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Surfaces of iron sulfates calcined at various temperattIres ranging from 500 to 900°C were 
examined by S-ray photoelectron spectroscopy and S-ray diffraction. The sulfates when 
calcined in air at 7OO”C, showed the highest catalytic activity for the Friedel-Crafts ben- 
zylation, benzoylation, and isopropylation of toluene, and were found to have the following 
surface properties: (1) the iron sulfate completely decomposes to form cx-Fe203 at tempera- 
tures from 675 to 700°C. At higher temperatures, the crystalization proceeds rapidly, but 
any change in the chemical state of iron and oxygen ions on the surface due to the dccom- 
position process can not be detetcd. (2) A small amount of sulfur (0.15 wt%) remains as 
SOd2- on the surface at temperatures greater than 700°C after decomposition. The conclusion 
was confirmed by the benzylation with the differently sulfur-treated ferric oxide catalysts. 

IiYTROI>UCTION 

III the previous paper (1, 2), the Friedel- 
Crafts react,ions catalyzed by heat-treated 
iron sulfat,es were reported. Ferrous and 
ferric sulfates prepared by calcining their 
hydrates in air showed exceedingly high 
catalytic activity and selectivity compared 
with those of other solid acids such as 
Si02-ALOx, AlsOB, and also other calcined 
metal sulfates. Both iron sulfat,es when 
calcined in air at. 700°C showed the highest 
activity for benzylation (1, 2), benzoyla- 
tion (d), and isopropylation (3) of toluene. 
The act,ivit,y was independent of specific 
surface areas and acidity of catalyst,, and 
the cat’alyst heat-t,reated at 700°C was 
sl~ow~ to be a form of wFezOs (2). How- 
ever, ferric oxides prepared by calcining 
Fe203 and Fe(OH)3 at 700°C were almost 
inactive. 

In order to invest,igate the surface 
propert’ies of the present catalyst’s, the 
X-ray photoelect,ron spectroscopy (XI’S 
or ESCA) studies were carried out. Such 
XPS measurements give information as to 
the chemical composition and valence state 
of atoms on t’he vicinit’y of the surface 
layer of solids from the observed binding 
energy, relative intensity, and satellite 
st)ruct)ure for core electron lines (4). 

Catalysts were prepared by calcining 
iron sulfates, FeS04.7HZ0 and Fez(S04)3 
.zHzO (guaranteed reagents of Kant0 
Chemicals Company) in glass or quartz 
tubes at various t)emperatures ranging from 
500 t)o 900°C for 3 hr in air. 

I’hot’oelectron spectra were observed b) 
a AEI-Iiokusai-ES-200 photjoelectron spec- 
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trometer with Al& radiat,ion (1486.6 eV). 
The sample, in powder form, was pressed 
into a copper mesh grid to make a thin 
platelet with about 0.5 m/m in thickness. 
During the operation of the spectrometer, 
pressure was ea. 5 X lo-’ Torr (1 Torr 
= 133.33 N m-2). The observed binding 
energies were corrected to 83.8 eV of the 
Au 4js line from the very thin layer of 
gold evaporated on the surface of the 
specimen (5). 

X-Ray powder diffraction spectra were 
obtained with a X-ray diffractomet’er 
(Rigaku 3063) by using iron filtered Co& 
radiation. 

RESULTS AND DISCUSSION 

Photoelectron spectra were observed at 
200°C because water physically adsorbed 
on t,he surface was removed at that tem- 
perature and high resolution was obtained 
together with a decrease of charging shift. 
Table 1 lists binding energies obtained for 
several electron levels of FeS04 and 
Fe2(S0J3 calcined at 500, 700, and 9OO”C, 
together with Fe203 for comparison. The 
binding energies of the Fe 2~8 level for 
both sulfates calcined at the temperat’ures 
greater than or equal to 700°C were within 
experimental error of those of a-FezOs. 
This fact is in accord with the result,s of 
X-ray diffraction and Mijssbauer experi- 
ments, where iron sulfates were observed 
to be completely in the form of a-FezOs 
after calcination at temperatures of 700°C 
and above (a). 

