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Temperature-programmed desorption spectroscopy under pseudo-equilibrium conditions has 
been used to obtain the coverage dependence of the heat and entropy of hydrogen adsorption for a 
5-wt% Rh/AI203 catalyst. This method is considered to be more convenient than volumetric or flow 
methods. The latter require more effort to obtain various isotherms and isobars, from which the 
heat and entropy of adsorption are obtained in a manner similar to that in this study. Extrapolation 
of the heat and entropy of adsorption to zero coverage yields values of 24 kcal/mol and 38 cal/mol- 
K, respectively. For the former value, a binding energy of 64 kcal/mol is obtained, which is 
comparable to reported values for a polycrystalline Rh surface. © 1990 Academic Press, Inc. 

INTRODUCTION 

Temperature-programmed desorption 
(TPD) spectroscopy on supported catalysts 
and single crystals is often used for obtain- 
ing information on the nature of the interac- 
tion of adsorbed species with each other 
and with the surface (1, 2). When correctly 
performed under vacuum conditions, ki- 
netic data are obtained. For supported cata- 
lysts at atmospheric pressure, thermody- 
namic rather than kinetic data may result, 
as discussed in the present work. 

From the results of TPD from flat sur- 
faces under vacuum conditions, by proper 
procedures (3-5), the frequency factor v 
and the activation energy of desorption E 
can be obtained as a function of surface 
coverage 0. The methods of Redhead (6) 
and of Chan et al. (7) are suitable if v and E 
do not vary with 0, and other methods suit- 
able when v and E vary with 0 have ap- 
peared (8-10). For metal-supported cata- 
lysts, much of the older data is probably 
useful only in a qualitative way, not for ob- 
taining good values of E and v or AH ° and 
AS ° of adsorption. This is because (a) vari- 
ous transport effects may considerably al- 
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ter the peak maximum temperature TM (11- 
15); (b) procedures based on the peak shape 
may give erroneous results (•6); and (c) to 
extract desorption kinetic parameters from 
TPD spectra through simulation, the stick- 
ing coefficient for adsorption must be 
known (17). The latter is generally not 
known for metal-supported catalysts and is 
typically obtained from surface science 
studies. 

For TPDs at atmospheric pressure, read- 
sorption occurs, and it was suggested that 
adsorption and desorption are in quasi- 
equilibrium during the TPD (i1). This 
means that the kinetic quantities v(O) and 
E(O) cannot be obtained; the appropriate 
parameters are those related to equilibrium, 
AS°(O) and AH°(O). These equilibrium 
quantities have been obtained by measure- 
ment of equilibrium isobars and were ob- 
served to vary as a function of 0 (18). Since 
isobar measurements are tedious to per- 
form, there is an incentive to establish a 
method to obtain AS°(0) and AH°(0) from 
TPD measurements. Lee and Schwarz (19), 
using TPDs for various initial coverages, 
have extracted desorption kinetic parame- 
ters as a function of coverage. The method 
(19) has also been used by Weatherbee and 
Bartholomew (20). In the present study, 
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however, a different procedure is used to 
establish an initial coverage. This proce- 
dure will permit us to measure the equilib- 
rium constant K(O, T) from "equilibrium" 
TPDs, so that AH°(O) and AS°(O) can be 
evaluated. The assumption of quasi-equilib- 
rium will be justified over the necessary 
span of operating parameters. 

This paper will discuss first the appropri- 
ate design of the TPD experiment based on 
criteria already established in the literature 
(13) and then show how to determine 
AH°(O) and AS °(0) for H2 chemisorption on 
a Rh/A1203 catalyst. 

EXPERIMENTAL 

Catalyst. The preparation and character- 
ization of the 5.2 wt% Rh/A1203 have been 
previously reported in detail (21, 22). Table 
1 summarizes the properties of the catalyst 
related to this study. The catalyst sample, 
before the initiation of the TPD studies, has 
been treated with 1 atm H2 (35 ml/min, am- 
bient) at 623 K for 20 h, and during the TPD 
studies with 30% H J A r  at 623 K for 1 h, 
whenever appropriate. Chemisorption with 
1 atm H2 at 310 K before and after the TPD 
studies revealed that no sintering of the Rh 
crystallites had occurred. The density of 
the pelletized catalyst was determined by 
using the pycnometer method (23). 

