Concentration of Sea Water by
Electrodialysis with lon-Exchange Membranes

ABSTRACT

i paper outlines the present technigue of
ntration of sea water by electrodialysis with
ata obtained at several test plunis and reporis
ollowing points af those results obtained at
dawara Salt Experiment Station of the Japan
woly Corporation:

rwly developed pashels which are capable of
1sing the effective area of membranes.

te structure of a spacer which unifies the
n of sea water in the diluting compartment,
by avoiding scale depostt, the greatest obsta-
operelion,

wa showing the effects of temperature and
miration of magnesium contained in brine
the deposit of calcium carbonate.

te showing the effects of current denstty,
srature and concentralion of sea water upon
ancentration and composition of brine, and
power consumption.

uddition, this paper will explesn future prob-
ar to how to decrease the cast of salt produc-
for example, an increase in the operating cur-

density, an improvement of membrane
selectivity to untvalent fons, the uiilization of
oducts, end a combination of ¢ dual purpose
(power generation and desalination) and salt
wiion with son-exchange membranes,

INTRODUCTION

cause fapan has a high annual rainfall and no
raterial other than seawater, salt has been pro-
1 either by obtaining brine from a type of
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sali-field peculiar to Japan and then passing it
through evaporators or by passing seawater itself
through a series of evaporators. The cvaporators
used in either method, which require the removal
of 40 ions of water to obtain one ton of salt, are of
the multiple-effect vacuum or thermo-compression
systems or a combination of both. Recently, we
have succeeded in developing a technigue of con-
centrating seawater by electrodialysis with ion-
exchange membranes. This requires less energy
consumption and results in brine of higher concen-
tration irregardless of weather conditions.

Some salt plants have been producing brine by
mezns of electrodialysis apparatus as well as salt-
fields. The toral quantity of salt in brine cbtained
by the elecirodialysis process at six test plants has
risen to approximately 120,000 tons a year, or
18% of the total quantity of salt produced in
Japan.

The salt industry is governed by the Monopoly
Law from production to sales, and salt research has
been carried out by the Japun Monopoly Corpora-
tion. This paper deals with the present situation
regarding the new concentrating technique, the ex-
perimental results obtained at our station, and the
future problem of decreasing salt production cost.

PRINCIPLE AND FLOWSHEET

The principle of concentration of seawater by
clectrodialysts is shown in Figure I, The apparatus
consists of a sexies of alternate concentrating and
diluting compartments formed by alternate cation-
and anion-exchange membranes. Seawater is intro-
duced to the diluting compartments and an electric
potential is applied between the electrodes, Move-
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ment of the cations and anions, accompanied by
hvdration water, takes place toward the cathode
and anode. Brine can be obtained in alternate con-
centrating compartments through permselectivity
of the membranes.

Diluted sea water
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Figare 1. Principle of concentration by clectrodialysis.

An example of an electrodialysis process flow-
sheet is shown in Figure 2. Seawater is sent to the
sand filter, either directly or after preheating at the
baromeiric condenser connected with the last vac-

Table 1. Characteristics of lon-exchange Membranes.,
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Figure 2. Flowsheer of electradialysis process.

num evaporator. Then, if necessary, the water is
sent to the secondary filter so that any suspended
matter may be removed. It is then passed to diug-
ing compartments where 1t is desalted while flow-
ing upward with a velocity of 486 emfsec. After
being recycled in the system, it is discharged with a
concentration 65-80% that of the seawater sup-
plied. Seawater also 15 introduced to the electrode
rinse compartments, and acid may be added to the
cathade rinse in order to prevent magnesium .
hydroxide precipitation or remove precipiiates in
the compartment. If necessary, brine obtained may
be recycled, before it is supplied to the evapo-
rators, as shown in the figure in order that scale
inhibitor may be added.

ION-EXCHANGE MEMBRANE

The characteristics of conventional Japanese :
ion-exchange membranes {or concentration of sea- -
water are shown in Table 1. Membrane permselec: “72
tivity in regard to certain ions among those of the =2
same charge is extremely important as it has a di-
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rect bearing on the formation of scales on mem-
brane surfzces. In particular, the only way 1o
prevent calcium sulphate scale is by reducing mem-
brane permselectivity in regard to either or both
calcium and sulphate tons. This results in causing
less ionic product of calcium and sulphate than the
solubility product on the surface of the membrane
in the concentrating compartment. Research,
therefore, has been concentrated on development
of membranes of low permselectivity to bivalent
ions, i.e., high permselectivity to univalent ions.
Several firms have succeeded in developing such
membranes, and these have resulted in prevention
of scale formation, an increase in current efficiency
where sodium chloride i concemed, and rapid
progress in concentration of seawater, However, all
require periodic retreatment after being placed in
use.

