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Abstract

A new reactive separation process is presented and analyzed which is based on simultaneous, dispersionless gas—liquid absorption
electrochemical reaction in the pore structure of electrically conductive membranes. As a model process of technical and environment
relevance, the electrochemical absorption of chlorine waste gases in hydrochloric acid is studied, both experimentally and theoreticall
The membranes were manufactured from porous carbon black particles by rolling agglomeration. The reaction mechanisms and mz
transport phenomena within these membranes were investigated in a novel cyclone flow reactor. With this membrane reactor, a ser
of experiments was carried out under control of membrane electrode potential using chlorine—nitrogen gas mixtures (1090Apm CI
model-based analysis of experimental data reveals the electrochemical reaction microkinetics to follow the Volmer—Heyrovsky mechanisr
Mass transport was found to be dominated by Knudsen diffusion in the membrane micropores. © 2001 Elsevier Science B.V. All right:
reserved.
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1. Introduction of 1 mg rr}]3 (0.3 ppm) for waste gases emitted into the at-
mosphere. As a very efficient reactor to carry out chlorine
Electrochemical absorbers are multi-phase reactors inabsorption, a gas—liquid membrane reactor is applied. The
which gaseous components are uptaken in a liquid elec-membrane used is a porous gas-diffusion electrode (GDE)
trolyte and, by charge transfer in contact with a solid [6].
electrode surface, are converted to ionic species. Electro- As animportant step to design such a reactor, single mem-
chemical absorption processes are environmentally friendly branes have to be characterized under well-defined flow con-
and offer several advantages compared to conventionalditions on either side of the membrane. This is necessary
chemical absorption processes [1,2]. The driving force for because of the influence of external mass transport phenom-
gas-liquid mass transfer is increased dramatically by the ena in the boundary layers on both sides of the membrane,
electrochemical reaction without using any chemical wash- due to the low concentration of the reactant chlorine. For this
ing substances. Moreover, the absorption process can bgpurpose, a novel electrochemical flow cell was developed
controlled easily via adjustment of the electrode potential. and was characterized with respect to mass transport through
In this work, the application of an electrochemical absorp- the boundary layers at the external membrane surface [4].
tion process will be discussed for the removal of chlorine These mass transfer studies were based on limiting current
from a process waste gas stream, e.g. from the AEROSIL measurements using simple, well-understood electrochemi-
process [3]. There, the chlorine concentration in the efflu- cal reaction, i.e. the oxidation of ferricyanide(ll) ions on the
ent is typically around 1000 ppm, while the German envi- surface of a nonporous graphite electrode membrane. The
ronment protection legislation allows a maximum content mass transfer coefficients were casted into a dimensionless
data correlation, i.e. a Sherwood function. With this func-
— e tion, external mass transfer resistances through the bound-
AbbreviationsGDE, gas-diffusion electrode; NHE, normal hydrogen elec- . . ;
trode ary layers are estimated for the chlorine reduction process at
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Nomenclature

Symbols

a liquid phase activity of componeint

aip exchange current density related to
membrane volume (A rP)

B parameter group, Eq. (37)

Biﬁ;q/L Biot number for mass transfer on gas or liqu
side, see Table 1

o molar concentration of componeinin liquid
phase (mol m3)

c;"- dimensionless molar concentration of
component in liquid bulk

d membrane thickness (m)

d* dimensionless thickness of flooded layer,
see Table 1

d™-  thickness of flooded layer (m)

d®t  thickness of the gas-filled layer in
membrane (m)

dpeq pore equivalent diameter (m)

D*  dimensionless ratio of mass transfer
resistances in gas-filled layer and in flooded
membrane layer, see Table 1

Deti; effective diffusion coefficient of component
i in pore system (s 1)

D; diffusion coefficients of componentm?s—1)

F Faraday’s constant (96485 C mé)

Ha  Hatta number, see Table 1

ieff  effective current density related to cross
sectional area (A ImP)

ity dimensionless effective current density,
see Table 1

iim  limiting current density (A m?)

i, dimensionless limiting current density

imax Maximum current density related to cross
sectional area (A ImP)

in local current density related to inner
electrode surface (A )

i dimensionless local current density,
see Table 1

io exchange current density (ATR)

Ky  equilibrium constant of Volmer reaction

Kv.o equilibrium constant of Volmer reaction
ati, =0

kajc reaction rate constants for anodic and
cathodic reaction

k?/L mass transfer coefficient of component
i on gas/liquid side

M;  molecular weight of componeit(kg mol1)

n number of transferred electrons; for chlorine
reduction,n = 2

p total pressure (Pa)

pl.G partial pressure of componenin gas

phase (Pa)

id

r*
R
Re
Sc
Sh
T
U
Ue

VC/L  gas and liquid flow rate (As~1)

Greek symbols

ag/c anodic and cathodic charge transfer
coefficient

Bs  symmetry factors in Eqgs. (15) and (16)

8 thickness of hydrodynamic boundary
layer (m)

e total porosity of GDE

1) electrostatic potential (V)

n electrode overpotential (V), Eq. (25)

u dynamic viscosity of fluid (Pas")

Vi stoichiometric coefficient of component
(for chlorine, value is-1)

®; fraction of inner surface covered by
component

) mass density of fluid (kg rm?)

o  angular velocity (51)

Subscripts

a anodic reaction

c cathodic reaction

eff effective quantity, i.e. related to cross
sectional area

H Heyrovsky reaction

i index of components

lim at limiting current conditions

max maximum

ref  with respect to reference mixture

V  Volmer reaction

Superscripts

e
FL

-

dimensionless spacial coordinate, see Table 1
universal gas constant (J méIK 1)
Reynolds number, Eq. (5)

Schmidt number, Eqg. (6)

