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Clusters of nonstoichiometdc magnetite Fe304, s and pyrrhotite Fel_rS were shown to 
be the active structures of iron-containing carbon-supported catalysts for oxidative decompo- 
sition of  hydrogen sulfide. A model of the surface active centers is discussed in terms of the 
anion vacancies participating in the reaction, 
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Catalytic process ing o f  hydrogen sulfide producing 
e lemental  sulfur is o f  great importance to solve the 
envi ronmenta l  p rob lem of  neutral ization o f  toxic wastes 
from plants which c o n s u m e  and process natural energy 
sources: gas, pe t ro l eum,  and coal. Previously, l sup- 
ported catalysts based on transition metals of  VI - -VI I I  
groups which are capable  o f  decomposing HzS into 
e lementa l  sulfur in the  presence of  CO 2 and O 2 as 
oxidants were studied. The  activity of  these catalysts was 
enhanced  by their  preac t iva t ion  during thermal  decom-  
position o f  light hydrocarbons  at 773--873 K. 2 Metal-  
conta ining residues f rom hydrogenat ion of  brown coal, 
whose produc t ion  is c o m p l i c a t e d  and power-consuming,  
were used as efficient  catalysts of  hydrogen sulfide de-  
composi t ion .  3 

In this work. the relat ionship between the structure 
and activity o f  i ron-con ta in ing  catalysts of  oxidative 
decompos i t ion  of  H2S supported on spherical carbon 
supports of  different  porosi ty  was studied. The effect of  
the products of  the rmal  decompos i t ion  of  heptane on 
the structure and catalyt ic  properties of  the supported 
systems was invest igated.  

Experimental 

Preparation of iron-containing catalysts. Two types of 
spherical carbon supports, I and 2, with a granule diameter of 
2--3 mm were used; they were obtained by preliminary grind- 
ing of coal, granulation, and subsequent carbonization and 
~" ' :  "tion of the gr,mules. 4 Table [ presents the parameters of 

the pore structure and the composit ion of the mineral compo- 
nent of supports I and Z. The iron-containing catalysts were 
obtained by impregnation of these supports with a solution of 

Table 1. Characterization o f  the pore structure 
and composition of the mineral component o f  
supports I and 2 

Parameter I 2 

Vffcm 3 g-t  0.54 067 
Vmicro/Cm3 g-I 0.03 0.28 
Vm~,o/'c m 3 g-I 0.02 0.06 
VmaerJcm 3 g-I 0.49 0.34 
s~/m2 g - t  42 732 

Composition 
of the mineral 
component (%): 

SiO 2 4.07 6.90 
Cab 0 9 3  1.61 
MgO 0.44 0.71 
AI20~ 1.89 3,26 
Fe203 1.3 I 2.33 
K2SO 3 0.63 t.03 
K20 o. 1 3 0.31 
Na20 0.25 0.40 
P205 0.09 0.15 

Ash content (%) 9.8 16,7 

Note. V~ is the total pore  volume; VT,I,cro, Umer 
and Vmacr o iS the voh lme  or micropores. 
mesopores, and macropores, respectively; .%p is 
the specific surface area. 
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iron acetylacetonate Fe(acac)3; the Fe content in each sample 
was 2 wt.%. After deposition of iron. the samples were dried in 
air, calcined at 773 K in nitrogen,- and activated in a flow 
reactor in heptane vapor medium at 773--873 K. In order to 
study the effect of inorganic ash impurities in the coal on the 
catalytic properties, support I was decalcified by HCI. ~ 

Catalytic testing, The catalysts were tested in a flow glass 
reactor in the temperature range o f  473--523 K. A mixture of  
air with 5 voL% H2S was passed through a fixed bed of the 
catalyst (~5 cm 3) with a space velocity of 2000 h -I for I h. To 
determine the amount of unconverted H2S , the reaction mix- 
ture was passed through a 10~ solution of Cd(MeCOO)2; the 
CdS precipitated was dried in a vacuum and weighed. The total 
productivity of a catalyst was evaluated by two parameters: 
H2S conversion and reduced sulfur capacity (S) which charac- 
terizes the total amount of sulfur produced per 1 g of catalyst 
per t h. Regeneration and activation of the catalyst were 
carried out by thermal decomposition of heptane in a flow 
reactor at 773--873 K. 