Reactor-flow system. A once-through 
stainless-steel microreactor of 0.5 ml inter- 
nal nominal volume was used (24). The be- 

havior of this reactor was that of a CSTR, 
with a mixing time of about 1 s for 30 ml/ 
min (ambient). The flow system was the 
same as described previously (24, 25). Mix- 
tures of Hz/Ar were prepared from zero 
grade H2 and Ar (Aero All-Gas Co.) in a 
mixing panel. A dilute mixture of H2 in Ar 
(3600 ppm H2) w a s  used to calibrate the 
mass spectrometer (MS). Zero grade H2 
and Ar carrier gases were further purified 
as described elsewhere (24). Heating rates 
were produced by using a temperature pro- 
grammer (Bendix), to better than 2% repro- 
ducibility. 

Mass spectrometry. The high resolution 
MS (Nuclide 12-90-G) produced a flat- 
topped peak for the HI  ion beam, eliminat- 
ing any signal change from reasonable drifts 
in the magnetic and ion acceleration poten- 
tial fields. Sensitivity and the amount of 
background H2 were recorded before and 
after each TPD run. Data acquisition and 
integration of the MS response have been 
performed as described in detail (21, 22). 
The contribution of H20 to the mass num- 
ber 2 was estimated to be less than 1% un- 
der the ionization conditions used. Calibra- 
tion of the MS for H 2 0  w a s  described 
previously (22). 

Blank experiments. During the reduction 
step at 623 K with 1 and 0.3 atm H2, some 
dissolution of hydrogen in the stainless- 
steel reactor was observed. After the re- 
duction step, the reactor was purged at 673 

TABLE 1 

Properties of the Rh/A1203 Catalyst 

Property Value Method Ref. 

Composition 5.2 wt% Atomic absorption (22) 
Fraction exposed 0.12 H2 chemisorption a (18, 22) 
Particle size I 1 nm H2 chemisorption, b XRD (22) 
A1203 surface area 110 -+ 10 mZ/g BET (22) 
Rh surface area 2.88 mZ/g H2 chemisorption (22) 
Catalyst pellet size 0.03 cm Sieving procedure (This study) 
Catalyst pellet density 3.35 g/cm 3 Pycnometer (This study) 

" Extrapolating the linear part of the isotherm to zero pressure and assuming H/Rhs = 1.0. 
b Assuming spherical Rh particles. 



118 EFSTATHIOU AND BENNETT 

K with Ar for 5 min, closed off (by using a 
six-way chromatographic valve (25)) for 5 
min, and then opened again for another 5- 
min purge. This cycle was repeated several 
times until the H2 concentration at 673 K 
was less than 50 ppm. When the tempera- 
ture in flowing Ar was then reduced to 623 
K, the hydrogen signal reached the base- 
line. 

Any residual adsorbed water on the alu- 
mina support, after the 20-h reduction step 
and the subsequent desorption of dissolved 
hydrogen from the reactor, should not con- 
tribute to the subsequent observed H2 
TPDs (cracking effect). To confirm this 
fact, after the end of the Ar purge proce- 
dure in the previous paragraph, the reactor 
was cooled to about 323 K and a TPD in Ar 
for m/e = 18 was performed. No water was 
detected at temperatures below 643 K. 

A blank run was made by using the alu- 
mina support (95 mg) alone. For the same 
pretreatment and adsorption conditions for 
Rh/AI203 as presented before, the support 
alone yielded only insignificant amounts of 
H2 chemisorption (less than 1% of chemi- 
sorption on Rh/AI203). 

Designing a TPD experiment free o f  
mass transfer effects. The various criteria 
proposed by Demmin and Gorte (13) will be 
used in this work. The most difficult criteria 
to satisfy are (a) assuring that the TPD reac- 
tor behaves as a mixed flow reactor, CSTR 
(criterion is the Peclet number), and (b) the 
ratio of carrier gas flow rate to the rate of 
diffusion inside the catalyst particle. In or- 
der to avoid excessive gradients in the gas 
phase, the Peclet number should be <0.1 
(13). A mass of catalyst W of 100 mg and a 
bed density Pb of 1 g/cm 3 lead to a bed vol- 
ume Vb of 0.1 cm 3. A catalyst bed diameter 
of 1 cm leads to a bed length Z of 0.13 cm. 
Experimentally, this is about as far as it is 
reasonable to go for achieving a shallow 
bed. The flow rate q can be no smaller than 
the required leak rate into the mass spec- 
trometer (ca. 0.2 cm3/s). The remaining fac- 
tor in the Peclet number is the eddy diffu- 
sivity in the bed, Db, which is expected to 

be higher than the ordinary molecular diffu- 
sivity of about 0.1 cmZ/s. Obtaining an accu- 
rate estimate of Db is difficult. The above 
values lead to a value for the Peclet number 
-<0.34. Proper reactor design, details of 
which were given (24), results in a Ob much 
greater than 0.1. Since very good CSTR be- 
havior has been observed for many tran- 
sient experiments (24-26), it is clear that Db 
>> 0.1 cm2/s. Thus, the Peclet criterion ap- 
pears to be satisfied, but only with careful 
selection of the experimental conditions. 

