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3,372,101 
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COMP?UNDS BY METATHES?S 
Pau Koilsiman, 100 E.50fh St., 

New York?N.Y. 10022 
Filed Oct.8?1962,Ser.No.228,867 

2 Claims (Cl?204-180) 

This invention relates to the treatment of compounds 
composed of anionic and cationic constituents forthe pur 
pose of economically upgrading the source materials by 
producing product compounds which are more highly re 
active than the compounds from which they are produced. 
Compounds which occur plentifully in a natural State 

are normally stable and Substantially non-reactive Their 
economic valueiscorrespondingly low.Thisinvention pro 
vides a process for convertingstable raw materialinto less 
stable and more highly reactive products For example, 
calcium sulfate and sodium chloride areinexpensive Stable 
materials in ample Supply The invention permits conver 
sion of these two source materials into calcium chloride 
and sodium Sulfate each of which is commercially more 
valuable because ofits higher reactivity. 
The invention involves treatment in a multichamber 

electrodialysis cell and resembles in some reSpects the 
known process of metathesis It difers however from the 
known processes in that electrical energy must be eX 
pended to force the ions of the Source materials into other 
chambers to form the products and further in that the 
products?ifieft without the influence of the Current-pro 
ducing direct potential?will revert into the Source com 
pound form. In a sense electrical energy is Stored in the 
products orthe process may betermed ar1“uphill" move 
ment of the ions involved forcing them to move in a di 
rection in which in the absence of the applied direct po 
tential and current they would not move. 
The critical distinction between ordinary electrometa 

thesis in a multichamber membrane Cell and the present 
processis ascertainable as follows: 

It may be assumed thata conventional metathesis proc 
ess is being carried outin a multimembrane cell by ap 
plication of a direct potential resulting in a flow of di 
rect operating current through the cell It may then be 
assumed that the operating currentis interrupted and that 
a pair of non-polarizing test electrodes is inserted in the 
cell one testelectrode in one electrode chamber and the 
other testelectrode in the other electrode chamber Then 
a galvanometer connected between the testelectrodes will 
indicate the flow of a test current which is in the Same 
direction as the operating current. 

If a corresponding test were made in connection with 
the practice of the presentinvention the direction of the 
test current would be opposite the direction of the Oper 
ating current. 
The test electrodes may as is readily seen be inSerted 

into intermediate chambers of the cell One test electrode 
may be in one endmost Source compound chamber and 
the othertest electrode may be putin the other endmost 
Source compound chamber Or the test may be made 
across the minimum unit of cells required for producing 
a product In that case one test electrode would be in one 
Source compound chamber which is followed by a prod 
uct chamber a source compound chamber another prod 
uct chamber and another Source compound chamber con 
taining the second electrode In all these instances the 
present invention is characterized by a reversal of the 
current direction. 

In comparing the properties of the Source compounds 
with those of the product compounds produced by the 
present invention one or more of the following proper 
ties will be noted: 
When mixed the product compounds generally react 
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2 
to revert into the source compounds from which they 
Were formed. 
The Sum of the heats of formation of the source com 

pounds is always higher than the sum of the heats of 
formation of the products produced therefrom This ap 
pears to be characteristic and indicative of the storage of 
electrical energy in the product and of the directional re 
1ationship of the test current and the operating current 
above described. 
The products have a higher degree ofionizability than 

the source compounds Generally their solubility is also 
higher Further the source compounds generally have a 
lower dissociation constant than the product compounds. 
The Source compounds aregenerally lessionizable than 

the products hence the product solutions have relatively 
a higher conductivity. 
A weakly basic source material is convertible into a 

highly basic product?for example ammonium hydroxide 
into sodium hydroxide. 
A weakly acid source material is converible into a 

strong acid forexample acetic acidinto hydrochloric acid. 
A source material may be highly volatile whereas the 

products are not. 
Thus volatile solutes may Serve as source materials 

such as Solutions of gases in solvents for example CO2 
in water or NH3 in water In this connection the process 
imay be carried outunder superatmospheric pressure con 
ditions to maintain greater amounts ofgas in Solution. 
Where the purity of the productis animportant factor, 

itis preferred to operate withionic concentrations in the 
Source Solutions lower than those existing in the mem 
brane pores andin the product chambers of the apparatus. 

In cases where the product compounds are So highly 
soluble asto require no solvent addition to prevent pre 
cipitation the product solutions consist preferably en 
tirely ofions and accompanying solvent moved from the 
source liquid chambers through the membranes. 

In certain instances it may be necessary to add just 
enough Solvent to the product chambers to prevent pre 
cipitation Another way of preventing precipitation is 
operation at elevated temperatures. 
The process is applicable to all compounds capable 

of dissolvingin a solvent and dissociating therein to form 
an ionized Solution The ions may be inorganic or or 
ganic The solvent may be ofinorganic or organic nature. 
Polar Solvents of high dissociating power and high di 
electric constantare preferred Examples of Such solvents 
are water acetic acid alcohols acetone ammonium hy 
droxide liquid ammonia or carbon dioxide. 
The Source compounds from which products are formed 

according to this invention are generally solutes?for ex 
ample NaCl but the Solvent may or may not enter into 
the process. When it does?for example by solvent de 
composition under polarizing conditions additional prod 
uct forming constituents become available Thus?for eX 
ample an aqueous NaCl Solution may yield H and OH 
in addition to the Na and Clions In that case the source 
compound is considered to comprise both solute and 
Solvent Thus the same aqueous NaCl solution supplied 
to diferent deionization chambers of a cell operating un 
der non-polarizing and polarizing conditions respectively, 
represent two diferent source compounds. 