l,~vestigation techniques. The X-ray diffractograms of the 
samples were recorded on a DRON-3M setup with filtered 
Cu-Ka radiation. The phases were identified by a comparison 
of the found interpianar distances with the known values. 6 The 
Mocssbauer spectra were recorded at 77--300 K on an instal- 
lation of the electrodynamic type with a 57Co in chromium 
source. The isomeric shifts (IS) were calculated relative to at- 
Fe. The spectra were processed using standard programs under 
the assumption of a Lorentz line shape. 7 The pore structure of 
the supports and catalysts was studied on a vacuum adsorp- 
tion-weight setup equipped with a Mack-Benn balance. 8 The 
specific surface area of the samples was determined by low- 
temperature adsorption of nitrogen in a volumetric adsorption 
installation. 9 The elemental composit ion of the samples was 
determined by the atomic-adsorption method on a Perkin- 
Elmer spectrometer. 

Results and Discussion 

Catalytic propert ies .  W h e n  a mixture of  hydrogen 
sulfide with air  is passed t h r o u g h  a layer of  the catalyst,  
a significant fraction of  I-!'2S decomposes,  producing 
e lemental  sulfur. Table 2 p resen t s  the data on H2S 
conversion in the presence o f  carbon supports 1 and 2 
(samples / and 5), deca lc i f i ed  support  1 (sample 2), and 
i ron-conta in ing  supported ca ta lys t s  after different t reat-  
ments (samples 3. 4, 6, 7, a n d  8). It is seen that despite 
the considerable  dif ference (nearly by one order of  
magni tude)  in the m i c r o p o r e  vo lumes  of supports 1 and 
2, the carbon supports tha t  were  not treated with iron 
compounds  exhibit  s igni f icant  and practically the same 
overall activity (for samples  / and 5. the H2S conversion 
is ~60%). After removal  of  t h e  ash components  from the 
coal, H2S convers ion d e c r e a s e s  to -20% (sample ,~. 
Thus, the active sites in i t i a t ing  decomposi t ion of hydro-  
gen sulfide are present in t h e  starting carbon supports,  
and their  a m o u n t  decreases  af ter  decalcification. After  
deposi t ion o f  the Fe(acac)3 c o m p l e x  on starting supports 
1 and 2 and act ivat ion in a nitrogen atmosphere a t  
773 K (samples 3 and 6) o r  successively in nitrogen at 
773 K and in heptane vapo r  at 823 K (samples 4and  7), 
H.~S convers ion increases t o  83.3 and 94.3% or to 95.0 

Table 2. Overall conversion of H~S o n  iron-containing cata-  
lysts I and 2 

Sample Sup- Reagent for Trea tment  Conversion 
port deposition of HaS (%) 

/ 1 - -- 61.2 
2 1 -- H C I  20.0 
3 I Fe(aeac) 3 N 2 (773 K) 83.3 
4 I Fe(acac) 3 N~ (773  K) + 94.3 

heptane (-823 K) 
5 2 - -- 57.3 
6 2 Fe(acac) 3 N~ (773 K) 95.0 
7 2 Fe(acac) 3 N 2 (773  K) + 100.0 

heptane (~823 K) 
8 2 Fe(aeac) 3 5 regenerat ion -70 

c y c l e s  

aqd I00%, respectively. During p r o l o n g e d  exper iments  
on oxidat ive  decomposit ion of  H 2 S ,  t h e  i ron-con ta in ing  
catalysts on macroporous (I) and naicroporous  (2) c a r -  
bon supports displayed different a c t i v i t y  and stability. 
Thus ,  whereas the starting s u p p o r t s  and  i ron-con ta in ing  
catalysts  are comparable in t h e i r  ini t ial  activity, t h e  
overal l  productivi ty of  the catalyst,  on  the  mic roporous  
suppor t  2 remains relatively h i g h  a f te r  a number  o f  
"catalysis-- regenerat ion" cycles, u n l i k e  the catalyst o n  
the macroporous  support which i s  deac t iva ted  to a s ig -  
ni f icant  extent.  In fact, after f i ve  regenera t ion  cyc les ,  
the sulfur capacity,  S, decreases for  support  2 f r o m  
2.34 g S ( g C a t h )  - l ( s a m p l e  7) t o  1.56 g S ( g C a t  h)  -L 
( sample  dO, whereas for m a c r o p o r o u s  support 1, S 
0.28 g S (g Cat  h) - I  after only t w o  regenera t ion  cycles .  

