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SelectiveSelective oxidationoxidation processesprocesses of of industrialindustrial interestinterest



Vanadium Vanadium phosphatesphosphates as as catalystscatalysts in in selectiveselective
oxidationoxidation processesprocesses of of aliphaticaliphatic and and aromaticaromatic

hydrocarbonshydrocarbons

1. Oxidation of n-Butane to Maleic Anhydride

2. Ammoxidation of  Methylaromatics, 

e.g. Toluene to Benzonitrile



Survey on the known Vanadium(IV) phosphate hydrates

[32]orthorhombic7.9678.9568.959VO(H2PO4)2

[29]monoclinic6.29516.6267.431(VO)3(PO4)2´9H2O

[28]triclinic13.4628.9216.379VOHPO4´4H2O

[7]monoclinic9.4937.4397.621VOHPO4´3H2O

[7]triclinic12.6237.5785.659β - VOHPO4´2H2O

[7]monoclinic9.4827.4317.613α - VOHPO4´2H2O

[7]monoclinic9.447.376.546VOHPO4´H2O

[28,31]orthorhombic5.6999.6207.434VOHPO4´0.5H2O

[30]orthorhombic7.0886.4017.440VOHPO4

Ref. crystal systemc in Åb in Åa in Åcompound



Some structural
aspects of vanadium
phosphates

E. Bordes, Catal. Today 3 
(1988) 163-174
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b

Structure of the hemihydrate (precursor)

Scheme of cross linking of polyhedra in VOHPO4* 0.5 H2O

Vanadium Vanadium phosphatesphosphates as as catalystscatalysts in in selectiveselective oxidationoxidation
processesprocesses of of aliphaticaliphatic and and aromaticaromatic hydrocarbonshydrocarbons



Structure of the pyrophosphate (catalyst)

b

c

Vanadium Vanadium phosphatesphosphates as as catalystscatalysts in in selectiveselective oxidationoxidation
processesprocesses of of aliphaticaliphatic and and aromaticaromatic hydrocarbonshydrocarbons

Scheme of cross linking of polyhedra in (VO)2P2O7



Scheme of cross linking of the polyhedra in ββ--VOHPOVOHPO4 4 * * 2 H2 H22OO

b

c

Structures of  Vanadium(IV) hydrogenphosphate
hydrates



b

Structures of  Vanadium(IV) hydrogenphosphate
hydrates

Scheme of cross linking of the polyhedra in VO(HVO(H22POPO44))22



SystematicSystematic studiesstudies on on thethe crystallizationcrystallization of of vanadiumvanadium
phosphatesphosphates

nn autoclaveautoclave reactionreaction
nn investigationinvestigation of of thethe crystallizationcrystallization in in dependencedependence on on 

temperaturetemperature and and concentrationconcentration
nn StartingStarting fromfrom a stock a stock solutionsolution of of thethe compositioncomposition:      :      

36 ml 85% H36 ml 85% H33POPO44, 90 ml , 90 ml waterwater, 45,3 g , 45,3 g oxalicoxalic acidacid dihydratedihydrate
werewere heatedheated to 80°C; to 80°C; underunder stirringstirring 43,5 g V43,5 g V22OO55 werewere addedadded in in 
portionsportions; ; forfor 12 h 12 h heatedheated nearlynearly to to boilingboiling; final ; final weightweight of of thethe
stock stock solutionsolution byby addingadding of of waterwater ðð 220g220g



SchematicSchematic phasephase formationformation diagramdiagram of of vanadylvanadyl hydrogenphosphatehydrogenphosphate
hydrateshydrates and and vanadylvanadyl phosphatephosphate hydrateshydrates

nn *   *   singlesingle crystalscrystals + + singlesingle crystalscrystals of of γγ -- VOHPOVOHPO44 ´ ´ 2 H2 H22OO

D. Fratzky, Th. Götze, H. Worzala, M. Meisel, Mater. Res. Bull. 33 (1998 635-643



Determination of Determination of thethe crystallizationcrystallization temperaturetemperature forfor
VOHPOVOHPO44* 0,5 H* 0,5 H22OO
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The formation of crystalline Hemihydrate takes place at 116 °C

Dependence Temperature / Water content

Water distilled off (in g)



