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Removal of Hydrogen Sulfide from a Fuel Gas Stream
by Electrochemical Membrane Separation
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A laboratory-scale electrochemical cell was used for desulfurization of a synthetic fuel gas process stream containing up to 3000
ppm H,S. The cell was run at typical gasifier temperatui@30-650°C)and ambient pressure. The removal rate gSttan be

limited either by gaseous diffusion from the fuel stream to the cathode-electrolyte interface or by liquid diffusion of sulfur ions
through the electrolytic membrane, depending on operating conditi@nstemperature and3 concentrationand cell design

(such as membrane thickness, membrane tortuosity, and flow channel)désiga 200 mL/min gas flow with a composition of
34.14% CO, 22.16% CQ 35.13% H, 8.51% HO, and 1200 ppm k& at 600°C, the rate of }$ removal was determined to be

limited by diffusion of sulfide ions through a porous membrane with a thickness of 0.9 mm, a porosity of 38%, and a tortuosity
of 3.8. The cell achieved removal fluxes on the order of2.10°6 g mol H,S min~* cm™2 at 650°C. While ¥, {Ca, ;Fe0;

cathode offered adequate stability and conductivity to study the system at temperatures up to 700°C, the long-term cathode
stability is still under investigation.
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H,S removal.—Hydrogen sulfide is a corrosive contaminant in electrolyte-electrode interfacejii) adsorption and reduction of
coal gasification and diesel fuel reformate streams, and it must bé1,S at the cathode surface, producing a sulfide oA (S (iv)
removed to make each fuel a viable energy source. Representativaigration and diffusion of sulfide ions through the electrolytic mem-
compositions vary extensively for each process stream; examplebrane, () oxidation of $~ to elemental sulfur at the anodesif
are shown in Table I. In cases where combustion turbines are usedesorption of sulfur at the anode, andi diffusion of sulfur away
H,S levels of 100 ppm are permissible. However, for most fuel cellinto the bulk purge stream. Previous studies have shown that the
applications, HS levels must be lowered below 1 ppm to avoid reaction kinetics at both the cathode and anode are rapid enough
degradation of cell components. (~0.1 Alcn?) to be negligible in determining the rate-limiting

Fuel gas processes operate from 550 to 2000°C at 1-35 bar. Astep™® One aspect of this research has been focused on the first and
present, low temperature absorption processes and Claus plants disurth steps, which must be characterized for each system to deter-
used to remove sulfur and salvage it as a salable by-product. Thesaine which is the rate-limiting step as they are both dependent upon
removal procedures can often be as extensive as the rest of th@emperature, kS inlet concentration, and cell design. The preferable
proces§. High temperature absorption processes offer an energyteactions are shown below
efficient route for dry fuel streams, but the regeneration of the metal-At the cathode
oxide sorbent is an expensive and difficult process. In addition, the
high flow rates of fuel processintpn the order of 7000 Ib/day 2e + HyS— H, + & [2]
dictate that vast amounts of sorbent would have to be used and then
treatec? At the anode

To compete with these processes, a high-temperature electro-
chemical membrane separation has been proposed to rem&vien H @ 1 _

. L. . . — =S + 2e [3]
one continuous step, polishing the fuel gas stream while extracting 2
elemental sulfuf. Such a process would negate the need for both
catalyst regeneration and reheating. The theoretical basis of thi?esulting in the net reaction below in whidg® = —0.245 V at
separation is an extension of membrane separations driven by pregpgec
sure gradients. The difference here is that an electric poteAtda|,
is also used to drive species across the membrane, thus adding to the 1
chemical potential to attain the difference in electrochemical poten- H,S— H, + 55 [4]
tial for species iAw;

Therefore, if HS is considered to be the only electroactive species,
A = RTIn(a;/a)) + zZFAD ) [1] t_he_ necessary ap_plieql current can _be calculated_ _a_ccording to the
limitations set on its diffusive and migratory capabilities.

