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An investigation of H&S tit,ration stoichiometry was carried out on Pt-Al203 catalysts 
using the gas chromatographic pulse technique. The catalyst samples were given different pre- 
t,reatments which included sintering in air and hydrogen atmosphere. The stoichiometry, 
expressed by the ratio of hydrogen chemisorption:oxygen chemisorption: hydrogen titration 
(HC:OC: HT), was found to be 1: 1:3 with a very good degree of reproducibility and was 
independent of the mean Pt crystallite size or of the pretreatment given to the catalysts, pro- 
vided that the HC and OC values were calculated from the hydrogen and oxygen titers (NT 
and OT), respectively. When the HC and OC values were obtained by determining chemi- 
sorption on freshly reduced catalyst surfaces, no consist,ent stoichiometry was observed. A few 
Hz-O2 cycles at room temperature smooth out or homogenize the surface to give reproducible 
results in the titrations. 

INTRODUCTION 

The tritation of chemisorbed 02 with Hz 
was first introduced by Benson and Boudart 
(1) as a more accurate method of estimating 
the fraction of exposed metal surface in 
supported platinum cat’alysts. The reaction 
scheme proposed was 

Pt, + +Hz = l’t,H, (1) 

0) l’t, + $02 = P&O, (“1 

Pt,O + QHz = Pt,H + HzO, (3) 

where Pt, represents an exposed Pt atom 
on the catalyst surface. The stoichiomctrg 
is gcncrally expressed as the ratio of chemi- 
sorbed Hz to chcmisorbed O2 to H, titer 
value (HC:OC:HT), with respect to 

1 Present address : Laboratorium voor Petro- 
chemische Techniek, University of Gent, Krijgslaan 
271, 9000 Gent, Belgium. To whom correspondence 
should be sent. 

chemisorbed Oz. In the above reaction 
scheme, this ratio is 1: 1:3, H/Pt, = 1 and 
O/Pt, = 1. A reinvestigation by Mears and 
Hansford (2) using the flow technique 
yielded a ratio 2: 1: 4 according to the 
reactions : 

l’t, + Hz = l’t,Hz, (4 

(11) I% + ;o, = ho, (5) 

PLO + 2Hz = Pt,H2 + HzO. (6) 

In stoichiometry II, H/Pt, = 2, and O/Pt, 
was assumed to be equal to unity. Mears 
and Hansford suggest that the differences 
in stoichiometry could arise from t’he lower 
outgassing time adopted by Benson and 
Boudart (I), in which cnsc the catalyst 
could bc expected to contain some residual 
Hz and hence an apparently lower chemi- 
sorption of Hz would be observed. 

Wilson and Hall (3) showed that the 
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ratio could vary from 2 : 1: 4 to 1: 1: 3 upon 
increasing the temperature of pretreatment 
in Hz at conditions which would product 
sintering. Interestingly, t’hey also found 
that, while the amount of chemisorbed Hz 
decreased concomitantly with an increase 
in mean Pt crystallite size, the chemisorbed 
O2 surprisingly remained const,ant or cvcn 
increased. Hence they concluded that only 
Hz chemisorption reflects the state of the 1% 
surface, while O2 chemisorption, or titration 
of it, does not do so. This conclusion thcre- 
fore suggests the unreliability of the gas 
titration method itself to d&ermine the 
specific metal surface area of unsupported 
and supported catalysts. Wilson and Hall 
also noted that the stoichiometry of Mears 
and Hansford (2: 1: 4) could just as well be 
1: 0.5: 2 and indeed advanced this as the 
probable explanation, i.e., the 02 chemi- 
sorption was t’oo low. They added an ad hoc 
explanat’ion that the change in chemi- 
sorption behavior perhaps reflected a 
change in particle size, as it actually 
occurred in their cxperimcnts. 

Free1 (4) also invcstigatcd the tit,ration 
stoichiometry using the gas chromato- 
graphic pulse technique for Pt-Al&3 cata- 
lysts. He found that, for catalysts given a 
“mild” pretreatment in Hz at 500°C for 
2-3 hr or less, the HC: OC: HT ratio is 
predominantly around 2: 1: 4, whereas, with 
“prolonged” treatment for 18 hr or more, 
the ratio is more toward 1: 1: 3. Also H/I?, 
is usually about but never greater than, 
unity, while O/Pt, can vary from 0.5 to 1.0. 
His findings thus corroborate those of 
Wilson and Hall (3) in that titration 
stoichiometry can be quite variable. One 
significant point here is that change in the 
stoichiometric rat’io was observed by Freel, 
even without any increase in sintcring, 
which is contradictory to the findings of 
Wilson and Hall. According to Free1 (h), 
the change in stoichiomctry is governed by 
the degree of unsaturation on the metal 
surface. Prolonged treatments in Hz are 
likely to yield less unsaturated surfaces 

which would account for a stoichiometry 
consistent with 1: 1:3 instead of 2: 1: 4 
which would predominate with the more 
unsaturated surfaces obtained wit,h “mild” 
treatments. 

