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Abstract

Techniques are presented for measurement of differential heats of adsorption on reactive catalyst surfaces using
heat-flux calorimetry. Samples are prepared ex-situ in ultra-pure flowing gases and then sealed in Pyrex capsules. Special
calorimetric cells are employed to break the sample capsule after thermal equilibration of the sample with the calorimeter.
In this manner the clean sample is exposed rapidly to the adsorbing gas, minimizing surface contamination. Initial heats of
CO and H, adsorption at 403K on Pt/Si0, catalysts obtained using the present technique (135 and 100kJ/mol.
respectively) were in agreement with results reported in the literature using standard calorimetric procedures. Initial heats
measured in this study for CO adsorption at 308 K on reduced Ni powders (120 kJ/mol) and on nickel samples containing
metallic potassium (200 kJ/mol) corresponded to values in the literature from ultrahigh vacuum studies of CO adsorption
on Ni single crystal surfaces. The initial heat of N, adsorption at 453K on reduced iron determined in this study
(200kJ/mol) was in agreement with results obtained in ultrahigh vacuum measurements of metallic iron single crystal
surfaces. These results, for catalyst systems that are sensitive to traces of oxygen-containing species, provide strong
evidence that the experimental techniques employed in the present study allow clean metallic surfaces to be maintained
during microcalorimetric adsorption studies.
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1. Introduction

Heat-flow microcalorimetry can be used to pro-
vide direct measurements of heats of adsorption of
molecules on solid surfaces over a wide range of
temperatures (77-873K), as illustrated in various
reviews [1-9]. For example, microcalorimetry has
been used to study acid sites in zeolites [ 10-26] and
metal oxides [8,27-387, and also to probe sites on
supported metal catalysts [39-62].

* Corresponding author.

Typical microcalorimetric methods must be used
carefully to study metal surfaces that may show high
reactivity with impurities commonly encountered in
high vacuum systems (e.g. O,, H,O, CO and CO,).
Furthermore, leak-rates into calorimetric cells may
lead to excessive accumulation of contaminants on
the surface during the times typically employed for
thermal equilibration of the sample in the
calorimeter (ca. 5-6 hours). In this paper, we de-
scribe a technique for using conventional heat-flux
calorimetry to measure differential heats of adsorp-
tion on reactive metal surfaces. Briefly, a sample is
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prepared ex-situ with ultra-pure flowing gases, and
sealed in a Pyrex capsule. This capsule is subse-
quently broken in the calorimetric cells after the
capsule and cells have attained thermal equilibrium
with the calorimeter. In this manner, the clean
sample can be exposed rapidly to the adsorbate
gases under study. The calorimetric results obtained
with this method are compared to results obtained
employing standard calorimetric methods and to
ultrahigh vacuum results.

2. Experimental
2.1. Sample treatment

Ultrahigh purity (99.999%) H, and He (Liquid
Carbonic) were used to treat all samples. These
gases were purified by passage over heated (473 K)
copper turnings to remove oxygen and activated
molecular sieves (13 X), cooled to 77K, to remove
water. The gases were further purified by passage
over a bed of reduced Oxy-trap (Alltech Associ-
ation, Inc) and a bed of reduced iron catalyst at
room temperature to remove oxygenated impuri-
ties.

Samples were treated in a glass cell attached to
a high-vacuum volumetric system (described below)

by means of a Pyrex 10/30 ground-glass joint. Pyrex
vacuum stopcocks, greased with Apezion “N”
(grease 1 x 107 Pa vapor pressure at 293 K), and
thoroughly degassed at room temperature, were
used to isolate the sample within the cell. A Pyrex
NMR tube (Wilmad Glass, Smm in diameter and
18 cm long), sealed to the side of the treatment cell,
served as both the fill port and a capsule in which to
seal the sample.

