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Chlorine Recovery from Anhydrous Hydrogen Chloride
in a Molten Salt Electrolyte Membrane Cell
Jessica Bartlingz and Jack Winnick*

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

A novel electrochemical membrane process has been developed to recover chlorine from anhydrous HCl waste. The proposed
method produces a pure chlorine product stream and a hydrogen-enriched stream from HCl waste in a single step. The electro-
chemical method requires only an external electric potential and no concentration gradient, and it produces chlorine with excep-
tional selectivity. The electrolyzer can be operated at high current densities and current efficiencies. Downstream separation is not
necessary, and no exotic electrode materials are required. A single experimental cell was constructed and tested for HCl removal
and chlorine production from concentrated HCl reactant streams at variable flow rate. Applied current densities exceeded 400
mA/cm2, and conversions over 94% were achieved. Ohmic resistance dominated cell potentials due to the formation of hydrogen
and chlorine bubbles. The proposed process is found to be a viable option for the treatment of anhydrous HCl waste.
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1568111# All rights reserved.
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Chlorine is one of the most widely used commodity chemica
with a world production of approximately 48 million metric tonne
per year.1 It is a precursor for numerous end products such as po
vinyl chloride~PVC!, silicone, and polyurethanes. The chlorine us
may appear in the final product, or it may be used only for t
production of intermediate products. Most often half of the chlori
used ends up as a reduced species of chloride, typically anhyd
hydrogen chloride~HCl!, aqueous hydrochloric acid, or chlorid
salts.2

The formation of HCl as a waste by-product creates serious e
nomic and environmental problems. Although sometimes the wa
HCl can be used for making more of the desired product, m
chlorination reactions are thermodynamically unfavorable when H
is substituted as the chlorine source.2 Alternatively, it can be sold as
hydrochloric acid. However, the demand for hydrochloric acid
often not matched with its production as a by-product. Shipping
acid, which is roughly two-thirds water, can be economically pr
hibitive over long distances. Traditionally, HCl waste has been n
tralized with caustic and discharged into wastewater streams,
this environmentally unsound practice is no longer encouraged.
ternatively, the HCl can be converted to chlorine for recycle in ch
rination processes. For large-scale manufacturers, recovering
material value of chlorine from HCl is often the most attractiv
economic solution.

The growing need to treat HCl waste has prompted several te
niques for converting both anhydrous hydrogen chloride and hyd
chloric acid to chlorine. Converting HCl to chlorine can be carri
out thermochemically or electrochemically. The classical Deac
thermal catalytic oxidation process couples gaseous HCl oxida
with the oxygen reduction reaction in the presence of an inert por
catalyst, resulting in the formation of chlorine and water.3

2HCl 1 1/2O2 → Cl2 1 H2O @1#

In general, thermochemical HCl decomposition is unit operatio
intensive, is limited to low single pass conversions, and requ
downstream separation due to the production of water vapor.

Alternatively, HCl may be decomposed electrochemically. In t
Uhde, or DeNora, electrolysis cell, hydrochloric acid is fed to bo
the anode and the cathode, and direct current is used to decom
HCl4,5

2HCl~aq! → H2 1 Cl2 @2#
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The reaction may be regarded as two electrode processes, in w
protons are reduced at the cathode, while chloride ions are oxid
at the anode.

2H1 1 2e2 → H2 @3#

2Cl2 → Cl2 1 2e2 @4#

The technology utilizes a diaphragm to separate the electrodes
few millimeters, thus producing separate hydrogen and chlor
streams. Today, Bayer and Hoechst operate aqueous HCl electr
ers based on the Uhde finite gap technology.

General Electric took a different approach to operating the
Nora electrolyzer by employing solid polymer electroly
technology.6 In place of the spatially separate anode, cathode,
diaphragm cell separator used in the conventional Uhde cell,
GE/De Nora Genor system utilizes a single structure in which ca
lytic electrodes are directly bonded to an ion exchange membr
cell separator. In the Genor process, aqueous HCl electrolyte is
to the anode, while no external liquid is supplied to the catho
Hydrogen chloride is oxidized at the anode to form chlorine. T
Nafion perfluorosulfonic acid polymer, developed by DuPont, ser
as an electrolyte membrane, which selectively transports pro
(H1) to the cathode where they are reduced to form hydrogen.

