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Abstract—Palladium-hydrogen interaction on supported Pd catalysts of different metal dispersions has been studied
by hydrogen chemisorption and back-sorption, and by temperature-programmed desorption (TPD) of either deute-
rium or hydrogen from the Pd surface after different initial gas dosages. Pd interacts with three hydrogen species whose
amounts vary with the metal dispersion and with the dosage pressure. The amount of hydrogen strongly adsorbed on
the Pd surface increases with the metal dispersion but is unaffected by the hydrogen pressure. The amount of hydrogen
absorbed in the bulk of Pd is significant with a poorly dispersed catalyst, particularly when the hydrogen pressure
is higher than about 10 Torr, but decreases with the metal dispersion. Hydrogen weakly bound with Pd shows two
characteristic TPD peaks, whose intensity depends on the metal dispersion and the initial gas dosage. The peak at
270-330 K, assigned to the recombination of absorbed hydrogen with surface hydrogen, is large with a poorly dispersed
catalyst and grows with the initial hydrogen dosage. The intensity of the peak at 215-226 K is not affected by the
metal dispersion or by the hydrogen dosage. It has been concluded that an analysis of the intrinsic properties of Pd
catalysts should be based on an understanding of the hydrogen species associated with the catalysts.
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INTRODUCTION the sub-surface sites, the latter species being verified by Behm et
al. [1983] in their study of hydrogen TPD from Pd(110) single
The interaction of palladium with hydrogen has been studiedcrystal.
extensively [Conrad et al., 1974; Behm et al., 1983; Ragaini et al., In the case of supported Pd catalysts, the Pd-hydrogen interac-
1994] because the characteristic property of Pd to either adsorb dipn is affected by the metal dispersion. Aben [1968] reported that
absorb hydrogen allows the metal to be used as an excellent hyhe amounts of absorbed hydrogep,, ldecreased as the metal
drogenation catalyst [Thomas, 1970] as well as a hydrogen stordispersion increased, a trend confirmed by others [Boudart and
age medium [Buchner, 1977]. The selective hydrogenation of aceHwang, 1975; Borodzinski et al., 1976; Chou and Vannice, 1987].
tylene is a typical example of hydrogenation process using pallain addition, Chou and Vannice [1987] reported that integral heats
dium catalysts [Lee, 1990; Shin et al., 1998]. Palladium membranef adsorption of hydrogen ((pon Pd increased sharply as the Pd
is also used for hydrogen separation from gas mixture [Shu et algrystallite size dropped below 3 nm, which they attributed to
1991; Aoki et al., 1996]. Aldag and Schmidt [1971] reported in changes in the electronic properties of small Pd crystallites. The
their study of hydrogen desorption from Pd filaments that hydro-same trend was observed by Zakumbaeva et al. [1983] with Pd/
gen interacts with Pd in two modes: thestate due to the dis- MgO catalysts.
solution of hydrogen in the Pd wire and fhstate corresponding In the work of Chou and Vannice [1987], they obtained heats
to the adsorption of hydrogen on the Pd surface. According tcof adsorption (Q) or absorption (Q) based on either the metal
Ragaini et al. [1994], surface-adsorlfiestate hydrogen may be surface area measured by hydrogen chemisorption or the amount
classified again into two types representing either the weakly- oof absorbed hydrogen measured by hydrogen back-sorption. How-
the strongly-adsorbed species. Therefore, hydrogen interacts witkver, changes in the intrinsic heats with the metal dispersion should
Pd in three basic modes: absorption in the bulk of Bg,(Heak be analyzed considering the characteristic Pd-hydrogen interaction
adsorption on the Pd surface,JHand strong chemisorption on  because the latter is affected by the metal dispersion as well as
the Pd surface (H The H,, species, correspondingdestate hy- the hydrogen dosage condition. For this reason, we have studied
drogen proposed by Aldag and Schmidt [1971], is frequently call-the hydrogen adsorption/desorption properties of PgdfSi@if-
ed dissolved hydrogen or Pd hydride to indicate its nature of in-ferent metal dispersions using hydrogen chemisorption, back-sorp-
teraction with the bulk of Pd. Konvalinka and Scholten [1977] tion and TPD methods. The results have been discussed related
proposed that the Jspecies desorb from the Pd surface by the to previous explanations of the Pd-hydrogen interaction.
combination of surface hydrogen with hydrogen associated with
EXPERIMENTAL