2.2. System description

A schematic diagram of the microcalorimetric
system is shown in Fig. 1. The microcalorimeter is
a Setaram BT2.15D heat-flux calorimeter, capable
of operation at temperatures from 77-473K.
A Setaram C80 heat-flux microcalorimeter (273—
573 K) has also been used. The microcalorimeter is
connected, by means of a specially designed set of
calorimeter cells, to a volumetric system equipped
with a vacuum system (dynamic vacuum of
1073 Pa), a gas handling system with probe mol-
ecule reservior, and a calibrated dosing volume
employing MKS Baritron capacitance manometers
for precision pressure .measurement (41 x
10~ 2 Pa). The leak-rate of the volumetric system is
10~ *Pa/minute in a system volume of approxi-
mately 70 cm3 (i.e. 10~ ® pmol/minute).

Vacuum System D)

Calorimeter Transducer
Wells with Cell Receptacles

Calorimeter

SS Bellows Valve

Needle Needle
Valve Qo

Valve
R~ Probe
H olecule,

Dosing Section with
MKS® Pressure Heads

Fig. 1. Schematic diagram of the BT2.15D microcalorimetry apparatus.
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2.3. Microcalorimetric cells

The microcalorimetric cells used to break the
sealed Pyrex capsule, and subsequently, to allow
adsorption measurements on the clean sample, are
shown in Fig. 2. These cells are constructed of AISI
type 316 stainless steel and measure about 85cm
long and about 10cm wide. Two identical recep-
tacles, one for the Pyrex sample capsule and the
other for a reference capsule, are connected to the
two ends of the cell stems with modified Cajon VCR
fittings. The length (12.70 cm), diameter (1.67 cm),
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and distance apart (6.67cm) of these receptacles,
were chosen to match the depth, diameter, and
spacing of the transducer wells in the BT2.15D
calorimeter, respectively (see Fig. 1). The Pyrex cap-
sule containing the sample is placed in the sample
receptacle, and an empty, openended Pyrex tube of
equal length is placed in the reference receptacle to
equate the heat transfer characteristics of the two
receptacles. The cell stems are 0.40 cm outside diam-
eter, thin wall (0.041cm), stainless steel used to
minimized conductive heat losses. A stainless steel
baffle and three Teflon baffles are placed along each

<+—— Cell Stems —» {§
(0.40 cm o.d. S5 Tubes)

0.16 cm o0.d. SS Rods
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Fig. 2. Schematic diagram of the BT2.15D microcalorimeter cells.
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of the cell stems to minimized convective air cur-
rents within the transducer wells. A stainless steel
holder near the top of the cell stems, equipped with
Viton O-rings, provides a seal between the cell stems
and the transducer wells, and serves to isolate the
cells in the calorimeter. The upper portion of the
cells are fitted with a MDC bellows-sealed linear
motion feedthrough, affixed to the top of the cells by
means of standard, copper gasketed, 1-1/3 inch
outside diameter vacuum flanges (MDC). The linear
motion feed-through provides the driving force to
break the sealed Pyrex capsule. A 0.16cm outside
diameter stainless steel rod, threaded into the end of
the motion feedthrough and extending through the
cell stem and into the sample receptacle, provides
the length required to reach the sample capsule.
A piece of machinable ceramic is threaded onto the
other end of the stainless steel rod to form a sturdy
surface for breaking the capsule. The ceramic also
serves to eliminate conductive heat transfer out the
top of the sample receptacle. A similar stainless steel
rod and ceramic assembly, threaded directly into the
calorimetric cells, 1s placed on the reference side to
further equate the heat transfer characteristics of the
sample and reference receptacles. The cells are con-
nected to the volumetric system by means of stan-
dard Cajon VCR fittings.

