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Surface Area Measurement
from Temperature-Programmed Desorption Data

1. Background

Temperature-programmed desorption (TPD) experiments offer a means of obtaining quantitative
information about the metallic surface area of supported metal catalysts along with a qualitative
measure of the variation in strength of adsorption for different sites on the surface.”’ The method
makes use of a detector calibrated to quantify the number of chemisorbed molecules desorbing from
the metal catalyst surface into an inert gas stream as the temperature of the catalyst surface is raised
in a linear fashion. The overall TPD scheme with H, as an example is shown in Figure 1.

Catalyst as received Pretreatment

S 6 gaS”/oo = =4

l Hydrogen adsorption, RT

|_| |_| Inert gas g H H
flush, RT

H, desorption underl

inert gas flow, T T g Strongly
% bound H
H H H /H 5 Weakly \ Temp. final
/ E‘ bound H
S P L = _ e \
| s
a
c
o0
()
T Temp. initial
Time

Figure 1: Schematic of H> temperature programmed desorption on support metal catalyst, metal catalyst sites shown as green circles

2. TPD Methods

The area under this signal vs time curve is related to the number of molecules chemisorbed on the
catalyst surface. We derive this signal by calibrating the detector for the chemisorbing gas. The
detector signal is calibrated by sending a controlled volume pulse of the chemisorbing gas into an inert
stream which flows into the detector. This is accomplished using a GC valve equipped with a calibrated
GC loop, shown in Figure 2. From this we can determine that a detector signal of X counts corresponds
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Figure 2: Schematic of uptake calibration for TPD experiment equipped with a GC loop

to volume Y of chemisorbing gas. This gas volume is in turn converted to micromoles using the ideal
gas law.

3. Calculating Metal Surface Area from TPD Data

Using this calibration, detector signal for a TPD experiment can be obtained in terms of "gas uptake"
by the catalyst in micromoles/gram catalyst. Several pieces of information must be known before we
can make use of this number:

v" What is the metal weight loading (or weight percent) of the metal catalyst in the total material?
v' What is the molecular weight of the metal?

v' What is the stoichiometric factor (SF) of the chemisorbing molecule on the metal in question?
The SF is defined as the number of adsorbed species per the number of binding sites. For example,

the SF of CO can be 1 (linear adsorption, one CO molecule on one binding site) or 0.5 (bridging
adsorption, one CO molecule on two binding sites).

-6
) ) Gas Uptake (%al) X (%) x Stoichiometric Factor (SF) x Molecular Weight (%) - (1)
. . _ «
ispersion (%) Metal Loading (wt%) "

With this information, we can calculate the dispersion (D) of the supported metal catalyst, which is
shown in Eqn. 1. The dispersion is also defined as the number of surface metal atoms divided by the
total number of metal atoms. A catalyst with 100% dispersion has every metal atom available for
chemisorptive bonding. A lower value of dispersion means that some of the metal sites are not
exposed to the chemisorbing molecules in the gas phase, such as metal atoms below the surface layer
or agglomerated in a metal crystallite.?) Intuitively, a higher value of dispersion means more efficient
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use of the metal in a catalytic reaction.

This dispersion parameter may be converted to a more accessible and accepted physical parameter,
the metal crystallite size, but first an assumption about the crystallite shape must be made. The most
common assumed shape is a sphere with volume V = (1/6)d® and surface area A = nd2. When we
divide the volume of the sphere by its surface area, we obtain an expression containing the
characteristic dimension of the crystallite, the diameter d:

4 d
A (2)
A 6

Some physical information about the metal in question is then required:

v" What is the surface area of a single metal atom?

From this we can calculate the maximum surface area possible on a per gram metal basis. This
quantity is called S,.

When we multiply this quantity by the dispersion which we measured in Eqn. 1, we obtain the
specific surface area (Asp) of our sample:

Agp =S4 XD (3)
v' What is the density of the metal?

The inverse of the density gives us the specific volume of the metal, V,. We can divide the specific
volume of the metal sample by its specific surface area and set this quantity equal to V/A for the

crystallite:
Ysp _V (4)
Agp A
Setting these two quantities equal gives:
d 1
6 pXSyxD ©)
and therefore, the diameter of the metal crystallite is given by:
6
(6)

dszSgXD

133 East Main Street, Twin Lakes, WI 53181+ 262-877-3600 (Voice) « 262-877-3699 (Fax)

Email: sales@ami-instruments.com
Visit our Website: Www.ami-instruments.com



mailto:sales@ami-instruments.com
http://www.ami-instruments.com/

°
ADVANCED
MEASUREMENT
(] INSTRUMENTS ..

