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unsaturated acids or esters thereof and catalysts thereof  This invention
relates to the production of ethylenically unsaturated acids or esters
thereof, particularly methacrylic acid or alkyl methacrylates, and in
particular to novel catalysts therefor. Such acids or esters may be made by
reacting an alkanoic acid (or ester) of the formula 5 R' - CH2 - COOR,
where R and R' are each, independently, hydrogen or an alkyl group,
especially a lower alkyl group containing for example 1-4 carbon atoms,
with formaldehyde. Thus methacrylic acid or alkyl esters thereof,
especially methyl methacrylate, may be made by the catalytic reaction of
propionic acid, or the corresponding alkyl ester, e.g. methyl propionate,
with formaldehyde in accordance with the reaction sequence: 10 CH3 - CHz -
COOR + HCHO -------> CH3 - CH(CHZOH) - COOR CH3 - CH(CHZOH) - COOR ------>
CH3 - C(:CHZ) - COOR + H20 The reaction is typically effected at an
elevated temperature, usually in the range 250-400C, using a basic
catalyst. Where the desired product is an ester, the reaction is preferably
effected in the presence of the relevant alcohol in order to minimise the
formation of the corresponding acid 15 through hydrolysis of the ester.
Also for convenience it is often desirable to introduce the formaldehyde in
the form of formalin. Hence for the production of methyl methacrylate, the
reaction mixture fed to the catalyst will generally consist of methyl
propionate, methanol, formaldehyde and water. Suitable catalysts that have
been used include alkali metal-doped, especially cesium-doped, 20 silica
catalysts. It has been found that certain cesium-doped silica catalysts,
i.e. those based upon gel silicas, have an unacceptable service life as
they lose their activity and selectivity in a relatively short time. This
activity loss may be attributed to two factors. Firstly the alkali metal
compound employed may exhibit appreciable volatility under the reaction
conditions employed and so there may be a loss of activity through loss of
alkali metal. As 25 described in US 4 990 662, this may be overcome by
incorporating a suitable alkali metal compound into the process gas stream
so that alkali metal compound is deposited on the catalyst during operation
to compensate for any alkali metal compound lost through volatilisation.
Secondly, as may be inferred from US 4 942 258, it is believed that for the
alkali metal to be active, the support should have a certain minimum
surface area. The requisite area is dependent 30 on the amount of alkali
metal in the catalyst: thus it may be inferred that there is a minimum
surface area required per unit of alkali metal. During operation, there is
a tendency for the silica support to lose surface area. Thus under the
reaction conditions there is a risk of hydrolysis of the silica, not only
by the water produced by the reaction, but also from water present in the
reaction mixture, for example resulting from introduction of the
formaldehyde as formalin. We have found that the loss of    1 3 S EP 2002
WO 99/52628 3 PCT/G B99101029 Yoo discloses in "Applied Catalysis", 102,
(1993) pages 215-232 catalysts of cesium supported on silica doped with
various modifiers. While bismuth appeared to be a satisfactory dopant)
catalysts doped with lanthanum, lead or thallium gave short term
improvements. However high levels of lanthanum gave products of low
selectivity while low levels of lanthanum gave 5 catalysts that sintered
much faster than the bismuth doped catalysts. The effective additives were
all highly toxic heavy metals with appreciable volatility: these
considerations preclude their use as catalyst components. The
aforementioned US 3 933 888 indicated that it was important to use a
pyrogenic silica and showed that other types of silicas were unsuitable.
The pyrogenic silicas said to be suitable are 10 those having a total
surface area in the range 150-300 mZ/g, a total pore volume of 3-15 cm'Ig
and a specified pore size distribution wherein at least 50% of the pore
content is in the farm of pores of diameter above 10000 A (1000 nm) and
less than 30% is in the form of pores of diameter below 1000 A (100 nm). In
contrast, in the present invention the silicas that may be employed are
preferably porous high surface area silicas such as gel silicas,
precipitated gel silicas and 15 agglomerated pyrogenic silicas. Accordingly
the present invention provides a catalyst comprising a porous high surface
area silica containing 1-10% by weight of an alkali metal (expressed as
metal)) wherein the catalyst contains a compound of at least one modifier
element selected from boron) magnesium) aluminium) zirconium and hafnium in
such amount that the catalyst contains a total of 0.25 to 2 gram atoms of
20 said modifier element per 100 moles of silica, said modifier element
compound being dispersed in the pores of said silica. 



The silica employed in the invention preferably has a surface area of at
least 50 m2g~' . The surface area may be measured by well known methods, a
preferred method being a standard BET nitrogen absorption method as is well
known in the art. Preferably the bulk of the surface area of 25 the silica
is present in pores of diameter in the range 5-150 nm. Preferably the bulk
of the pore volume of the silica is provided by pores of diameter in the
range 5-150 nm. By "the bulk" of its pore volume or surface area is
provided by pores of diameter in the range 5-150 nm we mean that at least
50% of the pore volume or surface area is provided by pores of this
diameter and more preferably at feast 70%. 30 Preferred alkali metals are
potassium, rubidium, or especially cesium. The alkali metal content is
preferably in the range 3-8%, by weight (expressed as metal). Gel silicas
are preferred although suitable pyrogenic silicas may also be used. The
preferred modifier elements are zirconium, aluminium or borium. The
invention also provides a process for the manufacture of ethylenically
unsaturated acids 35 or esters thereof, particularly methacrylic acid or
alkyl methacrylates, by reaction of an alkanoic acid) or ester of an
alkanoic acid, of the formula R' - CHZ - COOR) where R and R' are each,   1
3 SEP 2002 WO 99I52628 PCT/GB99101029 spheres with boron during gelation
from tetraethyl orthosilicate (TEOS) is described by Jubb and Bowen in J
Material Science, volume 22, (19S7)) pages 1963-1970. Methods of preparing
porous silicas are described in ller R K, The Chemistry of Silica, (Wiley,
New York, 1979), and in Brinker C J & Scherer G W "Sol-Gel Science"
published by Academic Press (1990). Thus methods of preparing suitable
silicas are known in the art . The catalysts are then preferably calcined,
for example in air, at a temperature in the range 300 to 600C, particularly
at 400-500C before use, although we have found that this may not always be
necessary. The catalysts will normally be used in the form of a fixed bed
and so it is desirable that the 10 composition is formed into shaped units,
e.g. spheres, granules) pellets, aggregates, or extrudates, typically
having maximum and minimum dimensions in the range 1 to 10 mm. Where an
impregnation technique is employed, the silica may be so shaped prior to
impregnation. Alternatively the composition may be so shaped at any
suitable stage in the production of the catalyst. The catalysts are also
effective in other forms) e.g. powders or small beads and may be 15 used in
this form. The alkanoic acid or ester thereof and formaldehyde can be fed,
independently or after prior mixing, to the reactor containing the catalyst
at molar ratios of acid or ester to formaldehyde of from 20:1 to 1:20 and
at a temperature of 250-400C with a residence time of 1-100 seconds and at
a pressure of 1-10 tiara. Water may be present up to 60% by weight of the
reaction mixture, although 20 this is preferably minimised due to its
negative effect both on catalyst decay and hydrolysis of esters to acids.
