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Electrochemical Flue Gas Desulfurization

Reactions in a Pyrosulfate-Based Electrolyte

Kevin Scott,' Terry Fannon, and Jack Winnick*

School of Chemical Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332

ABSTRACT

A new electrolyte has been found suitable for use in an electrochemical membrane cell for flue gas desulfurization
(FGD). The electrolyte is primarily K»S;0; and K.SO,, with V,0; as oxidation enhancer. This electrolyte has a melting
point near 300°C which is compatible with flue gas exiting the economizer of coal-burning power plants. Standard electro-
chemical tests have revealed high exchange current densities, around 30 mA/cm?, in the free electrolyte. Sulfur dioxide is
found to be removed from simulated flue gas in a multiple-step process, the first of which is electrochemical reduction of

pyrosulfate.

Electrochemical technology for gas separation has been
used to remove trace amounts of contaminant gases and
concentrate them into a by-product stream (1-4). An elec-
trochemical driving force causes a net transfer of mass
from a region of low concentration to a region of high con-
centration. A test cell operating on this principle has been
found (5) to successfully remove and concentrate the sul-
fur dioxide in simulated power plant flue gas. This device
utilized a ternary Li-Na-K sulfate eutectic (mp = 512°C) as
the transport medium for the sulfur species. Sulfur diox-
ide is removed at the cathode and generated at high con-
centration at the anode with the net reactions

cathode [1]
anode [2]

SO; + Oy + 2™ — SO,
SO& — SO; + 1120, + 2e”

The benefits of this molten salt electrochemical flue gas
desulfurization cell include: high selectivity, no waste
sludge production, one-step sulfur dioxide removal and re-
covery, and relatively easy expansion capability by cell
stacking. However, the high operating temperature
(>512°C) is incompatible with direct application to conven-
tional power plants. The flue gases in a power plant leave
the economizer at 250°-400°C (6), which is the ideal operat-
ing temperature range for the desulfurization device. A
new, lower melting electrolyte must be identified. Alkali
bisulfates have been studied (7), but lack sufficient ther-
mal stability at the temperatures of interest. Here, we ex-
amine potassium pyrosulfate which is stable as a liquid in
the desired temperature range. It is also widely available
and inexpensive.

The commercial device would be configured like a stack
of fuel cells, each with liquid electrolyte contained in a ce-
ramic matrix. Ceramic gas-diffusion electrodes appear at-
tractive as both cathode and anode [e.g., Ref. (8)]. At the
cathode, the sulfur dioxide and oxygen present in flue gas?
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*Typically 0.3% SO, and 3-5% O,.

must be converted into anions transportable to the anode
(see Fig. 1). Here they are oxidized to sulfur trioxide and
oxygen.

The process is quite similar to that in a molten carbonate
fuel cell where the overall cathodic reaction is

C02 + 1/2 Og + 2e = 00327 [3]

In a sulfate electrolyte, the overall cathode reaction, Eq. [1],
was found to be limited only by gas-phase diffusion of the
S0, (9). Proper cell design can provide economic operation
even at 90% SO; removal (5).

At the lower temperatures, with potassium pyrosulfate
as electrolyte, the cathodic reactions with sulfur dioxide
and oxygen must be reinvestigated. In contrast with the
sulfate electrolyte, no prior study seems available. Here we
examine the electrochemical behavior of molten K,S,0; in
contact with gases containing low levels of sulfur dioxide
and oxygen. The effect of V,0;, a sulfur dioxide oxidation
catalyst, is also explored. We focus on the cathodic pro-
cesses, where the flue gas will act as oxidant. as these are
expected to be rate limiting (10).

Experimental
Pyrex cell housings of various designs were employed to
contain the molten electrode. One type is shown schemati-
cally in Fig. 2. The temperature was maintained at 340° +
5°C in a custom-built furnace controlled by a double-pole

(Fo%%zi:% —>clean gas
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- ano
CARRIER GASE 503 '02

Fig. 1. Flue gas desulfurization test cell schematic
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solenoid relay connected to a Barber-Coleman no. 122-B
temperature controller. Provisions were made for gas flow
to and from the cells by means of 6.35 mm glass tubing.
The gases were premixed primary-standard grades sup-
plied by Matheson. The working electrode and counter-
electrode were flat gold foils each of 8.3 cm? area. Mechani-
cal support and electrical connection to the foils were
provided by gold wires gold-soldered to the foils. The ref-
erence electrode was a silver wire dipping into a AgNOy/
KNO; melt contained in a sealed Pyrex capsule. A PAR
371 Potentiostat/Galvanostat with a Model 178 electrom-
eter probe was used in most experiments to control the
overall cell potential, the potential of either electrode with
respect to the reference electrode, or the cell current. For
studies of transient cell behavior, a Hewlett-Packard (HP)
Model 3310B function generator was utilized. In some ex-
periments a PAR 273 potentiostat, with automatic IR com-
pensation, was employed. Gas analysis was by gas chro-
matograph (HP 5840) using both thermal conductivity and
flame photometric detectors for sulfur dioxide.

