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A method of  electrolytic recovery of  chlorine from hydrogen chloride gas based on the fused molten 
salt LiC1/KC1 is under development*. For  the feasibility study, described here, a reticulated vitreous 
carbon (or porous carbon) cathode was immersed in a low-melting eutectic of LiC1/KC1. A graphite rod 
was used as the anode. Gaseous dilute hydrogen chloride, in a mixture with nitrogen, was reduced to 
elemental hydrogen and chloride at the cathode, and chlorine was produced at the anode. At stoichio- 
metric current, current efficiency is greater than 90%. The removal efficiency is as high as 97%. 

1. Introduction 

The continued growth of byproduct HC1 production 
has stimulated a number of proposals to recover 
chlorine values from HC1. A number of those involve 
oxidation of gaseous HC1 with oxygen or air as in the 
classical Deacon process [1, 2]. The direct electrolysis 
of HC1 has been discussed [3], with the Uhde cell [4] 
and de Nora cell designs [5] proposed. From a his- 
torical perspective the four main hydrogen/chlorine 
formation processes are [5]: 

(i) Direct oxidation of hydrogen chloride by an inor- 
ganic oxidizing agent 

(ii) Catalytic oxidation of gaseous hydrogen chloride 
(Kel-Chlor and Deacon processes) 

(iii) Two-stage processes involving intermediate for- 
mation of a metal chloride from either its oxide 
or oxychloride and release of the chlorine by 
treatment with air or oxygen or by heating (e.g., 
the Cyanamid process [5]); and 

(iv) Electrolysis of hydrogen chloride (Mobay direct 
electrolysis process, Denora cell and Uhde cell). 

The direct oxidation method was abandoned due to 
extreme corrosion problems. In the Kel-Chlor 
method, the purity of the chlorine gas is a problem. 
As for the Deacon process, there is a problem of 
high energy cost. The third, two-stage processes, are 
inherently complex, being both equipment and labor 
intensive. The last, the electrolysis method, showed 
poor economics; it used aqueous HC1 electrolyte caus- 
ing a corrosion problem, and the chlorine was con- 
taminated with water from electrolytic cell. Further, 
there is a problem of diaphragm (usually polyvinyl 
chloride) clogging and electrode deterioration due to 
crystal growth. Inorganic impurities that have a 
deposition potential more positive than that of hydro- 
gen will plate on the electrodes and thus increase the 
hydrogen overvoltage. 

* Patent pending (May 1995). 
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A process is proposed here which yields purer chlor- 
ine, is inherently simple and has less serious corrosion 
problems than the normal direct electrolysis process. 
We modify the method suggested by Yoshizawa et al. 
[6] employing the LiC1/KC1 eutectic molten salt as the 
electrolyte. 

2. Theory 

For the Mobay direct electrolysis process the cathode 
reaction is 

H + ÷ e  = 1/2H2 (1) 

and the anode reaction is 

CI- = 1/2C12 + e (2) 

The theoretical decomposition voltage for this process 
at room temperature is about 1.4 V (HC1 concentra- 
tion of about 1 M). 

For the direct electrolysis of HC1, employing a 
eutectic molten chloride as the electrolyte, the cathode 
reaction is 

HCI+ e- = C1- + 1/2H2 (3) 

and the anode reaction is 

CI- = 1/2 C12 + e (4) 

The theoretical decomposition voltage of HC1 in this 
process at 400 °C is about 1 V which is less than that 
in the Mobay process. There will clearly be possible 
interference from water vapor present in the gas; the 
decomposition of water vapour occurs at nearly the 
same voltage. 

3. Experimental details 

The experimental electrolytic cell is shown in Fig. 1. 
The hydrogen chloride gas mixture is led through a 
graphite tube to a gas-diffusion, reticulated vitreous 
carbon cathode (80PPI) or porous carbon (40% por- 
osity), which is immersed in the LiC1/KCI(41 mol %/ 
59mol %) at about 400°C. The salts were labelled 
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Fig. 1. Experimental cell. Key: (a) graphite anode, 
(b) graphite tube, (c) reference electrode, (d) gas 
exit, (e) ace-thread, (f) glass joint, (g) Pyrex glass 
container, (h) alumina crucible, (j) reticulated vitr- 
eous carbon, (k) chlorine exit, (1) Pyrex tube, (m) 
Pyrex protector and (n) eutectic molten salt. 

99% pure (Aldrich Chemical Company, Inc.) and 
were not purified further. The anode is the graphite 
rod which is also immersed in the molten salt. The 
feed gas is the HC1/N2 (0.98/99.2vo1%) mixture 
from Air Products and Chemicals, Inc. If  not other- 
wise specified, the feed gas is always this composition. 
A Hewlet t -Packard 6448B d.c. power supply and a 
Hewlet t -Packard 6218c power supply were used 
throughout. A Simpson model 8010A digital multi- 
meter was used to measure the voltage and an ultra- 
high sensitivity vo l t -ohm microammeter (Simpson 
269, series 3) was used to measure the current. Total 
circuit resistance, not including the electrolyte, is less 
than 1 f~. 

