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The ESR spectra of a number of samples of B- and y-alumina have been studied 
after a variety of pretrr:ltmcnts. d triplet in the q~cc~trum of some rommcrcial 
aluminas has been identified as SO? strongly bound to the alumina. The triplet can 
also br’ grneratrd by tr?atmrnt, with HNO, of alumina not initinllr showing the 
triplet, or by decomposition of Al(h’O,),.9H,O. Treatment with D,O at 550°C dots 
not affcc% the triplrt. Treatment with Hz at 550°C converts the t,riplet to an intensr 
singlet. Reoxidation regenerntcs the triplet. though with rrdurcd intcxnsitv. The SO, 
is prohahly reduced l,- H? to SO, whirl1 is also rclat,ivcly strongly )~)und to 111~ 
alumina and van be reoxidiaed to NO*. 

Studies of the electron spin resonance 
(ESR) spectra of catalytic grade alumina 
(AlzO,) have been used to investigate the 
products of high energy irradiation (I, 2) 
and t,he formation of radicals (3, 4). The 
importance of the purity of the AM),, for 
ESR studies was illustrated by Bcrger and 
R,oth (51. Their work shows that the 
presence of paramagnetic impurities in most 
commercial samples tends to confuse and 
cvcn preycnt the study of catalytic proc- 
esses on the surface of alumina. Iron 
(probably in the form of Fe”+) is the most 
common impurity and it.s resonance is usu- 
ally in the region of most interest. Sancier 
and Inami (6) have observed :I broad 
resonance at q = 2.1 only on reduction of 
Fe”+-containing Al,O, with H,, while 
Bcrgcr and Roth 15) have observed a 
similar (but not necessarily identical) res- 

* I’rrsc,nt address, Shrll Oii Com~~m\., DWI 
Park, Tcnns; Petrolcum Research Fund Fpllow. 
196749. 

** National Aeronautics and SIIitr’<l ;idmink- 
tration Fellow, 1967-69. 

t Prpsrynt addrclss, TIniT-rrsity of Mi:tmi. Coral 
G:tbles. F!orlda. 

onance under oxidizing conditions in some 
aluminas. Bcrger and Roth also noted a 
triplet ESR absorpt’ion and attributed this 
to a possible t’rapped elcctjron or hole. The 
triplet was shown to disappear or bc masked 
on reduction with Hz but, to reappear on 
oxidation with Oz. This triplet did not 
appear in high purity Al,O,, even when it, 
was heated in air at 500°C. An cxtensirc 
study has been undertaken hcrc which in- 
dicates that the triplet, can be attributed 
to t,lie prcscnce of NO, on the alumina sur- 
face. The prcscncc of nitrogen on the surface 
of Al,O,, has previously been (lemon- 
st.rated by Roscnblatt and Dicncs i7’) hp 
mass spectroscopic measurements. 

EXrERlMEKTAL 

Commercial alumina. Two samples of 
v-Also3 and one of y-Al,O, were obtained 
from the Houdry Laboratories of Air 
Products and Chemicals. A diff went 
sample of q-Al,O, was supplied by the 
Davison Chemical Division of W. R. Grace. 
A sample of high purity y-Al,O, (5) was 
graciously supplied by Dr. J. F. Rot.h of 
the Monsanto Co. The analysis of the 
samples is gircn in Table 1. 
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ESK SPECTHA 

Al( NO,),*9H,O. Three sources of 
A1(N0,)a.9H20 (Baker, Fisher, and 
Merck) were used for the preparation of 
amorphous ALO,. The latter was prepared 
in each case by thermal decomposition at 
550°C for 12 hr in air. The analytical data 
on the Merck nitrate are not known, but the 
others are given in Table 1. 