The next criterion to consider is the ratio 
of carrier gas flow rate to the rate of diffu- 
sion inside the catalyst particle. This ratio 
is proportional to the square of the thick- 
ness I of the catalyst particle and inversely 
proportional to the intraparticle effective 
diffusivity, Dp. The lowest practical value 
of l is necessary to keep the value of this 
criterion below 0.05 (13). With a particle 
density pp of 2.0 g/cm 3, q of 0.2 cm3/s, W of 
0.1 g, l of 0.15 mm, and Dp of about 0.02 
cm2/s, the criterion value becomes 0.045. 
Again we see how difficult it is to achieve 
gradientless conditions. 

Once the two criteria mentioned above 
have been satisfied, there is no problem sat- 
isfying the other criteria (13). Two criteria 
concerning readsorption must also be con- 
sidered (13), and the values calculated for 
these are much greater than the limiting val- 
ues of 1.0 suggested (13). There is no way 
to satisfy these criteria under atmospheric 
pressure, while retaining acceptable values 
of the two criteria mentioned in the pre- 
vious paragraphs. Therefore, we shall try to 
work under conditions for which pseudo- 
equilibrium exists during the TPDs. The 
validity of this assumption will be demon- 
strated after the presentation of the experi- 
mental results. 

A gradientless TPD experiment. The ex- 
perimental parameters used to calculate the 
various criteria suggested for a gradientless 
TPD (13) were the following: q = 0.39-0.60 
cm3/s between 393 and 603 K; Z = 0.1 cm; 
Vb = 0.06 cm3; Db = 1.0 cm2/s, l = 0.015 
cm; pp = 3.35 g/cm3; Dp = 0.02 cm2/s; W = 
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0 .095 g;  eb = 0 .80;  8p = 0 .5 ;  V = 0 .34  cm3; fl 
= 0.6 K/s; Ti = 390 K; Tf = 610 K. Here, 8 b 
is the porosity of the bed (applied to the 
whole CSTR), and ep the porosity of the 
catalyst particle. Also, Ti and Tf are the 
starting and final TPD peak temperatures, 
respectively. The physical meanings of the 
other parameters, not mentioned before, 
are given in the Appendix. The values of 
0.065-0.102, 0.155-0.242, 0.0019-0.0012, 
and 1.53 x 10 -5 were calculated for the four 
criteria (•3): the Peclet number, the ratio of 
carrier gas flow rate to the rate of diffusion, 
the ratio of the average residence time of 
the carrier gas to the time span of the exper- 
iment, and the ratio of the diffusion time 
constant to the time span of the experi- 
ment, respectively. As already mentioned, 
the first two criteria are the most difficult to 
satisfy. 

Pseudo-equilibrium TPD experiment. 
The Appendix describes the mathematical 
procedure followed to analyze the TPD 
results of this study. As indicated, the as- 
sumptions made concerning the ratios of 
accumulation/effluent and effluent/read- 
sorption terms of the CSTR material bal- 
ance can lead to a TPD with a rate of read- 
sorption (within the catalyst particle) very 
close to the rate of desorption, leading 
therefore to a small net rate of desorption 
(rate of removal) of the adsorbate from the 
surface. This is visualized as representing a 
pseudo-equilibrium condition. The achieve- 
ment of such condition (for the TPDs of this 
study) will be verified after we present the 
experimental TPDs to follow. 

