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Abstract

Research is reported on the development of a process to electrochemically oxidise sulphur dioxide gas, absorbed into sulphuric acid
solutions. This process is aimed at the recovery of potentially valuable sulphur species, from waste and effluent gases, as sulphuric acid. A
small pilot scale sieve-plate electrochemical reactor (SPER) is used for the oxidation of SO,. The SPER is an undivided cell using, in this
case, monopolar connected electrodes. The anode material was platinised titanium or lead dioxide and the cathode material was zirconium
metal or Ebonex®, both materials do not form sulphur in the electrolysis of SO, in solutions of sulphuric acid. Typical current efficiencies
are above 80% at current densities of 1020 mA cm™2. Energy consumptions are between 1.8 and 2.4 kWh kg™". Production of sulphuric
acid at concentrations of 6 mol dm™> by anodic oxidation of SO, is demonstrated. The mass-transfer behaviour of the sieve-plate reactor is

particularly good for this reaction involving relatively low concentrations of dissolved SO, concentration. The behaviour of the sieve-plate

reactor is mathematically modelled. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The development of the processes for the removal of
sulphur dioxide from flue and waste gases has been stimu-
lated by the increasing importance of sulphur dioxide pollu-
tion control. There has been significant interest in the use of
electrochemical processes which do not require the contin-
uous use of chemical reagents [1]. Sulphur dioxide can be
oxidised electrochemically to species such as sulphate and
dithionite and can be reduced electrochemically to sulphur.
The electrochemical oxidation of SO, has been investigated
both as a pollution control method and as part of hybrid
processes for hydrogen produced by water electrolysis at
low cell voltages [2]. The oxidation of SO, using noble
metal electrocatalysts was realised in the Westinghouse
process for hydrogen production [2,3]. Indirect processes
based on the bromide-bromine and iodine—iodide redox
couples have also been developed [4,5].

The main products of electrochemical oxidation and
reduction of SO, in acid solution are sulphuric acid and
sulphur, respectively. The formation of sulphur can represent
a significant solids handling problem and can lead to pro-
blems in cell operation. In many applications, for example,
in the chemical process industries, sulphuric acid is a
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favourable product as it can be used in house in chemical
manufacture and is readily transported.

The present work is concerned with the direct anodic
oxidation of SO, to produce sulphuric acid. The overall
reaction for the oxidation of SO, can be written as

SO, + 2H,0 = SO3™ + 2H" + H,

where hydrogen is formed at the cathode.

The mechanism of SO, oxidation in aqueous sulphate
solutions is complex and depends significantly on anode
material and the solution pH [6]. The absorption of sulphur
dioxide into aqueous solution is followed by several possible
equilibrium processes.

SO2(e) = SO2aqu)
SO, + H,0 = HSO; +H*
2503 — $,0% + 2¢”

In acidic solution, the electrochemical oxidation of dis-
solved sulphur dioxide has been extensively studied on
platinum, gold and graphite anodes [7-10]. At pH <2,
the mechanism leading to sulphate formation is suggested.

2805 (aqu) + 2H20 — $,0¢ +4H' + 2¢~
$,02 4 2H,0 — 2HSO, +2H" 4 2¢~

Other studies [11] have suggested the involvement of indir-
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ect mechanisms involving surface oxide (of Pt and Pb)
reaction with an activated SO5>~ species.

Direct oxidation of SO, has typically necessitated the use
of membrane electrolysers to avoid the formation of ele-
mental sulphur at the cathode which deactivates the system.
An undivided cell electrolysis, which can operate without
cathodic sulphur formation, is potentially an attractive
alternative to a divided cell electrolysis in terms of lower
cell cost and energy consumption and lower reactor instal-
lation cost. A further potential reduction in installation cost
may result from performing the absorption of SO, and its
electrochemical oxidation in one unit.

