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ABSTRACT

THE REGENERATICN OF MIXED ION
EXCHANGE RESINS BY
ELECTRODIALYSIS

oy
DONALD OWEN CHESSMORE

Subuitted to the Department of Chemical

Engineering on Nay 16, 1952 in partial

fulfillment of the reguirewments for the
Degree of Master of Science

Mixea bed deionization has becowe an important indus-
trial operation. The use of a wixed bed introduces a re-
generation problem. The techniques which sare currently
being used(to regenerate a mixed resin all involve physical
separatioa of the mixture into iis component resins and
then regenerating thew separately by treating them with a
solution containing the ions originally present in the

fresh resin.

It was the purpose of this thesis to investigate the
possibility of using electrodialysis to regenerate a mixed
resin without separation. The membranes used in the cell
were cellophane, filter paper, and ion exchange membranes.
The runs were made on a wixed resin in either the sodium
chloride or magnesium sulfate form. Several combinations

of membranes were used.




The two best methods of regenerstion both involved the
lon exchange membrenes. The first of these methods used one
anion and one cation membresne in the cell. This method had
a gocd current efficlency but a very lrw rate of cstion remov-

al. The second method used t'o anion memtranes. The reein

was given an acld wash before being electrodialyzed. This
method successfully removed both ions frem the resin but has
the dlsadventage of increased cost due to the cost of anid.
The results indicete that 1t is possible to regenerate
a mixed ion exchange resin by electrodialysis énd that with
some imorovement it would be an economical method to sccom-

pllish this regeneration.
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SUMMARY

The development of orgenic ion exchange resins of the
anion as well as the cation variety have made possible a new
ion exchange operation which is becoming industrially impor-
tant. This operation is mixed bed deionization and 1s accom-
plished b, passing the solutiun to be treated taroush a bed
containing a mixture of an anion «nd a cation resin. The
deionized product from a single mixed bed unit has a conduc-
tivity equivalent to that of distilled water.

The present techniques used to regenerate a mixed ion
exchange resin involve the separation of the mixed resin into
its two component resins and then regenerating each of the
resins separately by treating it with the proper wash solution.
Because special equipment is necessary to regenerate the resins
by this separation technique, it would be desirable to be
able to regenerate a mixed resin without first having to sepa-
rate it. The purpose of this thesis was to investigate the
possibility of regenerating & mixed resin by electrodialysis.
Electrodialysis is a process very similar to electrolysis
except that in electrodialysis two membranes are placed be-

tween the e;sctrodes of the cell. These membranes allow the

flow of ions to the electrodes but keep the solution being
treated from mixing with the solutions at the electrodes. The
cell for electrodialysis has three parts, the center section
for the solution being t:eated and the two end sections for

the electrode solutionss




Blectrodialysis has been used on a laboratory scale to
purify clays. Since most clays ase naturally occuring ion
exchange materials, these experiments were indications that
electrodialysis could be used as a wethod for regenerating «
mixed ion exchange resin without havi.g tirst to separate
the wixture into its two component resins.

Four different types of experimental runs were made in
this investigation. The runs differed in the membranes used
in the cell. The four different membrane pairs used were the
following; both cellophane, both filter paper, both anion
exchange uembranes, and one anion and one cation membrane.
These ion exchange mewbranes are made by imbedding an ion ex-
change resin in a plastic matrix to form a thin sheet. The
sample of mixed resin to be treated was placed in the center
section of the cell between the membranes. The resin was in
the salt form in each case. The salt used was sodium chloriae
except for two runs which were made with the resin in the
magnesium sulfate form. The electrodes used in the cell were
platinum foil. The electrical power was obtained from the
laboratory direct current system. During the runs which were
five or six hours in length, a record of the cell current was

; kept. The electrode solutions were removed from the cell after
each hour of operation and analyzed for the ions being removed

from the resin. The solutions used in the electrode sections

at the start of each hour were dilute acid and base. The runs were
made at COnstant voltage but the voltage was changed between

.punsjpojgetérmihggtpefgfréct of current on current efficiency.




