst activity can be made smaller; therefore, it is not necessary to
increase the reaction temperature vainly, which is very advantageous to the
heteropoly-acid type catalyst of low heat resistance and makes possible the
extension of catalyst life. Thus, the process of the present invention is
very useful for industrial production of methacrylic acid. 40     The
present invention is hereinafter described in more detail by way of
Examples. In the Examples, conversion, selectivity and one-pass yield are
defined by the following formulas. Conversion (mole %) = (moles of starting
material reacted) + (moles of starting material fed) x 100 Selectivity
(mole %) = (moles of methacrylic acid formed)  (moles of starting material
reacted) x 100 45  One-pass yield (mole %) = (moles of methacrylic acid
formed) + (moles of starting material fed) x 100 Example 1 To 40 1 of
heated deionized water were added 8,830 g of ammonium paramolybdate and 531
g of 50 ammonium metavanadate. The resulting mixture was stirred to obtain
an aqueous solution. To this solution were added 625 g of orthophosphoric
acid (85 wt. %) an aqueous solution obtained by dissolving 812 g of cesium
nitrate in 9 1 of deionized water, and 30 g of powdery antimony trioxide in
this order. The resulting mixture was concentrated by heating with
stirring. 



The resulting slurry was dried at 250 [err] C for 15 hours, followed by
grinding. The resulting particles were 55 wetted with water to an
appropriate degree and then molded into pellets of 5 mm in diameter and 6
mm in length using a screw type extruder. The pellets were dried and
calcined in air at 400[err]C for 3 hours to prepare a pellet catalyst (1).
5    EP 0 441 312 B1 The catalyst (1) had the following composition when
expressed as an atomic ratio excluding oxygen. [err] 5      A pellet
catalyst (2) was prepared in the same manner as for the catalyst (1) except
that the amount of antimony trioxide used was changed to 425 g. The
catalyst (2) had the following composition when expressed as an atomic
ratio excluding oxygen. [err] 10 750 ml of the catalyst (1) was filled into
the material gas inlet portion of a steel-made reaction tube of 25.4 mm in
inside diameter, and sucessively 750 ml of the catalyst (2) was filled into
the outlet portion of the same reaction tube. Into this catalyst layer was
introduced a mixed gas having the following composition, obtained by 15
subjecting isobutylene to gas phase catalytic oxidation in the presence of
a multi-element catalyst of Mo- Co-W-Fe oxide type, to effect a reaction at
a reaction temperature of 290 [err]C at a space velocity of 1,200 hr-[err].
Methacrolein                      3.5 % by volume 20 Isobutylene
0.04 % by volume Methacrylic acid + acetic acid 0.24 % by volume 25
Steam                            20 % by volume Oxygen
9 % by volume Others                          67.22 % by volume 30 The
results are shown in Table 1. Comparative Example 1 35     A reaction was
effected in the same manner as in Example 1 except that no catalyst (2) was
used and only the catalyst (1) (1,500 ml) was filled. The results are shown
in Table 1. Comparative Example 2 40 A reaction was effected in the same
manner as in Example 1 except that no catalyst (1) was used and only the
catalyst (2) (1,500 ml) was filled. The results are shown in Table 1. 45
Comparative Example 3 A pellet catalyst (3) was prepared in the same manner
as for the catalyst (1) of Example 1 except that the amount of antimony
trioxide used was changed to 243 g. The catalyst (3) had the following
composition when expressed as an atomic ratio excluding oxygen. so 



[ERR] A reaction was effected in the same manner as in Example 1 except
that only the catalyst (3) (1,500 ml) was used. 55     The results are
shown in Table 1. In Table 1, when Example 1 is compared with Comparative
Examples 1 and 2, Comparative Example 1 using a single layer of the
catalyst (1) gives a very low activity, Comparative Example 2 using a
single layer of the catalyst (2) gives a high activity but a low
selectivity, and Comparative Examples 1 and 2 each gives    EP 0 441 312 B1
