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Thermodynamic Analysis of Sorption Reactions 
for the Removal of Sulfur from Hot Gases 

J.H. Swisher and K. Schwerdtfeger 

Both coal combustion and coal gasification processes now require careful control of sulfur-bearing efflu- 
ents. These needs have stimulated an extensive amount of research and development (R & D) on simple 
and complex sulfur sorbent materials. The application of thermodynamics in the study of the perform- 
ance of these materials can and should be an effective approach. Examples are described to show its effec- 
tiveness as an analytical tool and to point out some misconceptions that have been created in the published 
literature. 

1. Introduction 

MANY elements and their compounds react readily with sulfur, 
and this tendency is used to advantage in the removal of nox- 
ious sulfur species from hot coal-derived gases. A review arti- 
cle, published recently by the current authors, discusses the 
properties of metals and binary oxide compounds as sulfur sor- 
bents. [11 The purpose of the present article is to supplement the 
first article with a thermodynamic analysis of sorbent reactions. 
This review and analysis will begin with metals and simple ox- 
ide compounds, then extend into a discussion of mixed oxide 
compounds, which are receiving the most attention in the cur- 
rent R & D projects. As will be discussed in more detail later, a 
number of authors have created misconceptions about the 
equilibria involved in the sulfidation reactions they studied. 

2. General Thermodynamics 

It has been found through experience that the products 
formed during sorption reactions are generally those that would 
be expected from thermodynamic calculations. This observa- 
tion is not surprising because of the high temperature at which 
the reactions occur. In various coal gasification and combus- 
tion processes, sulfur sorbents are exposed to a wide range of 
temperatures and gas compositions. Therefore, it is not feasible 
to analyze the complete range of conditions of interest. Instead, 
one appropriate example of gasification conditions and another 
of combustion conditions will be presented. 

For the gasification example, the exit gas composition was 
obtained from tests of a Kellogg-Rust-Westinghouse (KRW) 
air-blown gasifier. [21 Because the exit gas composition corre- 
sponds to ambient temperature and because the composition 
changes as the gas is cooled, the composition of the gas at 1000 
K was determined by calculation. The computer program used 
for this calculation, which minimized the free energy of the sys- 
tem, was EQUIMET. [3] The results are given in Table 1. The pa- 
rameters p o  2, Ps2, and ac are keys to determining what sorbent 
reactions should occur. 
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For the combustion example, recent literature was not very 
helpful in providing gas compositions to which sulfur sorbents 
are exposed. In an older reference, [4] data are reported from 
tests that show the variation of flue gas composition with the 
amount of combustion air provided. Data for air provided at 
100% of the stoichiometric requirement are reproduced in the 
second column of Table 2. The third column in this table lists 
the calculated equilibrium gas composition at 2000 K, assum- 
ing that 3000 ppm of SO2 was also present. The temperature of 
1200 K is in the upper range for fluidized bed combustion and 
somewhat below the temperature reached in pulverized coal 
combustors. Therefore, the results apply, to a good approxima- 
tion, to both fluidized bed and conventional combustion proc- 
esses. 

Table 1 Equi l ibr ium Gas Composi t ion  at 1000 K and 1 
a tm Pressure for a K R W  Air-Blown Gasifier [2] 

Partial pressure, arm, at: 
Species 298 K 1000 K 
H 2 ............................................ 0.132 0.177 
CO + ......................................... 0.150 0.117 
CO2+ ....................................... 0.104 0.137 
N 2 ............................................ 0.422 0.422 
CI-I4 ......................................... 4.3 x 10 .3 2 x 104 
H2S ......................................... 2.6 x l0 -3 2.6 x 10 -3 
H20 ......................................... 0.185 0.144 
02 ............................................... 5 • 10 -21 
S 2 ............................................... 1 x 10 -8 

Note: +CO-CO 2 corresponds to carbon activity, a C, of 0.06 at 1000 K. 

