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Molybdena, both unsupported and supported on alumina (15% MoOa), chemisorbs oxygen 
at - 195°C after pre-reduction in hydrogen. Unsupported, pre-reduced molybdena samples, 
having different total surface areas, give about the same ratio of total area to chemisorbed 
oxygen. This ratio has been applied to supported molybdena to deduce the equivalent molyb- 
dena surface area, which in several samples was about one-fourth of the total area. 

INTRODUCTION 

One of the most useful ways of charac- 
terizing a supported catalyst is the de- 
termination of the specific surface area of 
the catalytically active, supported ingre- 
dient. The potential of specific chcmisorp- 
tion for this purpose has been appreciated 
since the classic USC, by Emmett and 
Brunaucr (I, 2) of CO and COZ chemi- 
sorption to establish the surface composi- 
tion of iron synthetic ammonia catalysts. 
Farrauto’s recent review (3) summarizes 
many of the results in the literature 
through 1973. The use of Hz chemisorp- 
tion for Pt/A1203 catalysts is probably the 
best known example. 

Although selective chcmisorption has 
been most widely applied t,o supported 
metals, it can also be applied, with dis- 
cretion, to support’cd transition metal oxide 
(or sulfide) catalysts. A generic problem 
with this class of catalysts is the lability 
of many transition metal compounds with 
respect to bulk oxidation or reduction 
under the conditions of the chcmisorption 
test. Chromia is a notable exception; the 
thermodynamic stability of bulk (but not 
surface) Crz03 permits Cr203/A1203 to be 

studied by the chemisorption of either 02 
or Hz at temperatures as high as 500°C 
(4-7). Chemisorption of O2 on Crz03 at 
low temperatures (e.g., -195°C) has re- 
ceived considerable study as well (7, 8) 
and appears to give results consistent with 
chemisorption at 500°C. 

Supported molybdena catalyst’s, impor- 
tant for selcctivc oxidation, ammoxidation, 
and hydrodesulfurization, are very suscep- 
tible to bulk oxidation and reduction. This 
fact makes it difficult to develop a chemi- 
sorption system (pretreatment, adsorbat’?, 
chemisorption temperature and pressure) 
that will permit discrimination bctwccn 
pure chcmisorption and bulk-phase rcac- 
tion. Massoth (9), in a study of the 
reduction of molybdena-alumina, has dc- 
scribed one of the few at’tempt,s to date 
to use chemisorption for the measurement 
of molybdena dispersion. Working with an 
unreduced 10% Mo/A1203 catalyst (MO 
present as Movl), Massoth found that 
1-butcne polymerized on the catalyst at 
room temperat,ure and partially rcduccd 
the catalyst at 175°C. At the intermediate 
temperature of lOO”C, however, the butene 
was apparent,ly chemisorbed cleanly (4 hr 
adsorption, 20 hr flushing with nitrogen) 

100 

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



SPECIFIC SURFACE AREA OF MOLYBDENA 101 

in an amount calculated to be in molar 
ratio of 0.63 t,o the total molybdena 
present. This was taken as evidence that 
in the fresh Mo(VI)/Alz03 catalyst, vir- 
tually all of the molybdrna is present as 
a monolayer. 

III an extension of this work by Hall 
and Massoth (IO), th(> amounts of “rc- 
wrsibly” and “irrevwsibly” wtaincd hy- 
drogen wcrc calculated for S% Mo/A12U3 
catalysts, prc-reduced to various degrees, 
over the tcmpcraturc range 4OO-600°C. 
For low lcvrls of bulk wduction (i.e., up 
to about 25”/0 reduction of Movl to MoIl’, 
calculated from the Hz0 cvolwd on Hz 
reduction), the ‘5rrcvwsibly” wtaincld Hz 
corrcspondrd to two atoms of H pc’r 
vacancy (i.e., per 0 atom lost). Above 
this level of bulk wduction, the “irrcwrsi- 
bly” retained Hz was indeprndcnt of the 
cxtc>nt of wduction. It is not, cl(lar A\-ht+hcr 
tht: high tcmporaturc rctcntion of Hz is 
a surface or a bulk phcnomrnon. 