Electrochemical cell componentsThe electrolytic cell has five
a; anda; are the respective activities of component i on either sidebasic components as shown in Fig. 1; cell housing, an inert ceramic
of the membrangwith ' indicating the extract phagez; is the membrane, a molten electrolyte, an anode, and a cathode. The cell
charge of the transferred speciBsis the ideal gas constark,is the ~ housing provides the channel medium by which the fuel and purge
temperature, anf is Faraday’s constant. gas streams flow across their respective electrode surfaces. A metal-
lic cell housing may also act as a current collector to which metal
Steps in HS electrochemical removat-in electrochemical re- leads can be attached.
moval of H,S, the basic steps arg) (gaseous diffusion of §8 to the The inert, porous ceramic membrane holds the molten electrolyte
electrode, i) H,S diffusion through the electrode pores to the Wwithin its porous structure to create a barrier between the two gas
streams and electrodes. Lithiated alumina and yttria-stabilized zirco-
nia (YSZ) have each been popular choices because of their resis-
* Electrochemical Society Student Member. tance to high bubble pressure as vv_eII as inertness and §tab|I|ty in
** Electrochemical Society Active Member. molten carbonate. YSZ is used in this research because it performs
Z E-mail: aburke 2000@yahoo.com well with sulfide present.
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Table I. Typical molar component percentages of coal gasifica-
tion and diesel reformate streams.

Oxygen-blown coal Diesel reformate

Component gasification streanimol %) stream(mol %)
CcO 30-45 10-25
co, 5-25 10-25
H,O 0-12 10-25

H, 20-35 40-60
H,S Upto5 Upto 2

The electrolyte in this system must be liquid at the operating
temperature, allowing sulfide species to form, and must be stabl

and conductive while exposed to the sour fuel gas and high tempera-

ture. The molten carbonate fuel cellMCFC) electrolyte,
(LigeXKo39CO;, was chosen for this work as it satisfies these
criteria.

The anode material of lithiated NiO has been selected because

D161

thickness in cm, an® g, g the diffusivity of sulfur ions in the
electrolyte (10° cn? s71).*! Equation 5 results from consideration

of the diffusive flux of sulfide ions through the membrane. Any
contribution to this flux by migration is assumed to be negligible
due to the presence of supporting electrolyte, alkali carbonate. Other
key assumptions are that the activity coefficients of carbonate and

sulfide are equal, the mole fraction of sulfide species at the cathode,
cgafh, is at the thermodynamic equilibrium percentage for that tem-
perature, and the concentration of sulfide at the anode is zero. The
quantity, cgith, is calculated from the equilibrium ratio of Reaction

6, with [H,S] being the log-mean bulk concentration of$in the
cathode gas

(Lig.6XK0,382C05 + HyS — (LigeKozg2S + CO, + H,O (6]

e

Also, the concentration profiles of carbonate and sulfide across the
membrane are assumed to be linear. All parameters in Eq. 5 except
# are independently evaluated.

is the predicted stable phase under operating conditions, as shown

by Ingram and JanZ.It has performed adequately in all runs by
maintaining stability in the oxidizing environment.

Cathode material—With the applied current being so lo(ess
than 0.1 A cm?) and the electrochemical reaction rate on the order
of 0.1 A cm 2, a material with an electrical conductivity of 15 S
cm™?* should minimize ohmic los@taking the electrode thickness to
be 1 mm). Nickel works well; however, upon conversion to;lSj,

its melting point decreases to 635°C, limiting the range of operation

to relatively low temperatures. When inlet 8l levels are below 60

ppm in polishing applications, nickel has shown promise probably

by avoiding formation of nickel sulfid&®

Other materials have been tested in the search for a more flexibl
cathode. Lithiated ¥4Ca, ;FeO; was shown to be stable and con-
ductive under various operating conditich€0S, has also been
predicted to be stable and preferentially convert to,$gounder
process condition¥) These materials were used in this study to
gather HS removal data under various operating conditions.