Table 2 Equi l ibr ium Gas Composi t ion  at 1200 K and 1 
atm Pressure for Coal  Combust ion  [4] 

Partial pressure, atm, at: 
Species 298 K 1200 K 

n 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ,..,0 

C O  + . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  NO 

co2 ......................................... 0.093 
N 2 ............................................ 0.699 
CH 4 ......................................... 4) 
H 2 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.208 
S O  2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1.6 • 10 ~ 
1.6 x 10 4 
0.093 
0.699 

-0 
0.208 
3 x 10 -3 
2x 10 -6 
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Fig. 1 Phase predominance area diagram for calcium com- 
pounds at 1000 K. 

Table 3 Summary  of  Equilibrium Products Formed 
during Sulfur Sorption Reactions 

Reaction pd~lucts at equilibrium 
Sorbent category Gasification Combustion 
Calcium compounds . . . . . . . . . . . . . . . . . . . . . . .  CaS .~ C a S O  4 
Sodium compounds ........................ Na2$ ,~ Na2SO 4 (liquid) 
Iron oxide ........................................ FeS Fe203 
Zinc oxide ....................................... ZnS ZnO 
Zinc ferrite ...................................... FeS, (Zn,Fe)S Z n F e 2 0 4  

Copper/copper oxide ....................... Cu2S Cu20 
Manganese/manganese oxide .......... MnS Mn304 
Nickel/nickel oxide ......................... Ni-S (liquid) NiO 
Molybdenum/molybdenum oxide ... Mo2S3 MoO 3 (liquid), 

MoO 3 (gas) 
Chromium/chromium oxide ............ Cr203 Cr203 

The next step in the analysis was to select categories of po- 
tential sorbent materials and carry out thermodynamic calcula- 
tions to determine which compounds are the most stable under 
the conditions specified in Tables 1 and 2. In these calculations, 
free energy values compiled by Barin [5] for sulfates, ZnO, and 
ZnS were used. For carbides and all other oxides and sulfides, 
the compilation by Elliott and Gleiser [6] was used. Data for the 
free energy of formation of zinc ferrite, ZnFe204, were taken 
from a paper by Wang, Choi, and Honig. [7] 

Because there are a number of possible reaction paths a po- 
tential sorbent can take, the best approach for analyzing the re- 
actions is to construct so-called phase predominance area dia- 
grams. Two of these diagrams were constructed as examples for 
reactions involving calcium compounds. Figure 1 shows an ex- 
ample for 1000 K, in which the conditions for stability of vari- 
ous phases or compounds are plotted as functions of  the oxygen 
and sulfur partial pressures. The same phase will be present at 
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Fig. 2 Phase predominance area diagram for calcium com- 
pounds at 1200 K. 

equilibrium regardless of  which phase or phases are present in 
the starting material. The point on the figure that corresponds to 
the coal gasification example falls within the CaS phase field. 
Note, however, that the point is rather close to the regions 
where CaSO4 and CaO are stable. Consequently, if the gas com- 
position or perhaps temperature were very different from those 
given in Table 1, a phase other than CaS could form. 

A slightly different type of diagram was constructed to show 
regions of stability at 1200 K. In Fig. 2, the partial pressures of 
SO2 and 02  are plotted instead of  $2 and 02. This type of dia- 
gram is more suitable when conditions are more oxidizing, as is 
the case with combustion. The coordinates of the point corre- 
sponding to combustion fall in the CaSO4 phase field. This re- 
sult, along with the result in Fig. 1 for coal gasification, is con- 
sistent with practical experience. A study was conducted by 
Nagarajan e t  a l .  on comparisons of thermodynamic predictions 
with observed behavior for calcium-base sorbents.[Sl They ana- 
lyzed experimental data obtained by others in the areas of coal 
devolatilization, gasification, and combustion and found what 
they termed qualitative agreement in all three areas. 

Calculations of the type used to construct Fig. 1 and 2 were 
carried out for a number of potential sorbent materials. A sum- 
mary of  the results in the form of a list of sorption reaction prod- 
ucts for the gasification and combustion examples is presented 
in Table 3. Examining results for the gasification example first, 
note that the reaction products are sulfides for all the materials 
except chromium or chromium oxide. Chromium is one of  the 
few reactive elements that does not form a very stable sulfide. 
Hence, Cr203 is nearly always the stable phase present after ex- 
posure to sulfur- and oxygen-bearing gases. The same situation 
exists for aluminum and AI203; neither chromium nor alumi- 
num is useful as a sulfur sorbent. 

