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Abstract 

A study has been made on the consecutive adsorption of CO/H2 gases on Pt/SiOz catalysts at 523 K using breakthrough measurements. 
The criteria for dispersion, diffusion and change in the pore size is evaluated and discussed as well as the equilibrium kinetic curves, which 
show to what extent the rates of sorption of one of the gases is affected by the presence of the other. The changes in average pore radii, surface 
areas and pore volume were very well estimated and correlated well with the breakthrough data. 
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1. Introduction 

Measurements of the breakthrough curves of gases 
adsorbed, in a consecutive way, on supported metal catalysts 
can provide information about the strength of interaction of 
these gases with the catalysts as well as equilibrium kinetic 
curves at high temperatures, which are difficult to obtain by 
conventional techniques. This information contributes to the 
understanding of the catalytic processes and how the rates of 
sorption of the individual components are affected by the 
presence of the other species. 

In spite of the difficulties that can arise for H2 and CO 
chemisorption, such as the non-stoichiometry and the exis- 
tence of several modes, they are still considered the best 
material for many measurements [ 1,2]. 

It is well known that platinum supported on silica shows 
different behaviour between the two reducing agents, CO and 
H2 [ 3,4]. Therefore, the relative changes in diffusability of 
CO and H2 can be evaluated. Since no work has yet been 
reported on the consecutive adsorption of CO and H, gases 
on Pt/SiO, catalysts, a study on the diffusion effect, disper- 
sion, pore size alterations and sorbate-sorbent interactions 
has been made using breakthrough measurements. 

2. Experimental 

This work was carried out using silica gel 60 (Merck) with 
a BET surface area 450 m* g - ’ loaded with 2 wt.% Pt by an 
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impregnation technique. The sample was prepared by the 
dropwise addition to the support material of sufficient aque- 
ous H,PtCl, ( Alfa) of the appropriate concentration to give 
incipient wetness while being stirred thoroughly with a glass 
rod. The solid was separated by vacuum filtration through a 
fritted funnel. The solid was first dried in a vacuum desiccator 
at room temperature, and then dried at 393 K before calci- 
nation at 773 K in air for 10 h. 

H, and CO (99% purity) adsorption isotherms were meas- 
ured with a gas volumetric apparatus [ 51. The sample was 
outgassed at 523 K to a residual pressure of 10m4 torr. 

The breakthrough curves were obtained by displacement 
chromatography. This requires firstly that the adsorbent is 
very close to the saturation conditions with one of the two 
gases and secondly that the other gas will be allowed to 
replace the preadsorbed one at a certain pressure and tem- 
perature. 

In order to ensure uniform gas distribution, a column 
(50 cm X 10 mm) was packed with the sample particles and 
thermostated at 523 K. The volume flow and concentration 
were kept constant. More details about the chromatograph 
can be found elsewhere [ 61. 

Particle size distribution was determined by electron 
microscope on a Jeol 1OOB instrument. The sample was 
examined by ultrasonic dispersion in methanol followed by 
deposition on the grids. The final magnification of 2 000 000 
was known to within 5%. The sample diameter was charac- 
terized by the mean arithmetic diameter of 1000 particles 
measured with a Zeiss TGZ3 semi-automatic size analyser. 
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Table 1 
Surface characteristics of the calcined silica and Pt loaded silica 

Sample ABET 
(m2g-‘) 

VP 
(ml g-l) 

BET-C rH 
(constant) (A) 

A C”ma 
Cm2 g-‘) 

PP b cPc 

V CUDI 
(ml g-‘) 

PP CP 

Silica 4.50 0.8215 ?I 18 435 568 0.9 0.8397 
Pt/SiOz 391 0.7550 80 19 382 430 0.75 0.7840 

a cum = cumulative. 
b pp = parallel plate. 
’ cp = cylindrical pore 

Adsorption measurements with liquid nitrogen ( - 195.8 
“C) were carried out using a gas volumetric apparatus. The 
specific surface area ABET, total pore volume V, (calculated 
as liquid volume at P/p = 0.95)) BET-C constant and the 
average pore radius rn = V,/A,, for the substrate [7] and 
Pt/SiO, catalyst are given in Table 1. 

3. Results and discussion 

In Fig. 1, the adsorption isotherm of H, on Pt/SiO* (Type 
I) catalyst at 523 K, which is relatively consistent with the 
features of microporous silica studied by others [ 81, is com- 
pared with the breakthrough curve of the same system (Fig. 
2). This figure also shows the dependence of the break- 
through shape on the amount of Hz adsorbed on the Pt/SiO, 
system as evidenced by the broad concave feature i.e. surface 
diffusivity is suggested. In order to ascertain this, experiments 
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Fig. 1. Adsorption isotherm of H2 on 2 wt.% Pt/SiO, catalyst at 523 K. 
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Fig. 2. Breakthrough curve of Hz on 2 wt.% Ft/SiO* catalyst. 
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Fig. 3. Kinetic curve of H2 on 2 wt.% Pt/Si02 catalyst. 

at different temperatures have been carried out. The diffusion 
was found to be temperature dependent and indeed the behav- 
iour depicted in Fig. 2 establishes the diffusion phenomena. 
Consequently, one cannot attribute the breakthrough curve in 
Fig. 2 to the change in the sticking probability of H2 as its 
surface coverage increases. The increase in uptake of H2 with 
time (Fig. 2) was marked for the consecutive zones when 
compared with the uptake resulting from the kinetic curve 
(Fig. 3). 