Detail Detail fromfrom thethe phasephase formationformation diagramdiagram

Molality of 1.0 corresponds 2.15  mol V/ kg ; Molality of 1.4  corresponds 3.0 mol V / Kg
HH = VOHPO4 * 0.5 H2O,    α-2H =  α-VOHPO4 * 2 H2O,   

in the grey area both phases are formed



Phase Phase formationformation diagramdiagram of of vanadium(IVvanadium(IV) ) phosphatesphosphates
((crystallizationcrystallization at 100 bar)at 100 bar)



Thermal Thermal behaviourbehaviour of of hydroushydrous vanadium(IVvanadium(IV) ) hydrogenphosphateshydrogenphosphates

DTA / DTG  graph of  α - VOHPO4 * 2 H2O

D. Fratzky, M. Meisel, unpublished



2 α-VOHPO4×2H2O         2 VOHPO4×H2O          2 VOHPO4  (VO)2P2O7  
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160° C 300° C 450° C

2 α-VOHPO4 * 2 H2O → 2 VOHPO4 *  H2O → 2 VOHPO4 → (VO)2P2O7

2 VOHPO4 *  H2O → [2 VOHPO4 * 0,5 H2O] → (VO)2P2O7 * H2O

→ (VO)2P2O7

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

Thermal Thermal behaviourbehaviour of of hydroushydrous vanadium(IVvanadium(IV) ) hydrogenphosphateshydrogenphosphates



DTA / DTG graph of the dehydrogenation of VOHPO4* 0.5 H2O in vacuo

Thermal Thermal behaviourbehaviour of of hydroushydrous vanadium(IVvanadium(IV) ) hydrogenphosphateshydrogenphosphates



VOHPO4×0.5H2O       (VO)2P2O7×H2O         (VO)2P2O7  VOHPO4×0.5H2O       (VO)2P2O7×H2O         (VO)2P2O7  VOHPO4×0.5H2O       (VO)2P2O7×H2O         (VO)2P2O7  VOHPO4×0.5H2O       (VO)2P2O7×H2O         (VO)2P2O7  VOHPO4×0.5H2O       (VO)2P2O7×H2O         (VO)2P2O7  VOHPO4×0.5H2O       (VO)2P2O7×H2O         (VO)2P2O7  VOHPO4×0.5H2O       (VO)2P2O7×H2O         (VO)2P2O7  VOHPO4×0.5H2O       (VO)2P2O7×H2O         (VO)2P2O7  VOHPO4×0.5H2O       (VO)2P2O7×H2O         (VO)2P2O7  VOHPO4×0.5H2O       (VO)2P2O7×H2O         (VO)2P2O7  

Possible dehydration steps

(1) Ü 2 VOHPO4 * 0,5 H2O → (VO)2P2O7 *  H2O  → (VO)2P2O7 + H2O

(2)Ü 2 VOHPO4 * 0,5 H2O → 2 VOHPO4 + H2O → (VO)2P2O7 + H2O

Thermal Thermal behaviourbehaviour of of hydroushydrous vanadium(IVvanadium(IV) ) hydrogenphosphateshydrogenphosphates
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Thermal Thermal behaviourbehaviour of of hydroushydrous vanadium(IVvanadium(IV) ) hydrogenphosphateshydrogenphosphates
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X-ray diagrams of the calcinates of VOHPO4* 0.5 H2O

Thermal Thermal behaviourbehaviour of of hydroushydrous vanadium(IVvanadium(IV) ) hydrogenphosphateshydrogenphosphates



NMR-spectra of the dissolved calcinates of  VOHPO4* 0.5 H2O
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Thermal Thermal behaviourbehaviour of of hydroushydrous vanadium(IVvanadium(IV) ) hydrogenphosphateshydrogenphosphates



1. Oxidation of n-Butane to  Maleic Anhydride

O

O OO O O O

Butane                      Butene Butadiene 2,5-Dihydrofuran

Maleic anhydride γ-Butyrolactone Furan

Vanadium Vanadium phosphatesphosphates as as catalystscatalysts in in selectiveselective oxidationoxidation
processesprocesses of of aliphaticaliphatic and and aromaticaromatic hydrocarbonshydrocarbons



∆
VOHPO4× nH2O                      VOHPO4×0.5H2O  

2    VOHPO4×0.5H2O                (VO)2P2O7 +  2H2O       
480oC

Precursors and catalysts for the oxidation of butane

precursor

catalyst

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

Vanadium Vanadium phosphatesphosphates as as catalystscatalysts in in selectiveselective oxidationoxidation
processesprocesses of of aliphaticaliphatic and and aromaticaromatic hydrocarbonshydrocarbons



