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Selective oxidation processes of industrial interest

TABLE 1. Number of Electrons and Oxygen Molecules
Involved in the Principal Reactions of Industrial Interest
in Selective Oxidation .




Vanadium phosphates as catalysts in selective
oxidation processes of aliphatic and aromatic
hydrocarbons

1. Oxidation of n-Butane to Maleic Anhydride

2. Ammoxidation of Methylaromatics,

e.d. Toluene to Benzonitrile



Survey on the known Vanadium(IV) phosphate hydrates
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VOHPO,0.5H,0 7.434

VOHPO,'H,0

a-VOHPO,2H,0 | 7.613

B - VOHPO,"2H,0

VOHPO,3H,0 7.621
VOHPO,'4H,0 6.379
(VO),(PO,),'9H,0 | 7.431
VO(H,PO,), 8.959

[32]




TABLE 1
Classification of structures and reactions into group 1or2
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Vanadium phosphates as catalysts in selective oxidation
processes of aliphatic and aromatic hydrocarbons

Structure of the hemihydrate (precursor)

Scheme of cross linking of polyhedra in VOHPO,* 0.5 H,O



Vanadium phosphates as catalysts in selective oxidation
processes of aliphatic and aromatic hydrocarbons

Structure of the pyrophosphate (catalyst)

Scheme of cross linking of polyhedra in (VO),P,O,



Structures of Vanadium(IV) hydrogenphosphate
hydrates

Scheme of cross linking of the polyhedra in -VOHPO,.2 H,O



Structures of Vanadium(IV) hydrogenphosphate
hydrates

Scheme of cross linking of the polyhedra in VO(H,PO,),




Systematic studies on the crystallization of vanadium
phosphates

autoclave reaction

investigation of the crystallization in dependence on
temperature and concentration

Starting from a stock solution of the composition:

36 ml 85% H;,PO,, 90 ml water, 45,3 g oxalic acid dihydrate
were heated to 80°C; under stirring 43,5 g V,0O. were added in
portions; for 12 h heated nearly to boiling; final weight of the
stock solution by adding of water = 220g



Schematic phase formation diagram of vanadyl hydrogenphosphate
hydrates and vanadyl phosphate hydrates
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D. Fratzky, Th. Gotze, H. Worzala, M. Meisel, Mater. Res. Bull. 33 (1998 635-643



Determination of the crystallization temperature for
VOHPO,* 0,5 H.,O

Dependence Temperature / Water content
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The formation of crystalline Hemihydrate takes place at 116 °C




Detail from the phase formation diagram

Molality of 1.0 corresponds 2.15 mol V/ kg ; Molality of 1.4 corresponds 3.0 mol V / Kg
HH = VOHPO,. 0.5 H,0, «-2H= oa-VOHPO,*2H,O,
in the grey area both phases are formed




Phase formation diagram of vanadium(IV) phosphates
(crystallization at 100 bar)
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Thermal behaviour of hydrous vanadium(IV) hydrogenphosphates

DTA , pV (exo < -9

DTA / DTG graph of o - VOHPO4 .2 H,O

D. Fratzky, M. Meisel, unpublished




Thermal behaviour of hydrous vanadium(IV) hydrogenphosphates

160° C 300° C 450° C
2 a-VOHPO, * 2 H,0 —> 2 VOHPO, * H,0 —> 2 VOHPO,—> (VO),P.O,

2 VOHPO, * H,0 —> [2 VOHPO, * 0,5 H,0] —> (VO),P,0, * H,0

— (VO),P,0,

P. Amoros et al.,, Mater. Res. Bull. 24 (1989) 1347



Thermal behaviour of hydrous vanadium(IV) hydrogenphosphates
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DTA / DTG graph of the dehydrogenation of VOHPO,* 0.5 H,O in vacuo



Thermal behaviour of hydrous vanadium(IV) hydrogenphosphates

Possible dehydration steps

(1) © 2 VOHPO,*0,5H,0 —> (VO),P,0,* H,0 —> (VO),P,0, + H,0

(2)° 2VOHPO,*0,5H,0 —> 2 VOHPO, + H,0—> (VO),P,0, +H,0



Thermal behaviour of hydrous vanadium(IV) hydrogenphosphates
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Thermal behaviour of hydrous vanadium(IV) hydrogenphosphates

X-ray diagrams of the calcinates of VOHPO,* 0.5 H,O




Thermal behaviour of hydrous vanadium(IV) hydrogenphosphates

NMR-spectra of the dissolved calcinates of VOHPO,* 0.5 H,O



Vanadium phosphates as catalysts in selective oxidation
processes of aliphatic and aromatic hydrocarbons

1. Oxidation of n-Butane to Maleic Anhydride

0)

