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ABSTRACT

Cyclic electrodialysis is a novel separatién process in which a
modified membrane stack is operated in a periodic unsteady-state manner.
Repeated reversals of polarity could avoid the main problems encountered in
conventional electrodialysis; fouling and scale formation on the membranes.

In cyclic electrodialysis the standard electrodialysis stack is
converted into an adsorption-desorption stack with only one set of flow
channels, the other set being replaced by -storage compartments. These
compartments are in.the form of three-layer membranes consisting of au
anion and a cation selective membrane enclosiné a core of non-selective
material. The depleted and enriched products are produced successively
in the single set of channels instead of simultaneously in édjacent’channels.
The process is potentially applicable for commercial desalination of brackish
water to make it potéble, to remove harmful ions from discharge waters,
or to concentrate ionic solutions for recovery of valuable materials.

Previously reported experiments with aqueous NaCl solutions in a
closed (batch) system showed that a large separation factor could be obtained
in cyclic electrodialysis. Batch operation is somewhat analogous to total
reflux in distillation. The present work extends the earlier work to
potentially more useful operating conditions in which feed is supplied and
product removed.

A constant-rate model has been developed for the process and used

extensively throughout the work as a simple and efficient tool to compare
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various operating cycles and modes of operation. Séattered articles
in the literature on the resistance of an electrodialysis.stack have been
compiled to develop a stack resistance model. Good agreement was obtained
between the model predictions and measured values of resistance.
Experimental apparatus is described and the effects of the following
eight system parameters are reported:
(1) Demineralizing path length
(i1) Production rate
(iii) Pause time
(iv) Applied voltage
(v) 1Initial concentration
(vi) No-pause operation
(vii) Pure-pause operation
(vii) Semi-symmetric 6peration
Large separations were achieved for asymmetrical paused operation with
loﬁg demineralizing path, long pause time, high applied voltage, low feed
concentration and small production rate. Despite the strong trade-off
between production rate and separation, a separation factor as high as 50
was obtained at the highest production rate used. This value is highex
than that obtained in commercial plants currently in use.

The process looks promising and is worth further consideration.
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CHAPTER 1

Introduction and General

Water is the most important chemical compound on Earth. When men
settled down to agriculture and farming, they built their héuses near
potable water resources, such as rivers and lakes. Increasing the size
of settlements augmented the needs of fresh water sup?ly. The thevuvetical
minimum water requirements, including agricultﬁre, to sustain human 1life
are about 1,1 m3 per person per day, assuming that man can live on hread
alone. The introduction of 0.5 kg of animal fat and protein to the dier
increases the water requirement for subsistence to about 9.5 m3 ner person
per day (Bradley, 1962). Increasing demand for water caused by the rising
standard of living and by the increase in population, irresponsible wasting
of water in many large cities, and above all pollution of natural water
reserves with industrial waste and sewaée, have brought many regions in
various countries close to the critical point where existing resources can
no longer satisfy the growing demand. The situation will become worse if
adequate means are not adopted in time.

Although the annual precipitation on Earth's surface might be
sufficient, the uneven distribution of rainfall does not meet the human needs

in all regions of the world. In several arid areas, existing water

resources are saline, exceeding the limit of potable water which is set as



500 mg/l for total dissﬁlved solids. Actually there are many communities
in various countries whiph are still supplied with water containing over
lObO mg/lltotal dissolved solids and sometimes up to 3000 mg/l. For such
brackish and similar polluted waters treatment by distillation is not
economically feasible and efforts have been made to resort to other processes
such as electrodialysis. However, conventional electrodialysis has achieved
only partial success in brackish water demineralization despite many theo-
retical advantages it offers over other processes. Under steady state
operation, conventional electrodialysis is subject to mud and scale build-up
on the membfane surfaces which may hinder the transfer of ions through the
membranes, thus decreasing the capacity of the unit. The deposit may
partially block flow channels, increasing pumping cost, and may react with
and damage the membranes, reducing the selectivity and efficiency of the
separation (Matz, 1965 and Korngold, 1970).