One drawback to this method is the production of wet chlori
gas that requires downstream separation. Another problem is
potentially parasitic oxygen evolution reaction that can take plac
the anode at low chloride concentrations or high current densit
DuPont recently sought to improve the process by producing es
tially dry chlorine gas in a polymer electrolyte membrane cell.2,7,8,9

The process allows for direct processing of anhydrous hydro
chloride, rather than hydrochloric acid, thus eliminating the need
downstream separation of water from the chlorine gas. The met
also circumvents the production of oxygen at the anode. Anot
advantage of using anhydrous hydrogen chloride is that the theo
ical cell voltage is lower by at least 300 mV, compared to that
aqueous hydrogen chloride.

In the DuPont process, anhydrous hydrogen chloride is dire
oxidized to form chlorine gas and protons at the anode

2HCl~g! → 2H1 1 Cl2 1 2e2 @5#

A Nafion membrane serves as the electrolyte in which protons c
the current. Protons produced at the anode are transported und
electric potential gradient to the cathode. In one envisioned mo
water is fed to the cathode to hydrate the membrane and the
enhance proton transport. Protons are reduced at the cathode
the evolved hydrogen bubbles through the water and exits thro
the cathode outlet.
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Scientists at Kyoto University developed an electrochemi
method to convert anhydrous HCl to chlorine by employing a m
ten salt electrolyte.10 The use of a molten salt electrolyte offe
advantages over other chlorine recovery methods. It minimizes
rosion and large overvoltages associated with aqueous electroch
cal systems. Since the theoretical HCl decomposition voltag
lower than that of aqueous hydrochloric acid, the molten salt sys
appears advantageous from a thermodynamic viewpoint. Furt
more, operating at higher temperatures enhances electrolyte con
tivity.

A novel method involving the reduction, rather than the oxid
tion, of HCl was proposed.10 Anhydrous hydrogen chloride is fed t
a gas-diffusion porous carbon cathode. Both the cathode an
graphite anode are immersed in a molten salt eutectic mixtur
lithium chloride ~58 mol %!and potassium chloride~42 mol %!at
400°C. Gaseous hydrogen chloride is fed to the cathode, where
directly decomposed to form hydrogen gas and chloride ions

2HCl~g! 1 2e2 → H2 1 2Cl2 @6#

The chloride ions are simultaneously oxidized at the anode to f
chlorine

2Cl2 → Cl2 1 2e2 @4#

It would seem, therefore, advantageous to combine the molten
electrolyte chemistry with the membrane separation technology

Theory

Proposed process.—The process described exploits the che
try of the Kyoto University method but utilizes a chloride
conducting membrane. The result is a simple process, capab
producing pure chlorine in a single step. Figure 1 shows a schem
of the proposed electrochemical chlorine recovery cell.

Anhydrous hydrogen chloride is fed to the cell through an el
trically conductive cell housing. The gas diffuses through a por
cathode to the interface between the cathode and the electr
membrane. Current is applied to the cell, and HCl is reduced at
cathode/electrolyte interface under applied current to produce
drogen gas and chloride ions

2HCl~g! 1 2e2 → H2 1 2Cl2 @6#

The molten salt electrolyte is entrained in an inert porous
ramic membrane situated between the gas-diffusion electrodes.
membrane provides a medium for chloride ion transport from
cathode to the anode and a wet seal to prevent gas leakage,
preventing products formed at the two electrodes from mixing. T
separator also prohibits physical contact between the anode
cathode, or electrical shorting. Capillary forces draw some of
electrolyte into the pores of the electrode, wetting it with a th
electrolyte film. A highly wetted electrode is desirable since it is
this electrolyte interface where electrochemical reaction occurs.

Figure 1. Production of chlorine from anhydrous hydrogen chloride in
molten salt electrolyte membrane cell.
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The hydrogen is relatively insoluble in the molten salt electro
and therefore exits through the cathode. The chloride ions mig
across the electrolyte-saturated membrane under an electric po
gradient to the anode where chlorine gas is evolved by oxidati

2Cl2 → Cl2 1 2e2 @4#

The chlorine diffuses through the porous anode, and an inert st
removes the gas through the anodic housing. The overall rea
results in the decomposition of hydrogen chloride into hydrogen
chlorine

2HCl~g! → H2 1 Cl2 @7#

Electrochemical membrane gas separation.—The separation o
uncharged species in a typical membrane process is driven
chemical potential gradient,Dm

Dm i 5 m i 2 m i8 5 RT ln~ai /ai8! @8#

Here,ai denotes the activity of speciesi in the contaminated phas
and ai8 represents that in the extracted phase. Usually a large
centration gradient or pressure difference, typically several hun
pounds per square inch, is required for mass transfer acros
membrane. Conventional membrane separation does not prod
high-purity product, nor does it remove one component with per
selectivity.