Butane Butadiene 2,5-Dihydrofuran

O

ROSIEEN VS

Maleic anhydride y-Butyrolactone




Vanadium phosphates as catalysts in selective oxidation
processes of aliphatic and aromatic hydrocarbons

Precursors and catalysts for the oxidation of butane

A
VOHPO,xnH,O ~ —* VOHPO,x0.5H,0

precursor

480°C
2 VOHPO,x0.5HO —* (VO),P,0, + 2H,0

catalyst

The transformation of the precursor (Hemihydrate) to the catalyst
(Vanadyl pyrophosphate) occurs topotactical




Preparation of vanadyl hydrogenphosphates,
especially of the hemihydrate

- synthesis in aqueous medium = reduction of V(V)-
compounds (V,0,, HVO,) in the presence of H;PO, followed by
evaporating to dryness resp. crystallization.

Reducing agents: HCI, hydroxylamine, hydrazine, oxalic acid,
metallic vanadium

Yields: 60-70%

- synthesis in organic medium = reduction of V(V)-
compounds preferred in alcohols, e.g. isobutanol or
isobutanol/benzyl alcohol

Yields: quantitatively
Problem: removing of intercalated alcohol




Influence of the conditions of preparation of the precursor
VOHPO,* 0.5 H,O on the catalytic performance of (VO),P,O,(VPP)

Conditions of preparation of different precursors :

rate of crystalline growth

symbol average crystallization crystallization concentration
particle size temperature time /molV /I

D. Fratzky, M. Meisel, unpublished



Influence of the conditions of preparation of the precursor VOHPO,* 0.5 H,O
on the catalytic performance of (VO),P,O, (VPP)

Dependence of butane conversion on temperature and particle size of
the catalyst precursors

Temperature

* Preparation in an autoclave



Influence of the conditions of preparation of the precursor VOHPO,* 0.5 H,O
on the catalytic performance of (VO),P,O, (VPP)

Results of the catalytic tests on the oxidation of n-butane

Temperature / °C Yield MSA P1 Yield MSA P2 Yield MSA P3
498 43,8
486 45,6
473 43,8
462 39.8
461 39,6
447 35,6
437 32,6
431 30,4
426 28,3
414 241
399 19,5
384 14,8
381 13,9
372
346




Influence of the conditions of preparation of the precursor VOHPO,* 0.5
H,O on the catalytic performance of (VO),P,O,(VPP)

Investigation of recrystallization of VOHPO,* 0.5 H,O

Influence of foreign phases
(VOHPO,*H,O; a-VOHPO,*H,O; VO(H,PO,),)

Preparation of the precursors:

K1 = VOHPO,* 0.5 H,O, from aqueous solution

K2 = K1 treated with boiling water

K3 = K2ireated with phosphoric acid
vanadium(lV) solution under the conditions of
formation of a-VOHPO, * 2 H,O
(95°C, 3.13 mol V/I)

D. Fratzky, M. Meisel, unpublished



Influence of the conditions of preparation of the precursor VOHPO,* 0.5
H,O on the catalytic performance of (VO),P,O, (VPP)

Investigation of recrystallization of VOHPO,* 0.5 H,O

Parameter calculated

van)  [%]

V(IV) [%]

v(v) [7l

' [7]

ges

[7]

P/V

H,O ( according to TG)

oxidation number

analytical data of precursors K1, K2und K 3




Influence of the conditions of preparation of the precursor VOHPO,* 0.5
H,O on the catalytic performance of (VO),P,O, (VPP)

Investigation of recrystallization of VOHPO,* 0.5 H,O

Electron micrographs of the precursors
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K 1 (untreated precursor) K 2 (after treatment with boiling water)



Influence of the conditions of preparation of the precursor VOHPO,* 0.5
H,O on the catalytic performance of (VO),P,O, (VPP)

Investigation of recrystallization of VOHPO,* 0.5 H,O

K 2 (after treatment with boiling water) K 3 (after freatment with H*/V+/PO,* = /
C,0,% solution)



Influence of the conditions of preparation of the precursor
VOHPO,* 0.5 H,O on the catalytic performance of (VO),P,O,(VPP)

Surfaces of precursors K 1 and K 3and surfaces of the
corresponding VPP catalysts prepared by calcination

surface precursor
VOHPO,* 0,5 H,O [m?]

surface catalyst
(VO),P,0; [m?]




