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The feasibility of water-splitting electrodialysis for the conversion of polyammonium salts into the 
corresponding amines and acids was demonstrated with the conversion of ethylenediamine dihydro- 
chloride as an example. Two- and three-compartment cells were compared and their current efficiencies 
ascertained. The former was relatively low in current efficiency, with a roughly linear increase with 
conversion. The three-compartment cell operated at more than 80% current efficiency over most of the 
conversion range, with a voltage drop of 2'7 V per repeating unit at 400 A m -2 and 25 ~ C. 

1. Introduction 

Polyamines are extremely useful synthetic com- 
pounds, used extensively in the rubber, textile and 
pharmaceutical industries. Of these the best 
known are those derived from the straight chain 
hydrocarbons with an amine group on each 
terminal carbon atom, NH2" (CH2)n " NH2. They 
are most conveniently obtained by the action of 
ammonia on the corresponding halogen com- 
pounds [1]. Solid dihydrohalides are usually 
formed and the subsequent liberation of free 
amines is normally done by neutralizing with 
caustic. Unfortunately, the sodium halides so 
introduced created a considerable operational 
problem in the recovery of these free amines by 
distillation. 

Osborn [2] described an amine liberation pro- 
cess by electrolysis in a two-compartment cell 
separated by an anion-exchange membrane. This 
process requires electrode reactions to provide 
hydrogen and hydroxide ions and makes the use 
of large multiple membrane stacks impossible, 
which in turn makes large-scale operation 
expensive. More recently, Dohno et al. [3] 
reported an electrodialysis process with alternate 
anion- and cation-exchange membranes in a multi- 
compartment cell. This process is essentially a 
double decomposition reaction, converting 

diamine dihydrochloride and ammonium 
hydroxide into the corresponding free amine and 
ammonium chloride. 

Water-splitting electrodialysis, which allows an 
electrolyte feed to be converted into the corre- 
sponding acid and base, provides an alternative for 
the liberation of diamines from their salts. As 
reported by several investigators [4-8], water- 
splitting is performed using bipolar membranes 
consisting of an anion-exchange and cation- 
exchange layer, and at current densities well below 
the limiting current density for monopolar mem- 
brane systems. A comparison [9] of the bipolar 
membrane process and the more widely known 
electrolytic process for generating acid and base 
revealed that the former is not only simpler in con- 
struction but also requires less energy. 

The feasibility of the water-splitting processes 
for the present application was demonstrated by 
converting ethylendiamine dihydrochloride 
(en" 2HC1) into its free amine (en). Cells with two 
and three compartments per repeating unit were 
compared and their current efficiencies ascertained. 
Advantages of these processes include: low energy 
consumption, simplicity in construction, recovery 
of useful by-product, liberation of free amine in a 
solution uncontaminated by salt, no requirement 
of additional chemical reagents. 
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2. Experimental 

2.1. Preparation of  bipolar membranes 

A good bipolar membrane must combine the 
properties of low resistance, high mechanical 
integrity, good chemical stability, high selectivity 
for counter-ions and fairly high hydraulic per- 
meability. Earlier studies by Gregor et al. [8, 10] 
showed that Ionac membranes MA 3475 and MC 
3470 could be fused if a solvent for the matrix 
polymer of the membranes, dimethytformamide 
(DMF), was applied to the membrane surface prior 
to fusing in a heated press. The membrane resist- 
ance was reduced by introducing resin particles to 
increase interracial contact. However, the mem- 
branes thus prepared were not practical due either 
to a high resistance or an incapability of prolonged 
operation, Hence in this work a 9-5% solution of 
linear polystyrene sulphonic acid (L-PSSA) in 
DMF was used. Also, a swelling time of 1 rain was 
used to enable the solvent to penetrate an 
appropriate depth into the membrane. The two 
component membranes were placed together 
between two pieces of aluminium foil and pressed 
at 95 ~ C and 1 x 10 6 kgm -2 for 3 min in a 
hydraulic press (Pasadena Hydraulic Inc.). 

2.2. Cell assemblies 

A laboratory cell with a number of polypropylene 
rings each possessing an exposed inner area of 
58-0 cm 2 and a width of 2"5 cm was used in this 
study. The electrodes were constructed from 
0-01 cm thick titanium coated on one side with 
2.54 x 10 -4 cm of platinum, and cemented to the 
support plates. The rings, together with Asahi 
Glass membranes AMV and CMV and the bipolar 
membranes, were assembled as shown in Figs. 1 
(three-compartment) and 2 (two-compartment). 