Source compounds normally require the presence of a 
Solute since pure solvents are nonconductive for practical 
purpOSeS. 

Nevertheless a pure solvent may be employed as a 
Source compound in a Special arrangementin which the 
deionizing chamberis of practically Zero thickness due, 
for example to contact of the bordering membranes as 
shown in FIG.4 Alternately the deionizing chambermay 
contain a spacer ofion exchangematerialforestablishing 
a continuous Solid electrically conductive bridge between 
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the bordering membranes as shown in FIG 3. In either 
arrangement an electric current is capable of passing 
through such a chamber to which solvent may be sup 
plied from the outside Soluteions passinto the deionizing 
chamber through its bordering membranes from the 
neighboring product chambers.Thus in efect Solute and 
Solventare presentin the deionization chamber but Solute 
and solvent come from different sources one from the 
neighboring product chambers the other from an outside 
source Both are decomposed the Solvent by operation 
under polarizing conditions. 

In order to illustrate the practice of the invention it 
may be assumed that an ample Supply ofgypsumis avail 
able and that it is desired to produce a commercially 
morevaluable product therefrom. 
One maythen proceedasfollows: 
Exanple 4.?The heat of formation of gypsum, 

CaSO4isfirst determinedas 335.72 Kcal. 
Chemical handbooks contain extensive heat of forma 

tiontables listinga vast number of compounds and CaSO4 
is readily located therein. 
The next step may be the selection of one ortwo suit 

able main products It is evident that one must have a 
Ca component the other a SO4 component The heat of 
formationtable serves as a convenientguide and from the 
SO4 listings NaaSO4 may be selected This now points 
to the need for a companion Source compound compris 
ing a Cl component It should be relatively inexpensive 
and readily available For the purpose of the example 
NaClis chosen This fixes the second product compound 
as Na2SO4 on the basis of the formula 

Aare anionic components 
Care cationic components 
A1C1and A2C2 areSource compounds 
A1C2 and A2C1are product compounds 
A characteristic of the presentinventive processis that 

the Sum of the heats of formation (HF) of the source 
compounds must be greater than the Sum of the heats of 
formation ofthe products thus 

The sum of the heats of formation of the source com 
pounds is 
HF CaSO4?-HF2 NaCl=335.72+196.72=532.44 Kcal. 
The sum of the heats of formation of product com 

pounds is 
HF CaCl2?-HF NagSO4=190.7+326.67=517.37 Kcal. 
The requirement of Formula 2is therefore met, 
Particulars of the process aregiven below, 
Folowingis an excerptfromatable beginning on page 

1807 of the Handbook of Chemistry and Physics?42nd 
Edition,The Chemical Rubber Publishing Co.?Cleveland, 
Ohio The excerpts are limited to Ca?Na and SO4 com 
pounds to illustrate the foregoing example. 
Ca Compounds: HF Kcal 

CaBr2 -??????????????????????????????? 162.2 
CaCl2 -??????????????????????????????? 190.7 
Ca(OH)2----------------------------- 236.1 
CaF2--------------------------------- 286.26 
Ca(NO3)2 ---------------------------- 225.3 
Ca(CO)2 ------?????????????????????? 181.6 
Ca2????????????????????????????????? 128.6 
Ca(ClO2)2 ***--******-*** --** = * ----**** 326.88 

CaCO3------------------------------- 287.93 
CaSO4 ------------------------------- 335.72 

K Compounds: HF Kcal. 
KOH -??????????????????????????????? 102.01 
KC --------------------------------- 104.30 
KNO3 ------------------------------- 118.78 
*2SO4 ------------------------------- 338.62 
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4 
SO4 Compounds: HF Kcal. 
* Al2(SO4)3 ---------------------------- 714.46 

(NH4)2SO4 ----------------??????????? 277.66 
NHaHSO4 ---------------------------- 240.43 
BaSO4------------------?????????????? 345.28 
K2SO4 ------------------------------- 338.62 
CuSO4 ------------------------------- 178.7 
H2SO4 -----------------------???????? 189.75 
FeSO4 -?????????????????????????????? 217.23 
PbSO4 ------------------------??????? 214.6 
MgSO4------------------------------- 301.08 
NazSO4 ------------------------------ 326.67 
NaHSO4 ----------------------------- 265.19 
ZnSO4 --------------------------????? 229.51 

Example B.?The following example is again based on 
CaSO4 as one of the source compounds. Ca(NO3)2 is 
chosen as the principal product compound pointing to 
the need fora companionsource compound yielding NO3. 
KNO3 is chosen which would make the second product 
K2SO4? 
HF CaSO4+HF2KNO3=335.72+237.56=573.28 Kcal. 
forthe source compounds. 

forthe product compounds. 
Formula 2 is again fulfilled For the purpose of this 

example the heat of formation table of the aforesaid 
Handbook of Chemistry and Physics was again conSulted, 
but no additional excerptis given as the principle was 
sufficientlyillustrated in Example A. 
Example C?Aqueous ammonia NHaOHis available 

as a source compound having a heat of formation of 
87.814 Kcal Possible products and the required com 
panion source compound are determinable from the heat 
of formation table of which the following is an excerpt. 
NH4Compounds: HF 

