that produced by much wetter years pri-
or to 1970 suggests that the general re-
cent tendency of increased high water
levels is largely independent of precipi-
tation and thus is more likely related to
the changes in drainage and runoff asso-
ciated with deforestation.

Thus, the irreversible changes in Ama-
zonian water balance predicted by Sioli
(I2) seem already to have begun. In-
creased settlement in upper Amazonia,
where richer soils lessen the agricultural
constraints imposed on much of central
and lower Amazonia, could result in in-
creased annual flooding and economic
and ecological damage thousands of kilo-
meters away in central and lower Ama-
zonia. Since most of Amazonia’s popu-
lation and agriculture are concentrated
along the seasonally flooded strip imme-
diately adjacent to the main river, the
magnitude of the damage is potentially
great.

According to current predictions,
present rates of forest destruction will
result in elimination of tropical rainforest
from the face of the earth not long after
the turn of the century (3, 18). However,
most of the Amazonian rain forest re-
mains uncut at this moment. The rapidity
with which relatively limited forest de-
struction appears already to have altered
the Amazonian water balance, suggests
the need for planned development that
takes into account this delicate ecologi-
cal balance.

A. H. GENTRY
Missouri Botanical Garden,
Post Office Box 299, St. Louis 63166
J. LoPEZ-PARODI
Proyecto PARI Jenaro Herrera,
Iquitos, Peru
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Chemical Species in Fly Ash from Coal-Burning Power Plants

Abstract. Fly ash specimens from four power plants in the Tennessee Valley Au-
thority system have been separated into three matrices: glass, mullite-quartz, and
magnetic spinel. Chemical species of trace elements are defined to a large extent by
the matrices that contain them. The magnetic component of fly ash is ferrite. The
mullite-quartz phase is relatively pure and can be recovered as a resource.

We have studied fly ash specimens
from the Kingston, Bull Run, John-
sonville, and Paradise plants in the Ten-
nessee Valley Authority system. Speci-
mens were taken from electrostatic pre-
cipitators and cyclone devices. Firing
characteristics and coal sources have
been described (I, 2). Each of the ash-
es was size-fractioned and magnetical-
ly separated. Aluminosilicate materials

were sintered to the magnetic particles, .

which prevented a complete separation
by physical means. The magnetic frac-
tions were then treated with concen-
trated HCI, which dissolved most of the
iron-containing spinels and oxides, leav-
ing the aluminosilicate materials as resi-
due. Glass phases were removed from
the nonmagnetic phases by etching in 1
percent HF. This separation is believed
to be effected by differences in dis-
solution rates; the glass phases dissolve
rapidly, whereas the crystalline mullite
and quartz react much more slowly. A
weight loss curve showing the kinetics of
the glass removal is discussed in (2). The
residue that remained consisted of mul-
lite and quartz skeletons of the original
particles. Thus we have separated each
of the fly ash specimens into its three
main matrices: glass, mullite-quartz, and
magnetic spinel. These have been indi-
vidually characterized and analyzed for
trace element distributions (Table 1). Be-
cause of space limitations, only the re-
sults for the Bull Run plant are given
here. Compositions for the other three
plants were very similar.
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Before discussing the trace element
distributions, let us consider the nature
of the matrices that contained them. If
we represent the glass phases as
(Si0y), - (R203),, where R is Al or Fe,
we find from Table 1 that x/y = 11/2 for
the Bull Run ash. For the other three
ashes, x/y varied between 9/2 and 14/2.
Figure 1 shows scanning electron micro-
graphs of the mullite and quartz phases
left after the glasses had been extracted
with 1 percent HF. Clusters of acicular
mullite crystallites are shown in Fig. 1, a,
b, and c. Their spherical symmetries re-
flect the original shapes of the ash parti-
cles before etching. The glass phases
that were removed occupied interstitial
positions between the needle crystal-
lites. Figure 1d shows a quartz skeleton
remaining after the glass phases have
been etched away. The identities of the
particles in Fig. 1 have been established
by means of x-ray fluorescence induced
by the beam of the scanning electron mi-
croscope and by x-ray diffraction. Ana-
lytical results for individual acicular mul-
lite crystals varied by as much as 20 per-
cent for the four ashes studied, but the
compositions were approximately that of
the natural mineral, 3(AlO3) - 2(SiOy).
Quartz phases such as that in Fig. 1d
contained Al concentrations ranging be-
tween 2 and 10 percent (by weight).
Table 1 shows that the magnetic material
extracted by HCI contained an appre-
ciable amount of Al and Fe. We take this
to mean that the magnetic spinel material
in fly ash is ferrite, rather than magnet-
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ite, as commonly reported. The compo-
sition of this ferrite material is approxi-
mately Fe,.3Al,.;0,. X-ray diffraction
patterns of the magnetic fractions of the
fly ash specimens showed the same sym-
metry as that of Fe;O,, but the lattice
constants were too small (2) to be ac-
counted for by this compound. If we as-
sume that Al is isSomorphically substi-
tuted for Fe, the shrinkage of the lat-
tice can be explained. X-ray diffraction
patterns showed that crystalline Al,O;
was not present in either the magnetic or
the nonmagnetic phase. Small amounts
(10 percent) of a-Fe,O3 were found in the
magnetic phases.