Periodic current interruptions and/or reversals have been employed
in standard electrodialysis plants to reduce polarization effects and
vdeposition of particulates on the membranes (Matz, et al., 1962; Calvit and
Sloan, 1965). Based on cﬁrrent reversal technique, Lacey (1965, 1968)
invented an~e1ectrosorption stack of mugh simpler construction than con-
ventional electrodialysis stacks. Electrosorption can be considered as a
one-cycle process without'reflux. This idea was further modified and
developed into cyclic electrodialysis by Thompson and Bass (1972, 1974).
Cyclic electrodialysis is a cyclic separation process which applies the
periodic flow-reversal technique to an electrically driven electrosorption
stack. The process has a wide field of potential applications such as:

i) Brackish water demineralization

ii) Brine production from sea water



iii) Radioactive waste decontamination
iv) Selective separation of monovalent salt from divalent and other
polyvalent salts
v) In the food industries it may be used for desalination of cheese.
whey and de-acidification of orange juice and treatment (mainly de-ashing)
éf sugars and syrups and related compounds

‘vi) Other potential applications outside the food industry concern
the treatment of leach solutions in' metallurgy, waste pickle-liquor recovery
and waste sulfite-liquor recovery.

Although cyclic electrodialysis may be most economical for the
conﬁersion of brackish waters (up to 10,000 ppm) to potable water of 500 ppm,
nevertheless specific conditions can create other situations when the process
could become unexpectedly economical. For example, there seems to be a
large poténtial demand for éea water conversion on the 2-5 m3/h scale for
tourist resorts. In these cases, the amortisation and interest charges tend
to be very high and the utilisation factor is often as low as 33% per annum.
Capital cost is therefore overwhelmingly the most importént factor, and it
appears that the progess'may provide the cheapest capital plant for meeting
these requirements, although, at this salinity level, the power cost of
cyclic electrodialysis would be higher than the other competitive processes.

Cyclic electrodialysis has beén investigated in a closed system and
separation factors of several hundreds were reported for most of the runs
wifh aqueous sodium chloride solutions (Bass, 1972). The present work is
an extension of the previous work to an open system which represents a more
useful ﬁode of operation. The.main objectives are to analyze the potential

of the cyclic process on a continuous basis and to investigate systematically



the effect of the various design and operating parameters on the performance
of the process. The present program makes a rather extensive study and
exploration of the system within the design parameters and it provides
information that should be useful in further study and in optimizing the

system.



CHAPTER 2

Theory and Review

2.1, Desalting Processes

Desalting techniques potentially useful as commercial separation pro-

cesses may be classified into two general categories, as shown in Table I:
a) Processes that remove pure water from solution
b) Processes that remove salts from solution

The most developed process in category (a) is distillation. Freezing
is a process currently being developed, while hydrate formétion is still in
the experimental stage. Reverse osmosis, after a long period of membrane
development, is entering the field of commercial operation.

The latent heat for changing phase is an important factor in the
overall economics of distillation processes while the degree of salinity of
the raw water is of little importance. This process is therefore equally
suitable for desalting seawater or brackish water. The same applies for
freezing. However, the feed congentration is important in reverse osmosis,
as the reﬁuired counterpressure dépends greatly upon the salt content of
the raw water.

The most developed process in category (b) is electrodialysis, and
work has been done with ion exchange. The economics of these processes
depends closely on the salt content of the raw water, which determines the

amount of electric power required, or the consumption of chemicals needed



Table I Classification of Main Desalination Processes

Processes that Separate

Water from Solution Salts from Solution
1. Distillation 1. Tonic processes

Vertical tube evaporator Jon exchange

Horizontal tube evaporator Electrodialysis

Multi-stage flash evaporator Transport depletion

Vapor compression Osmionic

Solar evaporation Piezodialysis

Electrochemical

Biological Systems

2. Reverse osmosis 2. Other processes

Liquid-liquid extraction

3. Cryétallization

Freezing
Hydrate formation




for the regeneration of the resins. Hence, these processes are more
suitable for the purification of brackish waters.

Table II shows the number and capacity of plants by process and by
geographic location. (O'Shaughnessy, 1973). Multi-stage flash evaporation
accounts for 65% of the total capacity of the distillation plants. Two
regions which represent large centres of desalting are the islands in the
Caribbean Sea, and the Middle East, inclﬁding countries around the Persian
Gulf,

A listing of most electrodialysis plants having a capacity of 100,000
gpd or more is given in Table III. It has also been reported that approxi-
mately 300 electrodialysis plants have been constructed and installed in the

U.S.S.R. (Lynch and Mintz, 1972).