Formaldehyde can be added from any suitable source. These include but are
not limited to aqueous formaldehyde solutions, anhydrous formaldehyde
derived from a formaldehyde drying procedure) trioxane, diether of
methylene glycol and paraformaldehyde. Where forms of formaldehyde which
are not as free or weakly complexed formaldehyde are used, the formaldehyde
25 will form in situ in the synthesis reactor or in a separate reactor
prior to the synthesis reactor. Thus for example, trioxane may be
decomposed over an inert material or in an empty tube at temperatures over
350C or over an acid catalyst at over 100C. As a second example, methylal
may be decomposed by reaction with water to form formaldehyde and methanol
or without water to form dimethyl ether and formaldehyde. This can be
accomplished either within the reactor or in a 30 separate reactor
containing a catalyst such as an heterogeneous acid catalyst. In this case
it is advantageous to feed the alkanoic acid or ester thereof ester
separately to the synthesis reactor to prevent its decomposition over the
acid catalyst. When the desired product is an unsaturated ester made by
reacting an ester of an alkanoic acid ester with formaldehyde) the alcohol
corresponding to the ester may also be fed to the reactor 35 either with or
separately to the other components. The alcohol, amongst other effects,
reduces the quantity of acids leaving the reactor. It is not necessary that
the atcohol is added at the beginning   1 3 SEP Q002 WO 99/52628 7 PCT/G
B99/01029 



Zr content (gram atoms perSurface area (m2lg) after testing for
(days)Example100 moles of silica)025912181
(comparative)none3071341221021008820.5316189155-110104'31.23022081921871831
724 (comparative)2.5307240221-200197" * after 19 days testing The catalytic
performance of the catalyst samples was determined in an atmospheric
pressure microreactor charged with approximately 3 g of catalyst comminuted
to 1 mm size particles. Before use) the catalyst was dried at 300C in a 100
ml/min stream of nitrogen for a period of 30 minutes. The catalysts were
started-up at 300C and fed with a mixture of methyl propionate, methanol
and 5 formalin. The formalin had a formaldehyde : water : methanol weight
ratio of 0.35:0.50:0.15 and the proportions of methyl propionate, methanol
and formalin were such that the overall molar proportions of methyl
propionate, methanol and formaldehyde were 1:1.45:0.187. The reactants were
passed through the catalyst at such a rate that the contact time was
initially approximately 5 seconds. After the feed had stabilised (approx.
30 mins), the catalyst temperature was increased to 10 350C and left to
stabilise overnight. After approximately 16 hours of operation, the
catalysts were tested for activity and selectivity by varying the feed gas
flow rate. The results are shown in the following table.  ZrMethyl
methacrylate plus methacrylic acid - % yield (Y) residence time of T
(sec)or % selectivity (S) atExamplecontent 'TYSTYSTYSTYSTYS1
(comp)none1.35942.68945.510948.2119215.9128920.51.04932.07965.010938.011931
5.0129031.21.23922.45944.89977.0109713.612954
(comp)2.51.13932.25924.68906.5109215.61188 gram atoms per 100 moles of
silica It is seen that zirconium gave a significant improvement in the
retardation of loss of surface area and a significant improvement in
selectivity at the longer residence times, except when a 15 relatively
large amount of zirconium was employed. The effect on selectivity is also
demonstrated by the following table which shows the yield of "heavy"
components, i.e. unwanted by products.   1 3 SEP 2002 . WO 99I52628
PCT/GB99/01029 9 Example 2 was repeated but using boron oxide dissolved in
the cesium carbonate solution in place of zirconium nitrate to give a
catalyst containing 0.8 gram atoms of boron per 100 moles of silica. The
surface area was 172 m2/g after 6 days testing and thereafter fell slowly,
having a value of 157 m2/g after 22 days testing. In the activity testing,
at a contact time of 3.8 sec., the yield was 5 7% and the selectivity was
95%. At a contact time of 6.2 sec., the yield was 9% and the selectivity
was 95%. Example 2 was repeated but using a mixture of aluminium nitrate
and hafnium oxynitrate in place of zirconium nitrate to give a catalyst
containing 0.2 gram atoms of aluminium and 0.3 gram 10 atoms of hafnium per
100 moles of silica. In the activity testing) at a contact time of 3.0
sec., the yield was 7% and the selectivity was 94%. At a contact time of
6.7 sec., the yield was 10% and the selectivity was 94%. Examples 10-13
(comparativel Catalysts were made by the procedure of Example 1 using
zirconia of 1 mm particle size in 15 place of gel silica as the support.