The surface area of the solid graphite rod anode 
immersed in the melt is about 1 cm 2. The reference 
electrode, protected by the Pyrex tube, comprised a 
two phase (c~ +/3) - L i A 1  (42 a/o) alloy prepared in 
our laboratory. An alumina reaction vessel was used 
as the eutectic melt container. A thick, porous carbon 
plate (or reticulated vitreous carbon circle plate) was 
attached to the bot tom of the graphite tube and was 
employed as the cathode; this increases the contact 
time for the HC1 gas with the cathode, as compared 
with the solid graphite tube. Before each experiment, 
HC1 gas in nitrogen is bubbled through the eutectic 
melt to remove any traces of water [7]. 

The current efficiency, removal efficiency and polar- 
ization were determined. The effluent from the cath- 
ode was collected and analysed for remaining HC1. 

This captured hydrogen chloride was analysed using 
chemical titration with a model 94-17B chloride elec- 
trode from Orien Research Inc. and a AgC1/Ag refer- 
ence electrode. The anodic production efficiency of 
chlorine and current efficiency were calculated and 
compared with the chlorine production using a bubble 
flow meter from Konntes. The flow rate of the feed 
mixture gas N2/HC1 and produced chlorine were 
measured with a bubble flow meter. The current effi- 
ciency from the residue hydrogen chloride analysis is 
compared with the data from the chlorine bubble 
flow meter as shown in Fig. 2. Without gas feed, there 
is no chlorine produced. 
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Fig. 2. Current efficiency at a feed gas flow rate of 2.58 x 10  - 3  
3 1 o dm s- (HC10.98mol %). 
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4. Results 

The chlor ine  recovery  efficiency f rom hydrogen  chlor-  
ide is ca lcula ted  by  d iv id ing  the decomposed  hydro-  
gen chloride,  as deduced  f rom the effluent 
concen t ra t ion ,  by  the a m o u n t  suppl ied  to the ca thode.  
The  current  efficiency is ca lcu la ted  by dividing the 
decomposed  hyd rogen  chlor ide  by  the theoret ica l  

charge:  1 F m o l  ]. 
F igure  3 shows the current  efficiency and remova l  

efficiency as a funct ion  o f  the current  using porous  
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Fig. 3. Conversion efficiency and current efficiency against applied 
current at HCI/N2 (HC1 0.98mo1%) flow rate of 2.24x 
10 3 dm 3 s-]. 

ca rbon  as the ca thode ,  a t  one pa r t i cu la r  gas feed 
rate: 134 .6cmSmin -~. To ta l  cell vol tage  as well as 
the convers ion  efficiency are shown in Fig. 4. The con- 
vers ion efficiency increased with  app l ied  current;  the 
current  efficiency decreased with current .  The conver-  
sion efficiency and  the current  efficiency as a funct ion 
of  the feed gas flow rate  at  cons tan t  current  (88.5 mA)  
is shown in Fig. 5. The  convers ion  effÉciency decreases 
with the gas flow rate,  as mus t  be the case f rom stoi- 
chiometry .  The  convers ion  efficiency is abou t  92% 
at different  gas feed rates near  their  s to ichiometr ic  
current ,  as shown in Fig. 6. 

The cell resis tance was measured  using the current  
in te r rup t ion  technique.  W i t h o u t  gas flow to the cath-  
ode, it  measured  a b o u t  8 fL However ,  it  decreased sig- 
nif icantly when HC1 was fed and  the cell was in 
opera t ion .  The  cell resistance at  a gas feed rate  o f  
14cm~min  -~ and  current  o f  5 6 . 5 m A  is 2 .9fL This 
indicates  a slight lack o f  ionic t r anspo r t  wi thou t  the 
HC1 source, as expected.  

The cur ren t  efficiency at  several  gas flow rates and  
HC1 concen t ra t ions  was measured  as a funct ion o f  
current .  The  current  efficiency was found  to decrease 
with increasing appl ied  current ,  due to t r anspor t -  
induced  ' shor t  c ircui t ing ' ,  as deta i led  later.  

