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Metal oxides supported on zeolites have been demonstrated as effective
regenerable desulfurization agents for high temperature removal of hydrogen
sulfide from fossil fuels. Desulfurization occurs by sulfide formation with
Fe or Zn on the surface of the zeolite lattice with the hydrogen sulfide of
the fuel gas. Regeneration by air oxidation of the supported metal sulfide
displaces the sulfur as sulfur oxides. Both sulfidation and oxidation show
efficient kinetics within a temperature range of 500-600C, which is above the
range of physical adsorption and below where metal vaporization or support
instability prove limitations. Zinc faujasite Y is of particular interest be-
cause of demonstrated ability to reduce the sulfur concentration to several
PPM in the temperature range 500 to 650 C.

INTRODUCTION

The potential for increased efficiency of gas cleanup and improved eco-
nomics provides the incentive for development of high temperature desulfuri-
zation of fossil fuels (coal gas or syngas). Numerous processes are avail-
able for low temperature desulfurization. However, advantages in processing,
notably energy conservation and capital savings, make high temperature desul-
furization attractive.

Attention 1s given here to the use of metal zeolites as regenerable de-
sulfurization agents. Consideration is given to the merits of high tempera-
ture desulfurization, the rationale of agent selection and bench scale eval-
uations have been conducted of the desulfurization-regeneration performance
of iron and zinc zeolites.

THE MERITS OF HOT DESULFURIZATION

Two assessments that show the energy and capital cost advantages of high
temperature desulfurization of several available coal gasification alternatives
are summarized here:
One comparison (1) has been made for low and high temperature gas cleanup of a
1000 MW coal gasification combined cycle power plant for two possible gas tur-
bine inlet temperatuves (1070 C and 1320 C) for 4 gasification options: 1) air
blown Lurgil (fixed bed), 2) oxygen blown Lurgl (fixed bed), 3) oxygen blown
bituminous gasifier cleaner (slagging fixed bed) and 4) an air blown Foster
Wheeler (entrained bed). The high temperature hot gas cleanup (HGC) used was
the Morgantown Energy Technology Center (METC) iron oxide fixed bed desulfuri-
zation process. The low temperature gas cleanup (LGC) used was the Benefield
process. The HGC ,alternative provided advantages in thermal efficiency, capital
cost, electricity cost and purification system component costs. Savings of 347
in capital requirements and 30% in cost of electricity were obtained with HGC.

In a second assessment (2) 4 gasifier configurations were evaluated, 3
employing entrained flow, by Texaco, Shell-Koppers and by Foster Wheeler/
Bituminous Coal Research (FW/BCR) and Institute of Gas Technology (IGT) fluid
bed using 24 variations of air and gas blown gasification with 3 temperatures -
for desulfurization. Low temperature (150C) desulfurization was with a Selexol
liquid scrubber. Intermediate temperature (540C) desulfurization was with the
METC iron oxide fixed bed. High temperature (820C) desulfurization used a
Conoco half-calcined dolomite in a fluidized bed. All processes met EPA emis-
sion standards. The medium and high temperature processes provided advantages
in thermal efficiency, plant capital and overall electricity cost. The great-
est advantage provided was reduced capital cost.
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SELECTION OF DESULFURIZATION- AGENTS ~PRIOR WORK

The elements considered for desulfurization agents have been selected
largely -on an empirical basis from essentially every group of the periodic
table. Westmoreland and Harrison (3) made a systematic examination of can-
didates for the hot desulfurization of low BTU coal gases. In their approach
they made use of the free energy minimization method of Van Zeggeren and Story
and selected 11 of 28 elements as potential candidates for fuel gas desulfuri-
zation within a temperature range of 400-1200C. These candidates were Fe, Zn,
Mo, Mn, V, Ca, Sr, Ba, Co, Cu and W. Based on thermodynamic considerations
they selected Mn0O, CuO, V,0, and ZnO for kinetic studies. A second systematic
selection of sulfur removil agents based on thermodynamics has been made for
fuel cell applications (4). Attainable equilibrium H,S concentrations for coal
gas at 650C was the selection criterion. Of 42 agentS examined, 12 candidates
Fe, Co, Cd, Mo, Pb, W, Zn, V, Mn, Ba, Sr and Cu were evaluated with Cu/Cu0,
Zn0, and V,0, examined experimentally.