Sherwood number, Eq. (4)
temperature (K;C)

electrode potential versus NHE (V)
thermodynamic equilibrium electrode
potential versus NHE (V) (for chlorine
reduction,U/® = 1.269V at 1000 ppm
Cly andc(L:I, = 1 moldnt3)

at gas—liquid equilibrium

flooded layer of porous membrane
gas bulk

gas-filled layer of porous membrane
liquid bulk

solid phase

dimensionless quantity

standard conditions (ideal gas st = 0.1
MPa, ideal solution with ion molality of
m® = 1 molkg™! water)
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Fixed Bed Absorber Membrane Absorber

current collector

G L A1(g) current
collector
- hydraulic limitations + no hydraulic limitations
- channelling possible + dispersionless contacting
- mass transfer dominated by + mass transfer dominated by
liquid phase diffusion (2,3) gas phase diffusion (1,2)

Fig. 1. Reactor concepts for electrochemical gas absorption and relevant mass transport phenomena (G: gas phase, L: liquid phase, S: solid pha
left: classical countercurrent fixed bed reactor; right: membrane reactor.

macrokinetic measurements of chlorine reduction at porousbefore it is absorbed in the liquid phase (step 3). Here, in
electrode membranes. In Section 2, the principle of an elec-the liquid-filled pore volume, another diffusional mass trans-
trochemical membrane reactor is illustrated and is comparedport resistance has to be overcome (step 4), before finally
to classical fixed bed absorber. the electrochemical reaction takes place to form the ionic
product A(aq) (step 5). The latter is then transported to the
liquid bulk via liquid-phase pore diffusion (step 6) and ex-
2. Principles of electrochemical gas absorption ternal film diffusion (step 7). The electrons earticipating
in the charge transfer reaction are transported through the
The general requirements for an electrochemical gas ab-solid electrode matrix by Ohmic conduction (step 8).
sorption are a thorough contact between the gas phase and The main advantages of the membrane reactor concept are
the absorbing liquid phase on one hand (to transfer thethe dispersionless gas—liquid contacting and the possibility
reactant from the gas phase to the liquid phase), and ato apply any ratio of gas flow to liquid flow without hydraulic
thorough contact between the liquid phase and the solid limitations. In addition, in case of an instantaneous electro-
electrode on the other hand (to realize an electric currentchemical reaction, the absorbed reactan(gh will be to-
through the system). These requirements can be met bytally converted at the gas—liquid interface and, therefore, the
using either a fixed or fluidized bed of particles forming gas absorption rate will be only limited by gas-phase diffu-
the electrode [5], or by using a GDE in a membrane re- sion (Fig. 1: right, steps 1 and 2). In contrast, the absorption
actor [4]. Both principles are described schematically in rate of a classical countercurrent fixed bed absorber will be
Fig. 1. dominated by diffusional transport phenomena in the liquid
In the fixed bed absorber (Fig. 1, left), as well as in trickling down along the electrode (Fig. 1: left, steps 3 and
fluidized bed absorbers, the gaseous compone(g)has 4). Due to the fact that gas phase transport will be much
to overcome first the mass transport resistances in the ex{faster than liquid phase transport, one can expect that the
ternal gas film (step 1), before it is absorbed in the liquid membrane absorber concept leads to much higher absorp-
phase. After that, two additional mass transport resistancestion rates and a more compact reactor design. Of course,
in the liquid phase have to be overcome: in the liquid film this is true only if membranes are thin enough and have a
at the gas—liquid interface (step 2) and in the liquid—solid sufficient total porosity [6].
film attached to the solid surface (step 3). Finally, the In order to demonstrate the feasibility of the described
electrochemical reaction takes place (step 4), followed by membrane reactor concept, it is reasonable to investigate first
film diffusion of the product A(aqg) into the liquid bulk the mass transport and electrochemical reaction processes at
(step 4). single porous electrode membranes under well defined flow
In case of a membrane reactor (Fig. 1: right), the gas conditions without any concentration gradients along the
and the liquid phase are contacted within the pore struc- membrane surface, i.e. in a parametrically concentrated flow
ture of the membrane. The gaseous componerig)rhas system. Since no reliable flow system for the investigation of
to overcome the mass transport resistances in the externagjas—liquid membranes was available so far, a novel cyclone
gas film (step 1) and in the gas-filled pore volume (step 2), reactor was developed which is explained in Section 3.
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3. Cyclone flow reactor for membrane characterization which is exactly twice the value found for the rotating disc
assembly [8,9].

In classical electrochemistry, rotating disc electrodes As the cell has to be used to examine systems with poi-
(RDE) are used to investigate reaction and transport phe-sonous (e.g. chlorine) and/or hazardous components (e.g.
nomena at planar electrodes. By controlled rotation of the hydrochloric acid), a construction using rotors, stirrers, etc.
electrode in a stationary fluid, a well defined flow field would lead to severe problems in preventing leakage. There-
at the electrode surface is generated. The rotational flowfore, it was decided to generate the desired vortex flow field
field leads to a hydrodynamic boundary layer of constant by using the cyclone principle as widely used in mechani-
thicknessSrpe over the electrode surface: cal engineering applications. Here, the fluid is set into ro-

tation forced by a special geometry. The fluid compartment

172 has a conical shape, converging to the electrode. The fluid
SrDE = 4 <,0_w) @) is tangentially introduced at the upper edge of the cone and
follows a circular path towards the cone end. For reason of