If the component to be removed is the strongest Lewis acid~elec-
tron acceptor!in a gas mixture, as is the case with the proposed
process, the component can be ionized into an electrolyte. Thu
electrochemical potential gradient can provide the driving force
the charged species across the membrane11

Dm̄ 5 m̄ i 2 m̄ i8 5 RT lnS ai

ai8
D 1 ziFDf @9#

whereDf represents the applied electric potential,zi is the charge
on speciesi, and F is Faraday’s constant, or the quantity of cha
passed per mole of species reduced or oxidized. The electroche
membrane method requires only an external electric potential an
pressure or concentration gradient. Moreover, it can actually o
come an adverse concentration gradient. Electrochemical mem
separation can produce selectivity considerably higher than th
chemical membrane separations because the electric potential
ence affects only the charged species. It has been demonstrate
example, in the recovery of bromine from hydrogen bromide.12,13

Theoretical potentials.—Waste streams from industrial chlorin
tion processes typically contain very high concentrations of H
However, these streams may be contaminated by water vapo
possibly organic compounds. Reactions likely to compete with
decomposition of HCl include the direct decomposition of wate
the molten salt electrolyte and the decomposition of various org
compounds. Table I compares the decomposition potentials of
and some possible parasitic reactions at 300°C.14 Figure 2 demon-
strates the electrochemical window by representing the potenti

Table I. Reaction standard potentials at 300°C.

Reaction
DG+

~kJ/mol!14
E+

~V!

2HCl → H2 1 Cl2 195.62 21.01

H2O → H2 1
1
2 O2

215.11 21.11

2H2O 1 2LiCl → H2 1 2LiOH 1 Cl2 358.18 21.86
2H2O 1 2KCl → H2 1 2KOH 1 Cl2 502.60 22.60
2H2O 1 2CsCl→ H2 1 2CsOH1 Cl2 534.62 22.77
2LiCl → 2Li+ 1 Cl2 709.20 23.68
2KCl → 2K+ 1 Cl2 741.88 23.84
2CsCl→ 2Cs+ 1 Cl2 761.16 23.94
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each possible half-cell reduction reaction at the cathode versus
rine evolution, the only oxidation reaction occurring at the ano
Here the potential value of each half-cell reduction reaction
merely a hypothetical one calculated using thermochemical dat
single salts. Based solely on the calculated standard potentials,
sitic reactions are not expected to hinder process performance.
significant amounts of water in the system could potentially threa
process current efficiency. In the absence of water, a high degre
selectivity is likely.

In the proposed cell, the equilibrium potential for the over
decomposition of HCl to form hydrogen and chlorine is provided
the Nernst equation

Eeq 5 E+ 2
RT

2F
lnS PH2~ca!

PCl2~an!

PHCl~ca!

2 D @10#

whereP represents the partial pressures of gaseous reaction spe
andE+ is the standard potential of HCl reduction versus chloride
oxidation, near 1.0 V. It is assumed that the activities of the chlor
ion at the anode and cathode are equal and diffusion of chloride
across the electrolyte does not occur. Current flow through the e
trolyte is attributed exclusively to the migration of chloride ion
The calculated Nernst potential is plottedvs. HCl conversion at
300°C in Fig. 3.

Total cell potential.—The Nernst equation is only strictly true f
the special case of equilibrium; it provides no information on t
overall reaction rate. The progress of an electrochemical reac
will demand adequate rates of reactant supply to the electrode
face and product removal from it, in addition to charge transfe
the electrode/electrolyte interface. The rate of the overall proc
will be determined by the slowest of the three steps.

In addition to the Nernst equilibrium potential, electrochemic
systems require additional potential necessary to overcome a s
of irreversible losses, which occur due to activation barriers w
respect to electron transfer, mass transfer limitations of electroac
species, and internal resistances. The equilibrium potential, ac
tion overpotential (hact), concentration overpotential (hconc), and
ohmic polarization (IRcell) terms are summed to give the total cros
cell potential required to induce chemical reaction15

Figure 2. Standard potential window.
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Ecell 5 Eeq 1 uhactu 1 uhconcu 1 IRcell @11#

It has been determined that electrochemical kinetics do not li
HCl removal process efficiency.16 Here consideration is given to
possible limitations arising from mass transport mechanisms.