a low yield; meanwhile, Example 1 using a combination of the catalyst (1)
and the catalyst (2) gives a high yield and very good results. Comparative
Example 3 using a single layer of the catalyst (3) having an intermediate
composition between those of the catalyst (1) and the catalyst (2) gives a
low yield and a very large AT (temperature 5  difference between reaction
temperature and temperature of hot spots). Therefore, it is presumed that
the use of this catalyst gives severe catalyst deterioration due to thermal
load. Thus, it can be said that the combination of the catalyst (1) and the
catalyst (2) according to the present invention gives significantly
superior results in yield and thermal load. 10 Example 2 As reaction was
effected in the same manner as in Example 1 except that as the catalyst (1)
and the catalyst (2), there were used those obtained by molding into a ring
shape having an outside diameter of 5 mm, a length of 6 mm and an inside
diameter (a diameter of the through-hole formed in the length 15 direction)
of 1 mm. The results are shown in Table 1. Comparative Example 4 20     A
reaction was effected in the same manner as in Comparative Example 1 except
that as the catalyst (1), there was used one obtained by molding into a
ring shape having an outside diameter of 5 mm, a length of 6 mm and an
inside diameter (a diameter of the through-hole formed in the length
direction) of 1 mm. The results are shown in Table 1. 25 Comparative
Example 5 A reaction was effected in the same manner as in Comparative
Example 2 except that as the catalyst (2), there was used one obtained by
molding into a ring shape having an outside diameter of 5 mm, a 30 length
of 6 mm and an inside diameter (a diameter of the through-hole formed in
the length direction) of 1 mm. The results are shown in Table 1.
Comparative Example 6 35 A reaction was effected in the same manner as in
Comparative Example 3 except that as the catalyst (3) there was used one
obtained by molding into a ring shape having an outside diameter of 5 mm, a
length of 6 mm and an inside diameter (a diameter of the through-hole
formed in the length direction) of 1 mm. 40     The results are shown in
Table 1. In all of Example 2 and Comparative Examples 4-6, the use of
ring-shaped catalyst gave a higher yield and a lower AT. However, the
combination use of the catalyst (1) and the catalyst (2) gave better
results in 



yield and [ERR]T than the use of the catalyst (1), (2) or (3) alone. 45
Example 3 A reaction was effected in the same manner as in Example 1 except
that the catalyst (1) was molded so as to have a ring shape having an
outside diameter of 5 mm, a length of 6 mm and an inside diameter (a
diameter of the through-hole formed in the length direction) of 1 mm. 50
The results are shown in Table 1. As is clear from Table 1, Example 3 using
a ring catalyst (1) in the inlet portion of a reaction tube gave a higher
yield and a lower AT. That is, the combination use of catalysts different
not only in activity but also in shape gives better results. 55 Example 4
The reaction of Example 3 was effected for 4,000 hours. The results after
4,000 hours are shown in Table 1. 7    EP 0 441 312 B1 Activity reduction
during the period was very small and yield reduction was substantially
negligible. That is, the combination use of the catalysts of Example 3
enables very stable operation over a long period. Comparative Example 7 5
The reaction of Comparative Example 3 was effected for 4,000 hours. The
results after 4,000 hours are shown in Table 1. Activity reduction and
yield reduction were both large as compared with those in Example 4, and
the catalyst used in Comparative Example 7 had a problem in stability. 10
Example 5 A reaction was effected in the same manner as in Example 2 except
that the reaction temperature was changed to 300 [ERR] C and the space
velocity was changed to 1,500 hr[ER]R1. 15    The results are shown in
Table 1. Comparative Example 8 A reaction was effected in the same manner
as in Comparative Example 4 except that the reaction 20 temperature was
changed to 300 * C and the space velocity was changed to 1,500 hr[err]1.
