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Figure 54: 10-90 amorphous SiO, micrograph.
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FULL CELL TESTING

A laminated two-tape membrane was tested with lithiated NiO electrodes,
achieving higher current densities and good polarization. The cell still produced quality
data after 28 days on-line,.compared to very early experiments which produced quality
data for only three or four days. Most of this endurance came from the use of chemically
stable electrode and matrix materials.

This configuration was very efficient at removing SO,, showing visible decreases
in the cathode exit plume three minutes after current was applied. A net generation of
SO, at the anode was also detected within the first several minutes. Removal of 72% of
inlet SO, was achieved with current equal to 90% removal (50 mA). The residual SO,
detected in the outlet stream was partially in the form of SO,, coming from the electro-

chemical reduction of K;S,0; (1). At low current densities, this generation was not a
5,00 + 2e” - 380 + 80, - - (61)

problem, but as current densities exceeded 1.0 mA/cm? SO, generation became
detectable. As the current density is increased, the gas flow increases in a linear fashion,
sweeping the generated SO, away from the electrode surface.

The SO, generation was seen to increase with increasing current. At 50 mA, with
90% removal current equal to 100 mA, SO, removal was 72%. The removal was in excess
of 45% because of residual removal (30%) at open circuit. This phenomena always occurs

if the electrolyte contains excess sulfate. When the current was doubled to that equal to
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90% removal, removal dropped ®© 56%. During this run, SO, was barely visible in the
catliode outlet stream at 100 mA, confirming the presence of higher levels of SO, in the
effluent. .

At 5 mA/ar?, the incoming gas stream (275 ml/min, 36 cm/sec superficial
velocity) did not remain in the inlet tubes long enough to provide adequate heating. The
gas then enters the Pt pre-oxidation catalyst bed below 400° C, kinetically preventing
equilibrium conversion to SO, (99% SO,). Also, since the gas enters the cell cold, it chﬂls
the surface of the electrode, causing partial freezing of the SO enriched catholyte,
increasing the polarization at the cathode. The oxidation of the inlet SO, was solved by
installing an auxiliary reactor, towards the end of this run, to convert the SO, to SO,
before entering the cell. This did not solve the problem of SO, generation, because the
gas partially cooled between the auxiliary reactor and the cell entrance. A modified cell
design, allowing longer residence time in the heated tubes, should stop this problem.

After the auxiliary reactor was installed, several applied current experiments were
applied. Although the results exhibited the same general trend of SO, generation with
increasing current, removals were several percentage points higher using the auxiliary
reactor, but not outside the range of experimental error. SO, generation was quantified
via gas ch.rofnatography, and showed that above 20 mA current, SO, was present in the
cathode outlet stream, at a level of ~13% of inlet concentration.

Currents as high as 200 mA (10.8 mA/cm? at the cathode) were reached for 10
minutes (after 3 hours at 100 mA), but with unacceptable voltages (-4.4V at cathode, +9V

at anode) due to the cool gas stream and low SO, oxidation mentioned above.
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Only minor degradation in performance was detected throughout the experiment.
The electrolyte membrane did show some decay in performance, as measured by
solution resistance and gas crossover. Many of the experiments were conducted at
current levels above the system’s ability to remove SO,, due to the previously mentioned
limitations. This had the effect of a net consumption of electrolyte through the
electrochemical reactions at both the cathode and anode. The cathodic reaction (62) can

5,07 + 28~ = 3S0; + SO, (62)
result in a net loss if the generated SO, is not oxidized, as seen in this experiment. The
anodic reaction (63) can also consume electrolyte, since it proceeds unimpeded. After

SOF - SO, + -él-oz + 28" (63)
running above removal limitations, the membrane is "dried", increasing resistance and
eventually allowing gas crossover.

When gas crossover was seen, additional electrolyte was added, with the effect
of stopping crossover, but with no effect on polarization. In a cell with high-surface area
enhancement electrodes, excess electrolyte has the effect of flooding electrode pores and
increasing polarization. Because the present electrodes have a low enhancement factor
(12x), excess electrolyte did not cause pore flooding. Any excess that could not be held
in the membrane ran out the sides of the cell.