All of  the other materials will reduce sulfur concentrations 
in hot gases to low or very low levels by forming sulfides. Se- 
lection of the best material for coat gasification processes is 
complicated, because there are trade-offs between the sulfur 
level attainable, regenerability, cost, mechanical properties, 
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Fig. 3 Schematic representation of phase e~uilibria in the Zn- 
Fe-S-O system at 900 ~ with PSO2 = 1 atm. [17] 

and other considerations. Note that zinc ferrite reacts under 
coal gasification conditions to form two sulfide phases. Prior 
published articles generally refer to FeS and ZnS as the com- 
mon products, but they do not mention that ZnS can dissolve as 
much as 30 mol.% FeS at 1000 K. [9l Thus, it is more appropriate 
to specify (Zn,Fe)S as one of the reaction products. 

Note also in Table 3 that nickel and nickel oxide are some- 
what unique in that they can form a liquid sulfide at 1000 K. 
The formation of liquid sulfide can be advantageous because of 
rapid mass transport within the sorbent. However, a mechanism 
must be found for containing the liquid sulfide product. In a 
prior study by the current authors, nickel dispersed in a porous 
A1203 matrix was found to be attractive as a sorbent. [1~ 

Turning now to the combustion example in Table 3, note that 
the choice of  materials for sulfur sorption is very limited under 
oxidizing conditions. Calcium and sodium compounds both 
form sulfates, but none of the other materials forms sulfur com- 
pounds. Because Na2SO4 is a liquid at 1200 K, calcium com- 
pounds are the only materials that have been studied exten- 
sively for combustion processes. The calcium compounds 
include lime (CaO), limestone (CaCO3), and dolomite 
(CaCO3.MgCO3). 

One other detail regarding Table 3 should be mentioned. 
Some potential sorbents react to form volatile species that limit 
their utility. For zinc compounds, zinc vapor can form at rela- 
tively high partial pressures, and one of the oxides of molybde- 
num, MOO3, is also volatile. 

3. Mixed Oxide Sorbents 

During the last 10 years, by far the most research on sulfur 
sorption reactions in reducing atmospheres has been conducted 
on mixed oxide compounds. The principal sponsor of this re- 
search has been the U.S. Department of Energy, and documen- 
tation of the results can be found in proceedings of annual con- 
tractor review meetings. Reference 11 is such an example. 
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Fig. 4 Phase predominance area diagram for iron-zinc com- 
pounds with Fe/Zn = 2 at 1000 K. 
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Another publication that contains numerous articles on mixed 
oxide sorbents is Ref 12. Most of the published articles on this 
subject do not provide a good scientific rationale for why vari- 
ous mixed oxide sorbents were selected for study. In the re- 
mainder of this section, an attempt is made to provide more in- 
sight on the sorbents that should and should not be attractive by 
application of thermodynamic and materials science princi- 
ples. 

3.1 Zinc Ferrite 

Research, development, and testing of zinc ferrite, 
ZnFe204, have grown over the past 10 years into a large pro- 
gram. The pioneering work was conducted by Grindley and 
Steinfeld, 113] who found that the compound has a high reactiv- 
ity and can reduce the H2S concentration in hot gas streams to 
the low parts-per-million level. However, if one analyzes ther- 
modynamic properties and phase equilibria in the Zn-Fe-S-O 
system, a number of potential problems emerge, and these 
problems are now being faced in development projects. 

