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Abstract—Various states of hydrogen are identified on the foil and film surfaces of palladium and tantalum by
photoelectric, conductivity, and thermal desorption methods. They are formed in the course of H, diffusion
through a membrane and in the course of adsorption from the gas phase. The effect of an ethylene pyrolysis
product, pyrocarbon, on the activity in CO oxidation on the palladium surface with and without H, 4 is deter-
mined. The presence of hydrogen isfound to weaken the effect of pyrocarbon. A study of hydrogen adsorption
on the tantalum foil showed that hydrogen adsorption drastically declines in the presence of chemisorbed CO,
but the H-Tabinding strength doubl es. The fact that the sorption ability of tantalum is completely restored upon
CO adsorption and partialy restored upon O, chemisorption is achieved by thermochemical treatment in

hydrogen.

INTRODUCTION

A catalytically active surface is a complex object
with a variable composition and properties dependent
on the chemisorbed species of substances participating
in a reaction and on the modifiers introduced on pur-
pose. The study of the states of such species and their
effect on the parameters of catalytic reactions are of
theoretical and practical importance.

At low concentrations, the species of a modifying
adsorbate may block the active sites of ametallic catalyst
and change the electron state of the free surface[1, 2], as
well asits adsorption and catalytic properties 3, 4].

Palladium isawidely used and well studied catalyst
for the hydrogenation and dehydrogenation of hydro-
carbons, which is characterized by an ability to dissolve
hydrogen in large amounts. A radically new approach
to catalytic reactions with the participation of hydrogen
diffusng through Pd-containing membranes has been
developed in studies by Gryaznov and co-workers[5, 6].

Tantalum is also capable of sorbing hydrogen in
substantial amounts. The Ta-H, and Pd-H, phase dia-
grams are similar [7, 8]: there is a solid solution of
hydrogen in Taand Pd and there are the hydrides PdH,
and TaH,. Data on the solubility of H, in Ta were
reported in [9, 10]. The mechanism of hydrogen diffu-
sion in Tahas been discussed in [11, 12]. Unlike palla-
dium, the adsorption and catalytic properties of tanta-
lum have been poorly studied. The clean surface of tan-
talum is chemically active, but tantalum is not very
active as a catalyst because of surface passivation via
the formation of oxide and carbide (oxycarbide) layers.

In this work, we studied a tantalum foil and a film.
Hydrogen, the product of ethylene pyrolysis (pyrocar-
bon), chemisorbed carbon monoxide, and oxygen are
considered as modifying agents. The effects of modifi-

ers on the adsorption and desorption of hydrogen and
on the interaction of CO with gas-phase oxygen and
oxygen adsorbed on palladium are studied.

The god of this work is to determine the charge
state and the binding strengths of adsorbed and
absorbed hydrogen and the effect of palladium and tan-
talum surface modification on their adsorption proper-
ties and their activity in the reaction of CO oxidation.

EXPERIMENTAL

The ratio of various charged states of hydrogen on
the outer surface of a palladium membrane (99.9% Pd)
was determined from the work function change (¢) in
the process of hydrogen diffusion [13]. The values of ¢
were determined by the Fowler method from the depen-
dence of the photocurrent on the frequency of incident
radiation. A palladium membrane, 50 pm thick, was
placed in a photoel ectric cell, which was evacuated to a
residual pressure of 8 x 10~7 Torr. Palladium films with
continuous and island structures were obtained by the
sublimation of Pd (99.9%) in avacuum of ~10~7 Torr on
Pyrex glass with further annealing in a vacuum at
753 K. The continuous film was ~1 pm thick and the
palladium island sizes were 2040 nm. The charge state
of adsorbate and modifier species in the case of isand
palladium film was determined from a change in the
activation energy of electric conductivity ¢. The values
¢ were calculated from the linear form of the tempera-
ture dependence of electric resistance

R = AT 'exp(¢/KT). €))

The value ¢ linearly depends on the work function
[14], and its change in the course of gas adsorption
Ad = ¢, — b, Characterizes the polarization of the
adsorbed species in the same way as a change in the
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Fig. 1. Dependences of the (1-4) relative work function
change (A@/qy) and (8) the surface coverage by hydrogen at
the exit side of the membrane (3") on the hydrogen partial
pressure at the exit side of the membrane at T, K: (1) 363,
(2) 391, (3, 3") 423, and (4) 473.

work function AQ = @, — @, (the subscript O refers to
the sample before adsorption).