ELECTRORIALYSIS APPARATUS

There are two types of electrodialysis apparatus
in practical operation; the unit cell type and the
filter press type. In the wndid cell type, a cation
membrane and an anicn membrane are patched to-
gether along their marging to form a bag, as shown
in Figure 3, called the unit cell. The seawater flows
upward between the cells and the brine permeating
into them iz drawn out through the hoses
connected with the brine inside the cells. A mem-
brane stack consists of tens of alternate cells, inter-
membrane spacers and frames. Tens of stacks are
placed on shelves in the electrodialysis box made
of hard PVC, The characteristics of this type of
apparatus are as follows; it is simple in construc-
tion and membrane spacing is relatively wide,
about 1 mm, and therefore plecing of the stacks in,
or removing them from, the box is a simple matter.
Further, the apparatus can operate for a long pe-
riod without being affected by matter suspended in
the supplied seawater. Alr jets introduced through
nozzles in the botlom of the box agitate the sea-
watcr and help to dislodge suspended matter from
the membranes,

In the filter press type, altemate cation and
amion membranes are inserted between gaskets
made: of non-conducting material such as rubber or
PVC, as shown in Figure 4 {Sugi, 1968, p. 10}
Hundreds of membranes, intermembrane spacers
and gaskets, pressed between fastening frames,
form a membrane stack. Scveral stacks are assem-
bled like a filter press. Seawater is supplied to and
discharged from the diluting compartments
through conduits {ormed by a series of holes in

(ation membrane

Brine outlet
\’/ hose
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Figure 8. View of unit cell,

gaskets and membranes. As the apparatus in Figure
4 is for experimental use, it is possible for the brine
in each concentrating compartment to be sepa-
rately withdrawn and not recycled,

In apparatus for commercial use, however, the
brine from the separate concentrating compart-
ments flows out together and ean be recycled hike
seawater in diluting compartwents through con-
duits as shown in the lower part of Figare 5. The
characteristics of the filter press type electro-
dialysis apparatus are contrary to those of the unit
cell type; membrane spacing is narrow, about 0.75
mm, and electric resistance between electrodes is
low but apt to be affected by suspended matter in
the seawater.

In the conventional type of gaskets, the external
dimensions are about the same as those of a mem-
brane and conduits are formed by the holes in
them. If the former is made larger than the latter,
and either or both the holes which form conduits
for seawater or brine are contained in the gaskets
alone, a greater membrane surface area becomes




106

Supph ) )
Cumgariment b oAl
Lmeirane |

Chel, zEd watar
Cathude

Cone. gaaket

A memhiang

d

—

Flezbroge
rd S tmant
./’
'M-_-"'I’:“w*_. _‘;__.._..._1.._ T ~I... ......__k——__.. Oul k=2 water
4 ) _a - Catroce

~-

|

A
: ¥ -l

H
¥

MW FEER

i
Fl [ £
i_TL.....i -
— 3
fas water e i Al
Supaky Faskening
CCRErImENt Fame

Figure 4. Structare of [iker press type appatabus.

available. An example of such gaskets recently de-
veloped is shown in the upper part of Figure 5
(Kaho et al., 1969) where membranes have holes
for brine conduits zlone. This improvement in the
structure of gaskets resulted in an increase of about

Tegereed yp
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Figare 5, Structure of gaskess,
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10% in the effective membrane area and a decrease
of membrane and capital costs In brine production.

In commercial apparatus, the membrane area is
1-1.3m?, and usually a fiter press type apparatus
has 1,500 pairs of membranes (6 membrane stacks,
250 pairs per stack) while the unit cell type has
600 pairs {30 stacks, 20 pairs per stack).