[

2.2. ‘Some Economic Aspects of Selective and State~Change Processes

Selective processes such as electrodialysis achieve separation without
a change of phase of any component in the system. Such processes have
economical advantages over state-change processes such as distillation and
freezing. -

The methods of separation that rely on a change of state involve a
high rate_of energy circulation in the system, because the heat of fusion
or vaporization of the solvent must be supplied. In general, this energy
is many times larger than the energy theoretically needed to separate the
salt from the solvent; and the energy required for vaporization or fusion
must be recovered and reused té make such processes practical. The losses

and inefficiencies in any system tend to be proportional to the energy



Table II Total number and capacity of desalting plants exceeding 25000 gpd (95 m3/day)*
P = plants number; a = data in 1000 m3/day; b = data in Mgd.

Geographic Total Electrodialysis Reverse Freezing Total desalination
Location distillation plants i y Osmosis Processes plant capacity
P a b P a b P a b. P a b P a b A

United States ... 281 161.7 42.7 15 21.6 5.7 24 9.1 2.4 1 0.3 0.1 321 152.7 50.9 14,63
U.S. Territories 16 47.8 12.6 o1 0.3 0.1 17 48.1 12.7 3.65
N. America except

U.S. cevennnren 13 32.5 8.6 1 1.1 0.3 14 33.6 8.9 2.56
South America ... 24 18.5 4.9 2 1.9 0.5 1 0.40.1 27 20.8 5.5 1.58
Caribbear .

Islands ....00. 37 99.2 26.2 1 0.1 0.1 1 1.1 0.3 39 100.4 26.6 7.65
Europe '

Continental ... 102 174.9 46.3 12 16.3 4.3 2 0.2 0.1 1 0.4 0.1 117 191.8 50.8 14.60
England and

Ireland ....... 63 59.8 15.8 1 0.1 0 64 59.9 15.8 4.54
U.S.S.Rs cuene vee 12 111.7 29.5 1 0.1 0 ' 13 111.8 29.5 8.48
Asia ceiiiiiienns 29 21.2 5.5 4 3.4 0.9 . 33 24.6 6.4 1.84
Middle East and - :
. Persian Gulf .. 77 405.0 107.0 18 8.7 2.3 1 0.10 96 413.8 109.3 31.41
Africa ..ievnnns . 55 92.8 24.5 10 '22.0 5.8 . 65 114.8 30.3 8.71
Australia ....... 5 4,5 1.2 1 0.1 0 6 4.6 1.2 0.34
Total Plants .... 714 61 33 4 812
Total Mgd «venve 324.8 18.7 : 4,0 0.4 347.9
Total 1000 m>/day 1229.7 70.8 15.0 1.4 ' 1316.9
Plants Z .veene.s 87.93 ©7.51 4,06 0.49 100.0
Capacity Z ..e.un 93.36 ' 5.38 1.15 0.11 100.0 100.0

. . ]
* From 0'Shaughnessy, F. . "Desalting Plant Inventory Rept. No. 4 (1973), ed. by the U.S. Office of Saline Water.



Table ITI Large Electrodialysis Plants - Over 100,000 gpd*

Feedwater
Plant Location Actual or Planned Salinity Manufacturer Capacity
Year of Start-up ppm gpd
Brindisi, Italy 1971 2,000 Ionics 1,300,000
Buckeye, Ariz. 1962 2,200 Tonics 650,000
Pantelleria, Italy 1971 4,500 Ionics 265,000

Siesta Key, Fla. 1969 1,300 Ionics 1,500,000
Aramco, Dhahran, Saudi Arabia - 1961 2,700 Ionics 115,000
Bahrain Petroleum Co., Bahrain, '

" Persian Gulf 1964 3,150 Ionics 100,000
Anaconda Copper Co., Chile 1970 2,200 Ionics 265,000
Industrial Co., Tex. 1969 2,500 Ionics 880,000
Automobile Factory, Bari, Italy 1970 2,000 Ionics 530,000
U.S. Army N.M. 1970 3,100 Ionics 100,000
Al Saudi Co., Al Khobar, Saudi Arabia 1967 2,800 Ionics 100,000
Gillette, Wyo. 1971 2,500 Ionics 1,500,000
Port Mansfield, Tex. 1965 2,400 Ionics 265,000
Ras Gharib, Egypt 1971 Ionics 113,000
El Adem, Libya 1971 Ionics 170,000
Bahrain Hospita, Bahrain 1971 K Ionics 105,000
Benghazi, Libya Under construction 2,000 Wm. Boby Co. 5,000,000
Moshabei, Sadeh, Israel 1971 2,300 Tahal Consulting 1,250,000

Engineers
Heinekens Brewery, Rotterdam, :
Netherlands 1968 1,100 Wm. Boby Co. 177,000
Zliten, Libya 1968 4,400 Wm. Boby Co. 105,000
Kazakstan, U.S.S.R. Under construction Unknown 500,000