Thekinetics of reactions CO + O and CO + O, on
palladium films was studied by mass spectrometry
using an MX-7304 analyzer in an oil-free vacuum
setup. Pyrocarbon was introduced via ethylene adsorp-
tion at 298 K with further keeping at 723 K for 1 h.
Madifiers (pyrocarbon and hydrogen) and O, were
dosed by the method of inleakage of gases through a
capillary or an SNA-1 system of automatic injection.
Oxygen was adsorbed at 398 K. Oxygen was com-
pletely absorbed during 15-min dosing. The surface
coverage of palladium with O, was 0.35-0.45 ML.

The strength of hydrogen binding to palladium and
tantalum was judged from the value of the activation
energy of desorption E obtained from the Arrhenius
plot of the rate constant of H., desorption in the isother-
mal regime under static conditions. The kinetics of O,
(ad)sorption on Pd and H, (ad)sorption on Tawas stud-
ied under analogous conditions.

The tantalum foil was 20 um thick and the apparent
surface area was 120 cn??. Before the experiments it
was reduced in aflow of hydrogen at 573 K for 4 h. We
obtained H, adsorption isotherms at 77-343 K. The
kinetics of H, (ad)sorption were studied at 298423 K.
The kinetics of H, desorption were studied at 373—
673 K. The effect of tantalum thermal treatment in CO
and O, on hydrogen adsorption was also studied.
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RESULTS AND DISCUSSION

Pd foil/membrane[13]. Hydrogen transfer through
amembrane occurred at 363-473 K and apressure Py

change at the entrance side of the membrane of 1 to
10 Torr. Thetransfer rate (w) depended linearly on P, .

Therefore, the limiting stage of the transfer process
might be the recombinative desorption of hydrogen
atoms at the exit side of the membrane [13]. The value
of the work function change (¢) was measured from the
photocurrent depending on the frequency of the inci-
dent radiation simultaneously with the hydrogen trans-
fer rate measurements. The nature of achangein @with
time pointed to the fact that in the initial period nega-
tively charged hydrogen atoms are accumulated at the
exit side of the membrane (the transfer islimited by the
step H? + H®— H,1). Hislocalized in the areas
with a decreased value of the work function change.
Upon the settlement of the stationary regime (constant
w), the H*® species that do not participate in the rate-
limiting step are accumulated on other surface sites.
Figure 1 shows arelative work function change (A@/q,)
at the exit side of the palladium membrane in the sta-
tionary regime of diffusion at different temperatures
and H, pressures at the entrance side of the membrane.
In the absence of an adsorbate, the work function @, is
4.3 (363, 391 K) and 4.43 eV (423, 473 K), and the
work function change is AQ= @y — @), Where @ isthe
work function in hydrogen diffusion. Dependences 14
in Fig. 1 pass through maximums: the growth of A
means that the exit side of palladium membrane accu-
mulates the negative charge (H0). A decreasein A@is
associated with the appearance of H*2. The ratio of the

states of adsorbed hydrogen depends on P, . The
dependences Ag = f(Py_ ) were transformed into 6 =

f(Py,) (where 6 is the surface coverage with an adsor-

bate), because the work function change linearly
depends on 6 [15]:

+AQ = 4TEEUOB,, )
where B, is the monolayer capacity, | is the dipole
momentum of an adsorbate (the value for H are taken
from [16]). The plot of the dependence 8 =f(Py,) is S
shaped (Fig. 1, curve 3, which reflects the formation
of differently charged hydrogen atoms at the exit side of
the membrane, their fractions are 4-9% for H*® and 5—
6% for H-2.