Overpotential behavior for all runs was very reproducible. Figure 61 demonstrates
the reproducibility of the data, with only a minor shift in the initial anodic behavior

between runs. The cathodic drift to more negative potentials over time shows a gradual
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accumnulation of SO,” on the electrode, due to the less than theoretical removals
(described earlier).

A standard polarization curve of overpotential versus applied current density is
shown in Figure 62 for the present cell in comparison with previous cells. Note that the
present configuration, with 45% Si;N, and no flooding, shows substantial improvement
in polarization performance over the other membranes. Five times as much current was
passed with only a 50% increase in overvoltage driving force. This shows that the proper
selecion of matrix material and processing conditions can result in substantial
performance increases, even with the above mentioned problems.

Another successful run was conducted with Fibrex electrodes and two 42 vol. %
ceramic tapes laminated together. Superb seals were formed between the membrane and
housings, but a decrease in sealing abiiity was noticed as the run progressed. Removal
was quite high (>90%) and equivalent to stoichiometry, within -the bounds of
experimental error.

With applied current equal to 90% stoichiometric removal, cathodic removal of
SO, reached 90% or greater, given adequate time. Several levels of V,0O; electrolyte
loading were used, for reasons explained below. Figure 63 shows removal data after ten
minutes of applied current. The data point at 12.5 mA/cm? was obtained by following
a different current path (5 mA/cm? = 36% removal for 2 hrs. then 10 mA/am? = 72%
removal for 2 hrs.)) which generated the required sulfate ions for high SO; removal.
Figure 64 sﬁows removal data for the same runs, but after one hour. Removal is seen to

be near 90%, in accordance with stoichiometry, for most currents, within the bounds of
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experimental error. Removal in excess of stoichiometry may be due to reaction with
sulfate ions which have accumulated since current was applied, during the periods of
lower removal, but is not outside the experimental error.

Looking at removal rates for 690 cc/min of cathode gas, excess removal above
the stoichiometric level is seen for all applied currents in Figure 65 This is due to
residual and excess sulfate in the electrolyte which is quickly neutralized by any SO,
present in the gas phase. The excess sulfate is caused by the generation of SO, at the
cathode (described next). Residual sulfate in the electrolyte from previous runs produces
removal at zero current.

With the present configuration, a new phenomenon was observed. As current was
applied, SO, was seen to exit the cathode, Figure 66. This is possible from the
electrochemistry of the system as seen by Scott? in free-electrolyte, but had not been
observed before in high surface area (perovskite) electrode full cell tests. As current rises,
SO, is generated at a faster rate, one which overcomes the rate of oxidation by V,0; in
the electrolyte. It appears that SO, is diffusing out of the poroﬁs cathode before it can
contact sufficient V,0Os and is carried off by the passing gas stream. Calculations of outlet
flow rates showed that one-half of the generated SO, is being oxidized by the V,0; and
removed at the cathode, for a 5 wt% V,0; electrolyte. To overcome this problem, more
V,0; in K;S,0; was added to the cell through the reference port. At 7 wt.% V,0; in the
electrolyte, three-quarters of electrochemically generated SO, was oxidized and removed,

Figure 67.
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At 10 wt.% V,O;, approximately 5/8 of generated SO, was oxidized and removed
according to calculation of the slope of the line through the data with applied current
(Figure 68). This rate of oxidation is less than that for the 7 wt.% V,0O; study, but two
major differences were present: First, flow was continuously provided at a level such
that 90% stoichiometric removal would occur at 12.5 mA/em?, so that SO, which escapes
the electrolyte at lower current densities does not have sufficient residence time to
diffuse back to the electrolyte. Second, SO, was present at zero current, showing that the
pre-oxidation catalyst was not saturated with an equilibrium level of SO, at the start of
the run. Post-mortem analysis will confirm actual V,0; loading.

At the anode, SO, generation is seen to deviate from stoichiometry at all V,O;
levels, Figure 69 and Figure 70. This discrepancy can be explained by two causes. The
first, gas leakage out of the wet seal, accounts for most of the discrepancy at the higher
V,O; and current levels. The second cause is attributed to residual sulfate ions
accumulating at the anode, as seen by cathodic SO, generation data. When SO, is
generated at the cathode and not oxidized and removed, excess‘ sulfate ions accumulate
in the electrolyte and migrate to the anode under the influence of the applied electrical
potential. Sulfate is either oxidized or raises the melting point of the electrolyte to the
point where the electrolyte freezes on the anode surfaces. Excess sulfate at the anode will
absorb electrochemically generated SO, and neutralize it to form the S,0,* ion. This
second phenomenon is confirmed by polarization data.