In the assembly shown in Fig. 1, the ethylene- 
diammonium ions (en- 2H +) migrate from the 
feed compartment through the cation-exchange 
membrane into the base compartment and are 
neutralized by OH- to yield the corresponding 
free amine. Meanwhile, C1- in the feed compart- 
ment migrates through the anion-exchange mem- 
brane into the acid compartment and produces 
HC1. A large number of membrane cells can be 
assembled between one set of electrodes. The 
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Fig. 1. Three-compartment cell assembly for converting 
ethylenediamine dihydrochloride into ethylenediamine, 
A, acid; B, base; E, electrolyte; F, feed; a, anion-exchange 
membrane; b, bipolar membrane; c, cation-exchange 
membrane; +, anode; --, cathode. 

assembly shown in Fig. 2 represents an attempt to 
reduce the number of compartments per repeating 
unit from 3 to 2, thereby reducing capital invest- 
ment and energy consumption. In this assembly, 
the feed solution is fed directly into the base com- 
partment. The ethylenediammonium ions, which 
penetrate the anion-exchange and bipolar mem- 
branes only with difficulty, remain in that com- 
partment and are neutralized by OH-. 
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Fig. 2. Two-compartment cell assembly for converting 
ethylenediamine dihydrochloride into ethylenediamine: 
A, acid; B, base; E, electrolyte; F, feed; a, anion-exchange 
membrane; b, bipolar membrane; +, anode; --, cathode. 
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2.3. Measurement o f  current efficiencies 

The cell and auxiliary equipment were assembled 

for a batch recirculating operation as shown in 
Fig. 3. The electrode compartments  were supplied 
by a solution of  0"05 M KaSO4. In each run, the 
pumps were started and after 15 min constant 
liquid levels in the risers were reached, along with 
uniform temperature and composit ion.  Then cur- 
rent was passed at a pre-determined level while the 
temperature was controlled to 25 -+ 1 ~ C and the 
voltage adjusted to maintain constant current. The 

concentration of  product  streams as a function of  
current passed was determined from collected 
samples. Differential current efficiencies were 
ascertained in experiments which were run only 
until a concentration change of  approximately  
0"1 M was obtained in the ethylenediamine 
product  stream. Ethylenediamine was est imated 
by t i trat ion with HC1 to the methyl  red end-point 
[11 ]. The ethylenediamine dihydrochloride con- 
tent was estimated for chloride content according 

to Volhard [12]. Acid contents were determined 
by t i trat ion with standard base to the phenol- 
phthalein end-point.  
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Fig. 3. Schematic diagram of experimental set-up for 
batch recirculating operation: 1, ammeter; 2, d.c. source; 
3, voltmeter; 4, heat-exchanger; 5, thermometer; 
6, water-splitting cell; 7, reservoir; 8, pump; 9, voltage 
regulator. 

2.4. Measurement o f  current-voltage curves 

Current-voltage curves of  cell assemblies with one 

repeating unit were first determined. An actual 

experiment consisted of  filling the reservoirs with 
appropriate solutions, draining air bubbles from 
the lines and allowing the solutions to circulate at 
a flow rate of  20 cm 3 s -1. As soon as a tempera- 
ture equilibrium was reached, power was applied. 

The voltage was raised in steps and the current was 
measured after a steady state was reached. 

Current-voltage curves of  the assemblies with two 
repeating units were also determined in the same 
manner. Subtraction of  measurements from cells 
with one repeating unit from those with two 
repeating units gave the apparent current-voltage 
curves per repeating unit. 

3. Results and discussion 

3.1. Production run 

The feasibility of  the processes was demonstrated 
by a run in the cell assembly shown in Fig. 1, in 
which HC1 and en-  2HC1 was used as a feed 
solution and 1000 cm 3 of  0-1 M HC1 and 250 cm 3 

of  0.1 M e n .  2HC1 were used as initial solutions 
in the acid and base compartments  to carry the 
current. The concentrat ion of  product  streams as a 
function of  electricity consumption is presented in 
Fig. 4. Deviations from 100% current efficiency at 
higher product  concentrations can be at t r ibuted to 
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Fig. 4. Production of ethylenediamine and hydrochloric 
acid as a function of Faradays passed in three-compartment 
cell assembly. Initial conditions: acid, 1000 cm ~ 0-1 M 
HCI; base, 250 cm 3 0-1 M en.2HC1; feed, 1000 cm 3 
1 Men "2HC1. Operating conditions: current density 
200 A m -~; circulation rate, 20 em 3 s -~ . 
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the decrease in membrane selectivity, which is a 
strong function of  ionic concentrations. 