In Eq. (1), denotes the dynamic viscosity of the flujdits continuity, the fluid rises in the middle of the cone and is

mass density ang the angular velocity of the rotation. Un-  removed by an inner tube.
fortunately, the RDE is not directly applicable to the charac-  In order to achieve such a vortex flow field on both sides
terization of a porous GDE membrane in whose pore struc- of a GDE membrane, two cyclones are combined, with the
ture a gaseous reactant and a liquid electrolyte are broughtmembrane in-between them (see Fig. 3). The upper cyclone
into contact from opposite sides. Therefore, a special designis providing for the liquid phase, while the lower cyclone
for a novel electrochemical cell was needed. is providing for the gas phase. Both sides can be operated
The basic idea of the novel flow cell was to achieve a independently. The overall experimental set-up is shown
similar vortex-type flow field to that in the RDE assembly, schematically in Fig. 4.
but to keep the membrane electrode fixed while the fluids External mass transfer from the bulk phase in each cy-
on both sides of the membrane are set into rotational mo- clone through the boundary layer towards the membrane sur-
tion. A vortex flow with constant angular velocity over face was characterized by using a simple, electrochemical
an infinite surface as shown in Fig. 2 has been the subjectmodel reaction system, i.e. the oxidation of ferricyanide(ll)
of extensive theoretical investigation [7]. It is qualitatively
similar to that of a rotating disc electrode and the thickness

of the hydrodynamic boundary layer was found to be N Y] tank for
| reference
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S5 =8 — 2 counter
vortex (pw) 2) i liquid } " electrode
; outlet E | A
s | s
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Fig. 2. Vortex flow field above an infinitely extended, fixed surface
(adopted from [7]). Fig. 3. Design of cyclone flow reactor.
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Fig. 4. Experimental set-up with cyclone flow cell.

external resistances from the measured total mass trans-
port resistance. This is allowed since the roughness of the
here applied graphite electrode is nearly identical similar
to that of the porous membrane electrodes whose external
surface is very smooth due to the production process (see
Section 4). Therefore, external mass transfer towards the
nonporous graphite electrode is nearly identical to external
mass transfer towards the outer surface of the porous mem-
brane electrodes which were applied for electrochemical gas
absorption.

4. Membrane preparation

The feasibility of the described membrane reactor concept
depends on the availability of GDE membranes whose pore
structure exhibits low resistances to gas-diffusional transport
and allows to stabilize the gas—liquid interface within the
pores to avoid liquid breakthrough. Such GDE-membranes
were produced by a calendering rolling process which is
briefly outlined in the following.

The GDE membranes consist of carbon black and a poly-
mer binder. The carbon black (Vulcan XC-72, Cabot), as the

ions. The oxidation was carried out under limiting current solid component, provides for the electric conductivity and
conditions at a nonporous graphite electrode. From the de-the surface area on which the electrochemical reaction can
termined limiting currents, mass transfer coefficients were take place. The polymeric binder is PTFE (Teflon®) to ob-
determined and were correlated in terms of the Sherwood tain a sufficient chemical stability and to achieve a hydropho-

number [4]

bic surface to prevent the liquid electrolyte from flooding
the whole internal pore volume.

Fig. 5 shows schematically the production process of the
membranes. The carbon black and the PTFE-emulsion are
mixed with water to form a paste (weight ratio: carbon
black/PTFE= 70/30wt.%). This is then dried and milled
to get small, porous particles with a rubber-like surface and
elasticity. These are passed through several sieves to obtain
distinct particle size fractions, which are combined again in

Carbon Black Vulcan XC-72
70 wt.%

0.0136
Sh= 1—Re2/35c1/3 (forRe> 10°andSc>1)  (3)
with the dimensionless parameter groups
k“R
Sh= L (Sherwood number 4)
a)Rzp
Re= (Reynolds number (5)
Sc= K (Schmidt number (6)
pD"

In Eq. (3),t_ is the anion transference number. For un-
charged molecules, such as chlorine, Eq. (3) is also appli-
cable withz_ = 0. Thus, with the help of this equation, the
mass transport coefficient through the hydrodynamic bound-
ary layer can be calculated for any species as a function of
the physico-chemical properties of the system, the geometry
of the cyclone flow cell and the angular velocity of the fluid.
The latter one is calculated from the fluid flow rate and the
geometry. For the given geometry, the following relation is
derived (for more details see [4]):

o =192V (cmPs 1) (7)

Based on Egs. (3)—(7), one can determine the mass trans-

PTFE [ g

30 wt.%
24 h at
120 °C
Milling
Sieving ;gg Hm -
Current um
Collector Adal ti Rolling
gglomeration
Net [ 3 (Rolling Mill) Force:
(Hastelloy C-22, 721 N/cm

0,2 mm)

Mixing

" 1 Water

Gas Diffusion Electrode

port resistance Wit_hin the membrane_ pores of a GDE MEeM- Fig. 5. Membrane production process developed by ICVT, TU Clausthal
brane from experimental data by simply substracting the (for more details see [10-12]).
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x50000

Fig. 6. SEM image of membrane pore structure (70 wt.% carbon black VULCAN XC-72/30wt.% PTFE, rolling force 908N cm

fixed ratios. Finally, the particles are pressed onto a metal A series of experiments were carried out with the above de-
net (as current collector, wire of 0.2 mm in diameter) using a scribed cyclone flow cell using carbon black/PTFE mem-
calendering rolling mill. For the chlorine absorption, a spe- branes (thickness 0.75mm). Hydrochloric acid of 1N was
cial nickel alloy (Hastelloy C-22) was used for the metal net, circulated through the upper compartment at a flow rate of
which is highly chemically stable in the presence of chlo- V!t = 13.3cn?sL. This solution was purged with nitrogen
rine and hydrochloric acid. The particles pressed onto this in the external vessel shown in Fig. 4 to remove any dis-
net form a porous agglomerate. At the applied rolling forces solved chlorine or oxygen from the liquid bulk phase. The
around 700 N cm? (force per roll length), the calendering lower cell compartment was fed with a gas mixture contain-
process yields membranes with a smooth outer surface.  ing 1000 ppm Gl in N3 (Linde).