Catalysts were made with nominal cesium contents ranging from 2 to 8% by
weight. The results and surface areas of the catalysts are shown in the
following table.  CsSurface areaMethyl methacrylate + methacrylic acid - %
yield (Y) or lo selectivity (S) at residence time of T secEx.(%)(m2/g)~- Y
ST Y S102932.3 6 494.7 6 44114902.4 4 385.0 4 23126742.5 4 295.4 3
15138732.1 2 274.4 3 16 The very poor yields and selectivities demonstrate
that cesium-doped zirconia is not a suitable catalyst. 20 A series of
catalysts were made by the procedure of Example 2, but using a mixture of
zirconium nitrate and aluminium nitrate. The results of accelerated
hydrolysis and activity testing are shown in the following tables.   ~y 3
SEP 20(12 



WO 99I52628 11 PCT/G B99/01029 Surface area (mz/g) after testing for
(days)ExampleZr content
*04711141821190.5240153153132139-136200.7249169161167149155-210.82461871801
80172172175221.0251195171185175176182 * g atoms per 100 moles of silica
ZrMethyl methacrylate plus methacrylic acid - % yield (Y) or % selectivity
(S) at residence time of T secExamplecontent
*TYSTYSTYSTYSTYS190.51.03892.15904.48937.1109215.41189200.71.03881.95884.29
917.3119114.81389210.81.12802.35814.99828.6118320.31280221.01.02642.04654.2
5677.376813.776523(comp)none1.24942.36934.38957.0109213.31190 * g atoms per
100 moles of silica Examples 24-26 Example 20 was repeated to give
catalysts containing 0.7 gram atoms of zirconium per 100 moles of silica
but using different amounts of cesium. The activity of the catalysts was
assessed as in Examples 1-4.  Example Cs (wt%)Methyl methacrylate plus
methacrylic acid - % yield (Y) or % selectivity (S) at residence time of T
secT Y ST Y ST Y ST Y S2421.2 1 312.2 2 384.6 3 4211.1 4 452531.1 2 732.4 4
775.0 7 7911.3 9 802041.0 3 881.9 5 884.2 9 917.3 11 912651.1 4 892.1 7
934.2 9 9010.3 10 88 Examples 27 - 33   1 3 S E P 2002 WO 99I52628 13
PCT/GB99/01029 ExampleZr (g.atoms1100 g.moles silica)Contact Time (s)Yield
of MMA + MAASelectivity to MMA + MAA27
(comp)0.001.8310.3094.06280.131.5410.0393.36290.262.6312.8693.81300.391.647
.4593.79310.493.0210.0094.14320.662.1610.7889.84331.3138.823.2075.84
Examples 34 - 38 Catalysts were prepared on crystalline zirconia powder
(surface area 38 mZg'') to which caesium nitrate was added by the method
described in Example 28. Catalysts were tested for activity using the
method of Example 27. The results are shown in the table below and show
that zirconia alone 5 is not a suitable support for MMA synthesis. The best
result at 2 wt% caesium was not sustained and after 24 hours running fell
to 60% selectivity. Levels of diethyl ketone (DEK), an unwanted by-product
of the reaction, are also very high except for the most favourable loading
of caesium. DEK is a particular problem at such levels because it has a
boiling point which is very close to that of MMA and so it cannot be
removed by distillation. ExampleCs (wt%)Contact Time (s)Yield of MMA +
MAASelectivity to MMA + MAADEK yield (% of MMA +
MAA)34010.003.097.7532.003523.009.5074.800.073643.001.382.1141.0037652.103.
0415.6427.00388118.601.572.6541.00 10 Examples 39 - 43 (comparative)
Catalysts were prepared by physically mixing the pure silica support used
in Examples 1 - 4 



ground to 0.6 - 1.0 mm mesh size with portions of the zirconia powder used
in Examples 34 - 38 in various proportions. The mixed support was then
impregnated with caesium nitrate using the method described in Examples 27
- 33 to give 4 wt% caesium based on weight of silica plus 15 zirconia. The
results of catalytic testing and for stability towards hydrothermal
sintering using the methods of Examples 27 - 33 are shown in the table
below:   1 3 S E P 2002 WO 99/S2628 15 PCT/G B99/01029 ExampleBcontactYield
ofSelectivitySurfaceSurfaceFractional loss(g.atom/100TimeMMA +to MMA +area
atArea afterof surface areag.atom Si02)(sec)MAAMAAstart14 daysover
test(%)(%)(m29-')(m29')(%)27
(comp)0.001.8310.3094.06273.2013.1095.20440.391.669.5093.59311.3099.6068.80
450.785.339.9793.88461.163.0211.1394.41472.003.8811.6192.05483.905.367.4891
.19 Example 49 A catalyst was prepared by the method in Example 28 but
using 0.39 gatom hafnium instead of 0.39 gatom zirconium, hafnium
oxynitrate being used instead of zirconium nitrate. The catalyst was tested
for stability towards hydrothermal sintering for catalytic activity by the
method used in Example 27 - 33. The surface area fell from 309 mpg-' to 125
m2g-1 over the test. At 1.9 second contact time the yield of methyl
methacrylate plus methacrylic acid was 10.33% and selectivity was 92.5%.
Catalysts containing caesium and zirconium were prepared on a high purity
gel silica in the form of 1 p spheres of diameter in the range 2-4 mm
having a purity of over 99%, a surface area of 127 m2 g' by the methods
described in Example 28. Example 51 - 54 Catalysts containing caesium and
zirconium were prepared on high purity gel silicas in the form of powders
with surface areas as indicated in the table below. 15 Example 55 - 58
Catalysts containing caesium and zirconium were prepared on a pyrogenic
silica powder with compositions as indicated in the table below.   1 3 S E
P 2002 WO 99I52628 17 PCT/G B99101029 Methyl methacrylate plus methacryiic
acid - % yield (Y) or % selectivity (S) at residence time of T sacExampleT
Y
STYSTYSTYSTYS591.15.194.82.27.595.72.98.895.45.711.294.38.612.892.0600.35.1
84.62.67.486.33.69.086.66.110.886.510.411.685.8611.25,591.12.48.091.53.39.7
91.45.511.490.59.512.587.4621.15.195.02.37.495.33.39.095.15.510.994.48.812.