An electrochemical system which performs the absorp-
tion and oxidation in one is the sieve-plate electrochemical
reactor (SPER) [12]. The SPER consists of a bank of
undivided cells situated above a sieve plate located in an
absorption column. The SPER is a unit in which simulta-
neous electrolysis and gas absorption occurs (see Fig. 1).
The absorption of SO,, occurs in the gas sparged region,
above the sieve plate, in the inter-electrode spaces formed
between the cell electrode assemblies. Electrolyte flows
through the cells, above the sieve plate, located between
a pair of weirs to maintain an appropriate liquid electrolyte
level. The SPER has been previously used in the epoxidation
of alkenes [12] where the excellent interfacial mass-transfer
characteristics have proven beneficial in the oxidation of
these gases which have low solubility in the aqueous
electrolyte used. The oxidation of sulphite ions in a
sieve-plate cell using nitrogen for gas sparging to simulate
sieve-plate operation, has been reported previously [13].

This paper reports data on the performance of the sieve-
plate cell with a gas mixture which contains sulphur dioxide
in low concentrations. The performance of the SPER system
is mathematically modelled as a continuous recycle stirred
tank reactor for the gas phase.
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Fig. 1. Schematic representation of the sieve-plate reactor.

2. Experimental

Linear sweep voltammetry was performed in a sealed,
magnetically stirred H-type glass cell, 250 cm® in volume.
All electrodes had surface areas of 1 cm?. Anode materials
were platinised titanium (Magneto-Chemie) and lead diox-
ide, prepared by anodic oxidation from lead nitrate solution,
and cathodes were zirconium metal (Goodfellow Metals)
and Ebonex™ (Atraverda). Ebonex™ is a conducting cera-
mic, magneli phase suboxide (predominately Ti4O). Elec-
trical power to the batch cell was supplied by a computer
controlled VERSASTAT manufactured by EG&G Princeton
App. Research. Electrolyte solutions of sodium sulphite in
0.5 mol dm > sulphuric acid were freshly prepared prior to
each experiment. The sulphite concentration present in the
solution was determined iodimetrically. Prior to each run,
the electrodes were washed with diluted sulphuric acid and
then rinsed in doubly distilled water. Anodes were pre-
treated anodically at 0.3V for 5 min in the electrolyte
solution prior to commencing each preparative experiment.

The small-scale pilot sieve-plate electrochemical reactor
used anodes of platinised titanium (supplied by Magneto-
Chemie) and zirconium metal or Ebonex® cathodes (Atra-
verda). The size of each electrode plate was 15cm
high x 5 cm wide. The cells were connected in a monopolar
arrangement with cathode and anode plates connected to
separate titanium rods which acted as current feeders. The
anodes and cathodes were interleaved to form a series of
nine monopolar connected cells. The set of cells was located
inside an acrylic box (cell holder) which contained two
weirs, which maintained the electrolyte at a level such that
each electrode plate had an exposed area of 50 cm?.

The electrical power to the cells was supplied by a Farnell
Instrument stabilised DC power supply. The SPER cells
were located inside the main pilot absorption tower con-
structed of 10 cm internal diameter QVF glass. The column
contained a gas sparging ring to feed the gas to the base of
the sieve plate and the base of the column was fitted with a
2 cm® reservoir to hold the electrolyte.

The SPER was located in a gas and electrolyte flow circuit
as shown in Fig. 2. Further details of the equipment can be
found in Ref. [13]. The gases SO, (30% in air) and N, were
supplied from a cylinder through a sequence of control
valves to reduce the input pressure to the SPER to the
operational level (=1 bar). SO, could be mixed with nitro-
gen prior to introduction into the SPER. The total flow rate
of gas entering the SPER was typically 60 cm® min~"' (1 bar,
20°C).

The electrolyte used in this work was sulphuric acid (0.5—
5) mol dm ™~ (M), unless otherwise stated. Temperatures of
operation were maintained at 20°C. The electrolyte flow rate
through the reactor was constant at 67 cm® s~ and the gas
flow rate was 0.92 cm® s~ (1 bar, 20°C) through the sieve
plate. The operating pressure of the reactor was nominally
1 bar absolute. These conditions resulted in an electrode
area of 50 cm? exposed to electrolysis for each plate. The
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Fig. 2. The experimental equipment for sulphur dioxide oxidation in the sieve-plate reactor.

flow conditions of operation were selected on the basis of
previous mass-transfer studies of the SPER to be reported.