Recently ?;ctzcr and Grubcr (,S) found 
that the titration st,oichiomet,ry could be 
dependent on t’he temperature, changing 
from 1:0.5: 2 at ambient temperature to 
1: 1:3 at about 250°C. These results, as 
also those of Wilson and Hall (3) and Free1 
(4), suggest yet] a third st’oichiometry : 

1% + +Hz = I’t,H, (7) 

(III) 21% + $Oz = I’t,zO, w 

I&O + 2H, = 2&H + HzO. (9) 

A calorimetric investigation of the 02-HZ 
t’it,ration of platinum supported on r-AlzO, 
by Basset et al. (6) provided a different 
picture. According to them the hydrogen 
pressure during chemisorption should not 
be higher than 10-i Torr in order that one 
H atom may be adsorbed on one surface 
1% atom. At higher pressures, reversible 
adsorption of hydrogen will occur in addi- 
tion to the chemisorbed form, thus giving 
H/I%, ratios greater than unity. Barbaux 
et al. (‘?‘), in a gravimetric study of titration, 
also found that both reversible and irrc- 
versible adsorption of hydrogen could occur 
on platinum; at a pressure of 10 Torr the 
stoichiometry observed was in agreement 
with that of Mcars and Hansford (2). On 
the other hand, Vannice et al. (8) have 
observed H/I%, values close to unity at 
pressures as high as 100 Torr. 

Thus a survey of the literature gives a 
very inconsistent picture for the O*-Ht stoi- 
chiometry in surface titrations of platinum. 
Besides, the basic objection raised by 
Wilson and Hall (S) and Free1 (4) as to the 
validity of the titration of chemisorbed 
oxygen with hydrogen has itself not been 
resolved. In view of these uncertainties, we 
have undertaken a detailed study of this 
system using the gas chromatographic 
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TABLK 1 

With CK-306 0.6% l’t/AlrOa 

1 500 1 500 
2 650 500 
3 050 

i 
500 

4 050 3 500 
;, 700 0.5 500 
Ii 700 1 500 
7 700 2 500 
s 700 4 mo 
0 x00 1 300 

10 500 1 300 
11 500 1 tioo 
12 500 1 hi0 
13 500 1 7.x 

With CK-303 0.30/, Pt,‘.Il~O,~ 

14 500 1 ZOO 
1.5 Ii50 a 500 
lfi 050 :i 500 
17 500 1 300 

1 
1 
1 
1 
1 
1 
1 
1 
1 

11; 
lli 
l(i 
1 (i 

1 
1 
1 

lli 

Cherrkxbed 
nnmunt (Pxptl) 

(ml STl’,‘a) 

Jf,, ( ),, 

0.21 
0.22 
0.11 
0.05 
0.00 
0.01 
0.035 
0.015 
0 
0.24 
0.05 
0.15 
0. I4 

0.13 
0.14 
0.00 
0.03 

0.3ti 
0.20 
O.O!) 
0.10 
0 Ofi 
0.07 
0.05 
0.027 
0 
0.27 
0.34 
0.21 
0.1s 

0.09 
0.12 
0.04 
0.M 

111 

0.28 
0.27 
0.13 
0.12 
0.07 
0 04 
0.04 
0.023 
0.01 
0.:34 
0.20 
0.11; 
0 15 

O.lli 
O.l(i 

O.Oti 
0.20 

H’J’, 

0.81 
0.w 
0.42 
030 
0.21 
O.lti 
0.12 
0.00 
0.045 
0.87 
0 Ii3 

0.4% 
0.4ci 

0.12 
0.:%3 
0.18 
0.27 

Titer value 
(ml STP,‘r) 

-- 

JlTf 

0.87 
0.M 
0.45 
0.3; 
0.21 
0.17 
0.15 
0.00 
0.043 
1 .Oj 
0.63 
O.li!l 
0.;11 

0.44 
0 :%I 

0.24 
0.30 

OTr 

0.48 
o.:u 
0.22 
0.18 
0.10 
0.0X 
0.07 
0.04 
0.W 
0.31 
0.4ti 
0.33 
0.23 

0.21 

0.10 
0.1‘2 
0.10 

0.21) 
0.22 
0.15 
0.12 
0.07 
0.0.5x 
0.05 
0.0:s 
0.015 
0.33 
0.21 
0.23 
0.17 