Influence of the conditions of preparation of the precursor VOHPO,* 0.5
H,O on the catalytic performance of (VO),P,O,(VPP)

Catalytic properties of VPP from the precursors K 1 und K 3

Reaction Reaction
temperature temp.
[°C] [°C]

435 431

423 417

410 403

397 378

352




Preparation of the Hemihydrate
by the method of controlled
crystallization

Bild 2. REM-Aufnahme des unter volistandigem Eindampfen der Lésung er-
haltenen VOHPQ, - 0,5 H,0-Precursors 1
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Crystallization in a rotary
evaporator in a temperatur
range of 120...140°C

Bild 3. REM-Aufnahme des unter kontrollierten Kristallisationsbedingungen er-
haltenen VOHPO, - 0,5 H,O-Precursors 2

Th. Gotze, H. Wolf, B. Kubias, M. Meisel, Chem. Technik 49 (1997) 62-47



Precursor 2 and 3 prepared by controlled crystallization, Precursor 1 via the
conventionel aqueous route

Precursor Bemerkungen mittlere
V-Oxid.-
Zahl

Precursor 3,984
nach Calcinierungsverf. | 3,989
nach Katalyse 4,021
nach Calcinierungsverf. Il 4,027
‘nach Katalyse , 4,022

Precursor 3,994
nach Calcinierungsvert. | ' 3,993
nach Katalyse i 4,005
nach Calcinierungsverf. || 4,010
nach Katalyse : 4,017

Precursor . 3,998
nach Calcinierungsverf. | 3.997
nach Katalyse 4,009
nach Calcinierungsverf. I 4,013
‘nach Katalyse 4,032




Catalytic performance of catalysts prepared from precursors from
conventionel ,aqueous” (P 1) or ,,organic“preparation (Table 4) compared
with those from the method of controlled crystallization (P 2, P 3)

Tabelle 3. Butanumsatze und MSA*Agsbemen von Katalysatorproben aus un-
terschiedlicher waBriger Praparation (Aquilibrierung: Calcinierungsverfahren Il
mit anschlie3ender Formierung)

Precursor Reakt.-Temp. L Auen Sk
['C] [%6] [Mol-%)] [%6]

440 88,3 47.5 53,8
412 86,1 58,2 61,8
400 85,6 54,7 63,9

Tabelle 4. Butanumsatze und MSA-Ausbeuten eines Katalysators aus organi-
scher Praparation (Aquilibrierung: Calcinierungsverfahren Il mit anschlieBen-
der Formierung)

Reakt.-Temp. UL aiiten Aysa Ssa
['C] [Y6] [Mol-%] [96]

430 97,2 51,6 53,1
424 95,4 52,7 55,3
414 915 94,3 SiEE
403 85,2 Gk He 60,9




2. Ammoxidation of Methylaromatics,
e.g. Toluene to Benzonitrile

Precursors and Catalysts

(VO)P20,

VOHPOs*0,5 H,O
VOHPOy

o—VOPQy —— P (NH)(VO)3(P2Oy)2 + "X-Phase"
B-VOPO

ViP=1 VIP=0,75

Scheme of the solid state transformation of vanadium phosphates
under the conditions of ammoxidation of methylaromatics



Ammoxidation

Solid state transformation of the different VPO precursors

Table 2 Abbreviations used for the vanious AVP,., solids prepared
and the respective precursor compounds employed

Sample Precursor compound

AVP,ong VOHPO,

AVP ey 5 VOHPO,0.5HAO

AVP o VOHPO 2ZHAD (x-phase)
AVP VOHPO4H-0

AV F'Emﬂ 1 ﬂ-{i‘Tﬂ'hiFﬂH b6 H. O

A. Martin, L. Wilde, U. Steinike, J. Mater. Chem. 10 (2000) 2368-2374



Ammoxidation

Structures of the different VPO precursor phases

sldce Qrovlp
pr

L- -

WA i

density'g cm ™

Va0 distance(syA
VO distance(s) A
eruat. V-0 distances A

A. Martin, L. Wilde, U.

VOHPO, =

3375
14
1.584
2.350
1.8952 - 2.020

Steinike, J. Mater. Chem.

VOHPO, - 0.5 HyO

F mmn
4
4059
2.81
1.578
2300
1.949 - 2064

10 (2000) 2368-2374



Ammoxidation

Structures of the different VPO precursor phases

SOACE group

2

WA?

densityig cm”

V=0 distance(s)/A
V-0 distance(s)/A
equal. V-0 distances'A

VOHPO, 2H,0™

234.0
2.45
1.601
2047
1.858 - 2.047

VOHPO, 4 H,0"
- e

7000
2.23
1.58 / 1.61
2.24 /229
1.898-2.08/
1.89.2.08

A. Martin, L. Wilde, U. Steinike, J. Mater. Chem. 10 (2000) 2368-2374




Ammoxidation

Structures of the different VPO precursor phases

(VO }s(PO,)s - 6 H0

spaco group C2c

A 4

LA 1302.0
densitylg em™ 2 540

V=0 distance{s)'A 1.83 /157

Ve O distance(s)/A 28322
squal. V-0 distances/d 1B89.244/188-212

A. Martin, L. Wilde, U. Steinike, J. Mater. Chem. 10 (2000) 2368-2374




Ammoxidation

tofuene H.0

i rid sl mr |] ivaporatar

XBK reactor chambar

gas/liquid supplying system

..E/EMW

-~ refisshed
_H Lmam

1

H‘hs.-amp:e. sampleholder

o
rap (dil H,30,)

on fine-GC

Fig. 2 Scheme of the in site XRDVcatalvtic reactor set-up.