2.4. Procedures

In a typical experiment, a measured mass of
sample (typically 0.5-5g) is loaded into the glass
cell, followed by treatment in flowing gases, e.g.,
calcination in flowing oxygen and reduction to the
metallic state in flowing hydrogen at elevated tem-
peratures (e.g, 723K). Upon completion of the
treatment cycle, the sample is purged with helium
(ca. 2 hours) at elevated temperature to remove
adsorbed gases, cooled to room temperature in
flowing helium, and subsequently evacuated to ca.
5 x 10* Pa of helium. The sample is then transferred
into the attached Pyrex NMR tube and sealed with
a torch in a 10cm long section of the tube. The
sample capsule formed in this manner is loaded into
the sample receptacle of the calorimetric cells, which
are subsequently immersed in the isothermal
calorimetric block. The cells are evacuated to ca.
10 *Pa and allowed to reach thermal equilibrium

with the calorimeter (ca. 5—6 hours), at which point
a stable differential heat response (baseline) is
achieved.

The microcalorimetric measurements are in-
itiated by breaking the Pyrex sample capsule within
the calorimetric cells. The helium obtained upon
breaking the capsule is evacuated to ca. 0.1kPa,
which serves as a heat transfer medium between the
sample and the walls of the calorimeter cell. Once
the differential heat response stabilizes (ca. 15-30
minutes), doses of the adsorbate (1-10 umol quanti-
ties) are sequentially admitted to the sample until it
becomes saturated. The resulting heat response for
each dose is recorded as a function of time and
subsequently integrated to determine the amount of
the heat generated (mJ). The amount of gas adsor-
bed (pmol/g) is determined volumetrically from the
dose and equilibrium pressures, and the system
volumes and temperatures. The differential heat
(kJ/mol), defined as the negative of the enthalpy
change of adsorption per mole of gas adsorbed, is
then calculated for each dose by dividing the heat
generated by the amount of gas adsorbed.

3. Results/Discussion
3.1. Calibration experiments

It is necessary to compare the results obtained
using the above procedures with data collected with
more traditional microcalorimetric methods for
a catalyst sample that is not particularly sensitive to
the trace components typically found in high vac-
uum systems. Such a system is supported platinum,
since this metal is easily reduced to the zero-valent
state at room temperature [63]. Accordingly, heats
of H, and CO adsorption at 403 K were measured
on metal catalysts consisting of 0.85 and 1.2wt%
platinum supported on silica. Figure 3 shows the
results for H, adsorption at 403K on the 1.2wt%
Pt/SiO, catalyst and Fig. 4 shows the results for CO
adsorption at 403 K on the 0.85 wt% Pt/SiO, cata-
lyst, collected according to standard calorimetric
procedures employed in previous studies [49,51]
and compared to the results obtained using the
present calorimetric technique. Initial heats of 90—
100 kJ/mol were obtained for H, adsorption on the
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Fig. 3. Differential heat of H, adsorption at 403K on 1.2wt% Pt/SiO, employing standard calorimetric procedures (@) and the
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Fig. 4. Differential heat of CO adsorption at 403K on 0.85wt% Pt/SiO, employing standard calorimetric procedures (@) and the

calorimetric technique presented here (O).

1.2wt% Pt/SiO, catalyst, using both calorimetric
methods, in excellent agreement with the heats of
93[51],91 £ 5,and 92 + 5kJ/mol [49] reported for
H, adsorption at 403K on Pt/SiO, catalysts con-
taining 1.2, 4.0 and 7.0 wt% platinum, respectively.

Similarly, initial heats of 140kJ/mol were obtained
for CO adsorption on the 0.85wt% Pt/SiO, cata-
lyst, using both calorimetric methods, in excellent
agreement with the heats of 140kJ/mol [49,51]
reported for CO adsorption at 403K on Pt/SiO,
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catalyst containing 1.2, 4.0 and 7.0 wt% platinum.
Moreover, the differential heats decrease with ad-
sorbate coverage for both calorimetric methods,
until saturation coverages of 25 and 35 umol/g are
reached for H, and CO, respectively. Thus, the
calorimetric technique presented here gives results
equivalent to those obtained using standard
calorimetric methods for samples that are not par-
ticularly sensitive to the trace components typically
present in high vacuum systems.