PreparationPreparation of of vanadylvanadyl hydrogenphosphateshydrogenphosphates, , 
especiallyespecially of of thethe hemihydratehemihydrate

nn -- synthesissynthesis in in aqueousaqueous mediummedium ðð reductionreduction of of V(V)V(V)--
compoundscompounds (V(V22OO55, HVO, HVO33) in ) in thethe presencepresence of Hof H33POPO44 followedfollowed byby
evaporatingevaporating to to drynessdryness resp. resp. crystallizationcrystallization. . 
ReducingReducing agentsagents: : HClHCl, , hydroxylaminehydroxylamine, , hydrazinehydrazine, , oxalicoxalic acidacid, , 
metallic metallic vanadiumvanadium
YieldsYields: 60: 60--70%70%

nn -- synthesissynthesis in in organicorganic mediummedium ðð reductionreduction of of V(V)V(V)--
compoundscompounds preferredpreferred in in alcoholsalcohols, , e.ge.g. . isobutanolisobutanol oror
isobutanolisobutanol//benzylbenzyl alcoholalcohol
YieldsYields: : quantitativelyquantitatively
Problem: Problem: removingremoving of of intercalatedintercalated alcoholalcohol



Conditions of preparation of different precursors :

rate of crystalline growth

3< 12 h 130 oC2µmP3

32 days115 oC8µmP2

6 14 days90 oC54µmP1

concentration
/ mol V / l

crystallization
time

crystallization
temperature

average
particle size

symbol

InfluenceInfluence of of thethe conditionsconditions of of preparationpreparation of of thethe precursorprecursor
VOHPOVOHPO44* 0.5 H* 0.5 H22O on O on thethe catalyticcatalytic performanceperformance of  (VO)of  (VO)22PP22OO7 7 (VPP)(VPP)

D. Fratzky, M. Meisel, unpublished



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

10010093.5498

99.199.154.2437

88.785.631.7400

75.669.121.8380

UButan P3*
2 μm

UButan P2
8 μm

UButan P1
54 μm

Temperature

InfluenceInfluence of of thethe conditionsconditions of of preparationpreparation of of thethe precursorprecursor VOHPOVOHPO44* 0.5 H* 0.5 H22O O 
on on thethe catalyticcatalytic performanceperformance of  (VO)of  (VO)22PP22OO7 7 (VPP)(VPP)

* Preparation in an autoclave



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

33,332,8346
43,549,3372
44,852,313,9381
45,35314,8384
44,654,719,5399
4253,424,1414

37,650,628,3426
35,84830,4431
32,544,732,6437
2735,6447

19,839,6461
1939,8462

43,8473
45,6486
43,8498

Yield MSA P3Yield MSA P2Yield MSA P1Temperature / oC

InfluenceInfluence of of thethe conditionsconditions of of preparationpreparation of of thethe precursorprecursor VOHPOVOHPO44* 0.5 H* 0.5 H22O O 
on on thethe catalyticcatalytic performanceperformance of  (VO)of  (VO)22PP22OO7 7 (VPP)(VPP)



Investigation of recrystallization of VOHPO4* 0.5 H2O

Influence of foreign phases
(VOHPO4*H2O;  α-VOHPO4*H2O; VO(H2PO4)2)

Preparation of the precursors:

K 1 ð VOHPO4* 0.5 H2O , from aqueous solution

K 2 ð K 1 treated with boiling water

K 3 ð K 2 treated with phosphoric acid

vanadium(IV) solution under the conditions of    

formation of α-VOHPO4 * 2 H2O 

(95°C, 3.13 mol V/l)     

InfluenceInfluence of of thethe conditionsconditions of of preparationpreparation of of thethe precursorprecursor VOHPOVOHPO44* 0.5 * 0.5 
HH22O on O on thethe catalyticcatalytic performanceperformance of  (VO)of  (VO)22PP22OO7 7 (VPP)(VPP)

D. Fratzky, M. Meisel, unpublished



4.0004.0004.0233.995oxidation number

10.4711.2310.8811.57H2O ( according to TG)

10.989-1.025P / V

18.0117.91-18.16P           [%]

29.6329.7830.4529.15Vges [%]

-0.010.69-V(V)      [%]

