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Studies on Chromium-Molybdenum Oxide Catalyst by 

Temperature Programmed Desorption Method 

Formaldehyde is manufactured by partial 
oxidation or dehydrogenution of methanol. 
The mixed oxide catalysts including molyb- 
dena have been mainly employed in the 
manufacture of formaldehyde by methanol 
oxidation. The partial oxidation method is 
carried out by using a lean mixture of 
methanol and air. Many papers have been 
published on the mechanism and kinet,ics 
of methanol oxidation over mixed oxide 
catalysts, especially iron-molybdenum 
oxide mixt,ure (1-/t). The mechanism of 
methanol oxidation on t#hese oxide catalysts 
have been report’ed t’o involve a surface 
redox process. 

Previously we have reported that, 
chromia-molybdena mixed catalyst is effec- 
tive for methanol oxidation to formaldehyde 
and investigat’ed the st,ruct,ure of t’his 
catalyst (5, 6). However, it was not, clear 
whether the mechanism of met,hanol oxida- 
tion over chromia-molybdena catalyst) is 
similar to that over iron-molybdenum 
oxide catalyst or not. In the present, work, 
the method of t,emperature programmed 
desorption (TI’D) :LS devised by Xmeno- 
miya and Cvetanovic (7) was applied tjo 
the investigation of surface of chromia- 
molybdena catalyst. Resorption of meth- 
anol, water or oxygen from t,he cat’alyst 
and from a slightly reduced sample have 
been studied in an attempt to oht)ain 
informat,ion on t,hc cat,alyst, surface. 
Furthermore, TI’D of methanol in helillm 
or air flow has been compared in order to 

elucidat,e t,he mechanism of methanol oxida- 
tion over ChromL-molybdenu catalyst. 

IXPERI.\IENTAL ?\IETHOlX 

In the present work, helium or air was 
employed as carrier gas for TPD. Helium 
from the cylinder was passed through 
charcoal cooled with liquid nitrogen to 
remove traces of wat’er. Air from a cylinder 
was dried by passing it through charcoal 
cooled with dry ice and acetone. Conven- 
ventional thermal conductivity cells were 
employed as the det,ector. The t,emperature 
of t#he catalyst bed was raised at a uniform 
rate by t,he use of a programming controller. 

Catalyst, (MoO:j)l,,(Cr20,), (abbrevi- 
at’ed MC) was prepared from molybdic 
acid and chromium hydroxide as previously 
described (5). Before iise, the catalyst was 
evacuated at, 250°C for 2 hr. On the other 
hand, a slightly reduced sample [abbrevi- 
ated MC (I<)] was prepared as follows : (a) 
tjhe catalyst was pretreat,ed by the same 
method described above ; (b) t,he cat,alyst 
was esposed to methanol vapor (30 mm Hg) 
at) 200°C for 30 min ; (c) t#lie sample was 
evacuated at 250°C for 30 min and the 
temperature of sample was lowered to room 
t,emperature. Following this pretreatment, 
CH&H, HzO, or Oz were adsorbed. Aftct 
adsorption equilibrium was reached at the 
room t,rmpcr:tt8ure, the sample was evacu- 
:It,ed for 20 min at, the same t,emperature 
and then exposed to the carrier gas flow. 

413 

Copyright 0 1977 by Academic Press, Inc. 
All rights of reproduction in any form reserved. ISSN 0021-9517 



414 NOTES 

When the base line of recorder attached to 
the detector was found to be unchanging, 
TI’D was started. 

RESULTS AND DISCUSSION 

The TI’D chromatogram from a typical 
experiment using MC or MC(R) is shown 
in Fig. 1. When the desorption of O2 from 
MC and MC(R), curves a and b, are 
compared, the first peak formed was 
similar and the second peak was quite 
different. The amount of 0, desorhed from 
AMC was small in the vicinity of 310°C and 
a larger amount of 02 was detected by the 
desorption from MC(K) at a lower tem- 
perature, 290°C. It may not he possible 
to disregard the likely prospect that a 
part of vacancies were reoxidized in the 
process of TI’D. However, curve b sug- 