Nickel is a less-noble Group VIII metal com-
pared to platinum, and it is informative to compare
results obtained using the technique presented here
for a low-surface area nickel powder with data
collected under ultra-high vacuum conditions for
nickel single-crystal surfaces. In this respect, nickel
remains in the zero-valent state at room tempera-
ture for H,O/H, ratios up to ca. 10° [64]. Figure 5
shows microcalorimetric results collected according
to the procedures outlined in the present paper for
CO adsorption at 308 K on a reduced nickel powder
[65], as well as microcalorimetric data obtained
under ultra-high vacuum conditions by King and
co-workers [66] for CO adsorption at 300K on
Ni(100). The saturation coverage of CO on the
nickel powder (22 umol/g) has been normalized to
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unity to facilitate comparison with the results for the
Ni(100) surface. An initial heat of 120kJ/mol was
measured for CO adsorption on nickel powder, in
good agreement with the value 123 + 2kJ/mol re-
ported for Ni(100) [67]. These results show that a
clean, metallic nickel surface can be prepared and
maintained using the present calorimetric technique.

3.2. Nickel powders promoted with potassium and
cesium

Nickel catalysts often contain alkali metal addi-
tives that may neutralize the support acidity,
catalyze coke removal, and desensitize the catalysts
toward poisoning [68]. The present micro-
calorimetrictechnique has been used to study effects
of potassium and cesium addition to reduced nickel
powders. These alkali metals are very reactive with
oxygenated species such as dioxygen and water, and
studies of these systems should, therefore, provide
a sensitive test of surface cleanliness. In particular,
potassium and cesium remain in the zero-valent
state at room temperature in an atmosphere of H,
for H, O pressures lower than 10~ %% and 10 *° Pa,
respectively [64]. Microcalorimetric results for CO
adsorption at 308K on reduced nickel powders
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Fig. 5. Differential heat of CO adsorption at 308 K on nickel powder (@) [65]. Also shown are results for CO adsorption at 300K on
Ni(100) [66] (O). The CO coverage has been normalized with respect to the saturation coverage (22 umol/g) for comparison with the

single crystal results.
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Fig. 6. Differential heat of CO adsorption at 308§ K on nickel powder (@), potassium-promoted nickel (0 = 0.09-0.11) (O), and the
previous sample after exposure to air and and subsequent reduction in H, at 623 K (0, = 0.21) ([]). Potassium coverages were measured

by AES.

containing submonolayer amounts of potassium
are shown in Fig. 6 [65]. The addition of 9-11%
monolayer coverage of metallic potassium increases
the initial heat of CO adsorption from 120kJ/mol
for the clean nickel surface to 200 kJ/mol. This high
nitial heat of CO adsorption is in agreement with
the initial heat of 190 kJ/mol reported by King et al.
[69] for CO adsorption on Ni(100) containing 8%
monolayer coverage of metallic potassium. Expo-
sure of the metallic potassium-promoted nickel
powder to air, followed by reductionin H, at 623 K,
results in a decrease in the initial heat of CO adsorp-
tion from 200 to 160kJ/mol, indicating that the
potassium on this sample is probably in a partially
oxidized state, having a weaker promotional effect
on CO adsorption.

The addition of submonolayer amounts of cesium
to reduced nickel powders produced similar results
[65]. The addition of 60% monolayer coverage of
metallic cesium increases the initial heat of CO
adsorption from 120 to 205 kJ/mol, and the differen-
tial heat remains nearly constant at ca. 185kJ/mol
to a CO coverage of 13 umol/g. Oxidation of this
sample and subsequent reduction in H, at 623K,
decreases the initial heat of CO adsorption to
160kJ/mol and lowers the average differential heat
to ca. 145 k/mol.