* From Lynch and Mintz, J. Am. Water, 64, 711 (1972)
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circulation; and, to a first approximation at least, the energy needed to
operate a distillation system will be a definite fraction of the heat of
vaporization of the solvent and independent of the amount of solute present
(Shaffer & Mintz, 1966). On the other hand, processes that are bzsed on
selective transport require energy at a rate that varies with the theoretical
minimum energy (Helmholtz free energy) needed to produce a desalted and
concentrated stream from a saline feed water i.e. while the salinity does not
affect the practical energy requirements for a process such as distillation,
it does make a great deal of difference to a process such as electrodialysis.
For further discussion on theoretical and actual energy requirements for a
desalting process refer to Appendix F.

The energy losses in the selective transport systems arise primarily
as a result of the desirevto maintain practical prodﬁcfi&n rates; thus
necessitates the use of substantial driving forces instead of infinitesimal
forces, which would cause the processes to take place slowly and reversibly.

The net result of these considerations can best be seen by examining
Figure 1, (Shaffer & Minrz, 1966) which compares the energies actually
requiredbfor distillation and electrodialysis with the theoretical require-
ments at various salinities and fixed blowdown and product specifications.

According to this graph distillation is more economical for de-=
mineralizing high-salinity waters while electrodialysis is more attractive

for brackish waters up to about 10,000 ppm.

2.3. Electrodialysis

Electrodialysis is a selective transport process, in which the
partial separation of the components of an ionic solution is induced by an

electric current. The separation is accomplished by placing ion selective
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membranes across the path of the current flow. The process takes advantage
of the ability of the membrénes to discriminate between differently charged
iqns and the origin of separation lies in this membrane's selectivity. |

If non-selective membranes that are permeable to ions (e.g. cellophane)
are used in electrodialysis processes, electrolytes can be separated from
non—-electrolytes. On the other hand, with membranes that are more permeablg
to univalent ions than to multivalent ions, electrodialysis can be used
to simultaneously separate and concentrate univalent ions from solutions
containing miktures of uni- and multivalent electrolytes.

Electrodialysis differs fundamentally from the great‘majority of
electrochemical processes in that it does not utilize the electrode ~
reactions. Electrodes do, of éourse, have to be incorﬁbrated in an electro-
dialysis plant, but they serve the purely ancillary purpose of applying
the EMF. They are in fact a neéessary evil, since they involve a great
deal of extra complication in the design énd operation of the plant.

A pioneer book on electrodialysis, edited by Wilson (1960), describes
the process and the use of ion exchange membranes in water desalting.
Chapters in books by Tuwiner (1962), Spiegler (1962, 1966 a), Sporn (1966),
Popkin (1968) and Kuhn (1971) also describe electrodialysis mainly as a
desalination process. Lacey and Loeb (1972) consider various applications
of the process such as concentration of electrolytes in dilute solﬁtions,

. processing of cheese wﬁey and recovery of constituents from pulping liquors.
Recently Hwang énd Kammermeyer (1975) have reviewed the process.

The electrodialysis process uses cells consisting of many (at least
three) compartments formed alternatively by an anion exchange membrane and
a cation exchange membrane placed between an anode and a cathode és shown

in Figure 2.
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The saline water feed ié pumped through the compartments of the
membrane stack and, when a direct current potential is applied, cations .
migrate toward the cathode and anions migrate toward the anode. Cations
pass easily through the cation-permeable membrane and are blocked from
further transfer by the anion-permeable membrane. Similarly,_anions have
free passage through the anion-permeable membrane and are stoéped at the
cation permeable membrane. As a result the adjacent cells become alter-

nately diluting and concentrating compartments.

2.3.1. Electrodialysis Stack

The essential elements of a membrane stack are:
(a) a large nuﬁbef”of ion-permeable membranes arranged in the
correct order,
(b) gaskets and spacers to provide sealing between compartments
and to maintain proper distances between membranes.
(¢) manifold systems to direct feed, product and waste streams
into and out of the compartments without leakage.
(d) electrodes and conductors.
(e) a pair of strong presses to hold the above-mentioned parts in
place.
The multicell electrodialysis stacks are normally assembled in the
same fashion as a plate-and-frame filter press (Figure 3).
In additidn to the stack, which is the actual part that effects the

desalination, electrodialysis plants consist of:

I Hydraulic equipment and auxilaries such as pipes, pumps, valves,

filters, raw water supply, concentrate disposal.
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IT A power supply with transformers and rectifiers and associated

electrical and control instrumentation.