TROUBLES ENCOUNTERED AND
OPERATIONAL DATA

Scale formation. The most important problem
that has to be overcome in operation is scale for-
mation on membranes. Such scale causes not only
an ingrease in the electric resistance but alse ohb-
strocts the liguid flow, leading to scale formation
in adjoining compartments one after another and .
finally blocking operation of apparatus, :

Scale can be classified inte two groups by
causcs: one appears as calcium sulphate or calcium
carbonate in the concentrating compartments .
when the ionic product in brine exceeds the solu- .
bility praduct, and the other appears as magnesium -
hydroxide or calcium carbonate in both the con-
centrating and diluting compartments when
smoath lquid flow is prevented or local overeur
rent caused, leading to pH change in the diluting
compartments {(Hanzawa et al., 1965, p. 47-52).

Calcium sulphate scale, however, gives little
trouble at present because of the improvenent in
membrane permsclectivity. Calcium carbonate de- .
posited due to the first cause was found closely
refated to the concentration of magnesium in and
temperature of brine as shown in Figure 6 (Yama-
moto and Yugi, 1969). However, it can be satisfac-
torily prevented by adding 10-20 ppm of
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lyphosphate to the brine recycled in the filter
255 type apparatus, or by acidifying the supplied
rwater in the unit cell type.

The best way to prevent scale formed by the
:ond cause, he., pH change is Lo have uniform
uid flow mn the diluting compartments. Inter-
:mbrane spacer material research was carried out
th successful results. The stream lines resulting
1en either the recenily developed diagonal net
acer or the conventional honeycomb net spacer
used are shown in Figure 7 {Hanzawa et al,,
)65, p. 16-25).

The diagonal net spacer, molded from poly-
hylene, has one group of parallel strands arranged
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Figure 7. Strocture of spacers and stream fines through thern.
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on another similar group at a definite angle. Com-
paredh with the conventional spacer, the diagonal
net spacer campletely mixes the stream lines with
small [rictional pressure loss. This spacer is
applicable to both types of apparatus, and espe-
clally for the filter press type with narrow mem-
brane spacing.

Deposited matter. Even if sufficient filtration of
scawater and prevention of scale formation are car-
ried out, the apparatus should be stopped for in-
spection after a fairly long period of operation. In
the filter press type, 0.1-0.2 ppm of suspended
matter in the filtrated seawater gradually increases
the frictional pressure loss in diluting compart-
menis, Membrane stacks are disassembled so that
matter deposiled on membranes and spacers may
be wushed off cvery 2-4 months, split membranes
repaired or replaced with others, and the little
quantity of magnesium hydroxide and calcium car-
bonate sometimes deposited on membranes dis-
solved with acid. In the unit cell type, membrane
stacks are not disassembled as often as in the filter
press type. An example of guantity and compaosi-
tion of deposited matter in the diluting compart-
menis of the filter press type is shown in Table 2
(Watanabe et al., 1969).

Since the high permselectivity to univalent ions
of cation membranes, used in both tvpes of apparu-
fus, decreases with time, the membranes are re-
treated when the stacks are disassembled.

Operational data. The first year’s operational
data for two representative test plants are shown in

Table 2. Guantity and Composition of Deposited Matter in Difuting Compartment.

_Samaling part .i.duantit_y of de;;__os’:ted? Rate of deposition Soludle matter for acid (%’) ' _Remarks
; | matter (g/m*)} ! {ma /mh} Fe(OH): | 8.0~10.7 | supglied sz water

Cation memarane . 2,10;’6,27 ‘ 0.24 ignition 0ss . 18.2-~24.7 | suspended matter:0.1ppm
Apion membrane 3.34/8.27 f 038 the others 9,1: *30 Howrate: 1201k [4em/s)
Spacer 14.11/6.60 1.54 é;—sut':totai 371 ~45.7 | gperating time: 1.392hrs
Total e 216 " nsoluble matte 94

Y 0.28/010 2.00 moisture | 1.3~ 2.7 !
Lation (2) 854/062 063 ignition loss | 15.4~16.7
MEMILAe (3 144/563 - 0.18 5105 24.3~27.8

_ 15 0.25/06.10 179 |Fe,0s 17~ 21
Anior 2y o782 0.01 Al; O,  65-12.3
membrane |3y 3265663 | 0.42 ‘the others | 0.9~ 4.0

{1, 1apin 7.48 ' subtotal 54.3~62.9 | (1 Yliquis dsstribution siots

Spacer (2} 459/0.65 5.09 CH(2) lower part

3 1000/593 | . o1

(3) vgper osrt.
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Tahle 3. Operational Data at Test Plants.