A more detailed description of the production process is In the first set of experiments, the influence of the gas
given in [10-12]. The porous structure can be seen clearly onoverpressure across the membrap® on the effective cur-
the SEM photograph of such a membrane (Fig. 6). The smallrent density was investigated at constant gas flow rate and
spheres, ca. 50 nm in diameter, are the original carbon blackconstant electrode potential (Fig. 8). Abax@® = 10 kPa,
particles which are forming agglomerates held together by
PTFE.

Very important for the further understanding of the mass
transport processes inside this structure is the pore volume
distribution. Fig. 7 shows this distribution measured at a
GDE membrane produced by calendering rolling. Obviously,
the distribution is bimodal, as was expected from the pro-
duction process: one finds micropores within the original
carbon black particles (mean diameter 1.31 nm) and meso-
pores between the original carbon black particles (mean
diameter 32.4 nm).

o
o
o
o

—A— Micropore Distribution
(Honvath-Kawazoe)
Mean Value: 1.31 nm

0,004 -

—O— Mesopore Distribution
(BJH-Adsorption)

0,003} Mean Value: 32.4 nm

0,002+

o

[
0,001} QQ?I%O 06 go\~
. O

1 1b 100
Pore Diameter, dp/ [nm]

O‘%DVD—D"DPD

(o]

5. Electrochemical chlorine reduction experiments

0,000

Pore Volume Fraction, AV/(Adp) / [em®g/nm]

The electrochemical chlorine reduction follows the overall

reaction scheme:
Fig. 7. Pore size distribution of used membranes (70wt.% carbon black

Cla(g) + 26 < 2CI™ (ag); U® =1358V (8) VULCAN XC-72/30wt.% PTFE, rolling force 900N cnd).
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Fig. 8. Experimental current densities observed for the reduction of chlo-
rine in hydrochloric acid versus pressure difference across membrane
(measured at constant electrode poteritial

a significant increase in the current density was observed,

while gas bubbles started evolving from the membrane sur-
face. ThereforeAp® = 7.5kPa was applied in all subse-

guent experiments to be sure that the transport phenomena
inside the membrane pores are characterized only under con®

ditions of a stable gas-liquid interface.

The second set of experiments was aimed at finding out
about the influences of the electrode poteritignd the gas
flow rate VC on the effective current density at a fixed gas
overpressure oAp® = 7.5kPa and variable electrode po-
tentialsU. The experimental polarization curves plotted in

Fig. 9 show an increase of the absolute observable current

density with increasing gas flow rate for electrode potentials
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Fig. 9. Experimental and analyzed potentiostatic polarization curves for
the reduction of chlorine at gas-diffusion electrode membrane; influence
of gas flow rateVe.
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U < 1.2V (in Fig. 9, note that cathodic currents are nega-

tive by convention). From these experimental data, impor-
tant physico-chemical parameters such as internal diffusion
coefficients and reaction kinetic constants were estimated
with the help of a macrokinetic model which is described in

Section 6.

6. Model-based analysis

Many models of different complexity have been proposed
to describe the operating behavior of GDE membranes.
Some authors favored a quasi-homogenous (macroscopic)
approach [13,14], others a heterogeneous model [15-19].
The latter often requires many adjustable parameters. Due
to the limited accuracy of experimental data, some of the
model parameters have little statistical significance.

Therefore, it is reasonable to follow Newman [20], and
apply a macroscopic model in terms of volume-averaged
guantities. The derivation of the applied steady state model
for the electrochemical absorption of chlorine will be de-
scribed briefly in the following. A more detailed derivation
can be found in a previous paper of our group [21].

Some general assumptions have been made:

The liquid electrolyte is not evaporating at the gas-liquid
interface.

The Ohmic drop in the electrode matrix and the elec-
trolyte solution is negligible due to high conductivity of
carbon black and hydrochloric acid, respectively. This is
also justified by the fact that observed current densities
are below 2 mAcm?,

Due to low chlorine concentration<(LOO0 ppm in gas
phase), this is a highly diluted system with respect to
chlorine. Therefore, it is justified to assume Fickian dif-
fusion of chlorine in the four layers (external gas film,
gas-filled electrode layer, flooded electrode layer, external
liquid film).

6.1. Material balance

The mass flux densities in the non-reactive layers, i.e. in
the external gas film, in the gas-filled electrode layer and in
the external liquid film, are constant. In the flooded electrode
layer, the mass flux density of chlorine varies according to
the transfer current density per electrode volaie For the
flooded layer, the following dimensionless material balance
is derived:

2 %
d cl,

dr*Z (9)

Eqg. (9) is formulated in terms of some dimensionless param-
eter groups whose definitions and interpretations are listed
in Table 1. The parameter groups are similar to those used
in chemical absorption theory. However, in the considered
case the rate, i.e. the local charge transfer current density
i,* depends on the electrode overpotential.

= —(d*Ha)%*
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Table 1
Definition and interpretation of dimensionless parameter groups
Parameter Definition Interpretation
. ) r Spacial coordinate
Spacial coordinate e — .
P =R Thickness of flooded layer
Hatta number Hazd aip/nF Reaction rate under liquid bulk conditions
=4\ b CIZC(LZ?z (pglz) Pore diffusion rate of Glin flooded layer
) dr Thickness of flooded layer
Thickness of flooded membrane layer membrane d*= — - 4
d Total thickness of electrode
Ratio of . . D ci, ¢, (P&,) Pore diffusion rate of Glin flooded layer
atio of mass transport resistances b= DS- . pS /RT Pore diffusion rate of Glin gas-filled layer
eff,Cl, PCl,
k&,d Mass transfer rate of gl h
. . G _ kcl, ass transfer rate of €In gas phase
Biot mass number for gas side Bim = DSL Pore diffusion rate of Glin gas-filled layer
eff,Cl,
kg, d Mass transfer rate of gIn liquid phase
Biot mass number for liquid side BiL = <k P -
q ™ Dk Chy Pore diffusion rate of Glin flooded layer
L . . .
- . _ Ccp Concentration of Glin liquid bulk
Liquid bulk concentration of Gl L= Te 6~ Equilibri tration of Glat pC
ce, (Pd,) quilibrium concentration of Glat p7
. iy Local current densit
Local current density = - fn . y .
io(Cref) Exchange current density at reference concentration
. GL .
) . o« _ vchiefd Total current density
Effective current density i = FDSL pS JRT Maximum current density
eff.Cl, PCly