Theory

Sulfide diffusion limitation across the membrardhe limiting
current density carried by sulfide ions, which is equivalent to the
maximum HS removal flux, can be estimated from the sulfide dif-
fusion rate across the membrane

€PElec ng?
P —Elec™ _ T

| gitr
Flux = — =

nkF [5]

Gas mass transport limitations-Mass transfer of kS from the
process gas to the electrode-electrolyte interface could also be a
rate-limiting factor. The mass-transfer coefficieky,, can be esti-
mated using Sherwood number correlations based upon rectangular
channels in laminar flow regimé&2 The log-mean average offers
the most accurate estimate of the averag8 Ebncentration present.
The inlet and outlet mole fractions of,8 areye; andyoyger, and
prg is the fuel gas molar density

fo IN(Yintet!Youtied

e Stoichiometric limitations—Finally, the stoichiometric limiting
current is determined by Faraday’s law. For example, iBHs the
only electroactive species, then the current given below is the mini-
mum needed to remove all inlet,H

= nFkp [7]

I'mt

_ _ PV
Ithed\ = NFMy s ~ NF =5 Vinket Hys

(8]

For instance, if the fuel gas flow rate is 100%cmin~* and the inlet
H,S concentration is 1000 ppm, then the maximiyy, that can be
passed by sulfur ions is 1.69 mA ¢

If other reactions occur, then higher currents will have to be
applied and the k5 removal current efficiency will decrease. One
concern is microcracking in the membrane, which could allgdd
diffuse to the other side. If hydrogen is present at the anode, then the
parasitic reaction below will take place

wheren is the number of electrons transferred per mole reacted (2

mol ™1 in this reaction)¢ the porosity of the membranemembrane
tortuosity, pgec €lectrolyte molar density in mol cni, x membrane

Sour Fuel Gas
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Figure 1. Bench-scale design of electrolytic cell.

H, + CO5~ — H,0 + CO, + 2e [9]
Pressure gradients may also drive Reaction 9 by pushjripidugh
the membrane.

Nernstian effects.—In another parasitic process, Reactions 10
and 11 below combine to yield Reaction 12; carbon dioxide is trans-
ported across the cell as water is electrolyzed

Cathode CQ+ H,0 + 2e — H, + CO%~ [10]
1
Anode cG — 50, + CO, + 2¢” [11]
1
Overall HO — H, + EOZ [12]

The actual cell potentiaEs, may deviate from the standard po-
tential, E°, because of concentratidactivity) differences at each
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electrode as shown in Eq. 13 and 14. Additionally, takihgo be 2.5E-05
equivalent for both sets of reactions, one can estimate the relativex
extent of each reaction E “ 2.0E-05 n .
1/2 =" A
o RT[ [(Ps) Ph,as2- S ‘& 1.5E05 - -
E=E,— —{In n [13] o © A
nF 42~ Janode PH,s cathod g S 1.0E-05 —=— oA
o E * A mB
RT( [Pco,(Po,)™? Pr,Ace- 9 F soeos 0 AC
E=E21——Fln— + In| —— T . % %D
f acog anode Peo,PH,0 cathod 0.0E+00 ¥ X . , }
0 20 40 60 80 100 120
[14] . . 2
Applied Current Density / mA cm
For instance, at 600°C and 1 atm, the standard potentials for
Reactions 4 and 12 aig) = —0.245 V andE{, = —1.04 V (thus Figure 2. Removal data from previous studies, showing the removal flux of

H,S dissociation is favorédGiven the typical gas stream tested, the H2S as current density is stepped upward. _Critgrion of each run are as fol-
cathode side molar composition is 35.1%,H22.2% CQ, and  !ows. (A) LiYoCa,FeC; cathode and prerigidized YSZ membra(®9

8.5% H,O with a log-mean average of 1000 pprad4 With the sum mm) at 650°C; 3000 ppm &8 inlet at 100 mL/mint® (B) LiCoO, cathode
Pt 2o f - ._and prerigidized YSZ membrar{6.6 mm)at 650°C; 3400 ppm 8§ inlet at
of liquid-phase activities at the cathode being unity, thermodynamic 00 mL/min!” (C) CasS, cathode and lthiated alumina membraes mm)

gﬁ:jaof%rsg?gftclzg?bgnvz\;teerearl:ges%|,][‘io d:sﬁggfct?‘}g;;ﬁ%ggitgig964:& 650°C; 6500 ppm inlet at 33 mL/mifi(D) LiNi cathode and prerigidized
' . o YSsz b 1.8 t 600°C, 1300 inlet at 75 mL/min.
coefficients are equal to oneOn the anode side, the activity of membrang1.8 mm)a ppm 56 inlet at 75 mL/min
sulfide ions approaches zero while that of the carbonate ion ap-
proaches one. ) _ the theoretical maximumy,.,, has been surpassed. This occurs be-
Next, an operating cell potentiak, must be chosen to calculate cause of side reactions, predominately Reactions 10 and 11, ex-
the CQ present at the anode from Eq. 14. This potential is free of hausting a large portion of applied current due topdrossover and

ohmic and other non-Nernstian overpotentials. W&t —0.75 V, Nernstian effects.