We arc not aware of any existing 
methods to measure the absoluttl, or even 
relative, specific surface arcas of molyb- 
dena in alumina-supported catalysts when 
the molybdena is in a rcduccd state, as is 
presumably the cast during steady-state 
operation in hydrodcsulfurization. The 
present paper suggests such :I method, 
based on t’hc chcmisorption of oxygen at 
low tt>mpc>raturcls. The method described 
here involves determination of sucwssivc 
02 adsorption isotherms at - 195°C after 
a preliminary Hz reduction and evacuation 
at high temperature. This procedure clost~ly 
resembles that used by Bridgw et al. (8) 
for supported chromia catalysts. 

EXPERIMENTAL METHODS 

The adsorption data wwe obtaimxd using 
a standard, gas-volumetric, high-vacuum 
glass system. The apparatus included a 
McLcod gauge and a mercury manomct~rr 
read with the help of :I cabhctomctcr. The 

cell containing t#he catalyst sample was 
provided with a 4-way stopcock so that 
the sample could bc treated with gas in 
once-through flow, intrrnal recycle with 
cold trap, or static modes. Elevatrd tom- 
pwaturcls were obt,ainrd with a Marshall 
furnace rrgulatcd by a Helvlett Packard 
tcmprraturc controller ; low tempcraturcs 
wrc provided by liquid nitrogrn, dry ice, 
or ice watrr baths. The gases used wrrc: 
hydrogen for prc-rrduction; oxygen for 
both rcoxidation and specific chemisorp- 
tion; nitrogen for BET surface arca; and 
helium for dt>ad space drtermination. The 
gusrs wwc purified as follows : Mathtwn 
“Ultra High Purity” and Lindr ‘LI’rr- 
purific>d” hydrogrn \vcrr passed through 
I’d-Al203 (0~57~ I’d), Davison molecular 
sicvc type 4A, and a liquid nitrogen cold 
trap; Mathwon “Extra-Dry” oxygrn \vas 
passcld through Davison molecular sirw 
typo 4A and a dry ice cold trap; hrlium 
1~:~s passed through activated charcoal at 
liquid nitrogcln temptraturr, Davison mo- 
lrcular sicw type 4A, and a liquid nitrogcln 
cold t)rap ; and nitrogrn was passed through 
Davison molrcular sicvc type 4A and a 
liquid nitrogen trap. 

The catalysts used ww : commercial 
Harshaw 0402T Co0 (3%)-M00~ (15%)- 
AlsO, (stabilizcxd with ca. 5% SiO,); and 
lab-pwparcd MoOa (15~0)-Al~O~, Co0 
(37,)-MoU3 (1.5%)-Al&, and unsupported 
Mo03. Mu~~-A~~C)~ catalyst was pwparcd 
by imprrgnating a Corning alumina 
(d = 90 A, S = 170 m*/g) with aqueous 
ammonium molybdate solution, drying at 
110°C for 2 hr and then calcining at 550°C 
for ‘24 hr. The catalyst was prcparrd to 
contain 1.3 wtoj, MoOa. The Co0-Mo03- 
A120s cat#alyst, containing 3 wt% Co0 
and 15 w-t% Mo03, was similarly prepared 
in two stclps. In the first, molybdenum 
oxide was impregnated on the alumina 
using ammonium molybdate solution, fol- 
lowed by drying and calcining. Cobalt 
oxide was addrd in the srcond step by 
imprc~gnation \vith t’hc nitrate, then drying 
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and calcination at 550°C. High surface 
area ammonium molybdate (used to make 
unsupported MOOS) was prepared by pre- 
cipitation of ammonium molybdate from 
aqueous solution by addition of isopropa- 
nol. The solid was oven-dried at 110°C. 