592.5 Surface area after n days on line (m2g'' )ExampleDays on
Line0714285930916511299602961671691586129614211910362309159132128 Thus
these catalysts display satisfactory catalytic performance and enhanced
stability towards sintering of silica compared to Example 1.   1 3 S E P
2002 WO 99I52628 PCTlGB99101029 19 10 A method of preparing a catalyst
comprising mixing together particles of a porous high surface area silica
with a solution of a compound of a modifier element selected from boron,
magnesium, aluminium, zirconium and/or hafnium such that said compound is
impregnated into said particles in such amount that the particles contain a
total of 0.25 to 2 gram atoms of said modifier element per 100 moles of
silica; impregnating said particles with a solution of a compound of an
alkali metal such that the particles contain 1-10% by weight of said alkali
metal (expressed as metal), said impregnation being carried out before
during or after the impregnation with the modifier element compound; and
subsequently drying said particles. 11 A method of preparing a catalyst as
claimed in claim 1 comprising co-gelling or co-precipitating a compound of
the modifier element with the silica, or hydrolysing a mixture of the
modifier element halide with a silicon halide. 12 A process for the
manufacture of ethylenically unsaturated acids or esters thereof by
reaction of an alkanoic acid, or ester of an alkanoic acid, of the formula
R' - CHZ - COOR, where R and R' are each, independently, hydrogen or an
alkyl group, with formaldehyde in the presence of a catalyst as claimed in
any one of claims 1 to 8. 13 A process according to claim 12 wherein the
ester of the alkanoic acid is methyl 



propionate and is reacted with formaldehyde in the presence of methanol. 14
A process according to claim 12 or claim 13 wherein the formaldehyde is
supplied in the form of formalin. 15 A process for manufacturing methyl
methacrylate comprising reacting methyl propionate with formaldehyde and
methanol in the presence of a catalyst comprising a porous high surface
area silica containing 1-10% by weight of cesium (expressed as metal),
wherein the catalyst contains a zirconium compound in such amount that the
catalyst contains a total of 0.25 to 2 gram atoms of zirconium per 100
moles of silica, said zirconium compound being dispersed in the pores of
said silica.   ~ 3 S E P 2002 11VTL~D1V A T1111~T A 1 a~ A nnir nnni\nm a~
aLi\tn11V1c~L Ul`rlll\V111\L! Vl\1 Intarnatlonal Appllcatfon NoPCT/GB
99/01029A. CLASSIFICATION OF S EJECT MATTER IPC 6 BO1J23~04 BO1J21/08
BO1J35/10 C07C57/04 C07C51/353C07C51/347 C07C51/09 C07C67/343
C07C69/54According to Intamattonal Patent Claesdication pPC) or to both
national classtticatlon and IPCB. FIELDS SEARCHEDMlrnmum documenlatlon
searched (classlticatwn system followed by classAlcation symbols)IPC 6 BO1J
C07CDocumentation searched other than minimum documentation to the extent
that such documents are included m the fields aearcnedElectronic data base
consulted during the International search (name of data base and, where
pradtral. search terms used)C. DOCUMENTS CONSIDERED TO 8E
RELEVANTCategory'Cdatron of document, with indication, where appropriate,
of the relevant passagesRelevant to claim NoXUS 4 845 070 A (MONTAG RUTH
A)1-8,11,4 July 1989 (1989-07-04)12,14abstractcolumn 9, line 12 - line
18column 10) line 68 - column 11, line 2;claims 1,4,6; examples 1,2; table
XIA& US 4 990 662 A (HAGEN ET AL)1-155 February 1991 (1991-02-05)cited in
the applicationexample 1_/__Furtfler documents are ksted m the continuatwn
of box C. ~ Patent family members are listed In annex Spaelal categorwa of
cited documents . 'T" later document published after the International
(ding data"A" document defining the general state of the art which is not
or priority data and not m corNlld with the appltcatson but nderetand the
principle or theory underlying theconslderod to be of particular relevance
nvant on'E" earlier document but published on or attar the international X"
document of panroular relevance: the claimed InverAton filing datecannot be
consMared novel or cannot be considered toL" document which may throw
doubts on pnordy clalm(s) or involve an inventive slap when the document is
taken alonewhich ro cited to eatabllsh the publ~atlon date of snottier "y"
document of panlcular rokvance, the claimed Invention cdatlon or other
special reason (as specdled) cannot be considered to involve an inventive
step when the"O" document referring to en oral dfaclosure, use. exhibition
or document Is combined with one or more other such docu-other means mania,
ouch combination being obvious to a person skilled"P" document published
