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Heteropoly Compounds and Oxidation Catalysts for Methacrolein
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Abstract

The structure, preparation methods, physical and chemical properties, thermal characteristics
and general catalysis of the heteropoly acids and their compounds are introduced. The catalysts
of the oxidation of methacrolein to methacrylic acid presented in the recent patents and papers
are analyzed and investigated in a fundamental and practical research aspect with emphasis on
the bzteropoly compounds.
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Table 1. Elements Capable of Acting as Central
Atoms in Heteropoly Compounds

Group Element®

Hb, Cu*2

Be*?, Zn*?

B‘*’S’ A1+3, Ga+3

Si*4, Ge*t, Sn*4(?), Ce™, Ce*t, Ti*4, Zr*,
Th*, Hi*t

N*8(2), P*3, P*5, As*3, As*™, V*(?), V™S,
Sb*3(?), Bi*3

VI Cr*3,5*, Se*4, Te*t, Te*s

VI  Mn™%, Mn*4,1*7

W Fe®™, Co*? Co*3, Ni*?, Ni*4, Rh*3, Pt*4(?)

= o e~

B

®A question mark after the element denotes do-
ubtful existence of a heteropoly anion.

bTwo hydrogen ions were shown to be attached
to the oxygen atoms withtn the tetrahedral
cavity of the Keggin structure present in the
metatungstate ion, [HsWi304]7¢ an isopoly
species,

Table 2. Principal Species of Heteropolymolybdates

Numbe.rNcI)g Atoms Principal Central Atoms Typical Formulas E;r ‘;gt;’;;
1:12 Series A : N*5(?),P*5, As*3, Si*t, Ge*4, [X*nM013040] " @=n Known
Sn*4(?), Ti*, Zr*t
Series B : Ce™, Th**, Sn**(?) [X*"Mo1z04,]"12"m Known
1:11 P*5, As™5, Ge** (X" Mo13039) ~C127m Unknown
(Possibly dimeric)
1:10 P*s5, As*5, Pt*4(?) [X*1Mo;g0,] ~2x~60-n) Unknown
1:9 Mn*¢, Ni*4 [X*"MogQg] C10-m Known
1:6 Series A : Te"S,I'7 [X*nMogOpy] 2™ Known
Series B : Co*3, Al*3,Cr*?, Fe*?, Rh*3, [X*rMogD2Hs] @™ »> Known
Ga*3,Ni*?
2:18 P*5, As*5 [X3z "M>1gOga] (16722 Known
2:17 P*5, As™S [X;*"Mo0y70,] @x~102"2m) Unknown
1m : 6m Co*2, Mn*2,Cu*2 Se*t, [X**MogQ, ]y m2x-367n) Unknown
(m uaknown)  P*3, As*, P*®
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Table 3. Principal Species of Heteropolytungstates

Num}‘t{)e:r Ve'f Atoms Principal Central Atoms Typical Formulas E}tf ggt:;;,
1:12 P*5, As*5, Si*4, Ge*4, Ti**, Co*?, Fe*3, [X*»W12040] ¢ Known
A1+3. CI’+3, Ga+3’ Te“, B+3
1:10 Si*4, Pt*t [X*" W10, @x"60"nd Unknown
1:9 Be*? [X*2W3031] 78 Unknown
1:6 Series A : Te*s, I*7 [X*n W0y 12"m Isomorphous with
~6-molybdates
Series B : Ni*?, Ga*? [X*nW0z4Hg] ™ 6™ Known
2:18 P*5, As™® [ X" W15062] 12752 Known
2:17 Pt5, As*S [X;*rW1;0,]"@#"102-2s>  Unknown
Im:6m As*3, p*3 [X*rWeO,]p m@®x736"n  Unknown

(m unknown)
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Figure 1. Locations of the centers of the atoms
in an MoO; octahedron. The black
circle represents molybdenum, the
white circles oxygen
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Figure 2. Diagram of an MoO, octahedron. The
vertices represent the centers of the
six oxygen atoms
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Figure 3. Diagram of an MoO; octahedron to the
same scale as Figures 1 and 2 but
with the relative sizes of the atoms
indicated. The molybdenum atom is
the small black circle