The effect of increasing V,0; content is minimal after this short duration. After

one hour of applied current (Figure 71), a greater effect of V,O; loading is observed. As
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V.05 content increases, polarization decreases. The anodic polarization suffers from
sulfate accumulation at the lower V,0; loadings. This finding proves that increased
vanadia loadings oxidize more of the cathodically-generated SO, before it can escape
from the electrolyte.

Also, as each current application progressed, the anodic overpotential and
electrical resistance were seen to increase with time. This phenomenon confirms that
accumulated sulfate migrates to the anode, where it raises the melting point of the
electrolyte and retards the anodic electrochemical reaction. The increase in resistance
shows that the sulfate is building up in the area of the electrical contact.

Electrochemical kinetic data can be obtained by properly treating the overpotential

data. The Butler-Volmer equation of electrochemical kinetics,

i - io[e("“)"”m' ~ e~S"FIR (64)

can be applied at low overpotentials in the linearized form of
to determine i the exchange current density. The other pafameters are R, the gas

constant, n, the number of electrons involved in the charge transfer reaction, and F,

. _RT  di (65)
b= —or G

Faraday’s constant. Data from the present run was reduced using equation (2) and is
presented in Table XII, along with data from Franke®, who used La,ySr,,CoO,

electrodes. These data show that the electrochemical kinetics at the cathode have
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improved 50% under the same conditions of electrolyte composition and temperature
(5%, 400° C), further substantiating the improved performance of the lithiated nickel
oxide electrodes. With an increase in V,0O;, the exchange current density has increased
four times. While there is some improvement here, free electrolyte studies have shown
the exchange current density to be 30 mA/cm? in SO,-saturated electrolyte. The
discrepancy here can be attributed to partial flooding of the electrode pores and
diffusional resistances. ‘

Another full cell test used a 49 volume percent silicon nitride tape cast matrix
with 10 wt.% V,0O; in K,S,0, electrolyte, lithiated NiO electrodes and Macor housings
with platinum leads. Some difficulty was encountered during start-up with insufficient
electrolyte loading, but was corrected with electrolyte additions through the reference
electrode port in the top housing. Also, an excessive pressure drop was detected through
the pre-oxidation catalyst bed at high flow rates.

Operation with 50 or 100 mA did produce some SO, at the cathode outlet, a

possibility from the electrochemical reduction of pyrosulfate: '

252072- + 23- - 35042_ + 802 (66)

Generation of SO, was 11% at 50 mA- and varied from 17% to 24% at 100 mA, relative
to inlet flow rate. For SO, removal (relative to equilibrium conversion of inlet SO,) at
50 mA was 89% and 80% to 83% at 100 mA for a flow rate equal to 90% stoichiometric
removal. One of the electrodes was kept in a vacuum desiccator and later analyzed with

Electron Surface Characterization Analysis (ESCA). Investigation of the resulting peaks
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showed no Ni-S bonds present, negating the possibility of nickel sulfides or sulfates as
corrosion products.

The increase in SO, generation is due to a combination of factors. First, SO,
generation is directly proportional to applied current, but does not follow the same slope
in Figure 72. Second, as current increases, so does the gas flow rate, which means any
gas escaping the membrane has a lower residence time and therefore lower contact time
with the V,0O; in the electrolyte, however, the slope again does not follow that of the
stoichiometric curve in Figure 72. Third, V** in the vanadium complex is reduced by SO,
to V¥, which has limited solubility in the melt. If this complex is not re-oxidized by
gaseous oxygen, precipitation occurs, reducing the amount of catalyst available for SO,
oxidation. This appears to be the case with the data.