For instance, at T = 391 K, 6 = A =
41ep By

03x1.6x107™%

4x314%x48x10°x1x107°%x0.9x 10"

Thevalue B, (cm) iscal cul ated taking into account the
membrane roughness coefficient (K, = 2.1) deter-
mined from argon adsorption. A possible mechanism of

=0.088.
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hydrogen transfer that agrees with the above estimates
can be asfollows:

H, + 28~ 2H-s, @D
ey

H-s+v~—H-v+s
H-v + s* <~ H3-s* + v, (I1II)
2H3-s* —» H, + 2s*, av)

where [H°-s*] = 8 isthe surface coverage by hydrogen
atoms at the exit side of the membrane, v are the sites
for hydrogen localization in the bulk, and s are the sites
for adsorption at the exit side of the membrane.

If we assume that the equilibrium coverage of the
entrance side of the membrane by hydrogen atoms is
described by the Langmuir equation for dissociative
adsorption and step (1V) isassumed to be rate-limiting,
then we can derive the following equation

A, /Py,

= —, 3)
B+ A, /Py,

inwhich A and B are expressed in terms of the rate con-

stants of steps (1)—1V) and the adsorption coefficient of

the Langmuir equation. Equation (3) describeswell the

dependence 8 = f(Py, ).

It was found that the products of ethylene and acet-
ylene chemisorption at the exit side of the membrane
led to adrastic decrease in the rate of hydrogen transfer
through the membrane. This fact supports the choice of
the rate-limiting step.

Pd films. The kinetics of hydrogen desorption from
the continuous Pd film suggests the existence of three
states of adsorbed hydrogen with activation energies of
desorption of 33 £ 6 (state 1), 84 + 8 (state 2) and 117 +
8 kJmol (state 3). These are independent of the pres-
sure and temperature of the preliminary H, desorption.
In hydrogen desorption from the island film of Pd two
states of hydrogen were identified with activation ener-
gies of desorption Eye = 21-33 kJ/mol (state 1) and
Eqes = 84 + 8 kJmoal (state 2). The strongly bound state
(state 3) has not been found. State 1 corresponds to
hydrogen dissolved in the near-surface layer of the
metal. With an increase in theinitial pressure of H, and
adecreasein the temperature of adsorption, the amount
of state 1 increases.

The adsorption of hydrogen by palladium films is
accompanied by an increase in the activation energy of
electric conductivity ¢. The values Ap = ¢, — ¢,y €
negative. Therefore, the predominant states of hydro-
gen adsorption is the H? atom formed on the surface
sites with low work function and/or atoms localized in

the near surface layer of palladium H;?b (these states
are indistinguishable from Ad).

In hydrogen desorption, the change ¢ is reversed.
Figure 2 shows the dependence Ad = ¢, — § 4. (@dsorp-
tion temperature, 363 K). It isseen that, in the hydrogen
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Fig. 2. Temperature dependences of the activation energy of
electric conductivity of the palladium filmin (1) H, desorp-
tion and (2) the amount of desorbed hydrogen.

desorption temperature range 393-553 K, the values ¢

are negative meaning that the H3(H%.,) states domi-
nate. With an increase in the temperature, their concen-
tration decreases and the fraction of H*® species
increases, as is evident from an increase in ¢,... The
sign of palladium surface polarization changes at 500—
600 K. At temperatures of 393-603 K, the most weakly

bound hydrogen states H- and/or HZS, with E . = 21—
33 kJ/mol are desorbed. At temperatures above 623 K
the state H2 (2) with Eg = 84 kImol is desorbed. The
formation of two states of adsorbed hydrogen atoms
with negative polarization can be explained by metal
surface nonuniformity. At 500600 K, the effective
charge of the surface is close to zero. A dashed linein
Fig. 2 shows an increase in the amount of desorbed H,
molecules, but hydrogen readsorbs at 600630 K. Note
that thisisin therange of the Tamman temperature T, =
0.33T,1 @bove which new sites can be formed due to
the surface mobility of the palladium atoms. At T >
630 K hydrogen state 2 (H%) begins to desorb.