NH4 acetate -------------------------- 150.25 
NH4Br------------------------------- 64.708 
NH4Cl ------------------------------- 75.08 
NHaF ------------------------------- '111.71 
(NH4)2COs -------------------------- 223.4 
NHaNO3 ----------------------------- 87.93 
(NH4)2SO4 --------------------------- 277.66 

OH Compounds: HF 
NaOH ------------------------------- 101,91 
KOH --------???????????????????????? 102.01 
LOH-------------------------------- 116.4 
Ca(OH)2----------------------------- 236.1 
Mg(OH)2 ---------------------------- 223.4 
Zn(OH)2----------------------------- 158.4 

Principal product NHaCl Second product NaOH. 
Companion Source compound NaCl. 
HF NHaOH--HF NaCl=87.814?98.36=186.174 Kcal. 
for the Source compounds and 
HF NHCl+HF NaOH=75.08?-101.91=176.99 Kcal. 
forthe product compounds. Formula 2is fulfilled. 
Example D.?Starting again with NHaOH as a source 

compound NH4NO3 and NaOH are chosen as products, 
NaNO3 Serving as companion source compound. 

HFNHaOH+HFNaNO3=87.814 
?112.45=200.264 Kcal. 

for the Source compounds and 
HFNHaNO3?HF NaOH=87.93?101.91=189.84 Kcal. 
for the product compounds. Formula 2 is again fulfilled. 

In the computation and comparison of the heats of 
formation the number of source compounds is always 
equal to the number of the product compounds. In a cell 
having a great number of chambers a source compound, 
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or a product is counted as often as it occurs in a cham 
ber If for example NaCl solution occurs in three 
deionization chambers itis counted three times. 

In computing the heats of formation the heat of for 
mation of the hypothetical product is included which 
would be formed of the residual anions and cations of 
the two deionization chambers nearest the electrodes. If 
the deionization chambers lie adjacent the electrode 
chambers then the ions in question are those entering 
into the electrode chambers for example Hatthe cathode 
and Clat the anode If on the other hand deionization 
takes place in the electrode chambers proper then the 
ions forming the hypothetical product are those ions of 
the anolyte and catholyte which do not pass into the 
adjacent product chamberS 
FIG 1 is a diagrammatic elevational view of an elec 

trodialysis cell for practicing the invention; 
FIG 2 is an end view ofthe apparatus shown in FIG. 

1; and 
FIGS 3 and4 are diagrammaticillustrations of modi 

fied cells. 
The cell housing1i is subdividedinto individual cham 

bers by cation membranes 12 and anion membranes 13 
arranged in alternating sequence In one terminal cham 
ber a cathode 14 is provided from which a lead 15 leads 
to a suitable source of direct current (not Shown)? and 
the other terminal chamber contains an anode i6 with a 
lead 17 The indicated polarity of the electrodes and 
membranes makes chambers 19?21?23?25?27 and 29 
deionization chambers and chambers 20?22?24?26 and " 
28 concentration chambers Chambers 18 and 39 are elec 
trode chambers. 
Each chamber has an inlet port at the bottom and an 

outlet port at the top. These ports are unnumbered for 
the Sake of clarity Means are provided for circulating 
the liquidin the individual chambers within the chambers 
at a rate in excess of the infiow and outflow rate For 
this purpose a bottom circulation port 31 and a top cir 
culating port 32 are provided for each chamber con 
nected by a circulating duct33 (FIG.2) and a pump 34, 
there being an individual pump 34 and duct33 foreach 
chamber A make-up duct35 and valve 35 permits addi 
tion of liquid to each concentration chamber. 
A second Source liquid Supply duct37 is manifolded to 

deionization chamber 19?23 and 27.Afirst source liquid 
Supply duct 38 is manifolded to deionization chambers 
21?25 and 29.Afurther liquid supply duct39 is mani 
folded to concentration chambers 18?20?22?24?26?28 
and 30. 

The chambers are 50 mm. wide?300 mm. high and 3 
mm thick The membranes are "Nepton" membranes 
CR-61 and AR111-A CR-61 membranes are essentially 
Styrene divinyl benzene copolymer with Sulfonic ion eX 
change groups a cation exchange membrane (patent to 
Clarke 2,731,411)?The AR 111-A membrane is an 
anion exchange membrane is essentially a styrene divinyl 
benzene vinyl pyridine membrane. 
The electrodes 14?16 are platinum. 
A first Outflow duct System 40 manifolded to concen 

tration chambers 20?24 and 2Sis provided for the first 
product and a Second outflow duct System 4 manifolded 
to chambers 22 and 26 is provided for withdrawal of the 
Second product Outflow ducts42 and43 extend from the 
electrode chambers The total liquid capacity of each 
chamber including circulating duct33 and pump 34 is 
300 CC. 

Provision is made for conducting cathode chamber 
efluent into the anode chamber A duct44 extends from 
duct42 to the cathode chamber inflow duct45. Duct44 
is controlled by a valve 46 A further valve 47 permits 
closing of duct42.Valves 148 are providedin the inflow 
ducts to the concentration chambers. 
A pair of non-polarizing testelectrodes 48,49 are con 
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6 
vanometer52.When the switchis closed a circuitis estab 
lished between the electrodes and the galvanometerindi 
cates the direction ofthe current which this being a char 
acteristic of the invention is opposite the direction of 
the operating current flowing between main eiectrodes 
?4?15 through the cell. 
The test electrodes 48?49 are Shown in chambers 18 

and 3? respectively The test electrodes need not be 
spaced thus far apart Itis suficient to space them three 
intermediate chambers apart Thus they may be installed 
in chambers 13 and 22 or chambers 22 and 26 for 
example. 