29.6329.7729.7629.01V(IV)     [%]

---0.14V(III)     [%]

calculatedK3K2K1Parameter

analytical data of precursors K 1, K 2 und K 3

InfluenceInfluence of of thethe conditionsconditions of of preparationpreparation of of thethe precursorprecursor VOHPOVOHPO44* 0.5 * 0.5 
HH22O on O on thethe catalyticcatalytic performanceperformance of  (VO)of  (VO)22PP22OO7 7 (VPP)(VPP)

Investigation of recrystallization of VOHPO4* 0.5 H2O



Electron micrographs of the precursors

K 1 (untreated precursor) K 2 (after treatment with boiling water)

InfluenceInfluence of of thethe conditionsconditions of of preparationpreparation of of thethe precursorprecursor VOHPOVOHPO44* 0.5 * 0.5 
HH22O on O on thethe catalyticcatalytic performanceperformance of  (VO)of  (VO)22PP22OO7 7 (VPP)(VPP)

Investigation of recrystallization of VOHPO4* 0.5 H2O



K 2 (after treatment with boiling water) K 3 (after treatment with H⁺/V⁺/PO4³ ־ /         
C2O4²־ solution)

InfluenceInfluence of of thethe conditionsconditions of of preparationpreparation of of thethe precursorprecursor VOHPOVOHPO44* 0.5 * 0.5 
HH22O on O on thethe catalyticcatalytic performanceperformance of  (VO)of  (VO)22PP22OO7 7 (VPP)(VPP)

Investigation of recrystallization of VOHPO4* 0.5 H2O



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

8.57.3       surface catalyst
(VO)2P2O7 [ m2 ]

1.71.3
surface precursor

VOHPO4* 0,5 H2O   [ m2 ]

K 3K 1

InfluenceInfluence of of thethe conditionsconditions of of preparationpreparation of of thethe precursorprecursor
VOHPOVOHPO44* 0.5 H* 0.5 H22O on O on thethe catalyticcatalytic performanceperformance of  (VO)of  (VO)22PP22OO7 7 (VPP)(VPP)



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

InfluenceInfluence of of thethe conditionsconditions of of preparationpreparation of of thethe precursorprecursor VOHPOVOHPO44* 0.5 * 0.5 
HH22O on O on thethe catalyticcatalytic performanceperformance of  (VO)of  (VO)22PP22OO7 7 (VPP)(VPP)

65,720,831,6352

65,540,762,237861,740,565,6397

64,552,981,940358,844,575,7410

58,152,790,841756,348,185,4423

52,150,597,043151,447,993,2435

SMSA
[%]

YMSA
[%]

Ubutan
[%]

Reaction
temp.

[oC]

SMSA
[%]

YMSA
[%]

Ubutan
[%]

Reaction
temperature

[oC]

K 3K 3K 1K 1



Th. Götze, H. Wolf, B. Kubias, M. Meisel, Chem. Technik 49 (1997) 62-67

Preparation of the Hemihydrate
by the method of controlled
crystallization

Crystallization in a rotary
evaporator in a temperatur
range of 120...140°C



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



___

___

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)



VOHPO4*0,5 H2O
VOHPO4
α−VOPO4
β−VOPO4

(NH4)2(VO)3(P2O7)2 + "X-Phase"

(VO)2P2O7

V/P = 1 V/P = 0,75 V/P > 1

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

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

Precursors and Catalysts



AmmoxidationAmmoxidation

Solid state transformation of the different VPO precursors

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



AmmoxidationAmmoxidation
Structures of the different VPO precursor phases

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



AmmoxidationAmmoxidation
Structures of the different VPO precursor phases

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



AmmoxidationAmmoxidation
Structures of the different VPO precursor phases

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



AmmoxidationAmmoxidation

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



AmmoxidationAmmoxidation
Formation of the ammonium vanadyl(IV) phosphate catalysts



AmmoxidationAmmoxidation
Formation of the ammonium vanadyl(IV) phosphate catalysts



AmmoxidationAmmoxidation

Formation of the ammonium vanadyl(IV) phosphate catalysts –
observed intermediate phases and final products



AmmoxidationAmmoxidation

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

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



AmmoxidationAmmoxidation



AmmoxidationAmmoxidation

Paths of the solid state transformation of the Hemihydrate

Reaction scheme:



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

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

Ammoxidation