Binding energy of S 2~; for iron sulfates 
calcinated at 500 and 700°C was 168.5 eV, 
which was similar to that for FeS04.7HzO. 
It is known that there is the simple cor- 
relation between the binding energy of 
S 2p and the atomic charge (or the chemi- 
cal state) of sulfur (6). Thus, it is con- 
cluded that the sulfur atom of FeS04 
(500°C) and FeSOa (7OO”C), where the 
figure in parenthesis shows the calcination 
temperature, is in the state of SO?. 

Figure 1 shows the Fe 2ph and Fe 2p+ 

TABLE 1 

Binding Energy of 0 Is, Fe 2p+, Fe 3s, and S 2pg in 
XPS spectra measured at 200°C 

Compound 
(calcin. 

temp., “C) 

0 1s Fe 2~s Fe 3s s 2P3 

FeSOa (500) 531.6 711.8 168.5 
FeSOa (650) 531.5 
FeSOl (700)0 529.9 168.5 

532.1 
FeSOl (700) 529.9 710.8 55.4 

531.9 
FeS04 (750) 530.0 

531.8 
FeSOI (900) 529 8 710.7 55.5 

532.1 
Fez (SO113 (500) 531.5 712.1 168.3 
Fe,(SOd3 (700)” 529.9 168.4 

531.5 
Fe2 6304~ (700) 529.9 711.2 55.6 

531.9 
a-Fe203 I* 529.9 711.2 55.6 

531.9 
a-Fe203 IIc 529.9 711.0 

532.1 

a Determined at room temperature. 
* a-Fe203 (chemical reagent) was heat-treated at 

700°C for 3 hr. 
c Prepared by calcining Fe(OH)t at 700°C for 3 hr. 

spect’ra of ferrous sulfates at several tem- 
peratures together with those of FeZ03’s 
prepared by calcining Fe(OH)s and com- 
mercially available Fez03 at 700°C. A 
shoulder on the lower energy side of 
Fe 2~; spectrum of FeS04 (500°C) is due 
to iron oxide which was formed by de- 
composition of iron sulfate. The shoulder 
is larger with increase of calcination tem- 
perature. The spect,ra of FeS04 (700°C) 
are similar to those of FeS04 (900°C) and 
a-Fe203 I and II. Therefore, in considera- 
tion of much higher activity of FeS04 
(700°C) than those of Fez03 I and II for 
the Friedel-Crafts reactions, the catalytic 
activity is not attributed to the state of 
the iron ion itself. 

Figure 2 shows the 0 1s spectra of iron 
sulfates calcined at several temperatures 
and of a-Fez03 I and II. A large dif- 
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FIG. 1. XPS Fe 2~1 and Fe 2pr spectra of ferrous 
sulfates ralcincd at various temperatures and of 
a-Fe&. 

ference in spectra can be seen between 
FeSOa (650°C) and FeSOI (7OO”C), but, 
the spectra of FeS04 (700°C) and FeS04 
(900°C) are quite similar. The single peak 
at 531.6 eV for FeSOa (SOO’C), FeS04 
(65O”C), and Fez(S01)3 (500°C) is at- 
tributed to the sulfate oxygen, and FeS04 
.7H20 also shows a peak at 531.9 eV. In 
comparison wit,h t,he spectra of Fez03, the 
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FIG. 2. XPS 0 1s spectra of iron sulfates cal- 
cined at various temperatures and of CK-FQO:,. 
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FIG. 3. XPS intensity ratio of S 2pg to 0 1s 
(Zs,,;/l~,~) and atomic ratio of sulfur to oxygen. 
(1) ‘&HjNOS, (2) C&HzSO&H, (3) CH,SO&H3, 
(4) FeSO, (determined at 35O”C), (5) FeSOa 
(calcined at 500°C). 

main peak appeared at 529.9 eV for FeS04 
(700, 750, and 900°C) and Fe2(S04)s 
(700°C) is assigned t’o be the oxide oxygen. 
The samples, both sulfates calcined at the 
temperatures above 700°C and FeZ03’s 
also show a shoulder peak around 532 eV, 
t’he int’ensit’y being rat’her st,rong in the 
case of t#he sulfates heat-t’reated at 700 
and 750°C. This peak is considered t’o be 
due to the hydroxyl (7) or sulfate oxygen. 
In the previous st’udies (2), it was found 
that iron sulfates heat-treat#ed at 700°C 
cont’ained 0.15 wt#% of sulfur, but no 