Concentration overpotential.—At steady state, the overall rate o
a process consisting of a series of steps is determined by its slo
step: electrode kinetics; transport away from the electrode; or, in
case, transport to the electrode. In the proposed electrochemical
which involves the use of gas-diffusion electrodes and
electrolyte-saturated membrane, the conversion of HCl proce
through a series of distinct mass transfer steps. These steps, as
trated in Fig. 4, are:

1. Gas-phase diffusion of HCl from the bulk stream to the ele
trode surface

2. Gas-phase diffusion of HCl in the electrode pores
3. Liquid-phase diffusion of HCl through a thin film of electro

lyte coating the electrode pores
4. Migration of chloride ions across the electrolyte-satura

membrane
5. Liquid-phase diffusion of chlorine through a thin film of elec

trolyte coating the electrode pores
6. Gas-phase diffusion of chlorine through the electrode po

and
7. Gas-phase diffusion of chlorine from the electrode surface

the bulk sweep stream.
The concentration polarization is the additional voltage requi

due to mass transport limitations17

hconc 5
RT

nF
lnS i L 2 i

i L
D @12#

Figure 3. Nernst potential for HCl decomposition at 300°C.

Figure 4. Possible mass transfer limiting steps.
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Here, i L represents the mass transfer limiting current density. P
dicted experimental limiting current densities are presented for
transport of reactant HCl to the electroactive area and for the m
tion of chloride ions across the membrane.

Bulk diffusion.—In the experimental cell, rectangular chann
facilitate the flow of reactants and products to and from the e
trodes. The Nernst diffusion layer model is used to characte
convection and diffusion of gas-phase reactants to the electrode
face. This simplified model assumes that close to the electrode
face, there exists a totally stagnant mass transfer gas layer of t
nessd, through which diffusion is the only mode of mass transpo
outside this layer convection occurs. The current density can
expressed as

i 5
nFDHCl~cHCl~bulk!

2 cHCl~x50!
!

d
@13#

where DHCl represents the diffusion coefficient of HCl in the g
stream, (cHCl)bulk is the concentration of HCl in the bulk fee
stream, and (cHCl)x50 is the HCl concentration at the electrode. A
though the concept of the diffusion layer is widely used, the valu
d is usually unknown. Alternatively, the current density for H
reduction in terms of diffusion of HCl inside a flow channel fro
the bulk to the electrode surface is given by

i 5 nFkm~cHCl~bulk!
2 cHCl~x50!

! @14#

wherekm is the mass transfer coefficient. When the HCl concen
tion at the electrode surface is equal to zero, HCl is supplied to
electrode at a maximum rate. Therefore the limiting current den
under bulk diffusion control is

i L,bulk 5 nFkmcHC1~bulk!
5 nFkmr

~yin 2 yout!

lnS yin

yout
D @15#

where a log-mean average of the inlet and outlet concentratio
used to estimate the concentration of HCl in the bulk. The m
transfer coefficient can be determined from the Sherwood num
Sh, taken to be 4.11 for laminar flow through the rectangular fl
channels used in the experimental cell18

km 5
ShDHC1

deq
@16#

whereDHCl is the diffusivity of HCl in the gas mixture anddeq is the
equivalent diameter, or characteristic length, of the flow chan
For a rectangular cross section,deq is given by

deq 5
2ab

a 1 b
@17#

where a and b are the depth and width of the flow channel. T
equivalent diameter of the flow channels used in the experime
cell is 1.0 mm.

In the absence of experimental data, the diffusivity of HCl in
nitrogen gas stream can be calculated from the Chapman-En
equation

DAB 5

1.863 1023T3/2S 1

MA
1

1

MB
D 1/2

PsAB
2 V

@18#

where MA and MB are molecular weights,sAB is the collision di-
ameter, andV is the collision integral of the Lennard-Jon
potential.19 At 300°C, the limiting current density, based on an a
erage molar HCl concentration of 10%, was determined to be
A/cm2.
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Pore diffusion.—In the proposed cell, electroactive species
fuse through porous three-dimensional~3-D! electrodes to the elec
troactive area. These gas-diffusion electrodes demonstrate enha
performance due to their mass transfer characteristics and a
area per unit electrode volume,Ae. The limiting current based on
HCl diffusion through the porous cathode is given by

I L~pore! 5 nFAeVekmcHC1 @19#

whereVe is the volume occupied by the electrode. By comparis
the limiting current of a 2-D electrode is

I L 5 nFAkmcHC1 @20#

The enhanced performance may be expressed as a ratio of the
iting currents, which may exceed a factor of one hundred.20

b 5
I L~pore!

I L
5

AeVe

A
@21#

For HCl transport through the porous cathode, an effective
fusion coefficient is defined to describe the average diffus
through the electrode19

Deff 5
DHC1«e

te
@22#

Here«e represents the electrode porosity, andte is its tortuosity. The
limiting current for diffusion through the electrode pores can the
fore be determined using Eq. 23.

i L,pore 5
nFDHC1«

td
cHC1 @23#

Employing a 95% porous electrode with a tortuosity of 2 and thi
ness of 0.30 mm, the limiting current density, based on an ave
molar HCl concentration of 10%, is 3.6 A/cm2.