There is a wealth of information available on ZnFe204 as a 
result of research on zinc extraction processes and on magnetic 
materials, and desulfurization research investigators do not ap- 
pear to be aware of this information. For example, it is known 
that ZnFe204 and Fe304 are mutually soluble, forming a con- 
tinuous series of spinel solid solutions, at least in the tempera- 
ture range from 850 to 1050 ~ One of the reasons for the 
large number of publications on this subject is that there is dis- 
agreement on thermodynamic activity values. Graydon and 
Kirk [2~ give evidence that spinel solid solutions separate into 
two phases at temperatures below 827 ~ One of the phases 
contains 0.12 mole fraction and the other contains 0.30 mole 
fraction Fe304. The high mutual solubility of ZnFe204 and 
Fe304 means that large amounts of iron can be added to 
ZnFe204 without causing a phase transformation. Additions of 
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iron would reduce the thermodynamic activity of zinc in the 
spinel phase, which can be denoted as Znl_xFe2+xO 4. The lower 
zinc activity would, in turn, reduce the vapor pressure of  zinc 
over the compound. Additions of iron would also expand the 
oxygen pressure range over which the compound is stable. Of 
course, other properties of  Znl_xFe2+xO4 sorbents could be af- 
fected in either a positive or negative way by increasing the iron 
content. In some of the projects on sulfur sorption, variations in 
iron content were made, but they appeared to have been made 
on a strictly empirical basis. 

Concerning phase equilibria more generally, Espelund and 
Jynge [17] prepared a diagram that shows some of the important 
phenomena quite well; it is reproduced in Fig. 3. The diagram 
was prepared for a temperature of  900 ~ and for Ps02 = 1 atm, 
so the metal and FeO phases do not appear. It shows the spinel 
phase as a solid solution projecting into the diagram from the 
Fe304 point, and it shows that ZnS (sphalerite) can dissolve a 
large quantity of Fel_xS. The latter feature could also have an 
impact on the performance of Znl_xFe2+xO4 sorbents. 

To analyze phase equilibria in the Zn-Fe-O-S system in 
more detail, the phase predominance area diagram shown in 
Fig. 4 was constructed. Normally, such diagrams are prepared 
to describe reactions of a single metal. Here, because two met- 
als are considered, it is necessary to specify the ratio of their 
concentrations. In this case Fe/Zn = 2, which corresponds to 
stoichiometric ZnFe204. A temperature of 1000 K was used, 
and the range of  $2 and 02 partial pressures corresponds to the 
range of  practical interest in coal gasification. 

For clarity, a few simplifications were made in constructing 
the diagram. Individual lines showing the stability regions of  
the lower sulfates, FeSO 4 and ZnO.2ZnSO4, were not drawn 
because they are close together and cross within a narrow band. 
Therefore, the band where these lines fall is labeled "lower sul- 
fates." The mutual solubility of ZnS and FeS is not indicated. 
Including this feature would have required additional calcula- 
tions using assumptions of  unknown validity. The mutual solu- 
bility of Fe304 and ZnFe204 does not show on this diagram be- 
cause of  the fixed ratio of iron to zinc that was assumed. 

In carrying out the calculations, data on the free energy of  
formation of ZnFe204 published by Gilbert and Kitchener [141 
were used. Wang, Choi, and Honig [7] analyzed the literature on 
this subject very carefully and favor Gilbert and Kitchener's re- 
suits over those of Tretyakov [15] and Fitzner. [18l For the reac- 
tion, ZnFe204 = ZnO + Fe203, Ref 7 and 14 give 
AG ~ = - 4140 + 7.48T (calories). 

At 1000 K, AG ~ = 3340 cal/mole. Because this value is not 
very high, it follows that the ZnFe204 should not be stable in 
strongly reducing atmospheres, a prediction that has been 
found to be true in experiments on the use of ZnFe204 as a sor- 
bent in coal gasification atmospheres. This conclusion can also 
be drawn from Fig. 4. The oxygen partial pressure in coal gasi- 
fication processes is frequently 10 -20 atm or less. Conse- 
quently, the stable phase of  iron could be Fe304, FeO, or iron. 

Other observations that can be made in Fig. 4 are that sulfi- 
dation and regeneration of ZnFe204 involve numerous solid 
phase transformations and that special procedures may be 
needed during regeneration to prevent the formation of unde- 
sirable iron and zinc sulfates. 