sulfur was found aft)er calcination at 900°C. 
This was confirmed by XPS. The absence 
of sulfur in FeS04 (900°C) was also ob- 
served by XPS. Therefore, the shoulder 
peak observed on both Fen03’s and FeS04 
(900°C) is assigned t,o the hydroxyl oxy- 
gen. This 0 1s shoulder peak of oc-Fe203 
was observed with almost t,he same rela- 
tive intensity up to SOO”C of measurement 
under 5 X 10F7 Torr but disappeared at 
t,his temperat’ure with generat’ion of heat 
and also with evolut’ion of gas. This fact 
indicates t,hat some exothermic react’ion 
occured. a-FezOs probably changed to 
Fe&d at these experimental conditions (8). 
Since the hydroxyl oxygen did not dis- 
appear up to the high evacuation tem- 
perature of SOO”C, it seems likely that 
the hydroxyl group is not, adsorbed but, 
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structural species itself. In the case of 
FeS04 (700 and 750°C) and Fe2(S0J3 
(7OO”C), the shoulder peak is considered 
to consist of both the sulfate and hydroxyl 
oxygens because of the existence of the 
S04+ species, as already mentioned. 

The relative sensitivity in XI’S is ap- 
proximately characteristic of elements and 
is not so much influenced by the chemical 
state of atoms or the presence of ot’her 
elements (9). Thus, the int’ensity ratio of 
S 2p t’o 0 1s could be proportional to the 
atomic ratio of sulfur to oxygen in a 
sample. This relation is confirmed by 
several materials cont,aining oxygen and 
sulfur in the different ratio, as shown by 
Fig. 3. The inclination of the line gives 
the sensit,ivity ratio of sulfur t,o oxygen 
of 0.88, which agrees with Wagner’s re- 
sult (9). By use of this value, the expected 
intensities of 0 1s based on the sulfate 
oxygen in FeSOI (700°C) and FeS04 
(75O’C) were estimated from their int’en- 
sities of S 2pg t.o be 15 and 12y0 of t,he 
main peaks, respectively. These values 
were almost equal to the differences be- 
tween the shoulder int,ensities of FeSOa 
(700 and 750°C) and FeS04 (900°C). 
Thus, FeSOa (700 and 750°C) and FeS04 
(900%) contain almost the same amount 
of OH group and then the shoulder of 
0 1s of FeSOh (700 and 750°C) could be 
mainly due to the sulfate oxygen. 

Contents of the sulfur and the a-FezOs 
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FIG. 4. CX-FC~O~ constituent and sulfur content 
in ferrous sulfates calcined at various temperatures, 
(a) determined by Y-ray diffraction, (b) determined 
by chemical analysis. 

500 600 700 600 900 

Colcinotion temperature, ‘C 

FIG. 5. Average crystal size of ferrous sulfate 
calcined at various temperatures. 

in iron sulfates with the calcination t’em- 
perature are shown in Fig. 4. It is seen 
t’hat t’he formation of a-Fe203 followed by 
decomposition of the sulfate proceeds rap- 
idly at t,he temperature from 650 t.o 700°C. 
The atomic ratio of sulfur to oxygen in 
FeSO>i (700°C) is estimated t,o be 0.005, 
which is much smaller than the value of 
0.035 which was calculat,ed from the in- 
tensity ratio of S 2p to 0 1s in XPS. 
This fact indicates that’ majority of sulfur 
remains on the surface as SO? by the 
calcination at 700°C. 

Figure 5 shows the relation between 
calcination temperature and the average 
crystal size of a-Fe203, which was obtained 
by use of Scherrer’s method (10) ; the 
figure shows that crystalization proceeds 
quit,e rapidly at the calcination tempera- 
t’ure above 700°C. 

On the basis of the results obtained, we 
may conclude that ferrous and ferric sul- 
fat.es heat-treated at 7OO”C, which showed 
the highest activity for benzylat,ion, ben- 
zoylation, and isopropylation of toluene, 
have the following surface properties : 
(1) The slight amount of sulfur remaining 
aft.er the decomposition of t,he sulfat,e sa1t.s 
exists mainly as SOP on the surface, 
and (2) the sulfat,es completely decompose 
t,o form cr-FezOJ at 675 to 7OO”C, and 
afterwards t,he recrystallization proceeds 
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