Thus, we can conclude that the Pt impregnated on silica is 
heterogeneously distributed and of different pore sizes, and 
therefore these adsorption sites can react differently with H2 
depending on the difference in binding energies. Electron 
microscopy has emphasized the same result. A large distri- 
bution of particle sizes up to 70 A was seen, although greater 
than 52% are still less than 8 A. This distribution can be 
regarded as a guide to the high dispersion reflected from this 
catalyst. This broad distribution of particle sizes shows a 
fairly good agreement with the corresponding particle sizes 
reported by Jackson et al. [ 9 ] observed in the high resolution 
transmission microscopy (HRTEM) . 

It can be seen also that the saturation coverage shown in 
Fig. 3 (at about 0.09 mmol g - ‘) has been obtained in 1 min, 
whereas the total breakthrough, shown in Fig. 2, takes more 
than 30 min. This can be explained as follows: the bare surface 
on Pt/SiO, catalyst, in Fig. 3, needs a very short time to 
obtain equilibrium but in Fig. 2 (breakthrough) a surface 
covered with Hz already exists, and needs more time for 
equilibration. By way of comparison, the N, adsorption on 
the parent and Pt/SiO, catalyst are illustrated in Fig. 4. 
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Fig. 4. N2 adsorption-desorption isotherms (77 K) of parent and Pt loaded 
silica samples. 

Both the parent and Pt/SiO, samples resulted in a Type IV 
isotherm, i.e. a mesoporous solid, whose upward deviation 
starts at PIP’=O.38 and 0.44, respectively. The hysteresis 
loop shows a type H 1 character at the higher regions for both 
samples, where the two branches are parallel to each other, 
and which can be attributed to a cylindrical pore shape [ lo]. 
Fig. 4 also presents a region for capillary condensation, which 
is formulated from the upward deviation (evaluated from the 
r+t plot). This plot also depicts a region for reversible cap- 
illary condensation in the range of P/p= 0.51 (where the 
hysteresis loop closes) and P/P” = 0.38 (where the upward 
deviation commences). This reversible capillary condensa- 
tion can take place in pores of cone and wedge shape having 
[ IO] the sizes of wide micropores and/or narrow mesopores 

[Ill. 
Table 1 shows the cumulative parameters of volume and 

area in which an agreement between experimental and cal- 
culated values is favoured for the parallel plate model. Fur- 
thermore, the apparent decrease in area is found to be more 
important than the decrease in pore volume where the average 
pore radius shows an increase upon Pt addition (Table 1) 
This can be explained as follows: at such a low loading the 
Pt particles can reside in the narrow pores of silica, charac- 
terized by a high surface-to-volume ratio, in which the inter- 
action with surface hydroxyl groups and the detachment of 
weakly bound species takes place. 

In comparison with adsorption isotherm of H2 on Pt/SiO, 
(Fig. 1) , it can be deduced through the appearance of a Type 
IV (N, non-specific adsorption) and a Type I ( H2 specific 
adsorption), that a Pt/SiO, catalyst is accessible for both 
microporosity as well as mesoporosity. 

The obvious similarity shown in Fig. 4, in the isotherm 
shape and behaviour provides a means of calculating the 
average pore radii through the difference in r, values 
( = V,,/A,,,,) formulated from the N2 and H2 isotherms. 
Therefore, the average pore radius is in the range of 
19 < Y)~ < IO. The breakthrough curve of CO on the Pt/SiO, 
catalyst shows only one fast jump (Fig. 5). This indicates 
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Fig. 5. Breakthrough of CO on 2 wt.% Pt/Si07 catalyst. 
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Fig. 6. Breakthrough curve of CO preadsorbed on 2 wt.% Pt/SiO, followed 
by H, adsorption. 

that only one site can be available when CO is adsorbed on 
the Pt/SiO, catalyst i.e. a diffusion-controlled process as a 
result of the homogeneity of the Pt particles on the silica 
surface when exposed to CO adsorption. 