Thin film diffusion.—Ideally a thin coating of electrolyte wets t
walls of the electrode pores, thus increasing the available electr
tive area. To maximize this area, the electrode pores should be
tially coated, but not entirely flooded, with electrolyte. When t
rate of the electrode process is determined by diffusion of disso
HCl through the thin electrolyte film, the limiting current densit
based on the actual reactive surface area along the pore wal
described by

i L,film 5
nFDHC1

dfilm
cHC1 @24#

The HCl diffusion coefficient (DHC1) in molten LiCl-KCl electro-
lyte has been experimentally determined to be on the orde
1024 cm2/s in the temperature range 677-793 K.21 While the elec-
trolyte film thickness, denoted bydfilm , is generally unknown, early
thin film models for the molten carbonate fuel cell postulated fil
0.1 to 0.5mm thick. Later Mitteldorf and Wilemski estimated ca
bonate film thicknesses of 30 Å.22 Assuming a conservative electro
lyte film thickness of 0.1mm, and extrapolating literature HCl solu
bility data in the binary electrolyte system,21 the predicted limiting
current density is 1.6 A/cm2.

Membrane migration.—The limiting current density for the mi-
gration of chloride ions through the molten electrolyte membran
given by Eq. 25

i L,mig 5 keff¹F @25#

where keff represents the effective conductivity of the electroly
membrane and¹F represents the electric potential gradient acro
the membrane.23 Analogous to the effective diffusion coefficient i
) unless CC License in place (see abstract).  ecsdl.org/site/terms_usems of use (see 
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Eq. 22, effective conductivity is defined as a function of the mol
salt electrolyte conductivity~k!, membrane porosity («m) and tortu-
osity (tm).

keff 5
k«m

tm
@26#

The conductivity of the molten salt mixture at 573 K~0.767
S/cm! was estimated using data for the binary system LiCl-K
~59-41 mol %!.24 The system, consisting of a 65% porous membr
with a thickness of 1.0 mm and a tortuosity of 3, is capable
achieving up to 1.7 A/cm2 per applied volt.

Table II summarizes the predicted limiting current densities d
tated by mass transfer control in the experimental separation
Based on these calculations, it is predicted that mass transfer
not limit HCl conversion to current densities over 1 A/cm2.

Experimental

Hydrogen chloride removal was tested for the first time in
single electrochemical membrane cell to experimentally verify
concept. Experiments were initially based on bromine recovery
als conducted in this laboratory, with the implementation of o
mized materials as established in the previous tests.25 Process per-
formance was characterized by HCl removal efficiency, chlor
production and purity, polarization data, and cell longevity. Mate
compatibility aspects were closely examined.

The single-cell design is shown in Fig. 5. Two electrically co
ductive half-cell housings directed the flow of current and gas-ph
reactants and products to and from the electrodes. A woven m
~8% yttria-stabilized! zirconia with a thickness of 1 mm and a
estimated porosity of 65% was fabricated by Zircar Products
used as a nonconductive, chemically, and thermally stable m
brane to absorb the molten salt electrolyte and separate the
trodes. The electrolyte was a eutectic mixture of lithium chlor
~57.5 mol %!, potassium chloride~13.3%!, and cesium chlorid
~29.2%!with a reported melting temperature of 265°C. Due to th
hygroscopic nature, the reagent grade salts~Sigma Chemical!were
mixed in a nitrogen environment inside a glove box. The membr
was then presaturated with the electrolyte in a separate furnac
heating it to 350-400°C under a nitrogen purge for a minimum o
h to remove residual moisture. The electrolyte/membrane was
cooled and incorporated into the cell at 150°C between the an

Figure 5. Experimental single cell~Wauters25!.

Table II. Estimated mass transfer limiting current densities.

HCl mass
transfer step

i L
~A/cm2!

Bulk diffusion 8.9
Pore diffusion 3.6
Thin film diffusion 1.6
Membrane migrationa 1.7

a Achievable current density per applied volt.
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and cathode, which were oriented between the faces of the hous
The system was gradually heated to an operating temperatur
315-330°C in an electrically-heated Lindberg furnace. When t
electrolyte became molten, weight was applied to the top of the c
using a pneumatic piston. This provided a wet electrolyte s
around the lips of the housings to prevent gas leakage.