a value common when trying to achieve maximugBHemoval, an The lithiated nickel run from this study most closely mirrors the
average C@ mole percentage of 0.1% exists at the antaleygen Ref. 14 s data. Both studies used similar membrane thickness,
would then have half of this valye whereas the Ref. 1§ and the Ref. 13 membranes are significantly

Finally, setting an anode-side sulfur level allows one to deter-thinner (0.9 and 0.6 mm, respectivelyThese data pinpoint mem-
mine the sulfide activity at the anode from Eq. 13. Under thesebrane thickness as a possible critical factor in achieving maximum
operation conditions, experimental removal data suggest that a logH,S removal rates.
mean average sulfur level at the anode would be approximately 100
ppm. For this value and the sarBevalue of —0.75V, the carbonate/
sulfide activity ratio in the anolyte is on the order of1Therefore, Electrode fabrication—Nickel mesh sheets with 80% porosity
a significant sulfide concentration gradient exists through the memyere provided by Fuel Cell Energy, Inc. After being cut into 7.%cm
brane, and the removal current efficiency is about 16% percent-  disks, they were heated in a furnace at 600-800°C for at least 4 h to
age of current contributing to 4$ removal). convert the nickel into nickel oxide. The disk was soaked in 4 M

Experimentally, however, there is more €@ansport most LiOH at room temperature, air dried, and then sanded so that it
likely due to H, crossover. Because of this, a lower removal current would fit snugly into the cell housing without protruding into the
efficiency is observednormally 5-10%). However, with the small membrane. This was the anode material for every run.

H,S concentrations present and the small currents applied, this low For the lithiated nickel cathode, the same nickel disks used for

efficiency can still generate excellent removal performance withoutthe anode were sanded to prevent protrusion into the membrane

suffering unacceptable power losses. upon sulfidation. The 7.9 chuisk was soaked in a solution of 4 M
o L . LiOH to lithiate the electrode, and, during heat-up, it was purged

Limitations of theory—A key assumption in Eq. 5, 7, and 8 is itk nitrogen before fuel gas exposure to help prevent conversion to
that sulfur is the only electroactive species. Because some current igi-kel oxide.
lost to CQ, transport, however, the required applied current is higher — copalt sulfide electrodes were fabricated using tape-casting tech-
than the currents calculated in these equations. In analysis of thﬁiques as described in Ref. 18. For Gp3.5 g was added to 0.2 g
system, the current densities in Eq. 5 and 7 are calculated from Edst binder. A 7.9 cr disk was then pressela 3 cm pneumatic die
8 using the molar b5 removal rates seen in experimentation. at 4000 psi and sintered at 450°C for 3 h and then at 615°C for 3

By stepping up the current until the,B removal rate reaches a more hours. Cooling to room temperature took place at a rate of 2°C
maximum, the maximum & removal rate at a certain temperature, min~1, The Co$ electrode was converted to §% and CQS;
inlet H,S concentration, and flow rate can be found. From this maxi-mixed phase under operating conditions.
mum H,S removal rate, a membrane tortuosity and mass transfer For the Y, Ca, ;JFe0; cathode, a combustion synthesis was used.
coefficient can be back-calculated from Eq. 5 and 7, respectivelyyjeta nitrates] Y(NOs) -6H,0, Ca(NQ),, and Fe(N@)z-9H,0]
Reproducibility of these values under various operating conditionsynqg glycine were used to prepare the precursor solution for the com-
can help one gain insight as to which process is rate limiting. Also*bustion synthesis of Y,Ca,Fe0Q;. Glycine was added in solid
Eq. 5, 7, and 8 are derived under steady-state conditions. The curreb, The glycine-to-nitrate ratio in the precursor solution was set to
must be held after each alteration for several hours to achieve steady, g g0, A stoichiometric mixture of oxidant and fuel might be de-
state and acquire valid data points. fined by