gests that the :unount, of osggcn rcl:ttv(l 
to the reoxidat ion rvquitvcl :L \.ery small 
part of the aclsorl~cl osygcn. It was con- 
cluded that O2 from ;\lC in the second pe:~k 
was formed from lattice oxygen similar t.o 
the desorbed 0, observed from 1400~ and 
that 02 from JI(‘(Ii) was t,lie result of 
dcsorpt,ion of chemisorbed oxygen on the 
reduced surface. That, is to say, the second 
peak found on MC(R) is made up by t,hr 
desorption of 02 chemisorbed on the 
vacancy which was introduced by the 
reduction. This fart, indicates that a new 
site which is able t’o adsorb Ox had been 
induced by reduction. Perhaps this site is 
an oxygen ion vacancy in t,he surface. As 
described in our previous report (8), MC 
is more reducible than MOOS because of 
strain introduced into t’he lattice of 3100s 
by the presence of chromia, i.e., lattice 
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FIG. I. TPD chromat,ograms from MC or MC(R). (a) 02: (c, f) CHsOH; and (e) Hz0 were 
adsorbed on MC before TPI> under 50 mm Hg at, a room temperature. (b) 0,; and (d) CH,OH 
were adsorbed on illC (R) hefore TPI) under 60 mm Hg at a room temperature. Cawier ga.9 : (a-e) 

helium; (f) air. 
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oxygen reactivity of &I(.’ is grcatcr than 

that of MOO& 
When H20 was introdrlced onto MC’, the 

peak maximum appeared at, 11OY and the 
&sorption cur\-c clccreascd slowly (cuI7.e 
P). It is infcrrc>d that :L part8 of t#he II&) 
:dso1h31 on surface osygm hy lrytlrogt~n 
bonding, therefort. drsorl)ing s~lch H&J 
slowly introduced the t,ail of the pc:k. 

The ‘1’1’1) chromatogr:\m of (‘I-I:&)11 
from MC’, curve c, had the first peal; :it 
100°C and the dcsorhrd material was 
c’H30H. I1 tlcfinitt* secontl peal< :kt lo\\ 
tcmpcraturr was ol~r\~cl : it< masimum 
:~ppcnrPtl at l(iO”C :tncl tllc desorl~ed 
materials were (‘II,011 :md C’I120. ‘I‘hc 
amount’ of desorM CTI& in this peak was 
larger than that, of CH,OH. This peak, due 
t,o the desorhed (‘II& from MOO,, did not, 

show a maximum ; it, could only t)e tlct~ect~etl 
hy the presence of C:II,O in t,he t,ail of tha 
first peak. The third pe:k at, :SO”(’ was 
made up 1)s the desorptJion of (CO + (‘Op) 
formed from CIIJ)II mtl it, was i:s~ially 
observed to bc small. 111 similar experiment’s 
with MC (Rj inst,cad of 12C, only two peaks 
were observed (curve (1). The first peak at 
100°C was CH,OH and t)hc seconcl pcnk 
at 300°C consisted of (CO + COz). The 
desorption of (Cl0 + (‘02) from Arc(R) 
occurred at lower tempcr:~turr t,han t,h:lt 
from MC. There were three peaks on the 
TL’D curve from AlC. It is :issumrd t.h:ltS 
these peaks have a one to one corrcspond- 
encc to weak, medium and strong adsorp- 
tion of CHaOH. The weakly adsort)(ad 
CHSOH (CHXOHw:t) is desorhed wit8hout 
change at lOO”C, the medium adsorl~d 
CHSOH (CH30Hma) is desorhed wit111 
conversion to (‘II20 at, lGO”C, and CO and 
CO2 from the decomposition of strongI) 
adsorbed (‘HaOH (CH:@Hsn) is drsorl,c~l 
at, MOY!. ‘l’hc expcriment8al results indi- 
c&d &it thrt amount of CITJOIIm:~ \v:ts 
smaller on MOO, than MC‘. This facl, 
suggests there we tjhree typrs of surface 
oxygen on MC. It is reasonable t,o assume 
thot t,he situation of adsorption of CH#H 

was det,ermined hy the m&ire of surface 
oxygen. Thus, t,he surface osygen atoms of 