This latter conclusion is consistent with the infrared (IR) 
results showing that CO adsorbed on a Pt surface at high 
temperatures (523 K) exhibits only a linear band [ 12,131 
whereas H, adsorbed on Pt exhibits two types of adsorption 
bands [ 141. As can be seen, the surface diffusivity of H, is 
higher than that of CO probably because Hz blockage is more 
severe due to the high kinetic energy at such high temperature 
compared with CO molecules. The molecular area of H2 is 
smaller than that of CO which might be another plausible 
explanation for this behaviour. Similarly, the heterogeneity 
of the adsorbent, as a result of H, adsorption, might constitute 
another reason [ 91. 

In Fig. 6, the breakthrough curve of the adsorption of Hz 
on Pt/SiO, saturated with CO at 523 K is compared with the 
single breakthrough curves in Figs. 2 and 5. The H2 molecules 
displace the already adsorbed CO molecules until mixture 
equilibrium is reached. When H2 breakthrough occurs, the 
CO concentration decreases to the initial concentration. A 
constant pattern of behaviour for H, is observed in Fig. 6. 
with a significant increase in the first zone uptake compared 
with the single breakthrough analogue ( Fig. 2). 

This could be attributed to the enhancement of this site. 
responsible for creating the first zone, as a result of the inter- 
action of Pt with CO at the beginning, however, the accessi- 
bility of this site for more H2 adsorption does occur. Fig. 6 
also shows that the total amount of CO adsorbed by H2 equal 
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Fig. 7. Breakthrough curve of HZ preadsorbed on 2 wt.% Pt/SiO* followed 
by CO adsorption. 

to the amount of CO that was initially desorbed. This means 
that the probability of finding CO molecules still sticking on 
the surface when H2 breakthrough occurs is negligible. This 
is also supported by the similar pattern of behaviour of H, 
after CO desorption has been completed. 

Fig. 7 shows the breakthrough curve of CO adsorbed on 
Pt/SiO, saturated with HZ. Corresponding to the adsorption 
capacity from the single breakthrough (Fig. I), H2 breaks 
through first during adsorption. The following CO mass trans- 
fer zone displaces the already adsorbed H2 molecules and an 
increase in H2 outlet concentration takes place. The earlier 
desorption of H, (Fig. 7) compared with that of CO (Fig. 6) 
implies that the adsorption capacities are not in the same 
order of magnitude. This could emphasize that the weakly 
adsorbed component H2 is being displaced in a relatively 
shorter equilibrium time, compared with CO which showed 
nearly identical adsorption and desorption profiles. It is of 
interest to note that the constant pattern of behaviour of H2 
changes when CO adsorption takes place. 

Another reason for the earlier desorption of H2 could be 
that the more weakly adsorbed Hz has a higher mobility in 
the adsorbed phase than the strongly adsorbed CO. From this, 
we have concluded that the adsorption sites available for CO 
molecules on Pt/SiO, are very limited (one site) but stronger 
CO adsorption during breakthrough is confirmed. Contrarily, 
two adsorption sites are developed as a result of an incomplete 
reduction by HZ. 

The greater interaction of the CO molecules compared with 
the H2 molecules with the Pt/SiO, surface reflects the greater 
dispersion of Pt ions reduced by CO molecules than that of 
Hz molecules. It seems that the changes in Pt dispersion upon 
CO adsorption creates a diffusion-controlled system. 

It is also evident that the adsorption of CO prior to H2 could 
help in enhancing the adsorbability of one of the two sites, 
(Fig. 6, first zone). This is confirmed by H2 breakthrough on 
increasing the accessibility of this site during H2 adsorption. 
It is also possible that a substantial amount of H2 can be 
produced as a result of the interaction of CO (ads) with the 

OH of the support, at such a high temperature in order to 
enhance the adsorption ability of the first zone. This result 
was consistent with the findings of Jackson et al. [ 151. 

It is obvious, in Fig. 7, that the concentration of H2 on the 
surface when CO breakthrough occurs is almost zero because 
CO molecules start to occupy the preadsorbed sites with high 
bonding forces and, as a result, a fade feature (two zones) 
for the H2 molecules is obtained owing to their weaker 
adsorption and higher mobility. Further information can also 
be deduced. The incomplete profile of H2 desorption in Fig. 
7 and the earlier adsorption of CO could prove that CO occu- 
pies sites that were available to HZ. This can only be obtained 
when H, is preadsorbed on the catalyst followed by CO 
adsorption. In contrast, when CO is preadsorbed, H2 takes a 
comparatively long time before it reaches the prominent pro- 
file shown in Fig. 6. From this, it seems that the primary 
interaction of CO with the catalyst could result in a surface 
restructuring or a reduction in the activation energy barrier 
for the next incoming gas and an enhancement in the Hz 
adsorption profile should be seen. 

Although the molecular area of CO is relatively higher 
than that of Hz, the CO molecules that are eventually dis- 
placed by H, are more strongly adsorbed than the H2 mole- 
cules. This could be attributed to the increasing dipolar 
interactions of the linearly adsorbed CO with the Pt/SiO, 
system [ 161. 
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