Experimental

Previous Studies

9
In Fig. 2, results from previous studies are compared to a lithi- ;M(NO?’)X *+ 5NH,CH,COOH

ated nickel cathode run from this study. Success was obtained using 9
a CqS; cathode and a lithiated alumina membrafi& These data 2
show how increasing the current yields higher removal even when — 10C0O, + 7N, + 12.5H0 + X MOy [15]
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. Figure 4. Equilibrium constants for Reaction 6 calculated from Gibbs free
Applied Current/ mA energy ViaAGyy, = —RT In(Keg).

Figure 3. CO, transport datas. the theoretical rate calculated by Faraday’s

law.
to the anodic side. Flow rates in and out of the cell were checked to

verify that there was a good seal between the membrane and cell
housings.

After verifying CO, transport, a synthetic, sour gas mixture of
36.56% CO, 24.65% CQ 38.74% H, and 489-2541 ppm B was
gfg,nd into the system. After passing through a bubbler at 40°C and a
shift reactor with Girdler, CCl, and Houdry catalysts, the gas then
entered the electrolytic cell. The bubbler was used to mimic hy-
drated gas streams and to prevent carbon deposition in the reactor
via the reaction

wherex = 2.45 for the combination of metal nitrates necessary to
prepare a product consisting of a mixture of iron oxide, yttrium
oxide, and calcium oxide or other phases having the same avera
metal oxidation state as in the precursor. A stoichiometric oxidant/
fuel mixture would thus contain 0.56 glycine molecules per nitrate
ion. Combustion of the metal nitrate/glycine solutions was per-
formed in glass beakers on an infrared hot plate, with typically 10
mL of the precursor solutiof0.2 mol with respect to iropurned at

a time. The precursors were concentrated by heating until excess
free water was evaporated, at which point spontaneous ignition oc-
curred and resulted in black ash. The ash was then calcined at 800°€he presence of steam hampers the formation of CO, thus eliminat-
for 2 h to get ¥y Caq FeC;_5. X-ray diffraction (XRD) analysis  ing carbon deposition. Entering the cell, the gas inlet had a compo-
showed that the powder had orthorhombic structure. Isothermakition of 34.14% CO, 22.16% CQ 35.13% H, 8.51% HO, and
adsorption/desorption investigation showed that the specific surfacg50-2500 ppm HS at 600°C due to the gas-water shift reaction
area of the powder was 143°m?, about seven times higher than

that for the powder prepared by solid-state reaction (3§ 1). A3 H,O0 + CO= H, + CO, [17]

cm circular die was used for 1 g at 7000 psi. Polyvinyl alcohol was
added as binder and starch as pore former. The cathode was sintered

at 1000°C for 2 h before using. The porosity of the cathode was 43%. About 2_ to 4 o!ays were allotted for the SYStem to reach equ"ib'
as measured by the standard Archimedes method. rium at which point the outlet 56 concentration reached the inlet
concentration. During this time period, the cathode material changed

Cell housing fabrication and passivatisrCell housings were  from an oxide to a sulfide compound, and the electrolyte sulfide/
fabricated from stainless steel 304 blocksX22 X 0.751in.). A1 carbonate ratio attained equilibrium.
mm deep circular indention was cut for the electrode cavity. A rect-

angular flow channel was cut into this indention for gas to flow Kin-E| 273A potentiostat/aal wat. Cell i
across the electrode. Metal tubing extended from the cell housing t erkin-cimer potentiostatgalvanostat. Lells were run at open

outside of the furnace to make gas flow and circuit connectionsCircuit until the outlet BS level reached a magnitude comparable to
Finally, a quarter-inch diameter hole was drilled in an upper cormnertN€ inlet. At this point, the cell was operated galvanostatically to
of the cell housing to be placed on top in order to provide access foinitiate electrochemical transfer. Cell resistance was estimated using

a reference electrode to the membrane. The reference gas compodl€ current-interrupt method with an oscilloscope. Multimeters were
tion was 15% CQ, 3% O, and the balance N and either a gold also connected in parallel to the cell to monitor voltages between

or platinum wire touching a corner of the membrane was used as gach electrode anq the reference. .
current collector. Hydrogen sulfide levels were measured using a flame-