Consider the effect of palladium modification by the
products of ethylene pyrolysis and adsorbed hydrogen
on the charge of paladium particle surface. This is
important for considering the catalytic oxidation reac-
tions in the presence of H,. Thus, when hydrogen is
added to a CH,~O, mixture, an increase in the yield of
valuable products (methanol and formaldehyde) is
observed because methane activation becomes more
favorable [17, 18]. The detailed mechanism for H,
effect remains unclear.

In this work we consider the effect of palladium
modification by pyrocarbon (PC) and hydrogen using
model processes: oxygen chemisorption and the reac-
tions CO + O,y and CO + O,. Thekinetics of these pro-
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Table 1. Thechangeintheactivation energy of electric con-
ductivity of the palladium film in the modification by (B) py-
rocarbon and (C) hydrogen

T, K 423 473 523 550 573
B -0.10 | -0.13 | -0.13 | -0.12 | -0.11
Ad, eV
C 015| 018| O -0.20 | -0.15

Note: A9 = do — dra.

Table 2. Effect of palladium film modification on the kinet-
ics of O, chemisorption

Pd state A B |cc)| D
ko, S*(473K) | 0256 | 0015 | oD | 0040
Eo, kImol  59+08(192+18[()57 17146412

cesses was studied for four states of the palladium film
surface: initial (state A), after addition of pyrocarbon
with 6 = 0.05 (state B), after combined addition of
pyrocarbon and hydrogen with 8,- = 0.05and 6,; = 0.75
(C, C"), and after addition of hydrogen with 8;; = 0.75
(D). The value 6y is considered conditional because of
possible hydrogen dissolution in the near-surface layer
of palladium. States C and C' differ in the order of
modifier addition: PC + H, (C) and H, + PC (C"). The
products of the interaction of modifiers with oxygen
and CO have not been found (H,O was al so absent).

N x 106, molecule CO,

10

1 1

0 100 200
Fig. 3. Time dependences of the amount of CO, formed in
the reaction of CO with adsorbed oxygen on the palladium
film at (1-3) 303 and (1') 586 K for three states of the sur-
face: (1, 1) initial, (2) in the presence of pyrocarbon with
the coverage 6pyrocarbon = 0.05, and (3) in the presence of
hydrogen with 6 = 0.75.
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Upon modification, the charges of the modifier spe-
cies were determined from the value ¢ of the film for
temperatures at which O, adsorption and the reaction
0,4 + CO were studied. The values presented in Teble 1
A = ¢ — b4 SUggest that the products of ethylene
pyrolysis have a negative polarization (C and CH9):
after modification, ¢ increases (A¢ < 0).

At low temperatures in the presence of hydrogen,
the charge of the surface modified by pyrocarbon
changesto the opposite (A¢ > 0). This can be explained
by the presence of the competing species H*2. However,
with an increase in the temperature the sign of hydrogen
polarization changes to the opposite H® —> H,
which is favored by a decrease in the work function.
At T>550K the modified surface is negatively
charged (Ad < 0).

Oxygen adsor ption and reactions CO + O, and
CO + O,. The rate of oxygen adsorption wy, was

determined at 293-573 K. The adsorption constants
ko, calculated from equation w,, = Ko, P increase

with an increase in the temperature pointing to oxygen
chemisorption. The surface coverage with oxygen was

at most 5%. Table 2 showsthe values of ks, for 473K

and the values of the activation energy of oxygen
chemisorption.

The products of pyrolysis and hydrogen drastically
retard oxygen chemisorption. The value of kg,

decreases in the presence of pyrocarbon to a greater
extent, although its concentration is 15 times|ower than
the concentration of hydrogen. However, when they are
introduced together, the effects of these two compo-
nents are not additive. The activation energy of oxygen
chemisorption triples upon the introduction of pyrocar-
bon onto the surface, but the modifying effect of pyro-
carbon introduced together with H,,, is lower. Thisis
probably due to the formation of adsorbed H*® atomsin
the presence of C-? and CH=. These atoms compensate
for the negative charge of the palladium surface with
pyrocarbon (Table 1) and favor oxygen dissociation.