The results are shown in Table 1. Comparative Example 9 25     A reaction
was effected in the same manner as in Comparative Example 6 except that the
reaction temperature was changed to 300[err] C and the space velocity was
changed to 1,500 hr[err]1. The results are shown in Table 1. The comparison
of Example 5 with Comparative Examples 8-9 indicates that the combination
use of the catalyst (1) and the catalyst (2) gives a higher activity and a
higher yield even under a high space velocity 30 condition than the use of
the catalyst (1) or (3) alone. Example 6 A reaction was effected in the
same manner as in Example 2 except that the concentrations of 35
methacrolein and nitrogen in the material gas was changed to 4.0 % by
volume and 66.72 % by volume, respectively. The results are shown in Table
1. Comparative Example 10 



40 A reaction was effected in the same manner as in Comparative Example 4
except that the concentra- tions of methacrolein and nitrogen in the
material gas was changed to 4.0 % by volume and 66.72 % by volume,
respectively. The results are shown in Table 1. 45 Comparative Example 11 A
reaction was effected in the same manner as in Comparative Example 6 except
that the concentra- tions of methacrolein and nitrogen in the material gas
was changed to 4.0 % by volume and 66.72 % by 50 volume, respectively. The
results are shown in Table 1. The comparison of Example 6 with Comparative
Examples 10-11 indicates that the combination use of the catalyst (1) and
the catalyst (2) gives a higher activity and a higher yield even when the
methacrolein concentration in material gas is increased, than the use of
the catalyst (1) or (3) alone. Increase in AT is 55 fairly small in the
combination use of the catalyst (1) and the catalyst (2), as compared with
the using the catalyst (1) or (3) alone; therefore, the above catalyst
combination is thought to be effective for minimization of catalyst
deterioration due to thermal load. 8    EP 0 441 312B1 Example 7 A reaction
was effected in the same manner as in Example 2 except that there was used,
as the material gas, a mixed gas consisting of 5 % by volume of isobutyl
aldehyde, 12.5 % by volume of oxygen, 5  10 % by volume of steam and 72.5 %
by volume of nitrogen and that the space velocity was changed to 800
hr[err] and the reaction temperature was changed to 280 * C. The results
are shown in Table 2. Comparative Example 12 70 A reaction was effected in
the same manner as in Comparative Example 4 except that there was used, as
the material gas, a mixed gas consisting of 5 % by volume of isobutyl
aldehyde, 12.5 % by volume of oxygen, 10 % by volume of steam and 72.5 % by
volume of nitrogen and that the space velocity was changed to 800 hr[err]
and the reaction temperature was changed to 280 [err] C. 15     The results
are shown in Table 2. Comparative Example 13 A reaction was effected in the
same manner as in Comparative Example 6 except that there was used, 20 as
the material gas, a mixed gas consisting of 5 % by volume of isobutyl
aldehyde, 12.5 % by volume of oxygen, 10 % by volume of steam and 72.5 % by
volume of nitrogen and that the space velocity was changed to 800 hr[err]
and the reaction temperature was changed to 280 [err] C. The results are
shown in Table 2. 25 Example 8 A reaction was effected in the same manner
as in Example 2 except that there was used, as the material gas, a mixed
gas consisting of 5 % by volume of isobutyric acid, 10 % by volume of
oxygen, 10 % by volume of steam and 75 % by volume of nitrogen and that the
space velocity was changed to 2,000 hr[err] 30 and the reaction temperature
was changed to 280 [err] C. The results are shown in Table 3. 



Comparative Example 14 35     A reaction was effected in the same manner as
in Comparative Example 4 except that there was used, as the material gas, a
mixed gas consisting of 5 % by volume of isobutyric acid, 10 % by volume of
oxygen, 10 % by volume of steam and 75 % by volume of nitrogen and that the
space velocity was changed to 2,000 hr[err]1 and the temperature was
changed to 280 [err] C. The results are shown in Table 3. 40 Comparative
Example 15 A reaction was effected in the same manner as in Comparative
Example 6 except that there was used, as the material gas, a mixed gas
consisting of 5 % by volume of isobutyric acid, 10 % by volume of 45
oxygen, 10 % by volume of steam and 75 % by volume of nitrogen and that the
space velocity was changed to 2,000 hr[err] and the reaction temperature
was changed to 280 [err] C. The results are shown in Table 3. Example 9 50
To 40 1 of heated deionized water were added 8,830 g of ammonium
paramolybdate and 731 g of ammonium metavanadate. The resulting mixture was
stirred to obtain an aqueous solution. To this solution were added 523 g of
orthophosphoric acid (85 wt. %), an aqueous solution obtained by dissolving
337 g of potassium nitrate and 569 g of cesium nitrate in 9 [err] of
deionized water, and 43.6 g of 55 germanium oxide in this order. The
resulting mixture was concentrated by heating with stirring. The resulting
slurry was dried at 250[err] C for 15 hours. The subsequent procedure was
the same as in Example 1, to prepare a pellet catalyst (4). 9    EP 0 441
312 B1 The catalyst (4) had the following composition when expressed as an
atomic ratio excluding oxygen. [err] [err] 5     A pellet catalyst (5) was
preapred in the same manner as for the catalyst (4) except that the amount
of ammonium metavanadate used was changed to 341 g and the amount of
potassium nitrate used was changed to 126 g. The catalyst (5) had the
following composition when expressed as an atomic ratio excluding oxygen.