Results

Effluent analysis.—Insight into the reactions taking
place at the cathode may be gained by analyzing the efflu-
ent from the gas-tight cell. Nitrogen containing sulfur
dioxide and oxygen at levels representative of the flue gas
flows to the cathode, and the exit sulfur oxide concentra-
tion is monitored as a function of electrolyte composition
and applied current.

Figure 3 shows the cathode-effluent sulfur oxide concen-
tration {(compared to open-circuit values) in a pure potas-
sium pyrosulfate melt. The inlet gas contains 3000 ppm
sulfur dioxide, 3% oxygen, and the balance nitrogen. The
trend is clear; increasing the current leads to increased sul-
fur dioxide evolution. This is in agreement with work by
Fang and Rapp (1la) who propose a cathodic reaction
scheme resulting in sulfur dioxide production. Although
their study utilized a sulfate melt at 900°C, pyrosulfate was
identified as the active species. They did not analyze their
reaction products but, based on cyclic voltammetry and
chronopotentiometry, concluded that the pyrosulfate was
reduced in a one-electron charge transfer reaction

820727 +e = SO427 + SOg_ [48]

with the sulfur dioxide produced in subsequent reactions.

In an atmosphere of pure sulfur dioxide, Durand et al.
(11b) similarly deduced the following overall reduction in
pyrosulfate

282072_ + 2" — SOZ + 380427 [4b]

00 04 08 12 16 20 24 28
CURRENT DENSITY {mA /cm2)

Fig. 3. Effluent sulfur dioxide concentration in pure K;S,0;

Figure 3 also shows dashed lines comparing theoretical
sulfur dioxide generation at 1 mol/Faraday and 2 mol/Fara-
day. The data at low current density correspond most
closely with a production of 1 mol of sulfur dioxide per
Faraday, while at higher current density they correspond
more closely with 2 mol/Faraday. Some possible reaction
schemes are presented later. The effect of K,SO, and V,05
addition is shown in Fig. 4. The inlet gas for these runs was
3000 ppm sulfur dioxide, 3% oxygen, 15% carbon dioxide,
and the balance nitrogen. The data show exit sulfur diox-
ide concentrations relative to the inlet gas concentration.
With V,05 addition, the most interesting results occur in
melts containing 1% V,0s. Here, increasing the current re-
duces the cathode exit sulfur oxide concentration. Figure
4 shows that addition of SO~ further enhances sulfur
dioxide removal. With a 1% V,05/25% K,S0,/74% K,S,0,
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Fig. 4. Sulfur dioxide removal in K;5,07 melts containing V;0s and
K350,.
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melt, up to 42% sulfur dioxide removal compared to open
circuit is observed.

Thin film experiments.—Polarization data were taken for
a system consisting of planar gold electrodes covered by a
molten pyrosulfate film of variable thickness (1-3 mm) ex-
posed to an atmosphere of variable gas composition. The
limiting current was determined for each set of conditions.
The results showed that the limiting current density, 7.0
mA/em?, was independent of the gas environment, sug-
gesting that the predominant electrode reactions involve
direct oxidation and reduction of species originally in the
liquid phase.

Similar experiments by Shores and Fang (12) with a
Na,SO,; melt showed a marked effect of gas composition
on the limiting current. This led to the conclusion that the
active species was supplied by the gas phase. Shores and
Fang eliminated a number of reduction reaction possibili-
ties by showing that an unreasonable value of the diffusion
coefficient, D (calculated by assuming a stagnant film: D =
iy 3mFC), would be required for the experimental data to
be consistent. In the present work, certain reduction reac-
tions can also be eliminated in this manner. The concentra-
tion of any species other than pyrosulfate is found to be
too low to give reasonable values of the diffusion coeffi-
cient.