0.147 
0.13 
0.0x 
0. I 3 

pulse technique (9, 10) and commwcial 
Pt-A1203 reforming cataly& 

EXPERIMENTAL 

Apparalus. A typical pulse reactor sys- 
tom (9-11) wit,h a six-port gas sampling 
valve was used. A fused silica tube, 45 cm 
long and 0.S cm i.d., served as the reactor. 
,4 thermal conductivity detector was cm- 
ploycd to follow the reaction. Ultrahigh 
purity (UHP) grade nitrogen, supplied by 
Indian Oxygen, Ltd., which was cxpccted 
to contain a maximum of 5 ppm of oxygw, 
was used as the carrier gas after further 
purification using freshly reduced Cu0 
contained in a fused silica tube (45 cm 

X 0.S cm i.d.). Hydrogen from a Milton 
Roy ultrapure hydrogen generator was 
used directly. 

Catalysts. Commercial CT<-306 and CK- 
303 reforming catalysts, containing 0.6 and 
0.3% (w/w) I’t on r-A1203, rcspcctivrly, 
and supplied by Ketjen Catalysts, Amster- 
dam, were used in the experiments. The 

catalyst extrudatw wc’rc crushed and 
particles in the range of 400-600 pm were 
used. Generally about l-g quantities of the 
catalysts wcrc taken and the pulse size (11) 
was 0.26 ml. 

Pretreatmetrt. Diff cwnt pwtrcatmcnts 
wcrc given to separate quantities of the 
catalysts. Details of these arc given at, the 
appropriat’c place in the text or in Table 1. 
Calcination in air JV:~S done in an electric 
own. Sintcring in a hydrogen at,mosphcrc 
was carried out) i/r situ in the reactor. 

Procedure j’or Hz-02-H2 fitrations. Cata- 
lyst samples wcrc reduced in situ in tht: 
reactor in a stream of hydrogrn (100 ml 
STl’/min) under diffrrcnt conditions as 
indicated in Table 1. Aftrr reduction the 
catalyst was purged with nitrogen (100 ml 
STl’/min) for 1 hr at the t’cmpcraturc of 
reduction and then cooled to room tom- 
perature in flowing nitrogctn. Hydrogw 
pulses were t’hcn given. The uptake of gas 
thus measured is designated as H, to 
signify initial hydrogen chemisorption. Tho 



518 PRASATI, MURTHY, AND MENON 

TAULli: 2 

Sloichiomelric Ratios from 1 Iz-Oy Tilrntions 

Run No. H,:O,:HTl 

With CK-306 

1 0.8:1:3.1 
2 1.1:1:3.4 
3 1.2:1:4.7 
4 0.5:1:3.0 
5 1.0: 1:3.5 
6 0.1:1:2.3 
7 0.7:1:2.4 
8 0.6:1:3.3 
9 - 

10 0.9: 1:3.2 
11 0.1:l:l.S 
12 0.7: 1:2.3 
13 0.8:1:2.5 

With CK-303 

14 1.7:1:1.3 
15 1.2:1:3.2 
16 1.5: 1:4.5 

17 0.1:1:0.8 

HC’:OC’:HTr Hr/Pt HC’/Pt HC”/Pt HC”‘/Pt 

1:1:3 0.81 0.84 1.26 1.26 
1:1:3 0.78 0.64 0.96 0.96 
1:1:3 0.43 0.43 0.65 0.65 
1:1:3 0.35 0.35 0.52 0.52 
1:1:3 0.20 0.20 0.30 0.30 
1.1:1:3.1 0.12 0.17 0.25 0.25 
1:1:3 0.12 0.14 0.22 0.22 
1:1:3 0.07 0.09 0.13 0.13 
1:l:S 0.03 0.04 0.06 0.06 
1:1:3 0.99 1.01 1.51 1.51 
1:1:3 0.68 0.90 1.35 1.35 
1:1:3.1 0.46 0.67 1.00 1.00 
1:1:3 0.43 0.49 0.73 0.73 

1:1:3 0.93 0.85 1.28 1.28 
1:1:3 0.93 0.75 1.13 1.13 
1:1:3 0.35 0.46 0.70 0.70 
1:1:3 1.16 0.75 1.13 1.13 

chemisorbed hydrogen was then titrated 
with oxygen, 

Zl’t,H + $0, = 2&O + HzO, (10) 

and the oxygen titer (OT) was determined. 
The titration cycles were repeated until 
constant OT and HT values were observed. 
HTr denotes the final hydrogen titer value. 
The sequence always ended with a hydrogen 
titration, thus giving a Pt surface covered 
with chemisorbcd hydrogen. While the 
catalyst was in this state, its temperature 
was increased in flowing nitrogen (100 ml 
STP/min) to 5OO”C, kept there for 1 hr, 
and then lowered to room temperature. 
Once again hydrogen pulses were given 
and the gas uptake now measured is 
designated as the final hydrogen chemi- 
sorption, Hr. Further titrations yielded 
exactly the same constant values as earlier. 