The analysis of SO, in solution was carried out iodime-
trically. The experimental study for the oxidation of SO, in
sulphuric acid using the SO,—air mixture diluted with
nitrogen gas to a composition of 3.0% by volume feed.
The electrolyte was pre-saturated to a concentration of
8.25 mol/m > prior to electrolysis. Any loss of SO, in
the exit gas was monitored by absorption in iodine solution.
The extent of gas stripping of SO, from solution was
determined by a series of blank runs (without electrolysis)
in which the concentration of SO, in solution was con-
tinuously monitored. All current efficiency data quoted in

this work is corrected for the loss of SO, in the exit gas using
the above two procedures.

3. Mathematical model

The mathematical model of the SPER is based on the
recycle flow configuration shown in Fig. 3. This is essen-
tially an absorption recycle reactor which accommodates
electrochemical reaction and inter-phase and intra-phase
mass transport. Electrolyte circulates from a reservoir to the
cell stack continuously. The volume of electrolyte in the
reservoir is much greater than that in the cell stack and thus,
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Fig. 3. The model of the sieve-plate gas—liquid operation.

as a quasi-steady-state approximation, the material balance
for reactive species in the liquid phase is
dC

Veell E + kA.C = KgA[P() — mC] 3)
where V. is the total electrolyte volume, m the equilibrium
constant of SO, in the solution, A, the electrode area, A the
interfacial gas/liquid area, P, the bulk partial pressure of
SO, in the gas phase, m the equilibrium (Henry) constant, C
the concentration of SO, in the electrolyte and k. (m s~ ') the
overall rate constant, which is function of mass transport at
the electrode and electrode kinetics.

The overall gas-phase mass-transfer coefficient is given
in terms of the individual mass-transfer coefficient by

1 1 m

K, kg e @
The mass-transfer coefficient values have been measured by
reactive absorption of O, into sulphite solutions and by
stripping of SO, with nitrogen gas sparging. A material
balance on the gas phase, which is in recycle around the
cell is

V, dPy
RT dt
where V., is the reactor gas volume, Q the gas flow rate into
and out the cell (assumed constant), Py and P; the partial
pressures of SO, in the reactor exit and inlet, respectively.
Absorption of SO, gas is approximately equal to the gen-
eration of hydrogen gas at the cathode. The inlet and exit
partial pressures are related through the gas recycle ratio, r,
according to P; = (rPy + Py)/(1 + r) where P, is the partial
pressure of SO, in the feed which has a total flow rate,
Q. =0(1 +1).

The solution to Egs. (3) and (5) can be obtained analy-
tically when k., remains constant. For example, in the case of
a mass-transport controlled oxidation of SO, in solution

KgA[mC—Po]:g[P()—Pi]+

RT ®)

where k. = k;, the liquid-to-electrode mass-transport coef-
ficient. The value of the reaction rate constant k. can also
include the influence of dissolved oxygen on the oxidation
of sulphur dioxide in solution. Prior to electrolysis dissolved
oxygen and SO, will achieve concentrations as defined by
the relative rates of absorption and reaction in solution, as
defined by the balances above for a second order reaction
between the species [14].

do,
dr

Assuming that during electrolysis the rate of absorption of
oxygen is equal to the rate of chemical reaction then the
chemical rate is first order in dissolved sulphur dioxide, i.e.
equal to k. Cso,. Hence, the total ‘reaction rate’ for SO, is
(kAe + kc Vcel])'

The solution to the model Egs. (3) and (5), which com-
bine to give a linear second-order differential equation, is
straightforward and is given by

= —1.4Cy0z Co, mol dm3s7! (6)

C = A + 4 + (§) )
m_—1 2 _
m 2 [(a+d)++/(a+d) 4p)
where

k.Ae L K.,Am
a =

Vcell Vcell

_ 0 K.ART

Vi(r+1) V,

koAcd
b= + mg /Py

Vcell

K,AQ P,

&= Vrvcell(1 + V)

where P, is the partial pressure of SO, in the feed, and r the
gas recycle ratio,