ESR measurements. The ESR spectra of 
all samples were determined on a Varian 
V 4502-19 X-band (9.5 GHz) spectrometer. 
The g values and splitting parameters were 
measured from precise field determinations 
using a Magnion proton-oscillator gauss- 
meter. Measurements of the cavity fre- 
quency were carried out using a Hewlett- 
Packard frequency meter. The spin 
numbers were estimated by comparison with 
Varian standard pitch samples. The field 
dependence of a few samples was deter- 
mined by comparing the X-band measure- 
ments with those obtained on a Varian 
V 4502-09 Q band (35 GHz) spectrometer. 
ESR grade quartz sample tubes (3-mm i.d.) 
supplied by Wilmad, Buena, N. J., were 
used for all determinations. 

The treatment of the samples with gases 
(HZ, O,, H,O, and D,O) was carried out 
by preevacuating at 550°C for 1 hr prior 
to admission of HZ or 3 hr for the other 
gases. The sample tubes were sealed in the 
appropriate at,mosphere while heated at 
550°C. The D&-treated samples were 
heated at 300°C for 4 hr to insure com- 
plet’e exchange (8, 9). 

RESULTS AND DISCUSSIOX 

The spectra of the Houdry A sample as 
received or after preevacuation at 550°C 
for 3 hr were identical. The spectrum is 
illustrated in Fig. 1, and the ESR data are 
summarized in Table 2. The g, A (split- 

‘I’ilBLE: 2 
ESR I).\T.\ 

Sample Y AH (Gjcl d (G) Fig. 

A evacnated at 1 999 15 3 56.2 1 
550°C 

A treated with Hz 1 .W Xii - 2 
8 times at, 550°C 

A + l&O at, 550°C 1 .990 15.3 53 .I 
C as received 2.04 05.0 - :;a 
C washed in HCl 2.04 138.5 - 3h 
C washed in HCl, 1 !j!)X 16.2 56 1 3( 

treated with 
HNO, 

Al,03 from Baker 2.000 20.i 53.3 4 
Al(N0&9H,O 

Note: All valnes to + 1 last, significant fignre. 
‘1 Center signal for triplet resonances, width at, 

baseline for 9 = 2.04 resonances. 
h Average vallle 911 = 1.96, 91 = 2.00. 

ting) , and AH (width) values of the 
triplet were found to be independent of the 
field by comparison of t’he S-band and 
Q-band data. This clearly indicates that t.hc 
observed triplet arises from the nuclear 
splitting of an isotope with a nuclear spin 
I = 1. Of the common isotopes only 14N 

FIG. 1. Sample A after evacuat,ion. Vertical line indicates free electron resonance; horizontal line indicates 
50 G. 
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has I = 1; thus, the triplet apparently 
arises from an unpaired electron on 
nitrogen. 

Treatment of the Houdry A sample three 
times with H, at 550°C for 15 min each 
time followed by evacuation for 15 min 
changes the triplet to a more intense singlet, 
which is illustrated in Fig. 2 and summa- 

spin density and the surface area may 
exist. The sample of y-Al,O, does not cor- 
relate with the q-Al,O, samples, however, 
and presumably the y-Al,O, contains less 
adsorbed NOz. 

The Davison sample C of v-AhO, has 
a broad ESR spectrum at g = 2.04 and a 
width of 95.0 G (Table 2, Fig. 3a). The 

FIG. 2. Sample A treated with Hz and evacuated. Vertical line indicates free elect,ron resonance; horizontal 
line indicates 50 G. 

rized in Table 2. If the HZ-reduced sample 
is oxidized with O2 gas at 550°C for 12 hr, 
the triplet reappears but with 60% of its 
former intensity. Thus the triplet arises 
from an oxidized species. Further treatment 
of the samples with Hz0 or DzO gas does 
not alter the triplet signal (Table 2)) which 
indicates that the paramagnetic species is 
not associated with H atoms, since an 
alteration of the triplet would be expected 
on deuterium exchange. The g, A and 
AH values of the triplet are nearly iden- 
tical with those of NO,z adsorbed on Linde 
Na-X Molecular sieve (10) and on ot,her 
solid matrices (11). Thus, the evidence 
seems convincing that the triplet signal 
observed on the Houdry sample arises from 
.NO, on the surface of the A1,03. 