Characterizing the tendency of  ZnFe204 to decompose in 
reducing atmospheres was the objective of the project carried 
out by Lamoreaux et  al. [2] Realizing that zinc loss by vaporiza- 
tion is a limitation of ZnFe204, they also calculated the vapor 
pressure of zinc for various compositions, temperatures, and 
total pressures. The authors concluded correctly that zinc losses 
should be lower at lower temperatures, higher total gas pres- 
sures, and more oxidizing conditions. However, there were 
several shortcomings in their report that should be noted. Their 
information on the free energy of  formation of  ZnFe204 was 
taken from rather old calorimetric data, and they did not refer- 
ence publications describing more direct determinations. For- 
tunately, this oversight did not lead to significant errors in their 
zinc vapor pressure calculations. It was stated that values such 
as 0.23 at.% sulfur in the gas phase are too low to affect the 
phase equilibria. As shown in Tables 1 and 3, this statement is 
incorrect, because both FeS and ZnS should form. Another 
problem was their analysis of carbon deposition and the forma- 
tion of  Fe3C. It is not common for Fe3C, which is a metastable 
compound, to form by gas-solid reaction. It is far more likely in 
reducing atmospheres that carbon would dissolve in iron; then 
Fe3C would form by a phase transformation during cooling. 

Returning to the question of zinc losses due to vaporization, 
a calculation showed that the zinc vapor pressure over ZnFe204 
at 1000 K in air may be up to ten times lower than the vapor 
pressure over ZnO under the same conditions. However, the va- 
por pressure over both compounds under oxidizing conditions 
is too low to be of practical importance. The zinc loss problem 
arises because the ferrite is readily reduced to ZnO and either 
Fe304, FeO, or iron when exposed to gasifier conditions. Start- 
ing with the ferrite therefore provides no significant benefit in 
reducing zinc losses. 

No attempt will be made to review details of the progress 
and problems in the development of  ZnFe204 as a sorbent, as 
covered in Ref 11 and 12 and other publications. The two main 
problems are zinc loss by vaporization, as discussed above, and 
attritioning of particles during many sulfidation/regeneration 
cycles. The latter is not surprising because, as illustrated in Fig. 
4, numerous phase transformations occur as the material is cy- 
cled between the right and left parts of  the diagram. 

Some comments should be made on the general outlook for 
ZnFe204 as a sorbent. The goals that have been set for the ma- 
terial are very ambitious. It must desulfurize hot gas streams to 
very low levels of H2S and COS. Regeneration in air or another 
oxidizing gas mixture must produce a product with the same 
desulfurization characteristics as the starting material. Loss of 
zinc by vaporization must be small, as must loss of  sorbent by 
attrition. 

In the authors' opinion, these goals are unrealistic for 
ZnFe204 in bulk form and for monolithic ceramic materials in 
general. The number of phase transformations the material 
must withstand and the mechanical damage that can occur in 
gasification reactors are too demanding for ceramic materials. 
There is a greater chance for success if the sorbent is used in 
pulverized form, or as a dispersoid in a porous support material 
that has good mechanical properties. Partly for this reason, 
some of the more recent projects have entailed evaluation of 
ZnFe204 in pulverized form. Another reason is that there is in- 
creasing interest in fluidized bed processes, which make pellet- 
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ized sorbents more vulnerable to attritioning than in fixed bed 
processes. 

3.2 Zinc Titanates 

During the past few years, zinc titanate compounds have 
emerged as sorbents with most of the advantages and few of the 
limitations of  ZnFe204. Unfortunately, published phase dia- 
gram and thermodynamic stability information on zinc ti- 
tanates is not comprehensive. The free energy of  formation of 
Zn2TiO 4 as a function of temperature is given by Barin. [5] Simi- 
lax data are not available for ZnTiO3 and ZnTi3Os. All three 
compounds were identified in various sorbent formulations 
studied by Flytzani-S tephanopoulos, et al. [ 12,21] Re sults from 
this and other recent studies show that zinc titanates react more 
slowly than ZnFe204, but they are less susceptible to zinc va- 
porization loss and attritioning. 