:KgAPg/Vcell*ml (C()fg/b) - C()(KgAm + keAe)/Vcell

(my —m)

Az

Ar=Co—A—
Cy is the initial solution concentration of SO,.
Py is obtained from Eq. (3) as
Vcell

Py = KA [Alem”(ml) +A2€m2f(m2)] + (keAe/KgA + m)C
g
3)

At the steady state, the concentration of SO, in solution is
given by

P
C= £
m(1.0 + RTDa{1.0 + T,K,aRT?})

9

where T is the residence time of gas in the sieve-plate cells,
K,a the specific gas-phase mass-transfer coefficient and Da
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a modified Damkohler number given by
keAe

Da =
K.ART

which is the ratio of the liquid-to-electrode mass-transport
rate and the gas-to-liquid mass-transport rate.

4. Results and discussion

The objective of this research project was to investigate
the performance of a monopolar SPER for gas-liquid
reaction systems for the direct electro-oxidation of sulphur
dioxide to sulphuric acid in an undivided cell electrolysis.
This application is to enable the recovery of SO, from
industrial and waste gas and its recycling in the form of
sulphuric acid.

The sieve-plate reactor combines the function of gas
absorption and electrochemical reaction in one unit. The
design provides good liquid cross flow and good inter-phase
and intra-phase mass transport. These mass-transfer char-
acteristics have been determined and correlated as a func-
tion of both gas and liquid flow rates [15].

Prior to this study the SPER had only been operated as a
bipolar electrode unit. The monopolar electrode connection
offers the following advantages:

1. the application of highly conducting solutions, without
loss of efficiency due to current bypass;

2. greater flexibility in electrode materials and in electrode
geometry,

3. improvement in gas distribution and mass transport; and

4. improved electrolyte flow distribution.

The extent of current bypass around bipolar electrodes has
been demonstrated [12] to be very significant with even
dilute electrolyte solution. With more concentrated electro-
Iytes much greater current bypass is expected. Bipolar
electrodes impose limitations in material compatibility
and coating requirements. Damage to either anode or cath-
ode requires disposal of both. Bipolar electrodes must be
made from flat sheet material and cannot, for example, be
expanded.

The research study of the SPER required first identifica-
tion of suitable anode and cathode materials for undivided
cell electrolysis. The anode for effective oxidation of SO,
and the cathode for no (or negligible) reduction of SO,, i.e. a
dominant hydrogen evolution reaction.

4.1. Anode and cathode materials

Preliminary screening of cathode materials was per-
formed using nickel, stainless steel, natural graphite and
glassy carbon, zirconium and Ebonex™. Linear sweeps
voltammetry was performed at 20°C using an electrolyte
solution of 0.05 mol dm > sodium sulphite in 3.0 mol dm
sulphuric acid. Nickel, stainless steel, graphite and glassy

carbon are active towards the reduction of sulphite ions to
sulphur, exhibiting a pre-reduction wave at approximately
—0.25 V (vs. SCE) prior to hydrogen evolution. The for-
mation of elemental sulphur was visible for all the four
electrode materials.

Linear sweep voltammograms at 100 mV s! for zirco-
nium and Ebonex®™ (porous and non-porous) are shown in
Fig. 4 for solutions of 0.5 moldm > sulphuric acid with
0.05 mol dm > sodium sulphite. The data for zirconium
shows a relatively slow rise of current density with potential.
Comparison of the LSVs for zirconium with and without
sulphite ions shows a depression of the current density
response when sulphite ions are present. This would indicate
a blocking of sites for hydrogen evolution by an absorbed
species. The formation of elemental sulphur was not
observed with this cathode material. The LSV curves for
Ebonex™, exhibit a depression in current density response
in the presence of sulphite ions, as in the case of zirconium.
The generation of hydrogen gas becomes significant at
potentials of 0.4 V (vs. SCE) which are significantly less
cathodic than those for zirconium. As with zirconium, no
sulphur formation was observed. Ebonex™ and zirconium
would appear to be suitable cathode materials for undivided
cell oxidation of SO,.

