
Korean  J. of  Chem. Eng . ,  31'2) (1986! 1 3 5 - 1 3 9  

135 

OXIDATION OF CYCLOPENTADIENE OVER VANADIUM 
OXIDE AND ITS MIXED OXIDES 

Ki-Won JUN, Yonng-Kil CHANG, Suk-din JUNG and Kyu-Wan LEE* 

Chemical Engineering Researct3 Laboralo o, II, Korea Research Institute eft Chemical Techm~h,gy 

PO. Box 9. Daedeogdai~ji, K.rea 

(I.~e~ e~I dd I A p t #  ]f),~,O ~dc c uph 'd  L'Y lh 0 l !,~b,l;) 

Abstract - -Oxidat i , ,n  . f  cycl.p,'t~tadiene uvet wmadium .xide and its mixed ~xides has been studied 
alld o,rrelated l~ c[lal!qes ~if Val}aditlln valelwe. There are vari.us t~rgalfic ira,din ts c~ulait!iug ~d]e t,r two> *>x- 
ygen ah,ms besides maleic auhvdrid.. The catalyst V-Ag-O shuws the highest selectivil,/!, malek' anhydride 
The rusults indicate that file reacli,, ~ [.]h,ws ;he red{,x ~ ecl~auisu~. The addilives are II],,ughl t .  l]l~(ter~ite 

the tendency {~f ai/ uxide t~, donate its ~)xygeu. 

INTRODUCTION 

It will be very valuable to develop the use of 
C~-fl-actiuns for chemical  raw material, in view of 
res~urces conservatir Partial oxidatiou by air may be 
a cheap way to use C~-fractiuns. In the case of cyeh,pem 
tadiene(CPD), which is one  of its majr o~nlponeuts.  
there are some reports [1-51 that it can be ~xidized t~ 
maleic anhydride(MA) selectively, its seh,ctivity being 
c~m~parable to benzeue.  As selective catalysts, V-M~,(). 
V-Ag-O and V-M,.;-P-O were repr 

Hr there has beeu few systematic study ()i~ 
catalyst aud reacti~,n meckanism.  The aim r this study 
is to understand the effects eft catalyst o.~mp,.~nents on 
ca ta ly t i c  b e k a v i o r  i~ cCmnecti~m w i th  reac't lun 
mechauisn~ fl,r ~)xidatiu~. ~f CPD. ]n this ,,~, ,~rk V-O. V-P- 

O, V-\'I~,-O. V-M~-P-O and V-Ag-O suppo,'ted on a-alu- 
rail ~a were sludied and o,mpared.  

EXPERIMENTAL 

Catalyst preparation 
Five catalysis were prepared referriu.~ lu literatures 

[1-;',, 5-7] ,,n ~xidati~n . f  hydrocarbons  to MA. a-Aiu- 
miila p~wder was added t<~ aqueu, us suluti,>n uf active 
c~,r@~i~e[~.t(s) a]~d the sh in  5, was evaporated to paste. 
Tl~e am~,uut t~f a -a lumina  was 5 wt/wt of active c~)n@u- 
i~ent(s). The paste was dried at 120~ f,,r l0 hrs and 
crushed. After sieviug, the particles ,,f 1-2 nm~ size were 

calciued at 50(t~ f,.~r 3 hrs. 
As the s~,urces uf active Ct)ll]pOlleRt'~, al]U~lOiliUIll 

vanadate, amm~)nium biph,:~sphate, amm,,~fium []l~ly[)- 

* l'u '~;}l~11] all u~rrcsp~mdeuce s[l~ltll(I be addressed. 

date a]~d silver nitrate were used. Fear the dissr162 uf 
amiu,.~nium vauadate, excess ,.~xaiic acid was added as 
reducing agen t  Surface areas eft calalysts were determiJl- 
ed by tile BET methud. The cc,lnpr and surface 
areas r catalysts are shr in Table 1. 
Apparatus and Methods 