Sulfidation of Zn2TiO 4 occurs by the reaction: 

Zn2TiO 4 + 2H2S = ZnS + TiO 2 + 2H20 

In a simulated coal gasification atmosphere, titanium does 
not react with sulfur, nor is TiO2 reduced. Therefore, because 
TiO2 is relatively inert, it has a beneficial effect on mechanical 
properties of  the sorbent. 

A phase predominance area diagram was constructed for 
Zn-Ti-O-S compounds at 1000 K (see Fig. 5). The results are 
for Zn/Ti = 2, which corresponds to the composition of 
Zn2TiO 4. An important conclusion that can be drawn by corn- 
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Fig. 5 Phase predominance area diagram for zinc-titanium 
compounds with Zn/Ti = 2 at 1000 K. 

paring this figure with Fig. 4 for ZnFe204 is that Zn2TiO4 is sta- 
ble to a lower P02 than ZnFe204- The greater stability means 
that vaporization losses of zinc in a coal gasifier should be less 
for Zn2TiO4, which agrees with experimental observations. For 
the same reason, one would expect the reactivity of  ZnTiO4 
with H2S to be lower than for ZnFe204. Experimental results 
confirm this prediction, and it is a penalty that must be accepted 
if vaporization losses of zinc are to bereduced. 

The titanate is also subjected to fewer phase transformations 
than the ferrite during sulfidation/regeneration cycles. This 
characteristic should favor the titanate over the ferrite in attri- 
tion resistance. However, in the authors' opinion, more in- 
volvement of materials scientists is needed in sorbent develop- 
ment projects if both mechanical property and chemical 
reactivity goals are to be met. 

3.3 Other Mixed Oxides 

A large number of other oxides containing two or more me- 
tallic elements have been evaluated as sulfur sorbents. Formu- 
lations containing copper and/or manganese have been studied 
by several investigators. [11,12] Because the purpose of this arti- 
cle is to increase the understanding of sorption reactions, a lim- 
ited number of examples that suit this purpose will be dis- 
cussed. 

In an article by Lew, Jothimurgeson, and Flytzani- 
Stephanopoulos, [21] one of the materials studied was copper 
ferrite dispersed in a porous A1203 matrix, The compounds 
identified in sulfided samples were CuS, FeS, CuFe2S 3, and 
CuFeS2. The question might be asked, "What controls the con- 
centration of H2S leaving a fixed bed reactor before the re- 
agents are spent, i.e., break-through condition?" The formation 
of a ternary sulfide like CuFe2S3 should correspond to a lower 
H2S effluent concentration than if only CuS and FeS were pres- 
ent. The author did not mention this point, but stated that having 
copper ferrite present in the sorbent should produce a lower 
H2S level than if copper metal were present. A similar statement 
was made by Gangwal eta/. [22] They reported that CuO in their 
starting material was better than copper because it should have 
produced a lower H2S concentration. These statements are be- 
lieved to be incorrect. To explain the error, consider a hypo- 
thetical analog for desulfurization with ZnFe204 . Assume that 
the product from a coal gasifier is passed through a ZnFe204 
bed at 1000 K and that the desulfurized gas exiting the bed con- 
tains 2 ppm H2S, 20% H2, and 2% H20. This gas composition 
corresponds to Ps2 = 10 -14 atm and Po2 = 10 -22 atm. Referring 
to Fig. 4, these conditions exist in an area of the diagram where 
metallic iron is the only stable form of iron and where ZnS is in 
equilibrium with ZnO. When ZnS and ZnO coexist, the sulfur 
content of the gas will be fixed by the reaction: 

ZnO + H2S = ZnS + H20 

or, equivalently: 

ZnO + 1/2 S 2 = ZnS + 1/2 02 

Thus, the exit gas composition does not depend on whether 
or not ZnFe204 was present in the bed initially. A similar analy- 
sis would lead to the same conclusion for a copper ferrite bed or 
a bed containing CuO. Reduction of copper from the oxidized 
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state to metallic copper would occur rapidly in a coal gasifica- 
tion atmosphere. 