The anodic oxidation of sulphite and dissolved SO, has
been reported on a range of materials including carbons,
lead dioxide and precious metals such as gold, platinum and
palladium. For this study, we investigated a commercially
available electrode, platinised titanium, with expected sta-
bility under anodic oxidation in fairly concentrated sulphu-
ric acid solutions. Other commercial, dimensionally stable
coated titanium anodes (DSA) using, e.g. IrO,, RuO, coat-
ings, have been reported [2,3] not to be effective in sulphur
dioxide oxidation. Fig. 5 shows a linear sweep voltamogram
for the anodic oxidation of SO, in 0.5 mol dm ™~ sulphuric
acid, on Pt/Ti, and lead dioxide at 25°C. In the presence of
sulphite the current rises rapidly at potentials of 0.3 V (vs.
SCE) and greater, while in the absence of sulphite, there is
no equivalent oxidation process at these potentials.

The LSV for lead dioxide coated platinum electrode
shows a well-defined oxidation peak at 900 mV (vs.
SCE) in the presence of sulphite ions, which is due to
the oxidation of the species. There is no background oxida-
tion peak with sulphuric acid in the absence of sulphite ions.
In view of the above demonstrated suitability of lead dioxide
as an anode material, the use of lead dioxide coated titanium
were investigated. A series of cyclic voltammograms
(sweep rate range 50-500 mV s~ "), for lead dioxide coated
titanium is shown in Fig. 6 for the oxidation of
0.05 mol dm—> SOs*~ in 0.5 mol dm > sulphuric acid,
demonstrating again the oxidation of SO, in solution.

The principle anticipated mechanism for the oxidation of
sulphur dioxide in sulphuric acid solutions was by direct
anodic oxidation. However, oxygen is known to be a suitable
oxidant for dissolved sulphur dioxide species and this is a
second mechanism for oxidation. Oxygen would be present
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Fig. 4. Linear sweep voltammograms for reduction of 0.005 mol dm~> Na,S0, in 0.5 mol dm > sulphuric acid. (a) zirconium, (b) Ebonex®™.

in the feed gas, and would be potentially a byproduct from
the anodic oxidation of water, a side reaction causing a loss
in current efficiency. Additionally dissolved oxygen may be
cathodically reduced to peroxy species which could also
contribute to sulphur dioxide oxidation. However, the extent
of this reaction is uncertain as peroxy species are rapidly
catalytically destroyed by trace metals, leading to water
production. Overall, in the SPER system, oxidation of
sulphur dioxide could occur by a combination of electro-
chemical oxidation and chemical oxidation.

4.2. SPER performance

The oxidation of sulphur dioxide was performed con-
tinuously in the SPER using a simulated waste gas contain-

ing 3% SO, by volume in nitrogen (and 1.5% oxygen by
volume). Prior to electrolysis the system was operated for
1 h to achieve ‘saturation’ of the electrolyte with SO,. The
typical dissolved SO, concentration achieved was
8.25 mmol dm*. During electrolysis the system was
operated with a continuous supply of feed gas at a rate
which balanced the production of hydrogen gas at the
cathode.

Fig. 7 shows the current efficiency performance of the
reactor at two current densities and two sulphuric acid
concentrations. Efficiencies of >80% over the duration of
the experiments are achieved. The steady-state concentra-
tion of dissolved SO, was typically 5.5-5.6 mmol dm >,
and 3.6-3.7 mmol dm > at current densities of 10 and
20 mA cm 2, respectively. Current efficiency is slightly
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Fig. 5. Linear sweep voltammograms for oxidation of 0.005 mol dm ™ Na,SO, in 0.5 mol dm™ sulphuric acid in platinised titanium and lead dioxide

anodes. (a) Platinised titanium, (b) Lead dioxide.

greater with the more concentrated sulphuric acid solution.
The current efficiency is greater at the lower current density.