The reacti~p, apparatus is s l l .wH in Fig. l .  Feed 
stream was t~btained by c,,,Iditm~,us i~jecli~u ~f dicvch~- 
pentadiene  into air strealu using syriuge pump alld 
cracking h, iuun~,mer at 300~ iu mixing chamber .  Tiw 
purity of CPD in feed stream was higher than 99% aud 
its impurities were dicych)peil tadiene and benzeue.  Tke 
fh~w rate of feed streanl was 5.56 co/see (2.48 x l i t ;  
mc21elsec) aim die om.centrati~,i~ of CPD was 0.6 mule%. 
']'l/e react(~r was ulade uf a Pyrex lube ,,f 1.4 cm i.d. a~d 
26 cnl lengt]l. A muvable l i le rm, ,c .up le was nip,ill]ted 
ah~ng the axis ~f the react~r t~, measure tl~e ten~perature 
The catalysts were d ihded with quartz particles aud plac- 
ed betweeu zones r quartz particles. 

F~)r selectivity comparis,,[:, max imum selectivity h, 

Table 1. The composition and surface area of 

prepared catalyst. 

Act ive  component b:,urface area 
Cat .  No. 

(at om rat io  ~ im2/g)  

1 V 1.6 

2 V : P ( I : I )  1.7 

3 V : M o ( I : O .  2) 1.3 

4 V : M o :  P (1 :0 .2 :0 .021 1.5 

5 V : AK ',1:0. 003) 1.0 
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v e n t  

a i r  

Fig. 1. S c h e m a t i c  diagram of reaction apparatus:  

D, drying tube;F,  f lowmeter ;S,  syringe pu- 
mp ; M, mixing chambe r ; P, sampling port ; R, 
reactor;[] ,  heated gas sampler ; IT,  ice trap; 
DT, dry ice trap; ...... , heating ban& 

MA was investigated over 4 cc of each catalyst (GHSV = 
5000hr-l), varying reaction temperature(300-490~ 
For activity comparison, the consumption of CPD was 
investigaled at 350~ increasing catalyst amomt  within 
55% conversion in which region the temperature of the 
catalyst bed could be controlled in the difference of 
+ I~ 

The analysis of the inlet and outlet gases of the reac- 
tor was carried out by two gas chrumatographs f,~r deter- 
ruination of conversion and selectivities. CPD and 
organic products were analyzed by Shimadzu 8A-FID 
with 2m TENAX-GC colunm for which the temperature 
is programmed from 100~ to 300~ at a rate of 10~ 
rain q. Inorganic products such as CO and CO2 were 
analyzed by Shinladzu 8A-TCD with 3m Carbosieve-S 
and 2m Porapak-Q colunms at 50~ The organic pro- 
ducts cot~densed in cold traps were identified by OC/MS 
and conlparisoa cf retention time with standard sample. 
A n a l y s i s  of  v a n a d i u m  v a l e n c e  

The changes of vanadium valence in catalysts were 
investigated after the treatment shown in Table 2. The 
amounts of V 5' , V ~- and V :~- were determined by 
manganornetrical titration [8] after the sample was dis- 
s.lved in 10% H:~S()I and fitered to remove u-alumina. 

Table  2. Condit ions  of react ion and rednct ion 

t r e a t m e n t s .  

Treatment  Reaction Reduc~ ion 

Amount of Cat. 2g 1 g 

Feed stream CPD in Air(0.6%l CPD in N~ (0.6%) 

Temperature 350~ 350%' 

Time 9 hrs 5 rains 

RESULTS 

Ill this study, up to 20 organic products were deter- 
mined besides MA by gas chromatography. Among 
these, identified compounds were acetaldehyde, furan, 
2-cyclopenten-l-one, 4-cyclopentene-l,3-dione, 2H- 
pyran-2-one, l-indanone and phthalic anhydride(PA). 

The rest could not be identified because of low concen- 
trations. 