Half-cell housings, which must be electrically conductiv
chemically resistant, and thermally stable, were fabricated by T
Electrosynthesis Co. Housings were machined from graphite
impregnated with glassy carbon to minimize porosity and enha
chemical and thermal stability. 3-D porous electrodes were cho
to provide a high surface area for the electrode reactions involv
three-phase contact. Pressed graphite felt (A 5 14.5 cm2; Elec-
trosynthesis Co.! and porous carbon aerogel paper (A 5 11.9 cm2;
Marketech International! were chosen as the gas-diffusion electrod
due to their physical, mechanical, and chemical stability.

Data collection began when the electrolyte became molten
the lips of the housings were sufficiently sealed to permit gas fl
through the system. A concentrated mixture of anhydrous HCl
nitrogen, ranging from 25 to 50% HCl~Matheson!, was fed to the
cathode through an alumina tube at flow rates of 100 to 300 m
min. Flowmeters equipped with Viton O-rings and tantalum a
sapphire beads~Brooks Instrument! were used to measure the flow
rates of the HCl-containing streams. As needed throughout the t
small amounts of electrolyte were fed to the membranein situ
through a glass pipette to make up for losses due to incomp
sealing at the cell edges.

A Princeton Applied Research model 371 potentiostat suppl
direct current to the cathode. At each applied current, Simps
model 460 multimeters monitored the applied current, anode-
cathode cross-cell voltage, and electrode potentialsvs.a graphite rod
~0.125 in. diam. POCO Graphite Inc! pseudoreference electrode
Cell ohmic resistance was determined at each current by apply
the current interrupt technique and analyzing the output on a T
tronix model 5111A storage oscilloscope. The cathode outlet stre
containing hydrogen and unreacted HCl, was analyzed using Fou
transform infrared spectroscopy~FTIR!. Teflon tubing that directed
the outlet gas to the FTIR was wrapped in heating tape to main
the stream at 100°C. The absorbance spectrum generated by the
dipole moment was easily identified using a Perkin Elmer FT
Paragon 500 with a 10 cm path glass cell and calcium fluor
windows. To quantify HCl concentration, the absorbance of t
strongest peak at 2944 cm21 was recorded at 5-10 min intervals
throughout each trial. FTIR calibration curves were constructed
known HCl concentrations. A second order fit to the data provid
the concentration relationship.

Chlorine generated at the anode was removed with a continu
high purity nitrogen purge~Air Products!and occasionally indicated
using starch-iodide paper, a common Cl2 detection technique.1 The
chlorine was condensed with a liquid nitrogen bath and collec
until the experimental run was terminated. Following the trial th
captured chlorine was purged through the FTIR unit to identify p
tential contaminants. Of particular interest was the presence of H
in the anode outlet, possibly indicating a crack in the membrane

Results and Discussion

Each experimental cell was operated periodically over the cou
of several days, with the longest-lasting cell enduring 11 days
intermittent operation; afterwards it was voluntarily terminated. T
cell was operated at current densities exceeding 400 mA/cm2, based
on a superficial electrode area. Data were collected over a maxim
duration of 225 min.

Hydrogen chloride concentration as a function of applied curre
is plotted in Fig. 6. Conversion values lie in close agreement w
those predicted by Faraday’s law, based on a process involving
electrons per mole of chlorine produced. Current efficiencies
proached 100% in every case. Using a feed of 25% HCl at 1
mL/min, HCl concentration dropped to less than 2% when curre
was applied at 96% of the stoichiometric current.
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Chlorine was immediately detected at the anode at curren
low as 5 mA by a sudden blue coloration of the indicator pape
each trial no sign of contamination by HCl or other species
observed in the FTIR analysis. The chlorine generated was sho
be pure, down to the lower detection limit of the instrument.

Figure 7 depicts the resulting cross-cell potentials, which h
been compensated for ohmic loss, versus applied current de
under a cathodic feed of 25% HCl in nitrogen balance. The
dicted voltage/current relationship at 325°C based on a gas stre
25% HCl fed at 100 mL/min is plotted for comparison. Polarizat
data are shown to be repeatable between runs b and c, which
performed six days apart during the same experimental trial.

Figure 8 shows experimental voltages obtained using a 50%
feed stream at varying flow rates. As in Fig. 7, IR-compens
potentials are higher than theoretically predicted and level
around 3.0-3.5 V. Cross-cell potential behavior is shown to be i
pendent of both cathodic inlet flow rate and HCl feed concentra
Since concentration overpotential was not observed, and ki
limitations were deemed negligible, these effects could not acc
for the 2 V overpotential.