10  [err] 750 ml of the catalyst (4) was filled into the material gas inlet
portion of a steel-made reaction tube of 25.4 mm in inside diameter, and
sucessively 750 ml of the catalyst (5) was filled into the outlet portion
of the same reaction tube, to effect a reaction in the same manner as in
Example 1. 15     The resuts are shown in Table 4. Example 10 To 40 1 of
heated deionized water were dispersed 4,802 g of molybdenum trioxide, 276 g
of vanadium 20 pentozide, 22.1 g of copper oxide, 44.4 g of iron oxide,
41.9 g of tin oxide and 349.4 g of orthophosphoric acid (85 wt. %). The
resulting despersion was stirred for about 3 hours with heating. Then,
427.3 g of rubidium hydroxide was added and the resulting mixture was
stirred for about 3 hours under refluxing, to obtain a suspension. The
suspension was concentrated by heating with stirring, to prepare a slurry.
The slurry was dried at 25 250 [err]C for 15 hours. The subsequent
procedure was the same as in Example 1, to prepare a pellet catalyst 



(6) having a diameter of 5 mm and a length of 6 mm. The catalyst (6) had
the following composition when expressed as an atomic ratio excluding
oxygen. [err] 30 A pellet catalyst (7) was preapred in the same manner as
for the catalyst (6) except that the amount of copper oxide used was
changed to 66.3 g and the amount of the rubidium hydroxide used was changed
to 142.4 g. The catalyst (7) had the following composition when expressed
as an atomic ratio excluding oxygen. 35 [err] 750 ml of the catalyst (6)
was filled into the material gas inlet portion of a steel-made reaction
tube of 25.4 mm in inside diameter, and sucessively 750 ml of the catalyst
(7) was filled into the outlet portion of 40 the same reaction tube, to
effect a reaction in the same manner as in Example 1. The resuts are shown
in Table 4. Example 11 45     4,770 g of ammonium molybdate was dissolved
in 18 1 of water. 234 g of orthophosphoric acid (85 wt. %) was diluted with
1,350 ml of water, and 20.1 g of arsenous acid was dissolved threin. The
resulting solution was added to the aqueous ammonium molybdate solution
prepared above. The resulting mixture was sufficiently stirred with heating
to effect aging, whereby a reaction product of phosphorous molybdenum and
arsenic was obtained as a precipitate. so     234 g of orthophosphoric acid
(85 wt. %) was diluted with 1,350 ml of water. Thereto was added 184.4 g of
vanadium pentoxide. The mixture was stirred with heating to vaporize water,
whereby a yellow complex was formed. This complex was added to the above
precipitate (reaction product of phosphorous molyb- denum and arsenic). The
mixture was added to an aqueous solution obtained by dissolving 34.4 g of
silver nitrate and 120.6 g of zinc nitrate hexahydrate, to effect
sufficient aging. Then, there was added an aqueous 55 solution obtained by
dissolving 370.9 g of barium nitrate in 2 1 of water. The resuting mixture
was concentrated by heating with stirring, to obtain a slurry. The slurry
was dried at 250[err]C for 15 hours, followed by grinding. The resulting
particles were wetted with water to an appropriate degree and then molded
into rings of 5 mm in outside diameter, 6 mm in 10    EP 0 441 312 B1
length and 1.5 mm in inside diameter (diameter of the through-hole formed
in the length direction) using a screw type extruder. The rings were dried
and calcined in air at 400 [err] for 3 hours to prepare a ring catalyst
(8). The catalyst (8) had the following composition when expressed as an
atomic ratio excluding oxygen. 5 [err] A slurry was obtained in the same
manner as for the catalyst (8) except that the amounts of arsenous acid
used was changed to 140.4 g, the amount of barium nitrate used was changed
to 53 g, and 1,100 g of 10  pyridine and 2.2 [err] of nitric acid (sp. gr.