prior to the international Ilkng data but m the anlater than the priority
date claimed "6" document member of the same patent familyDate of the
actual completion of the intemattonal searchDate of mailing of the
international search report12 July 199927/07/1999Name and mailing address
of the ISAAuthorized oHtcerEuropean Patent Ottlce, P B 5818 Patentlaan 2NL
- 2280 HV RqewqkTel (+31-70) 340-2040. Tx 31 65t epo nl, Veefklnd) VFax
(+31-70)340-30t6  Form PCT/ISA/210 (second sheet) (July t992) page 1 of 2
1 3 5 E P 2002 INTERNATIONAL SEARCH REPORTInbrnatlonal Appdcatlon
NoInrortnatlon on patentramlly membersPCT/GB99/01029Patent
documentPubllcabonPatent familyPubUCadoncited In search
reportdatemembers)dateUS 4845070A
04-07-1989US4990662A05-02-1991US4631264A23-12-1986US5241114A31-08-1993US494
3659A24-07-1990US 3933888A
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O1-07-1987JP1804294C26-11-1993JP5013699B23-02-1993JP62149337A03-07-1987JP18
04295C26-11-1993JP5013700B23-02-1993JP62152539A07-07-1987AU591208B30-11-198
9AU5666486A25-06-1987CA1276617A20-11-1990CN1414059B25-09-1991US4841060A20-0
6-1989 Fortn PCTiISA/2101p~t~ntlamdyannax) (July t992)   ~~~_~_cc_y-;
~i_.~~._.=,.._ . - _ __ _ ____ 16-C`~-2000 Wo ~Ws  GB 009901029 1 3 S E P
200i  1 a caml~t comprkaw  porous high surfo. ~ e~irs oonteiNrtA ~-fox by
t~.Ipht of in s~ nrbl (axpraaad ea mahl~, vdtrnh Ihr mnl~ns a compotatd d
ad leant one m~llkr slamant:.i~rd It~owri" . . . : ~ :nteprwium,
alunthitrm. andar i~nkan in welt unotnt wet ilw aobifyat ~ttsirr a I~al of
0S'to 2 ~ clams of sold modiifer alb p~ 1Q0 n>Qlas of eiba, ald modili~
awnrnt oompantd 6rin0 dlaPorr~ad h 1ha parse ~o! aakl sWoa. 2. A catalyst
comprising a paroua high durfavc ease dlica aontainir~ 1-lOYo by wright of
as alkali metal (expareased as metal), wherein the catalyst contains a
mixture of compounds of modifier alementc selected from borers, magnaaiuum,
alvanMiurn) zlroonicu~n andlor hafnitttn in retch amount that the
aatelyskoontains a total of 0~5 to 2 dram a~Eoa~s of said rnodifut
elarr~ents per 100 moles of silica) said modiSar elemsmt cornpauad being
dispersed in the paaea of said silica. '3 A catalyst as claimed is~ claiso
1 or Z) whew die sucfsce arcs of tho aitica is at Least SOm=g'' . 4 A
catalyst as clairnod in alaarn 1 ae 2, whero6~ at lhast SO'S6 of tire p<ae
voltmrc is provided by, parse of diameter in tbo eaoga S-150nm. 5 A
catalyst a; abed i4 olaiai 1 ce Z) v~rhasein at last 0'y6 of tlx total
ourfaex area of the n'vaa is pneaaat in pores of dian~r in the tanEe 5-t
s4ant. 6 A analyst according to claim i or ~) wherein the atlrali metal is
caesium. h ease oiahrd h any psros~ glen, whsnin the aanpound d at lrst one
mod~ir ahmrtt 11,p In airs lbr~ d at I~t ana odds andla d asid at  8 A
eatalyat ae claimed in any of the procadiag olainta as appendant to claim 1
wixrein ti>e madi5er ekrnant oottopriaa sircomium andlor sltuniasium. ' 



~9 ~ omP~''A s P~ ~ r~er aA~ ~tnho i-4Q% by wntpM of ~n ' ate nail
(roipnaeed s mrfai~; whwrh ~ ot~onlalnt a compound d::at lmst '~ an.
nto~ll~ otanwnt abed ttam boron) ms~rt~tsn) akrna~duetr.~monium and
hafaiurn in such amount that the catalyst ootrtains a total of 0.25 tn Z
gram atoms of Said rnoditier element per 100 r~aolea of silica, Said
ttsndifler element aompouad being dispersed is the pores of said cilia,
wherein where tie catalysti contsinr only boron as a modifier rlemar~t it
exeludr.~ bot^ott up to a level of 0.29 gram atoms of said modifier
eletnatt per 100 moles of silica. 10 A ca~lyst as claimed in clium 1
containing a total of 0.25 to 13 gram atoms of said wodifler olement per
100 moles of silica.  AMENDED SHEET   ",-,_~, _~-.: ___ ~ .. _ . ~_ _ ____
__ . 1 3 ~P 2002 16-~~6-200d w~ ~~ GB 009901029 PC?1GS991010z9 19 t 1. A
cotalyat corrlpriairtg s pa~oua high aurtl~oo area silica containing 1-10i
by weight of sn alluli metal (eotprssad as nxtsl), wberoin the aamlyat
contains a compound of bocnn as a rnodiifia elernatt m suoh anwunt that the
ostalyat oanbina a fatal of 4.39 to 3.9 gram stems of said trodifia ekeoent
ptr 100 rnolea of eiliaa, aid rrioditler elemaent oompouad being dispersed
in the pores of said silica. 1 Z. A method of preparing a oatalyet camp
mudn~ toaetba particle: of a goroua high sub area allies arit6 s solution
of s mike of oooopounda of modirt,er, elematta ieleoted front boron, , ~1~1
tldlbif Il~ian il~h riit slid a are irr~lrd Yre ssid plAiatash such
aenoutllrt lira paAidas oorttsh s lobs of 0.98 to' _ ~ o,an, ~wa at ufd
tno~r clrriarrt psr 1 ~ n~s d 111: Yt~lpnrdnp said paNclos trite s soi~laar
d a aonipound d rr ~ nrrdt wdv lirrt the psrtiows aart9dn t-10A6 bgI iwl~t