Ohmic resistance, measured using the current interrupt
nique, was higher than anticipated and often exhibited a shar
crease with increasing applied current. The unusual behavior
gests the formation of gas bubbles, hydrogen at the cathode
chlorine at the anode, in the thin films coating the electrode pore
this regime, small bubbles shroud the electrode surface, thereb
creasing the effective cell resistance, and lowering the active
trode area. The Bruggeman equation describes the influence of
dispersion on liquid electrolyte conductivity26

Figure 6. HCl outlet concentrationvs. applied current. Experimental con
version data and predicted stoichiometric conversion for~a! 50% HCl in
nitrogen;~b! 25% HCl in nitrogen.

Figure 7. Cross cell potentialvs. applied current density on graphite fe
electrodes with 25% HCl feed:~a! predicted, 100 ccm;~b! 100 ccm;~c! 100
ccm; ~d! 200 ccm.
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HereReff represents the effective resistance,Ro is the resistance of
the liquid phase, anda is the gas void fraction. It can be seen th
even a moderate gas void fraction would increase the resist
dramatically, and because the void fraction is usually a function
current density, the effective liquid phase resistance would incre
with current.

Excessive ohmic polarization can also be attributed to con
resistances, which are often exhibited in electrochemical syst
during the developmental stages. Systems employing separate
diffusion electrodes are particularly susceptible to high contact
sistance as the highly porous structures make only finite cont
with the conductive cell housings. Additionally, the formation of g
bubbles creates limited point contacts, effectively minimizing
available electrochemically-active area and resulting in high, lo
ized current densities.

Figure 9 demonstrates the half-cell contributions to potential a
function of applied current density for a trial employing carb
aerogel paper as both the anode and cathode. Voltages, recordvs.
a graphite pseudoreference electrode, were not compensate
ohmic loss. Current was applied up to the stoichiometric limit
the given feed conditions~5.0 A!, which also corresponded to th
limit supplied by the instrument. Cross-cell potential is initial
dominated by polarization at the cathode. At 300 mA/cm2 the po-
tential at the anode exhibits a sudden increase, as the cathodi
tential decreases. While in most experiments the cathodic co
was shown to contribute significantly to the total cell potential,

Figure 8. Cross cell potentialvs. applied current. 50% HCl:~a! 150 ccm,
carbon aerogel;~b! 100 ccm, carbon aerogel;~c! 100 ccm, graphite felt;~d!
200 ccm, graphite felt.

Figure 9. Potential ~IR uncompensated! vs. applied current density. 25%
HCl at 300 mL/min on carbon aerogel:~a! anode cathode;~b! reference
cathode;~c! anode reference.
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other trials, the anodic couple dominated. This unusual beha
substantiates the implication that gas bubble formation strongly
fluenced cell performance.

It is worth noting that during the experiments, the cell expe
enced several excursions in temperature. The presence of mois
in the cell at low temperatures, combined with the corrosive nat
of the HCl, can create a severely adverse environment. An indus
cell would not be intentionally subjected to such a temperature
cling; however, it was of interest in light of process downtime.
one point the temperature was deliberately reduced to amb
~;25°C!, and the experiment was later reinitiated. Despite ther
cycling, the cell suffered no loss in performance.

Figure 10. Graphite felt GF-S2 1000 times magnification:~top! pretrial;
~bottom! following HCl electrolysis.
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Both graphite felt and carbon aerogel paper performed exc
tionally well as gas-diffusion electrodes, offering high electroact
area enhancement. Both electrodes maintained their physical in
rity and electrical conductivity despite prolonged cell operation u
der processing conditions. Scanning electron micrograph~SEM! im-
ages of a pressed graphite felt cathode sample before and after
are presented in Fig. 10. The graphite fibers appear to be coate
residual electrolyte salt; however, they remained completely int
The physical integrity of the carbon aerogel sample was likew
unaffected. Figure 11 provides an SEM image of a cathode sam
before and following a run. The aerogel clearly retained its struct

Figure 11. Carbon aerogel 100 times magnification:~top! pretrial; ~bottom!
following HCl electrolysis.
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while only residual electrolyte is seen to coat the individual grap
fibers.

Economic Feasibility

The envisioned commercial process design, depicted in Fig
is configured as a bipolar array of electrochemical cells. While
ultimate construction and operational costs of the system are im
sible to predict at this stage, the material costs for the cell stack
be approximated based on the analogous molten carbonate fue
~MCFC!, whose material costs are on the order of $100 per sq
meter.27 Since no particularly expensive or exotic materials are
quired in the proposed chlorine recovery process, capital investm
is expected to be lower than that for an equivalent size MCFC p
where nickel electrodes are employed. The process offers the ad
tage ofin situ separation of HCl from the Cl2 product; thus, the tota
capital investment would be lower than that of a typical chlor-alk
facility.