The selectivity conlparison of catalysts is shown in 
Table 3. For all catalysts, n~aximum selectivities to MA 
were reached at 100% conversion when organic by- 
product was only PA. Production of MA was highest 
over V-Ag-O and lowesl over V-P-O which is a highly 
selective catalyst for butene to MA. 

Tile results of CPD consumption at 350~ were plot- 
ted in Figs. 2-6. Product distribution does not change 
significantly despite increase of COlwersion under the 
condition of activity measurement. The average selec- 
tivity to each product fur all catalysts is shown in Table 
4. 

Table  3. The maximum s e l e e t i v i t i e s  to male ic  

anhydr ide  over various  c a t a l y s t s .  

Cat.  No. SM~ (%) Y,~ (%) 

1 39.1 72.5 

2 36.5 67.7 

3 44.6 82.8 

4 40.6 75.3 

5 46.7 86.6 
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Fig. 2. Conversion vs.  t ime factor  for Cat.  No. 1. 
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Fig. 3. Conversion vs. time factor for Cat.  ~'o. 2. 
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Fig. 5. Conversion vs. time factor for Cat.  No. 4. 

In analysis of vanadium valence, aruounts of V 3+ 
were small enough to be ignored for all catalysts, Reduc- 
tion of V 5. to V 4+ occured during reaction and reduc- 
tion treatments. These results are shown in Table 5. 

Since the change of gas molecules during reaction could 
be ignored as compared with total gas molecules, Eq. (1) 
becomes Eq. (2). 

dFc k ' F  n (2) 
DISCUSSION r c dT 

In this experimental condition, oxygen partial 
pressure was so larger than cyclopeutadiene that oxygen 
partial pressure remained virtually constant. Hence the 
rate of cyclopentadiene consumption is expressed as 
following 

dP~ 
kP~ (i) rc dT 

C 
Were,  F c = l - - -  

100 

From the results of Figs. 2-6, empirical n and k '  
values were estimated accordiJ,g Io il~tegra[ method u~ 
ing a personal computer. The estimated results are 

shown in Table 6. 
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Fig. 4. Conversion vs. t ime factor  for Cat.  No. 3. 
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Fig. 6. Conversion vs. t ime factor  for Cat.  No. 5. 
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Table  4. Average se lec t iv i ty  to each product 

under the condition of ac t iv i ty  mea-  

surement  a. 

Cat .  No. 1 2 3 4 5 

C O + C O ,  35.3 32.3 32.0 32.0 32.6 

Acetaldehyde 0. 2 0:2 0. 3 0.6 0 .7  

Furan  0.7 0.6 0 .6  0.7 0.8 

Cyclopentenone 5. 6 10.0 8. 2 8 .6  6 .5  

MA 19.8 13.8 16.6 16.2: 18.2 

Cyclopentendione 10.4 9.5 8.6 8 .4  10.2 

Pyranone 4.4 4.3 5.3 5. q 4.9 

Indanone 8.2 7.9 14.6 12.6 9.2 

PA 2. 1 1.8 1.9 2 . 2  1.9 

O t h e r s  13.2 19.6 11.8 12.8 15.0 

a. T e m p e r a t u r e :  350~ convers ionG55% 

In the case of butene to MA, redox mechanisnl [9] 
was occasionally applied to kinetic studies [10-12]. We 
will eml)h)y redox mechanism to interpret the oxidation 
of cyclopentadiene. 
i) React ion  order  

According to redox nlechanism, n of Eq. (2) must be 
greater than 0 and less than 1 [13]. If the potential rate 
of oxidation of the hydrocarbon by the catalyst exceeds 
that of the catalyst, n becomes O. For the opposite case, 
n becomes 1. The more catalyst apporaches to the 
former case, the larger-AAV during reaction will be in 
Table 5. This relation accords with the experimental 
results as shown in Fig. 7. 
ii) Ac t iv i t y  

Based on redox mechanism, Sachtler and de Boer 
[14] postulated that activity and selectivity was 

Table  5. Changes  in average valence  of vana-  

dium and reduction rates  of c a t a l y s t s  

during treatments.  