An ESCA examination of our CoO- 
MOOS-A1203 catalyst was conducted by 
Corning Glass Works. Although the cobalt 
was shown to be present by ordinary 
chemical analysis, no cobalt was observed 
in the ESCA spectrum, and none appeared 
after ca. 700 A of surface was removed by 
ion cleaning for 35 min. We do not know 
the significance of this finding. 

Redox Experiments 

As a preliminary to the chemisorption 
measurements, we studied bulk-phase re- 
duction and oxidation of several catalysts 
at 150, 400, and 5OO”C, starting with the 
completely oxidized catalyst. The samples 
examined were Harshaw 0402T (as a 
typical commercial catalyst), COO-ALOS, 
Moos-A1203, and COO-MoO~-AI~OX (3 : 
15:82) prepared by us on a Corning A1203 
support. 

Reduction 

Catalyst reduction was carried out with 
hydrogen; about 1 g of catalyst was used. 
The catalyst samples were pumped at 
400°C for 1 hr and cooled to the desired 
reduction temperature, e.g., 150°C. After 
measurement of the dead space with 
helium and evacuation of the helium for 
30 min, a measured volume of hydrogen 
was admitted. The hydrogen was con- 
tinually recirculated through the sample 
and through a cold trap at -195°C to 
remove water produced during reduction. 
The pressure change in the system was 
followed as a function of time. The reduc- 
tion was carried out until the rate of 
pressure change was less than 1 Torr in 
0.5 hr. Manometer readings wcrc made 
with a Gacrtner cathctometer which al- 

lowed an accuracy of about 0.05 mm. The 
extent of reduction was determined by 
subtracting from the amount of gas initially 
present the amount remaining after cquili- 
bration with the catalyst. 

Oxidation of Reduced Catalysts 

After the reduction, hydrogen was 
pumped out and the sample was evacuated 
for 1 hr at the reduction temperature. 
A measured amount of oxygen was then 
admitted into the system. The oxygen was 
continually recirculated through the sam- 
ple and through a cold trap at -78°C for 
the condensation of water. The amount 
of oxygen consumed in oxidation was dc- 
termined by subtracting the amount rc- 
maining after equilibration from the 
amount initially present. 

Expansion of Water Collected in the Cold 
Trap 

The procedure was to evacuate the 
entire system for about 30 min, withdraw 
the liquid nitrogen or dry ice from the 
cold trap, vaporize the water into a prc- 
calibrated volume, and measure the prcs- 
sure of the water vapor. The volume was 
chosen so that the pressure range was 
between 3 and 15 Torr. 

Oxygen Chemisorptio,n at Low Temperatures 

The adsorption data were obtained in 
conventional fashion with the use of about 
0.5 g samples of catalyst. Each sample 
was reduced in a hydrogen stream for 6 hr 
and then evacuated for 1 hr, all at 500°C. 
The sample was cooled to liquid nitrogen 
t,emperature, and oxygen isotherms were 
obtained at -195”C, before and after 
evacuation for 1 hr at -78°C. Following 
this, the total surface area of the pre- 
reduced catalyst was determined by the 
BET method (IV, at -195°C). Adsorption 
isotherms on pre-reduced samples were 
similarly obtained at -78 and 0°C. The 
adsorption isobars were then constructed 
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for an oxygen pressure of 20 Torr. The 
unsupported MOOS catalyst sample was 
prc-reduced for 2 hr and evacuated for 
1 hr, all at 350°C rather than 500°C. 
Oxygen isotherms wcrc then obtained at 
-195°C (before and after evacuation for 
1 hr at -7S”C), -75 and O”C, and the 
adsorption isobars were constructed for 
an oxygen pressure of 20 Torr. 