Equilibrium potentials—The equilibrium potential was
measured for three melts under continuous bubbling of a
gas consisting of 0.3% sulfur dioxide, 3.0% oxygen, and the
balance nitrogen. Our data, Table I, show a significant de-
pendence on the composition of the melt. The only reac-
tion that predicts similar equilibrium potentials to our ex-
perimental data is

82072_ +2e = 80427 + 80327 [5]

The overall reaction determining the equilibrium working
(w) vs. reference (R) potential would then be

2Agr + K;8,07, + 2KNO;, = KoS0,, + K:S0;, + 2AgNO;,
(6]
Therefore, the potential of the working with respect to the

reference is given by

2
E = F RT In OK,804,0K,50;,, 0" AgNOgg
e

2 . 2
2F 08 ¢r0K,890,0 "KNOgp,

[7]

The standard potential and Nernst term may be calculated
from thermodynamic data (13), approximating the activity
of each species with its concentration. The concentrations
of AgNO,,, Agg, K38,07,, and KNO;, are known. The con-
centration of K,SO,, in the melt without added sulfate
may be determined by considering the equilibrium

KzSZO'i = KzSO4 + SO3 [8]
and that of K,SO;,, from
KzSO4 + SOz = KzSO3 + SO3 [9]

However, with oxygen present, some of the sulfite is oxi-
dized

EC FLUE GAS DESULFURIZATION 575

KzSOg + 1/2 02 = KZSO4 [10}

As is well known, this oxidation is quite sluggish in the ab-
sence of a promoter such as V,0; (14). Experimental and
calculated results, shown in Table I, indicate that the oxi-
dation is about 10% complete. The effect of increasing sul-
fate is, as expected from Eq. [7], to lower the equilibrium
potential. Note that the concentration term accounts for
about 1.5V.

Cyclic voltammetry performed on these melts as well as
those containing V,0s, under a variety of gas composi-
tions, corroborated and extended these results. These
tests, being quite extensive, are reported elsewhere (15).

Chronoamperometry.—The current response to a low
overpotential step at a planar electrode can be analyzed to
obiain both diffusion and kinetic information under cer-
tain conditions (16): that the electrochemical reaction,
even if multi-step, has only one rate-determining step; that
the electrolyte is well supported; and that no strong spe-
cific adsorption is present on the electrode.

For these experiments the working, counter, and refer-
ence electrodes were immersed in molten K,S;0; at 340°C.
The working electrode was subjected to cathodic potential
steps of various magnitudes. The resulting current vs. time
data were recorded on a storage oscilloscope.

The mathematical description of the relaxation of the
current following a potential pulse has been presented by
Nagy (16). If the total current is taken to be egual to the
faradaic current after the initial rise of the potential (i.e., if
the finite capacitive current flowing through the electrode
at all times is ignored) the current can be given by

i = (Wit,A?) {exp(\2t) erfe (At"2) + 2\(H/w)"?
— exp [A1 — ty)] erfc [A(t — t)'?)
— 2\[(t — tp/m)? (fort > 1)  [11]
where

1%
W= [12]
R;+ R;

V is the applied potential step and R; is the solution resis-
tance and

rvRT
R, =—— [13]
nFi,

ris the number of working electrodes, v is the stoichiomet-
ric number of the reaction mechanism, and i, is the ex-
change current density.

1o R, ( 1 1 )
A= . +
wF R;+ R, DQI/ZCO DQUZCR

[14]

in the overall reaction
O+ne=R

The resistance between the working and reference elec-
trodes and the capacitance of the system were determined

Table 1. Equilibrium potentials,” T = 340°C

[KSO;]° cale.
Initial electrolyte E., vs.
{mole percent) Ag/Agt (V) Eq. [8]° Eqg.[10] Eq. [7)¢
100% K3S,0+ 0.700 1.7 x 102 1.4 x 103 2.0 x 10720
75% K3S,07, 0.550 7.0 x 1071¢ 2.4 x 1072 2.4 x 1072
25% K80,
60% K25,0,, 0.520 2.2 x 1071 3.9 x 1072 3.8 x 10720
40% K;S0,

2 (Gas phase: 0.3% SO,, 3.0% O, bal. Ny,
b Ky =56 x 10718

CKip= 1.7 x 10721,

dE° = -0.915V.

e Kg=2.8 x 1075
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to be about 1.5 O-cm? and 200 uF, respectively. The resis-
tance was measured with an ac bridge while the capaci-
tance was estimated from current-step experiments. The
characteristic times of the electrode system were evalu-
ated as detailed by Nagy (16), allowing calculation of the
time, t,, after which the errors introduced by using Eq. [11]
will be less than 1%. For the present system, ¢, is less than
10 msec, and this figure was used as a convenient delay
time before commencing current measurements.