The electrodialysis operation was successi.l in regenera-
ting the wixed resin. The rate of regeneraéion and the current
efficiency varied greatly with the type of wembr.nes used in
tne cell. The runs wade using rilter paper aud cellophane in
tne cell were the least satisfactory uue to tne low.current
efficiency. In contrast to this low efficiency with filter
paper and cellophane, the runs made with ion exchange membrunes
Lad a very satisfactory current efficiency. The runs wade
with one anion and cation membrane, and the runs made with
filter paper and cellophane membranes had a very low rate of
cation removal as compared to the rate at which anions were
removed. To try to solve this problem one run wes made with
a resin which had been given an acid wdsh before being elec-
trodialyzed. This wash replaced the cation of the resin with
hydrogen ion. The membranes used for this run were both
anion exchange wembranes. This wethod does solve the problem
of low cation removal and promises to pe & good method of
completely regenerating the umixed resin. The runs made.with
one anion and one cation membrune also are promlsing even
with the low rate of cation removal. This is a disadvantuge
because as the regeneration nears completion the anions will
be exhausted and with only the cations to be removed the cur-
rent efficiency will be very low &and the power consuuption high.
The acid wash run has one disadvantage since there is an acid
cost to be added to the cost of regeneration which makes this

method less attractive as a technique of regenerating & mixed

ﬂ?eﬁinv_j




From a cost point of view, the cost of regenerating a
mixed resin by electrodialysis will be about the sezme as the
cost of regeneration by separat:on techniques. There 1is
another factor to be considered and that is the ease of regen-
eration and the cost of the necessary equipment. Both of
these factors would seem to make the regenerationty electro-
dialysis wore attractive than regeneration by separation. No
matter what this last effect actually does to the cost figure,
tne regenerat.on of wmixed resins by electroaialysis 1is prowis-

ing enough to uerit furtiier study and consideration.
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INTRODUCTION

Ine phenow-nom which is cziied lon excnange is not a
recent aiscovery. For centuries it has been known that water
was purified by running through soils. The abLility of cer-
tain cluyé ana soils to absorb ions from a solution of one
salt and to replece those ions with lons from a difterent
salt has been recognized and understood since the middle of
tne nineteenth century. Ion exchange however, remained a
laboratory curiosity until the beginning of this century. The
growtn of ion exchange in tue laust few years has been very
fast and today it is a widely used and important industrial
operation.

An ion exchange material is a substance which has a mole=-
cule of sufficient size to make it insoluble in water but whichhas
ionizable groups present as a part or tie large molecule. 4ny
such subst.nce can uncergo ion exchange. When this ilon exchunge
raterial is placed in a strongly jpolar medium such as water,
the net attractive forces binding the ion to the large wole-
cule are diwinished to such an extent that an exchunge of this
ion for another ion from the solution becomes quite possible.

It is this process that is called ion exchange.

One recent development in tihe technology of ion exchange
has greatly increased the number of practical applications of
the procesé of ion exchange. ?his development was the discovery

of organic polymers which could undergo an ion exchange reaction,




These organic pclymers or resins owe their ability to exchange
ions to the presence of certain substituted groups on the
repeating unit of the long chain molecule. Through the pro-
per choice of this substituted group, the resin can be made

to exchange either anions or cations. The substituted groups
which are responsible for cation exchange are primarily sulfonic
acid, rhenolic, or carboxyl groups, while the anion exchanging
groups are either amines or polyarines. With this choice of
substituted groups it is possiblie to uwake & resin which will
f£ill the requirewents of a specific job. T.e factors winich
can be controllied by changing the substituted group are the
exchange strength and the ions which can be exchanged.

One importent industrial use of ion exchi.nge is tne opera-
tion called deionization. Deionizatiun is the simultaneous
removal of both anions and caiions from a solution. This opera-
tion can be done by one of two different techniques. The solu-
tion can be passed through successive beds which are alternately
anion and cation resins until the desired degree of deioniza=-
tion has been accomplished. The large number of beds 1s nec-
essary because the exchange is an equilibrium reac¢tion and
only part of the exchange is possible in one unit. In the sec-
ond method of deionization the solution to be treated is passed
through a single bed which contains a mixture of an anion and
\a cation resin. The two resins foruing the mixed resin must

bdth Dbe strong resins if the delonization is to be a complete




one. Because the rates of exchunge with two resins are fast
anG about eguul the deionizatioun proceeds rapialy ana at neu-
tral pH.