Figure 4, Two octahedra sharing an edge to
form a structural unit Moz0;0(This
unit does not actually exist.)
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(a) Spatial diagr m of the 12-molybdophosphate
(V) anion showing the locations of the centers
of the various atoms

QO Mo s P

(b) Polyhedral diagram of the 12-molybdophosph-
ate(V) anion to the same scale as Figure 6(a);
note the central tetrahedron

v

(c) Cubooctahedron diagram of the [PMo;2040]72
or [PW2040]7% anion; the molybdenum or tun-
gsten atoms are at the corners of the polyhedron
and the oxygen atoms are at the midpoints of
the edges

Figure 5. Spatial, polyhedral, and cubooctahed-
ron diagrams of the 12-molybdophosp-
hate(V) anion
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Figure 6. Isomorphism by X-Ray Diffraction of
the Heteropoly Acids
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Table 4. Nomenclature of Heteropoly Compounds

Formula Tentative IUC Names Proposed Names
Na;[P*5Mo012040] trisodium dodecamolybdophosphate sodium 12-oct-molybdo-tef~phosphate (V)*
(NH,)6 P2"*Mo0150s2] hexammonium 18-molybdodiphosphate(V) dimeric ammonium 9-oct~molybdo-tet~

phosphate(V)$
Nas[NiWeO24Hs] tetrasodium hexawolframonickelate(l) sodium 6-oct-tungsto-oct-nickelate( ] )*
(NH4)s[Co2"*M01003s] hexammonium 10-molybdodicobaltate(Hl) dimeric ammeonium 5-ocz-molybdo-p~oct—
dicobaltate (I )¢
Cs;H[SiW12040] tricesium monohydrogen dodecawolf- cesium monohydrogen 12-oct-tungsto-~tef—
ramosilicate silicate (IV)*
Hi[SiW12040] 12-wolframosilicic acid 12-oct-tungsto~tet-silicic(V)* acid
Nag[Ce**M012042] octasodium 12-molybdocerate (V) sodium 12-ocf-molybdocerate(IV)®
Ks[P*Mo015V2040] pentapotassium decamolybdcdivanado-  10-oct-molybdo-2-oct-vanado~tet—
phosphate phosphate(V)*
3 22wk o7 Bl o Faz AMPb BiES d870 dulaEey
Bt BUER AHER & KIEWES 88 Table 5
1. E—FEe A3y Edsts Hik o} Table 6 < Vg% s+4ich
2. EBtE KEHoz FH duz= pitds
FHE® 2.5 B89 B4
3. el T Y o] 2ATHRENY el 2Ee MBS ol Apoldle Abds)

4
Z 5ol ddA LBY HERKSTE €Fdx2
Table 5. Synthesis of 12-Tungstomolybdophosphoric Acids

Heteropoly Materials used*

Acid Na WOy NazMoO4 Na:HPO, H,0 H,SO4
HsW1MoiPOso 60.5g 4,03 g 5.97g 120 m! 10ml
H3sWsMoPOyo 55.0 20.2 7.46 150 20
H3WsMogPOyo 41.2 30.2 7.46 150 20
HaW.iMogPOyo 27.5 40.3 7.46 150 20
HaW2Mo1oPO1o 13.7 50. 4 7.46 150 20
HaW 1Mo POso 6.87 55.5 7.46 150 20

*Na,WO0, and Na,MoO, are dihydrates,
Na;HPO, 12 hydrate reagent, H.SO4 d=1.8

Table 6. Synthesis of 12-Molybdovanadophosphoric Acids

Heteropoly Materials used»

Acids Nazl\/I004 NaVO:; NazHPO4 HzO
Hs;MOmVoPOm 58.1 g 0.0 g 7.2 g 150 m/
HMo1ViPOso 66. 5 3.9 8.9 200
H:Mo10V2P040 60.5 15.8 8.9 200
HeMogVaPOyo 54.5 47.4 8.9 200

a) Na,MoO, and NaVO; areidihydrates, Na;HPO, 12-hydrate reagents;

et HI17H M55 1979 108



Figure 7. Structure of crystalline H;[PWi,0.]-
29 H0. Open circles represented centers
of the [PWi204]7® units, and shaded
circles the centers of the [H;-29H,0]*3

units
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Figure 8. Thermal Bohavior of 12-Tungstoph-
osphoric Acid
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Figure 9. DTA Dehydration Peak Temperatures

of 12-Tungstomolybdophosphoric Het-
eropoly Acids
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Figure 10. DTA Peak Temperatures of 12-Tung-
stomolybdophosphoric Heteropoly Ac-

ids above 300°C
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Table 7. Thermal Behavior of 12-Molybdophosphates