The data in Table 1 show preferential
distributions in trace element contents
for the three matrices. If we compare the
two nonmagnetic components, we can
see that the alkali, rare-earth, and many
transition elements are more concen-
trated in the glass phase than in the
mullite-quartz phase. The only elements
consistently more concentrated in the
mullite-quartz phase than in the glass
phase for all ashes studied were Cr and
Ga; V was distributed equally between
these two phases. The data show that,
with the exception of Mg and Ca,
all monovalent and divalent metals are
more concentrated in the glass. The Mg
and Ca vagaries in the mullite phase are
artifacts of the HF extraction process
(2). The first-row transition elements—
V, Cr, Mn, Co, Ni, Zn, and Cu—are
more concentrated in the magnetic
phase. The high concentrations of Na,
K, and Rb in the HCl-extracted magnetic
phases may be due to their presence as
soluble silicates. Trace element distribu-
tions, as well as the compositions of the
matrix materials, were qualitatively the
same for all four ashes. This result sug-
gests that the structure of fly ash and the
species of its elements are independent
of coal source and firing conditions. We
hesitate to make the generalization for all
ashes, especially since we have not stud-
ied those of western U.S. coals, but for
eastern Tennessee and western Ken-
tucky sources burned in conventional
steam plants it seems to be true.

The data in Table 1 are in support of
our thesis that chemical species of trace
elements are defined by the matrices in
which they are dissolved. Since most of
the trace elements of high concentration
in the mullite-quartz phase have va-
lences of either +3 or +4, they are prob-
ably contained in the mullite crystalline
lattice as isomorphic substitutions for Al
and Si. Their ionic radii are sufficiently
small to allow this. In the magnetic
phase, the elements V, Cr, Mn, Co, Ni,
and Zn are probably in the form of sub-
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stituted spinels, Fe; - ;M O,. Perhaps
La and Ce are also incorporated in this
way. In nonmagnetic aluminosilicate
components, the glass phases contain
most of the potentially toxic trace ele-
ments.

From our results we derive con-
clusions pertaining to three aspects of fly
ash: (i) the mechanism of formation, (ii)
long-term leaching behavior, and (iii) re-
source recovery. By examining micro-
structures and measuring element distri-

Table 1. Element distributions (in parts per million) in the 100- to 200-u«m fraction of Bull Run

fly ash.
Magnetic Magnetic
Ele- Mullite- spinel Ele- Mullite- spinel
ment Glass quartz (HCL-ex- ment Glass quartz  (HCL-ex-
tracted) tracted)
Al 87,200 204,000 86,600 Ga 0 12 0
Fe 19,600 3,400 605,000 As 42 2 0
Si 343,000 287,000 Se 54 7 38
Na 1,710 256 2,080 Mo 0 3 0
K 25,000 5,270 3,590 Cd 0.32 0.27 1.2
Rb 532 12 229 Hf 6 3 0
Cs 0 0 0 Ta 3 1 0
Mg 10,400 15,500 0 w 4 1 0
Ca 0 0 Hg 8 1 0
Sr 798 174 0 Pb 35 2
Ba 319 69 0 La 61 0 14
Sc 31 7 15 Ce 119 6 141
Ti 10,900 4,630 0 Sm 0 0 0
A% 176 127 150 Eu 2 0 1
Cr 169 311 1,380 Tb 5 0 0
Mn 87 9 1,040 Dy 10 0 0
Co 25 2 251 Yb 4 0 0
Ni 174 78 2,270 Th 5 0 5
Cu 144 17 496 8] 13 1 4
Zn 209 17 382

Fig. 1. Skeletons of fly ash particles remaining after etching in 1 percent HF: (a, b, and ¢) clus-
ters of acicular mullite crystals; (d) a quartz particle. Each scale bar is 2 um.
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bution patterns, we find that the qualita-
tive nature of fly ash as independent of
coal source and firing conditions. This
suggests that the ashes are in near-equi-
librium states rather than as frozen tran-
sients. Growth of the mullite crystallites
occurs over several micrometers (Fig.
1). This means that there was time for
the trace elements to be frozen out and
concentrated in the glass phases. Per-
haps the segregation of trace elements at
fly ash surfaces, reported by Linton et
al. (3) and Smith et al. @), occurs by
transport from the inside of the particle
as well as by condensation from the va-
por phase. The Gibbs adsorption iso-
therm states that the surface free energy
of liquids decreases when solutes mi-
grate to the surface. Long-term leaching
behavior occurs primarily in glass and
magnetic spinel matrices. It appears to
us that, if the magnetic phases are re-
moved from fly ash specimens before
they are buried, the amount of leaching
and runoff from first-row transition ele-
ments would diminish. Pollution from Cr
and Ni should be especially reduced.
The Cr in the nonmagnetic phase is
trapped in the mullite lattice that should

be more inert to breakdown. It appears
to us that the mullite and quartz present
in fly ash may be a valuable resource. As
much as 30 percent of the nonmagnetic
fraction is in this form. Mullite is a wide-
ly marketed refractory ceramic used for
making china, electrical insulators, and
high-temperature devices. Mullite is
presently made by the mining and firing
of kaolinite, which is an energy-intensive
process. Perhaps the chemical refine-
ment of mullite and quartz already pres-
ent in fly ash has economic merit.