A cowmparison of tie two methoas of deionization shows that
the mixed bed systew is superior to the successive beds system
in so far as tne actual deionization is concerned. A single
mixed bed can accomplish a more complete deionization than is
possible with several pairs of alternate anion and cation
beds. This means that a single bed will provide a consider-

able saving in space and equipment cost over the group of

successive beds which would be required to do the same job

of éeionization. The mixed bed system also has the advantage
of having a neutral pH throughout the exchenge process. In

the successive lLeds the resins used are in the hydrogen and
hydroxyl forms. If tne solution is to be treated first by the
cation resin a stronge-acid cation risin.and a weak-base anion
resin are used. The éolution is strongly acidic when it leaves
the cation hed but the acid is neutralized after passing through
the anion bed. This is called conventional deionization. The
opposite of the above is also usead and is called reverse deion-
jzation. 1In this case the solution first passes through a
strong-base.anion resin and then through a weak-acid cation
resin. The soiution is strongly basic after leaving the anion
bed. The neutral pH at which the.deionization takes place in

a mixed bed can be a big advantage in cases where the solution
' |
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to be treated 1s affected by a pH which is not neutral. One
example of this is the deionization of sucrose solutions which
would be inverted in an acid solution. It is usually possible
however to use eitner normal or reverse deionization since
onl, rarely would there be & case in which the solution to uve
treated woula be affected in both aciaic and basic solutions.
A mixed bed deionization syste. presents a serious regen-
eration problem. It is not possible to regenerate & mixed
resin by the usual technique of washing the resin with a solu-
tion of the ions originally present on the fresh resin since
these two ions are hydrogen and hydroxyl ions. This problem
is solved by separating the two resins and treating each one
separately. The cation resin is given an acidic wash and the
anion resin is given a basic wash. The regenerated resins are
then remixed énd are ready to be used again. This method of
regeneration introduces the problem of separating the two res-
iné. Two techniques are used., If the two resins particles
have a difference in diameter they may be separated by screen-
ing. A difference in density can also be utilized to accou=
plish a sepératkon. A backwash will hydraulically separate

two such resins. The hydraulic separation is usually used be-
cause it is possible to build a bed in which the resins can

be hydraulically separated and treated and yet not remove the
resin from the bed. This difficulty of separation is not a

a problem in the alternate bed system since the beds are always
,;sepgpafqd;and.SO‘can-béftreated in the normal way to regenerate




;zf;cations. The reaults obtainsd with clays indicated that 1t

The difficulties encountered in regeneratiug a wixed ion
exchange bed by separational technlques make it desirable to
develop a method where by a mixed resin could be regenerated
without separation. It was the purpose of this thesis to 1in-
vestigate the possibilities of regenerating a wixed ion exchange
bed by electrodialysis. In this case regezneration means re-
plécing the anions and cetions of a spent resin with hydrogen
and hydroxyl ions and so return t.e resin to its original form.

Dialysis is a separationcl technique which accomplishes
a separation of two materials from’a solution by allowing one
material to move throusgh a membrane and out of trne sclution
under the influence of a concentration gradient while the other
material remains behind beéause its size is too great to permit
it to pass through t:e wembrane. Dialysis is a slow process
and so electrodes are often added to incre: se the rate of dif-
fusion. The process when electrodes are used iscalled elec-
trodialysis. This is usually done in a three part cell with
membranes meking the divisions. The electrodes are placed
in the outer sections of the cell while the solution to be
treated is placed in the center section between the two membranes.

The technique of electrodialysis has been applied to ion
exchange materials and the results can be found in ‘the litera-
ture. In each case however the ion exchange material was a
clay and was not being used’in an ion exchange éapacity. These

clays are natural ion exchange materials but exchange only

"‘,’nerate a mixed resin by electrodialysis.
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Holton (2) used electrodialysis on a laboratory scale
to purify clays for use in the catalytic c;ecklng of petro-
leum. The membranes used in the cell were parchment. The
impurities removed were sodlum, calcium, and magneslum.

The vurification achieved in the operation wae‘only parti-
ally complete and the power consumption of the cell was
high. The large resistsnce of the cell and consequently
high power consumption were in a large part due to the
large separation of the electrodes in the cell.

Matteon (5) also investigated the affect of electro-
dlalysis on clays. In this case, as in the case of Holton,
the cell resistance and power consumption were high. After
the clay had been electrodialyzed it was treated wlth a
rneutral calclum solution. The calcium chloride solution
was titrated with sodium hydroxide to determine the amount
of acid present. The claylwae then electrodialyzed a second
time to determine the amount of ealeium absorbed durling the
calcium chloride wash. These tests indicated that during
electrodialysis the metal ions in the ediy were reolaced
by hydrogen ion., The calcium chlorlde wash produced an
exchange of calcium ions for hydrogen ions. The second
electrodialysis reversed this and released the calecium
ion. The'exchange reactions were very nearly quantitative.
- This work on the electrodlalysis . of oclays has shown that
1t can be used to regenerate an ion exchange material.