Metal :'f;‘;'?;';};;::‘:g Density (g metal/cm?)
Pt 235 21.4
Pd 432 12.0
Rh 445 12.4
Ir 239 22.5
Ru 453 12.2
Os 242 22.5
Fe 700 7.9
Co 654 8.9
Ni 667 8.9

Table 1: Maximum surface area and density values for common metal catalysts

Table 1 lists maximum theoretical surface areas of transition metal crystallites calculated based on
crystallographic parameters and surface atom density.® For a supported Ni catalyst with a
dispersion of 33% (D = 0.33) determined by Eqn. 1, the average crystallite diameter is calculated by
plugging p, S¢, and D into Eqn. 6.

The density of Ni (p) is 8.9 g/cm3 from Table 1, converting from cm3 to Az gives:

_89g ( cm )3 89 x 107y

p= 1084/ A @

cm3 A3

The maximum surface area of Ni (Sy) is 667 m?/g from Table 1, converting from m? to A2 gives:

667m? (10 A\’ 667 x 1022 A2
Sy = X = (8)
g m g
Now plugging the values of p and S into Eqn. 6 gives:
6 x A3 x
g 9

d = :
(8.9 x 1072* g) x (6.67 x 1022 A?) x 0.33
Therefore, d = 31 A.

Conducting TPD experiments with various metals can show the relationship between the dispersion
and the crystallite size of common metal catalysts on support oxides, and this relationship is shown
in Figure 3.%%
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Figure 3: Logarithmic representation of the relationship between metal dispersion and crystallite sizes for Pt (red), Rh (blue), and Ni (black)

4. Conclusions

The approaches shown above
illustrate the possibilities of
TPD analysis and their
relevance for analyzing active
surface areas for supported
transition metal-based
catalysts. gives operators and
scientists a possibility to
evaluate the dispersion of
these metal centers and their
respective accessible surface
for chemical processes. The
AMI 300 and AMI 400 series
of chemisorption analyzers
are excellent options for this
technique, offering precise
temperature control and

metals on solid substrates

v AMI’s flagship model offering fully
automated static and dynamic
chemisorption in a customizable
instrument

v Precision gas control with independent
mass flow controllers for blending

v Double thermocouple design for
precise temperature measurement

v'Variety of sample holders supporting:
v Powders
v Pellets
v Extrudates
v/ Honeycomb cores

M
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AMI 300

v AMI’s latest generation of fully
automated and customizable
chemisorption analyzers

v Automatic, intelligent gas interface
v Software automatically selects appropriate
gas for every step

v Precision gas control with
independent mass flow controllers for
blending

v Triple thermocouple design for
enhanced control and safety

‘m

AMI 400

highly accurate gas sensors. AMI
chemisorption analyzers are

also customizable, making them
ideal for combination with external gas analysis instruments.

Figure 4: Highlighted features of AMI 300 and AMI 400 chemisorption analyzers

133 East Main Street, Twin Lakes, WI 53181+ 262-877-3600 (Voice) « 262-877-3699 (Fax)

Email: sales@ami-instruments.com
Visit our Website: Www.ami-instruments.com



mailto:sales@ami-instruments.com
http://www.ami-instruments.com/

°
ADVANCED
MEASUREMENT
° INSTRUMENTS ..

5. References

(1) Veli, S. and Gangwal, S. K. Synthesis of alumina supported nickel nanoparticle catalysts and
evaluation of nickel metal dispersions by temperature programmed desorption. Solid State lonics,
2006, 177, 803-811.

(2) Bergeret, G. and Gallezot, P. Particle Size and Dispersion Measurements. Handbook of Heterogeneous
Catalysis, 2" ed., Wiley-VCH, 2008, pp.738-765.

(3) Gregg, S. J. and Sing, K. S. W. Adsorption, Surface Area and Porosity;, 2™ ed.; Academic Press Inc.,
1982.

(4) Borodzinski, A. and Bonarowska, M. Relationship between crystallite size and dispersion on
supported metal catalysts. Langmuir, 1997, 13, 5613-5620.

133 East Main Street, Twin Lakes, WI 53181+ 262-877-3600 (Voice) « 262-877-3699 (Fax)

Email: sales@ami-instruments.com
Visit our Website: Www.ami-instruments.com



mailto:sales@ami-instruments.com
http://www.ami-instruments.com/