RESULTS 

Equilibrium chemisorption. The equilib- 
rium chemisorption results, obtained by a 
method already described (18), at 300 K for 
various H2 pressures (isotherm) are pre- 
sented in Fig. 1. The adsorption time was 
20 min, the flow rate was 40 ml/min (ambi- 
ent), and the amount of catalyst was 0.69 g. 
The reproducibility of this flow technique 
was between 3-5%. Triangles in Fig. 1 cor- 
respond to adsorption time of 20 min and 15 
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FIG. 1. H2 equilibrium chemisorption isotherm for 
the 5.2-wt% Rh/AI203 catalyst. (11) 20 rain adsorption 
time; (A) 20 min and 15 h adsorption time. 

h also. This result indicates that under the 
experimental conditions used the system 
achieves its equilibrium state within 20 rain. 
Extrapolation of the isotherm (H/Rh curve) 
to zero pressure leads to a rhodium fraction 
exposed, FE, of 0.12, for the value of 
H/Rhs = 1.0 suggested by Scholten et al. 
(27). A Temkin isotherm provides the best 
fit to the experimental data of Fig. 1. 

Temperature-programmed desorption. 
The primary goal of this study was to estab- 
lish an experimental procedure that uses 
on-line mass spectrometry and TPD spec- 
troscopy to obtain the heat and entropy of 
adsorption as a function of coverage. Hav- 
ing designed a TPD experiment to practi- 
cally eliminate mass transfer falsifications, 
the establishment of an initial coverage 
varying from 0i = 1.0 (a monolayer value) 
to a practical small value 0i = 0.1 can be 
achieved in various ways. For instance, 
Lee and Schwartz (19) used the pulse 
method at room temperature. Chin and Bell 
(17) used a flow method for adsorption and 
varied the evacuation time at room temper- 
ature. The simulations of Balkenende et al. 
(16), for the case of a dynamic adsorption, 
show that adsorption occurs as a front 
which gradually penetrates the catalyst pel- 
lets. When this is done near room tempera- 
ture, the rate of desorption is small (due to 
the large heat of adsorption) and the rate of 
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TABLE 2 

Experimental Conditions for Establishing 
Uniform Initial Coverage 0i 

0i Purge T (K) Purge time 
(min) 

0.20 353 ---> 413 2.0 
413 7.0 
413 ~ 423 3.0 
423 ~ 448 3.0 
448 ~ 388 (Ti) 4.5 

0.32 353 ~ 413 5.0 
413 ~ 370 (T/) 4.5 

0.48 353 ~ 413 4.0 
413 ~ 361 (Ti) 6.0 

0.62 353 ~ 413 3.0 
413 --~ 358 (Ti) 7.0 

0.70 353 --~ 383 1.5 
383 10.0 
383 --~ 338 (Ti) 4.5 

0.80 353 --~ 373 1.0 
373 10.0 
373 ~ 333 (Ti) 3.8 

0.92 353 ~ 373 1.0 
373 5.0 
373 ~ 337 (Ti) 3.5 

1.05 353 5.0 
353 ~ 333 (Ti) 2.0 

adsorption high, producing a slow redistri- 
bution of the adsorbate over the catalyst 
surface. This results in a nonuniform initial 
surface coverage. However, it was demon- 
strated (16) that when adsorption is per- ~ 2oo0 

formed at elevated temperatures to in- 
crease the rate of desorption, the surface z 1600 
coverage becomes more homogeneous. 
The effect of adsorbate supply on the estab- 
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lishment of a homogeneous surface cover- z 
age during adsorption was also discussed 
(16). 

When the adsorption occurs at 310 K (30 :~ 
min adsorption), we have found that an iso- 
thermal Ar purge (310 K, 18 ml/min, 15 
min) removes only 0.125 and 0.10 of a 
monolayer, for the cases of 1 atm and 0.3 
atm H2 adsorption, respectively. The initia- 

tion of a TPD with 0.6 K/s heating rate, 
after the isothermal purge, creates a single 
TPD peak with a peak maximum tempera- 
ture TM of 408 K and an amount equal to 
1.39 and 1.12 of a monolayer, for the 1 atm 
and 0.3 atm H2 adsorption cases, respec- 
tively. No desorption was measured above 
593 K. These results are consistent with 
those shown in Fig. 1. 

The results mentioned above were used 
to determine the conditions that should 
yield initial coverages of only strongly ad- 
sorbed hydrogen. Table 2 gives the experi- 
mental conditions applied. The adsorption 
temperature before the initiation of any 
TPD run was 353 K, the adsorbate gas was 
30% H2/Ar, the flow rate was 35 ml/min 
(ambient), and the adsorption time was 30 
min. These adsorption conditions, in accor- 
dance with the results of Balkenende et al. 
(16), are believed to have created a homo- 
geneous initial surface coverage. By apply- 
ing various purge times in pure Ar at a se- 
lected temperature range after the 
adsorption step, appropriate initial surface 
coverages were created. Note that at the 
beginning of any TPD run, baseline was 
achieved; no H2 was desorbing in the Ar 
flow at the appropriate Ti. 