These results show that the presence of metallic
potassium or cesium promote the adsorption of CO
on nickel by increasing the strength of CO adsorp-
tion, in agreement with ultrahigh vacuum micro-
calorimetric measurements of CO adsorption on
Ni(100) containing metallic potassium [66,69-72].
Exposure of these metallic alkali-containing
samples to air and subsequent reduction in hydro-
gen, weakens the promotional effects observed for
CO adsorption (i.e. the initial heats of CO adsorp-
tion are reduced by 40 kJ/mol), suggesting that it is
difficult to prepare nickel surfaces containing metal-
lic potassium or cesium by staring with alkali salts
followed by reduction in H, at 623 K. These results
provide strong evidence that the experimental tech-
niques employed in our study allow reduced alkali
metal additives on nickel to be maintained in the
zero-valent state during microcalorimetric studies
of CO adsorption.

3.3. Platinum catalysts promoted with
alkali metals

Supported platinum catalysts find numerous ap-
plications in hydrocarbon conversion reactions
[73]. For example, silica-supported Pt/Sn catalysts
can be used for the selective dehydrogenation of



50 B.E. Spiewak, J.A. Dumesic/Thermochimica Acta 290 (1996) 43-53

isobutane to isobutylene, an olefin used in the pro-
duction of oxygenated compounds (e.g. MTBE,
ETBE,TBA)required in reformulated gasoline [51].
The addition of potassium salts to these silica-
supported Pt/Sn catalysts, followed by treatment in
H, at 723 K, increases the rate of isobutane dehyd-
rogenation, enhances dehydrogenation selectivity,
and decreases the rate of catalyst deactivation [52].

The present microcalorimetric technique has
been used to study the effect of alkali metal promo-
ters on reduced platinum powders and silica-sup-
ported Pt and Pt/Sn isobutane dehydrogenation
catalysts [74]. Figure 7 shows the microcalorimet-
ric results for CO adsorption at 403K on reduced
platinum powders containing metallic rubidium
and cesium, The addition of 40% monolayer cover-
age of metallic rubidium increases the initial heat of
CO adsorption from 140 kJ/mol for the clean plati-
num surface to 160kJ/mol. The differential heat
remains constant at this value for the first 20 pmol/g
of CO coverage, and then decreases to 110kJ/mol,
where it remains until the sample becomes saturated
with CO at a coverage of ca. 120 pmol/g. Similarly,
the addition of 80% monolayer coverage of metallic
cesium to platinum powder increases the initial heat
of CO adsorption from 140 to 180kJ/mol. As with

metallic rubidium, the differential heat remains con-
stant at 180kJ/mol to a CO coverage of ca.
18 umol/g, and it then decreases to 115kJ/mol and
remains constant until a saturation CO coverage of
ca. 60 pmol/g. These results show that metallic ru-
bidium and cesium promote the adsorption of CO
on platinum by strengthening the Pt—CO bond and
by extending the CO adsorption capacity. The in-
crease in adsorption capacity can be attributed to
the formation of an alkali-CO complex on platinum
at 403K [74].

The differential heats of CO adsorption at 403 K
on silica-supported Pt/Sn isobutane dehydrogena-
tion catalysts containing alkali promoters, deposi-
ted from alkali salts followed by treatment in H, at
723K, were similar to the behavior of the corre-
sponding unpromoted catalysts [74]. For example,
the presence of sodium and cesium (1:3 atomic
Pt:alkali ratio) on a 2:1Pt/Sn/SiO, catalyst
(2.61 wt% platinum), had no effect on the initial heat
of CO adsorption; however, these additives resulted
in a significant reduction in the CO saturation
uptakes.

These results show that the alkali promoters are
not in the metallic state on these silica-supported
Pt/Sn isobutane dehydrogenation catalysts. The re-
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Fig. 7. Differential heat of CO adsorption at 403K on platinum powder (®), rubidium-promoted platinum (8, = 0.4) (A), and cesium-
promoted platinum (6., = 0.8) ((J). Alkali coverages were measured by AES.
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duction in the CO saturation coverage observed for
the alkali-promoted Pt/Sn/SiO, samples, suggests
that tin may anchor the alkali to the platinum
surface, blocking CO adsorption sites, which may in
part account for the observed promotional effects of
potassium on Pt/Sn/SiO, [52].