The  structure of  the catalysts. I n a typical Moessbauer  
spec t rum of undoped carbon I or 2 ,  there  are two sexte ts  
of  magnet ic  hyperfine structure (I--I FS)  due to the A a n d  
B posit ions o f  Fe atoms in the magnet ica l ly  o rde r ed  
c l u s t e r s  o f  n o n s t o i c h i o m e t r i c  m a g n e t i t e  FeaO4+ 8 
(Fig. I, a); the average size (d) o f  the  magnetic c lus ters  
is wi th in  *5 - -7  nm. In addition t o  the  lines of  magne t i c  
H F S ,  doublets  caused by p a r a m a g n e t i c  (at 300 K) h i g h -  
spin ions Fe 3+ and Fe ;§ are p r e s e n t  in the spectrum in 
Fig. 1, a. Approximately half o f  the  signal from Fe  3+ 
paramagnet ic  ions with pa r ame te r s  IS = 0.30 mm s - t  
and quadrupole  splitting (QS) e q u a l  to 0.68 mm s - t  
most  likely concerns  supe rpa ramagne t i c  clusters o f  t he  
Fe304~ ~ s p i n e l w i t h s i z e s 0 f d ~ 3 - 5  nm. t~ Another  h a l f  
of  the  signal from Fe 3~ iotas a l o n g  with the doublet f r o m  
Fe :§ iotas (IS = 0.92 m m s  - I ,  Q S  = 1.07 mm s- t )  c a n  
character ize  the layered strt, c ture o f  the  silicate, tt T h u s ,  
in the  i lvaite-type structure of C a F e t l 2 F e m [ S i : O s ( O H ) l ,  
two mixed-charge  states of the i ron  ions are p resen t ,  
which  do not participate in e l e c t r o n - e x c h a n g e  processes  
at 300 K, and their  parameters a r e  close to those p r e -  
sen ted  in Table 3. The X-ray d i f f r a c t i o n  data c o n f i r m  
the formation of  spinel &lsters ~ v h i c h  are charac te r ized  
by broadened reflections with d i n  = 0.28, 0.24, 0 .25 .  
and  0.21 nm. 
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Fig. 1. Moessbauer spectrum of starting carbon support | at 
300 K (a) and after treatment of support I by hydrochloric 
acid (b). 

In the Moessbauer spectrum of the decalcified sup- 
port (see Fig. I, b), signals from comparatively large 
clusters of a spinel are virtually absent. At the same 

time, the doublets from Fe 3+ and Fe 2+ ions, entering 
the composition of smaller supermagnetic clusters of the 
Fe304+ s spinel and possibly the silicate, are observed. 
Thus, the largest clusters of nonstoichiometric magne- 
tite react with the acid and are removed from the surface 
of the support. The smaller clusters of spinel and  layered 
silicate remain in the structure of  the support and  do not 
interact with the acid, apparent ly due to sterie hin- 
drances. 

The Moessbauer spectra of the carbon supports after 
deposition of the Fe(acac)3 complex on their surface and 
activation are qualitatively similar to the spectrum of the 
starting support. However, the resonance absorption of 
the supported samples increases by several times. Hence, 
interaction of Fe(acac) 3 with the support is accompa- 
nied by exchange reactions of the ligands with the 
surface hydroxyl coverage resulting in destruction of the 
complex and formation of  clusters of a complex oxide 
(spinel) that are isostructural to the natural forms of iron 
in carbon (see Table 3, samples 3 and 6). The action of 
the products of thermal degradat ion of heptane at 773-- 
873 K considerably changes the nature of the iron- 
containing structures. As follows from the data in Table 3 
(samples 4 and 7), a large fraction of the Fe30.,+~ 
clusters is reduced to metal and stoichiometric carbide 
Fe3C. The X-ray diffraction data also give evidence of 
the formation of large clusters of iron metal and  stoi- 
chiometric carbide which are characterized by the re- 
flections with d/n = 0.267, 0.232, 0.212, 0.201, and 
0,197 nm. It is noteworthy that  during oxidative decom- 
position of H2S, a fraction of the iron metal is repeat- 
edly oxidized to nonstoichiometric magnetite Fe304+ a. 