W h e n  the po rous  ca rbon  ca thode  was replaced  with 
the re t icula ted  vi t reous  carbon,  the HC1 remova l  effi- 
ciency at  s to ichiometr ic  cur rent  increased to as high as 
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Fig. 4. Conversion efficiency and cell voltage against applied current 
o 3 3 1 at HC1/N 2 (HC10.98mol Yo) flow rate of 2.24 x 10- d m s  . 
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Fig. 6. Conversion efficiency against feed gas flow rate at stoichio- 
metric current. 
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Fig. 5. Conversion efficiency and current efficiency against feed gas 
flow rate at 8.85 x 10 2A current. 
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Fig. 8. Cell voltage against HC1 concentration at constant gas flow 
rate of 1.33 x 10 .3 dm 3 s -] and stoichiometric current. 

97%,  as shown in Fig.  7. The  ca thode  po la r i za t ion  
decreased  as c o m p a r e d  with  tha t  using po rous  ca rbon  
as the ca thode .  F igure  8 shows the cell vo l tage  as a 
func t ion  o f  the HC1 concen t ra t ion  at  its s toichio-  
met r ic  current .  F igures  9 and  10 show the anode  
and  ca thode  po l a r i za t i on  as a funct ion  o f  current .  

5. Discussion 

These f ree-electrolyte  tests show tha t  h igh cur ren t  
densit ies can be m a i n t a i n e d  with  a feed o f  di lute  
HC1 gas, even wi th  high r emova l  rates.  The  requi red  
vol tages  are  reasonable ,  cons ider ing  the n o n o p t i m i z e d  
e lec t rode  s t ructures .  The  m o r p h o l o g y  o f  the ca thode  
has  a significant effect on the chlor ine  recovery  effici- 
ency. W h e n  re t icu la ted  v i t reous  c a r b o n  was employed  
as the cathode,  the chlor ine recovery efficiency reached 
as high as 97% at the s to ich iomet r ic  current ,  com-  
p a r e d  with  tha t  o f  a b o u t  90% using p o r o u s  ca rbon  
and  a b o u t  30% employ ing  a pure  g raph i te  tube  [10]. 

The  cur ren t  efficiency decreases  with cur ren t  while 
the recovery  efficiency increases.  However ,  the cur ren t  
efficiency decreases  wi th  HC1 conten t  at  cons t an t  
app l i ed  current ,  as does  the recovery  effÉciency. The  
ma in  fac tor  tha t  br ings the current  efficiency be low 
100%, in add i t i on  to some exper imenta l  error ,  is 
p r o b a b l y  chemical  r e c o m b i n a t i o n  o f  some o f  the p ro -  
tons  p r o d u c e d  with  chlor ide  ions. This  p h e n o m e n o n  
wou ld  be lessened in a cell wi th  immobi l ized ,  ra ther  
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Fig. 9. Cathode (porous carbon) and anode polarization curves 
against current density at 2.58 x 10 .3 dm 3 s -1 gas flow rate. 

~> -0.1 2.4 > 

-0.2 "~ ,-" 2.3 '~ 
-0.3 
- 0 . 4  > 2.2  o 

U CD 

-0.5 2.i 
o 
'~ - 0 . 6  2 

$ -0 .7  $ " 0  

o 1.9 -o 
- 0 . 8  ~ , , , x ~ , ,  ~ ,>. , . , ,  < = o 

o -0 .9  , , ,  I . . . .  ' '  ~ ' ' '  1.8 

0 500 1000 1500 2000 2500  3000  

Current density/A m "z 

Fig. 10. Cathode (reticulated vitreous carbon) and anode polariza- 
tion curves against stoichiometric current density at 1.33x 
10 -3 dm 3 s -1 gas flow rate, with varying HC1 concentrations. 

than  free, electrolyte.  Ano the r ,  less i m p o r t a n t  fac tor  
affecting the cur ren t  efficiency, m a y  be impur i t ies  in 
the eutectic melt;  these m a y  have con t r ibu ted  to 
u n k n o w n  paras i t ic  react ions,  consuming  a small  
a m o u n t  o f  current .  These wou ld  be d imin ished  with 
pure r  mel t  componen t s .  

6. Conclusion 

The results  show tha t  a water- f ree  HC1 gas mixture  
can be t rea ted  for  HC1 remova l  wi th  co inc ident  recov- 
ery o f  ch lor ide  in a simple,  one-s tep process.  A l t h o u g h  
this s tudy was carr ied  out  in free electrolyte,  a com-  
merc ia l  process  would  be designed using electrolyte  
re ta ined  in an inert  mat r ix ,  pe rhaps  made  o f  silica. 
The  electrodes wou ld  be flat, po rous  diffusion types 
a r r anged  in a b ipo la r  a r ray ,  a l lowing for  a high vol- 
tage, low current  power  supply• 

M o s t  o f  the overpo ten t i a l  exists at  the ca thode ,  as 
wou ld  be expected f rom the di lute  na tu re  o f  mos t  o f  
the gas mixtures .  In  a commerc ia l  ar ray ,  the gas 
flow channels  would  be designed to minimize  the 
power  demand .  
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