d tnd a~i1 nrdl (eo~ranea ~ rnadl~" ~1 hiprr0nallan bltn~ all~d out ~ or
rhr ~ h~p~Owrflh Ills nradlAar alan~rtt d ; a a d a~,~au~,rr anrr~a .~ 13 A
nstltod d phpsinp s aft nap ~ P~tidss d ~ Porous hlOh ~ llaa aid wlh s aeon
d a co~paetnd d a ~lirr sirnrnt srl~lad barn .yrr~ssirrw. rrt. >t;tlwn
aridla~ its5irra such titrit snM compound is 6rp~Ornbad Inld sad ~ auah
at~autt tiist rtes ~ ~h a lets! d 0.251d 2 ~ urns d dd rseerr par 10o mots
at slur tm5 acid parts ._ ~wrr i sawrdert d a aompotstl of an jai eaar suoh
Ihat lira pir8dss oondh 1~1Q"!G by rr~i~tt d aald half rttsr (rstprasd as
maisl~, sail Irspraprllon bairp ~rrwd ate ttipaas dvsh0 or adlarfai
hnprsOnalanrdh h nro~ar almnc aen~pa~un~ and . W~~P~ . 14 A wrwod at
prapaatip i aiomprYiltp d ~ P~ ~ asi~aa srsa whoa with a adtdfon of n
oo,rpatnd of s nbdi~r al~rsiik ~ . borers ~ . . - such tint srd eon~pound
la hiptprtslrd ido srld par8oles h ark amorrrt ihsi rtes prgowa ao~n s btd
d0.39 tp 3.9 l5rnn gloms dsatd mod~r si.nrant par 100 moles alslc~
~npnpaallr~ and p~ldss , w~ a sawr~an d s corr~p~ovnd at an aWlf itr41:ueh
art wa plr~da avn~fn 1.10!i !alt watt d ~Id thufl rr~ (se~nwd s~s rt~l~,
ale Mp~p~on bahp osnisd dut Dana dulr~p ar slier the in~prt wIh rtes
nto~llor awmsn! fsar~potatd: ~d subwquar~lly diylr~ aid p~d~. ~ . TOTAL
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Sf P 2002 G B 009901029 pcrrc8~ro~ol~ s~ 1 A cyst camprisinp a points high
swtiaOS tasa e0~ aontehino t-~o% by w~ipnt of on sdtali matt teaprssssd as
mob~l~) vtlrraln ftu aatahrst aontdns a cartpould d at isart ~~ haidurn in
atrdt amount Ihrt rtta a~4fyat s s total at 0~ to 2 stn slams of ald
rnod~k~ al~tt pin 1a0 moles oe:~Cr, rld mod0iu ~tsnt oor~aund batno dl~raaa
in ris poraa ~ol aald aioa. 2. A oatatyst cadr~riaina a porous high aur~OC
ma silica ooa~nirr~ 1-10'G by weight of as al>dli metal (exposed as metal))
wherein the cstalyat comtains a mixture of comapounde of arodifier elements
selected Pram 1, anptasium, ahaiai>nn, sirooarium andlor hafniuttt is wch
amotfnt that the ~eot ootttaiaa a total of 025 io 2 O,ram atoms of acid
rnodiftar elrnsarts per l00 moles of silica, tad modinar elemeet oompa~md
being dispersed is the purer of arid dliea. 3 4 



6 7 Il atalyst as claimed ist clay 1 ar Z, the susFace ass otthe sitiaa is
at Least SOm=g'. A catalyst as c4ieeod in alrtm t ac ?) wluenh~ at least
50"G of the pace is provided by, pocea otdiarao~ h tbo ean~e 5-L30ma. A
aata~yat as clamed 's~ atsinA 1 or 7,, afiareia at least ~0'X. of t!>t oQW
surftce area of the ailioa is pe~e~e~rt in pores of io the rao~e s-1
sOtaatt. A catalyst mocordio~ bo claim i x Z, w>zereits the alkali. metal
is caariu~n. It a~lys~t s~s aishtsd h any p~o~ din, ~nh Iha aan~wn~d o1 at
least one mo~lir dsmr~t Is,p~ h the tbrttt d at I~s~t ana odds attdfor
hydraadda d said at I~t on. mo~d,~r al~wtt. _ $ A c~lyst as claimed im ary
of flee proc~B claims as appatdattt to claim t wberein the modifier
eleaatint ootnp~ises t.ircortium andlar altttni<tium. ' .g A oantpds~p a
potaw hid arks aAia oontahhp i-109 by writ at an ' III nil l~ ~. whirr wa
a0bel~t oontins s aornpound oaf ; vt least ` an. tnod~ta ahrw~t ~d firom
Oonan, nnptswkin) siurriniro..s~ooanh~t and hatniurn itt such amount tbat
the catalyat.c>oataiata s total of 0.25 bo ~ dt~tm aroma of said modifier
element pa t 00 raoka of silica, Said ttuxliBeT ekrnent oontpotund b~tg
diaparced in the pores of said cilia) whearirr arlxre t'ht catalyetcattains
only baroa as * modifier alemmt it cxeludes bot~oct up to a level of 0.29
8ram stotns of said tnodifler elematt par 100 moles of silica. 10 A
catalyst as claimed in olaien l coatainin~ a fatal of 0.t5 to i .5 dam
atoms of said eaodii~r elam~eat per 100 moles of silica. AMENDED SHEET
~~L~.L,~ .~-~-._. `..-........ , s. _ 3 16-Ofi-2000 _ _ _ ' _ . GB 00990
029 wo av rcrtrcmioa9 ~a t 1. A wmlynt comprism5 a Pa~'oua hid eort~oa area
silica oontdpir~ I-10'i bar v~irt of sn alkali mewl (m~ed at meel~) tire
catalyst contsku a cmapotmd of bo~oar a= a modilia eieraatt is n~oh amount
that the ostalyat oorttains a totsl of a.39 to 3.9 dam ~s of said modifies
element per 100 mols~ of dlica, raid rnodifkr element ootnpottad bein5
ay~ea ~ nb p~ of saia ~n~. 12. A method of prapari~ tt ost~t cad ~iod~g
roopemer psrtiolei of ~ porous bi5h auar8as atwrallioa crtth a of a mike of
oompatmde of modi~ ele~nants aeleoted front .._ ~. 11~1~ h~iaA ~h th~ 111d
0of I~p~ a a re impaprlWl info laid pletidas b tuah an~ou~A~ Iltrt ~ pahdrs
oonhYr s tdi d 0.=510' . ~ parn ~ d sW tsar o>rrr~ ~r 1 ~ n~lr d ~C
~prlpnrAhd dd P ~ r aaiu5ea d s oon~pound d rt ~ mrid auoh ~ the pwdafri a~
i-t0~9i py ice! d wd a~i nrdl a~raood ~ nrnQ. avd is~prll~rlbn b~ a~lod au!