= 1.38) were newly added together with arsenous acid. The slurry was dried
at 250[err]C for 15 hours, followed by grinding. The resulting particles
were wetted with water to an appropriate degree and then molded into
pellets of 5 mm in diameter and 6 mm in length using a screw type extruder.
The pellets were dried and calcined in the nitrogen at 400 [err] C for 3
hours and then in the air at 400 [err] C for 3 hours to prepare a pellet
catalyst (9). 



15     The catalyst (9) had the following composition when expressed as an
atomic ratio excluding oxygen. [err] 750 ml of the catalyst (8) was filled
into the material gas inlet portion of a steel-made reaction tube of 20
25.4 mm in inside diameter, and sucessively 750 ml of the catalyst (9) was
filled into the outlet portion of the same reaction tube, to effect a
reaction in the same manner as in Example 1. The results are shown in Table
4. Example 12 25 To 35 1 of heated deionized water were added 4,320 g of
molybdenum trioxide, 227.4 g of vanadium pentoxide and 432.5 g of
orthophosphoric acid (85 wt. %). The resulting mixture was stirred for 24
hours with heating. Thereto were added 43 g of powdery cerium oxide, 118.1
g of calcium nitrate and 258 g of rubidium nitrate. The resulting mixture
was concentrated by heating with stirring. 30     The resulting clay-like
substance was dried at about 100[err]C for 4 hours and then ground. To the
resulting particles were added 133.7 g of zirconium nitrate and 72.8 g of
cobalt nitrate, and they were mixed sufficiently. Water was added thereto
and sufficient kneading was effected. The kneaded substance was molded into
rings of 5 mm in outside diameter, 6 mm in length and 1.5 mm in inside
diameter (diameter of the through-hole formed in the length direction). The
rings were dried and calcined in an air current at 35  400 [err] C for 3
hours, to obtain a ring catalyst (10). The catalyst (10) had the following
composition when expressed as an atomic ratio excluding oxygen. [err] 40
A pellet catalyst (11) was obtained in the same manner as for the catalyst
(10) except that the amount of cerium oxide used was changed to 387.4 g and
the amount of zirconium nitrate was changed to 66.8 g and that the kneaded
substance was molded into pellets of 5 mm in diameter and 6 mm in length.
The catalyst (11) had the following composition when expressed as an atomic
ratio excluding oxygen. 45  [err] 750 ml of the catalyst (10) was filled
into the material gas inlet portion of a steel-made reaction tube of 25.4
mm in inside diameter, and successively 750 ml of the catalyst (11) was
filled into the outlet portion of the same reaction tube, to effect a
reaction in the same manner as in Example 1. 50     The results are shown
in Table 4. Example 13 To 20 [err] of heated deionized water were added
5,088 g of ammonium paramolybdate and 306.2 g of 55  ammonium metavanadate.