The dlrficulties encountered are the high reslstance and




power consumption as well as the degree of regeneration.

In this investigation a mixed ion exchange resin was used
in place of clay. In order to lower the pnower consumption
the cell was made thin in comparison to the cross sectional
area and different membranes were used. The membranes of
primary importance were ion exchange membranes., These mem-
branes are made by imbedding an ion exchange resin in a
plastiec matrix. Both aniqn and cation membranes were used.
These lon exchange membranes were Permionic ARX-102 anion
membranes and Permionic CR=51 cetion membrsnes. The mem=
branes are manufactured by Ionies Incorporated, Cambridge,
Massachusetts. The conductivity of these ion exchange
membranes is very high. The combination of lon exchange
membranes which have a high conductivity and a mixed lon
exchange resin which is a much stronger exchange material
than clays made it possible to reduce the resistance of

this cell as comparéd to the cells of Holton and Mattson.




DESCRIPTION OF APPARATUS

The experimental equlipment i1s shown 1n Figure 1. The
three part cell was machined from Lucite. The end sections
are square blocks with a circular well cut into one face.

The center section 1s a short plece of heavy wall tubing.

A hole was drllled in the top of each section to permit
materlals to be added and removed from the sections while

the cell was 1n operation. A glass tube for cooling water
was put in each section to remove the heat that was generated
during the cell operation. The membranes are clamped be-
tween the center section and end blocks of the cell when

1t 18 bolted together. The three parts are'held together

by a bolt in each of the four corners of the blocks. A
varliable resistance was used to control the voltage across
the cell. The resistance wﬁs connected with the leads

from the D-C system across the coll and the leads to the

cell coming from the slide and one side of the coil. This
was done so that the voltage to the cell would not be affect-
ed much by the amount of current flowing through the cell.
The ammeter and voltmeter were connected to the cell to

measure the current and voltage at the cell. The electrodes

were platinum foil.
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PROCEDIRE

The experimental work can be divided into four grours
depending upon the type of membranes used in the cell. These
four groups are; runs with one anion and one cation membrane,
one run with two cellophane membranes, one run with two fil-
ter paper membranes, and one run with two anion membranes.
The runs of group one were made with one anion and one cation
membrane in the cell. The membranes were put in the sodium
and chloride form “py¢ soaking them in a solution of sodium
chloride. The mixed resin used was composed of stolchlo~
metric proportions of Dowex-50, a cation resin in the sod-
ium form, and IRA-400, an anion resin in the chloride form.
A weighed amodnt of the mixed resin was placed in the cen-
ter section of the cell between the membranes and the sec~
tion was filled with distilled water. The anode section
was filled initially with N/4 sodium hydroxide. The cathode
section was filled initially with N/4 hydrochloriec acid.

The cell was then connected to the laboratory D-C system
with a varlable resistance in the system to adjust the

cell voltage. The cell current was recorded at five or

ten minute intervals throughout the run. At the end of

each hour of operation the solutions in the electrode sec-
tions were removed from the cell and the sectlons were re-
filled with the acid and base solutions used initially.

‘The length of the runl was rive or 8ix hours. The electrode

"tha\ooll during operation were analyzed




to determine the amount of sodium chloride ions which were
removed from the resin. The cathode solution vas evapora-
ted to dryness and weilghed to determine the sodium removed.
The anode solution was titrated for chloride ion. One run
in this group was made with the resin in the magnesium sul-
fate form. The initial electrode solutions were dilute
sulfurié acld at the anode and dilute sodlum hydroxide at
the cathode. Both solutions were analyzed by titration.

One of the runs using one anion and one cation mem—
brane was made at two voltages. The cell was operated
at one volpage until the current became nearly constant
and then the voltage was reduced to half the initial value
and the run continued. The purpose of this voltage change
was to determine the affect of the)ﬁ%&ﬁ§ﬂ£$€§%ﬁ§'the resin
section on the current and current efficiency.