To whom correspondence should be addressed.
E-mail: shmoon@surf.snu.ac.kr Supported Pd catalysts were prepared by either the ion-ex-
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change (IE) or the incipient-wetness impregnation (IWI) methodheated at 10 K/min for the desorption experiments. The effluent

using Pd(NH),(OH), or Pd(NH),(NO,), as the Pd precursor. The gas was analyzed with a mass spectrometer (QMS, VG Sensorlab

silica support was JRC-SIO6 (surface area=1%g)robtained 200).

from the Catalysis Society of Japan. The prepared catalysts were Deuterium, instead of hydrogen, was used for the vacuum-

dried at 393 K for 12 h and calcined in & 573K for L h be-  TPD experiments because deuterium could be monitored more

fore storage in a desiccator. The Pd loadings of the catalysts, preensitively in the chamber than hydrogen. The base pressure of hy-

adjusted to be near 1 wt%, were determined by inductively coudrogen in the vacuum chamber was as high &sTaf due to

pled plasma-atomic emission spectroscopy (Perkin-Elmer, plasmevater desorbing from the chamber wall while that of deuterium

40). The sample catalysts are designated as RdiG)Gand Pd/  was at low levels of 18Torr. Deuterium is different from hydro-

SiO, (IWI) respectively according to their preparation methods. gen only in the mass number and is expected to yield the same
Hydrogen uptake by the catalysts was measured at room temnformation as hydrogen. Fig. 1 shows a schematic diagram of the

perature in a volumetric adsorption system. Prior to the measureracuum-TPD apparatus.

ments, the sample was reduced in, didwv at 573 K for 1 h, and

then the cell was evacuated at the same temperature for 1 h. The RESULTS AND DISCUSSION

amounts of hydrogen chemisorbed on the sample surface were de-

termined by the back-sorption method described by Benson et al. Hydrogen Chemisorption and Back-sorption

[1973]. That is, the sample cell was evacuated at room temper- Fig. 2(A) shows two isotherms obtained on Pd/$i@1): one

ature for 20 min after the initial isotherm measurements, and themlue to the initial hydrogen uptake and the other obtained by the

a second isotherm was obtained by introducing hydrogen into theubsequent back-sorption after cell evacuation. The difference of

cell. the two isotherms gives the amount of strongly adsorbed hydro-
TPD experiments were made either in an ultrahigh vacuumgen (H), which is commonly used for the estimation of the Pd

(UHV) chamber with the base pressure below 5%T0rr or in surface area [Benson et al., 1973]. It is notable that the amount

an atmospheric flow reactor. The UHV chamber was equippedf hydrogen chemisorption remains almost constant over a wide

with a quadrupole mass spectrometer (QMS, Balzers QMA 200range of the hydrogen pressure.

M) to monitor desorbed species from the sample surface. For vac- Two isotherms increase sharply near the hydrogen pressure of

uum TPD, the catalyst sample was reduced in a pretreatmergtbout 10 Torr eventually to reach the saturation level beyond 20

chamber by flowing a 10% #N, mixture at 623 K for 1 h. Gas  Torr. The sharp transition occurs because hydrogen dissolves in Pd

near the sample surface was removed by pumping the chambéo form Pd hydride (k) at high pressures [Chou and Vannice,

at the same temperature for 1 h, and then the sample was trars987]. In other words, hydrogen is initially “adsorbed on” the Pd

ferred to the UHV chamber. The sample was cooled to 120 K withsurface when the pressure is low but is additionally “absorbed in”

liquid nitrogen, exposed to Tdorr of deuterium at the same tem-

perature for different periods, and finally heated to 710 K at 0.5

K/sec by a radiant, resistive tungsten-filament heater. 07T
For the atmospheric TPD experiments, either pulses or a con 06+ 7y
stant level of hydrogen were introduced into thesteam flow- 050 .
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Fig. 1. Schematic diagram for vacuum TPD apparatus. o1 b oo
1. Sample holder 8. Rotary pump 0'0 Ly L
2. Main chamber 9. Thermocouple "o 10 20 30 40 50
3. Pretreatment chamber 10. Leak valve |.|2 Pressure (torr)
4. Mass spectrometer 11. Gate valve
5. b, cylinder 12. On-off valve Fig. 2. Hydrogen isotherms on Pd samples.
6. H/N, cylinder 13. Turbomolecular pump (A) Pd/SiQ (IWI), (B) Pd/SiQ (IE) (Solid symbols: first iso-
7. Diaphragm pump 14. lon pump therm, open symbols: second isotherm).
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Table 1. Prepared catalysts and their chemisorption results 5

Dispersion ®

(Pd/Pd,.)
0.1
0.46

Sample Precursor d (nm)

228K 300K 410K

1.05% Pd/SIQ(IWI) Pd(NH,),(NO,),
1.23% PA/SIQ(IE)  Pd(NH),(OH),

11.3
2.4

the bulk of Pd at high pressures. The hydrogen dissolution behay
ior is characteristic of Pd, which allows the metal to be used for
a hydrogen storage medium [Buchner, 1977].