The cell voltages were 2.8 and 3.5 V at current densities
of 10 and 20 mA cm ™2, respectively. These correspond to
energy consumptions in the range of 1.8-2.4 kWhkg '
The formation of sulphur was not observed in solution or on
the electrodes under any operating conditions used. The
major contributing factor to the energy consumption in this
system is the overpotential at the cathode. There is limited
scope for selecting materials with lower overpotentials due
to the requirement for a non-sulphur dioxide reducing

cathode. A second contributing factor to the energy con-
sumption is that of the effective electrolyte resistivity.
Although the electrical conductivity of the sulphuric acid
solutions are relatively high, the gas sparging operation, plus
the generation of hydrogen gas in situ, produces a relatively
large gas fraction which significantly reduces the effective
electrolyte conductivity.

Overall although the SPER is a relatively efficient unit for
the direct anodic oxidation of sulphur dioxide having good
electrolyte to electrode mass-transfer rates, there are a
number of disadvantages associated with its operation.
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i

Fig. 6. Cyclic voltammograms for oxidation of 0.005 mol dm > Na,SO,4
in 0.5moldm™ on lead dioxide. (d) 50 mV s~!, (e) 100 mV s}, )
200mVs".

1. Limitations in cathode materials selection. Even
zirconium may present long term problems due to
hydride formation during hydrogen evolution.

2. Limitation in the inter-electrode gap due to gas sparging
requirements. However, the monopolar design enables
much closer electrode spacing when, for example,
expanded metal electrodes are used.

3. Generation of hydrogen in situ with the gas sparging
removes the dissolved sulphur dioxide from solution.

The alternative to the SPER is to perform the anodic
oxidation of pre-absorbed solutions of SO, in sulphuric
acid. This operation although enabling a smaller inter-
electrode gap and increased effective electrolyte conductiv-
ity does not have the benefit of the electrochemical reaction
enhancing the rate of SO, absorption. Generation of hydro-
gen gas will still also remove from SO, solution. The
alternative use of divided cells, although potentially resol-
ving problems associated with in situ hydrogen generation,
presuming that anodic oxygen evolution is small, carries
with it a much increased capital cost and, potentially, a
higher cell voltage. In addition, even with membranes, SO,
will transport from anode to cathode either by diffusion or
electro-osmosis (with solvated H' ions) and thereby be
potentially reduced, at the cathode, to sulphur.

5. Mass transfer and model

The model presented in Section 3 predicts both the
dynamic and steady-state performance of the SPER during
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Fig. 7. Variation of current efficiency during continuous operation of the
sieve-plate reactor during sulphur dioxide oxidation.

sulphur dioxide oxidation. Operation of the SPER focused
on the steady-state performance which is modelled using
Eq. (9). The influence of mass transfer is readily apparent in
the model. There are essentially two major factors predicted
by the model which influence performance, for a given
reaction system,

1. the Da number which is the dimensionless group
representing the ratio of liquid-to-electrode mass
transport and gas-to-liquid mass transport and

2. the product of the gas residence time and gas-to-liquid
mass-transport rate. In the latter case, as the gas resi-
dence time is increased, through a reduction in gas flow
rate, the gas-to-liquid mass-transport rate will decrease.
Measurements of the gas-to-liquid mass transport per-
formed in a sieve-plate unit, to be reported in detail
elsewhere [15], confirm this behaviour.

However, the additional factor with the SPER operation,
when electrolysis occurs, is the generation of oxygen and
hydrogen gas at the anode and cathode, respectively. This
gas generation will effect the gas-to-liquid mass-transport
rate and its influence is difficult to measure in the reaction
system and is thus not possible to incorporate into the
model.

The generation of oxygen and hydrogen gas has also a
profound effect on the liquid-to-electrode mass-transport
rate. Liquid-to-electrode mass transport in the SPER, in the
absence of electrolytic gas generation, has been measured
and correlated (see Fig. 8) as a function of liquid-phase and
gas-phase Reynolds numbers [15]. However, this correlation
does not give an accurate prediction of experimentally
determined mass transport in the SPER during electrolysis.
This mass transfer was measured during the oxidation of
sodium sulphite solution with nitrogen gas sparging through
the sieve plate. Fig. 9 shows the variation in the logarithm of
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concentration of sulphite with electrolysis time as a function
of current density for two different operating conditions.
The linear correlation of the data in Fig. 9 conform with an
approximate mass-transport limiting current model and the
slope of the correlation gives the specific mass-transport
coefficient kja for each current density. Within the current
density range the mass-transport coefficient is almost pro-
portional to current density (Table 1). It should be noted that
the extent of oxidation by electrogenerated oxygen and
other species, as discussed in Section 3, will also be
included in this data.