There was one run made with cellophane membranes.
The resin was in the.magnesium sulfate form. The solution
initlally in the cathode section was dllute sodium hydrox-
1de and the solution initially in the anode section was
dilute sulfurlec acid. The run was conducted in the same
manner as those of group one except that the magnesium
and sulfate analyses were 5oth done by titration.

One run was made with filter paper membranes and the
resin in the sodium chloride form. The anode solution was
hydrochloric acid and the cathode solution sodium hydroxide.

In this run the cell was operated for four hours and the
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electrode sclutions were not changed during this time.

The resin was removed from the cell at the end of the run
and titrated to determine how much sodium and chloride

had been removed during the run. The amount of chloride
removed was obtained by titrating the resin for chloride
before and after the electrodialysis and taking the differ-
ence. The amount of sodium removed was obtalned by titrat-
ing the resin for hydrogen lon with sodium hydroxide.

The last run was made with two anlon exchange mem-
branes. Both electrode compartments were initially fllled
with N/4 sodium hydroxide. The resin was given a hydro-
chloric acld wash before being placed in the cell for elec-
trodlalysis. The run was five hours in length and the
electrode solutions were removed for analysis. Only the
catholite was analyzed, the analysis being for chloride
ion.

The data were evaluated by calculating the number of
equivalents of anion and cation which were removed from
the resin during the electrodialysis process., These cal-
culations were made from the results of the anslyses of
the electrode solutions removed from the cell during the
runs, The voltage and current readings were used to cal-
culate the power consumed during the runs. The current
and the equivalents of ion removed were used to calculate

the current efficiency of regeneration.




RESULT3S

The calculated results are given in Table 1l. The
values were calculated from the experimental data. The
values glven for each run include the average cell current,
the cell voltage, the integrated power, the current efflci-
ency, and the milliequivalents of the ion removed during
the run. The actual experimental values are given in the

appendix.
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TABLE I

Run 1 - Cellovhane Membranes - Msgnesium Sulfate
Welght of Resin = 39.1 grams
Magnesium ion on resin = 3.6 meq
Sulfate ion on resin = 27.72 meq.
Volts = 75

N Average Average Anion Cation Current
Period Length Current (Amns) Power%watts) Ra?oved nggged Eff.

1. 1 hr . 513 38. 1.0 U422 15,.2%
2. " 1418 11, 1.26 A450  21.8%
3. 4 <364 27. 1.36 .330 24.8%
L, " .315 23, .995 .330 22.5%
Se " «297 22.3 .901 ,283 21.4%
6. " . 287 21.5 725 245 18.0%

6.275 2.000

Run 2 - Anion-Cation Membranes - Magnesium Sulfate
Weight of Resin = 41.1 grams
Magnesium ion on resin = 43.5 meq.
Sulfate ion on resin = 19.2 meq.

Volts = 50

1. 1 hr 0537 2608 5.85 2.02 78.6%
2. " .352 17.6 347 .907 66.8%
3. " «257 12.8 2.42 .938 70.0%
Dot g TR
5. " .196 9.8 1103 .357  38.3%

15.82 5.055

Run 3 - Anion-Cation Membranes = Sodium Chloride
Welght IRA=-400 = 25.99 grams (Capacity 2.3 meq./gram)
geight Dogex-so = 14,05 grams (Capacity 4.25 meq./gram)
olts = 3

1. 1 hr. <353 10.60 9,03 6.293 116¢%
.2, 50 min., .307 9.21 5.11 1.920 713,
3. 1 hr. o224 6.72 3,54 772 51,

. 50 min., .214 6,42 1.97 6ls 37,
5, 1 hr. «210 6.30 1.96 657 133,

21,61 9.287

Run 4 - Anidn—Cation Membranes - Sodium Chloride
Weight of TRA-400 = 26,02 grams
Weight of Dowex=50 = 14,03 grams

ot = ) 8 585 143%
1. 1 hr, .12 2. 3.9 2, 3
- 2e " d .11; 2.26 2.69 0910 8;.’*%. !
3., . .0852 1,70 1.93 57 79.2% %
_s % loEa 1066 1159 t300  87.34Ld