There is a consensus in this field that recyclable sorbents are 
preferred over once-through, cheaper sorbents. Both economic 
and waste disposal arguments are made in support of this opin- 
ion. Thus, sorbent regeneration chemistry is just as important as 
sulfidation chemistry in sorbent development. With this princi- 
ple in mind, Anderson and Berry [23] developed a two-step proc- 
ess using metal oxide sorbents that was quite innovative. Two 
beds were used; one contained zinc oxide on the surface of zinc 
aluminate, and the other contained cobalt titanate on the surface 
of TiO2. The unique feature of  the process was the regeneration 
method. The first regeneration reaction was: 

ZnS + 3/2 0 2 = ZnO + SO 2 

The SO 2 produced in the first bed was then passed through the 
second bed, causing the following reaction to occur: 

Co9S 8 + 9/2 SO 2 + 9 TiO 2 = 9CoTiO 3 + 25/4 S 2 

The exit gas from the second bed contained both SO2 and $2. 
The $2 was separated as a by-product by cooling and condensa- 
tion, and the remaining SO2 was recycled. 

Development work on the Anderson-Berry process was dis- 
continued in 1987 mainly because the cost of reagents was 
judged to be higher than for ZnFe20 4 processes. In retrospect, 
this decision may have been premature, because ZnFe204 sor- 
bents are not durable and would have to be replaced frequently. 

The last project to be discussed is another example of an in- 
novative approach to combined sulfidation reactions. Most in- 
vestigators regenerated mixed oxide sorbents in air, which 
sometimes caused sulfates to form instead of the original mixed 
oxide. Wakker and Gerritsen published two papers in Ref 12 
that describe an approach that prevents sulfate formation dur- 
ing regeneration. Mixed oxide sorbents were prepared by im- 
pregnating porous AI20 3 with salt solutions. The salts were 
then converted to dispersed metal aluminates in the pores of the 
A1203 support structure. Aluminates of nickel, zinc, cobalt, 
manganese, and iron were produced for evaluation. 

From this set, MnAl204 and FeA120 4 were selected after 
preliminary experiments for in-depth R & D. With thermody- 
namic calculations, the authors demonstrated that regeneration 
in a steam atmosphere prevents sulfate formation. They be- 
lieved that having manganese and iron present in aluminate 
compounds instead of simple oxides was the key to successful 
regeneration with steam. 

Laboratory experiments were conducted in a fixed bed reac- 
tor at temperatures between 400 and 800 ~ Only slight deac- 
tivation was reported with both compounds after hundreds of 
sulfidation/regeneration cycles. It was stated, but without pres- 
entation of many results, that H2S was removed to a level of 10 
to 50 ppm, depending on gas composition. Although this claim 
is not surprising for MnA120 4, it is difficult to see how such low 
levels are possible with FeA1204. 

In a second phase of their project, Wakker and Gerritsen 
evaluated their sorbents in a coal gasification pilot plant.These 
tests permitted larger quantities of the sorbents to be used, and 
they involved exposure to the complex gas mixtures generated 
during coal gasification. During the tests, which consisted of 4 
weeks of cycling, the cleaned fuel gas contained less than 40 

ppm H2S. The only problem encountered was a significant re- 
duction in breakthrough capacity. This problem was more se- 
vere for MnA1204 than for FeAl20 4. 

4. Summary 

Thermodynamics is believed to be a good tool for predicting 
and analyzing the performance of sulfur sorbents. When the ac- 
tive agent is a metal or binary oxide, thermodynamic calcula- 
tions are simple, and data are readily available for performing 
the calculations. In recent years, mixed oxide compounds have 
been receiving the most attention in sulfur sorbent R & D. Ana- 
lyzing the reactions involving these compounds is more com- 
plex because sequential and/or parallel reactions occur, and the 
thermodynamic database is sometimes inadequate. Conse- 
quently, many investigators are not making effective and cor- 
rect use of thermodynamic calculations in their research. The 
construction of four component phase predominance area dia- 
grams is considered to be a good approach in analyzing sulfida- 
tion and sorbent regeneration reactions with mixed oxide com- 
pounds. 
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