The structural and catalytic data obtained make it 
possible to conclude that t he  nonstoichiometric spinel 
F%O4+a which is present i n  the starting carbon support 
and the iron-containing catalyst  is the basic structure in 

Table 3. Parameters of the Moessbauer spectra of the iron-containing structures in catalysts I and 2 at 300 K 

Sample Fe corn- IS QS 

pounds m m s  -1 (• 
Bin Relative 
/q- content 

(+__1) (• 

1 Magnetic: 
Fe304+ ~ (A) 0.30 -0.02 49.7 0.26 
Fe304+ 5 (B) 0.73 -0 47.7 0.2! 

Paramngnetic: 
Fe 3§ 0.30 0.68 -- 0.29 
Fe 2§ 0.92 I.(37 -- 13.25 

2 Paramagnetic: 
Fe 3+ 0.29 0.66 -- 0.79 
Fe z+ 0.87 1.74 -- 0.21 

3, 6 Magnetic: 
Fe304+,s (A) 0.34 -0.02 48.9 0.18 
Fe304~. a (B) 0.78 -0 45.6 0.30 

Paramagnetic: 
Fe 3~ 0.28 0.68 -- 0.33 
Fe 2§ 0.78 1.27 -- 0.18 

Sample Fe corn- IS QS 
pounds mm s -I (+0.03) 

B m Relative 

/ ' l "  content 
(• (• 

4, 7 Magnetic: 
~-Fe 0.05 0 32.9 0.14 
Fe3C 0.24 0.02 20.8 0.38 

Paramagnetic: 
Fe 3. 0.29 0.78 -- 0.30 
Fe 2" 1,12 2.05 -- O, 18 

Magnetic: 
o~-Fe 0.02 0 33.0 0.24 

Fel_xS 0,73 0,02 30.8 0.18 
F%O~+ a(A) 0.34 -0.02 46.9 0.02 
Fe~O4,~ (B) 0.78 -0 44.6 0.03 

Paramagnetic: 
Fe 3+ 0.30 0.68 -- 0.29 
Fe 2~ t.07 U.60 - 0.24 

Note. B,n is the inner field on the Fe nucleus; for the composition of ~mples, see Table 2. 
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formation of surface active sites. This is confirmed by 
the drop m the catalytic activity of the demineralized 
support, from which a significant fraction of the clusters 
of  the Fe30,)+ a spinel is removed.  The increase in the 
catalytic activity after deposi t ion of  Fe(acac) 3 is due to 
the increasing content of active phase formed during 
destruction of the complex. The  substantial increase in 
the activity after treatment with heptane is due to the 
appearance of reduced species of  iron and carbide. As 
the clusters formed are very reactive, they are rapidly 
oxidized to the nonstoichiometr ic  spinel that partici- 
pates in the formation of surface active sites. The cluster 
species of  Fe3C carbide can play the role of  a structural 
promoter  which enlarges the interphase boundaries in 
the catalyst, thus favoring accessibili ty of the active sites 
of  the surface for the molecules  of  reagents. 