RESULTS 

Redox Studies at High Temperatures 

High temperature redox studies were 
first conduct’ed in order to establish pre- 
treatment conditions suitable for sub- 
sequent low-tcmperaturc chcmisorption. 
Table 1 contains final data, for Harshaw 
0402T catalyst, for (a) HZ consumption 
by the catalyst aft#cr preliminary evacu- 
ation for 1 hr at test temperature; (b) 02 
consumption after the Hz t,reatment and 
subsequent evacuation for 1 hr at test 
tcmperat,ure ; and (c) Hz0 production 
during steps (a) and (b). In agrecmcnt 
with the observations of Massoth (9) and 
of Hall and Massoth (10) on molybdcna- 
alumina, the initial reduct’ion proceeded 
rather slowly ; approximately S hr were 
required for rcasonablc completion of re- 
action cvcn at 400 or 500°C. Oxidation 
of the reduced catalysts at high tempera- 
ture was rapid, however. 

The following observations may be made : 

1. O2 consumption during rcoxidation is 
less than one-half the H, consumption 
during the init,ial reduct’ion. 

2. In agrcemcnt wit’h Massoth (9) and 
Massoth and Hall (IO), Hz0 is evolved 
during rcoxidat,ion as well as during the 
initial reduction, presumably by oxidation 
of the “irrcvcrsibly adsorbed hydrogen” (9) 
which is retained after evacuation at the 
reduction temperature. 

Similar studies wcrc carried out at 
500°C on Co0 (3%)-AlK1:~, MoOa (15%)- 
Al&, and Co0 (3%)-MoOa (15%-Al& 

TABLE 1 

Redox Studies on Harshaw 0402T Catalyst: 
Effect of Temperature 

Temp Consumption Hz0 prod. Hz0 prod. 
CW Cn~l@W/gl in H, step in 02 step 

[ml(STP)/g] [ml(STP)/g] 
Hz 02 

130 3.6 1.1 -0 -0 
400 21.4 9.5 15.1 2.9 
500 28.5 13.2 19.8 3.4 

prcparcd by impregnation of a Corning 
A1203 having an average pore diameter of 
90 8. In all cases the procedure involved 
init’inl evacuation for 1 hr, exposure to Hz, 
evacuation, recxposure to Hz (for dcter- 
mination of “rcvcrsiblc chcmisorption” at 
500”), evacuation, and reoxidation, all at 
500°C. The results are summarized in 
Table 2. 

The data lead to the follo\ving 
conclusions : 

1. Wit’h Coo-ALOX, only part of the 
supported Co0 is reduced by Hz, even 
after 8 hr at 500°C (I < IV). 02 uptake 
by the reduced sample is negligibly 
small (VI). 

2. With Mo03-Ale03, the difference 
(I-III) presumably rcprcsc>nts total Hz 
chemisorbed on MO& or, alternately, 
partial reduction of MO beyond the MoIv 
stage. 

3. In the presence of MoOa, even less 
of the supported Co0 is reduced at 500°C. 
This is in agreement with Richardson (11) 
and Grimblot et al. (la). 

In view of the bulk-phase reduction and 
oxidation which occur during high tcm- 
pcrature redox trcat’mcnts, we have chosen 
to examine the chcmisorption of 02 at low 
tcmpcraturc on prc-rcduccd samples as a 
possible method for mcasurcmcnt of specific 
surface arca. 

Oxygen Chemisorption at Low Temperatures 

Oxides. In thcsc stud&, all supported 
catalysts \vcrc prctrcatcd in flowing Hz for 
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TABLE 2 

Redox Studies (500°C) on Catalysts, Corning A1203 Base 

Cat.alyst I II III IV V VI 
Hz consumption Revers. II, Theor. Hz Theor. H, H20 prod. in 02 

[ml(STP)/g] chemisorpt.. req. for req. for 1st Hz step consumption 
on red. cat,. RIo03 + MoOz Co0 + Co [ml(STP)/g] [ml(STP)/g] 

Cm1 @TP)/gl 

COO-A1203 5.38 -0 - 8.96 2.90 -0 
Mo03-AlzOa 28.64 2.28 23.36 - 21.37 12.57 
COO-MoOrAlzOg 32.23 2.30 23.36 8.96 23.10 14..50 

6 hr at 5OO”C, evacuated for 1 hr at 5OO”C, 
and cooled under vacuum to the desired 
test temperature. The unsupported MOOS 
samples wcrc pretreated in flowing Hz for 
2 hr at 360°C (to avoid reduction below 
MoIv), evacuated, and cooled to the dc- 
sired test temperature under vacuum. 