A. Martin, L. Wilde, U. Steinike, J. Mater. Chem. 10 (2000) 2368-2374




Ammoxidation

Formation of the ammonium vanadyl(1V) phosphate catalysts
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Fig. 3 XRD pattern of (a) the VOHPO40.5H20 to AVPuaas
transformation process and (b) gas chromatographic analysis of the
product stream as a function of time-on-stream.




Ammoxidation

Formation of the ammonium vanadyl(1V) phosphate catalysts
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Fig. 4 XED pattern of (a) the VOHPO,-4H-0 to AVP, 4 transforma-
tion process and (b) gas chromatographic analysis of the product
stream as a [unction of time-on-stream.




Ammoxidation

Formation of the ammonium vanadyl(1V) phosphate catalysts -
observed intermediate phases and final products

Table 3 Intermediate phases appearing dunng the gmcrauun of catalysts from different precursor compounds (temperature program: (i) heating to
393 K under ar-ammonia, (1) heatmg to 713 K (2.5 K mun }und kept for 5h under a feed of the following molar mbtio: toluene : ammomia: air:

water vapour=1:4.5:31:24)

Precursor compound ITK Intermediate phase Final solid (crystalline proportions)
VOHPOQ, ca. 640 F-VOPO, AVPyeni (AVP)
ca. 7137 X2
VOHPOQ,-05H,0 ca. 390 Xlgs (NHyVOPO,0.5H,0) AVPyenas (AVR)®
ca. 713 X2y 5 [B-(NH4(VO) 5 P204)a)]°
VOHPQ,-2H:O ca. 360 X1; (NH4,VOPO4-2H,0) AVP,..2 (AVP)
ca. 530 X-Ray amorphous
ca. 7137 X2
VOHPOQ,-4H:O ca. 295 X14 (NH4,VOPO4-4H,0) AVPyma (AVP + X2g)
ca. 390 X-Ray amorphous
ca. 713° X2
ca. 7137 X2y.5 [F-(NH g )1(VO)3( P10 ) )
B (VO a(PO4)-6H,0 ca. 470 Xlg [(VO (PO 6—x)HZ0] AVPynen (AVP)
ca. 600 X-Ray amorphous

“Observed for 2 h after re:.iLhmg the final tcmpur.ilurc “An X-ray amorphous portion of V,0s could be I'crnmq, a5 concluded from the forma-
tion of NH,VO; after cooling. “a=16.9409(2), h=4.90957), c=9.3116(8) A, f=97.159(1)" (calculated at r. t.).”’ Appﬂdﬂ:d 3 mm after reach-
ing the final temperature. “V0,, V205, V04 V043 were also found.



Ammoxidation

Solid state transformation of
oxovanadium hydrogen-
phosphate hemihydrate
under ammoxidation
conditions

Y. Zhang, A. Martin, G.-U. Wolf,
S. Rabe, H. Worzalaq, B. Lucke,
M. Meisel, K. Witke; Chem.
Mater. 8 (1996) 1135-1140

1lﬂ‘ 35 40
29 F deg.
Figure 1. X-ray powder diffracton patterns of VOHPO,.-
1zH=0, hemihydrate samples treated with ammoxidation gas
flow (VP .o— VPaw. Tun a) and the as-synthesized (TNH ) =] (VO)5-

(P =07)z2].




Ammoxidation
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Figure 2. X-ray powder diffraction patterns of an ammoxi-
dation catalyst (VOHPO,-Y:H:0 prectirsor) proceeding 120 h
on-stream in comparison to the as-synthesized (NHa)z[(VO)s-

(P204):].




Ammoxidation

Paths of the solid state transformation of the Hemihydrate

VOHPO.* s HaO (layered structure)

fast S low

show
(intermediate, intercalated i t—phase of (NHz )=[{VOz(P20-H)s]
layerlike structure) (intersecting tunnel structure)

Reaction scheme: VOHPO,-'/,H,0 + NH4/0,/(H,0) —

a-(NH,),[(VO)3(P,07),] + “V, 0




Ammoxidation

Proposed
Mechanism of the
ammoxidation of
foluene to
benzonitril on NVP-
catalysts

Y. Zhang, A. Martin, H.
Berndt, B. Lucke, M.
Meisel, J. Mol. Catal.
A: Chemical, 118
(1997) 205-214
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