L. D. HULETT, JR., A. J. WEINBERGER
K. J. NORTHCUTT, MARIAN FERGUSON
Oak Ridge National Laboratory,
Oak Ridge, Tennessee 37830
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Resonance Raman Effect of Carbonyl Group as a

Probe of Its w-Electron State

Abstract. By examining the occurrence or absence of a resonance Raman effect
for a carbonyl bond-stretching vibration, one can achieve a unique characterization
of the carbonyl m-electrons. It can be concluded, for example, that the carbonyl -
electrons of nicotinamide do not migrate into the ring m-electron orbitals responsible
for the 265-nanometer band, whereas those of dihydronicotinamide do migrate into
orbitals responsible for the 340-nanometer band.

The Raman line caused by a carbonyl
stretching vibration is often strong and is
usually identified with high reliability,
even in a complex compound such as a
nucleic acid, a coenzyme, or an antibiot-
ic. The question may be raised, Under
what condition is a carbonyl stretching
vibration involved in a resonance Raman
effect? As an answer we suggest a simple
rule: A carbonyl stretching vibration will
show greatly enhanced intensity in a res-
onance Raman spectrum from a given
excited electronic state if the state is a
ro* transition of a conjugated double-
bond system and if the carbonyl bond in
question is involved in the conjugated
system.

This rule is an extension of one pub-
lished by Hirakawa and Tsuboi (1),
which stated that, if there is a change in
the molecular geometry in the excited
electronic state that mirrors a normal
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mode of the ground-state molecule, then
that normal mode will be active in the
resonance Raman spectrum. In the pres-
ent case, if the m-electrons in the carbon-
yl bond are involved in the electronic
transition, there will be a decrease in the
bond order of the carbonyl bond and
consequently a lengthening of that bond.
We will review experimental evidence
for the rule and give some examples to
show how it is useful in the present, less
general form.

Our experimental results are summa-
rized in Table 1. A resonance Raman ef-
fect is most reliably detected by exami-
nation of a Raman excitation profile. If,
in a curve of the intensity /; of a Raman
line j plotted against the excitation
wavelength Aex, a peak appears in an ab-
sorption band N < X, it is concluded
that j is in resonance with N < X. The
same conclusion is often drawn merely

0036-8075/80/1219-1358$00.50/0 Copyright © 1980 AAAS

by observing a well-defined Raman line
with an excitation wavelength in the
N < X band. If the molar extinction co-
efficient for Aey is 10® to 10%, the sample
concentration (in an aqueous solution,
for example) for the Raman scattering
measurement is usually 1072 to 1074M.
The fact that a distinct Raman line is ob-
served for such a dilute sample solution
is taken as an evidence of the resonance
Raman effect.

In acrolein (1), the Raman scattering
intensity of the C=0 stretching vibration
at 1693 cm™ increases monotonously on
changing Ay from 363.8 to 290 nm. It is
concluded that the C=0 Raman line is
not in resonance with the 340-nm band
[n7r* transition of the O=C-C=C system
()], but it probably is in resonance with
the 197-nm band (7#7* transition). The
250-nm band of thiourea (2) is essentially
the longest wavelength 77* transition
3), and the C=S stretching Raman line
is in resonance with this band «). The
uracil residue (3) has two C=0 stretch-
ing vibrations. The 1720-cm™! line
(C%*=0) is not in resonance with the 260-
nm band, whereas the 1680-cm™! line
(C*=0) is in resonance (5). The electrons
associated with the 260-nm band (77*)
are known to be localized in the O=C*-
C5=CS part of the molecule, and the

2=0 bond is not considered to be in-
volved in the conjugated double-bond
system (6, 7). These observations are
considered to form evidence for the rule
stated above. This interpretation is sup-
ported by the fact that the 4-thiouracil
residue (4) has a C=0 stretching vibra-
tion (1700 cm™) that is not in resonance
with its 333-nm band, whereas the 2-
thiouracil residue (5) has a C=0 Raman
line (1690 cm™!) that is in resonance with
its 300-nm band.

u \N/
P |
¢ C
| m‘/ 7
PN \
1 2
[o) o
Ny |
R
\
/ck1/5c\ ck&/s ~ /CK,{,/BC\
o | |
R R R
3 4 5

The rule can be used to judge whether
a particular carbonyl group is involved in
a conjugated double-bond system. Even
when a C=0 bond appears, from the
structural formula, to be conjugated with
a C=C (or C=N) bond, the m-electrons
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