Test I.?CaSO4 was solvated in water to form a Satu 
rated Solution and NaC was Solvated in water to form a 
0.2 N Solution NaCl Solution was supplied to chamberS 
19?23 and 27 and CaSO4 Solution was supplied to cham 
bers 21?25 and 29 All other chambers were originally 
filled with water Circulation rate of pumps 34:200 cc./ 
min Potential 19 volts. 

After 30 minutestests indicated the presence of NaOH 
in chamber ?8; CaCl2 in chambers 20?24 and23; Na2SO4 
in chambers 22 and 26 and H2SO4 in chamber39. 

Operation was continued and the outflowing circulating 
streams passing through ports32 were adjusted to 0.8 by 
addition of water at35?35priorto reentry of the circulat 
ing liquid into the product chamber. 

After 48 hours of Operation the liquid passing through 
duct42 was 0.8 N NaOH the liquid passing through duct 
4? was 0.8 N CaCl2 the effluent of duct41 was 0.8 N 
NagSO4 and the outflow through duct 43 was 0.8 N 
H2SO4. 

After carrying out the test CaCl2 Solution and NaSO4 
Solution were mixed and produced a precipitate of CaSO4 
and a SOHution Of NaCl. 

Test 2.?A test was conducted with saturated aqueous 
CaSO4 Solution as in test 1, and an aqueous 0.18 N KNO3 
Solution as the companion Source Solution Potential 20 
volts. Make-up water was supplied to limit the normality 
of the liquid Outflow of the concentrating chambers 18, 
20?22?24?26?28 and 30 to 0.7 N. 

Results: After 48 hours of operation duct42 yielded 
0.7 N KOH duct40 yielded 0.7 N Ca(NO3)2 duct 41 
yielded 0.7 N K2SO4 and duct43 yielded 0.7 N H2SO4. 
The Cell was then Operated for48 hours at atempera 

ture of 85° C with the inflow of make-up water reduced 
to produce concentrations of the product solution in 
exceSS of the normal Solubility of the products at room 
temperature Resulting products were: From duct 40: 
3.2 N Ca(NO3)2 with a trace of Na2SO4: duct41:2.1 N 
K2SO4 with a trace of Ca(NO3)3. 

Operation at elevated temperatures is desirable in the 
Commercial practice of this invention because a product, 
Such assalt maybe recoveredinits solidstate by cooling 
of the product Solution leaving the salt depleted cold 
product Solution available forreuse in the process. 

Test 3.?First Source solution: 0.4 N NHaOH; second 
Source Solution: 0.4 NaClin water The cathode chamber 
efluent (duct 42) was used as anode chamberinfluent, 
and the anode chamber efluent passed through duct43 
without the addition ofwateratchamber30. 
Make-up waterwas added to chambers 18?20?22?24, 

26 and 28 to maintain a normality of 0.8 Nin the out 
flows from chambers 20?22?24?26?28 and30 Potential 
17 VoltS. 

After 48 hours of operation: duct49 yielded 0.8 N 
NH4Cl; duct 41 yielded 0.8 N NaOH; duct43 yielded 
0.8 N NaOH. 
48 hours after reduction of make-up water inflow to 

less than one-halfinto chambers 20?22?24?26 and 28, 
duct40 yielded 2.6 N NH4Cland duct41 yielded2.1 N 
NaOH. 
Test??First source solution: aqueous 0.35 N 

NHaOH second source solution aqueous 0.15N NaNO3? 
Potential 18 volts Valve 47 closed valve46 open duct 

nected by leads 50?51 comprising a switch 53 to a gal- 7545 closed. 
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After the first 48 hours of operation with addition of 
make-up waterfor cathode and product chambers to limit 
the normality of the outflowing liquids to 0.75 N duct42 
yielded 0.75 N NaOH; duct40 yielded 0.75 N NHaNO3; 
duct41 yielded 0.75N NaOH: and duct43yielded 0.75 
N NaOH. 
48 hours after reduction of make-up waterinflow into 

the product chambers to less than one-half duct 49 
yielded 2.65 N NH4NO3 with a trace of Na and OH and 
duct 41 yielded 2.35 N NaOH with a trace of NH4 
and NO3. 

In processing compounds forming ionic solutions of 
low electrical conductivity low solubility such as BaSO4? 
or compounds having a low dissociation constantsuch as 
acetic acid H2CO3 or NHaOH orin the processing of a 
variety of weak inorganic or organic acids and bases or 
Weakly dissociated Solvents itis preferred to modify the 
above described apparatus by reducing the thickness of 
the chambers containing liquids of low conductivity to a 
point where the bordering membranes practically contact 
except for a thin film of liquid therebetween Alterna 
tively electrolytically conductive spacers ofion exchange 
material preferably of amphoteric nature may be used 
through which the liquid flows in a substantially tortuous 
path Such spacers maybeusedin the deionizing as well 
as in the concentrating chambers. 
Modified cell?Tortuous path spacers of3mm thick 

ness were installed in all chambers The spacers were 
made by moiding a mixture of equal quantities offibers 
of 0.1 mm thickness and 1 mm length the fibers consist 
ing of quaternized and of sulfonated polyethylene-styrene 
copolymer reSpectively as described in my Patent No. 
3,271,292, dated Sept.6?1966. 
Molding took place at320° F. and 1000 p.s.i.pressure 

with subsequent hydrolysis in aqueous solutions of 1 N 
HCl?1N NaOHand 1 N NaClat 160° F. 