For the solution of the differential equation, Eq. (9), two adequate approach for single elementary reactions only, i.e.
dimensionless boundary conditions are formulated:

for a single electron transfer. However, the electrochemi-
cal chlorine reduction consists of more than one elementary

B dcaz _ 1- caz(r* =0) (10) reaction step. Therefore, a more reasonable rate approach
dr* | | ~ (D*/BiSd*) + (D*(1 — d*)/d*) should be based on multi-step reaction mechanisms, such as
=0 Volmer—Tafel or Volmer—Heyrovsky (see e.g. [22]). A thor-
dc<*:|2 Lo n ough comparison of the different possible rea(_:tion mech-
e = Bind (cc,(r" = 1) — ccp,) (11) anisms with the experimental results was carried out. For
r=1 lack of space, this comparison is not given in full detail,

The first equation gives the absorption rate at the gas—liquidinstead we directly report the outcome of this analysis: for

interface, which is influenced by transfer resistances in the chlorine reduction at carbon black electrode material, the
external gas film and in the gas-filled part of the electrode Volmer—Heyrovsky mechanism was found to be the adequate
membrane pores. The second equation describes the leakag&"®-

rate from the liquid side electrode surface towards the liquid _ . _

bulk, which is controlled by external liquid film diffusion. Cla(@ +& +S— CI*'S+Cl"(ag

Heyrovsky reaction (13)
6.2. Reaction microkinetics
ClI*S+e” <« Cl (a9 +S
As a first kinetic approach the following Butler—\Volmer Volmer reaction (14)

S denotes a free adsorption site on the electrode surface. In
the first step, the Heyrovsky reaction, soluted chlorine ad-
sorbes at the electrode surface accompanied by transfer of
one electron. By this, an adsorbed chlorine radicat $CI
and a chloride ion are formed. In the second step, the Volmer
reaction Eqg. (14), another electron is transferred to the
adsorbed chloride radical forming a second chloride ion.
The Heyrovsky reaction is assumed to be rate determin-
ing. The rate constant of the anodic Heyrovsky reaction is

type polarization equation can be used:
. FL \ 2
. exp(aaF n) (Ccr)
= G L \ L
lO(Ts pc|2, CC|—) RT cc|—

FL
ack CC|2
—eXp( 7]) —_—
RT (CcL:i(Pglz))

Although Eq. (12) is very popular in electrochemical engi-
neering, it is important to mention that this rate law is an

(12)
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. . 1 . F
denoted ak, H, the rate constant of the cathodic reaction i = FkaH(T)exp{( BsH) @S — ¢FL)}

is denoted a¥: . For the local current density, of the RT
Heyrovsky reaction, the following expression for the charge (@ )2/ K
transfer current density is formulated: X CT — Fken(T)
1+ (ag/Kv)
in (1 - BsHnuF s FL BsnF I:|L

=k H(T)exp{—’(fb —¢™) 1 Ociag expl — 2 (¢S — o™ # 22

nF ke RT or XeXpy g (@7 —97) Tt (@t /Kv) (22)
BsHnuF FL . . .
—ke,H(T)EXP —T(cb —¢ ) Osaqz The current density, equals zero in the electrochemical

equilibrium. Then, the potential difference between solid and
liquid phase, taking into account the potential dependence of
the Volmer equilibrium constar€y (Eq. (18)), is given by

(15)

The rate constant of the anodic Volmer reaction kag

and that of the corresponding cathodic reactiorkbe. As FL RT (ke kev dciy 93
the Volmer reaction is assumed to be fast in comparison to (¢ —¢ i,=0= ~In T (EL 2 (23)
2F ka,H kav (acy)
the Heyrovsky reaction step, it is close to equilibrium. This
yields The exchange current densityis defined as
, (1-BsH)F
(1-BsvinvF =F T = P @S — oy,
2
_ _PSVOVE 4S _ o = Fken(T)
kc,V(T)eXp{ RT (¢ ¢ ) OCI (16) Kv(T (¢S ¢FL)i,,:O)
- xexpl PS8 s grty, o Lake 24)
From Eq. (16) one obtains p RT in=0  ACl,
OsaF With Egs. (23) and (24), the reaction rate expression can be
o o = Ky(T, ¢° — ¢'™) (17)  formulated in terms of the overpotential
cl
_ _ n= (% — ™) — %= 4™ Lok ot (25)
with Ky as temperature dependent and potential dependent 27crr
equilibrium constant of the Volmer reaction: Neglecting the non-ideal mixing behavior in the reaction
mixture, one can substitute activities by molar concentra-
_ kev(T) F s F tions. This yields the following expression for the charge
- kaV(T)exp{—R—T(rb —¢) (18) transfer current density

L G L
As long as only chlorine radicals adsorb at the surface, thein =0(T, Pcl, ¢g-)
balance for the surface fractions is given by eXp{(Ota,HF/R'Dn}(c /C

—expl(— OlcHF/RDW}(CEIFZ/(CIE;?Z(PQZ)))
T (/e @k, /Kv.o(T)expl(F/RTin)

Inserting this into Eq. (17), one gets the surface fractions  Thjs expression contains not only the kinetic parameters,
i.e. the exchange current densityand the anodic and the