A compréhensive review of hot gas(3430C) cleanup processes applicable
to sulfur removal, as H,S from coal gases was prepared by Onursal (5) in 1979.
Comment on desulfurizat%on work with an updating since 1979 is appropriate.
First comments will be made of results obtained with the single component sys—
tems Fe, Cu and Zn:

Early work with iron oxides on the Appleby-Frodingham process (6,7) demon-—
strated excessive sorbent degradation and was abandoned. The MERC iron oxide/
silica (fly ash) sorbent (8,9) achieved 200-800 ppm H,S in coal gases in the
temperature range 400-750C with regeneration at 950C In ailr or steam.

Zinc oxide has been widely used for removal of low concentrations of H,S
at low to mid temperatures but only as a nonregenerable system. Supported ZnO
has been evaluated at Giner Inc. (10,11) and by Institute Francais Du Petrole(IFP)
(12) and HZS levels down to 1 ppm were obtained at bench scale. Evaluations
of the IFP“Zn0 at METC (12) confirmed the low H,S concentrations but indicated
low sulfur loadings relative to unsupported ZnO~

Several studies have involved copper sorbents (13,14,15,16,17). Copper
supported on silica (16) has been used to desulfurize HZS/H mixtures over the
temperature range 300-1000C with ultimate application intenged for coke oven,
producer, and water gases and hydrocarbon vapors. Studies have been conducted
by Kennecott Copper Co. (13,17) for Lurgl fuel gases containing H,, CO an
1-1.5Z H,S in the temperature range 480-510C. Sulfur removal efficiencies of
807 (CO'%SOO ppm H,S) were obtained. Sorbents were regenerated at 816C using
solid-solid reaction with CuO but with limited success.

Most desulfurization studies have been conducted with mixed metal oxides.
About the earliest significant study was made at Johns Hopkins University (14)
for mixed oxides of Cu, Fe, U, Cr, Sn, Mn, V, Mo, Sb, Bi as binary and ternary
combinations with various binders such as clay, pumice, alundum and lime. Re-
generation of the sulfided sorbents was by air oxidation, but sustained perfor-
mance wag not obtained. Nachod (15) used mixed oxides of Cu, Zn and Pb supported
on aluminosilicates to remove sulfur from petroleum distillates and gases
with H,S and organic sulfur compounds in the temperature range 90-550C. Re-
genera%ion was with air/steam at 370-540C, but the supports were lacking in
atability.

Investigations at METC extending earlier work with Fe oxides (6-9) have
shown that sulfur levels of 2-10 ppm in the temperature range 550-750C can be
achieved for a zinc ferrite sorbent with simulated Lurgl fixed-bed gasifier
off-gas., To date this zinc ferrite of METC has been advanced to the highest
stage of development, pilot plant, of any sorbent.

However, investigations by Battelle, IGT, MIT, Giner, Research Triangle
and Electrochem, largely under DOE funding, continue to evaluate promising
alternatives for high temperature regenerable desulfurization of coal gases.
Work at Battelle (18) has been conducted with molten carbonates supported on

Ca-Li aluminate. Dual adsorbent beds with mixed oxldes of ZnO, Fe203, Cu0 in
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one bed and CoTiOBin a second bed have been evaluated at ICT (19). Work

with oxides of Cu~ and Zn has been done at Giner (20) and work with oxides

of Cu and Mn pursued at Electrochem (21). A number of mixed oxides of ZnO,
Cu0, Ti0, and MoO., notably co-precipitated with alumina have been investigated
at MIT (%2) Additional studies with mixed oxides of ZnO/Cu0/Fe, O Zn0/Tio

CuO/Fe 03/A1 and CuO/Al2 3 have been conducted by the Researcﬁ %riangle (53)
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SELECTION OF ADSORBENT COMPONENTS

Iron and zinc were selected as the desulfurization agents for evaluation
based on consideration of the results of prior work and the prospects for
favorable sulfidation kinetics, low equilibrium sulfur concentration at high
temperature and good oxidation regeneration kinetics. Most prior desulfuriza-
tion work has been conducted and continues with co-precipitated metal oxides.
In this study a zeolite support was chosen to provide a hydrothermally stable
substrate favorable for maintenance of a highly dispersed desulfurization agent
for many sulfidation/oxidation duty cycles. A synthetic mordenite (Zeolon 900)
was initially evaluated but the availability of rare-earth stabilized faujasite
Y zeolite (Linde SK 500) led to making it the support of choice.