Test 5.?Spacer equipped cell Firstsource compound: 
H2CO3 made by absorption of CO2 in water to form a 
Saturated solution The solubility of CO2 in water is 
0.00145 and the dissociation constant of the resulting 
H2CO3 iS 4.3 ?? 10?7. 
The H2CO3 Solution is onlyweakly conductive. 
Second Source Solution: aqueous 0.1 N NaClsolution. 

Product compounds to be formed: Na2CO3 and HCl. 

HF HaCO3+HF2×NaCl=167.53?196.72=364.25Kcal. 
HF Na2CO3+HF2×HCl=270.56 

?-79.116=349.676 Kcal. 

Catholyte efluent (42) was conducted through the 
anode chamber30 Make-up wateraddition to chambers 
18?20?22?24?26 and 23 at a rate to produce a normality 
of the efluent of 0.6 N. Potentia122 volts. 

After 48 hours duct 40 yielded 0.6 N HCI: duct4? 
yielded 0.6 N Na2CO3 and NaHCO3?and duct43yielded 
0.6 N Na2CO3 and NaHCO3. 
The test was repeated at a potential of 36 volts After 

48 hours duct40 yielded 0.6 N HCl: duct41 yielded 
0.6 N Na2CO3?and duct43yielded 0.6 N Na2CO3. 

Test 5-Cell with amphoteric membrane spacersin all 
chambers. First Source liquid: acetic acid dissolved in 
water to form a 0.8 N Solution Second source liquid: an 
aqueous 0.1 N Solution of NaCl Dissociation constant of 
acetic acid 1.76×10-5. 

HFacetic acid?-HF NaCl=117.71?-98.36=216.07 Kcal. 

HF Na acetate?-HF HCl=171.16 
?39.558=210.718 Kcal. 

Catholyte efiuent42 wasused as anode chamber30 in 
fluent Make-up water addition to limit the efluents to a 
normality of 1 N. 

Potentia121 volts After48 hours duct40 yielded1 N 
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8 
HCl: duct41 yielded 1 N sodium acetate and duct 43 
yielded 1 N Sodium acetate. 

Test 7?Test4 was repeatedin a cell modified to con 
tain an amphoteric membrane Spacer 54 (FIG.4) in 
chambers 19,21?23?25?27 and29. Potential16 volts. No 
addition of make-up water to the product chambers. 

After 48 hours of operation duct 40 yielded 2.9 N 
NHaNO3 and duct41 yielded 2.55 N NaOH. 
The products were of higher concentration and greater 

purity than those obtainedintest4. 
Test 8.?Test 5 was repeated aftersaturating the water 

with CO2 under 6 kg./cm.2 pressure The cell was main 
tained under a pressure of 7 kg/cm" After 48 hours of 
operation duct49 yielded 0.6 N HC1: duct41 yieldeda 
mixture of 0.6 N of Na2CO3 and NaHCO3 and duct43 
yielded an 0.6 N mixture of Na2CO3 and NaHCO3 The 
NaHCO3 content was higherin relation to the Na2CO3 
content thanintest 5. 

Test 9.?Cell basically asusedintest1 modified to con 
duct the anode chamber efluentinto the cathode cham 
ber Source compounds: 0.1 N aqueous solution of 
(CH3)4 N-formate and 0.1 Naqueous solution of acetic 
acid Anode chamberefluentwas conductedinto cathode 
chamber Acetic acid solution was supplied through duct 
37 into chambers 19?23 and 28 and (CH3)4 N-formate 
solution was Supplied through duct38 into chambers 21? 
25 and 29 Solvent water was supplied to concentration 
chambers 20?22?24?26?28 and the anode chamber 30 
in a quantity suficient to produce an efiuent concentra 
tion of 0.3 N.Potentia124volts. 

After 48 hours of operation efluentfrom duct40:0.3 
N(CH3)4 Nacetate and from duct410.3 Nformic acid. 
Duct42yielded 0.3 N formic acid. 

Test l0?Cell with membrane spacers asusedintest 
6?Source solutions: acetic acid dissolvedin methylalco 
holto forma 02NSolution and NaCldissolvedinmethyl 
alcohol to form a saturated solution Methyl alco 
holwasused as a make-up liquidin a quantity suficient 
to produce a product concentration of 0.3 N. Potential 22 
Volts. 

Products: Duct40 yielded 0.3 N HCl; duct41yielded 
0.3 N Na acetate; duct43yielded 0.3NNaacetate.Itwas 
also found thatthe HClsolution contained methylchlo 
ride. 

Test II?For the purpose of this test the manifolds 
Were removed from the cell to maintain separate the sev 
eralinflows and outflows to and from the chamber.The 
thickness of chambers 21?25and29 was reduced to 0.5 
fI1IY1? 
A plurality of source compoundswereselected to pro 

duce a plurality of products in excess oftwo The Sum 
of the heats of formation of all source compounds was 
greater than the Sum of the heats of formation of the 
products. 