Oci+0s=1 (19) (26)

aC|L7/ Kv cathodic charge transfer coefficients
Ocl = 1+ (@t /Ko (20)
+ (aCI*/ V) daH=2—BsH (27)
and and
1 acH = BsH (28)
Os= ——F o (21) i :
1+ (ag-/Kv) but also the equilibrium constant of the Volmer reaction,

Kv o, at the potential difference in the electrochemical equi-
Because of Eq. (18), the surface fraction depends on the dif-librium:
ference between the electrostatic potentials of the solid and v(T)
the electrolyte solution (liquid phase). Inserting the surface Kv o(T) = k 7y & p{——(cbs ¢FL)i,,—O} (29)
fraction of chlorine into the rate expression of the Heyrovsky av(T)
reaction (Eqg. (15)) leads to an expression for the transfer From Eq. (26) one can see, that the Volmer—Heyrovsky
current density in terms of the liquid phase activitégs mechanism leads to a rate expression, that is of first-order
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with respect to chlorine, as long as the Heyrovsky reaction the mass transport resistance in the gas-filed membrane
is rate determining. On the other hand, the dependence oflayer dominates the electrochemical conversion. Using
the current density on the chloride ion concentration does Faraday’s law, the maximum current density is calculated

not follow a power law. from

For the analysis, itis adequate to work with a high chloride peL G
concentration compared to the chlorine concentration. This;  _ np_eff.Clz Pci, (32)
was achieved in the experiments by using a 1N solution of dét  RT
hydrochloric acid as the liquid electrolyte phase, d. = where in case of chlorine reduction, the number of trans-
cél, = 1 moldm 3. The reference activity of the chloride ferred electrons i = 2. Combining Eq. (32) with the

ions, i.e. their activity in the liquid bulk, is approximated by analytical solution of the concentration profile [21] yields
the dimensionless observable current density

1

it = 33
T (1/i%,) + {D*(1 — d")Hal(exp{—(ac.n F/RTn}/ (1 + (1/Kv,0)exp{(F/RT)n)H] 2} -1 9
Eqg. (33) is valid for
a%_ = 1. The rate expression, Eq. (26), then simplifies to
| i) 1 ~ R
give the following dimensionless rate expression Han :d*Ha\/ expl—(ach F/RDn) >3 and

1+ (1/Kv,o(T))exp{(F/RTn}

i* + expinn®) — 0 (34)
io(T. pcy,» €¢y-)

i.e. for moderately fast reaction up to instantaneous reaction.

expl(canF/RT)n} FL v Le o G In the latter case, the reactant chlorine is totally consumed at
_ —expl(—acHF/RDn}(ccy,/(ccp, (PG,))) (30) the gas—liquid interface and its concentration there drops to
1+ (1/Kv o(T))exp{(F/RTn} zero. Then, the flooded layer resistance has no importance

because the gas no longer enters the flooded layer. The result-

For Ky,o — oo, i.e. negligible adsorption of chlorine ing current density reaches the limiting current dengity

radicals, this rate expression becomes identical to the
Butler—Volmer approach, Eq. (12). To identify the Volmer _ 1 35
constantKy o, one has to know the dependence of the lo- ‘im = 7 (1/BiS(1 — d*)) (35)

cal current density, on the electrode overpotentia i.e.

the reaction microkinetics. However, the only observable Obviously, the limiting current density depends on the
current density is the global current densigy at the total  thickness of the gas-filled membrane layer(@*), and on

electrode surface, i.e. the reaction macrokinetics, which the gas side external mass transfer resistan@iyl _

on the electrode overpotential is depicted under variation of

6.3. Reaction macrokinetics

*
-
o

lefr

The combination of the mass balance, Eq. (9), with the
rate expression, Eq. (30), yields a linear differential equa-
tion for the chlorine concentration profiles (+*) which
can be solved analytically [21]. From this sofution, the chlo-
rine absorption and leakage rates on both sides of electrode,

o
(o]
T

. . i 0,6

Egs. (10) and (11), are determined. With the help of this,
the observable, effective current densily is calculated as
follows:

; 1—d* dct dct
= _pr = [ —Ch = (31)

Imax d* dr* dr* 021

r*=0 r¥=1

Eq. (31) is based on an overall chlorine balance across the
membrane, i.e. the total electrochemical conversion of chlo- 10 20 30 40

rine is proportional to the difference of chlorine absorption Dimensionless Overpotential, (-F)/(RT)

rate (first differential in brackets) and the chlorine leakage _. _ . .

d differential in brackets) InE (31) the effec- Fig. 10. Simulated dependence of effective current density on elec-
r_ate (secon e : q'_ ! trode overpotential for Volmer—Heyrovsky reaction mechanism under
tive current densityes is related to the maximum current  variation of Volmer reaction equilibrium constarty o (BiS = 10,
densityimax. This maximum value will be observed if only  acn =1, Ha=10,d* = 0.1, D* = 107%).

o
o

Dimensionless Effective Current Density,
o
S =
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Table 2
Model parameters for chlorine reduction at gas-diffusion electrode membrane, identified by nonlinear least squares fit, for different ga$ flow rates
Parameter Ve (cms1)

3.17 5.83 9.00 12.50 16.67

—1fim (cm?mA~1) 0.67 + 0.25 0.59+ 0.35 0.69+ 0.04 0.68+ 0.04 0.58+ 0.02
—BP (cm?mA1) 0.92+ 0.40 0.77+ 0.18 1.69+ 0.66 1.70+ 0.82 1.30+ 0.42
1Ky.o (x1076) 9.54+ 7.19 12.75+ 10.61 0.05+ 0.04 0.12+ 0.11 0.33+ 0.17
AcH 0.08 + 0.08 0.06+ 0.08 0.16+ 0.05 0.17+ 0.06 0.17+ 0.04

aGiven confidence intervals are valid for a confidence number of 95%.

b Definition of B according to Eq. (37).

the Volmer reaction equilibrium constarity o. Evidently,
at low overpotentials decreasing the Volmer constant, i.e. in-

e The reciprocal equilibrium constant of the Volmer reac-
tion: (1Kv o)

creasing the influence of chlorine radicals adsorption, leadse The cathodic charge transfer coefficient of the Heyrovsky

to significantly lower currents. By applying higher over-
potentials, the reaction is accelerated, the adsorption effec
is overcome, and then the different polarization curves are
approaching to one another. For very high overpotentials,
the reaction is instantaneous and the limiting curégntis
achieved.