In an attempt to avoid corrosion of the steel cell housing, a thin photometric gas chromatogra.p(ﬁ’erkln-Elmer Auto System XL
layer of alumina was layered on its surface, which contacts thefazS S%Tples of 6Q.L wirehlnjeclted into thlez cglum(;(c:jh?lms_o_rb .
membrane but not the electrode. A solution of aluminum hydroxide 02). The temperaturoe of the column was 120°C, an the injection
was applied to the clean surface of the cell housing and then heateffMPerature was 250°C. Samples of known concentration were used
(to about 100°C for a few hourdo leave behind a thin alumina 10 calibrate the column, whlch is accurate wnthm 10% at concentra-
layer. tions above 40 ppm. Cleaning the syringe with ethanol between
samples produced the most consistent results.

Infrared spectroscopy was used to monitor the, &&els leav-

Assembly of cell housing, electrodes, membrane, anding the anode side. The data were used to verify continued electro-
electrolyte.—Before heat-up, the cell was assembled as shown ighemical activity because GQransport is a side reaction that can
Fig. 1. The cell was heated at a rate of 100°C,hand N, was be monitored according to Faraday’s law.
supplied to the cathode side to prevent oxidation if needed. A piston, Cathode microstructure and cracking in the ceramic membrane
applying 5 psi, was used to compress the materials together after there examined with a Hitachi S-800 scanning electron microscope.
electrolyte melted at 490°C. At this point, clean fuel gas was sup-XRD was used to determine the crystal structure and phase compo-
plied to the cathodic side of the cell, and the plirge was switched  sition of electrode materials before and after a run.
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Figure 5. Effect of temperature on % removal rate as a function of log-
mean[H,S]. Theoretical plots based upon~ 0.9 mm,A = 7.9 cn?, and

T = 3.6.(A) LiY (Ca ,FeC; cathode & prerigidized YSZ membrari6.9
mm), at 650°C; 500-1000 ppm,8 inlet at 80 mL/min(B) LiY 3 Ca& Fe0;
cathode and prerigidized YSZ membrgfe9 mm)at 650°C; 3000 ppm t6
inlet at 100 mL/min® (C) LiCoO, cathode and prerigidized YSZ membrane
(0.6 mm) at 650°C; 3400 ppm k5 inlet at 100 mL/mi’ (D)
LiY g oCa ,Fe0; cathode and prerigidized YSZ membraf@9 mm) at
600°C; 1300 ppm &S inlet at 75 mL/min

Results and Discussion

CO, transport.—Clean fuel gas was tested first to verify proper
functioning of the cell before exposure to,$l In a process the

Journal of The Electrochemical Socigty49 (11) D160-D166(2002)

a)before sintering

b)after sintering

Clafter run

50
26

Figure 7. XRD of cobalt sulfide electrode before sintering, after sintering,
and after using as a cathode for electrochemical removal,8f Alhe XRD
patterns correspond to the following structures:CoS,, (b) Co,S;/C0;S,
mixed phase, an¢t) CoyS;/Co,S; mixed phase.

In Fig. 5, H,S removal rate depends linearly upon the log-mean
average HS concentration in the sour gas stream. All of the data are
taken from steady-state points at which the current had been ramped

reverse to that of a standard MCFC, current is applied to transporto approach the maximum achievablgS+emoval rate. The applied

CO, across the membrane via the reactions

Cathode CQ+ H,0 + 26 — H, + CO&~ [18]

Anode CG — 12 O, + CO, + 2¢ [19]
The results in Fig. 3 have good stoichiometric agreement with Fara
day’s law. As the current is stepped upward, more, @Opropor-

tionally transported across the membrane.