Operating costs are determined essentially by the stack’s spe
energy consumption20

Es 5 2
nFEcell

fMCl2

@28#

where f represents the process current efficiency. Based on
experimentally observed IR-compensated potential of 3.0 V, 10
HCl removal current efficiency, and an electricity cost of $0.0
kWh, operating costs are estimated to be $80/t of Cl2 produced.
With further development, however, operating potentials appro
ing 1 V are more reasonable; therefore, electricity costs near $
Cl2 are more realistic, and of course disposal costs for the waste
are severely diminished. In April, 2002, chlorine contract prices r
to $80-$110 per ton and are predicted to rise for the remainde
2002 due to strengthening demand.28

Conclusions

The production of chlorine from anhydrous hydrogen chlor
using an electrochemical molten salt membrane cell is a novel
cess. It has been tested for the first time in a single electrochem
experimental cell. The single cell trials demonstrate the feasibilit
the proposed process for removing HCl from process waste stre
and separating it into hydrogen and chlorine. Despite the hig
than-predicted cell voltages, HCl removal efficiencies excee
94% at near 100% current efficiency. Chlorine production was
mediately indicated at low current density, and FTIR analysis es
lished the purity of chlorine, identifying no contamination by HCl
other species. Experimental cross-cell potentials were reason
typically 3.0-3.5 V. The experimental cell was operated at curr
densities up to 400 mA/cm2, and it performed over extended perio

Figure 12. Envisioned commercial design.
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of time. Temperature cycling did not affect cell performance or lo
gevity. The materials required for the molten salt membrane cell
mundane in nature and relatively inexpensive.

The formation of gas bubbles, hydrogen at the cathode, and c
rine at the anode, greatly influenced cell performance and increa
ohmic polarization. In practice, bubble formation is a common
encountered industrial challenge. With minor design modificatio
and proper cell operation, the process shows promise for indus
development.

Future work will evaluate single cell performance using gas fe
streams characteristic of chlorination processes. Feed conditions
be varied to mimic those of real processes and evaluate for ine
ciencies imposed by possible competing reactions. Minimizing
resistance of the electrochemical cell is necessary to reduce the
cell voltage and operating costs. Fundamental studies will be un
taken to elucidate the source of overpotential.
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List of Symbols

A area, cm2

Ae area per unit electrode volume, cm21

ai activity of species i in the contaminated phase
ai8 activity of species i in the extracted phase
a depth of the flow channel, cm
b width of the flow channel, cm
c concentration of HCl in the gas or liquid phase, mole cm23

DHCl diffusivity of HCl in the gas or liquid phase, cm2 s21

Deff effective diffusivity, cm2 s21

deq equivalent diameter, cm
E+ standard potential, V

Eeq equilibrium Nernst potential, V
Ecell cross-cell potential, V

F Faraday’s constant, 96485 C mol21

I current, A
I current density, A cm22

i L mass transfer limiting current density, A cm22

km mass transfer coefficient, cm s21

M i molecular weight of species i, g mol21

n number of electrons transferred
Pi partial pressure of gaseous reaction species i, atm
R gas constant, 8.314 J mol21 K21

Rcell resistance across the cell~ohm!
Reff effective resistance~ohm!
Ro liquid-phase resistance~ohm!
Sh Sherwood number
T temperature~K!

Ve electrode volume~cm3!
yin mole fraction of HCl in inlet gas

yout mole fraction of HCl in outlet gas
zi charge on species i

Greek
a gas void fraction
b area enhancement factor
d diffusion layer thickness, cm

dfilm electrolyte film thickness, cm
«e electrode porosity
«m membrane porosity
f applied electric potential, V
f current efficiency

¹F electric potential gradient, V cm21

hact activation overpotential, V
hconc concentration overpotential, V

k electrical conductivity,V21 cm21

keff effective electrical conductivity,V21 cm21

m i chemical potential of species i in contaminated phase, J mol21

m i8 chemical potential of species i in extracted phase, J mol21

Dm i chemical potential gradient of species i, J mol21

m̄ i electrochemical potential of species i in contaminated phase, J mol21

m̄ i8 electrochemical potential of species i in extracted phase, J mol21

Dm̄ i electrochemical potential gradient of species i, J mol21

r density of gas, mol cm23
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sAB collision diameter, Å
te electrode tortuosity
tm membrane tortuosity
V collision integral
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