Figure 2 presents the TPD profiles ob- 
tained according to the conditions of Table 
2. As the initial coverage decreases, a shift 
in the peak maximum temperature, TM, to- 
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FIG. 2. Experimental H2 TPDs for the initial cover- 
ages listed in Table 2. 
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TABLE 3 

Peak Maximum Properties of the Various TPDs 
of Fig. 2 

Oi TM (K) YM (ppm) 0M 

0.20 508 250 0.124 
0.32 488 490 0.195 
0.48 478 670 0.298 
0.62 473 770 0.380 
0.70 465 960 0.470 
0.80 453 1135 0.520 
0.92 448 1185 0.635 
1.05 438 1480 0.645 

ward higher Ts is observed, along with a 
decrease in the maximum gas phase con- 
centration YM- This behavior is summarized 
in Table 3. From the calculated 0u values, 
some asymmetry in the peaks is observed, 
and this is more pronounced as 0i increases. 

Determination of AH°(O) and AS°(0). The 
procedure that enables one to extract the 
heat and entropy of adsorption as a func- 
tion of coverage from the TPD profiles of 
Fig. 2 is now presented. At a preselected 
temperature T1, the gas phase mole fraction 
y and the coverage 0 must be determined. 
The y is obtained from the direct measure- 
ment, and the coverage 0 is obtained by in- 
tegrating the TPD profile between T~ and 
the final temperature Tf, where baseline is 
obtained. In Fig. 2 one can visualize per- 
pendicular lines at a certain T1, intersecting 
the TPD profiles. The values of y and 0 ob- 
tained from this procedure are then used in 
Eq. (7) given in the Appendix, to calculate 
the corresponding equilibrium constant 
K(O, T). These results are presented as In K 
vs coverage in Fig. 3 for various prese- 
lected temperatures. In order to span the 
coverage range of 0.08 -< 0 -< 0.95 indicated 
in Fig. 3 with enough data points, several 
attempts at selecting the Ts were necessary. 
This is because for certain temperatures 
and initial coverages only a few data points 
are obtained, since some K values obtained 
from different initial coverage curves may 
have the same value. 
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FIG. 3. Experimental equilibrium K(O, T) values vs 
coverage for various temperatures. 

From the curves of Fig. 3, the equilib- 
rium values of K for different temperatures 
are obtained for a given coverage 0. This 
procedure generates the isosters (0 = 
const) for the pseudo-equilibrium chemi- 
sorption shown in Fig. 4. From Eq. (9) in 
the Appendix, the heat and entropy of ad- 
sorption can be determined as a function of 
coverage. During the treatment of the data 
of Fig. 2 it has been observed that for cov- 
erages below about 0.12 it is not possible to 
obtain reliable AH ° and AS ° values. This is 
because of the coincidence of all the TPD 
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FIG. 4. Arrhenius plot of In K vs 1/T for various 
coverages. 
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profiles at the high-temperature edge. The 
same observation has been made by 
Balkenende et al. (16). In addition, in order 
to obtain values for AH ° and AS ° for cover- 
ages greater than 0.8, experimental TPD 
profiles with initial coverages above a 
monolayer would be needed. The latter in- 
evitably will include weakly held H2, and 
the interpretation of results would be diffi- 
cult. 

Figure 5 clearly shows that both heat and 
entropy of adsorption do vary with cover- 
age. For the Rh/AI203 catalyst of this 
study, AH°(O) decreases linearly from 22.5 
kcal/mol to 15.3 kcal/mol in the range of 
0.15 -< 0 -< 0.8. For the entropy of adsorp- 
tion the values of 36.2 and 15.6 kcal/mol-K 
were obtained at 0 = 0.15 and 0.80, respec- 
tively. 

Justification o f  pseudo-equilibrium dur- 
ing TPD. The assumptions made in deriving 
the equilibrium relationship (Eq. 7) are jus- 
tified by examining two representative ex- 
perimental TPD profiles. We have selected 
the TPDs of 0i = 0.92 and 0.48. The results 
are shown in Table 4. For these calcula- 
tions the following parameters were used: 
V = 0.34 cm3; q0 = 0.3 cm3/s; fl = 0.64 K/s; 
W = 0.095 g; o- = 7.9 x 10 -16 cm2/Rh atom. 
It can be seen from these results that the 
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FIG. 5. Exper imen ta l  heat  of adsorpt ion AH°(O) and 

entropy of adsorpt ion AS °(0) for the 5.2-wt% Rh/AI203 
catalyst .  

two simplifications made are justified very 
well. 