The interaction of CO with adsorbed oxygen sub-
stantialy depends on the presence of surface admix-
tures. Figure 3 compares the kinetics of the reaction
CO + Oy & 303 K for the initial palladium surface
and the surface modified by pyrocarbon and hydrogen
at the same amounts of modifiers asin the case of oxy-
gen chemisorption. We found that for al states, the
reaction rate decreases with an increase in the tempera-
ture (see curves 1 and 1'). Thisis due to the redistribu-
tion of oxygen between the surface and near-surface
layers of the metal. The negative temperature coeffi-
cient of the CO oxidation reaction agrees with the liter-
ature data [19]. In our earlier work [4], we found that
pyrocarbon on the surface of dispersed nickel aso
inhibits the reaction CO + Oy at a surface coverage of
Bpyrocarbon = 0.1-1.6, but this happens at a reaction tem-
perature below 423 K. At 6, ocarmon < 0.2, the products
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Fig. 4. (a) H, adsorption isotherms for the tantalum foil at (1, 1') 77, (2, 2') 273, and (3, 3") 298 K in two consecutive runs: (1'-3')
first and (1-3) second; (b) their description in the linear coordinates of Eq. (6).

of ethylene pyrolysis promote CO oxidation. Theintro-
duction of hydrogen onto the palladium surface aso
leads to an increase in the rate of CO, formation. The
promoting effect of H,y is due to a decrease in the
strength of O binding to palladium because of the H*®
adsorption on the sites with a high binding strength and
because of the presence of H-® atoms that decrease the
adsorption potential of the free portions of the metal
surface [2].

Thekinetics of the reaction CO + O, was studied in
the temperature range 312-623 K at O, and CO pres-
sures of 0.04 and 0.015 Torr, respectively, on the initial
film of Pd and after pyrocarbon introduction in an
amount of 0.1 ML.

Inthe case of thefirst sample, therate of the reaction
CO + O, passed through a maximum at 443 K. In the
case of the second sample, the rate continuously
increased with the temperature [20]. Anal ogous depen-
dences were obtained for clean palladium in [21, 22]
and afour-step reaction mechanism was proposed:

CO + 5% —— CO,., 1)
0, + §* <~ 20,4, (IT')
0,4 + CO —= CO,, (IIT')
0,4 + CO,ye —= CO,. (IV")

According to this scheme, the overall rate of the reac-
tionis

W= [Oads](kSPCO + k4[COads])’ (4)
wherek; and k, aretherate constants of steps(111) and (1V).
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It was shown in [22] that the rate constants of
adsorption steps k; and k, are approximately equal.
Therefore,

Kok 4 Po,

w=2 .
klPCO

&)

Under these conditions, the activation energy of the
reaction is approximately determined by the heat of CO
adsorption. However, above 450 K the average time of
CO molecule residence on the surface decreases to
1072 s and CO desorption begins, which explains the
decrease in the reaction rate. On the modified surface,
thereaction ratein the range 450-500 K was |ower than
on the initial surface, whereas at 7 > 550 K it was
higher. At T > 550 K, the value ¢ in the presence of
pyrocarbon increases by 30% and, according to [2], the
heat of CO increases and favors an increase in the
amount of CO. .

Thus, the modifying action of small amounts of
pyrocarbon plays an important role, and this can be
interpreted as a change in the collective electron prop-
erties of the surface. In the presence of hydrogen, the
inhibition by carbon-containing species is smoothed.

Tafail. The isotherms of hydrogen adsorption on Ta
are shown in Fig. 4. It can be seen that they resemble
curve 3'in Fig. 1. The complex shape of theisotherms
can be explained by the fact that the dissolution of
hydrogen in the near-surface layer of tantalum (the
Hy,p State) initiates further H, adsorption: the state of
surface sites changesin the presence of Hg,, and thisis
reflected in the induced adsorption [23, 24]. Thisisaso
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Table 3. Induced hydrogen adsorption on the tantalum foil in two consecutive runs*

. . & % 2 1
e AN, % Parameters of the Langmuir equation B/ AQ,, %
| I ANy, % K@/K® | I | Il
77 50 40 250 0.2 0.4 0.7 0 28
273 30 44 44 1.24 13 0.1 29 -130

*First and second runs are marked with superscripts (1) and (2). | and Il are the intervals of pressure designated in Fig. 4b.