Calculations of the rates of absorption of SO, and O, into vanadia-pyrosulfate
melts and the re-oxidation of V** were performed to see if the melt chemistry is limiting
removal performance. The work of Holroyd and Kenney* for SO, absorption into films
of molten V,0;/K,S,0; can be applied to the present process to show that the initial rate
of absorption is 36x10° gmol/cm?/min. At 100 mA of current, SO, is electrochemically
generated at the rate of 15.5x10° gmol/min. Complete absorption, assuming total escape
of generated SO,, would require a melt surface area of 430 cm?, or an electrode surface
area enhancement of 21.5. These numbers increase linearly with increasing current.
Holroyd and Kenney also investigated the reoxidation of V** in the same melts® and
found that V# has a maximum solubility of 4% at 400° C. From their reaction constants,

the rate of reoxidation in this system can be calculated as 14.5x10 gmol/cm?/min for
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4% V*. With the rate of reoxidation being orders of magnitude faster than the absorption
of SO,, this step cannot be limiting.

However, Mars and Maessen® determined that there was a deviation from their
normal kinetic behavior at lower temperatures (T < 415° C) for sulfuric acid catalyst
pellets. They attributed this to either an increase in the rate-retarding effect of SO; or the
formation of sulfovanadates, which would stabilize V*, reducing the rate of reoxidation.
Both the rate of SO, absorption and the rate of reoxidation could be limiting and
therefore an experiment will be conducted next quarter to determine the conversion of
SO, to SO; bubbled through molten 10 wt.% V,05/K;S,0;.

Experimentation then focused on determination of the feasability of using
commercial sulfuric acid catalyst (Haldor-Topsoe VK38) in the gas channels of the flow
cell to convert the elecirochemically generated SO, to SO, for removal. A tests was
performed using thin cylinders of catalyst trimmed from 6 mm x émm catalyst pellets.
This test showed a mass transfer limitation to the reaction rate (the horizontal asymptote
in Figure 73) with a maximum rate of 10x10® moles SO,/min or 30x10° moles
SO,/min/g catalyst at 400° C. At 375° C, this reaction was 5% slower, Figure 74.

Franke* shows the electrochemical reduction of the pyrosulfate as shown in
Equation (66). This reaction must occur at the electrode/electrolyte interface due to the

electron transfer required.

S02 + 02 + 2e— - 804-2 (67)
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250, + 250;% - 25,05° (68)

50, + 05 - S0;° €9)
E - o - BT |n(x"°ﬂs°4'! ) (70)
nF " Py Po

The SO, then reacts with the superoxide ion according to Equation (69)
and also with sulfate ions present. For the SO, to enter the gas stream, it must diffuse
through the electrolyte, and into the gas stream. This mass transfer action is in direct
opposition to the diffusion of SO, from the gas stream to the electrolyte where it reacts.
(SO, dissolves'in the electrolyte, and quickly reacts with the sulfate ion to form the
pyrosulfate ion.) Should the superoxide ion not be present (due to the reduction of the
vanadium pentoxide) in high enough concentration at the interface, the SO, can escape
the cell, possibly the cause of the SO, production. T.he overall cathodic cell reaction can
be written as seen in Equation (67). The Nerstian potential for this reaction can be
written as in Equation (70), where the activity for the gaseous species is approximated
as the partial pressure in atmospheres, and the activity of the solvated species is the
mole fraction times the activity coefficient. E° is the standard reversible potential, and
E is the equilibrium potential. It would be suspected that increasing the partial pressure
would have the effect of pushing the equilibrium to the right, thus producing more
sulfate ions, reducing the.amount of SO, production. while lowering the equilibrium

potential.
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The anodic overall reaction can be written as in Equation (71), so an increase in
S0;7 -+ SO5 + 10, + 2¢- 71

the dissolved O, would increase the reaction resistance unless the availability of the SO,?
is relatively high.
Another possible explanation for the low removal is the removal of O, and SO,

to form pyrosulfate through a complex of reactions utilizing complexes of vanadium

0, + 2[K,-V,0,-350,] = 2[K,0-V,0;-2504] + 250, (72)
[K,0-V,05-250,] + 250, v [K,0-V,05-450,] (73)
[K,0-V,0-450;] + 2¢~ w [K,0-V,0,-350;] + SO (74)
250, + 2502 = 25,0.% : (75)

pentoxide. The sum of the reactions contained in equations (72) through (75) is shown

0,+50,2" +250,+2¢~+|K,0-V,0,-350,] = 25,0, +|[K,0-V,0,-250,]  (76)

in equation (76). The net result is the formation of pyrosulfate and a vanadium oxide
complex through the utilization of oxygen, sulfate, and sulfur trioxide, and the use of

two electrons. This mechanism is suggested by McHenry*, and could explain the
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apparent difference between the stoichiometric removal levels, and the actual removal
levels.