The data in Table 1, together with estimations of the gas-
to-liquid mass-transport rates in the sieve-plate reactor, are
used to estimate the steady-state performance. Fig. 10
shows the influence of Da on the steady-state concen-
tration of dissolved SO,, expressed as the ratio of final
value to initial value prior to electrolysis, C". As the value
of Da increases, i.e. the liquid-to-electrode mass-transport
rate increases, the concentration of SO in the liquid falls.
This is due to an increased consumption of SO, by electro-
lysis. The experimental measured concentrations of SO, are
in general agreement (see Fig. 10) with the model predic-
tions. It should be noted that in this system the extent of
oxidation of SO, by electrogenerated oxygen and other
species, may be a significant factor influencing perfor-
mance.

C.D. mA/cmi
%10 =15

Ln (C)/M

-10

gl b e

0 30 60 90 120 150

Time,/ min.

10 TR FEUTE SRR FETEE FENEE N ST S Fwe

0 50 100 150 200 250 300 350 400

Time/ min.

Fig. 9. Variation in the concentration of dissolved sulphur dioxide with
electrolysis time for oxidation in the sieve-plate reactor. (a) 5.0 mol dm >
sulphuric acid, 10 cell stack, * 10 mA cm’z, H 15mA cm 2 (b)
2.0 mol dm™> sulphuric acid, 5 cell stack, + 10mA cm’z, ]
25 mA cm .

6. Conclusions

The results of this research have shown that platinised
titanium and lead dioxide coated titanium are suitable anode
materials for sulphite oxidation, which can be used in the
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Table 1
Effect of current density on mass-transport coefficient

Current density (mA cm’z) 10
Mass-transport coefficient (ms™h) 2.1 %1073

15 25
33%x107° 48 x 1073

0

0.015 0.02

y

0.04
Da

0.08 0.1

Fig. 10. Variation in steady-state sulphur dioxide concentration with Da number, gas-liquid equilibrium coefficient m = 0.36 (kNm™>) (mol m™>).

K

oxidation of sulphur dioxide effluent gases in the sieve-plate
electrochemical reactor. The sieve-plate reactor has good
mass-transfer characteristics for gas—liquid electrochemical
reactions and can be used with good performance in the
anodic oxidation of SO,. The direct oxidation can be
performed in undivided cells utilising Ebonex or Zr cath-
odes without the formation of elemental sulphur at the
cathode. Current densities of operation with low SO, con-
centration (mmolar) are relatively high at 10-20 mA cm 2.
The use of high sulphuric acid concentrations gives good
current efficiency and energy consumption.

The direct anodic oxidation of SO, is an alternative to the
use of chemical oxidants such as bromine and hydrogen
peroxide. The use of hydrogen peroxide, at high concentra-
tions sufficient to produce concentrated sulphuric acid by
oxidation, is significantly more costly (by a factor of six)
than the use of the electron.

7. Nomenclature (units: mol m, s, K)

A electrode area

A interfacial gas, liquid area

C concentration

Co initial solution concentration
Da modified Damkohler number

overall liquid-phase rate constant

overall electrochemical rate constant
gas-phase mass-transfer coefficient

overall liquid-phase mass-transfer coefficient
overall gas-phase mass-transfer coefficient

RS

«aRT = 0.45 s L T, = 6.0 s. Temperature 298 K. Experimental data: A—10 mA cmfz; H—20 mA cm ™2

m equilibrium constant

P, partial pressure of SO, in feed
P; partial pressure at the reactor inlet
Py bulk partial pressure of SO,
(0] gas flow rate

0, feed gas flow rate

r recycle ratio

R gas constant

t time

T temperature

T, residense time of gas in cells
Veen total electrolyte volume

V. reactor volume
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