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Abstract

Cerium-based high temperature sorbent as an alternative to zinc-based sorbent is being
investigated. Initial interest in cerium was justified on the potential for producing elemental
sulfur directly during regeneration. The regeneratiomaation is highly faored
thermodynangally. No side reactions occur and the reaction is rapid bet®w86rfC and
700 °C. Preliminary multicycle tests showed good sorbent durability. Process analysis
suggested the optimum elemental concentration in the regeneration product should be about
15%, and experimental concentrations as high as 20% have been achieved. These results were
reported last year.

The thermodynamics of desulfurization have been considered to be the liragtog ih
cerium sorbents. High temperatures8q0 °C) and highly reducing gas compositions were
required before Cefsulfidation would proceed to any significant extent. Eueder these
conditions the equilibrium #6 concentration was well above the 20-ppmv target for IGCC
application.

During the past year we have found that reduction of (eQCeQ (n < 2) greatly
increases the ability of thebent to remove #6. Using reduced CeQOprebreakthrough #$
concentrations of 10-ppmv or less have been achieved over a range of temperatures, pressures,
and feed gas compositions and flow rates. More extensive multicycle testsondiv@ed the
sorbent duraility. No significant change ineactivity was observed after twgrive reduction-
sulfidation-regeneration cycles. Other advantages of cerium sorbents are the absence of cerium
volatility and the lack of sulfateormation during regeneration.
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Introduction

High temperature desulfurization is a key element in the optimal development of the
integrated gasification combined cycle @QG) process. Research on the development of
regenerable sorbents capable of reducing t#& ddncentration to approxately 20-ppmv and
with sufficient durability to survive many sulfidation-regeneration cycles has been ongoing for a
number of years. Extensive studies on zinc-based sorbents have led to their use in clean coal
demonstration prects. While zinc @bents are capable of reaching the 20-ppmv target level,
their use is restricted to relatively low temperatures and moderately reducing gases because of
the tendency for ZnO to be reduced to volatile Zn. In addition, problems and questions remain in
the regeneration and durltly areas. Because of ther@hg affinity between zinc and sulfur,
regeneration of ZnS can only be accomplished usingpbagsbxidant such as>@o reform ZnO
and liberate S® Dilute @ must be used to control the temperature of this highly exothermic
reacton, which means that the regeneration product gas contains dilyte B@ditional
processing is required for ultate sulur control. Also, the partial pressure of @nd SQ in the
regeneration gas favor the formation of ZnS@hich is believed to be a major contributor to
sorbent @terioration.

Objective

The primary objective of thisugtly is to identify a second-generation sorbent capable of
producing elemental sulfur e@ictly during regeneration and avoiding, or at least minimizing,
other problems ass@ted with the first-generation zinorbents.

Approach

An initial literature search identified three concepts for theatiproduction of elemental
sulfur during sorbent regeneration. This was followed by a thermodynamic analysis in which
each concept was evaluated using several candidate metal osbeats. Sorbents having the
greatest affinityfor H>S during sulfidation such as ZnO were found to be least conducive to
elemental sulfur production during regeneration. Less efficient sulfidation sorbestds, afel
Ce(Q, were selectedor experimental study based on favorable thermodynamics for elemental
sulfur production during regeneration. As much as 80% of the sulfur in FeS waxdeliber
elemental form using anxH>0 regeneration gas containing larggoHtoncentrations (White et
al. 1998). This approach, whilechnically feasible, was judged to be commercially impractical
because of the large steam consumption and the small concentration of elemiemtal sué
regeneration product gas.

The majority of the experimental effort has been devoted to the &a®ent system in
which three reactions are important. At high temperatures in a reducing atmosphers CeO

reduced to Cefn < 2) according to

CeQ(s) + (2-n)H(g) = CeQy(s) + (2-n)RO(g) R-1



The sulfidation reaction is

2CeQ((s) + HS(9) + (2n-3)H(g) = Ce02S(s) + 2(n-1)HO(Q) R-2
Ce0.S may be regenerated using weakly oxidizing Bythe following reaction

Ce02S5(s) +SQ(g) = 2CeQ(s) + S(0) R-3

The sulfur product is represented a$d® simplicity. In reality, a mixture of sulfur allotropes S
with 1< x < 8 may be formed.

In addition to forming elemental sulfur datly, the Ce® system has additional
advantages of not producing =mtle cerium species, of eliminating sulfatermation, and
reducing temperature control problems since th€g2 SQ reaction is less exothermic than the
ZnS-Q reacton. The disadvantages of cerium compared to zinc sorbent are poorer sulfidation
thermodynamics, lower theoretical capacity (0.093 kg S per kg Ca@pared to 0.39 kg S per
kg of pure ZnO), and higher oxide cost.