6.4. Parameter identification

reactionac H.

Lro obtain these parameters, a nonlinear regression based

on the Marquardt-Levenberg algorithm was applied to the
experimental data. The resulting values are presented in
Table 2 along with the corresponding confidence intervals.
From the reciprocal value of the limiting current density
iim, EQ. (36), the internal diffusion coefficient of chlorine in
the gas-filled membrane layer is estimated. Wi+ ~ 4,

i.e. the electrode pore system is nearly totally filled with

The model parameters of the macrokinetic rate expression,gas (which corresponds to the experimental conditions), one
Eq. (33), are identified from the experimental data presentedgptains

in Fig. 9. By rearranging this equation, it is easily shown

that the polarization curves depend on four parameters or pS-

parameter groups, respectively.

e The reciprocal limiting current density:

1 1 1
Llim Imax ( B'%(l — d*)) (36)

e The parameter group:

1
B=— - n 37
imaD (L —d*) o (37)

g iim /2F
eCl T (pg, /R — (Gim /2F)/KS,,)
From the effective diffusivity in Eq. (38), the intrinsic chlo-

rine diffusivity DS,'; is estimated using the following corre-
lation proposed by Newman [20]:

(38a)

GL
DGL _ Deff,Clz

&= —15° (38b)

with ¢ being the total porosity of the GDE membrane. The
mass transport coefficieﬂr@|2 can be calculated with the

Table 3
Physicochemical parameters calculated from model parameters listed in Table 2 (assuifiptiond, i.e. membrane pores nearly totally filled with das)
Parameter Ve (cmPsl)

3.17 5.83 9.00 12.50 16.67
Re® 259 478 737 1020 1370
kS (ms™h 1.2 x 1073 1.8 x 1073 2.4 x 1073 3.0 x 10°3P 3.6 x 10°3P
Dgzl'; (10 "m2s71) 4.85 5.26 4.28 4.11 5.01
imax (MA cm™2) 1.78 1.93 157 1.57 1.84
aip (Am~3) 81.9x 103 116.9x 1073 243 x 1073 24.0 x 1073 41.0x 1073
dp,eq (NM)° 4.9 5.3 4.3 43 5.0

a Additional physical properties: electrode thickness= 0.75 mm; overall porosity of electrode = 0.5; partial pressure of chlorine in the gas

bulk pgz = 10?Pa; chlorine concentration atlz(pglz) = 0.573molnT3;

gas-phase diffusion coefficient of chlorine in a mixture with nitrogen

Dglz,Nz =1.85x 10°m?s! (estimated using the Wilke—Lee correlation [23]); liquid-phase diffusion coefficient of chlorine at infinite dilution in water
Déi?HZO =3.69x 107m?s! (estimated using the Wilke-Chang correlation [24]); molecular weight of chlovigg = 0.0709 kg motL.

b Sherwood function, Eq. (3), extrapolated.
¢Pore equivalent diameter calculated from Eq. (40).



128 K. Sundmacher, T. Schultz/Chemical Engineering Journal 82 (2001) 117-129

help of the cyclone cell Sherwood function, Eq. (7). For to the fact that the Butler—\olmer rate expression is only

Reynolds number&e®, between 260 and 1400, one obtains valid for single elementary reactions, e.g. a single electron

values oﬂcgz from 1x 103 to 4x 10 3m s (see Table 3). transfer, while the electrochemical chlorine reduction con-
From the values of the parameter graBipthe exchange  sists of more than one elementary reaction step. The bold

current density related to the electrode voluaig is esti- line in Fig. 11, shows the result of a model fit using the
mated: Volmer—Heyrovsky rate expression, Eq. (30). Here, a good
1 agreement with the experimental data is attained. Obviously,

aip = P (39) the adsorption of chlorine radicals significantly influences
2FDetr c1,cci, B the overall reaction kinetics. This is confirmed by the equi-

The results of the analysis based on Egs. (38) and (39) CanIibrium constants of the Volmer reaction determined from
be found in Table 3 ' the experimental data. They are in the regionkaf o =

6 i i a
Erom the internal diffusion coefficient of chlorinézgl'g 107°. Thus, the inner electrode surface sites are nearly to

(Eg. (38Db)), one can estimate the mean pore size of the mem_tallyhocgupied .by(;a?js_orbgd Ch'O”F‘e. radicals,h'(liQ;! ~ 1 h
brane. Due to the fact, that the experimentally determined T € etermine |ﬁu§|on coefficients of chlorine |n_t €
pore size distribution is between 1 and 100 nm (see Fig. 7), gas-filled pore yolume n the membrane are Iocateq in the
chlorine diffusion is expected to take place in the Knudsen Knudsen' d'ﬁUS'O.n regime (see Table 3). The estimated
regime. Therefore, the pore equivalent diametiys, are pore equivalent diametergy ¢q, ranges from 4.3 to 5.3 nm.

calculated from the Knudsen diffusivity formula as follows: BY comparison with the experimental pore size distribu-
tion (Fig. 7), one can conclude that gas transport in the

3 oL [7 My, membrane is dominated mainly by micropore diffusion, i.e.

dpeq= 5Dcp,\ 5 1T (40) diffusion within the pores which are in the carbon black
precursors.