Temperature of - 195 to 0°C were 
initially considered for the 02 chemisorp- 
tion measurement. The use of -195°C 
sccmcd plausible, but the measurement is 
complicated by the need for a substantial 
correction for physisorption. Two prob- 
lems, which would operate in opposit’e 
direction, were anticipated for higher tcm- 
peraturcs where physisorption would be 
less: (a) O2 that is weakly chemisorbed 
at -195°C might not be chemisorbcd at 
all; and (b) at higher temperatures pos- 
sible reaction of the reduced molybdcna 
with O2 might result in an indeterminat,e 
amount of bulk-phase oxidation, which 
would confound the chcmisorption value. 

To gain perspective on this question, 
02 upt’ake measurements were made at 
- 195, - 75, and 0°C on separate samples 
of pre-reduced Harshaw catalyst. The 
results of these scanning experiments are 
shown in Fig. 1, for arbitrary initial pres- 
sures of 02. Adsorption is very rapid at 
- 195 and - 78°C ; equilibrium is reached 
in 0.5 hr or less. In surprising contrast., 
the uptake of 02 is relatively slow at O”C, 
which suggests that a slow bulk reaction 
is occurring along with chcmisorption. 
Data of this type wrc! collcctcd for both 

Harshaw catalyst and unsupported mo- 
lybdena (pre-reduced), in order to develop 
isotherms and isobars over the tcmpcra- 
ture range -195 to 0°C. 

Figure 2 contains the chemisorption 
isobars, at PO, ‘v 20 Torr, for pre-reduced 
unsupported molybdena and for pre-re- 
duced Harshaw catalyst. In both cases the 
chemisorption at - 195°C was determined 
as the difference between t,he first and 
second adsorption isotherms at - 195°C 
wi-ith intermediate pumping at -7S”C. 

For the supported, pre-reduced catalyst 
(Fig. 2, upper curve), the amount of 
chemisorbed 02 at -195°C was 3.6 ml 
(STl-‘)/g catalyst. This is analogous to 
the behavior of 02 adsorption on chromia 
at -1153 and O”C, reported by Bccbc and 
Dowdcn (13). However, at 0°C the amount 
of O2 taken up was 3.0 ml (STI’)/g cata- 
lyst., higher t.han at, -7S”C. 

For the unsupported, prc-reducrd mo- 
lybdcna (Fig. 2, lowr curve), the 02 
chcmisorption at -7S”C is also lower than 
at -195°C. Intwestingly, the Oz uptake 
is even lower at 0°C. 

As a result of these studies, -195°C 
was arbitrarily chosen as the standard 
t’cmperature for the chemisorption mca- 
surcmcnt. The procedure adopted was to 
first run an 02 adsorption isotherm at 
- 195’C on the pre-reduced, evacuated 
sample ; evacuate 1 hr at -78°C ; cool to 
-195°C and run a second 02 adsorption 
isotherm. The individual isotherms were 
quite rcproduciblc. The amount of “chemi- 
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sorbed oxygen” was t.akcn as the difference 
between the first and second O2 isotherms 
at -195°C. This difference appeared to 
be constant over an O2 relative pressure 
range of at least p/p0 = 0.1-0.3. Pure 
alumina does not chemisorb 0, at - 195°C 
after pre-reduction at 500°C (24). 