Early phases of the cerium sorbent experimental work comatedton the regeneration
reaction as elemental fud production was the primary goal of the study. etdils of the
reaction system along with\farable regeneration results were presented at last yeagsng
(Zeng et al. 1997). Effort during the past year has coratedtion the reduction and sulfidation
phases and on multicycle sorbent durability.

Results

Thermodynamics: The limitations of Ce@during the sulfidation phase of the cycle are clearly
seen by the three solid lines of Figure 1. These lines represent, respectivelylibreueqid>S
concentrations from KRW, Texaco, and Shell gas compositions itactowith CeQ as a
function of temperature. Nominal compositions of these gases are shown in the first three
columns of Table 1; in each case th&dontent was arbitrarily set to 1 mol% (10,000-ppmv).

Table 1. Compositions of Coal Gases and Experimental Gases Used in This Study

Gasifier Product Composition Experimental Gas Composition
Component KRW Texaco Shell

P Air-Blown  O-Blown  O>-Blown Gas A Gas B Gas C
CO 15 40 60 -- - -

H2 10 31 29 10 50.25 28.25
CO, 5 11 2 - -- -
H20 15 17 5 -- 3.5 6.5

N2 54 -- 3 balance balance balance
H2S 1 1 1 1/0.25 0.25 0.25




Essentially no HS removal from the KRW gas is possible until the temperatweees
700°C and at 90QC the equilibrium HS concentration of about 4000-ppmv corresponds to only
60% HS removal. Increased>H removal from the Texaco gas is possible but temperatures in
excess of 9T are required to achieve 90% removal. With the Shell gaategrthard0% HS
removal is thermodynamically possible at all temperatures shown. However, the 320-ppmv
equilibrium concentration (96.8%28 removal) at 800 °C is well above the IGCC target level.
As a result, a two-stage desulfurization process using cerium sorbent for i&lkeioval
followed by a zinc-based sorbent polishing step was proposed (Zeng et al. 1997).

The potential for increased28 removal by reducing CeQs illustrated by the three
dashed lines of Figure 1 that represent equilibriz8 Ebncentration from the three coal gases
in contact with CgDs (CeQ.s).
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O ol =" temperatures shown. The problem,
s g _ =7 - of course, is that CeQcannot be
E I = reduced to C€s3 at conditions of
UCJT 10° 7 . . .
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Figure 1. Equilibrium HS Concentrations from Three would fal_l between the CeCand
CeOs limits.

Coal Gases With Ceand CeOs

In contrast to the limited ability of Ce@orbent to remove 43, the thermodynamics of
the CeO.S-SQ reaction are quite f@rable. At 600 °C, the most common experimental
regeneration temperature, the equilibrium constant for thetiom is &out 250 and no side
reactions ocar. Regeneration is not limited by thermodynamics, butdactor heat transfer
considerations and the need to prevent condensation of elemental sulfur witreadbe rFor
example, at 600 °C and 25 atm, the elemental sulfur content of the regeneration product gas can
approach 60 mol% before condensationeaHtransfer considerations show that the elemental
sulfur content should be limited to about 15 mol%, well below either the condensation or
thermodynamic limits. Elemental sulfur contents as large as 20 mol% have been produced
experimentally (Zeng et al. 1997).

CeOz Reduction: The ability to reduce CeQOto CeQ (n<2) is well established in the
literature. Bevan and Kordis (1964) publishestadshowing the equilibrium value of n as a
function of temperature and-@artial pressure. Atmospheric pressure electrobalance tests were
performed to confirm that CeCould be reduced at temperatures of interest and to compare
experimental results with those reported by Bevan and Kordis. Experimental and theoretical
results as a function of temperature are compared in Figure 2. The experimental gas composition



of 40% H and 3.5% C®in He was chosen to closely match theildrium O, pressure of the
Shell gas. At 800 °C the equilibrium; @ressures are 2.8xtbatm and 3.4x18" atm for the
experimental and Shell gases, respectively. Helium was used instead tf Mduce
aerodynamic drag and increasecattobalance sensitivity.

502 Results from duptiate
ceo, in40% 1, 35% co, baance e | @XPErimental runs are irgdited by
the discrete points in Figure 2,
while the solid line is drawn
through the average of the two
runs. Thedashed line is based on
equilibrium Q pressure for the
Shell gas coupled with datom
Bevan and Kordis. The agreement
is quite good. Reduction becomes
significant at about 750 °C, and
both experimental and predicted
weights correspond to Ceg at
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Figure 2. Reduction of CeO CeQ .85 compared to the predicted

value of CeQ@s3

Reactor Modifications: Three significant changes were made in the reactor and analytical
system (Zeng et al. 1997) and the test procedure to enable le&eaHcentrations associated
with reduced CegXxo be measured accurately.