H,S removal temperature effectsFollowing the CQ transport
experiments, HS transport was investigated at two temperatures,

600 and 650°C. The thermodynamic data in Fig. 4 imply that higher

A€the comparison of ones.two membranes used in the cell. Equa-
sulfide is favored in the electrolyte via Reaction 6. This enables P d

more current to go toward sulfur removal because the concentratio
gradient across the membrane in Eq. 5 will incre@ssuming the

anode side concentration remains the same, approximately. zero

Additionally, higher temperatures generally increase electrode kinet
ics and diffusivities of species in the electrolyte.
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o ¢ CoSgp, One Membrane
T _  1.00E-05 - X YCaFeOg3, One Membrane
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Figure 6. Effect of membrane thickness. Data of two-membrane system
one-membrane system with specified cathode matefiais.600°C and in-

currents used to acquire this data are not shown here for each data
point, but each applied current is considerably higher than the the-
oretical current needed to remove only sulfur because of the inter-
ference of side reactions due to €@ansport and bl crossover.

Comparisons of various data from this and previous studies are
shown in Fig. 5. In accordance with theory, data taken from 650°C
show higher removal capabilities than those from 600°C. Indeed,
higher temperature has only been detrimental to performance when
it has led to thermal breakdown of one or more of the cell
components.

H,S removal, effect of membrane thicknesshe most convinc-
ing evidence supporting membrane diffusion as the limiting process

tion 5 shows that a membrane twice as thick will decrease the re-
"oval rate by half if all other parameters are held constant. By

comparing data that vary only by membrane thickness, removal data
can be compared to determine whether or not diffusion across the
membrane is rate-limiting. The data in Fig. 6 indicate that a mem-

brane half as thick enables about double the removal performance
under the given operating conditions.

Each membrane is approximately 0.9 mm thick, so when two
membranes are used, the membrane thickness is 1.8 mm. A mem-
brane thickness of 1.8 mm was also used in a previous $fuatyd
it should be noted that these data at a higher temperature g8d H
inlet concentration fit with the diffusion-limited theory. In Fig. 2, the
applied current was raised to reach agSHemoval rate of 3.3 mA
cm 2, which would be about 26 mA going toward,&l removal on
a 7.9 cm surface, and the log-mean,8l concentration across the
cathode was 2400 ppm. This value, 26 mA, approaches nearly half
the value predicted by the 650°C plot in Fig. 5, as it should, because
the membrane thickness used is twice that in the plot. Further in-
crease of the current may have led to the maximum removal rate,
which would be about 30 mA for these operating conditions as cal-
culated by Eg. 5.

Considering an average data point for a one-membrane system

let [H,S] = 1200ppm= 50. Fuel gas flow rate was maintained at 200 mL/ from Fig. 6, the current going toward,8 removal is 1.31 mA ci?
min. Diffusion-limited plots were calculated using a tortuosity value of 3.6. with the applied current being 12.66 mA cfh The applied
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e
30.0 um

30:0 um

Figure 9. Scanning electron micrograph of nickel oxide anode after run.

Figure 8. Scanning electron micrograph of nickel cathode bef@eand Pores appear to be in good conditiéa) 300 times,(b) 1000 times.

after (b) run, 1000 times. Notice the clogging of pores after the run.

) ) electrode were discouraging because the electrode melted during

current is 332.2% Of e, and results in a molar removal flux of - operation. Postmortem XRD analysis showed that the,C8&c-
6.8 X 10 ° mmol of H,S cm “ s . The removal current efficiency  trode, which had been sintered at 600°€ 4oh to obtain a mixed
here is 10.4%, which is lower than Nernstian relations predict but isco,s, /Co,S; phase, had transformed into a mixture of ;Gg
consistent from trial to trial. The discrepancy occurs because thyhich melts at 835°C, and G8,, which apparently melts below
Nernstian relation accounts for neitheg Erossover nor membrane  650°C (see Fig. 7 for XRD analysjs This electrode was very suc-
cracks/holes. _ _ _ cessful in the earlier studiéé,but, in these studies, the starting

In every plot, the effective tortuosity used to fit the data to Eq. 5 material was a single phase of §&. Whether or not the G;
is 6, reasonable value for a membrane comprised of submicromet&ihase retains its structure throughout various operating conditions

sized particles. Errors arising from Eq. 5 can be attributed to either; ¢ 'y arjed temperature, inlet,8 concentration, and applied cur-
a nonlinear activity profile through the membrane and/or sulfur ion rent) remains a question.