O~-HZ-O~ titrations. In experiments in 
which reduction of catalyst samples was 
carried out at 500°C for 1 hr, the same 
catalyst from the above series of experi- 

ments was used. In all other cases, a fresh 
charge was used. Once again the catalyst 
was reduced at the same temperature as in 
the earlier series, purged with nitrogen 
for 1 hr at the temperature of reduction, 
and then cooled to room temperatureinflow- 
ing nitrogen. Oxygen pulses were given and 
the initial oxygen chemisorption, O,, was 
measured. Hydrogen and oxygen titrations 
were then carried out as earlier, and OT, 
HT, and OTr values were noted. 

Before commcnccment of the above two 
series of experiments it was ascertained 
that the nitrogen carrier gas did not contain 
any significant amount of oxygen which 
could vitiate the results, particularly the 
Hr and Or values. For instance, after the 
final hydrogen titration, in which a l’t,H 
surface was generated, the catalyst was 
left in flowing nitrogen at room tcmpcrature 
up to 3 hr. When hydrogen pulses were 
given to this catalyst, no hydrogen uptake 
was observed. This indicates that the 
nitrogen used was almost free of oxygen 



II%-02 TITRATIONS ON Pt CATALYSTS 510 

and t’hat the quantity of frwhly rcduwd 
cupric oxide taken into the guard tube \v:ts 
sufficient to work as Ltn effective gcttcit 
during t,he period of esI.‘crimentatio11. 

RESULTS AN11 DISCUSSION 

The dat,lt obtained are given in Tabhi 1. 
The different pretrcatmcnt conditions to 
which separate catulyst samples wrc sub- 
jected are also given therein. The values 
for H, and 0, are the initial uptakes of the 
two gases on :I freshly reduced cat’alyst 
surface. HTI and HTr are the first and the 
last hydrogen titers. Whether the titration 
sequence xas H,-Oz-H2 or 02-H2-02, the 
titer values were alwxys the Sanyo. Hrncc 
two scparatc sets of titer wluw :tssociatc~d 
with the t\vo different sequcncos xc not 
given, othcrwisc the table A\-ould bwome 
too large. The vnlucs under the HC1, HC”, 
and HCII1 columns arc the calculated 
hydrogen chcmisorpt8ion valuw obtained 
from the moasurcd final hydrogen titws, 
HTr, by using stoichiomctriw I, II, and III. 
Similnrly, OC1, (MY1, and OC111 arc the 
oxygen chemisorption wluw calculatc~d 
from the fina. osygcn titers, OTf. Using the 
data obtained in this investigation, the 
HC: OC : HT stoichiomctric ratios wwc 
calculated nnd these arc given in Table 2. 

Wilson and Hall (8) and Frcel (4) ob- 
served that the HC: OC: HT ratios t’hcy 
obtained could vary from 2: 1: 4 to 1: 1: 3 
depending upon the physical st:rtc of the 
cat,nlyst surface. Xctzcr and Grubcr (5) 
found u shift in stoichiomctry from 1: 0.5: 2 
for tit’rations at ambient tcmpcraturc t’o 
1: 1: 3 at about 250°C. In the present8 study, 
catalyst samples were prctrwtcd in dif- 
fcrcnt wags : sintcrcd in air, sintcrcd in 
hydrogen, and subjcctcd to “prolong;Cd” 
or “mild” trcatmont in hydrogen. Thwc 
catalyst samples should thus possess dif- 
fcrcnt surfuccs. Ho\\-ever, t,hc H, : 0, : HT1 
ratios in Table 2 do not indicate an\ 
systematic trend; the stoichiometry ncithcr 
remains constant nor shifts to any ot’her 

wluc: :LS 1~:~s obscwc~l by cwlicbr wxkt rs. 
In all thcsc c:~sw:, t,hc H,, nnd 0, vnlucs arc 
the measured initial uptakes of the rcspw- 
t,ivc g:ws. Howcvcr, if the gas uptakes arc 
c:dcul:ttcd from the titer valuts, thrn tho 
stoichiomctric ratios thus obtained show a 
very good dcgrcc of consist~cwy. The values 