Nonactivated H2 chemisorption. It is im- 
portant to show that H2 chemisorption on 
the Rh/AI203 catalyst was a nonactivated 
process, in order to be consistent with 
pseudo-equilibrium TPD. The following ex- 
periments were performed. The catalyst 
was treated with 30% Hz/Ar at 393 K for 20 
min, cooled to 310 K in Hz/Ar, and left at 

T A B L E  4 

Justif ication of the Model  Simplifications for Pseudo-Equi l ibr ium TPD Exper iments  

T Accum.  te rm Accum./effl.  0.5ka(1 - O)2WH So > c 

(K) (moles/s) x 1012 (moles/s) x Sff I 

408 22.7 a 176.0 ~ 0.027 0.036 585.6 32.2 2.1 x 10 -6 0.4 x 10 -4 
423 53.2 177.0 0.034 0.019 589.2 65.8 2.1 x 10 -6 0.2 x 10 -4 

433 86.5 136.4 0.028 0.010 619.5 136.7 2.0 x 10 -6 0.9 x 10 -5 
448 93.7 9.0 0.018 0.001 679.9 245.8 1.8 x 10 -6 0.5 x 10 -5 

473 7.7 107.5 0.001 0.009 903.2 635.4 1.4 x 10 -6 0.2 x 10 -5 

498 46.1 64.2 0.006 0.008 1208.0 1004.3 1.0 x 10 -6 0.1 x 10 -~ 
523 54.4 51.5 0.012 0.010 1512.1 1291.7 0.8 x 10 -6 0.9 x 10 6 

548 11.2 22.6 0.005 0.010 1669.8 1554.4 0.7 x 10 -6 0.8 x 10 6 

a Oi = 0.48. 
b Oi = 0.92. 

c So mus t  be 
i%.  

greater  than  the number  indicated in the column, in order to have eff luent/readsorpt ion less than 
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this temperature for 30 min. The amount of 
H2 chemisorption for this case was found to 
be 1.25 of a monolayer. The same result, 
within experimental error, has been ob- 
tained when the adsorption temperature 
was increased to 573 K followed by a slow 
cooling of the reactor to 310 K in a Hz/Ar 
flow. Therefore, for the temperature range 
of the TPDs of Fig. 2, it is clear that read- 
sorption of H2 must be considered as a non- 
activated process. 

DISCUSSION 

Gradientless and pseudo-equilibrium 
TPD experiment. It has been shown in the 
present study that proper reactor design, 
leading to a CSTR performance, and the 
selection of appropriate experimental con- 
ditions, eliminating mass transfer effects 
and producing pseudo-equilibrium during 
TPD, can provide the means to extract the 
heat and entropy of adsorption as a func- 
tion of coverage. The procedure adopted in 
this study is considered to be more conve- 
nient than methods leading to the mea- 
surement of isotherms and isobars. In this 
study, few TPD runs are required, minimiz- 
ing therefore sintering problems that might 
occur, especially for small metal-supported 
catalysts, in volumetric or flow chemisorp- 
tion methods. 

The results of Table 4 clearly demon- 
strate that the two simplifications made, in 
deriving the equilibrium relationship (Eq. 
7), are justified very well. The accumula- 
tion term during the TPD is less than 3% of 
the effluent term. Considering the effluent 
term to be less than 1% of the readsorption 
term, the initial sticking coefficient So must 
be, in the worst case, greater than 0.4 x 
10 -4. Edwards et al. (28), for the adsorption 
of H2 on Rh filament in the pressure range 
of 2 x 10 -8 to 2 x 10 -6 Tort at 160 K, re- 
ported an So = 0.4 + 0.03. Therefore, it 
appears that So for the present study is sig- 
nificantly higher than all of the values in 
Table 4. Note, however, that there is no 
need to assume a specific value of So. 

