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A reliable method for adsorption systems in equilibrium is established to derive coverage-dependent kinetics
and thermodynamics from the volumetric data obtained during the static microcalorimetric measurement of
heats of adsorption. The Wigner-Polanyi equation is applied to analyze the pressure change as a function of
time during stepwise dosing of the adsorptive until thermodynamic adsorption-desorption equilibrium is
established. For carbon monoxide adsorption on a hydrogen-reduced Cu/ZnO/Al2O3 catalyst, the adsorption
rate constant (ka) is found to be in the range from 10-6 to 10-4 Pa-1 s-1, and the desorption rate constant (kd)
from 10-4 to 10-2 s-1, both increasing with fractional coverageθ. The kinetically derived equilibrium constant
K(θ) is in good agreement withK(θ) obtained from the adsorption isotherm.RT ln(Kp0) and the differential
heat of adsorption (qdiff) were found to decrease in parallel, reflecting a normal Temkin-type heterogeneity.

1. Introduction

The measurement of heats of adsorption by means of
microcalorimetry has been used extensively in heterogeneous
catalysis in the past few decades to gain more insight into the
nature of gas-surface interactions and the catalytic properties
of solid surfaces.1,2 The investigation of adsorption kinetics
during the calorimetric measurement has attracted interest since
the invention of the Tian-Calvet microcalorimeter,3 and numer-
ous studies were performed in flow adsorption calorimeters.4-7

The transfer technique developed by Spiewak and Dumesic8

allows one to obtain the heats of adsorption even on highly
reactive surfaces. In static adsorption microcalorimetry, small
doses of the adsorptive gas are subsequently admitted to the
adsorbent. The heat generated by adsorption is measured
calorimetrically, and the amount of adsorbed species is measured
volumetrically. The differential heat of adsorption (qdiff) is finally
obtained as the ratio of the integrated heat flux and the increase
in coverage. Because the adsorption process during each dose
can be modeled as a gas-surface reaction in a batch reactor,
additional information on the adsorption kinetics is accessible,
providing a more detailed description of the catalytically active
surface. Former studies that paid attention to the kinetics during
adsorption microcalorimetry were based on the thermokinetic
parameter derived from the shape of the heat flow peak recorded
by the Tian-Calvet microcalorimeter operating in the flow or
static mode.9,10 Because the shape of the heat flow signal is
influenced not only by the reaction on the surface but also by
the heat conductivity of the sample and the heat transport
properties of the calorimeter applied, it is difficult to unravel
the details of the adsorption kinetics in this way.

A direct method for studying the adsorption kinetics in detail
should focus on the coverage change of adsorbates with time
during each dose, which can be deduced from the change of
the adsorptive gas pressure. The kinetics of gas adsorption on

energetically homogeneous surfaces was established by Lang-
muir’s pioneering work and has been refined in recent years.11,12

The kinetics of adsorption on energetically heterogeneous
surfaces is much more complicated but can be studied in two
ways: first, the kinetic behavior of the heterogeneous surface
during a small increase of equilibrium coverage can be regarded
approximately as homogeneous. Thus, the Langmuir model is
still valid in each small interval; that is, the adsorption energy
of the whole surface is assumed to be equal toqdiff at any
corresponding coverage. In this way, the Temkin and Freundlich
isotherms can be obtained approximately from the linear
decrease ofqdiff versusθeq (equilibrium coverage) and the linear
relation ofqdiff versus ln(θeq), respectively.13 The second way
is to obtain the overall kinetics from the kinetics and energy
distribution of energetically different sites, which requires a more
advanced mathematical treatment.

There are several basic mechanistic interpretations of adsorp-
tion. The most commonly applied one is the absolute rate theory
(ART) based on the Wigner-Polanyi equation.14 Transition state
theory15 helped to improve the ART, which is, however,
irrelevant for our isothermal experiments. The statistical rate
theory of interfacial transport (SRTIT) was proposed by
Ward.16,17Rudzinski et al.18-20 used SRTITT to rationalize the
Temkin, Elovich, and Langmuir-Freundlich equations using
different energy distribution models within the “condensation
approximation”.

In the present contribution, the pressure of the adsorptive gas
was recorded digitally every second during the calorimetric
measurement, thus allowing us to monitor the kinetics of the
adsorption process with high temporal resolution. Five series
of measurements of the heat of adsorption of CO on a reduced
ternary Cu/ZnO/Al2O3 catalyst were performed at low pressure
(<100 Pa). To the best of our knowledge, this is the first
combined report on coverage-dependent kinetics derived from
the changes in pressure and on coverage-dependent thermody-
namics derived from the isotherm and the heat flows observed
during adsorption in a static Tian-Calvet microcalorimeter. We
focused on the overall kinetics and applied Langmuir’s model
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