The resulting mixture was stirred to obtain a solution. To this solution
were added 301.8 g of orthophosphoric acid (85 wt. %), an aqueous solution
obtained by dissolving 254.1 g of strontium nitrate and 55.3 g of palladium
nitrate in 3 [err] of deionized water, 116.5 g of powdery bismuth nitrate,
188.1 g of powdery ammonium tungstate, and an aqueous solution obtained by
dissolving 24 g of 11    EP 0 441 312 B1 chromic anhydride and 26.6 g of
selenium dioxide in 3[err] of deionized water, in this order. The resulting
mixture was heated with stirring, to effect aging. In the resulting
suspension was immersed 1,600 ml of a carrier consisting of spherical
a-alumina of 5 mm in diameter. The system was heated to a predetermined
temperature with stirring, to allow the carrier to 5 support the catalyst
active component. The system was then calcined in an air current at 400
[err] C for 3 hours to obtain a supported catalyst (12). The compound oxide
of this catalyst (12) had the following composition when expressed as an
atomic 



ratio excluding oxygen. 10  [err] The amount of the compound oxide
supported was 20 g per 100 ml of the carrier. A slurry was prepared in the
same manner as for the catalyst (12) except that the amount of strontium
nitrate was changed to 50.8 g and the amount of ammonium tungstate used was
changed to 438.9 g. The 15 subsequent procedure was the same as in Example
1 to obtain a pellet catalyst (13) of 5 mm in outside diameter and 6 mm in
length. The catalyst (13) had the following composition when expressed as
an atomic ratio excluding oxygen. [err] 20 1,000 ml of the catalyst (12)
was filled into the material gas inlet portion of a steel-made reaction
tube of 25.4 mm in inside diameter, and successively 500 ml of the catalyst
(13) was filled into the outlet portion of the same reaction tube, to
effect a reaction in the same manner as in Example 1. The results are shown
in Table 4. 25 Example 14 To 40 [err] of heated deionized water were added
8,830 g of ammonium paramolybdate and 531.4 g of ammonium metavanadate. The
resulting mixture was stirred to obtain a solution. To this solution were
30  added 523.7 g of orthophosphoric acid (85 wt. %), an aqueous solution
obtained by dissolving 812.3 g of cesium nitrate, 444 g of thallium
nitrate, 121.2 g of nickel nitrate, 119.6 g of manganese nitrate and 135.4
g of rhodium nitrate in 10 [err] of deionized water, 133 g of powdery
tellurium dioxide and 166.2 g of powdery niobium pentoxide, in this order.
The resulting mixture was heated with stirring, to effect aging. In the
resulting suspension was immersed 1,600 ml of a carrier consisting of
ring-shaped silica-alumina 35 of 6 mm in outside diameter, 5 mm in length
and 3 mm in inside diameter (diameter of the through-hole formed in the
length direction). The system was heated to a predetermined temperature
with stirring, to allow the carrier to support the catalyst active
component. The system was then calcined in an air current at 400 * C for 3
hours to obtain a supported catalyst (14). The compound oxide of this
catalyst (14) had the following composition when expressed as an atomic 40
ratio excluding oxygen. [err] The amount of the compound oxide supported
was 20 g per 100 ml of the carrier. 45     A slurry was prepared in the
same manner as for the catalyst (14) except that the amount of thallium
nitrate used was changed to 111 g and the amount of niobium pentoxide used
was changed to 55.4 g. The subsequent procedure was the same as in Example
1 to obtain a pellet catalyst (15) of 5 mm in outside diameter and 6 mm in
length. The catalyst (15) had the following composition when expressed as
an atomic ratio excluding oxygen. 50 [err] 1,000 ml of the catalyst (14)
was filled into the material gas inlet portion of a steel-made reaction
tube of 25.4 mm in inside diameter, and successively 500 ml of the catalyst
(15) was filled into the outlet portion 55 of the same reaction tube, to
effect a reaction in the same manner as in Example 1. 12    EP O 441 312 B1
The results are shown in Table 4. 
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_ 45 Claims 1. A process for producing methacrylic acid, which comprises
filling a plurality of catalysts of different activities into a plurality
of reaction zones which have been 50     formed in each of the reaction
tubes of a fixed bed multi-tubular reactor by dividing said reaction tube
into two or more portions in the direction of tubular axis, so that the
activity of catalyst is higher as the reaction zone is closer to the outlet
of the reaction tube, and introducing into the reaction zones containing
the catalysts at least one compound selected from methacrolein, isobutyl
aldehyde and isobutyric acid to oxidize the at least one compound with 55
molecular oxygen or a molecular oxygen-containing gas, characterized in