Weakly chemisorbed H2. The results of 

H2 chemisorption of Fig. 1 suggest the pres- 
ence of weakly adsorbed H2 above the 
monolayer quantity. Weakly chemisorbed 
H2 prior to the TPDs of Fig. 2 amounted to 
only 7% of the total chemisorption per- 
formed at 310 K with 1 atm H2. Bertucco 
and Bennett have studied the H2 chemi- 
sorption on a 10 wt% Rh/SiO2 (18). The 
weakly adsorbed H2 was found to be about 
10% of the total chemisorption (300 K, 1 
atm H2), similar to the present study. In 
contrast, Zakumbaeva and Omashev (29) 
found for a 5-wt% Rh/AI203 that 25% of the 
total adsorbed hydrogen desorbed isother- 
mally at 300 K. However, it should be kept 
in mind that the amount of isothermally de- 
sorbed H2 strongly depends on the experi- 
mental conditions used. 

AH°(O) and AS°(0) of  strongly chemi- 
sorbed 1-12. The TPD results of Fig. 2 (cov- 
erages below a monolayer) must corre- 
spond to desorption of atomically adsorbed 
hydrogen. The heat of adsorption obtained 
(Fig. 5), equivalent to activation energies of 
desorption (nonactivated chemisorption), 
argue for the latter. The H2 adsorption at 
353 K and the procedures applied here to 
obtain various initial uniform coverages 
produced a single TPD peak. On the other 
hand, the heat of adsorption varied with 
coverage as well as the entropy of adsorp- 
tion, in a manner similar to that observed in 
many previous studies on metal-supported 
catalysts (low AH ° at high 0 and high AH ° 
at low 0) (18-20, 29, 30). 

To explain the variation of zXH ° with cov- 
erage, studies on single crystal surfaces (10, 
31-33) suggest that repulsive interactions 
between adsorbed species is one reason for 
such behavior. Reconstruction of the sub- 
strate during TPD may be another reason 
(34), but the Rh( l l l )  surface, the most 
closely packed plane of this fcc metal, was 
found to be unreconstructed and unrelaxed 
to within 5% (35). A mobile precursor state 
of H2 on Rh(111) during the desorption pro- 
cess was also suggested (32). When the 
points mentioned above are considered, the 
AH°(O) behavior observed here favors re- 
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pulsive interaction effects. Under the con- 
ditions of the experiments, a precursor 
state with some activation barrier must be 
ruled out. On the other hand, it is difficult 
to envision deconvolution of the TPD pro- 
files observed (Fig. 2) to many adsorbed hy- 
drogen states without creating severe 
broadness and/or multiple peaks. Never- 
theless, there may exist a main Rh adsorp- 
tion site that would give a high adsorption 
amount and a few other sites with low pop- 
ulation, the energies of which are such that 
the overall desorption creates the profiles 
of Fig. 2. However, only a small difference 
in the H2 desorption energy from polycrys- 
talline Rh and Rh( l l l )  was reported (32, 
41). The entropy of adsorption AS°(O) for 
the H-Rh/AI203 of this study shows a drop 
by 20 cal/mol-K in the range of 0.15 -< 0 -< 
0.80. Such a drop is not unusual on single 
crystals (32, 34, 36) and on metal-supported 
catalysts (30). The estimated AH°(O) and 
AS°(O) values here conform to the criteria 
of Vannice et al. (40), and are in general 
agreement with Rh single-crystal surfaces 
and some other Rh-supported catalysts (18, 
32, 37, 39). The binding energy of a hydro- 
gen atom given by Em~-H = 0.5 (EH-H + 
2~H °) can be calculated. Using En-H = 104 
kcal/mol (dissociation energy of H2) and 
AH ° = 24.0 kcal/mol for 0 ~ 0, we estimate 
E~_H = 64 kcal/mol. This value is compara- 
ble to that reported for Rh filament (60.5 
kcal/mol) (41). 

AH ° of  H2 and CO in relation to their 
catalytic activity in the CO/H2 reaction. 
Aspects of the relation between chemisorp- 
tion and catalysis for H2 and CO have been 
discussed (42). The TPD of CO for this cat- 
alyst, when adsorption occurred at 300 K 
with 9.9% CO/He, shows a main CO peak 
at TM = 463 K (0i = 1.2) with a low-temper- 
ature shoulder (26). In addition, steady- 
state kinetics (26) shows a decrease in the 
methanation rate when the Hz/CO ratio de- 
creases from 9 to 1. Transient isotopic ki- 
netics (21, 26) revealed that the Rh surface 
of this catalyst is covered mostly by undis- 
sociated CO in the temperature range 180- 

260°C for H2/CO = 9. These matters are 
consistent with the findings of the present 
study, and with reported AH ° values for 
CO chemisorption on Rh surfaces (43, 44). 
The CO chemisorption appears to be 
stronger than H2 chemisorption on Rh sur- 
faces and may be responsible for low turn- 
over frequencies in CO hydrogenation. 