11.79 4.874




1!
Run 5 - Anion-Cation Membranes - Sodium Chloride
Welght TRA-400 = 25.99 grams
Welght Dowex 50 = 14.03 grams
Volt = 25-13 (Changed half way through period 3)
A Ani Cati
Period Length Curégﬁg?ﬁgps) Powgg?sggts) Reﬁgggg Reaz;?g Cuﬁ}
1. 50 min. .1125 2,81 2,59 .939 101
2e H .1285 3.21 3.30 977 107
2. " <0777 1.70 1.93 612  10¢
. " .0361 468 .805 407 106
Se " 034 Jll2 .625 .221 8¢
9.26 3.155
Run 6 - Anion Membranes - Acld “ashed Resin
Welght of IRA=400 = 25.99 grams
Weight of Dowex-50 = 14,98 grame
Volts = 25§
1. 50 min. 323 8.08 3.055 0 30,
2. " .219 5.47 2.536 " 37.
3. " <14l 4 3.60 1.915 " L2,
L, " .138 3.45 1.739 " Lo,
5. " .119 2.98 1.571 " 4o,

Run 7 - Filter Paper Membranes = Sodium Chloride
Welght of IRA-400 = 25.5 grams
Welght of Dowex-50 = 13.6 grame
Volts = 15
1. L,08 nrs. 0.79 11.8 L4o.6 0

33.
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DISCUSSION

A qualltative look at the experimental runs shows
the electrodialysls nerformed as wss expected. The resls-
tance of the cell was much less than the celles used by
the previous workers to electrodlalyze clays. The reslstance
of the cell increased as the run progressed. The major
increase in resistance came during the early part of the
run and then became almost constant for the remainder of
the time.

The runs were consistent and the values reproducible.
The only consistent irregularity was the high initial cur-
rent efficlency of over 100% but this can be safisfactorily
explained. The run which was made at two different volt-
ages (Run 5) started with the usual high current efflciency
but remained above 100% until the last hour of the run.
The current seems to be a little low in comparison with
the other runs made at about the same voltage. An error
in the current value due to the zero reading of the meter
would explain both the high current efficlency and the low
current reading.

The results of the experimental runs indicate that it
is possiblé to regenerate a mixed ion exchange resin by
electrodialysis. The cost, on a laboratory scale, of thls

regeneration process is of the same order of magnitude as

! the,costior the chemicals necessary to regenerate the com-

:‘q‘pénent res1p§ggfﬁe# §§pgrgt1on. The degree and rate of

L




regeneration accomplished by the electrodialysis process
depended to a large extent on the membranes and electrode
solutions used in the cell,

Electrodlalysis with one anion and one cation membrane
was investigated more thoroughly than the three other meth-
ods. The electrode solutions were N/2 sodium hydroxide at
the anode and N/2 hydrochloride acid st the cathode. Dur-
ing the run water was dissoclated in the resin compartment
and the hydrogen and hydroxyl lons formed exchanged with
the sodium and chloride lons on the resin. The released
chloride ion together with some hydroxyl ion migrated toward
the anode, through the enion membrane, and into the anode
solutiont The released sodium ions together with some of
the hydrogen lons migrated in the opposite direction and
into the cathode solution.

This group of runs, made with one anion and one cation
membrane, were the most satisfactory from the point of view
of current efficlency. The current efficiency for this
group was above 100% for the first hour and became lower
during each successive hour, The rate at which the current
efficlency decreasedwas a function of the cell voltage.

The initlal value of current efficlency greater than 100%
was due to ion exchange between the electrode solutions and
the membranes. The membranes had been treated with a normal
sodium chloride;eolution before they were placed in the cell.

With the strong electrode solutions in contact with the

VL
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membranes there was an initlal exchange reaction between
the membranes and the electrode solutions. This exchange
was not a result of a flow of current. When these ions

due to normal exchange are added to the ions which actually
carried the current, an apparent current efficlency of over
100% resulted.

The effect of a change in cell voltage, and hence cur-
rent, on the current efficlency is not apﬁreciable. The
current efficlency is high at the start of the run and
then decreases. The rate of decresse is greater at the
higher voltages. The run in which the voltage was cut in
half while the run was in progress showed that the rate
of rageneration was prlmarily'a function of the cell cur—
rent and not of the concentration gradient in the cell.