The parameters W and A were determined (by nonlinear
computer regression) for cathodic potential steps of 25, 50,
75, 100, 150, 200, 250, and 300 mV. An example of a calcu-
lated curve and experimental data for a 50 mV step is
shown in Fig. 5.

The exchange current density, i,, may be calculated by
rearranging Eq. [12]. Table II summarizes the values of W
and x obtained from each cathodic potential step. It also
shows the value of i, and (1/Dg?C + 1/Dg*2Cp) calculated
from Eq. [12] and [14]. The results from these experiments
were strikingly consistent over the wide range of over-
potentials studied. They also are well within the applica-
bility envelope illustrated by Nagy (16) for use of Eq. (11).

The average value of the cathodic exchange current den-
sity is about 0.030 A/cm? This value is quite high, when
compared with exchange currents found in molten car-
bonate [e.g., Ref. (17)], implying that the electrode reaction
will not be limiting in a commercial device operating at
0.050 A/cm? with porous electrodes.

The average value of the diffusion parameter is 2.4 x 107
+ 0.8 x 107 52 em?¥mol. From the thin-film results pres-
ented earlier, the species being reduced is potassium pyro-
sulfate which is present at Co = 0.01 mol/em®. By substi-
tuting reasonable values for the diffusivities (2 x 107°
cm?s), Cg can be estimated to be 0.9 x 107° mol/em?. The
concentration of sulfate ion in the bulk melt is calculated
by considering reaction [8]. The equilibrium constant at
340°C is calculated from thermodynamic data to be 2.8 x
1078, If zero to 10% of the entering sulfur dioxide is oxi-
dized to sulfur trioxide (as indicated from the results
shown in Table 1), the equilibrium concentration of K;SO,
is (1.0-3.0) x 107° mol/cm?®. This value is the same order of
magnitude as that determined for Cy and indicates that py-
rosulfate is being reduced to form sulfate in the overall re-
action.

Discussion

In a melt of pure K,»S,0, cathodic current causes evolu-
tion of sulfur dioxide in the range of 1-2 mol/Faraday.
However, when K,SO, is added to the melt, the equilib-
rium potential is affected, as shown in Table I. Added V05
brings about sulfur dioxide absorption under all cathodic
currents. Sulfate addition further improves the sulfur
dioxide removal.

Thin-film experiments showed conclusively that the gas
phase was not directly involved in the electrochemical re-
action, which is apparently a direct reduction of pyrosul-
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Fig. 5. Cathodic current decay after 50 mV potential step

March 1988

Table il. Parameters obtained by fitting
cathodic potential step data at 340°C

(e )
-
DOI/ZCO DRUZCR

Potential w A iy

step (V) (A/cm?) (577 (A/em?) (s"2cm®mol ™)
0.025 0.0099 1.718 0.0264 3.09 x 107
0.050 0.0209 1.240 0.0300 2.23 x 107
0.075 0.0290 1.092 0.0249 1.96 x 107
0.100 0.0392 2.365 0.0262 4,25 x 107
0.150 0.0567 1.120 0.0236 2.01 x 107
0.200 0.081 1.093 0.0279 1.97 x 107
0.250 0.110 1.172 0.0349 2.11 x 107
0.300 0.139 1.074 0.0391 1.92 x 107

fate. Equilibrium potential measurements confirm the py-
rosulfate-sulfate electrochemistry Eq. [5]. Further con-
firmation is seen in the consistency of the potential-step re-
sults. Thus, the evolution and/or SO, absorption takes
place in subsequent (or preceding) chemical reaction.

The only scheme which can explain all these observa-
tions is one in which pyrosulfate is reduced electrochem-
ically to intermediates which then decompose to evolve
sulfur dioxide, but with added V;0; and/or K,SO; act to
cause net absorption of sulfur dioxide.

The rate of sulfur dioxide evolution in pure K;S;0y, as
shown in Fig. 3, can only be explained by the one or two
electron paths shown in Table ITI (Eqg. [3-1a] and [3-1b]).
The participation of superoxide (O,7) and peroxide (0,%")
has been observed in carbonate electrolytes (17) and in sul-
fates (18). Where diffusion allows, some sulfur dioxide ei-
ther in the inlet or that generated, will react with these
oxyanions, as in Eq. [3-2a] and [3-2b]. Either pathway, [3-1a]
plus{3-2a] or [3-1b] plus [3-2b], yields the reduction reaction
presumed by Durand et al. (11b), Eq. [4b]. Since their melt
was saturated with 1 atm of sulfur dioxide at all times, no
effect of changing sulfite concentration was seen.