Figure 3 shows the first and wcond 
isotherms at -195°C for two samples of 
unsupported molybdcna, having BET sur- 
fscc areas after 350°C prc-reduction of 7.2 
and 15.5 m*/g. (Note: 350°C pre-rcduc- 
tion of our unsupported MOOS resulted in 
a gross Hz uptake corresponding to only 
15% reduction of MoV1 to MoTV; howcwr, 
the large particle size, and information in 
the literature on this reduction, make it 
probable that at least the exposed surface 
can be considered as MoOz.) 

For the sample of larger surfucc arcn 
(Fig. 3, bottom), the ratio of BET surface 
arca to oxygen chcmisorption (Al’ in 
Fig. 3) was 15.5/1.1 = 14.1 m2/ml (STP) 
OZ. The corresponding ratio for the other 
sample was 7.fL/O.55 = 13.1 m2/ml (STP) 
OZ. The average of these numbers, 13.6 
m2/m1 (STP) 02 was arbitrarily chosen 
as a conversion factor for USC wit,h sup- 
ported molgbdcna catalysts. For any sup- 
ported catalyst, multiplication of the 02 
chcmisorption value (ml/g) by the factor 
13.6 would then give an “cquivalcnt mo- 
lybdcna area” ; division of the “cquivalcnt 
molybdma area” (EMA) by t,he total 
BET surface area of the supportcbd catalyst 
would give an “apparent fractional surface 
covcragc” (0) by the reduced molybdcna 
in the support,cd catalyst. It must be 
cmphnsizcd &at the USC of rcduccd un- 
supported molybdrnu as :t calibrating 
standard for supported rcduccd molybdcna 
may bc plausible, but at this time it 
remains an unproven assumption. 

The value of 13.6 m*~ml (STP) 02 cor- 
responds to an avcragc coverage of ca. 
51 fi2/02 molcculc chcmisorbcd. Gonzalez 
Tcjuca and Pajarcs (7) have obtained 
values of 40-50 AZ/O, n~olcculc chcmi- 

0’ ’ l/2 , 
TIME hr;+ 

3 

FIG. 1. Time dependence of O2 upiake at low 
temperatures; pre-reduced Halshaw 0402T. 

sorbed on unsupport,cd reduced chromia 
over a wide range of temperature. Bridges 
et al. (8) reported a value of 10 m2/ml 
(STl’) 02 on unsupported chromia at 
- 19s”C, corresponding to an average 
covcragc of ca. 3s AZ/O2 molcculc chemi- 
sorbed. Thcsc high values, of ca. 40-50 
AZ/ 02 molecule chcmisorbcd, should of 
course not be confused with the much 
lower value, ca. 14 A2,102, that is nppro- 
priat,c to the physisorption of oxygen (as 

in the BET dcbtrrmination of total area). 
Figure 4 shows t,he first and second 02 

adsorption isothrrms at - 19.5”C, with 
intermcdiatc pumping at -7S”C, for a 
sample of MoOa (15%) on Corning A12C)~ 
that had been prc-rcsduwd in flowing Hz 
at 500°C. Similar plots (not shown) wcrc 
obtained for Co0 (Z$%)-MoOe (15io/c)- 

Corning i\ljOj and for Harshaw 0402T 
cat#alyst,. The csperimental data for oxygen 
chcmisorption (1’0,) and total surface area 
(S) of the unsupportt>d and supported 
molybdcna samples arc summarized in 
Table 3. Also included in Table 3 arc the 
calculnt#cd valuw of: (a) the “cquivaltlcnt 
molybdcna arca” (EMA) of the rcduwd, 
supported samples, obtained from the ob- 
wrvcd 02 chcmisorption values with the 
assumption that rcduccd, unsupported mo- 
lybdcna provides :I proper calibration for 
this convcrsiou ; and (b) the “apparent 
fractional surface covcragc” (0) of the total 
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FIG. 2. Oxygen chemisorption isobars : supported 
and unsupported molybdena, pre-reduced. 

surface by reduced molybdena, calculated 
from the ratio (EMA)/ (8). It is interesting 
that for the three supported materials, all 
oflwhich contained 15% MoOa as prepared, 
the “apparent fractional surface coverage” 
after reduction, calculated in this manner, 
was within the narrow range 0.244.25. 