Compounds 050 Temperéatture of Heagisl?)g(" (0)) 400 ED;IFA Dat:a("(}?{)o
H3[PM012040]2* Stable Stable Stable Un. 25~75 400~420
80~105
120~150
Co3[PM012040], Stable Partly Un. 130~175 370~450
Stable 25~100
175~225
Niz[PMo12041:>> Stable Stable Just 25~110 390~420
Stable 160~ 240
Las[PMo12040]9>  Stable Stable Just Un. 25~75 above 315C
Stable 80~90 complex DTA
150~255
270~300
Mni[PMo0120401.¢> Stable Stable Unstable 25~80 330~420
95~115
115~
Cus[PMo12040]2f> Stable Stable Stable 25~80 380~430
100~115
185~215
190~250

a) 16.5H:0 b) 34H20 c) 34H.0 d) 10H:0 e) 17H:0 f) 25H,0
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Table 8. Catalytic Application of Heteropoly Acids and their Compounds

325

Type of Reaction

Examples Sources
Hydration (2-Me) propene + H;O—>sec-ROH 18
Moi.P, WP
200C, 280 KG
propene +H;0——— Me,CHOH 19
Wi2Si
280 C, 250 KG
Cz2 to C4 olefin+H,0——sec-ROH 20
Mo12Si, Mo1P, WP etc
pH 2.8 to 4.5
CH,CHCHOH+H,0,—glycerol 21
WIZP
Polymerization Olefin —————spolymer 22
Wi2Si, 40C
C; to Cs3 olefin —————trimer, tetramer 23
Wi2Si, WP
ethylene -——— ——poly-substituted aromatics 24
Hydrogenation Benzene ~ —————Phenylcyclohexane 25
Metal/W12Si/Si0, Catalyst
Esterification Unsaturated acid ——acid ester 26
olefin Lower olefin WP, H0
Carboxylic acid ——acid ester 27
Olefin WP
Esterification Terephthalic acid — Dimethyl ester 28
Methanol Mo12Si
Disproportionation 2-octene ——————C, to Cj; olefin 29
1-octene NH; Bi phosphomolybdate
Alkylation Benzeee ——phenyldodecane 30,31
1-dodecene W12Si
Decomposition 4-Me-5, 6-dihydro-2-H-pyran
pyran —Isoprene 32
WP
300~500C
Decomposition Vinyl propionate— propionic anhydridn+acetaldehyde 33
acyl MoP
Oxidation (1) naphthalene —— ——phthalic anhydride 34
aromatics Mo12P, Mo12Si
toluene, xylene ——diphenylmethane 35
K5COO4W12036H20
Oxidation (2) butadiene——————furan, maleic acid 36
(NH4) sMo012PO4o
(2-Me)propene —— (meth)acrylic acid 37
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Type of Reaction Examples Sources
(NH4)3N1012_,;V,¢P040
(2-Me) propene —— (meth) acrylic acid 38
As,05-MogMn/SiO;
As;05-MogCr/Si02 39
Te02-Mo1P 40
Bi20:-WiV2Si 41
Oxidation (2) propene —acrolein 42
Wi2As
Oxidation (3) acrolein ——acrylic acid 43
aldehydes Mo;2P
Mo2P or Bi, Sn salt 44
Mo12As-V20s 45,46
heteropoly molybdates-VOSO4-Ce, Fe, Ag 47
Moy2Ce-Bi 48
Oxidative Dehydrogenation R1>CH—CH—C<R4 >C o C /R4 19
Rs | *0 R2
Rs R;
Rs: H, OH, OR
Moy2Si, Mo1P
CH;—CH:—CN —CH;=CH—CN 50
Moy,P-Bi, Sn
Ammoxidation (2-Me)propene — (meth)acrylonitrile 51
NH3, Oz MowP
Mo-As-P 52
Mo12Si-Te, Fe 53
Mo-V-P NH; salt-Te 54
Oxidative addition ethylene +H;0+0s—acetaldehyde 55
PdCl:-Mo1P-Ti0;
Al, W, Ag, Mn, Ge, Cu, Mg, Sr, Sn, Co  wler=Es1419) Bifke] &% wlehzafel AR