** Calculated for pressureinterval |.

supported by an increase in the adsorption in two suc-
cessive experiments at the same temperature, e.g., a 77
and 273 K (Fig. 4), between which the gas phase was
only evacuated for 10 min. The isotherms of the first
and second runs are different and the value of induced
adsorption expressed as an increase in the amount of the
adsorbate AN = (N® — N)/ND js 30-50% (Table 3).

The initial portions of H, adsorption isotherms
(before a plateau or an inflection point P* (Fig. 4)) can
be analyzed in the framework of the model Langmuir
equation. Anincrease in the adsorption at 77 K by 50%
corresponds to an increase in the effective monolayer
capacity N, by afactor of 2.5 in the second run and a
decrease in the adsorption coefficient K?/K® = 0.2 by

N x 10715, molecule
7 —

Fig. 5. Kinetics of hydrogen thermal desorption from tanta-
lum foil (the temperature of H, adsorption, 473 K) at vari-
ous temperatures, K: (1) 655, (2) 673, (3) 693, (4) 713,
(5) 733, (6) 751, and (7) 773.

afactor of 5 (Table 3). At 273 K, theinduced adsorption
is associated with an increase in N,,, and K.

The phenomenon of induced adsorption, which is
explained by the effect of dissolved hydrogen Hg, can
be analyzed using the equation of the adsorption iso-
therm (4) [23, 24] that takes into account the interac-
tions of metal electrons with an adsorbate viathe virial
coefficient By,:

_ % B [:B_lZElBOCP
0 = APexp[RT B, RT } (6)

where Q, istheinitial heat of adsorption; thesign of B,
is determined by the ratio between the Coulomb and
polarization termsin the expression for the potential of
the pairwise interaction; B, isaconstant (B,, > 0) that
takes into account the interaction of metal electrons
between each other; B, isthe Henry constant, and A and
C are some constants.

S-shaped adsorption isotherms in the In(P/6)-P
coordinates (Fig. 4b) have two linear segments corre-
sponding to the convex (1) and concave (I1) parts of
(Fig. 4a) from which B, and the initial heat of adsorp-

tion Q, are found. The ratios B{Y/B!} and changesin

the initial adsorption heat AQ, = (fo) - le))/le) in
percents are shown in Table 3. In the range of low pres-
sures (P < P*) B,, >0andinthecase of P > P* thesign
of B,, changes (B, <0). At T=77 K and low hydrogen
pressures, theinduced adsorptionis dueto adecreasein
B,, by a factor of 3 without changes in the heat of
adsorption. At 273 K adsorption increases due to an
increase in both parameters. In the region of high pres-
sures, the value of Q, decreases by a factor of ~2, and
B,, decreases by afactor of 10.

Thus, changes in the shape of the adsorption iso-
therm with an increase in the H, pressure can be
explained by a change in the sign of B, and by a
decrease in the initial heat of adsorption due to the
effect of absorbed hydrogen. The nature of this effect
depends on the adsorption temperature and the H, pres-
sure.
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Table 4. H, desorption from the tantalum foil before and af -
ter CO chemisorption [25]

Temperature of H, adsorption, K
Parameters
473* 523* 523

Interval of desorption 673-773 | 613-723 | 673-773
temperatures, K
Npmax X 10725, molecule 40 185 56
Woi3k X 1077, 23 690 15
molecule/min
Eges, 1 kImol (Inko) 173(65) | 146(64) | 280(82)
Eges, 22 kKYmol 76 60 115
Eges, 1 — Edes, 2 kKYmol 96 86 165

*Before CO chemisorption.
** After CO chemisorption.