CONCLUSIONS 

A gradientless TPD experiment, with 
conditions that lead to pseudo-equilibrium 
throughout, is a powerful tool to provide 
the heat and entropy of adsorption of a 
given adsorbate as a function of coverage. 
Such information provides useful insight 
into the catalytic properties of a given ad- 
sorbate-substrate system. The heat of hy- 
drogen adsorption for the 5 wt% Rh/AI203 
was found to vary from 24 kcal/mol (0 --~ 0) 
to 16 kcal/mol (0 = 0.8), and the entropy of 
adsorption from 38 cal/mol-K (0 ~ 0) to 
16.0 cal/mol-K (0 = 0.8). These values gen- 
erally agree with H2 chemisorption results 
reported for various Rh surfaces. 

APPENDIX 

For the gradientless conditions achieved 
in this study, the basic equation describing 
the TPD mass balance is 

dC 
W R D  = V--d- [ + qC, (1) 

where RD is the net rate of desorption 
(moles/g cat-s), and V the gas-phase volume 
(cm3). It is more convenient to convert the 
gas-phase concentration C to mole fraction 
y, taking into account the variation of vol- 
ume flow rate q with temperature T, 

WRD = V~--~ ~ ~ - ~ 

qoPT 
+ ~ y, (2) 

where we have also, for dissociative ad- 
sorption, 

dO (3) 
RD = -0 .5H d--t" 
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Here,/3 is a linear heating rate (K/s), PT the 
total pressure (1 atm), R the universal gas 
constant, q0 the volume flow rate (ambient) 
(cm3/s), To the room temperature (K), and 
H the number of moles of sites/g cat. The 
kinetics of adsorption/desorption is repre- 
sented by 

dO 
dt - ka(O, T)O 2 - ka(O, T)y(1 - 0) 2, (4) 

where Eq. (4) is for a second-order (disso- 
ciative) process, ka and kd are the rate con- 
stants for the adsorption and desorption el- 
ementary steps (s-l), respectively, and 0 is 
the fractional coverage of adsorption sites. 
We can combine Eqs. (2)-(4) and obtain a 
complete description of the process. How- 
ever, it can be shown (see results of Table 
4) that it is quite justifiable to neglect the 
accumulation term in Eq. (2) compared to 
the effluent term. Thus Eq. (2) becomes 

qoPT 
W R D -  RTo y" (5) 

Then Eqs. (3)-(5) give 

0.5WHkdO 2 

Y = (qoPT O)2WH}. (6) 
Ck- o + o.51,.(1 - 

The second simplification made is to con- 
sider that the rate of readsorption is much 
larger than the rate of removal of the adsor- 
bate from the reactor. This is equivalent to 
neglecting the term qoPT/RTo compared to 
0.5ka(1 - O)2WH, so that we get 

kdO 2 02 

Y - ka(1 - 0) 2 - K(I - 0) 2' (7) 

with K (thermodynamic equilibrium con- 
stant) defined as 

ka 
K ( 0 ,  = (8) 

since the reversible adsorption/desorption 
can be considered as an elementary reac- 
tion. Equation (7) is the only relationship 
needed for the analysis of a series of experi- 
mental TPDs (with different initial cover- 
ages) in order to extract AH°(O) and AS °(0). 

The thermodynamic equilibrium constant K 
is given by 

K = exp(AS°/R) exp(-AH°/RT).  (9) 

To find out whether qoPT/RTo in Eq. (6) is 
small compared to 0.5k~(1 - O)2WH, an es- 
timate of ka is needed. Via the kinetic the- 
ory of gases and using mole fraction y in- 
stead of concentration C for the gas-phase 
composition, ka is given by 

( R ~0.5 (1~0.5 
~ =  S 0 ~ Z - - ~ j  ( - ~ ) N A ~ j  , (10) 

where o- is the surface metal atom cross- 
sectional area (cmZ), M the molecular 
weight of adsorbate (g/mol), and NA the 
Avogadro's number. Data on a number of 
single-crystal surfaces, for a nonactivated 
adsorption, suggest the sticking coefficient 
to be So > 0.01 (45). We do not assume the 
value of So, but instead So is left as a param- 
eter to be calculated such that the ratio of 
the effluent and readsorption terms is 
within ca. 5% (reasonable experimental 
range). It should be expected that So for 
supported metals should be equal to or 
greater than So for a flat surface (45). 
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