First, a flame photometricedector (FPD) was installed in parallel with the thermal
conductivity eétector (TCD) in the gas chromatogha Flow could be dacted to either detector
using a three-way teflon valve. The FPD permitted accurgentéasurement in the range of
1-ppmv to 100-ppmv with an ultiate detection limit of Bout 0.3-ppmv (compared to 100-ppmv
for the TCD).

In addition, cotact between sulfidatioproduct gas and stainleggeal parts was reduced
by adding a quartz liner inside the stainless steel pressure vessel, usimjrietl stainlesstsel
tubing between the reactor and back-pressure regulator, and replacing other staipldises
downstream of the back-pressure regulator with teflon. Sulfur contamination was minimized by
using separate transfer linés sulfidation and regeneration tests, and by feeding sulfur-free
reducing gas through theactor system following regeneration tests until a8 #as detected in
the product gas. With these changes the only stainlesssareft in contact with the sulfidation
product gas were the chromatograph sampling valve, backpressure regulator, a filter, and a short
pipe nipple between the pressure vessel and teflon-lined transfer tubing.

Feed Gas Compositions: Three experimental feed gas compositions shown in the last three
columns of Table 1 were used in the test program. Gas A contained oalydH4$S in Nb.
Steam was added in gas B at a level such that thiébeqm O pressure was approxately
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equal to that of Shell gas. Finally,
the B and BO contents of gas C
were almost equal to the Shell gas.
However, in the absence of CO and
CC;, the Q pressure was
significantly larger. Equilibrium ©
pressures for the three
experimental gases evaluated at the
product gas composition and the
Shell gas as a function of
temperature are presented in
Figure 3. At a fixed temperature
there is just over one order of
magnitude difference in the >0
pressure of the gas compositions,
and the equilibrium @pressure of
increases by
about five orders of magnitude
between 650 °C and 850 °C.

Sulfidation of Reduced Cerium Oxide: The effect of reduain-sulfidation temperature was
examined between 600 °C and 850 °C using gas A containing 1 mg# H each case the

sorbent was pre-reduced in sulfur-free gas A at the same temperature used for sulfidation.
Results at the five highest temperatures are shown in Figure 4. 600 °C results are not shown
since the S concentration in all samples exceeded the FPD saturation lintabof 400-ppmv.

At the higher temperatures, alb&lconcentrations were below 10-ppmv for at least 17 minutes.
The initial concentrations decreased with decreasing temperature from about 6-ppmv at 850 °C
to near the ultimate detection limit of the FPD1(-ppmv) at both 650 °C and 700 °C. In each

test, the HS concentration in the sample after the last data point shown in Figure 4 exceeded the
FPD saturation limit.

The FPD prebreakthrough
concentrations shown in Figure 4
compare quite well to previous
results at higher temperatures
reported by Meng and Kay (1987).

This is illustrated in Figure 5
where concentrations from the
third sample of the Figure 3 tests
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are compared to the Meng and Kay
data. The calculated eiforium

concentrations for the Ce®>S

and CeOs-H2S reactions in contact
with Shell gas are also shown for
comparison. While the feed gas
compositions used by Meng and
Kay and in this study were



somewhat different, the results are quite similar. These results prove, without question, that
reduced Ce@is capable of achieving IGCC B specifications at temperatures and gas
compositions well beyond the limits of zinc-based sorbents.
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The FPD breakthrough
curves with and without pre-
> St reduction, but otherwise equivalent
reaction onditions, are compared
in Figure 6. The kB concentration
i of gas A was reduced to 0.25
10" mol% to prolong the

i ' . . prebreakthrough period. Without
pre-reduction there was an initial

wE o peak in the S concentration
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early BS peak was absent and the
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breakthrough occurred at 125
minutes without pre-reduction and

» 115 minutes with pre-reduction.

a0 - e oy The following explanation
o for the different response is
brees e proposed. With pre-reduction, the

Total Flowrate: 400 sccm entire bed consists of CeQ < 2)
FeedComposiliun:GasA,O.ZS%HZS bEfore belng exposed to 28'.
Without pre-reduction the entire
bed is Ce®@at the beginning of the
test so that reduction and
S sulfidation occur simultaneously.
e Reduction occurs downstream of
S e L e Y PP the sulfidation reactioriront, and,
after the early b5 peak associated
with partial CeQ@ reduction, the
subsequent sulfidation reaction is
between HS and Ce@ (m < 2).
We expect m to be somewhat larger than n because with pre-reduction als@efosed to the
10 mol% H reducing gas with no 4@ present. Without pre-reduction the upstream reaction of
H>S consumes Hand produces #D, thus decreasing the reducing power of the downstream gas.