The primary disadvantage of the electrodialysis with
one anion and one cation membrane was the small amo&nt of
sodium which was removed. The number of milliequivalents
of sodium lon which were removed was less than half the
value for chloride ion. |

There was no noticeable change in the ratio of sodium
to ochloride during the runs at least for the length of
runs made in this investigation. It 1s probable that a

very long regeneration time would be necessary 1f the mixed

‘reein were to be completely regenerated. The current effi-

olency during the last portion of such & long run would be

gvﬁt#fl@w@¢5p§¢1€lly¢;oﬁ'tnpfper;od after most of the chloride
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had been removed and only sodium ions were left on the
resin,

From the mobilities of the ions involved in the ex-
change reaction and the experlmental values it should be
possible to calculate the ion concentration in the resin
section of the cell. The amount of material removed dur-
ing an hour 1s equal to the product of the mobility, the
concentration, and the potential gradlent. Using this re-
lationship the average concentration of the sodium and chloride
lons in the resin section can Be calculated. To determine
the concentration of hydrogen ion in cell from the sodium
and chloride ion concentrations, some assumption must be
made as to the concentration of hydroxyl ions. If it 1s
assumed to be zero the minimum hydrogen ion concentration
could be obta;ned. The experimental values obtsined for
the third hour of Run 3 gave the following concentrations;
hydrogen ilon concentration .00184 equivaients per liter,
chloride ion concentration .00275 equlvalents per liter,
and sodium ion concentration .000912 equlvalents per liter.
Since this resin at this point in the run is still prineci-
pally in the sodium form, equilibrium would require a solu-
tion stronger in sodium ion than in hydrogen ion. The cal-
culated concentrations have the ratio reversed with the hy-
drogen ion concentration twice that of the sodium 1ion.

Assuming that these caloulations are approximately correct

3 Ext?ﬁp@ldﬁappéArgthay.the rate of exchange is the controlling

gl
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factor in such dilute solutions. This theory would explain

the low rate of sodium removal.

The magnesium sulfate run which belongs in this first
group shows that the type of salt has little affect on the
current efficiency. The amount of material removed at the
same current will change with the salt as can be seen from
thls magnesium sulfate run. This difference 1s due to the
divalence of magnesium sulfate.

The run with the cellophane membranes and the magnes-
lum sulfate form of the resin was not very satisfactory. The
magnesium and sulfate removed was much lower than the val-
ues for the runs with ion exchange membranes. The current
efficiency was also very low. The anode section contalined
a dilute solutioh of sulfuric acid and at this electrode
sulfate and hydroxyl ions enﬁered the compartment while the
lons leaving were hydrogen ions. The cathode section con-
tained dilute sodium hydroxide and at this electrode mag-
nesium and hydrogen ions entered the compartment while hy-
droxyl lons left it, Of the four types'or runs lhvestigated,
the cellophane run was the least satisfactory.

The run with filter paper membranes was quite similar
to the'cellophane run. The resin was 1n the sodium chloride
form for this run. The anode solution was N/2 hydrochlotie
&cid and ap this electrode chloride‘and hydroxyl ions entered
_thf'e\cpmpqrtment and hydrogep lons left it. The cathode solu-
tion;vas‘N/ZfSOdlumhyﬂroklde. The ions entering this

o
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this compartment were sodium and hydrogen ions while the
lons leaving were hydroxyl ions. It was impossible to
analyze the anode solution for chloride since chlorine

was given off at the cathode. The resin was electrodlal-
Yzed for four hours and no analysis was made until the

end of the run., To determine the amount of regeneration,
the resin was analyzed for chloride before and after treat-
ment, and also for hydrogen ion after treatment of the
resln. The chloride removed was taken as the difference
between the two titrations. No hydrogen ion was found on
the resin after the electrodlalysis. The chloride value
determined in this way might be conslderably in error be-
cause of the difficulty in obtalning a representative sam-
ple of the mix@d resin which had sbout a two to one ratio
of anion resin to c=tion resin. Since no sodium ion was
removed during the electrodialysis this method was not sat-
isfactory.

In order to overcome the difficulty of sodium removal
that was encountered no matter which membranes weré used,
oné run was made on the mixed resin after it had been washed
with hydrochloric acid to'exchange the sodium ion for hydro-
gen lon before the treatment in the cell. The membranes
used in the cell were both anion membranes and thus no cat-
lons could enter or leave the resin compartment., Both elec~-

trode solutions were N/4 sodium hydroxide. This produced

& f1ow of hyaroxyl lons from the eathode seotion into the




resin secticn. The current efficiency of this run was
not very high being about 40% but in spite of this low
efficlency 1t is possible that this technique may offer:
the best method of regenerating the mixed resin. It does
at least offer a method for nearly complete regeneration
without encountering the very low current efficiency that
would occur if sodium were to be completely removed by
the cell. From the point of view of cost, this method of
regeneration has the disadvantage of an acid cost as well
as a power cost. For this reason it is unlikely that the
cost of regeneration by a combination of an acid wash and
electrodlialysis could compete with the cost for chemicals
needed to regenerate the mixed resin after separation
uhless the convenience of regeneration without separation

could overcome this cost difference.
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CONCLUSIONS AND RECOMMENDATIONS

The experimental results indicate that a mixed resin
can be regenerated by electrodialysis. The cost of this
regeneraticn 1s about the same as the cost of regenerating
the mlxed resin by treatment o. the separate resins.