levels lower than that of equilibrium in the electrolytic melt caused The LiY, {Ca, ;Fe0; cathode also failed after about 150 h, but it

by f.OI‘matI.OI’] of polysulﬂdes' or other S'de. reactions. Despite SUP-was able to run at higher temperatures, thus showing better perfor-
porting evidence, anode sulfide concentration may also be non-zerg, -~ our postmortem analysis agreed with Ref. 16, as

Any of these inaccuracies would reduce the concentration gradientl,_iY Ca FeO, was seen to convert from a metal-oxide semicon
; ; ofH _ 0.9-.1! - -
which would reduce the maximum removal rate gisH The tortu ductor to a metallic conductor via sulfurization into 3Q,S, FeS

osity value could be compensating for any of these possibly erronemixeol phase. The conductivity remains around 15 S Gthrough-

o] mptions. X ; LY
us assumptions out proposed operating temperatufﬁ@O-800°C)8. Higher sintering
Cathode stability results—Our results with the cobalt sulfide temperaturesgof at least 1000°Cprior to insertion into the cell aids
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in stabilizing the microstructure of the cathode, allowing it to endure
longer periods of operation.

The nickel cathode material was initially good at 600°C, but a
failed after about 150 h of operation undey3d The industrial grade A
nickel cathode material had fewer defects than the cathode materials
made by hand, so nickel samples were analyzed to ascertain theDo
degradation mechanism at the cathode. The XRD results showed®
that the nickel cathode was converted, as expected, to a pre- E
dominantly NS, phase known as heazlewoodite. An extra peak at
20 = 63 offered evidence that the cathode also contained a NiOk,,
(bunsenitephase. m

SEM analysis revealed the breakdown of the porous structure invy
the cathode materigbee Fig. 8). A loss of cathode wetting and/or  n
pore size can both result in diminished,$ gas exposure to the n
cathode-electrolyte interface. The NiO anode shows no significant Pi
sign of damage in Fig. 9 and also no sign of sulfur absorption. This,
again, is evidence that the sulfide is oxidizing immediately at the
anode; hence, our modeling of the anode sulfide concentration ap-
proaching zero is a good approximation.

Finding a suitable cathode material remains the key to further

X
Yi

Zi
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List of Symbols

activity of species i

superficial area of electrode, ém
liquid mole fraction of species i, mol mot
diffusivity coefficient, cnf s™*
standard state potential, V

actual cross-cell potential, V
Faraday's constant, C

current density, A cm?

equilibrium constant

mass transfer coefficient, cm’s
molecular weight, g mol*

number of equivalents per mole, mol
molar flow rate, mol s*

partial pressure of species i, atm

T temperature, K

volumetric flow rate, crhs*

thickness of membrane, cm

gaseous mole fraction of species i, mol ol
molar charge of transferred species i, ol

developing the long-term performance of this process. Conductivegreek

sulfur-tolerant materials will continue to be sought out and tested in
a full cell. Interest has arisen in strontium-vanadium oxides,
Gd,TiMoO,, and various cermet materials that have a semiconduc-
tive, ceramic matrix impregnated with a conductive metal sulfide.

€

p
T

Conclusions A

void volume of membrane

molar density, mol cm®

tortuosity

electrochemical potential, J mdi
potential drop across membrane, V

Experimental results have demonstrated that the diffusion of sul-Subscripts

fide ions through the membrane limits the maximum achievable ratee
of steady-state 8 removal under the conditions studied. At higher fg
H,S inlet concentrations or at higher operating temperatures, gassiff
eous diffusion may become the limiting process because a highermt
sulfide concentration in the electrolyte is favored, allowing for
higher membrane diffusion rates. While reducing membrane thick-
ness or increasing its porosity is another avenue for enhancing thel.
sulfide diffusion rate, there are restrictions as to how thin the mem-
brane can be. It must remain thick enough to resist cracking under”
pressurgfrom the cell above itand to prevent excessive, ldross- 3.
over, which can drastically decrease cell efficielfiegt to mention 4.
the fuel gas calorific valye The exact thickness will ultimately >
depend upon the specific design of the cell and is still under inves- g-
tigation. g
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