The results are given in Table 3. The calculated charge transfer coefficients of the Hey-
rovsky reaction are quite low. They are aroundy < 0.18
which leads to the presumption that the electrochemical

7. Discussion reaction is inhibited by additional diffusional resistances,
which are not implemented adequately in the actual model.

In general, the comparison between experimental and an-For this reason, in the literature some authors favor the
alyzed results (Fig. 9) shows a good agreement. It is impor- flooded-agglomerate model [15-19]. It accounts for the bi-
tant to mention that all identified model parameter values are modality of the pore diameter distribution of a GDE. With
statistically significant as indicated by the confidence inter- this model, it may be shown that the combination of diffu-
vals listed in Table 2. Thus, the derived model is adequate sjonal resistances in the micro- and the macropores leads to
to describe the steady state behavior of the electrochemicakonsiderably lower, effective charge transfer coefficients.
chlorine absorption at a GDE membrane.

Fig. 11 shows a selected experimental polarization curve
at a gas flow rate of/ g = 16.67 cn? s~ L. The fine dotted
line in Fig. 11 reveals that experimental results are not prop-
erly matched by the Butler—Volmer approach. This is due

8. Conclusions

Based on the experimental and theoretical results pre-
sented above, the following conclusions can be drawn:

e The proposed electrochemical gas—liquid membrane ab-

0,0 T T T T T T T
e  Experimental Data .. sorber is a feasible reactor concept, especially for the
*g Mikrokinetics used in the model: A purification of waste gas streams containing very low
T o5l 5%;&5’,%"\2"38” ' ] contents of pollutants which are electrochemically con-
:"s vertable.
= e o Vulcan XG72 o The reactor principle is based on dispersionless contact-
§ 10l gmzogim e ] ing of. gas and I|qU|_d phases within the. pore structure of
. - electrically conductive membranes. By increasing the ab-
g LTI e solute membrane electrode overpotential, the rate of elec-
2 4 v =a3sanits | | trochemical reaction can be varied in a wide range from
E ’c"’i:':(::;:ma slow reaction up to instantaneous regime.
w 7 _oesK e At instantaneous conditions, the absorption rate is lim-
. . . . ited mainly by mass transfer resistances in the gas-filled

02 0002 04 06 08 10 12 14 micropores of the electrode membrane layer. This is in
Membrane Electrode Potential vs. NHE, U/ [V] . .. .

contrast to classical gas—liquid countercurrent fixed bed

Fig. 11. Experimental and analyzed potentiostatic polarization curves for ~ absorbers whose performance is dominated by liquid film

the reduction of chlorine at gas-diffusion electrode membrane. diffusion. Therefore, for the membrane reactor concept to
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achieve better performance than a classical fixed absorber, [5] G. Kreysa, H.J. Kiilps, Ein elektrochemisches Absorptionsverfahren
it is decisive that the membrane thickness is small enough  zur Gasreinigung, Chem.-Ing.-Tech. 55 (1983) 55-59.
(below 0.5mm). On the other hand, a minimum thick- [6] K. Sundmacher, U. Hoffmann, Design and operation of a membrane

. . . e reactor for electrochemical gas purification, Chem. Eng. Sci. 54
ness is needed to attain a reasonable mechanical stability (1999) 2937-2945 gas p 9

of the membrane. As a consequence for further research (7] 4, schiichting, Boundary-Layer Theory, 7th Edition, McGraw-Hill,
one should apply supported asymmetric membranes with  New York, 1987.
a thin gas-liquid contacting layer on top. (8] U.T. Bodewadt, ZAMM 20 (1940) 241-253.

e Itturned out that diffusion coefficients in the porous mem-  [9 J.E. Nydahl, Heat transfer for the BODEWADT _problem,
brang can be estimated very efficiently from po.tentiostatic [10] g'_ssﬁgfr:grr;aﬁsfOrzéositr?éizg:’;’rs'gi Fﬁgﬁrcn(zlr:r;’s’ é?nzlétz cines
polarization curves measured under well defined vortex Kalanderwalzwerkes zur reproduzierbaren Herstellung von porésen
flow fields in a novel cyclone type reactor. Elektroden auf Kohlenstoffbasis, GACH Jahrestagung der Fachgruppe

o Under slow and fast reaction conditions, the chlorine ab- Angewandte Elektrochemie, Monheim, 9-12 October 1996.
sorption rate is decreased by strong adsorption of chloring[11] O- Nowitzki, R. Hamelmann, K. Sundmacher, U. Hoffmann,

radicals on the inner surface of the carbon black electrode Production of gas-diffusion-electrodes loaded with non-noble metal
catalyst for oxygen reduction by a calendering rolling process, in: I.

material. _ _ . Rousar (Ed.), Contemporary Trends in Electrochemical Engineering,
e Based on systematic experiments In the cyclone reac- UTAX, Prague, 1996, pp. 227-233.

tor, a validated model for the electrochemical absorp- [12] H. Fasse, Verfahrenstechnischer Beitrag zur Elektrodenherstellung

tion macrokinetics was established. With the help of this ___fur Brennstofizellen, Dissertation, TU Clausthal, 1997.

del iti ible to desi | | b [13] D.M. Bernardi, M.W. Verbriigge, Mathematical model of a gas
model, It Is how possible 1o design farge scalé membrane diffusion electrode bonded to a polymer electrolyte, AIChE J. 37

absorbers for the purification of waste gases. (1991) 1151-1163.

[14] T.E. Springer, M.S. Wilson, S. Gottesfeld, Modeling and experimental
diagnostics in polymer electrolyte fuel cells, J. Electrochem. Soc.
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