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ABSTHACT

We have studied the local structure around the Cu ion in a CuO/Al, O, sorbent using
X-ray absorption (XAS) . This sorbent is commercially used for the removal of sulfur dioxide
from flue gases. Pure oxides of CuO and Cu,O were also studied as a function of
temperature and in the presence of flue gases. The pure oxides were used as standards.
The XANES and EXAFS spectra for the sorbent in nitrogen gas at the same temperatures
did not show any significant changes. By contrast, we observed the appearance of a new
near edge feature in the XANES spectra of the sorbent in the presence of flue gases. A

strong peak appears at an energy characteristic of monovalent copper. The amount of Cu*
reaches a maximum at about 200C and then decreases at higher temperatures. It is noted
that the EXAFS spectra do not show any significant change in the nearest neighbors
distance during reaction with the flue gases.

INTRODUCTION

The removal of sulfur dioxide from the coal flue gases is one of the major tasks in the
electrical power industry. The deleterious effect of the pollutants resulting from the
combustion of coal is a great concern in contemporary society. A common industrial practice
is the use of a sorbent for the capture of the flue gas pollutants [1,2]. Copper oxide
supported on alumina is commonly used as a commercial sorbent. This sorbent is used to
remove SO, from the coal flue gases. Our major interest in this study is to investigate the Cu
local environment in the presence of the flue gases. It is important to understand the
undergoing processes in order to facilitate a most efficient use of the sorbent. The chemical
environment at the transition metal site can be better studied using XAS , because of the
penetration capabilities of X-ray in-situ studies become possible. X-ray Absorption Fine
Structure (EXAFS) and X-ray Absorption Near Edge Structure (XANES) have been used in
recent years to study local structures [3,4,5]). We report here a series of in situ EXAFS and
XANES measurements of a CuO/Al,O, sorbent and model compounds. We investigated the
evolution of the structure at the Cu site as a function of temperature in the presence or
absence of flue gases. In the following paragraphs we describe the methodology employed
and summarize the results of our measurements.

EXPERIMENTAL
The measurements were carried out at beamline X-18B at the National Synchrotron
Light Source. The beamline is- equipped with a double crystal monochromator. The two

crystal monochromator has the advantage that the exit beam path is fixed [6). Two ion
chambers are used to measure the incident and transmitted beam intensities. They were
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filled with 30 KPa of Ar. A third ion chamber is placed at the end of the second ion chamber
with a thin Cu foil to obtain accurate energy calibrations. The data collecting procedure is
automatic and controlled by a PDP 11/24 computer. The energy range covered in these
measurements was 200 eV below and 1200 eV above the Cu K-edge (E=8.979 KeV). The
experimental setup is schematically shown in Fig. 1. The sample chamber has two windows
sealed with thin Capton films to let the X-ray beam go through. The flue gas passes though
the sorbent in the chamber. A Chromel/Alumel thermocouple is attached to the sample
holder for temperature monitoring. A variable transformer and a temperature controller are
used for setting up the desired sorbent temperature. The coal is burned in a separate
combustion chamber. It has an inlet for air and an outlet for the flue gas. A thermocouple is
used here to measure the combustion temperature. We burned a West Virginia Blacksville
#2 coal. This coal sample has 3.4% by weight of total sulfur (organic and inorganic). The
sorbent sample used in this measurement is CuO/Al,O5. The fresh sample is in the form of
small sphere of 2mm in diameter. The sample is made into powder right before the
measurement and put into the sample cell. The sample cell is a 0.5mm aluminum plate with
a 5Smmx15mm hole in the center. The powder is sandwiched between two thin aluminum
foils. On the aluminum foils a matrix of tiny pinholes are punched to allow the flue gases to
go through the sorbent. Careful measurements on the effects of the aluminum foils were
conducted before we began collecting data. It is found out that the aluminum foil we used
here does not have side effects to the XANES. However, it contains a very small amount of
zinc impurities which can be seen on the EXAFS spectrum 680 eV above the Cu K-edge. In
figure 2 we show the raw EXAFS data for the sorbent at room temperature. The
measurements were performed from room temperature to 400C. The sample were
measured in nitrogen gas flow and in the presence of flue gases. The measurements were
repeated several times in order to evaluate their reproducibility. The same set of
measurements were performed using model compounds, pure copper oxides (Cu,O and
Cu0) and CuSO, and is shown in Fig. 3. The data was analyzed using the conventional
methods described in the literatures [3,4].

RESULTS AND DISCUSSION

We choose the maximum of the 1st derivative of Cu metal foil at the K absorption
edge as E,. All the energy values are given with respect to this E;. The most prominent
energy peaks of the samples are given in Table 1. The XANES of the copper compounds
consists two parts: (1) the discrete part below the continuum threshold, where the weak
features are usually called pre-edge peaks, due to transitions to unoccupied bound
antibonding orbitals and (2) the continuum part where the peaks are due to multiple-
scattering of the photoelectron, which are sensitive to both coordination geometry and
interatomic distances [4,7,8,9]. The K-edge XANES of Cu primarily represents electric
dipole transitions (E1) from the 1s core level to final states with nonzero np components,
which are governed by the electronic structure of the material [8,9,10]. Peak P corresponds
to the 1s --> 3d transition and peak A corresponding to the 1s --> 4p transition. The absence
of peak P for Cu metal and Cu,O is attributed absence of vacancies in the 3d orbitals.