EXPERIMENTAL PROCEDURES

The metals of interest Fe and Zn were ion exchanged with the zeolite
pellets by equilibration at 25-60C with 3 Molar aq. solutions of nitrate salts
of the metals. Ion exchanged zeolites were separated from the exchange solu-
tions, dried at 150C and air calcined at 500C. The properties of the sorbents
are given in Table 1.

The desulfurization performance tests were conducted in a stainless steel
fixed bed reactor with 2-12 gr. of adsorbent (20-40 mesh). Corrosion resistent
alloys must be used if the reactor is to have bare metal walls to avoid wall
effects. The safest practice is to use a quartz liner in the reaction zone.
Gas compositions consisted of dry and wet (10-20 Mol 7Z H 0) H,with -200~8000 ppm
H,S. Reaction conditions consisted of 1-2 atmos. gas presqure, a 450-650C tem-
perature range and a space velocity range of 500-10000 hr ~. Tests were con-.
ducted to breakthrough concentrations of 20 ppm H,S. Sulfur concentration in
the exit gas was determined with Kitagawa tubes and at intervals of 30-60 min.
by absorption in CdSO, aq. solution and thiosulfate titration.

The sulfided adsorbents were regenerated with air or simulated fuel cell
exhaust gas (11 Mol % 0,) at 450-650C with periodic measurement of SO2 in the
exit gas by Kitagawa tuge and absorption in aq. NaOH.

Post test adsorbents were characterized by sulfur analysis and for select-—

ed systems metal analysis, X-Ray diffraction analysis and BET surface area deter-
minations.

REACTION MECHANISMS
The sulfidation reactions postulated for the supported metals as separate

interstitial entities with H, S at temperature in the range 450-650C in a reducing
atmosphere are assumed to be?

FeO + H)S = Fe§+ H0 (€8]

Zn0 + H,S = ZnS + H,0 (2)
The mechanism proposed for the exchanged cations 1s that they are present pre-
dominately as integral components of the zeolite lattice surface so that the
sulfidation reaction can be visualized:

2 + -
Zeolite®+ zn? ¥+ HyS = {Zeolite®™ + 2u 4 zns) 3)

Limited thermal stability precludes sulfide stoichiometries with sulfur to
metal ratios higher than indicated in reactions (1)-(3).
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Reactions (1)-(2) would lead to significant inhibition of sulfidation
by an appreciable water partial pressure. Since coal gases will contain 10-20
Mole Z H, 0 depending upon whether the gas is air or O, blown this is an impor-
tant conSideration. While the water partial pressure of 10 Mole Z might raise
the H, S equilibrium concentration from 1-2 to 10 ppm at 650C there would be an
advangage in minimizing the volatility of Zn.

The oxldation regeneration reactions for the sulfided metals are consider-
ed to be:

FeS+ 1.5 0, = FeO+ SO, )
205+ 1.5 0, = Zn0+ SO, (5)
[Zeolite?™ + 28 + zns]+ 1.50, = Zeolite?™ +znZt] +H,0 +50, (6)

The expectation is that at the elevated temperature of oxidation most of the
sulfur will be evolved as SO /SO3 with minimal sulfate formation 1f extended
exposure to excess oxygen is"avoided. The decomposition temperatures of the

. sulfates, if formed, are relatively high being 500-630C for FeSoa and 600-840C
for ZnSOA (24).

DESULFURIZATION PERFORMANCE

In Table 2 a comparison i1s made for 4 adsorbents, Fe and Zn mordenite,

a Zn impregnated alumina and a rare earth loaded Zn faujasite Y. After 5
sulfidation/regeneration duty cycles at 540C the Zn faujasite Y demonstrated

a decided advantage in sulfur loading at breakthrough at 20 ppm with a H,S
concentration less than 10 ppm prior to breakthrough combined with mainténance
of a high BET area of 360 M"/Gr. Typical results with wet (15 Mole %) H, with
1000 ppm HZS at 500C over Zn faujasite Y (Fig. 1) show sustained performance
for 4 duty“cycles with less than 10 ppm H,S.

If the objective is to obtain a low sulfur concentration prior to break-~
through Zn zeolite is decidedly superior to Fe zeolite (Fig. 2). For this test
with a sulfur concentration of 7900 ppm, typical of coal gas, for wet (10 Mole %)
H, residual sulfur concentrations before breakthrough appreciably less than
equilibrium H, S values are obtained for either Fe or Zn.