2,3.2, Stack Size and Capacity

(1) Cell size

Electrodialysis cell dimensions are limited only by the availability ‘
of suitably sized membrane sheets and the practicability of handling the
gaskets and membrane materials. Weiner and co-workers at the University of
California have developed a 10-foot-long stack to study polarization effects
(Weiner, et al., 1964).

In order to inérease desalination and to reduce operating costs, the
area of each cell-pair sﬁould be as large as practicable. One of tﬂe size
limitations is the fact that membrane stacks mneed, at periodic intervals,
to be dismantled in order to remove solid deposits formed during operation.
It is mecessary that the stack should be relatively small in order to be
conveniently handled. In addition, large size membranes which are generally
mechanically weak, tend to tear and break more readily during handling.

The practice today is to limit the unit surface area to a maximum of
about 2m2 (2 by 1 meter), and to deSign the stacks to comprise a number of
relatively small sub-units to facilitate handling. The largest cell in
commercial use up to 1974 was 150 x 50 cm.

(ii) ©Number of Cell Pairs

A cell pair is the repeating unit in an electrodialysis stack. It
consists of a diluting and a concentrating compartment together with a
cation- and an anion-permeable membrane. |

Tﬁe number of cells in a stack is mainly limited by engineering

considerations such as:
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(a) the total voltagé that can be safely applied,

(b) the size of the manifold that can distribute flow evenly
into each flow channel,

(c) the structural stability of the stack,

(d) the ease of assembly and repair.

Since the failure of a single membrane can impair stack performance,
the number of membranes in a stack is limited by the life or reliability of
the membranes and the anticipated frequency of other service requirements.
The requirements for staging.also make it desirable in some cases to have
several small stacks rather than one large one. Usually several small

subassemblies or '

'packs' containing about 50 cell pairs (100 membranes) are
used. These packs are then.used as the building blocks for a plant of the
required size. As many as 10 of these packs cah be placed into a single
press. A single set of eleétrodes may be used for the entire assembly,

or several electrodes may be used to provide electrical staging.

(iii) "Stack Capacity

The desired product salinity is achieved by passing'the feed liquid
through several stacks in series,-while desired plant throughput is
obtained by operating several electrodialysis paths in parallei.

The largest stacks in operation in 1970 handled dilute flows of
about 250,000 éal/day. For larger production parallel arrangement of these
stacks was planned, rather than scale-up of single stacks. The largest
electrodialysis desalting plant in the world is in Benghazi, Libya, con-
structed by William Boby and Company, England after 1972. It has a
production capacity of 5 x 1064ga1/day as shown in Table IV. The plant has
16 parallel trains each of 2 stacks in series, each stack with a capacity of

about 310,000 gal/day.



Table IV Technical details of Benghazi (Libya) and

Siesta Key (Florida) Electrodialysis Plants¥*

18

Benghazi Siesta Key

Stage 1 Stage 2
Rated output, m3/h net 800 188 310
Waste water, % of output 8 17
Raw water, ppm total dissolved solids 2,000 1,300
Number of parallel trains’ 16 7 12
Stacks/train 2 2
Total number of cell pairs 9,600 4,200 7,200
Total membrane area, m2 15,000 3,900 6,700

* From Solt, Chap. 12 in Kuhn (ed.), "Industrial Electrochemical Processes"
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2.4. Membrane Technology

An ion-exchange membrane is an ion exchanger in sheet form and its
physical chemistry is to a large extent also the physical chemistry of ion
exchange resins.

Ion exchange resins consist of two principal parés: a structural
portion or a backbone (a polymer matrik) and a functional portion 0? an
ion-active group. ‘The synthesis of an organic ion-exchanger involves the
chemical substitution of an ion-active group and a polymerization reaction.,
The substitution may precede the polymerization or vice-versa.

Most ion exchangers éurrently in large scale use are based on

synthetic resins, usually pblystyrene [RO - (CH2 - (|1H)n -~ OR] copolymerized

. ¢
with divinylbenzene [C6H4 (CH:CHZ)Z] to provide the requisite amount of

cross linking. The functional group may be acidic or basic with different
degree of strength of acidity or basicity.

'Strongly-acid (catipnic) resins generally contain bpund sulfonic acid
groups ﬁ—SOon),.while strongly basic resins (anionic) contain quaternary
ammonium groups fixed to a polystyrene-divinylbenzene matrix (Pepper, et al,,
1953).