The cell, again with pellets of VK38 in the flow channels, was run with the
simulated flue gas over the cathode side of the cell at a 500 cc/min flowrate, and a pure
N, sweep over the anode side of the cell. Removal data at this flow rate can be seen to
be higher than that of stoichiometric removal rates in Figure 75. This may be due to the
absorption of the gas into the cell in an attempt to reach a solubility equilibrium, to the
presence of sulfates at the electrode surface, or to the method of mass flow evaluation.

As in the past, it was noticed that the polarity of the cell increased over time as
seen in Figure 76, possibly due to the formation of a large, insoluble amount of sulfate
at the surface of the electrode. The addition of 1g of electrolyte to the system decreased
the polarity of the cell by approximately 65% at virtually constant stoichiometric removal
rates. Should the reason for the increased cell polarity be the formation of a layer of
sulfate, such a response would be expected, as the addition of the pyrosulfate/pentoxide
mixture would tend to dissolve the sulfate formation, and placei fresh pyrosulfate at the
gas/molten salt/electrode interface. SO, production at the cathode was observed as the
total applied current increased.

After taking a reading of the cell at 100 mA and a 500 cc/min flowrate, the partial
pressure was doubled, and a measure of the SO, generation was taken. Figure 78 shows
the extrapolated values obtained. It was not known, however, how much of this change
in 8O, generation was due to the electrochemistry of the cell, and how much was due

to the oxidation (and possibly increase in activity) of the VK38 pellets in the channel. The
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cell was then run for an additional 24 hours to determine the long term effects of
doubling the O, partial pressure, and additional electrolyte was added. Figure 60 shows
that the effect of the doubling of the O, was effective in reducing the SO, generation by
73%, with continuing decrease as time progressed, for a relatively constant cathodic
potential of -6.2 Volts. The effect of the addition of electrolyte to the potential has
already been established, but the SO, generation was again lowered, this time initially
by about 50%. As the cathodic potential began to increase, the SO, generation aléo
increased. This would suggest that the theory that the solidification of SO,? on the
electrode surface over time might be partially responsible for inability of the electrolyte
to internally utilize the SO,; the decreasing surface area available for O, transport could
force the equilibrium in Equation (67) to the right-hand side in a perpetuating cycle.

Upon breakdown, the relative color of the VK38 pellets in the channel showed a
change in color only for the pellets nearest the exit, suggesting that any in-channel
conversion of SO, to SO, was taking place primarily at the exit, at approximately 0.36
micromoles/min based on one pellet. However, the change du;a to the partial pressure
of O, present was not known. It was therefore determined that a full-scale cell test
should be implemented without the VK38 pellets in the flow channels.

The temperature of the cell was brought up slowly under pure O, on both the
cathodic and anodic sides in the attempt to insure the full burnout and removal of the
organics from the two ceramic and four electrolyte tapes. As the run continued, the wet
seal was determined to be virtually perfect, having the ability to withstand large

pressure gradients. Unfortunately, the mass flow measurements did not converge
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throughout the experiment, suggesting the absorption or adsorption of the gas into the
organic present. Organic was observed in the exit tubes, and was cleaned. This process
was to no avail as the mass balances continued to be in error, and more organic material
streamed out of the cell. Measurements should therefore be considered relative only to
this cell, and not compared against previous data.

Data was evaluated at P(O,) of 0.03, 0.06, and 0.12 atm, at flowrates of 500cc/min
to 545cc/min. Increases from 500cc/min were due to the addition of O,. Figure 79
shows a limitation, probably due to mass transfer, on the cathode side, increasing with
O, partial pressure, while the anode shows a decreasing limitation with increasing
cathodic O, partial pressure. Evaluation of the data at low overpotential leads to the
exchange current densities seen in Table XIV. These values are in agreement with earlier
values (at 0.03 atm O,, and 10wt% V,O,) seen in Table XIII, but the removal rates
obtained are far from stoichiometric as seen in Figure 80. These results suggest slower
overall kinetics with increasing O, partial pressure, indicating a trade-off between
increased reoxidation of the V* to V** and overall reaction rate.

