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Surface acidity by positron annihilation lineshapes
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An alternative new method to measure the specific acidity of catalytic materials with large
internal surface areas by using positron annihilation spectroscopy was introduced. Results of
lineshape parameterevaluationsfrom two-dimensional angular correlation and Doppler broad-
ened annihilation radiation measurements for azeolite ZSM-5 were presented.
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1. Introduction

Industrial chemical processes often use catalytic materials which have large
internal surfaces to promote reaction rates. Zeolite catalysts in particular play vital
roles in many sectors of the chemical industry. ZSM-5, for example, is invaluable
in many large scale processes such as M-forming (increasing octane number in
gasoline), dewaxing, high yield ethylbenzene production and methanol conversion
to high grade gasoline, etc. [1].

The catalytic process is rather complicated. It involves many factors such as dif-
fusion and adsorption of reactants on the catalyst surface, and also desorption
and diffusion of products away from the surface. It is therefore conceivable that the
physical and chemical characteristics of the internal surface can critically affect
the activity and performance of a zeolite catalyst [2].

In the nowadays increasing public demand for improved air quality as enforced
by government regulations and industrial pressure to achieve better fuel efficiency,
the need to understand and to search for improved newer ways of characterizing the
internal surface of zeoliticmaterialshas becomeever more important and urgent.
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Conventional experimental methods for surface acidity evaluation include UV-
visible spectroscopy (Hammett-type measurements), study of thermal deposition
of salts, measurements of heat of interaction with bases, and measurements of rates
of model reactions, etc. While all these methods have been employed traditionally,
each one of them imposes certain limitations onits applicability. The Hammett-type
measurements are not usable for most practical purposes, because actual catalysts
for industrial applications are normally colored and opaque. The thermogravi-
metric and calorimetric techniques have not been able to distinguish the effects of
protonation of the base from the effects of other types of interaction of the base with
the catalyst. The method based on reaction kinetics requires a thorough knowledge
of the reaction mechanism itself, which is often based upon postulations. The chemi-
sorption method for determining the surface area and acidity of zeolites depends on
the type and properties of the molecules used. It often yields inconsistent results
and fails to provide a valid assessment on the activity of the zeolite. The application
of the C-13 NMR method for the measurement of protonation has a low sensitivity
and requires the use of concentration of base whose cancellation of the activity term
isnotusually known|[3].

In this report we present evidence, for the first time, of the direct correlation
between positron annihilation radiation lineshapes and surface acidity for the zeo-
lite catalysts ZSM-5. The results greatly enhance the potential of applying positron
annihilation spectroscopy (PAS) for surface studies.

2. Experimental

PAS has been acknowledged as an in situ microprobe for monitoring electronic
and defect properties of a great variety of materials [4]. Its application for studies of
catalytic materials has been, however, rather modest [5]. The method consists of
three techniques, i.e., positron annihilation lifetime (PAL), one- and two-dimen-
sional angular correlation of the annihilation radiation (1D- and 2D-ACAR), and
Doppler broadened annihilation radiation (DBAR) measurements [6].

PAL spectroscopy, which was almost exclusively employed for the characteriza-
tion of catalytic and porous materials by other researchers in their earlier investiga-
tions, often has complex multi-component structures for molecular substances [7—
11]. Its data acquisition is usually time consuming, and its analysis trying. We
report here results of 2D-ACAR and DBAR measurements and demonstrate their
utilities and effectiveness for surface characterization studies.

The annihilation gamma ray from solids has a wide Doppler broadened energy
distribution curve centered at 511 keV, which is measured by a high resolution Ge
detector system, and the angular correlation curve of the two emerging annihilation
gamma rays relates to the momentum distribution of the positron—electron pairs in
the sample. Some of the positronsimpregnatedin the target sample will form positro-
nium atoms (Ps). Gamma rays from the eventual collapse of positronium atoms
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have a much narrower energy and momentum distributions superimposing over
the regular wide Gaussian-shaped energy and momentum distribution curves and
thus contribute to the intensity of the central region of the total gamma ray spec-
trum. Consequently, any change in the positronium population in the sample will
induce a corresponding change in the over-all shape of the energy and momentum
curves that are monitored by using a lineshape parameter .S, which is defined as the
ratio of the area of the narrow central region of the distribution curve and the total
areaunder thecurve.