Fig. 2(B) shows that the amount of hydrogen chemisorbed or
Pd/SiQ (IE) is larger than on Pd/SiQWI), thus indicating that
the former catalyst has a higher Pd surface area than the latte
Table 1 lists the metal dispersions (D) of the two sample catalyst:
estimated from the chemisorption results assuming thatthe H
Pd, hydrogen/surface Pd atom, ratio is 1. Table 1 also shows th:
average Pd crystallite sizes (d) obtained from the relationship, ¢
(nm)=1.13/D [Wang et al., 1981]. The Pd particle size of 2.4 nm
obtained with Pd/SIiQ(IE) falls in the range that exhibited in-
creased heats of hydrogen adsorption on and absorption in F
according to Chou and Vannice [1987].

The sharp transition of isotherms near 10 Torr observed with
Pd/SiQ (IWI) in Fig. 2(A) is not clearly shown in Fig. 2(B), in-
dicating that hydrogen dissolution in the bulk of Pd is not signi-
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Fig. 3. TPD patterns of D from Pd samples in vacuum appa-
ratus.

600 700

ficant with Pd/SIiQ (IE). This result agrees with the previous re-
ports that hydrogen absorption is suppressed when Pd crystallites
are small [Aben, 1968; Boudart and Hwang, 1975].

Isotherms obtained by back-sorption represent both weakly-ad-

(A) Pd/SiQ (IWI); (a) 218 L, (b) 1,248L, (c) 1,635 L, and
(d) 2,132 L; (B) Pd/SIQ(IE); (a) 229 L, (b) 832 L, (c) 1,647

L, and (d) 1,898 L. Dotted lines are deconvolution results
of the TPD pattern (c).

sorbed (H) and absorbed (&) hydrogen, one of which contri-
butes to the isotherm at low pressures and the other beyond llnaffected by the initial deuterium dosage, which contrasts with
Torr. Fig. 2 indicates that the amount of the low-pressure specieprevious works reporting peak shifts [Aldag and Schmidt, 1971,
estimated by the extrapolation of the back-sorption isotherm toBehm et al., 1983; Ragaini et al., 1994]. The difference arises be-
zero pressure, presumably the dpecies, is larger with Pd/SIO  cause the deuterium dosage in this study is much higher than in
(IE) than with Pd/SiQ(IWI). The result is not surprising because the previous works and therefore the peaks have already reached
the former catalyst has a higher surface area than the latter.  the limiting positions. In fact, the location of thepeak in this
2. Deuterium and Hydrogen TPD study, 410-412 K, is close to the limiting positions of the corre-

Fig. 3 shows patterns of deuterium TPD from the two catalystssponding peaks reported in the previous studies [Aldag and Sch-
that have been exposed to*Iorr of deuterium for different  midt, 1971; Behm et al., 1983; Ragaini et al., 1994].
periods. In both cases, the peak intensity grows as the deuterium The major peak at 410-412 K assigned taststronger with
dosage increases up to about 1,600 L, beyond which the intensiti?d/SiQ (IE) than with Pd/SIQ(IWI) so that the former catalyst
levels off, indicating that the Pd surface is almost saturated withshows almost one band with a shoulder while the latter shows
deuterium. The saturation pressure of about 1,600 L is higher thatwo distinct bands. This agrees with the gas-uptake result that the
that for Pd single crystal or filament [Behm et al., 1983], whoseformer catalyst has a higher Pd surface area than the latter. Fig. 3
surface is saturated with hydrogen at dosages as low as 50 L. Waso shows the deconvolution results of the TPD patterns for the
believe that the discrepancy between the two cases occurs béwo catalysts obtained at 1,635 L and 1,647 L, respectively. The
cause the sample catalysts of this study are supported on poropgak at 228-240 K appears with comparable intensity for the two
silica. Diffusion of deuterium in the catalysts must be severely li- catalysts. The peak near 300-323 K also shows almost the same
mited under the conditions of this study because the mean fremtensity for the two catalysts although the conclusion is not de-
path of deuterium at 18Torr is about 32.6 m, 6x1@imes the finite due to possible errors in the deconvolution process. For both
average pore size of the catalyst. catalysts, the 300 K peak is the smallest among the three TPD