The binding strength of hydrogen strongly adsorbed
on the tantalum surface was determined by the thermal
desorption method. Figure 5 shows a sample of the
dependence of the amount of desorbed hydrogen on
time at a constant temperature. These datawere used to
calculate the initial rates of desorption w,, , and the
rate constants assuming second-order desorption: K., =
W,es. o/8°. The dependences of Ink,., on T-! were used to
calculate the activation energies of desorption Eg ;
with an accuracy of +2—-6 kJ/mol. The upper limit of
desorbed hydrogen AN,, and the dependences
InAN,. = f(T™") were used to calculate the activation
energies of desorption Eg,, ,. The values of E, , char-
acterize the desorption process at the final stage (after
the removal of hydrogen atoms from the surface),
which is limited by hydrogen atom transfer from the
near-surface layer onto the surface Hy,, — H,. The
activation energy of the H,,, — H, transfer can be
estimated asthe difference E¥* = E, 4., — E, 4. Theval-
ues E, 4, and E, 4, and the temperature intervals in
which they were determined, as well as the maximal
amount of desorbed H, (N,,,,,), are presented in Table 4.
For the initial surface of the tantalum foail, preliminary
H, adsorption was carried out at 473 and 523 K. Then
the temperature was decreased to ambient, and the fail
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was allowed to stay in H, for 12 h. After evacuating the
gas phase, the kinetics of desorption were studied with
temperature ramping.

Data presented in Table 4 suggest that, with an
increase in the adsorption temperature from 473 to
523 K, the amount of strongly adsorbed hydrogen N,,,,,
increases by a factor of 4. Desorption begins at lower
temperatures. The desorption rates and the rate con-
stants of desorption increase dozens of times (cf., for
instance, w5 x). Thisisdueto adecrease in the activa-
tion energy of desorption E, 4. After CO chemisorp-
tion, new sites are formed: the H~Ta(CO) strength
doubles (280 vs. 146 kJ/mol). The strength of absorbed
hydrogen H,, binding aso increases (from 86 to
165 kJmol).

The ability of a tantalum foil to absorb hydrogen
largely depends on the chemisorbed species. Upon CO
chemisorption, the rate constants of H, (ad)sorption
decrease several times. A decrease in H, sorption is
observed upon O, chemisorption aswell. Therate con-
stants of H, adsorption were calculated using the equa-
tion K4, = W,/Po(H,), where wy is the rate of H,
adsorption determined from thelinear plots of adsorbed
H, versus time. The rate of H, adsorption linearly
increased with an increase in the initial pressure —
Py(H).

Table 5 shows the effect of tantalum treatment in
various gases on the kinetics of H, sorption at 423—
543 K. To restore the sorption properties of tantalum,
simple (1-4 and 7) and consecutive/combined thermal
treatments (5 and 6) were applied in H,.

The products of CO and O, chemisorption deac-
tivate the tantalum surface. Upon CO chemisorption,
the sorption ability can be partially restored by simple
treatment in H, (compare 1 with 3 and 4). Analogous
regeneration in H, upon O, chemisorption isless effec-
tive: the rate constant of hydrogen adsorption triples,
but the value of &, is 4 timeslower than theinitial one.
Tantalum deactivation upon thermal trestment with O,
isirreversible and can be associated with the formation
of an oxide layer.

Thus, changes in the adsorption and catalytic char-
acteristics of paladium under the action of small
amounts of modifiers (pyrocarbon and H,,J) are dueto
achangeinthe electron state of the surface (acollective
effect). In the case of tantalum, the effect of CO and
oxygen chemisorption on H, adsorption is due to the

Table5. Parameters of H, sorption after thermal treatments of the tantalum foil

Treatment
Parameter
1 (H,0) 2 (CO) 3 (Hy) 4(Hy) 5(0,+CO+H,) |6(H,+ CO) 7 (Hy)
Kags % 10Y, mint (463 K) 2.4 0.6 1.8 1.9 0.2 0.5 0.6
Eogs, kJ/mol 28.5 33 28 20 36 28 24
KINETICS AND CATALYSIS Vol.45 No.2 2004
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formation of strongly chemisorbed layers formed from

CO

10.
11

12.

and O,.
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