The intensity of the triplet signal as a 
function of the surface area of two Houdry 
7-A1203 samples and one Houdry y-Al,O, 
sample was also studied. The observations 
are given in Table 3, and they suggest that 
in the case of T-Al,O, a correlation of the 

TABLE 3 
CORREL.~TION OF SURFACE ARKI 

AND NUMBER OF SPINS 

Sample 
Surface area No. of spins 

W/d (units of 1013) 

A 250 56.6 
B 235 51.0 
D 195 1.0 

width of the signal is sufficient to mask 
only one of the components of the NO, 
triplet. Since high field components of the 
triplet were not observed at maximum 
sensitivity of the spectrometer, it can be 
concluded that NO, is present to less than 
1Ol3 spins. The Monsanto sample E was 
found to be free of paramagnetic impurities 
to less than 1Ol3 spins. The results on the 
Davison and Monsanto samples corroborate 
the previous findings of Berger and 
Roth (6). 

In order to reduce the concentration of 
transition metal impurities, the Davison 
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F”rc. 3. Sample C. Curve (a): As received; 
recorder amplificat,ion 1 X . Curve (b) : Washed with 
HCl; recorder amplification 10X. Curve (c) : Washed 
wit,h HCl and t)reated with HNO,; recorder ampli- 
ficat)ion 10 X . 

sample was twice boiled in concentrated 
HCl (12 N, Baker) for 1 hr, filtered, and 
dried at 550°C for 12 hr. The ESR signal 
of the as-received sample was thus reduced 
tenfold in intensity and was detected at 
maximum sensitivity. This spectrum, 
shown in Fig. 3b, was recorded at tenfold 

higher recorder sensitivity. When this puri- 
fied sample was further treated by boiling 
in concentrated in HNOs (16 N, Bakerj 
and then dried at 550°C for 12 hr, the 
spectrum was a composite of the X0, trip- 
let and the previous impurity singlet. This 
spectrum is shown in Fig. 3c, also at higher 
recorder sensitivity. Similar leaching of the 
as-received Davison sample directly with 
concentrated HNO, also reduced the broad 
signal and showed the NO, triplet. 

The ESR spectra of amorphous A&O, 
prepared by the thermal decomposition of 
Baker, Fisher, or Merck A1(?IT03) *9H,,O 
were similar. The spectrum for the Baker 
sample is given in Fig. 4, and the data are 
summarized in Table 2. Each sample has 
the NO, triplet and a singlet at g = 1.96. 
The latter is most likely due t,o a Cr3+ 
impurity. 

These results show that the ESR triplet 
spectrum previously observed on A&O, is 
not due to trapped electrons, holes, or tran- 
sition metal impurities but is due to NO,. 
The source of the NO, is not air since heat- 
ing of pure Al,O, in air does not give rise to 
the triplet (5). It would appear from this 
work that the probable source of NO? in 
the aluminas is the thermal decomposition 
of NO,- which may be present in the prep- 
arations. The intense singlet characteristic 
of HZ-treated A&O, (Fig. 2) is probably 
due to NO resulting from reduction of the 

FIG. 4. Thermally decomposed Al(NO,),~SH,O (Baker). Vertical line indicates free electron resonanre; 
horizontal line indicat,es 50 G. 
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NO,. Lunsford (12) has very recently 
shown that NO on Al,O, gives a singlet 
nearly identical to ours, with gl, = 1.96 
and gl = 1.996. 

Oxidation of the reduced samples with 
0, restores the NO, triplet, indicating that 
some of the NO remains on the Al,O,. The 
loss of intensity of the triplet by 40% on 
such treatment indicates partial removal 
of the nitrogen in either the reduced or 
oxidized forms. Berger and Roth (5) noted 
that the triplet could be removed by evac- 
uation for several hours at 500°C of their 
sample of Davison v-Al,O,. In this work 
the NO, was not removed from Houdry 
q-ALO, on evacuation for 3 hr at 550°C. 
This difference in the adsorption of the 
NO, may only be due to the difference in 
t’he nature of the samples. 
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