~dvrf~ ar airr 1m h~pn~pmlloe vrlh Ihr nadwillr alrn~nt ~ltpa~i~ a ; as d
f9 A ~nll~sd d pApmlnp a aft oo~r~i~ ~ ~ a Po~ ~ ~ rw s11 ~ s aeon d a
aorttpaund d a n~odlllr al~nant ar,ard bwn  ; rrinptwhan. ~rrt) ~orn~n
wtdlar lr~ixn wsh lhat aald mnpoirtd ~ if~~ he a~ p~i1 i1 a<Idl s11~11~ 11~
1h1 oDA~1 i t~ ~ o~ d' Z 5ran~ ron~s or a~ rnadlrr v.r 30o moil ar do.c
hnpr~nrli~ wid v.r~dmr ~~ i of 1 aampaowld Iln iosi nrlal auoh Ihab Iln
parfdo oon~i 1-103i by r~al~! at nid ail nmlrl (rind as arlrl~, sil ln~b~
arriir as ~n ~O ~ ~ tm ~n~arr whh 11m mode s~wr estpomrd; and , . . ~
~nw~os d p~p~p si ate or~a~ at s Po~w h~ wth wsa dloa wllh a aaldOn d a
omnpotrsd d a n~lhr ~ _ harahr ~ . ~ ~ - w~eh ~t aid aatnpdr~ Is nod Yrb
said pardaws h w~ rnortt ria! 1h1 p~rloi~t a~ a boll d0.~ tp 3.9 ' prn hlo~
d srd moor wnrrtt pr 100 oohs d ~C nslh~ wid par0ol~ , wlh a aal~lon d a
oompond at rn alt~Il trrdl aueh wrt ris plr~da aonhfn 1-10ili by wit of nld
~ mil (d as ns~, a,id inpn~on b~i~p o,ni~d aut bsMon: dialr~ ar dir Ilra n
vdlh tm nwdllr t ~poun~ and ~a~- . TOTAL P.O~ AMENDED SHEET   ~ a S E P 2~2
19 (a) 15 A method of preparing a catalyst as claimed in claim 1 or 2
comprising co-gelling or co-precipitating a compound of the modifier
element with the silica, or hydrolysing a mixture of the modifier element
halide with a silicon halide. A process for the manufacture of
ethylenically unsaturated acids or esters thereof by reaction of an
alkanoic aad, or ester of an alkanoic acid, of the formula R' - Cti= -
COOR) where R and R' are each) independently, hydrogen or an alkyl group,
with fortn~dehyde in the prosence of a catalyst as claimed in any one o'r
claims i to ~. A process according to claim ~ 6 wherein the ester of the
aikanoic acid is methyl propionate and is reacted with formaldehyde in the
presence of methand. 



A process according to claim 1 ~ a claim f $ wherein the formaldehyde is
supplied in the form of forrnalin. A process for manufacturing methyl
methaaylate comprising reacting methyl propionate with formaldehyde and
methanol in the presence of a catalyst comprising a porous high surface
area silica containing 1-10% by weight of cesium (expressed as metal),
wherein the catalyst contains a zirconium compound in such amount that the
catalyst contains a total of 025 to 2 gram atoms of zirconium per 100 moles
of silica, said zirconium compound being dispersed in the pores of said
silica.   t 3 S E P Z002 REPL,AC~,~~IENT SHEE I ~. s t~~r Zoo2 18 Claims A
catalyst comprising a porous high surface area silica containing 1-10% by
weight of an alkali metal (expressed as metal), wherein the catalyst
contains a compound of at least one modifier element selected from
magnesium, aluminium. zirconium and/or hafnium in such amount that the
catalyst contains a total of 0.25 to 2 gram atoms of said modifier
eiement-per 100 moles of silica, said modifier element compound being
dispersed in the pores of said silica. 2. A catalyst comprising a porous
high surface area silica containing 1-10% by weight of an alkali metal
(expressed as metal), wherein the catalyst contains a mixture of compounds
of modifier elements selected from boron, magnesium, aluminium, zirconium
and/or hafnium in such amount that the catalyst contains a total of 0.25 to
2 gram atoms of said modifier elements per 100 moles of silica, said
modifier element compound being dispersed in thepores of said silica. 3. A
catalyst as=claimed in claim 1 or 2, wherein the surface area of the silica
is at least SOmzg'i 4. A catalyst as claimed in claim 1 or 2, wherein at
least SO% of the pore volume is provided by pores of diameter in the range
5-l~Onm. A catalyst as claimed in claim 1 or 2, wherein at least 50% of the
total surface area of the silica is present in pores of diameter in the
range 5-I50nm. 6. A catalyst according to claim 1 or 2, wherein the alkali
metal is caesium. 7. A catalyst as claimed in any preceding claim, wherein
the compound of at least one modifier element is present in the form of at
least one oxide and/or hydroxide of said at least one modifier element. A
catalyst as claimed in any of the preceding claims as appendant to claim 1
wherein the modifier element comprises zirconium and/or aluminium.  9. A
catalyst comprising a porous high surface area silica containing 1-10% by
weight_ of an alkali metal (expressed as metal), wherein the catalyst
contains a compound of at least one modifier element selected iiom boron,
magnesium, alurninium, zirconium and/or hafnium in such amount that the
catalyst contains a total of 0.25 to 2 gram atoms of said modifier element
per 100 moles of silica, said modifier element compound being dispersed in
the pores of said silica, wherein where the catalyst contains only boron as
a modifier element it excludes boron up to a level of 0.26 gram atoms of
said modifier element per l00 moles of silica. 10. A catalyst as claimed in
claim 1 containing a total of 0.25 to 1.5 gram atoms of said modifier
element per 100 moles of silica. l 1. A catalyst comprising a porous high
surface area silica containing I-10% by weight of an alkali metal
(expressed as metal), wherein the catalyst contains a compound of boron as
a modifier element in such amount that the catalyst contains a total of
0.39 to 3.9 gram atoms of said   1 3 S E P 2002 REPLACEME1~T SHEET - 6 Mr~Y
2002 19 modifier element per 100 moles of silica, said modifier element
compound being dispersed in the pores of said silica. I 2. A method of
preparing a catalyst comprising mixing together particles of a porous high
surface area silica with a solution of a mixture of compounds of modifier
elements selected from boron, magnesium, aluminium, zirconium and/or
hafnium such that said compounds are impregnated into said particles in
such amount that the particles contain a total of 0.25 to 2 gram atoms of
said modif er element per 100 moles of silica ; impregnating said particles
with a solution of a compound of an alkali metal such that the particles
contain I-I O% by weight of said alkali metal (expressed as metal), said
impregnation being carried out before during or after the impregnation with
the modifier element compounds; and subsequently drying said particles. 13.