o] Agsa get,

ol &rHl e SRRl AT vlelzUE
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ouA ¥B Bl $oh zed =29
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Tfbol Hohal whale} o £3a19) Befkel ¢
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Mo-V % fifi= sl etz gl & Askste A
REEE F4 o2 KERE 94 50~100°C
AE Fom BEs BEES W2 s} H)
etz Ea e LA R HES Mo-V % ik
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Table 9. Reaction Conditions and Catalysts on the Oxidation of Methacrolein
. Compositions of| React-
Catalyst Kinds of Elements Reactants_ ion Conv. | Select. | Comp- | Sou-
Formula X i Y } Z lr\g?glil:c'l OzJNz ter(g%) % % any rces
Mo12P.TisXcY 40, ¥,Nb, TL K 1 1.6 24 |350~370| 83~88 | 78~87 | K 75
a
Mo12P.Sne X Y40, V,Nb, (Cs,TLKI 1 1.6/ 24 [330~360 §2~90 | 71~77 ” 76
a
MozP.BisX. Y40, V,Ta [Cs, TLK 1 1.6/ 24 [320~355 75~88 | 56~88 v | 77.78:
Mo12PaVeMn X 40, K,Rb,Cs 28 340 72~85 | 70~88 %2&:% 79
=N
Mo015P.CssSncX 0. gi, %0, 4 10 | 56 | 340 | 71~97 | 63~82 | JBWEF | 80
e’ ?
Nb, Tl,
Se,In
Mo12P,T1:X Y40, Zr,Ni, |Fe,V, 4 10 | 56 | 340 | 60~97 | 60~82, ” 81, 82:
Nb, Ta [Se, Sn
Mo1:P. XY 0 K,Cs, [Ni,Sn, 4 10 |56 | 340 | 60~80 | 70~85| # 83
wPaXsY O Rb, T |V,In
MoyP.T1VCuaOs 1 1.6} 24 325~350] 80~82 | 76~81 | XK 84
Mo1P.ViFec X0, T1,Cs,K 1 1.6{ 24 |325~350| 82~92 | 70~82 7 85
Mo12P.CspTi: X0, V,Nb,T1 1 1.6 24 |350~365 86~89 | 71~80 ” 86-
Mo.P,BizSb.XsYOs |K,Rb, .Co, Zn, 5 10 | 55 |315~320| 82~84 | 82~84 | =% | 87
Cs, T1 ; 1aw
Mo:P.Rb:Cr.XsY.0r [KiRb, 1V, Nb 5 10 | 55 |275~285 75~83 | 82~86 ” 88.
Cs, T1 iTa, Mn,
\U, Fe,
[Co,Ni,
Zn, Sb
Mo12PaX5Y 2200 K,Rb, [V,Nb U,Cu, 5 10 | 55 [330~340| 79~83 | 79~81 7 89
s,’l‘l Ni, Sb,
Si, Mn
MowP.ViCroXaY.Z:0, Mg,Ca K,Rb, |ALSh, 5 10 | 55 |260~280| 80~84 | 84~88 ” 90.
Cs, T1 |(Se, Cd, ;
Bi, Ta i
Mo12P.ViCe.CugX.Or [Mn, Fe, 5 12 | 48 280 75~90 | 70~80 |HEIEHEE 91
0, Sn,
Te
MoyP.VsW X0, Rb, Sn, 330~420) 57~96 | 30~76 Istand- | 92
Sh, Bc, ard oil
Cd, Fe,
Sr
Mo12PX,Y .0 Mg, Ca, [Ca, Sr, 4 6 | 48 310~360) 85~92 | 51~79 | E{LB | 93
Oustafo et Ba St Zn, Ba B
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Figure 11. Surface Area and Extent of Dehyd-
ration of 12-molybdophosphoric acid
treated at Various Temperatures
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