that the catalysts are compound oxides represented by the following general
formula (I). 18    EP 0 441 312 B1                      1111111111111111111
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0*           ,.4  ,-4  6-4  i-I  r- 45 Claims 1. A process for producing
methacrylic acid, which comprises filling a plurality of catalysts of
different activities into a plurality of reaction zones which have been 50
formed in each of the reaction tubes of a fixed bed multi-tubular reactor
by dividing said reaction tube into two or more portions in the direction
of tubular axis, so that the activity of catalyst is higher as the reaction
zone is closer to the outlet of the reaction tube, and introducing into the
reaction zones containing the catalysts at least one compound selected from
methacrolein, isobutyl aldehyde and isobutyric acid to oxidize the at least
one compound with 55      molecular oxygen or a molecular oxygen-containing
gas, characterized in that the catalysts are compound oxides represented by
the following general formula (I). 18    EP 0 441 312B1 [err] wherein Mo
represents molybdenum; P represents phosphorus; A represents at least one
element selected from arsenic, antimony, germanium, bismuth, zirconium,
selenium, cerium, copper, iron, 5      chromium, nickel, manganese, cobalt,
tin, silver, zinc, palladium, rhodium and tellurium; B represents at least
one element selected from vanadium, tungsten and niobium; C represents at
least one element selected from alkali metals, alkaline earth metals and
thallium; 0 represents oxygen; a, b, c, d, e and x represent the atom
numbers of Mo, P, A, B, C and 0, respectively; when a is 12, b is 0.5-4, c
is 0.00 1- 5, d is 0.001-4 and e is 0.001-4; and x is a value determined by
the oxidation state of each element, 10     and that a plurality of
catalysts of different activities are prepared 



(i) by changing the types and/or amounts of the A group elements in the
general formula (I), (ii) by changing the types and/or amounts of the B
group elements in the general formula (I) or (iii) by changing the types
and/or amounts of the elements of at least two groups selected from the A
group, the B group and the C group in the general formula (I). 15 2. The
process according to claim 1, wherein the number of the reaction zones is 2
or 3. 3  The process according to any of claims 1 and 2, wherein the
catalysts have a ring shape having a through-hole in its length direction,
having an outside diameter of 3-10 mm, a length of 0.5-2 times the 20
outside diameter and an inside diameter (the diameter of the through-hole)
of 0.1-0.7 times the outside diameter. PatentansprUche 25  1. Verfahren zur
Herstellung von Methacrylslure durch EinfUllen elner Vlelzahl von
Katalysatoren mit verschiedenen Aktivitaten in eine Vielzahl von
Reaktionszonen, die in jeder der Reaktionsrohren eines
Festbett-Vielr6hrenreaktors durch Aufteilen der Reaktionsrohre in der
Richtung der Rohrenachse in zwei oder mehr Bereiche gebildet worden sind,
so daB die Aktivit~t des Katalysators groBer ist, wenn die Reaktionszone
dem AuslaB der Reaktionsr6hre 30     naher ist, und EinfUhren mindestens
einer Verbindung, ausgewihit aus Methacrolein, Isobutyraldehyd und Isobut-
tersdure in die die Katalysatoren enthaltenden Reaktionszonen, urn die
mindestens eine Verbindung mit molekularem Sauerstoff oder einern
molekularen Sauerstoff enthaltenden Gas zu oxidieren, dadurch
gekennzelchnet, daB 35         die Katalysatoren Mischoxide gemaB der
folgenden allgemeinen Formel (I) MoPbACBdCO.X  (I) sind, worin Mo far
Molybdin steht; P flr Phosphor steht; A far mindestens ein Element,
ausgew~hit 40     aus Arsen, Antimon, Germanium, Bismut, Zirconium, Selen,
Cer, Kupfer, Eisen, Chrom, Nickel, Mangan, Cobalt, Zinn, Silber, Zink,
Palladium, Rhodium und Tellur, steht; B ffr mindestens ein Element,
ausgewihit aus Vanadium, Wolfram und Niob steht; C fMr mindestens ein
Element, ausgewshit aus den Alkalimetallen, Erdalkalimetallen und Thallium
steht; 0 fUr Sauerstoff steht; a, b, c, d, e und x jeweils die Atomzahlen
von Mo, P, A, B, C und 0 sind; wenn a 12 ist, b 0,5-4 ist, c 0,001-6 ist, d
0,001-4 ist 45     und e 0,001-4 ist; und x ein Wert ist, der von der
Oxidationsstufe jedes der Elemente bestimmt wird, und daB eine Vielzahl von
Katalysatoren mit unterschiedlichen Aktivitaten dadurch hergestellt werden,
daB man (i) die Typen undloder Mengen der A-Gruppen-Elemente in der
allgemeinen Formal (I) verfndert, (ii) die Typen und/oder Mengen der
B-Gruppen-Elemente in der allgemeinen Formel (I) verandert, 50        oder
(iii) die Typen und/oder Mengen der Elemente von mindestens zwei Gruppen,
ausgewlhit aus der A- Gruppe, der B-Gruppe und der C-Gruppe, in der
allgemeinen Formel (I) verandert. 2. Verfahren nach Anspruch 1, dadurch
gekennzelchnet daB die Zahl der Reaktionszonen 2 oder 3 ist. 55 3.