The TPD curves of Figs. 3(A) and 3(B) may be resolved into peaks.
three peaks centered at 228-240 K, 300-323 K and 410-412 K, The TPD results obtained at atmospheric pressures after dos-
which were attributed to , H, and H respectively by Ragaini  ages of hydrogen either as pulses (Fig. 4) or as a stream of con-
et al. [1994]. Symbols of i, H, and H have been used instead stant concentration (Fig. 5) show three peaks more clearly than
of D,,s D,, and Q because hydrogen and deuterium have the samén the case of the vacuum TPD. The peak at 415-445 K due to
properties although the atomic masses are different. H, is stronger with Pd/SIJIE) than with Pd/SiQ(IWI), due to

It is worth noting in Fig. 3 that the peak positions are almostdifferent Pd dispersions of the catalysts. Fig. 5 also shows that
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Fig. 4. TPD patterns from Pd samples in atmospheric system

after pulse injection of H, at 200 K.
(A) Pd/SIQ (IW1), (B) Pd/SiQ (IE).
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Fig. 5. TPD patterns from Pd samples in atmospheric system
after H, flowing at 300 K for 30 min.
(A) Pd/SiQ (IW1), (B) Pd/siQ (IE). Solid lines are TPD pat-
terns obtained after Nburging at 200 K for 1 hr. Dotted lines
are TPD patterns obtained afterpdirging at 300 K.

to Pd relatively weakly. Unlike in the case of vacuum TPD, the
peak at 270-310 K appears distinctively, with a strong intensity
particularly in the case of Pd/SiQWI).

Two aspects are to be noted about the weakly bound hydrogen
species in Figs. 4 and 5. One is that the peak at 270-310K is
much stronger with Pd/Si@IWI) than with Pd/SIQ(IE). The
other is that the peak at 216-224 K, assigned,tdoid Ragaini et
al. [1994], appears with a comparable intensity for both catalysts.
Following the assignment by Regaini et al. [1994], however, the
intensity trend of the fg peak is contradictory to the gas-uptake
result showing that the amount of absorbed hydrogen decreases
with the Pd dispersion. On the other hand, the trend observed with
the peak at 270-310 K, assigned tpliy Ragaini et al. [1994],
showing higher intensity with lower Pd dispersion seems to be bet-
ter correlated with the gas-uptake result. Also of note is that by
comparing the results of Figs. 3, 4 and 5 the peak intensity grows
with the hydrogen dosage pressure following the order of vac-
uum<pulses<flow. Accordingly, it is obvious that the intensity of
the peak at 270-310 K increases with the amount of absorbed hy-
drogen. The above complex and somewhat contradictory results
clearly indicate that we need to understand the origin of the peaks
associated with the weakly bound hydrogen species.

3. Origin of the Hydrogen Species

Konvalinka and Scholten [1977] observed a TPD peak at 293
K which they assigned to the recombination of “sub-surface” hy-
drogen with surface hydrogen. When Pd accommodating both dis-
solved and adsorbed hydrogen is subject to vacuum, hydrogen dis-
solved in the bulk of Pd diffuses to the surface where it com-
bines with adsorbed hydrogen eventually to produce hydrogen de-
sorbing from the Pd surface. This mechanism suggests that the
intensity of the peak at 293 K depends on the amounts of both
dissolved hydrogen () and adsorbed hydrogen)HAccording
to the results in Figs. 4 and 5, the intensity of the peak at 293 K,
270-310 K in our study, seems to depend more on the amount
of H,,than on H The mechanism also explains why the peak
at 300-323 K in vacuum TPD (Fig. 3) is not so strong as in the
case of atmospheric TPD (Figs. 4 and 5). Because the hydrogen
dosage in vacuum TPD is much less than in atmospheric TPD,
the amount of dissolved hydrogen is less and consequently the
peak is weaker in the former case.