DISCUSSION 

This paper is concerned with the mca- 
surement of specific surface area of reduced 
molybdena in molybdena-alumina cata- 
lysts. The results give no new information 
on the nature of oxidized molybdena- 
alumina, e.g., on the question of whether 
MoOa (in the Movl state) forms a mono- 
layer on alumina. The 02 chemisorption 
data reported pertain only to samples pre- 
reduced in 500°C ; the stoichiometry of Hz 
uptake at 500°C (Table 2) makes it clear 
that we are dealing with catalyst con- 
taining almost exclusively Morv, not Movr 
or MoV. Since under steady-state hydro- 
desulfurization conditions the molybdenum 
is also presumably present as Morv, any 
method capable of giving even relative 
values for the specific surface area of the 
reduced molybdena should be useful. 

The attempts, shown in Table 3, to 
calculate absolute values for the specific 
area of reduced, supported molybdcna rest 

on the implicit but unproven assumption 
that the MoIV compound in the supported 
catalyst behaves like unsupported MoOz 
for the chemisorpt’ion of O2 at -195°C. 
A recent paper by Fransen et al. (15) on 
molybdena-alumina bears on this question 
but is not definitive. These workers report 
that “prolonged reduction at 450°C yields 
a valence of about 4 for the molybdenum 
ions,” in agreement with our findings at 
500°C (Table 2). More importantly, their 
ir studies show that after reduction, but 
not before, the hydroxyls of the alumina 
carrier reappear. From this they conclude 
that the monolayer of MoV1 oxide shrinks 
on reduction with hydrogen to give an 
“interrupted monolayer” of Morv oxide, 
permitting part of the alumina surface to 
become bare. They reject the possibilities 
that in the reduced catalyst: (a) MorV 
may migrate into the alumina lattice (with 
which we concur), or (b) crystallization 
of reduced molybdenum oxide may occur. 
The arguments against these are that 
catalytic activity does not decrease after 
prolonged reduction and heating at 450°C ; 
crystalline MoOz is not observed by X-ray 
analysis; and the OD spectra are well 
reproduced after oxidat’ion and reduction 

zoA1.- 
0.05 0.10 0.15 0.20 025 0.30 0.35 0.40 
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FIG. 3. Oxygen chemisorption isotherms at 
- 105°C : unsupported molybdena, pre-reduced. 
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under mild conditions. The arguments are 
well-taken, but they do not rule out the 
possibility of monolayer Moos in the 
oxidized catalysts and small crystallites 
of MoOz in the reduced cat,alysts. MoOz 
is a relatively refractory oxide, and sup- 
ported crystallites would not be cxpectcd 
to grow in size rapidly at 450~500°C. By 
contrast, MOOS is very labile (Tammann 
temperature ca. 2OO”C), and the “rcdis- 
persion” of small MoOz crgstallitcs into 
a MoOa monolayer on oxidat*ion of the 
reduced catalyst is at least plausible. At 
present, we consider the Scottish verdict 
“not proven” to be appropriate for the 
nature of molybdena in reduced catalysts. 
It is for this reason that in Table 3 the 
specific surface areas arc described as 
“equivalent molybdcna areas.” The ab- 
solute values may not as yet be taken 
literally, but the relative values should bc 
meaningful. 

The shape of the curves in Pig. 2 dc- 
scrvcs comment. For the supported, prc- 
rcduccd catalyst (upper curve), the lower 
chcmisorption at - 78°C than at - 195°C 
may be associat,cd with some change in 

60 
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FIG. 4. Oxygen chemisorption isotherms at 
- 195’C : molybdena-alumina, pre-reduced. 