Some jon-exchange membranes are made by mixing ion—exchénge resins
with a polymeric binder and casting or extruding a sheet from the mixture,
while others are manufactured by methods that exactly parallel the production
of ion—exchange.resins - i.e. styrene and divinylbenzene are copolymerized
in sheet form, and the resulting structure is then chemically treated to
give the sheet ion-exchange properties. The details of methods for making

ion-exchange membranes have been reviewed by Wilson (1960), Friedlander and
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Rickles (1966), Lacey (1972), Chiolle, et al. (1973) and Laskorin, et al.
(1973). An excellent summary of preparative methods found in the U.S.
Patent literature is given by McDermott (1972).

An industrially useful membrane should have the following properties:

1. High ion selectivity - cation-permeable membranes should
exclude the passage of anions, and vice-versa.

2. Low electrical resistance - permitting a free flow of counter~
ions through the membranes at low energy requirements.

3. High mechanical strength - toughneés, flexibility, and crack
resistance are important, not only to the service life of the membrane, but
also to construction, servicing and, therefore, the cost of electrodialysis
plants.
| 4, High chemical stability - resists h&drolytic, oxidative, and
other forms of degradation.

5. Resistance toward fouling by scale deposits and plugging by large
polyvalent organic ions present in the solutions to be treated.

The properties of a number of commercially availablé ion-exchange
membranes have been tabulated by Shaffer and Mintz (1966) and Lacey and
Loeb (1972).

A bibliography on membrane technology, pertaining to saline water
desalination and ranging froﬁ 1908 to 1962 has been compiled by the Office
of Saline Water .(Mangan, et al., 1963). A comprehensive review of the
physical chemistry of ion-selective membranes has been given by Malherbe

and Mandersloot (1960).
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2.4.1, Membrane Selectivity

One of the basic charactéristics of an ion-exchange membrane is the
selectivity, which is defined as the ability of the membrane to distinguish
between oppositely chérged species leading to the preferential uptake of
counter-ions and exclusion of co-ions. Counter-ions and co-ions are the
mobile ions possessing charges opposite and similar in sign respectively
to the membrane fixed ioms.

When a cation-selective membrane is immersed in an electrolyte
solution the cations in solution will enter into the resin matrix and
replace the cations present, but anions are prevented from entering the
matrix by the repulsion of the anions affixed to the resin. The opposite
phenomena takes place when an anion selective membrane is immersed in an
electrolyte solution; the fixed cationic groupé permit intrusion and
exchange of anions ffom an external source, but exclude cations. This

type of exclusion is called Donnan exclusion.

(i)  Permselectivity
Selectivity is usually reported in terms of permselectivity, P, which
is the increase in transport number over the value in free solution due to

the presence of the membrane and it is given by:

where:
E, t = transport numbers of counter-ions in membrane and in free
solution respectively
(t-t) = increase in transport number over the value in free solution
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(1-t) = the maximum possible increase or the increase that would be
observed in the case of an ideally selective membrane.
Both p and t are functions of concentration. They decrease as the
external electrolyte concentration increases as shown in Figure 4.

(ii) Donnan Exclusion

According to the Donnan principle the chemical potential of the salt
in the solution external to the membrane must be equal to the chemical

potential of the salt inside the membrane, i.e.

2 - -2
RT 1n a, = vAp +RT ln a, (2)

where:

o 51 are the ionic activities in free solution and in membrane
phases respectively

v is the partial molar volume, cm3/mole

Ap 1is the difference in internal pressure between the mem-

1

brane and the solution phase called the "swelling pressure'

of the membrane

The pressure-volume term arises from the free energy change due to the
difference between the osmotic pressure of the solutions inside and outside
the membrane (Wilson, 1960). In the absence of large pressure differences
between the interior and the external phase, the Donnan principle requires
that:

)\H'

(a, = @Y. @)Y (3)

where:
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a, are the ionic activities
v's are the stoichiometric coefficients for electrolyte Mv+xv—

and the barred symbols refer to the membrane phase.

For uni-univalent electrolyte, v+ = v- = 1.0, and Eq.(3) reduces to:
2¢ ¢, = yE ¢© 4
L e TR ERs U ()

\
where v = vt + v-; subscripts j and k refer to co-ion and counter-ion res-
pectively.

Since both the solution and the membrane must be electrically neutral,

this requires that:

In membrane; Ck = Cj + Cx (6)

= (
X Cj C (7)

In solution; C

where Ex is the fixed ion concentration in the membrane.