In the lattersumwasincludedthe heat offormation of 
the theoretical product compound formed by the cation 
9f the Source compound nearest the cathode and the an 
ions of the source compound nearest the anode. 
The process potentialwas again reversedwith reSpect 

to the opencircuit potentialexistingbetweentheelectfode 
chamberliquids asmeasured by non-polarizingelectrodes 

Six Source compounds: 

2NaCl?Ca(OH)2-2KCl-2 acetic acid 
?2NaNOg?CaSO4 

Product compoundsto be formed: 

CaClg?2KOH?2HCl-2Na acetate-Ca(NO3)2 
Hypothetical product compound:NagSO4. 

Heats offormation ofsource compounds: 

197.72+236.1+208.6+-235.42?224.90 
?335.72=1438.46 Kcal. 
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Heats offormation of products: 
190.7+204.02+79.17+342.32 

?225.3?326.31=1367.82 Kcal. 
Compounds Ca(OH)2 and CaSO4 were Supplied as Sat 

urated aqueous solutions NaCl KCl acetic acid and 
NaNO3 were suppliedin the form ofaqueous solutions of 
0.6 N Make-up waterwas supplied to the product cham 
bers in quantities Sufficientto maintain the product cham 
ber efiluents and the electrode chamber efiuents at 1.1 N. 
Potentia1?18 volts. 

Source compound Solutions were Supplied as follows: 
NaClinto chamber19;CaOH2intochamber21:KClinto 
chamber 23; acetic acid into chamber 25; NaNO3 into 
chamber27 and CaSO4into chamber29. 

After 48 hours of operation the products were as fol 
lows: 1.1 N NaOH from chamber 18:1.1 N CaCl2 from 
chamber 20; 1.1 N KOH from chamber 22; 1.1 N HCl 
from chamber24:1.1 N sodium acetate from chamber26; 
1.1 N Ca(NO3)2 from chamber28 and 1.1 N H2SO4 from 
chamber 30 In addition chamber 18 produced H2 and 
chamber30 produced O2 

Test l2.?The process was employed to convert LiCl 
into Several different lithium products by combination 
withappropriate Secondsource compounds.The apparatus 
of FIG 1 was modified byremovingthe efiluentmanifolds 
40?41 and providingindividual outflow ducts. 
An 0.3 Naqueous Solution of LiClwas passed through 

deionization chambers 21?25and 29.Aqueous 0.3 N so 
lutions of Sodium acetate NaOH and NaBrwere passed 
through deionization chambers 19,23 and27 respectively. 
The cathode chamber effluent was conducted into the 

anode chamber through duct 44 Make-up water was 
added to the product chambers 20?22?24?26 and 28 and 
to the Cathode Chamber15ina quantity Sufficient to main 
tain the product chamber efluents and the efluent of the 
anode chamber at 0.8 N Potential 14 volts. 

After 48 hours of operation the product liquid of 
chamber 20 was 0.8 N lithium acetate Chamber24 pro 
duced 0.8 N LiOHand chamber28 produced 0.8 N LiBr. 
The product of chambers 22?26 and30 was 0.8 N NaCl. 

Test I3.?Principalsource compound limestone CaCO3. 
Companion Source compound NaCl. Products CaCl2 and 
Na2CO3. 

Limestone was dissolved in aqueous CO2 solution to 
form CaCO3 and H2CO3. 

forthe Source compounds. 

HF CaClg?2HCl?HF 
2×NaCO3=190.7+79.12+541.12=810.94 Kcal. 

forthe productcompounds. 
For thistest the cell was modified to reduce the thick 

ness of the deionization chambers to 0.5 mm. Source 
iiquids: saturated aqueous solution of CaCO3 and H2CO3 
and 0.8 Naqueous Solution of the Na Cathode chamber 
efluent passed through duct44intothe anode chamber30. 
Make-up waterwas added to chambers 18?20?22?24, 

25and 28 to limit the outflows to 1 N. Potentia126 volts. 
After 48 hours of operation duct40 yielded 1 N CaCl2 

and HCl; ducts 41 and 43 yielded 1 N Na2CO3 with a 
Smallamount of NaHCO3. 
The productsolution of CaCl2 and HClwasthen perco 

lated through a bed of limestone to form aqueous CaCl2 
as a final product and CO2 gas CO2 was dissolved in 
water under pressure to form aqueous CO2 solution for 
dissolving limestone to serve as a first source liquid. 

Test I??Test 13 was repeated with an applied poten 
tial of 10 volts After 48 hours of operation duct 40 
yielded 1 N CaCl2 and HCl the HCl content being less 
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1? 
Na2CO3 and NaHCO3?the NaHCO3 content being larger 
thanintest 12. 
Comment: The higher potential and the correspond 

ing closer approach to polarization conditions in the rela 
tively dilute Source solution intest 13 appears to be con 
ducive to the transfer of CO3 anions rather than HCO3 
anions from the deionization chambers into the concen 
tration chambers, 

Test I5-Operation under induced polarization con 
ditions.The membranes of the cellwere modified by plac 
ing on the membrane surfaces facing chambers 21?25 
and 29 a layer of a microporous plastic material known 
to the trade as“Mipor 14 PN"whose specificationis as 
follows: Low density polyethylene void volume 75%? 
pore Size range 75-125 microns with particle retention 
of 10 microns thickness 10 mils (0.010") or 0.25 mm. 
Cathode chamber efluent served as anode chamber in 
fluent without the addition of water at chamber30. 