3.4. Reduced iron

Ammonia is produced from the reaction between
hydrogen and nitrogen over a reduced iron catalyst,
typically at 823K and 10 Mpa. The rate-determin-
ing step in the reaction is the dissociation of the
diatomic nitrogen molecule [75]. Alumina is typi-
cally added (1-10% wt% Al) to iron catalysts to
increase the available iron surface area, and subse-
quently, increase catalyst activity. The addition of
potassium (1-3wt% K) to these iron catalysts in-
creases catalytic activity per unit surface area [76—
78].

The present microcalorimetric technique has
been used to measure differential heats of N, ad-
sorption on reduced iron, to probe the iron-nitrogen
interaction and the effect of promoters [79]. It is
worthy to note that N, adsorption sites on metallic
iron surfaces have been shown to be blocked by
traces of oxygen-containing species [80], making
this system a sensitive test of the effectiveness of the
experimental procedures outlined in this paper.
Moreover, iron remains in the zero-valent state at
room temperature for H,O/H, ratios less than
10~ *[64]. Figure 8 shows the results for N, adsorp-
tion at 453 K on a reduced singly-promoted (Al, O,)
iron sample, provided by Haldor Topsee, Inc. The
initial heat of N, adsorption is ca. 200kJ/mol, and
the differential heat declines gradually with increas-
ing N, coverage until the surface becomes saturated
at a coverage of ca. 10 umol/g.

For the purpose of the present study, the most
important results from these studies of N, adsorp-
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Fig. 8. Differential heat of N, adsorption at 453K on singly-promoted (Al, O;) iron sample.
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tion on reduced iron is that the initial heat of N,
adsorption, near 200kJ/mol, is in excellent agree-
ment with estimates of the heats of N, dissociative
adsorption (205-222kJ/mol) on clean iron single
crystal surfaces [81-83]. This good agreement
again provides strong evidence that the experimen-
tal techniques employed in our study allow clean
metallic surfaces to be maintained during micro-
calorimetric adsorption studies.

4. Conclusions

Techniques were developed for measuring differ-
ential heats of adsorption on reactive catalyst surfa-
ces, using conventional heat-flux calorimetry. The
method involves preparing a sample ex-situ in ultra-
pure flowing gases, and then sealing the sample in
a capsule of Pyrex. Microcalorimetric cells, employ-
ing a bellows-sealed linear motion feedthrough, pro-
vide the means to break the sample capsule after the
sample and calorimetric cells have equilibrated
thermally in the calorimeter. In this manner the
clean sample is exposed rapidly to the adsorbing
gas, minimizing surface contamination by impuri-
ties typically found in high vacuum systems.

Differential heats of CO and H, adsorption at
403K on silica-supported Pt catalysts, obtained
using the present technique, were shown to be ident-
ical to the results obtained using standard
calorimetric procedures. Thus, the calorimetric
technique presented here gives results equivalent to
those obtained using standard calorimetric
methods for samples that are not particularly sensi-
tive to contamination by components typically
present in high vacuum systems. Differential heats
of CO adsorption at 308 K on reduced nickel pow-
der and on nickel surfaces containing sub-mono-
layer amounts of metallic potassium were shown to
be equal to results obtained from ultrahigh vacuum
microcalorimetric measurements of CO adsorption
at 300K on nickel single crystal surfaces. In addi-
tion, results of studies of N, adsorption on reduced
iron were shown to be in agreement with results
obtained in ultrahigh vacuum measurements. These
results, for catalyst systems that are very sensitive to
traces of oxygen-containing species, provide strong
evidence that the experimental techniques employed

in our study allow clean metallic surfaces to be main-
tained during microcalorimetric adsorption studies.
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