t,he catalyst were classified into three types 
(convrnicnt,ly named types 1, 2. and 3). 
‘I’liat is to say, (‘ITJ)H :Ldsort)etl weakl> 
on oxygen :tt50ms l~elongc~l t,o t,ype 1, wit,11 
intermedi:ltc strcngt~li on os,vgcn at,oms 
t~rlongctl to type 2, and st longly on oxygen 
atoms helonged to type :j. It is presumed 
that osygrn atom% in type 1 arc the most 
st:it)lc :mcl that osygcn :Itoms in the ot,liel 
two cl:issifications :ll‘e rc+\tec1 to the cata- 
lytic activity for oxidation. When C’HaOH 
was tlesorhetl with increasing tempcraturt~, 
the osygen in type 2 should react with 
(‘IlaO in t,hr process, and then CHZO is 
produced. The oxygen of t,ype :Z should 
p19ducc (‘0 and CO2 from C~tI&IT in the 
courses of ‘1‘1’1). The location corresponding 
to t,lir> sllrfacc oxygen in t,yprs 2 or 3 is 
tIcfined as sit,o 1 or 2 for oxidation of 
methanol. The rcsulb of ‘1’1’1) showed that 
sitr> 1 was more prominc~ntS on t,he surface 
of >I(: t tian R,IoOB. IIowevcr, our experi- 
ments on tjhc rt~luccd sample MC’(R), did 
notJ indicate the cxistcncr of site 1. When 
lIC( 11) was reoxidizctl with air at, 35O”C, 
the second peak reappeared on the Tl’D 
curve of CH,OH desorption from MC(R). 
1 t seems to 1~ reasonable t,o assume t,hat 
most, of the oxygen atoms of t#ypc 2 on 
MC were lost) 11pon rcduct.ion. On the other 
hand, t’lle drsorl~~l arno~mt, of CH&H 
converted t,o (CO + (‘X1,) from XC(R) at 
:<OO”(: was more than that8 found from MC’. 
A1ppalWlt~ly t,hertb are more sites of t,ypc 3 
on the surface of hIC(It) than on MC. The 
temperature at, which the peak of (CO 
+ CO?j appc~rd from MC(R) was lowvcl 
t,h:ui that, from MC’. These fact.s suggest 
that tmlic site from which (CO + c02j 
tlesorl~s from ,\I(‘(,lI) is riot8 t.hc same as 
site 2. It’ is poat.ulatc(l t,h:lt# this site on 
AI(r(Ii) was introtl~~ccti l)y the reduction. 
t’erh:ips, the oxygen of site 2 is lost in the 
rc~duction and another unstable oxygen is 
produced neighboring the vacancies formed. 
Similarly, the unst~ahlc oxygen may be also 
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produced by the reduction of site 1. Figure 
1 shows that most of such unstable oxygen 
atoms produced by reduct,ion are similar 
in nature 60 site 2 (type 3) and :t slight 
part of suc*h oxygen atoms should be 
analogous with site 1. J3C is more active 
than MoOa for the methanol oxidation and 
it is ascertained that t,here are more sites 
of type 2 on the surface of MC than on 
MOO& 

The kinetics of methanol oxidation over 
oxide catalysts of iron and molybdenum 
have been report,ed by Roreskov et al. (1) 
and ,Jiru et nl. (2). Roreskov et al. reported 
the rate t’o be independent of oxygen 
pressure and first order in methanol and 
Jiru et al. indicated a rate equation based 
on the redox mechanism. Mann and Hahn 
(4) deduced a rate expression assuming a 
steady state involving a two stage irre- 
versible redox process over MnOz-Mo03 
catalyst. Furthermore, Novakova et al. (3) 

suggested a change in the oxidation 
mechanism due to the lowering of the 
vacancy of Mofif to Mo4+. Thus, their 
reports have shown that the catalysis of 
metal oxide molybdena mixture in met,h:mol 
oxidation is based on t,he redox mechanism. 
If molybdena catalyst promoted with 
another oxide and used for methanol 
oxidation does involve redox of its surface 
as the above-ment,ioned reports indicate, 
MC should involve :I similar mechanism 
and the two sit,es on MC detected by TPD 
are assigned to actSiTe cent,ers for oxidation. 

Curvefis typical of TI’D curves obtained 
by using air as a carrier gas and may be 
compared with He TI’D. CH,OH was used 
as the absorbate in these experiments. The 
TPD chromat,ogram of CHZOEI purged 
with He was shown in curve a, however, 
curve f had only one broad peak at, a 
temperature in the neighborhood of 150°C. 
This contained a large amount of CH& 
and small amount of CHSOH, COZ, and 
CO; the temperature of desorpt’ion was 
approximately equal to the second peak 

materials were formetl by oxidizing a large 
port~ion of the :&orbed C:H,OH with ( jL’ 
from the air st.ream. ITowever, the form 

of the &WJrb~d peak was indicative of 
amount of tlrsorbed (‘II20 from site 1, 
I)eo:tuse the t’c>mprruture of the maximum 
in air flow was approximately t,he same as 
that of the desorbed peak of CH& from 
site 1 in He flow. Consequently, it is con- 
cluded that methanol oxidation over A{(’ 
is accomplished by both oxygen on t.hc 

surface and 0, in the gas phase. If methanol 
oxidation were to be carried out in an ail 
rich mixture, the mechanism of reaction is 
probably similar to t,he situation that 
ensues with Tl’D with air. 

On the basis of above-mentioned results, 
it is concluded that methanol oxidation 
under air rich conditions is accomplished 
by the reaction between surface oxygen 
(lat,tice oxygen) and adsorbed methanol 
and;‘or oxygen in air and adsorbed meth- 
anol and, moreover, there are two active 
centers on MC. 
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