Cat .  No. 1 2 3 4 5 

AV of f r e sh  Cat.  

- A AV during 
reaction 

- A  ~V s+l during 
reacl:ion 

- A AV during 
reduc t km 

- A  (VS+ / during 
reduction 

4.974 4.983 4.889 4.902 4.977 

0.035 0.345 0.128 0.11)6 0.113 

0.101 0.562 0.366 0.411 0.297 

0.545 0.050 0.498 0.451 0.390 

1.53 0.09 1.06 1.00 1.16 

'Fable 6, Est imated kinetic parameters ,  

Cat.  No. n k" x l0 s 

1 0.8 24 

2 0.1 1.9 

3 0.6 14 

4 0.6 12 

5 0, 7 15 

1.0 

1 
0.8 

5 

0.6 

= 

0.4 

0.2 

2 o, 

0 i i i 

0 0:1 0:2 03  
- z ~ A V  

Fig. 7. R e l a t i o n s h i p  be tween  n a n d  - A A V  du- 

ring reaction. 
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Fig'. 9. Relat ionship between maximum SMa and 

- A [ V ~ + I  during reduction. 

dominated mainly by the tendency of an oxide to 
donate its oxygen. 

Since the magnitude of -zllV s" ] during reduction can 
be considered as characteristic measure for the tendency 
of the catalyst to donate its oxygen, it wi]l be proD}r- 
tional to catalyst activity. This is verified as shown in 
Fig. 3. The magnitudes of -A[V ~r ] for mixed oxides are 
lower than vanadium oxide. It is thought that additives 
such as Ag, Mo and P play the role of moderating the 
tendency to donate oxygen. 
iii) Se lect iv i ty  

Selectivities also might be related to -.4 V 7' ] during 
reduction. This is shown in Fig. 9. .Maxinmm selectivity 
increases to Cat. No. 5 with -.4[V ~* ], and then decreases 
at Cat. No. I. This could be explained il~ connectiol: 
with product distribution under mild reaction condition. 
As shown in results, there are various products contain- 
ing one or two oxygen atoms under mild condition 
which might be oxidized further to acid anhydrides or 
carbon oxides under severe condition. From Table 4, it 
is clear that there are more indanone over (:at. No. 3 & 4 
and more r over Cat. No. 2 in comparison with 
other catalysts. ] 'hose products are considered to be 
deconlposed to carbon oxides under severe condition. 
On t ie  other hand, Cat. No. 1 is so active that MA fc, rm- 
ed ndght be decomposed to carbon oxides. 

CONCLUSIONS 

In tests of V-O, V-P-O, V-Mo-O, V-Mo-P..O and V-Ag- 
O for CPD tr MA, V-Ag-O shrews the highest selectivity. 
Redox mechanism could be employed to interpret the 
oxidation of CPD over above catalysts. The additives are 
thought to moderate the tendency of an oxide to donate 

ils oxygen. 
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NOMENCLATURE 

AV average' of vanadium valence in catalyst 
C conversion, moles of CPD reacted/moles of 

CPD il~ feed x 1001%) 
F, fraction of CPD unconverted 
k, k '  reaction rate constauts 
p_ order ~,f reaction 
Pc partial pressure of CPD 
r,. reaction rate of CPD 
S selectMty calculated on carbon at, m: basis (%) 
S,v~ selectMty to MA, moles of MA produced/mole 

of CPD reacted x 4/5 x 100 (%) 
T time factor, weight of Cat./feeding rate (g. sec. 

mole -t ) 

[V ~' ] concentratioi: of V ~ in catalyst (mmole/g) 
Y.u4 yield of MA, weight of MA produced/weight of 

CPD h: feed x 100 (%) 
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