With the inability of the mass flows to balance, the error involved is substantial.
On average, the mass balances were 50% in error. Examination of the rate of SO,
production shows a definite decrease from a partial pressure of 0.06 atm to 0.12 atm, but,
for this same cell, the initial partial pressure of 0.03 has a lower production rate in the
high current region, despite a large slope in the low current region (see Figure 81). The
error in the mass balances denies any qualitative analysis of the effects of the O, partial

pressure on the cell. The exceedingly high cell polarizations seen in Figure 79 at high
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current densities may come from the inability of the cell to remove SO, from the cathode
stream, thus channeling the current into internal reactions. This inability of the cell to
achieve lower SO, production may be due to organics present from the burnout,
reducing the surface area available for mass transfer. In addition, the SO,? formation
at the surface may further reduce the available surface area, and lead to further
formation of SO, over time. The increasing polarization of the cell over time may
explaining the conflicting SO, production at low partial pressures, as the initial runs
were done at low partial pressures, without addition of electrolyte at any point during

the run.
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CONCLUSIONS

Strides have been made in material development for the SO, removal system.
New lithiated NiO electrode have been developed, representing a great improvement
over the previously used pervoskite electrodes. The electrodes have been shown to
match the pore size specifications as well as exhibit chemical and electrochemical
stability in the full cell system.

The greatest improvements have been seen in the development of the ceramic
matrix. Of the vast materials tested, a good chemical and electrochemical match was
found in the Si;N, materials. In addition, the new tape casting method allowed the
manufacture of extremely thin matrices with simple handling characteristics. The
resulting matrix showed improvements over previously used matrices such as the MgO,
as well as other materials tested.

Finally, the overall removal system has been shown to exhibit 90% removal at
.near 100% current efficiency, over a wide range of current densities. The one remaining
problem, the evolution of SO, from the cathodic reactions, may be solved through the
use of higher active area, necessitating the development of even electrodes with even
smaller pore sizes. However, the results with the new materials prove exiremely

promising.
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CONCLUSION

The H,S cell has demonstrated over 90% removal capabilities in the 1000-100ppm,
100-10, and 10-1ppm H,S ranges. This excellent removal has been accompanied by
economically feasible current efficiencies, with the highest current efficiencies (100%) in
the 1000-100ppm H,S range. The lower current efficiencies experienced at polishing
levels should still prove economically sound due to the low overall power requirement
at those levels.

Yttria-stabilized densified zirconia membranes have shown a high degree of
- compatibility with the current system. Selective removal has been demonstrated in full
cell testing as well as chemical and electrochemical stability in the basic environment.
For polishing applications, lithiated Ni converted to NiO in-situ proved most useful .for
both cathode and anode materials, similar to the molten carbonate fuel cells. However,
at H,S concentrations above 100ppm, a molten nickel sulfide state was shown to exist
at the cathode, hindering high H,S removal efficiencies. This éwed a shift toward Co
cathodes proven to be stable and highly conductive in the carbonate environment.

The SO, removal cell consistently demonstrated 90% removal at near 100% current
efficiency using a simulated flue gas stream of 3000ppm SO,. O, was demonstrated as
crucial to the removal process due to the regeneration of V,O; from the V* state.

After a number of materials had been tested, ﬁe tape-casting of Si;N, was found

to provide the mo.. >uitable membrane with respect to the chemical and electrochemical
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stability in the highly acidic environment of the cell. In addition, the Si;N, matrices was
shown to provide lower polarizations than other candidate materials.

A new electrode, lithiated NiO was developed for use in the cell, and was found
to resist the corrosive effect normally found with NiO in a sulfate-rich environment.
Polarizations with these electrodes also led to their use in full cell system.

As this research period ended, focus was on increasing the electrode surface area
available for reaction through the use of small electrode por.e sizes. This method will

also require the development of a ceramic matrix of smaller particle size.
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