The rates at which the cation and anion resins are
regenerated are not at all equal. The relative rates‘de-
rend on the mobllities of the ions involved in the exchange
reaction. The high mobility of the hydrogen ion reduces
the rate at which the cations are removed from the resin.
The rate of cation removal was less than half the rate of
anion removal with both sodlum chloride and magnesium eul-
fate. This rate difference 1s a distinct difficulty and
must be overcome if the regeneration by electrodialysis 1is
to be successful,

The most promising method of complete removal of both
anions and cations from the resin is the combination of an
acld wash with electrcdlalysis. This acid wash makes pos-
sible a complete exchange of hydrogen for the cation of the
resin, while the eleotrodialysis will remove the anions
from the>resip. Thie method has one disadvantage over the
other methods and that is the added cost due to the cost
of the acld necessary for the wash. This method of regesn-

eration offers many possibilities for further investigations.

1 jThe runs ma@s with one .anion and one cation membrane

heimoﬁt a““igﬁaotory with respect to the current
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efficilency. The primery disadvantage with this method is
the slow rate of removal of cations from the resin. If
this difficulty could be corrected this method of regenera-
tlon would be the most efficient of those investigated.

One possible solution to this problem of slow cation
removal is to change the ratio of anion to cation resin
in the mixture. Instead of using a stoichlometric ratio,
the amount of cation resin in the mixture could be increased
until the rste of removel of the cetions and anions during
regeneration is the same. Except for this first time this
new mixture was used, it would behave asg if the component
resins were present in stoichlometric amounts. The only
trouble this would make on the initial use of this resin
would be to have sections in the bed vhich had a pH other
than neutral.

A chanée in the ratio of cation reein to anion resin
would be a solution to the problem pf cation removal only
1f the rate of exchange of hydrogen ion for sodium ion is
8low enough to be controlling. The previous calculations
seem to indicate that this is actually the case. If equi-
librium is reached in the cell, changing the amount of ocat-
lon resin relative to the anion resin would not change the
rate at which cations are removed from the cell. In the
absence of conclusive evidence of which factor is control-

ling, this method is worth considering.

[




Another possible solution to the vroblem of cation
removal 1s a change of the cation resin used. A change
from a strong acid resin to a weaker one is 1indicated.
The weaker acid resin would hold the sodium less firmly
to the recin and so make possible a better exchange of
hydrogen for sodium 1ion.

The cost of using electrodialysis to regenerate'a
mixed resin is the primary factor to be considered when
comparing this technique with the technlque of separate
regeneration. This cost of electrodialysis 1s about the
same or s8lightly higher than the cost of separate regen-
eration depending on whether an acid was used before the
regeneration. The factors which counterbalance the dif-
ference in operating cost are the difference in equipment
cost, space saving, and the convenlence of not having to
separate the resins before regeneration. The feasibility
of using electrodlalysis as a commercial process will depend
on the balance of these costs but it certainly appears to

be worth additional study and conslderation.
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ANALYSIS PRCCEDVRE

Magnesium. Magnesium was determined volumetrically by
preclpltating it as magnesium hydroxide with excess
sodlum hydroxide. The excess sodlum hydroxlde was
deternined by titration with stasndard acid.

Sulfate. Sulfate was determined by titration with standerd
arlum chloride. A slight excess of barium chloride
was added and then the excess was titrated with potas-
slium chromate.

Chloride. Chloride was determined by the Mohr method.
he sample was titrated with silver nitraste to a
chromate end point.

Sodium. Sodium was determined by evaporating the solu-

tion to dryness and welghing the solid remaining.
S0lid was sodium chloride.

Solutions used:

Run 1 and 2
Barium chloride - .0986N
Potassium chromate - .2274N
Sulfurid acid - .1073N

Sodium hydroxide - .1033N

Runs 3, 4, 5, 6, 7.
Silver nitrate - L0970N
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