Verfahren nach einem der AnsprUche I und 2, dadurch gekennzelchnet, daB die
Katalysatoren eine Ringform mit einer durchgehenden Offnung in ihrer
Langsrichtung haben, und daB sie einen AuBen- durchmesser von 3-10 mm, das
0,5-2fache des AuBendurchmessers als Linge sowie das 0,1-0,7fache 19    EP
0 441 312 B311    .              1 l!111  111 111  liii.  urn 



des Auiendurchmessers als Innendurchmesser (der Durchmesser der
durchgehenden Offnung) aufwei- seon. Revendicatlons 5 1. ProcWd4 de
production d'acide methacrylique, qui consiste: a introduire un ensemble de
catalyseurs d'activites differentes dans un ensemble de zones
reactionnelles qui ont ete formdes dans chacun des tubes reactionnels d'un
rdacteur multitubulaire & lit fixe en divisant ledit tube reactionnol en
deux ou plusieurs portions dans la direction de l'axe tubulaire, 10     de
sorto quo l'activite du catalyseur est supdrioure quand la zone
r6actionnelle est plus proche de la sortie du tube r6actionnel ot, a
introduire dans les zones reactionnelles contenant les catalyseurs au moins
un compose choisi parmi la methacroleine, I'aldehyde isobutylique et
l'acide isobutyrique pour oxyder au moins un compos4 avec de l'oxygbne
moleculaire ou un gaz contenant de l'oxygene mol6culaire, 15
caracteris4 en co quo les catalyseurs sont des composes oxydo representes
par la formule gen~rale suivante (I). MoaPbACBdC*Ox   (1) >   20    dans
laquelle Mo repr6sente le molybdene; P reprdsente le phosphore; A
repr~sento au moins un 4l6ment choisi parmi l'arsenic, I'antimoine, le
germanium, le bismuth, le zirconium, le s6ldnium, le cdrium, le cuivre, le
for, le chrome, le nickel, le manganese, le cobalt, I'etain, l'argent, le
zinc, le palladium, le rhodium et le tellure; B represente au moins un
dldment choisi parmi le vanadium, le tungstbne et le niobium; C represente
au moins un 4l6ment choisi parmi les mttaux alcalins, les 25     metaux
alcalino-terreux et le thallium; 0 repr~sente l'oxygbne; a, b, c, d, e et x
repr~sentent le nombre d'atomes de Mo, P, A, B. C et 0, respectivement;
quand a vaut 12, b vaut de 0,5 & 4, c vaut de 0,001 a 5, d vaut de 0,001 &
4 et e vaut de 0,001 a 4; et x eet une valeur determinee par l'etat
d'oxydation de chaque dldment, et en ce qu'un ensemble de catalyseurs
d'activitds diff~rentes sont prepards (i) on modifiant les types eofou les
quantites des elements du groupo A dans la formule generale (I), 30
(ii) en modifiant les types eo/ou les quantites des dldments de groupe B
dans la formulo g6n6rale (I) ou (iii) en modifiant les types et/ou les
quantites des elements d'au moins deux groupes choisis parmi le groupo A,
le groupo B et le groupo C dans la formule gdn6rale (I). 35  2. Proc6d6
selon la revendication 1, dans lequel le nombre de zones rnactionnelles est
de 2 ou 3. 3. Proc6d4 selon l'uno quelconque des revendications 1 et 2,
dans lequel les catalyseurs ont une forms K>         annulaire ayant un
trou traversant dans la direction de la longueur, ayant un diametre exteme
de 3 a 10 mm, une longuour de 0,5 a 2 fois le diambtre exteme et un
diambtre interne (le diambtre du trou 40    traversant) de 0,1 A 0,7 fois
le diambtre exteme. 45 50 55 20    