(.‘,urremF Supplied sea water Product brire tlectric power ;
Test density | temperature i concentration oH | -""-::_5:1ceniratichﬁmujmanquantity consumption f
et I 7 N/CI [ N/CH T N/NeCt | 101 [10°/NaCT | KWH/TRaC E
A | 361 223 0456 7.2 ) 321 | 285 [ 1981 3299 295
K 169 232 . 0500 55~67 | 334 ‘ 285 | 1396 2328 293

Table 3. Plant A has & units of filter press type
apparatus, and one unit, about 1,500 pairs of mem-
branes without backing, has been operated at a cur-
rent of about 3604 and a potential of about 650V
Plant K has 16 units of unit cell type apparatus,
and one unit, sbout 600 pairs of membranes with
backing, has been operated at about 200A and
250V. The operation in these plants has been per-
formed with safety and stability.
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Cost of salt production

Totat cost

FUTURE PROBLEMS

Current denstly. Before discussion of future
problems, the relation between current density and
the cost of salt production will first he considered.
The cost of salt production consists of coneentra-
tion cost and crystallization cost. And the concen-
tration cost reaches a mininyam at a certain value
of current density, i, (Wilsen, 1960, p. 234-243). -
On the other hand, the concentration of brine
obtained increases with cunrent density, and both “
the degree of evaporation required for crystalliza- ~ ~" = Amortization
tion of brine and the crystallization cost gradually o0 :}(‘ +Membrare re:;alacement
decrease. Therefore, the cost of salt production W‘?“‘\@‘\ﬁ‘/ “‘s._‘__'ﬁ_ ‘
also reaches a minimum at a certain current den- ‘faoifi"’/’ T e

sity, 73, as shown in Figure 8. In the figure, 7y s PR

larger than i, Please note that as a precautionary < ! ;

move, the operating current density is being kept Lo s

at less than iz, while it is considered that onc of Current censity

the best ways to decrease the cost of salt produc-

tion is to increase Che t':pcrating current dgnsity, l'figurl'.' 8. Relation between cost of sajt production and current den-

althaugh it may be necessary when doing this to itk

carry out further action to prevent increased scal-
ing caused by pHchange.

Permselectivity of membranes. Among improve-
ments made in membrane characteristics, perm-
selectivity to univalent ions is the most important.
Some membrancs of late have resulted in brine in
which sodium chloride accounted for 90% of all
salts contained therein on a weight basis. This re-
sulted in increases in effective cwrrent and brine
output, and in reducing scale prevention in the
crystallization process because of less scale compo-

. sition in brine. However, one problem is that the

Conceniration cost
=(D+ @+others

permselectivity imparted o membranes through
re-treatment becomes ineffective in several months:
after each treatment. Also, special care must b
tzken during the evaporation process to avoid de-
posits of potassium chloride. {Matsuo and Tenjin
1967, p. 90-98).

st prices of energies. The concentration proc--
ess requires ILC. power for electrodialysis and &
little A.C. power for motors. The crystallization
process requires steam for evaporation and a littl




weration of Sea Watar by Electrodialysis

- power for motors. Therefore, it is planned to
ce unit prices of required energies by generat-
2lectric power as well as stcam with an extrac-
or a back pressare turbine in the salt plant
.
emperature and concentration of supplied sea-
or, Blfects of temperature and concentration of
ied seawater on voncentration characteristics
wwn in Figare 9 {Kaho et al., 1969). The ¢f-
s of temperature and concentration of seawater
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e 9. Effecty of temperature and conceniration of supplied sea-
i1 of concentration characteristics.

wceled each other out and the concentration and
intity of brine was not changed, but electric
wver consumption sharply decreased. It is be-
red that higher temperature and concentration
uld make operation at higher current density
isible and considerably decrease the cost of salt
sduction, with little effect on the life of mem-
nes at temperatures of up to 40°C. Although it
10w impossible 1o obtain such concentrated sea-
ter commercially, it will be easy in the future

109

when desalination of seawater by the flash
evaporation process i realized. This suggests the
necessity for combination of a dual purpose plant,
for power generation and desalination, and a salt
plant with ion-exchange membranes.
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