About the origin of the peak at 215-224 K, we do not yet have
an unequivocal explanation. The result that the peak intensity is
almost unaffected by the metal dispersion eliminates the possibil-
ity that the peak simply reflects the amounts of hydrogen dis-
solved in the bulk of Pd. Instead, it may be associated with spe-
cific Pd sites which accommodate a determined amount of hydro-
gen irrespective of the Pd crystallite size. The sites may either ab-
sorb or adsorb hydrogen, but they accommodate hydrogen weakly
enough to lose it at relatively low temperatures.

Chou and Vannice [1987] reported that heats of hydrogen ad-
sorption (Qy) and absorption (§) increased sharply as the cry-
stallite size of Pd dropped below 3 nm, which they attributed to
changes in the electronic properties of small Pd crystallites. They
calculated the heat of adsorption, Jjased on the Pd surface

two peaks except for tdre completely removed after the reactor area estimated from the amount of hydrogen chemisorptin (H
has been purged with nitrogen at room temperature for 1 h. Theregiven by the difference between the initial hydrogen uptake and
fore, the hydrogen species represented by the two peaks are boutiiee back-sorption curves. The heat of absorptiqp) (@s ob-
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tained based on the amount of absorbed hydrogen estimated sim- “Evidence for “Subsurface” Hydrogen on Pd(110); An Intermediate

ply from the back-sorption data. However, it has been demon- between Chemisorbed and Dissolved SpeclesChem. Phys

strated in this study that hydrogen weakly associated with Pd in  78(12), 7486 (1983).

the back-sorption step consists of various species such,andd  Benson, J. E., Hwang, H. S. and Boudart, M., “Hydrogen-Oxygen Tit-

H,, whose relative amounts change with the Pd dispersion as well ration Method for the Measurement of Supported Palladium Sur-

as with the initial hydrogen dosage. Accordingly, the intrinsic val-  face Areas]J. Catal, 30, 146 (1973).

ue, Q,, should be estimated after full analyses of the hydrogenBorodzinski, A., Dus, R., Frak, R., Janko, A. and Palczewska, W., “A

species. Study of the Role of the Palladium Hydride Phase in the Activity
and Selectivity of Palladium Catalysts in Acetylene Hydrogena-

CONCLUSIONS tion; in Proceedings of the 6 International Congress on Catalysis,

1, 151 (1976).

From the results of hydrogen uptake and TPD experimentsBourdart, M. and Hwang, H. S., “Solubility of Hydrogen in Small
described above, we may conclude the following. Particles of Palladium]. Catal, 39, 44 (1975).

The amount of hydrogen strongly adsorbed on Pd increaseBuchner, H., “The Hydrogen/Hydride Energy Concept; in Hydrides
with the metal dispersion and is independent of the initial hydro-  for Energy Storage; The Proceedings of an International Sympo-
gen dosage, thus indicating that hydrogen chemisorption is a pro- sium held in Geilo, Andresen, A. E. and Maeland, A. J. Eds., 569
per method to measure the Pd surface area. On the other hand, the(1977).
amount of hydrogen weakly bound with Pd depends on both theConrad, H., Ertl, G. and Latta, E. E., “Adsorption of Hydrogen on Pal-
metal dispersion and the initial hydrogen dosage. Weakly bound ladium Single Crystal SurfaceSrface Sciencél, 435 (1974).
hydrogen is responsible for two characteristic peaks in the TPDChou, P. and Vannice, M. A., “Calorimetric Heat of Adsorption Mea-
experiments. The peak at 270-310 K, due to the recombination of surements on Palladiund; Catal, 104 1 (1987).
absorbed hydrogen with adsorbed hydrogen, decreases with th€onvalinka, J. A. and Scholten, J. J. F., “Sorption and Temperature-
metal dispersion but increases with the initial hydrogen dosage. Programmed Desorption of Hydrogen from Palladium and from
The peak at 215-226 K is not affected by the metal dispersion or Palladium on Activated Carbod; Catal, 48, 374 (1977).
by the hydrogen dosage. Lee, D. K., “Green-oil Formation and Selectivity Change in Selective

Accordingly, an analysis of the intrinsic properties of Pd cry-  Hydrogenation on Titania-Supported and Unsupported Palladium
stallites, particularly as related to absorbed hydrogen, should be Catalysts for Acetylene Removal from Ethylene-rich Stream;
based on a full understanding of the weakly adsorbed hydrogen Korean J. Chem. Eng/, 233 (1990).

species in the catalysts. Ragaini, V., Giannantonio, R., Magni, P., Lucarelli, L. and Leofanti,
G., “Dispersion Measurement by the Single Introduction Method
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