H,S Effluent Concentration (ppmv)

Time (min)
Figure 6. Prebreakthroughh& Concentrations With and
Without Pre-Reduction

The effect of feed gas composition using gases A, B, and C, all cont@i@bip HS is
shown in Figure 7. The sorbent was not pre-reduced in these tests. The best performance was
achieved using Gas B where thgSHoncentration was below 3-ppmv for the first 185 minutes.
From Figure 3 we see that Gas B also had the lowest equilibriysne@sure, about T atm at
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Sorbent Durability: Results of process analysis and preliminary economic evaluation reported

200

250

the 700 °C eaction temperature.
Gas A exhibited intermediate
performance with the % concen-
tration below 5-ppmv between 15
and 115 minutes; the eiforium

O. pressure of Gas A at 700 °C
was just less than T8 atm. While
the equilibrium Q pressure of
Gases A and C were about equal,
sorbent performance with Gas C
was clearly inferior. The minimum
H>.S concentration was between
60-ppmv and 70-ppmv, and FPD
breakthrough occurred after about
50 minutes. Although Gases A and
C should have produced about the
same level of CePreduction, the
poorer sulfidation performance of
Gas C is attributed to its relatively
large HO-H; ratio.

previously (Zeng et al. 1997) showed that sorbent diyalwas key to the commercial viability

of either a zinc-based or cerium-based high temperature desulfurization process. Favorable ten-
cycle results using cerium sorbent were presented in the previous paper. A twenty-five-cycle test

with similarly favorable results was corepéd this year. The TCD was usked gas analysis
since the overall behavior of the breakthrough curve waseaitgr interest than the minimum

initial H>S concentration.
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SO breakthrough curves
from seécted cycles of the twenty-
five-cycle run are shown in Figure
8 with results from a noreacting
SO tracer test at the same
conditions included for
comparison. In all cycles the
elemental sulfur content of the
regeneration product (considered
as S) exceeded 10 mol% between
8 and 17 minutes, and
breakthrough occurred in the 17 to
25 minute period by which time
regeneration approached

Time (min) completion. The catter in the
Figure 8. S@Breakthrough Curves from ®=ted breakthrough curves appeared
Regeneration Cycles of Twenty-Five-Cycle Testandom. The time, o,

corresponding to 6 mol% SQn



the regeneration product gas (50% of the feed concentration), varied from a minimum of 20.6
minutes in cycle 04 to a maximum of 23.0 minutes in cycle 06 with the average being 21.9
minutes. There was no evidence of sorbent deterioration as the number of cycles increased.

Percent conversion of Ce@® CeO,S at the conclusion of each sulfidation cycle and of
Ce0,Sto CeQ at the end of each regeneration cycle is shown as a function of cycle number in
Figure 9. These values were obtained by numerically integrating the area between the non-
reacting tracer results and the bréastigh curves from individual sulfidation and regeneration
cycles. Results from sulfidation cycle 16 and regeneration cycle 08 atedbecause of mass
flow controller and sulfur plugging problems, respively. Sulfidation onversion varied
between 95% in cycle 01 to 108% in cycle 17 with an average of 101.9%. Regeneration ranged
from 91% in cycle 05 to 109% in cycle 06 with an average of 98.3%. Thus, good sat&rramn
balance closure was achieved, and once again, there was no evidence of performance
deterioration in the latter cycles.

120

During the fifty-eight day

| ] E“ge_"”“_"" . m-m = _ | duration of this multicycle test, the
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8 | approxinately 90% of that time
E& 60 1 period. The sorbent was
2E ot alternately &posed to KN
g5 wf during  reduction,  HH2S/N
S8 during sulfidation, S@N> during
= ;5 20 | regeneration, and N purge
§ ! between each phase.  While
0 twenty-five cycles are insufficient

5 10 15 20 25
Cycle Number

Figure 9. Sulfur Nterial Balance Closure in Twenty-
Five-Cycle Sorbent Durability Test

to establish commercial viability,
these preliminary durability results
are judged to be exceptionally
promising.

Application

The advantages of cerium-based high temperature desulfurization sorbent counter the
disadvantages of first-generation zinc-based sorbent. The primary advantages of cerium sorbent
are the ability toproduce elemental sulfur éictly during regeneration, lack of volatility and
sulfateformation, improved intrinsic durability, and applicability to strongly reducing gases at
higher temperatures. Because of the limited desulfurization ability of ceoirbrarg, two-stage
desulfurization with bulk &5 removal using cerium sorbent followed by a zinc sorbent polishing
step will be required when treating moderately reducing gases. ®herecs of the two-stage
process may be competitive with single-stage zinc sorbent desulfurization if the cerium sorbent
is sufficiently durable. Results of twenty-five-cycle durability tests are quite favorable. In
special applications involving high temperature desiziation of highly reducing gases, single-
stage cerium sorbent desulfurization appears to be possible. At such conditions zinc-based
sorbents are totally imactical.



Future Activities

The experimental phases of the patjhave been completed and the fingbreéis being
prepared.
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