Substitute Eqs.(6) and (7) into (4) and replace activities by

concentrations:
c.Cc, = C. (C, +C 8)
5 Ck j ( j x) (
Assume E. +C = C_ then
. j X X
- 2
c, = = (9)
j C
X

Eq.(9) shows how the selectivity of a membrane is affected in opposite
directions by the external salt concentration, C, and the fixed-ions con-
centration in the membrane, Ex' The higher the concentration of fixed ions,

the greater the selectivity (Ej >~ 0 as Ex + ») ywhile (Ej -+ C as C » Ex).
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In a typical electrodialysis system, the concentration outside the
membrane may ranée from 0.001 to 0.1 m, while it is usually possible to
make the molality inside the membrane fall in the range 1 to 5 m. Acgord-
ingly Eq.(9) guarantees that 2 x 10—7 < Ej < 10_2 (Shaffer and Minté, 1966).
From Eq.(9) it is clear that the current carried by some ions in the system
can be made very small, In the extreme case of ideally selective membrane
the co-ions are completely excluded and the whole current is carried by the
counter-ions alone through the membrane.

Figure 5a shows a negative membrane (cation-exchanger) in sodium
chloride solution and it illustrates the basic operating principle involved
in all eleétrodialysis processes i.e. on the left side the electric current
carries sodium ions to the membrane at the rate t + i/F and these ions
disappear across the membrane at the rate t + i/F where F is Faradays
constant and i is the currenf density. The net reéult of the passage of
1 Faraday is the removal of E+ - t+ = 0.6 mole of salt from the solution
immediately adjacent to the lefthand face of the membrane and the appearance

of a like quantity (t_ - E_ = 0.6) in the solution adjacent to the righchand

face.  (For sodium chloride, t+ = 0.4 and t_ = 0.6).

2.4,2, Membrane Polarization

Concentration polarization at the surfaces of the ion-exchange mem-
branes liﬁits the current density and the production rate in an electro-
dialysis unit. Polarization is a natural result of the separation mechanism
and it increases as the selectivity of the membrane increases; there is no
way to prevent concentration polarization other than by stopping the current

flow. Due to the differences in the transport numbers of ions in the

solutions and in the ion-exchange membranes two boundary layers with
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opposite concentration gradients are formed at the opposite sides of each
membrane (Figure 5b).

In a well-stirred system the film model (Nernst layer model) can be
adopted and. the concentration gradient on the dilute side approximated by

L
CD - Cm where

$

N}
CD’ Cm are the concentration of the bulk solution and the
concentration at the membrane surface respectively

§ is the Nernst film thickness

In a steady state operation, the rate of arrival of salt at the
membrane~solution interface must equal the rate of removal of salt i.e. at

a cation-permeable membrane we have:

t, -t
+ + AC ’
—— = = 1
zF 1 D s - (10)
where D = lateral diffusion coefficient across boundary layer

AC

CD>_ Cm

valence

N
I

In the limiting case when C; -+ 0, AC » CD; the corresponding limiting

current density, ilim’ is given by
_  2FDC :
i].im B _E—%— %’ (11)
+ T+

Polarization is a result of'mass transfer limitations adjacent to the
membrane-solution interfaces. It occurs when ion depletion by electro-
dialysis exceeds the rate of ion diffusion into the boundary 1ayer.from the
bulk solution, and it becomes éppreciable when the bulk solution concentration
CD, is low and the diffusion layer is thick so that the concentration

gradient ié low.
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(i) Consequences of Polarization

In practice a considerably lower current density than ilim is used.
As C; approaches zero the resistance increases and efficiency drops
tremendously. The concentration of H+ and OH ions in an aqueous solution
is about 10--7 mole/liter, and the mobilities of these ions are 3 to 5 times
greater than.the mobilities of the other common ions. As sooun as C;
approaches 5 x 10-6 mole/liter, an appreciable amount of current will be

carried by hydrogen and hydroxyl ions. This results in the following

effects:

(1) An enormous increase in the power consumption due to:
(a) More current flowing per ﬁnit of salt removed e.g. 1if
(uNa+)(C) = (UH+) 1077 where u is the‘ionic mobility then
Na+ and H' ions will transfer at equal rates. In this case
even an ideal membrane would function with an effective
current efficiency, Nps of only 50 per cent, because H+
transfer does not contribute to desalting.
(b) More energy dissipation in the boundary layer resulting
from the poor conductivity of nearly pure water (kHZO =
4 x 10 o ! ™).
(c) The energy required to jonize the water moleculeg
(dissociation energy of water splitting).
(d)  An increase of the back emf's due to polarization layers.
(2) Deviation from neutrality in the poiarized layer or the
alteration of the pH's of the process streams. Acidity can develop on the

cathode side of cation-permeable membrane and alkalinity on the anode side

of anion-permeable membrane. As most brackish waters are nearly saturated
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with scale-forming materials,'any transfer of H+ or OH into or out of a
local region will generally cause serious scale and precipitation problems
e.g. Mg(OH)2 precipitation may be expected at pH > 10 (i.e. COH-A= 107).