A rnet>Tod of prep~sing a catalyst comprising mixing together particles of
a porous high surface area~silica with a solution of a compound of a
modifier element selected from magnesium, aluminium, zirconium and/or
hafnium such that said compound is impregnated into said particles in such
amount that the particles contain a total of 0.25 to 2 gram atoms of said
modifier element per 100 moles of silica; impregnating said particles with
a solution of a compound of an alkali metal such that the particles contain
I-10% by weight of said alkali metal (expressed as metal), said
impregnation being carried out before during or after the impregnation with
the modifier element compound; and subsequently drying said particles. I 4.
A method of preparing a catalyst comprising mixing together particles of a
porous high surface area silica with a solution of a compound of a modifier
element boron, such that said compound is impregnated into said particles
in such amount that the particles contain a total of 0.39 to 3.9 gram atoms
of said modifier element per 100 moles of silica; impregnating said
particles with a solution of a compound of an alkali metal such that the
particles contain 1-10% by weight of said alkali metal (expressed as
metal), said impregnation. being carried out before during or after the
impregnation with the modifier element compound; and subsequently drying
said particles. 15. A method of preparing a catalyst as claimed in claim 1
or 2 comprising co-gelling or coprecipitating a compound of the modifier
element with the silica, or hydrolysing a mixture of the modifier element
halide with a silicon halide. 16. A process for the manufacture of
ethylenically unsaturated acids or esters thereof by reaction of an
all::u~oic acid, or ester of an alkanoic acid, of the formula R'-CHI-CUOR,
where R aizd R' are each, independently, hydrogen or an alkyl group, with
formaldehyde in the presence of a catalyst as claimed in any one of claims
1 to 11. 17. A process for the manufacture of ethylenicaliy unsaturated
acids or esters thereof by reaction of an alkanoic acid, or ester of an
alkanoic acid, of the formula R'-CHZ-COOR, where R and R' are each,
independently, hydrogen or an alkyl group, with formaldehyde in the
presence of a catalyst comprising a porous high surface area silica
containing 1-10% by weight of an alkali metal (expressed as metal), wherein
the catalyst contains a compound of at least one modifier element selected
from boron, magnesium, aluminium, zirconium and/or hafnium in such amount
that the catalyst contains a total of 0.25 to 2 gram atoms of said modifier
element per 100 moles of silica, said modifier element compound being
dispersed in the pores of said silica.   1 3 S E P 2007 REPLACEM-ENT SHEET
_ g MAY 2~2 19a 18. A process according to claim 16 or 17, wherein the
ester of the alkanoic acid is methyl propionate and is reacted with
formaldehyde in the presence of methanol. 19. A process according to claim
16, 17 or 18, wherein the formaldehyde is supplied in the form of formalin.



20. A process for manufacturing methyl methacrylate comprising reacting
methyl propionate with formaldehyde and methanol in the presence of a
catalyst comprising a porous high surface area silica containing 1-10% by
weight of cesium ,(expressed as metal), wherein the catalyst contains a
zirconium compound in such amount that the catalyst contains a total of
0.25 to 2 gram atoms of zirconium per 100 moles of silica, said zirconium
compound being dispersed in the pores of said silica   RENLH~ti~IL~~PSHEET
i13 s~P Z~"~ 19a 18. A process according to claim l6 or 17, wherein the
ester of the alkanoic acid is methyl propionate and is reacted with
formaldehyde in the presence of methanol. 19. A process according to claim
l6, 17 or 18, wherein the formaldehyde is supplied in the form of formalin.
20. A process for manufacturing methyl methacrylate comprising reacting
methyl propionate with formaldehyde and methanol in the presence of a
catalyst comprising a porous high surface area silica containing l-l0% by
weight of cesium (expressed as metal), wherein the catalyst contains a
zirconium compound in such amount that the catalyst contains a total of
0.25 to 2 gram atoms of zirconium per 100 moles of silica, said zirconium
compound being dispersed in the pores of said silica. 21. The use of boron
as a stabilizer for a catalyst, the said catalyst comprising a porous high
surface area silica containing 1 - 10% by weight of an alkali metal
(expressed as metal) in such amount that the catalyst contains a total of
0.25 to 2 gram atoms of boron per 100 moles of silica, the boron being
dispersed in the pores of the silica and stabilizing the catalyst.
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