The role of the rare earths present on the SK 500 faujasite Y used as
support for the Fe and Zn in the desulfurization process has not been determined
but published results (25,26) indicate La has potential as a sulfidation adsor-
bent but would require a temperature above 650C for oxidation regeneration. The
present study indicates the rare earths play a minor role in sulfidation but a
major role in contributing to thermal stability. Zinc has been proposed (27)
for improving the thermal stability of zeolites.

OXIDATION REGENERATION

Oxidation-regeneration at 650C of sulfided Fe and Zn faujasite Y adsorbents
with simulated fuel cell exhaust gas (11 Mole Z 0,) is essentially complete
within 60 minutes (Fig. 3). The extent of residudl sulfur retention after re-
generation is showrd in Table 2.

To complete thermal decomposition of residual ZnSo, a temperature
approaching 800C is necessary for a gas with less than aéout 15 Mole %Z O0,. By
using a N, purge between completion of the oxldation-regeneration cycle dnd the
next fuel“gas desulfurization cycle combined with utilization of the exo-
thermic heat from the oxidation reaction permits completion of regeneration of
the adsorbent at a temperature between 800C and 650C the temperature desired in
the bed for the next desulfurization cycle.

The thermal stability of the Zn faujasite Y is promising in view of the
high BET surface area observed for the regenerated adsorbent (Table 2). An
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important consideration is that the Zn zeolite should not experience temperatures
much above 650C in a reducing atmosphere to minimize losses by volatilization.

In the interval between oxidation-regeneration and the next desulfurization
cycle the adsorbent exposure to temperatures above 650C 1s in an oxidized

‘'state minimizing volatilization.

CONCLUSIONS

Bench scale evaluations have demonstrated the performance of metal
zeolites for high temperature regenerable desulfurization of fossil fuels
containing H,S. Metal zeolites, notably with zinc, provide regenerable sulfur
removal capability and achieve low residual sulfur concentrations and a good
potential for repetitive sulfidation/oxidation duty cycles. Zinc faujasite Y,
in particular, provides a superior desulfurization agent with the active metal
in a high state of dispersion on a hydrothermally stable support. Alternation
of sulfidation and oxidation typical of desulfurization-regeneration duty cycles
favors maintenance of the initial high state of dispersion for the active de-
sulfurization agent, Fe or Zm, notably if the metal is retained in close proximity
to the surface of the zeolite lattice.

Potential applications for these metal zeolite desulfurization agents
consists of:

1) Providing sulfur removal for low to Intermediate BTU coal gases for
combined cycle power plants to minimize sulfur emissions and the protection
of gas turbine or fuel cell power plants.

2) Protecting sulfur sensitive catalysts used for processing fossil
fuels, notable coal syngas.
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Table 1. Sulfur Removal Capacity for Zinc Zeolites

Zeolite Cation Metal Theoretical High
Exchange Loading Sulfur Temp.
Capacity Equiv.to Loading Stability
CEC MEQ/Gr. CEC Wt.Z as ZnS Wt.Z Deg. C.

Syn. Mordenite 2.5 8.2 . 4.0 650

Faujasite Y 4.0 13.2 6.4 650-980

117




Table 2.

A Comparison of Desulfurization Adsorbents

Adsorbent Metal we.z Sulfur Percentage of Residual  BET
Loading Theoretical Sulfur Area
We.7 Sulfur Loading Wt.7 Sq.M. /Gr.

Faujasite Y Zn 13.2 4.8 75 1.41 360

(Linde SK 500)

Zn0 on Alumina Zn 11.7 2.4 - 0.71 119

(Harshaw A1-0104T) )

Syn.Mordenite Zn 10.9 2.4 60 0.51 129

(Norton Zeolon 900)

Syn. Mordenite Fe 14,0 3.7 - 0.33 -

(Norton Zeolon 900)

Notes:
1
ppm H,S in H
4000-9000 hr=

2) Oxidation reg

exhaust gas with 117 02, 7% CO

3)
4)

Water partial
ZnQ was mount

Fig.1

100
® Virgin Catalyst
o After 4 regsnaration cycles
80 -1 with combustlon gas ai S00°C
== =— Ideo! Plug Flow
(Very Fost Kinetics)
60—

EXIT HpS — PPIAV

Five tests were conducted with 10.3 cu.cm.

of adsorbent bed with 1000

at 540C and at 2 Atmos. in the space velocity (GHSV) range
1l to a breakthrough of 20 ppm H,S.

enerations were conducted with Simulated fuel cell cathode
and 727 N, .

pressure was 15 ﬁole % for ?!esulfurization and regeneration.
ed on alumina by solution impregnation.
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Fig.2
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