of HC’: (KY: HTf xc givw in Table 2 to 
illust,r:Ae this point. The ratios HC1’: OC” : 
HTf and HCII1 : OC111 : HTf similarly yield 
2: 1: 4 and 1:0.3: 2, rwpectivcly, in all 
c:ws; these arc, howvcr, not included in 
the table for the stlkc of saving spacr. 
Wh:ltevw the assumed stoichiom&ry for 
which HC and OC arc c:tlcul:~ted, the ratio 
is const:ult for all the snmplcs for that 
particular stoichiomc,try. This show that, 
no m:lt’tcr what pretrwtment is given to 
the catalyst, the stoichiomctry itself dots 
not change. Also, t,his clearly suggests that,, 
in investigating the tit8r:&on stoichiometry 
or, indeed, in rhx:rctcrizing the state of 
t,he plat8inum c:lt’:dyst surface, ihc gas up- 
takes ott jrrshly rcduccrE surJhces should not 
be the sturfittg poitrt. The reason for this 
should ncccssarilg bc in t’hc complexity of 
t’he int~crnction of hydrogen and oxygtn 
with irrcproducible J’rcsh catalyst surfaces. 
Quite rcwntly, Dautzenbcrg and co- 
workers (12) also obtained interesting data 
showing the nonreproducibility of freshly 
rcduccd plnt’inum catalyst surfaces and the 
unreliltbility of the very first hydrogrn 
chcmisorption mwsuwmcnts on them. 

The consistency of the stoichiometric 
ratios, calculntcd from the oxygen and 
hydrogen tit,cr v:~lucs (OTf and HTr), 
dcscrves spwial attention. It shows that, 
after one or more Hz-O2 titration cycles, 
thtrrc is good reproducibility of the inter- 
action of the two gascu with the catalyst 
surfaw. This fact was observed by Menon 
et al. (10) and hcnco stipulated by t,hem 
almost as a precondition to obtain repro- 
duciblc results in gas chromnt,ogrsphic 
titrations of Pt-A1203 and P-lie-A1203 
reforming catalysts. It, looks us if the hetcro- 
gcneit~y of the catalyst surface is smoothed 
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out after one or I~MY titrut’ions thcrcby 
producing a more “honlog(lllc’c)us” surface 
on which the Hz-O2 t’itrations cm then 
be carried out with a definite stoichiometry. 

To know which stoichiomctry (I, II, or 
III) is the correct one, the HC/l’t values 
may be compared with the Hr/lY ratios 
(Table 2). Usually the H,/l’t ratio is used 
for such comparison, but this is not correct 
in view of the “hctcrogencity” and hence 
the nonrcproducibility of a freshly reduced 
platinum surface. The Hr valurs would 
perhaps bc more rcliablc and rcflcct better 
the state of the surface. The H/R ratio for 
the CK-306 catalyst has been found by 
diff ercnt workers, using diffcrcnt tech- 
niques, to bc in the range 0.7990.82 (10). 
From Run Ko. 1 in Table 2, Hr/Pt = OSl, 
which is consistent with the rcportcd value. 
Among the calculntcd HC/Pt ratios, only 
HCY/lt gives a value of O.S4, which is 
comparable with the above. Furthermore, 
for all the runs in Table 2, only the HC’ 
and HC?/l’t values agree with those of Hr 
and HJl’t. The values obtained by ot’hcr 
stoichiometries, namely, HC”, HC”/Pt, 
HCilI, and HC1ll/l%, differ very widely 
from Hr and HJl%. This shows that 
stoichiometry I in which HC: OC: HT is 
1: 1:3 is the correct enc. It can also be 
seen from Table 2 that HC’/OCi is 
consistently equal to unit’y. 

t#hc surface may not be rcproduciblt~. Either 
residual hydrogen or diffcrcnccs in the 
dcgrcc of unsaturation may influence the 
hydrogen or oxygen chemisorption on such 
surfaces which in turn would affect the 
HC:OC: HT ratios. But, if a few 02-Hz 
titrations are carried out, the surface can 
bc “cleaned” or homogenized and then 
constant-titer values will indicate rcpro- 
ducibility of the surface. The increase in 
sensitivity in determination of hydrogen or 
oxygen chcmisorption through a tit.ration 
(1) over the direct volumctric/gravimetric 
chcmisorption method can thus be coupled 
conveniently to the much quicker gas 
chromatographic pulse titration tcchniquc. 
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