Source Solutions 0.02 N NaOH and 0.8 N NaCl?Make 
up water added to chambers 18?20?22?24,26 and 28to 
maintain a normality of 1 Nat the respective outflows 
from chambers 20?22?24?26?28 and 30. Potential 36 
Volts. Cell preSSurizedat3 kg./cm.2. 

After 48 hours of operation duct40 yielded 1.0 N HCI 
and NaCl: ducts41 and43 yielded 1.0 N NaOH. 
Comment:The production of NaOH far exceeded the 

trace quantity Supplied in the first source solution The 
Hionsin the acid productand most ofthe OHionsin the 
alkaline productappearto betheresultofwater decompo 
sition of the solvated weakly alkalized first source com 
pound caused by the polarization at the membrane sur 
faces contacting the first source solution. 

Test I6?A repetition of test 15 modified by supply 
ing an aqueous 0.01 N solution of HClin place of the 
0.02 N NaOH. 

ReSults: From duct40:1.0 N HCl:from ducts41 and 
43:1.0N NaOHandatrace of NaCl. 

Test I7?A repetition of test 16 modified by supply 
ing assource Solutions aqueous 0.04 N NaCland aque 
Ous 0.9 N NaCl. Potentia138 volts. 
After48 hours ofoperation duct40 yielded 1.0N HCl 

and some NaCl; ducts 41 and 43yielded 1.0 N NaOH 
and Some NaCl. 
The cell was operated under polarizing conditions of 

the first source solution causing decomposition of the 
Water So that the following source ionswereavailable for 
transfer through the membranes: Na, Cl Hand OH. 

Test Isa?The cell was modified by substitution of 
neutral“Mipor 13 PN" membranes113in place of the 
anion membranes of deionization chambers 21?25 and 
2" the arrangement being such that the neutral mem 
branes would contact the adjacent cation membranes12, 
thus forming deionization chambers21?25and29 ofsub 
stantially Zero thickness (FIG.4)?“Mipor 13 PN”mem 
branes are low density polyethylene?void volume 70%, 
Pore size range 75-125 microns with particle retention 
of10 microns thickness25milsor1mm. 
Chambers 21?25and 29 received liquid onlythrough 

the neutral membranes from the adjacent product cham 
bers The cathode chamberefuentservedasanode cham 
ber infiuent and fmake-up waterwas supplied to cham 
bers 18 20 22,24,26 and 28 to limit the normality of 
the efluent of chambers 20?22?24?26?28 and 30 to 
0.7 N. 
Themembrane and chamberarrangement causes prod 

uct solution from adjacent chambersto difuse into de 
ionization chambers and forms the source compound, 
whereupon the source compound solutionis deionizedin 
the hereinbefore described manner Stated briefly prod 
uctbecomessource compound. 

Second Source Solution: aqueous 0.6 N NaCl. Poten 
tial 36 volts. Cell pressurizedat3 kg/cm.2. 
After 48 hours of operation:from duct49:0.7N HCl 

than in test 12 ducts 41 and 43 yielded a mixture of 75 and some NaCl;from ducts41 and43:0.7 N NaOH.The 
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first source solution consisted of the liquid in the polar 
ized layer between the contacting membranes?i.e dilute 
NaOH Solution plus Solvent decomposition products H 
and OH. 

Text I&b.?Test 18awas repeated afteromission ofthe 
neutral membranes and the cell was operated at atmoS 
pheric preSSure and at a potential of40 volts. 

After 48 hours of operation, duct 46 yielded 0.7 N 
HCland NaCl and ducts41 and43 yielded 0.7 N NaOH 
and a Small quantity of NaCl. 

It is apparent that the first Source solution consists of 
the liquid in the polarized layer at the surface of the 
cation membrane facing the anode?i.e. dilute NaOH 
Solution plus decomposition products Hand OH. 

Test I9.?Cell modified by replacing the cation mem 
branes of chambers 21?25and 29 by neutral“Mipor 13 
PN" membranes the membranes contacting the adjacent 
cation membranes to form deionization chambers 21?25 
and 29 of substantially Zero thickness. 

After 48 hours of operation duct 40 yielded 0.7 N 
HCland ducts41 and43 yielded 0.7 N NaOH and some 
NaCl Again the first Source Solution consisted of dilute 
HCland decomposed water Hand OH. 

Test 20.?A cell was constructed in which chambers 
21?25 and 29 were Surface grooves in otherwise contact 
ing "Nepton" anion (AR 111-A) and cation (CR-61) 
membranes The grooves were 0.8 mm. wide?0.2 mm. 
deep and Were Spaced 10 mm apart to form a grid pat 
terf}. 
Water was supplied through these grooves from the 

membrane periphery Aqueous 0.3 N NaClsolution was 
supplied to chambers 19?23 and 27 The cathode cham 
ber efluent was directed into the anode chamber as in 
fluent3{}, 
Make-up water was supplied to chambers 18?20?22? 

24?26 and 28 to maintain the respective efluents at 0.8 
N. Potential 36 volts. 

After 48 hours of operation duct40 yielded 0.8 N 
HCl: duct41 yielded 0.8 N NaOH; duct43 yielded 0.8 
N Na?H. 

Test 2I.?Test 20 was repeated after discontinuing the 
Solvent inflow into chambers 21?25 and 29. After 48 
hours of operation duct 40 yielded 0.8 N HCland a 
Small quantity of NaCl: ducts 41 and 43 yielded 0.8 
N NaOH and a small quantity of NaCl. 