TABLE 2 

Oxygen Chemisorption (- 193°C) and 
Total Surface Area 

Sample VOz= Sb EMAc ed 

Cm1 (SW/d h’/d W/d 

RlOOl (I) 
Rio03 (II) 
MoOrA 
COO-MoOrA 
Harshaw 0402T 

1.1 15.5 - - 
0.55 7.2 - - 
2.9 163 39 0.24 
3.32 160 45 0.28 
3.6 178 49 0.28 

a 02 chemisorption at - 193’C; difference be- 
tween fimt and second isotherms. 

b Total surface area (BET, N?). 
c Equivalent molybdena area (after reduct,ion) ; 

see text. 
d Apparent fractional surface coverage by re- 

duced molybdena. 

the nature of the chemisorbcd species and 
a relutcd change in the stoichiometric ratio 
of chcmisorbed oxygen : surface molybde- 
num ion. Beebe and Dowden (13) prcscnt,rd 
a similar interpretation for the decrease in 
oxygen chcmisorption by chromia as the 
tcmpcrature was raised from - 153 to 0°C. 
However, the chemisorption of oxygen at 
0°C was higher than at -7S”C, for pre- 
reduced supported molybdcna (Fig. 2), 
and long times wrc required for apparent 
equilibration (Fig. 1). Our interpretation 
is that even at as low a temperature as 
O”C, there is already the beginning of a 
slow, bulk rcoxidation of the reduced 
molybdcna. This increases the total oxygen 
uptake, but it no longer permits distinction 
to be made betwern chemisorption and 
bulk chemical reaction. If this interpreta- 
tion is correct, the results at 0°C con- 
stitute indirect that the MO” in reduced, 
supported catalyst is wt present as an 
“interrupted monolayer” (15). Since chemi- 
sorption of oxygen is fast even at -195’C 
(Fig. l), the interrupted monolayer model 
would not predict slow upt’ake at O’C: 

In the case of the unsupported, prc- 
reduced molgbdena (lower curve, Fig. 2), 
the dccrcase in oxygen chemisorpt,ion at 
-7S”C relative to - 195°C is analogous 
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to that obscrvcd with supportccl molyb- 
dcna. The continued decrease at 0°C we 
attribute to the large particle size of the 
unsupported, reduced molybdena which, 
because of slow ionic diffusion through the 
solid, leads to a very low rate for the 
bulk phase reaction: Moos(c) + 302 
= Moos(c). A calculation o$ average 
particle diameter (from d = 6/p&‘), based 
on BET surface area measurement of this 
sample aft’cr reduction, indicated that 
d ‘v 530 pi for the unsupported material. 

The results shown in Figs. 1 and 2 sug- 
gest that either - 195 or -78°C could 
be chosen as an arbitrary standard tern- 
pcrature for the oxygen chemisorpt,ion 
mcasurcmcnt. In the work dcscribcd here 
-195°C was chosen because of the larger 
chcmisorption value. However, the ncccs- 
sity to correct for the substantial physical 
adsorption of oxygen at -195°C is an- 
noying, and a systematic study of chcmi- 
sorption at - 7S”C would be worthwhile 
bccausc of the negligibly small correction 
for physical adsorption at that tempcraturc. 

Thcrc is no cvidcnce in any of our results 
that the presence of the small amount of 
cobalt (37, COO) plays any role in the 
oxygen chcmisorption at -195°C. The 
failure of pre-rcduccd COO-AI&~ to take 
up oxygen at 500°C (Table 2) also sug- 
gests that chemisorption at -195°C is a 
mcasurc only of the specific surface arca 
of reduced molybdena. Rcwnt literat’ure 
contains sufficiently diverse opinions about 
the nature of the cobalt species to support 
almost any desired model. Perhaps most 
relevant to the prcscnt work arc the ex- 
perimental results of Grimblot et al. (Ig), 
who found that with increasing amounts 
of molybdenum in alumina-supported cata- 

lysts containing both cobalt and molyb- 
denum, the cobalt is progrcssivcly blocked 
from participating in reduction and oxida- 
tion. At sufficiently high MO: Co ratios, 
the behavior of the catalyst is identical 
to that containing only molybdenum. 
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