As cathodic overpotential is applied, there is apparently
a slow shift in mechanism from Eq. [5] toward those which
favor sulfur dioxide evolution, Eq.[3-1a] and [3-1b]. Added
sulfate reduces the acidity of the melt and helps neutralize
the sulfur dioxide, possibly through formation of di-
thionate

S0, + 804 = 8,08 [15]
which can disproportionate to
520627 = 80327 + S0; [16]

with the sulfur trioxide quickly neutralized by any availa-
ble sulfate

SO; + SO = §,0.2 [(17]

and the SO;2” partly oxidized by dissolved oxygen (in the
form of superoxide or peroxide)
S042™ + 1/2 Qg = SO42- [18]

The addition of V,05 promotes the oxidation, with the par-
ticipation of the oxygen present in large excess, of sulfur
dioxide to sulfur trioxide, although probably as dissolved,
complex anions (e.g., Eq. [19])

SO, + 1/2 Oy —> SO; [19]

Table 111, Reaction schemes

[3-2a] SO+ Oy + e —> SO

[3-1b]  28:0: + 2e” - 2SO0y + 2802~ + 0.2~
[3-2b] SO, + 022~ — SO,2- ’
(3-8]  280;+ Oy~ 2S0;

[3-4]  2S0; + 280 — 28,04

Net: SO, + Oy + 2™ — SO2

{
{ [3—13] 252072_ + e — 2802 + 28042_ + O~ l
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The sulfur trioxide is again quickly neutralized by any
available sulfate.

The net cathodic reaction, with V,0; and excess sulfate
in the melt is then given by Eq. [1] as seen in the higher
temperature sulfate melt (b).

Reaction [1] indicates a sulfur dioxide removal rate de-
pendence on current equivalent to 1 mol of sulfur dioxide
per 2 Faradays of electrons. This theoretical slope is shown
as the dashed line in Fig. 4. The experimental data show
lower removal rates due to significant mass-transfer limita-
tions. The liquid-phase mass-transfer coefficient, k;, for the
free-rise of a bubble of diameter d;, can be estimated by (20)

D 12 /d 3 pA 12
Ky = 0.42 — (i) (_pplTpg) 1201
P Dy My

Along with the integrated expression for total removal (21)

—6kit
Nﬁnal = Nmit exp d [21]

P

Using these equations with values of D = 2.0 x 107°
cm?/s (22), i = 0.1g em/s (23), along with experimental val-
ues of t = 0.5-1.0s and d, = 0.3-0.6 cm, the mass-transfer
limitation ranges from 16 to 51%, consistent with the ex-
perimental results. As shown in Fig. 4, the removal data
parallel the reaction scheme prediction only at current
densities well below the mass-transfer limit. Thus, at
higher currents, the sulfate produced in the electrochem-
ical step has insufficient opportunity to react with the gas.
In a device with immobilized electrolyte in contact with
gas-diffusion electrodes (Fig. 1) this limitation can be
avoided.

At higher concentrations of sulfate ion at these tempera-
tures, the generation of sulfur dioxide with current is sub-
stantially reduced. This is not unexpected because in pure
sulfate melts at high temperature (600°C) the cathodic ef-
fluent has been shown (5) to contain significantly less sul-
fur dioxide than the inlet. The maximum concentration of
sulfate that can be tested at 340°C is limited by its solu-
bility.

Conclusions

The electrochemical reactions of sulfur dioxide and oxy-
gen in a pyrosulfate-based melt have been studied. The ex-
perimental work focused on testing possible electrolytes
for use in a flue gas desulfurization cell operating at a
lower temperature than was previously possible (5).

In a two-compartment gas-tight cell, the analysis of the
cathode effluent stream provided the most valuable infor-
mation. In pure potassium pyrosulfate, sulfur dioxide was
produced, eliminating pure K,S,0; as a candidate electro-
lyte. However, in 1% V,0;-99% K»S,0;, sulfur dioxide re-
moval was seen, which increased with cathodic current.
Addition of sulfate further enhanced the sulfur dioxide re-
moval rate to a point suggesting possible commerciali-
zation for the process. A cathodic reaction scheme is pre-

EC FLUE GAS DESULFURIZATION 577

sented; although tentative, it is consistent with our results
and those of other workers.
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