Model  of the active s t ruc tu re .  The activity of  
nonstoichiometric magnetite in oxidative decomposition 
of  H2S can be explained by the presence of anionic 
vacancies and labile oxygen O s on the surface of the 
oxide. The building block of  the  Fe304+ ~ reversed spinel 
which is intermediate be tween magnetite (Fe304) and 
maghemite ( 't-Fe203) has the  following formula: 12 

FeA3+ [(Fe2t3~Fe31+_3a ) Fe3 ~iEls] sO (2 -, 

where A and B are the tetrahedral  and octahedral 
positions of the iron atoms;  r"l is a cationic vacancy, 
(Fe2~_3aFe3~'_3a) are pairs o f  cat ions in the B sublattice 
with the bridging O atom participating in double ex- 
change (according to Wervey) ;  8 is a parameter of  
nonstoichiometry varying f rom 0 (magnetite) to 1/3 
(maghemite). The format ion of  each new cationic va- 
cancy in the B sublattice dur ing  oxidation eliminates 
five Fe 3+ ions from coupl ing  exchange and results par-  
ticularly in the formation o f  surface Fe--O s groups with 
the terminal rather than the  bridging O atom. 

By analogy with the p h e n o m e n a  of photoreduction 
and photocatalysis which were  studied previously t3,t4 
for vanadyl, chromyl,  and molybdenyl  octahedral com-  
plexes of transition meta ls ,  thermal activation of the 
surface oxygen of terminal  groups in the nonstoichio- 
metric magnetite can be t r ea ted  as thermal electronic 
exitation of the Fe - -O s b o n d  with intermediate forma- 
tion of a radical-anionic oxygen  species, is The shift in 
the electron density from t h e  O atom to the metal and 
the high extent of covalent bonding  causes high mobility 
of the terminal oxygen. In par t icular ,  when an O atom is 
removed from the lattice du r ing  activation, surface an- 
ionic vacancies (V 0 arise which  can be considered as 
active sites of oxidative decompos i t ion  of H2S: 

Fe---O s ..4, V~ + 1 /202  ( t )  

H2S + V s - *  F e - - $  s + H 2. {2)  

The appearance of su l f ide  fragments Fe--S~ on the 
surface of the spinel is a n  intermediate step in the 
formation of  the highest sulf ides,  in particular FeI_,.S, 

pyrrhoti te ,  and elemental sulfur. W h e n  the pe r fo r -  
mance of the catalyst is prolonged,  i.e., after a few 
cycles of regeneration, the fraction of  nonstoichiometr ic  
pyrrhotite increases at the expense  o f  the spinel ( see  
Tables 2 and 3, sample 8). The f o r m a t i o n  of  pyrrhoti tes 
slightly decreases the overall ac t iv i ty  of  the catalysts. 
Thus, the sulfur capacity of ca ta lys t  2 is lowered to 
~1.56 g S (g Cat h) - I ,  and this co r r e sponds  to average 
conversion of  H2S of-70%. Nons to ich iomet r i c  py r rho-  
tire is known to be a catalyst of hydrogena t ion  of h i g h -  
sulfur petroleum and sulfur-containing coal. 16,17 T h e  
nonstoichiometric  defects of pyr rho t i t es  seem to serve as 
surface active sites that coordina te  sulfur ions. T h e  
capabili ty of  sulfllr to form o l igomer ic  clusters can p r e -  
vent formation of stoichiometric i ron  sulfides. 

Thus, the active structures o f  i ron-containing c a t a -  
lysts on carbon supports for hydrogen  sulfide decompo-  
sition are clusters of nonstoichiometr ic  spinel Fe304+ a, 
which are present in the ash c o m p o n e n t  of  the support .  
The fraction of  such clusters increases  when the suppor t  
is modified by Fe(acac) 3, apparen t ly  due to epitaxial  
growth of  the active phase on the  a l ready  existing c lu s -  
ters of  the spinel. The clusters o f  nonstoichiometr ic  
pyrrhotite Fe~_xS formed are a lso  catalyt ical ly active in 
decomposit ion of  hydrogen sulf ide.  The  high defectness 
and stability of  the catalysts on t h e  microporous suppor t  
is due to the presence of Fe304+ a nanoclus ters  microen-  
capsulated in the pore mouths. T h e  formation of l a rger  
particles of the spinel on the m a c r o p o r o u s  support r e -  
sults in a decrease in the mobility o f  the  terminal oxygen  
and a drop in the overall activity o f  the  catalyst. 

This work was financially s u p p o r t e d  by the Russian 
Foundation for Basic Research (Project  No. 94-03-  
08081 ). 
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