In porous materials such as zeolite catalysts, positrons emerging from the bulk
experience a negative work function at the surface and form positroniums only on
the near surfaces with a certain likelihood, not in the crystalline bulk [12]. The
population of the positronium atoms on the surface and hence the shape of the
energy or momentum distribution curve of the annihilation gammas is affected by
surface characteristics such as surface area and surface acidity. Positronium is
known to interact preferentially with Brensted acid sites [8], and its population has
been demonstrated to increase with the surface area [9].

As a common practice, radioisotope Na-22 with an activity of about 10 mCi
was used as the positron source in this experiment. The positrons with a continuous
energy distribution typical of a beta decay process penetrate different depths in
the specimen, and thus sample a variety of internal surfaces. Annihilation spectra
from 2D-ACAR measurements and from supplemental DBAR measurements (for
the purpose of comparison) were collected and displayed on multi-channel analy-
zers through conventional gamma spectrometer systems.

3. Results and discussion

Fig. 1 exhibits a typical 2D-ACAR spectrum of a ZSM-5 sample in ammonium
form. The central sharp peak evidenced the contribution from annihilations of
positronium atoms. A slice cut through the center of the 2D spectrum was used for
the evaluation of the lineshape parameter S which, throughout the experiment, is
defined as the ratio of the area within the central +/ — 7 channels and the area
within +/ — 100 channels for the 2D-ACAR spectrum, and +/ — 10 channels and
+/ — 100channels for the DBAR spectrum, which employs a simpler instrumenta-
tion but has a lesser resolution than the 2D-ACAR technique. Fig. 2 shows a ther-
mogravimetric analysis (TGA) of the NH4-ZSM-5. The rapid drop in the region
250-500°C has been identified to be due to the loss of NHj3 as a result of thermal
decomposition,

NH;-ZSM-5—H*-ZSM-5 + NHj .

The surfaces Brensted acidity of the sample therefore increases as more NHj is
released in this temperature region. The protonic acidity reduces positronium
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Fig. 1. A typical 2D-ACAR spectrum of a NH;-ZSM-5 sample and a cross sectional view through
the center of the spectrum. A small vertical bar indicates the range of data points used for evaluating
the lineshape parameter S.
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Fig. 2. A TGA versus temperature plot for the NHJ -ZSM-5 sample.
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population through oxidation of Ps atoms by protons [13] and thus diminishes the
value of the lineshape parameter S. Fig. 3 exhibits a plot of lineshape parameter .S
from 2D-ACAR measurements. Several data points from DBAR measurements
were also shown in the figure for the purpose of comparison and to illustrate the
consistency between the two methods. It clearly shows that there is a corresponding
rapid decrease of S values in the temperature region where the TGA values dimin-
ish. The correlation between surface acidity and parameter S is thus strongly
demonstrated.

Results of previous experiments have shown that the lineshape parameter S
increases with the surface area of the material [14]. Therefore, the S value is
expected to decrease as the specific acidity (protonic acidity per unit surface area)
of the sample increases. The surface areas of several NH;-ZSM-5 samples which
have been calcined at temperatures where TGA results indicate significant weight

losses have been determined by nitrogen absorption at liquid nitrogen temperature.
The results are contained in table 1.
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Fig. 3. A plot of lineshape parameters S from 2D-ACAR (open circles) and DBAR (solid circles,
scale not shown for clarity) versus temperature.
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Table 1
Temperature (°C) Surface area (m?/g)
250 458
300 453
325 432
340 444
375 420
500 430

The acidities of these samples which have been calcined in the 250-500°C region
were evaluated from the TGA measurements in terms of relative weight loss at
these temperatures with respect to that at 250°C. Fig. 4 presents the plot of the line-
shape parameter S versus the relative specific acidity (relative surface proton con-
centration denoted by H). It clearly demonstrates a linear correlation between the
H and S values.

In conclusion, we have presented ab initio results from 2D-ACAR and DBAR
measurements of a NHJ -ZSM-5 zeolite catalyst, and amply demonstrated the uti-
lity and effectiveness of using the simple lineshape parameter S to monitor the spe-
cific acidity of the zeolite. The findings presented here point out the fact that such
lineshape measurements of PAS can well be an effective in situ microprobe that
could have important practical applications in internal surface characterization of
zeolitic catalysts in general. It has demonstrated that the method is capable of
making crucial contribution to the understanding of the mechanism of catalytic
activity and performance.
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Fig. 4. A plot of S parameter versus relative specific acidity (H) for the NH} -ZSM-5 sample.
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