3.2. Current efficiencies 

The effect of  process conversion upon current 
efficiency for amine liberation is evident from Fig. 
5, where results comparing the two- and three- 
compartment cell assemblies are presented. The 
former showed a relatively low current efficiency, 
particularly at low conversions where the presence 
of  a large amount of  the highly dissociated 
diamine salt substantially decreased membrane 
selectivity. This assembly showed a roughly linear 
increase in current efficiency with conversion as a 
result of  transforming the diamine salt into its 
free amine which is but weakly dissociated (pK1 = 
10"71 and pK2 = 7.56 at 0 ~ C). For the three- 
compartment cell assembly, the current efficiency 
remained high over most of  the conversion range, 
still being more than 80% at 90% conversion. The 
loss in current efficiency with conversion in this 
assembly was due primarily to the diffusional 
transport of  the neutral electrolyte, ethylenediam- 
ine, the diffusion coefficient of  which, estimated 
for the present system, was quite small, about 
1 x 10 -6 cm 2 s -1 . This diffusional loss was more 
pronounced when the concentration of  the system 
was raised but could be substantially reduced by 
increasing the current density. 
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Fig. 5. Current  efficiency versus e thylenediamine 
dihydrochloride conversion: o three-compar tment  cell 
assembly;  feed, 1 M en-2HCl: �9 three-compar tment  cell 
assembly;  feed, 2 M en.2HCl: A two-compar tment  cell 
assembly;  feed, 1 M en.2HCl: �9 two-compar tment  cell 
assembly; feed 2 M en-2HC1. Operating conditions: 
acid, 0.1 HC1; current density, 200 A m-2; circulating 
rate, 20 cm 3 s - 1  . 
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Fig. 6. Current efficiency versus hydrochloric acid con- 
centration: o three-compartment cell assembly; zx two- 
compartment cell assembly. Operating conditions: base, 
0.5 Men and 0.1 M en.2HCl; feed 0'5 M en.2HC1; current 
density, 200 A m -2 ; circulation rate, 20 cm3s -1 . 

Fig. 6 shows the effect of  HC1 concentration 
on the efficiency of  the amine conversion. With 
the three-compartment cell assembly, there are 
two principal sources of  loss in current efficiency. 
When the HC1 concentration was high in the acid 
compartment, the high transport number of  H + as 
compared to that of  C1- across the anion-exchange 
membrane resulted in a substantial leakage of  H + 
into the feed compartment, where it competed 
with en.2H + transport and reduced the amount 
of  en formed per Faraday. Secondly, the hetero- 
geneous Ionac membranes making up the bipolar 
membrane have a relatively large 'leak' in con- 
centrated solutions, so HC1 diffusing to the left 
from the acid into the base compartment lowered 
current efficiencies for both acid and base for- 
mation. Similar sources of  loss are present in 
the two-compartment cell assembly. It is evident 
that, in the absence of  more highly selective mem- 
branes, one must limit the acid concentration in 
product streams. If  necessary, the acid can be 
concentrated further in a separate device by 
conventional electrodialysis. 

3.3. Current-voltage curves 

The power requirements of  these systems are set, 
to a large extent, by the cell voltages required. 
Current-voltage curves o f  the two- and three- 
compartment cell assemblies are shown in Fig. 7. 
Doubling the current density will double the out- 
put of  the system while roughly quadrupling the 
energy consumption. The optimum current 
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Fig. 7. Voltage drop per repeating unit versus current 
density, o and �9 laboratory and pilot plant cell for 
three-compartment cell assembly, respectively; acid, 
0.5 M HC1; base, 0.5 M en and 0-1 M en.2HC1; feed, 
0-5 M en-2HC1; zx and �9 laboratory and pilot plant cell 
for two compartment cell assembly, respectively; acid, 
0.5 M HC1; feed, 0.5 M en.2HC1 and 0.5 M en. Operating 
conditions: circulation rate, 20 cm 3 s -1 , temperature, 
25 ~ C. 

density is a compromise between amortized in- 
vestment in membrane equipment, which de- 
creases as the current density increases, and 
energy consumption, which increases with current 
density. The voltage drop in commercial cells 
would be considerably lower because the labor- 
atory cell used has cell spacings of the order o f  
2"4 cm. To demonstrate this, results obtained 
from a small pilot plant facility [10] are also 
shown in the same figure. At a current density 
of  400 A m-2,  the voltage drops of  the two- and 
three-compartment cells were observed to be 
2.2 V and 2-7 V at 25 ~ C, respectively. A large 
portion of  these voltage drops was actually due to 
the voltage drop across the bipolar membrane, 
which is a key factor in determining the economic 
viability o f  the water-splitting processes. 