Test 22.?Test 20 was repeated in a cell fitted with 
“Amfion” cation membrane C-103 and “Amfion" anion 
membrane A-60pairs molded together.These membranes 
are basically polyethylene-styrene copolymers sulfonated 
and quaternized respectively The membranes were dried 
and bondedin a hydraulic press at 150° C. at a pressure 
of 400 Hb./sq inch to form two ply membrane struc 
tures. The bonded membranes were then hydrolized by 
Successive immersion in 1 N aqueous solution of HCl, 
NaOH and NaClat 80° C. 
The hydrolized membranes were used in place of the 

contacting membranes of the preceding test 21. 
After 48 hours of operation duct 40 yielded 0.8 N 

HCl and a Small amount of NaCl Ducts 41 and 43 
yielded 0.8 N NaOH and a small quantity of NaCl. 

Test 23.?In the cell of test 7 anion conductive Spacer 
of ion exchange material substantially equally conduc 
tive to anions?and cations was installedin chambers 19, 
21?23?25?27?and 29 to form anion conductive bridge 
between the anion and cation membranes. The cathode 
chamber efluent was conductedinto the anode chamber. 
Make-up water was added to all product chambers and 
to the cathode chamber to limit the normality of the ef 
fluentSto 0.6 N. 
Water was supplied to chambers 21?25 and 29 and an 

aqueous solution of 0.5 N NaClwassupplied to chambers 
19?23 and 27. Potential 40 volts. 

After 48 hours of operation duct49 yielded 0.6 N 
HCland ducts41 and 43 yieided 0.6 N NaOH. 
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Test 24.?Test 23was repeated after discontinuing Sup 

ply of waterto chambers 21?25and 29. 
After 48 hours of operation duct 40 yielded 0.6 N 

HCl and a small quantity of NaCl: ducts 41 and 43 
yielded 0.6 N NaOH and a small quantity of NaCl. 

Whatisclaimedis: 
1. The process of converting under the infiuence of 

an electric current a weakly acid compound composed 
of an anionic component A1 and a cationic component C1 
into a strong acid compound the process comprising, 

maintaining the weakly acid compound in Solution in 
a certain deionization chamber of a multichamber 
electrodialysis cell in which the space between the 
electrodesissubdividedinto chambers by membranes 
oftwo kinds arranged in alternating Sequence the 
membranes of one kind being permeable to ions of 
one polarity and passage resistant to ions of the op 
posite polarity the membranes of the other kind 
being permeable toions ofsaid opposite polarity the 
membranes of the two kinds being arranged in al 
ternating order making every other chamber a de 
ionization chamber and making the chambers be 
tween the deionization chambers product chambers, 
there being at least three chambers of one kind and 
at leasttwo chambers of the other kind; 

maintaining in at least another deionization chamber 
Spaced from Said certain chamber a Solution of a 
companion source compound comprising a cationic 
component C2 and an anionic component A2 Said 
other deionization chamber being spaced from Said 
certain chamber by one product chamber?Said com 
panion source compound comprising one ionic com 
pound of a certain polarity which with anionic com 
ponent of the opposite polarity of the weakly acid 
compound in the adjacent deionization chamber pro 
duces a Strong acid and Said Companion Source 
compound beingso selected with reSpect to the prod 
uct compounds to be produced that the Sum of the 
heats of formation of the source compounds exceeds 
the Sum of the heats of formation of the product 
compounds one of the source compounds being a 
gas dissolvedin liquid; 

maintaining in said one product chamber a conductive 
liquid; 

maintaining Said cell under above-atmospheric pres 
Sure; 

applying an electrical direct potential across said mem 
branes and chambers and the liquids therein; 

and withdrawing Strongly acid product liquid from 
Said one product chamber. 

2. The process of converting under the influence of 
an electric current a weak base compound composed of 
an anionic component A and a cationic component Cinto 
a Strong base compound the process comprising, 

maintaining the weak base compound in solution?in 
a certain deionization chamber of a multichamber 
electrodialysis cell in which the space between the 
electrodesis Subdividedinto chambers by membranes 
oftwo kinds arranged in alternating sequence the 
membranes of one kind being permeable to ions of 
one polarity and passage resistant to ions of the op 
posite polarity the membranes of the other kind 
being permeable toions ofsaid opposite polarity the 
membranes of the two kinds being arrangedin al 
ternating order making every other chamber a de 
ionization chamber and making the chambers be 
tween the deionization chambers product chambers, 
there being at least three chambers of one kind and 
at least two chambers of the other kind; 

maintaining in at least another deionization chamber 
Spaced from Said certain chamber a solution of a 
companion Source compound comprising a cationic 
component C2 and an anionic component A2 Said 
other deionization chamber being Spaced from said 
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certain chamber by one product chamber?Said com 
panion source compound comprising one ionic com 
pound of a certain polarity which with an ionic 
component of the opposite polarity of the weak base 
compoundin the adjacent deionization chamber pro 
duces a strong base and Said companion Source Com 
pound being so selected with respect to the product 
compounds to be produced that the Sum of the heats 
of formation of the Source compounds exceeds the 
sum of the heats of formation of the product com 
pounds one of the Source compounds being a 
gas dissolved in liquid; 

maintainingin Said one product chamber a conductive 
Iiquid; 

maintainingsaid cellunderabove-atmospheric preSSure; 
applying an eectrical direct potential acroSS Said mem 

branes and chambers and the liquids therein; 
and withdrawing strongly basic product liquid from 

Said one product chamber. × 
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