The XANES spectra and its. 1st derivative for the sorbent at various temperatures
before reaction with flue gases are shown in Fig. 4. There is no noticeable change when the
temperature is raised to 300C from RT and then back to RT. Comparing the peak positions
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with that of the CuO standard, the first major peak A shifts from 5.0 eV to 6.0 eV, the second
one, B at 12.0 eV does n6 change and the third peak C at 17.5 eV does not exist. The
EXAFS of the sorbent is significantly different from that of the CuO standard. We identify the
first shell as due to Cu-O bond. The higher order shells ( 2nd, 3rd and 4th ) are not clearly
seen in the Fourier transform of the k3X(k) ( Fig. 5 ). This makes us believe that the CuQ in
the sorbent is in highly dispersed form, very small clusters. The Cu-O interatomic distance is
almost the same as that in bulk CuO. The magnitude of the Fourier transform of the 1st shell
decreases with temperature (Fig. 6 ). This is understood to be related to thermal effects on
the interatomic vibrations.

The most significant change happens when the sorbent is exposed to the flue gases

(Fig. 7). A peak S at 1.5 eV characteristic of Cu* begins to appear. It reaches a maximum at
about 200C. This feature disappears when the sample is returned to RT. For temperatures
in excess of 300C there is a remnant small peak at about 1.5 eV. The remaining XANES
features are the same as those before reaction with the flue gases. The new peak indicates
that Cut is formed during the SO, removal process. 200C seems to be an optimal
temperature for the formation of this intermediate species. At this stage the reaction product
is unlikely to be CuSO,. The XANES spectrum of CuSQ, is different from the sorbent. We
suggest that the following process is taking place,

CuO + SO, == CuSO, (200C).

The SO, molecules are chemically absorbed by the CuO clusters. The Cu is in a mixed

state of Cu*+ and Cu*. The EXAFS amplitudes also have a consistent change. It decreases
with the increasing temperature until 200C then increases at higher temperature { Fig. 6 ).
The magnitude also recovers at RT after the reaction. Table 2 shows the ratio of the oxygen
coordination number surrounding Cu ion, Ncuo/Nsorbent, and the deviation of the sorbent
Debye-Waller factor from that of CuO. This gives us information on how the average oxygen
coordination number around the Cu ion changes with temperature. The average oxygen
coordination number for the sorbent becomes minimum at 200C. Our XANES

measurements show strong evidence of mixed charge states ( Cu** and Cut).
CONCLUSIONS

We have measured XANES and EXAFS spectra of a commercial sorbent
(CuO/AlO,) used for the removal ot SO, from coal flue gases. The studies shows that CuO

in the sorbent is in the form of very small disordered clusters. The sorbent is thermally stable
from RT to 400C in the nitrogen atmosphere. We observed a partial transtormation of Cu*+

to Cu* at 200C This happens only when the flue gases are present. The observed
transformation is reversible if the temperature of the sorbent does not exceed 300C. Our
result suggests that at 200C optimum conditions exist for the formation of this intermediate
species.
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Table | Characteristic Energtes of the XANES  (Unit 15 1nev)

P A B C D
Cu —_ 0.0 6.0 1o 220
Cu20 —_ 15 6.0 —_ —_
Cuo ~1.5 5.0 12.0- 175 —_
R CuS04 -25 90 145 - —
~
Sorbent -3s 60 120 —_ —_

Table1. Characteristic XANES energies for the samples in this experiment.

Table 2

Temp NCwo/NSorbent apw {A)

RT 062 0.058

Sorbent 100C 0.59 0.060

200C 068 0062

only 300C 0.68 0067

RT 0.62 0058

RT 0.72 0.063

Sorbent 100C 082 0.065

200C 089 Q064

Flue Gas 300C 0.77 0064

RT 070 0061

Table 2. The ratio of the average oxygen coordination number surrounding the Cu ion,
Ncuo/Nsorbent, and the deviation of the Debye-Waller factor from that ot CuO. ADW,
obtained by the ratio method of EXAFS.
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Fig. 1. Schematic drawing of the experimental setup inside the experiment hutch.
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Fig. 2. a. EXAFS of the Sorbent at RT before the reaction.

b. X{k) after the EXAFS background subtraction and step height normalization.
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Fig. 3. XANES and 1st derivatives of pure Cu,0, CuO and CuSO,.
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Fig. 4. XANES and 1st derivatives of the Sorbent at various temperatures under the N2
environment.
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Fig. 5. Fourier transforms of the k3X(k) for the pure CuO and the sorbent at RT.
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Fig. 6. Comparison of the 1st shell magnitude changes with the temperature for the

sorbent with and without the flue gases.
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Fig. 7. XANES and 1st derivatives of the Sorbent at various temperatures in the

presence of flue gases.
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