The current-voltage curve of  the bipolar mem- 
brane was measured in a two-compartment cell 
with 0.5 M HC1 on the acid side and 0-1 M en.2HC1 
and 0.5 M en on the base side. The voltage drop 
across the bipolar membrane was taken as the 
difference between the voltage drop measured 
with the membrane in place and the average value 
when either the acid or the salt solution was 
present in the cell without the membrane. This 
result is shown in Fig. 8, which was characterized 
by a rapidly rising potential at low current den- 
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Fig. 8. Voltage drop of bipolar membrane versus current 
density. Operating conditions: acid, 0.5 M HC1; base, 
0-1 M en.2HC1 and 0.5 Men; circulation rate, 20 cm 3 s -1 ; 
temperature, 25 ~ C. 

sities and an apparent linear region at higher 
current densities. A detailed analysis of  the bipolar 
membrane current-voltage curve following Gregor 
et  al. [8] showed that the inter-membrane dis- 
tance was of  the order of  10 nm. This inter- 
membrane gap is a critical property of  bipolar 
membranes. At a current density of  400 A m -2, 
the /R-drop across the two component mem- 
branes of  these bipolar membranes was 0"4 V. 
For water-splitting, the reversible or minimum 
potential is 0.83 V to produce acid and base at 
unit activity. Thus, if the inter-membrane gap 
could be reduced to zero, one could in theory 
operate bipolar membranes made from Ionac 
membranes at 1-23 V as compared to 2-35 V at 
500 A m -2 for the membrane used in this study. 
Obviously, better methods of  cementation can 
reduce the inter-membrane distance and result 
in a reduction in the membrane voltage. More 
recently, Liu e t  al. [13] reported a bipolar mem- 
brane voltage of  1.1 V at I000 A m  -2, but no 
details were presented. 

4. Conclusions 

This study has shown that water-splitting electro- 
dialysis may well be technologically feasible 
and also economically sound for the conversion of  
polyammonium salts into the corresponding free 
amines. A comparison of  the two- and three- 
compartment cell assemblies showed that the 
former is superior in its low cell voltage but 
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inferior in its low current efficiency. A practical 
process may be a combination of  the two 
assemblies with the conversion carried out in the 
three-compartment cell assembly; base streams 
from this assembly are  then fed into the two- 
compartment cell assembly to liberate the trace 
of  po!yammonium salt which is presented in the 
base streams toreduce ohmic drops. Significant 
reductions in operating power requirements are 
foreseen through modifications in cell design, 
membrane preparation and method of  operation. 
These modifications will promote higher efficiency 
and will also mean lower capital investment for 
cells and rectification equipment. A pilot plant 
study of  this process is the obvious next step. 

Acknowledgements 

The author wishes to thank Professor H. P. Gregor 
for permission to publish this manuscript. This 
project is partially supported by the Jessie Smith 
Noyes Foundation. 

References 

Y. CHANG 

[ 1 ] P.H. Groggins and A. J. Stixton, lnd. Eng. Chem. 
29 (1937) 1353. 

[2] G.H. Osborn, 'Synthetic Ion Exchangers,' Chap- 
man and Hall Ltd., London (1955) p. 78. 

[3] R. Dohno, T. Hakushi, T. Azumi and 
S. Takashima, Himefi Kogyo Daigaku Hokoku 
(Japan) 25 (1972) 106. 

[4] V. Frilette, J. Phys. Chem. 60 (1956) 435. 
[5] K. Oda and T. Saito, Japanese Patent no. 5971 

(1959). 
[6] F. DeKorosy and E. Zeigerson,[sr. J.. Chem. 9 

(1971) 483. 
[7] M.S. Mintz, NTIS Report No. PB-230-409 (1974). 
[8] H.P. Gregor, Y. Chang, K. R. Brennen and 

B. Benjamin, to be published. 
[9] K. Nagasubramanian, F. P. Chlanda and K. Liu, 

J. Memb. SeL 2 (1977) 109. 
[10] B. Benjamin, Dr. Eng. Sci. Dissertation, 

Columbia University (1975). 
[ 11 ] J.T. Clarke and E. R. Blout, J. Polymer Sci. 1 

(1946) 419. 
[12] N.H. Furman, 'Scott's Standard Methods of 

Chemical Analysis,' 6th edition, Van 
Nostrand, New York (1962) p. 329. 

[13] K. Liu, F. P. Chlanda and K. Nagasubramanian, 
J. Memb. SeL 3 (1978) 57. 