(3) Polarization changes the electrochemical properties of the mem-
branes and may result in membrane deterioration if they are not stable to
wide pH variation. (Wilson, 1960). Anion-pe;meable membranes are most
affected by this.

In practice, polarization is held to reasonable values by controlling
the ratio of current density to the normality of the dilute stream, i/CD,
‘and by designing the system to make § as small as possible. It should be
noted that the polarization limitation rather than the results of economic
optimization generally controls the operating current density iun praétical
electrodialysis installations.

In any practical apparatus, the picture is far more complex than this.
Where there are cells fed in parallel from a manifold, it is impossible to
have exactly the same liquid velocity in each cell. Cooke (1967) and Solt
(1967) have drawn attention to the fact that, even within'an individual
cell in the most ideal situation, the local conditions of mass transfer are

not uniform over the whole area through which current is passing.

(ii) Polarization Control

Polarization can not be avoided completely, but it can be held to
reasonable values by controlling the ratio of current density to the
normality of the dilute stream, i/CD and by making the thickness of the
diffusioﬁ layer, §, as small as possible.

There is little that can be done about the bulk concentration when the

diluted stream is the required product. However, § can be reduced by high
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solution flow velocity and thé introduction of turbulence promoters such
as spacers or screens that cause local eddying or turbulence (Hoek, 1956).
Both of these measures add to’the power consumed in circulating the process
fluids, but they reduce the stack power consumption and allow operation at
higher current densities with an acceptable level of polarization.

An alternative method of reducing polarization was reported by Spiegler
(1963) who reversed the current for a fraction of a second after each
several seconds of operation., Partial confirmation of the efficacy of this
technique was obtained in thé Webster,>South Dakota, demonstrative plant

(OSW, 1964 a).

2.4.3. Scaling and Fouling of Membranes

Concentration polarization is often linked with other problems in
practice such as membranes scaling and fouling.' An increase in the pH of the
solution due to polarization promotes the formation of alkaline precipitates,
such as calcium carbonate and magnesium hydroxide on the membrane surface.

On the dilute-stream side of the anioﬂ—permeable membrane the depletion of
the more mobile anions encourages the. deposition of large polyanions onto
the membrane surface.  Polyanions commonly found in brackish waters are
humic acids, silic acids, phenols, proteins and polyphosphates (0osw, 1963).

Scaling of membranes causes additional electrical and flow resistance,
a decreasé in electrodialysis efficiency and an increase in pumping power
requirements. Scale deposits can be found within the membrane gel structure,
which is known as fouling and results in rapid embrittlement and physical
deterioration of membranes. |

Several methods have been attempted to control membrane scaling and

fouling and can be summarized in the fbllowing:
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(i) Current Density reduction

Scale formation is particularly pronounced at high current densities.
Reducing the current density may reduce scaling.

(ii) Pre-treatment for cation removal

Pre-treatment by cation-exchange requires all the feed to be passed
through a cation-exchange bed, in order to remove calcium and magnesium.
Cations may be partially removed by a preliminary lime or lime-soda treat-
ment followed by filteration. Such pre-treatments add considerably to
operating costs and would be unjustifiable economically except for specific
applications.

(iii) Acid Treatment of Concentrate

Acidification to a‘pH level low enough to prevent precipitation is
commonly practised, but even this method may not completely preveﬁt scale
formation at the surfaces of or within the membranes. The addition of
sulphuric acid to keep pH below 5.0 for prevention of Ca CO3 scaling was
reported by Watanabe, et al. (1972) and Asawa, et al. (1973).

Although acidification adds to the direct cost of désalting, the
added cost was considered to be partly offset by savings in energy consump-
tion due to a lower overall electrical resistance. (Furukawa, 1968).

(iv) Reversed Polarity

Periodic reversal of electrode polarity has been proposed to dissolve
scale and control membrane fouling (Matz, 1965).

Wherever the membranes were suspected of producing a sieve or filter-
ing effect, rather than acting as a pure ion-transfer medium, current
reversal was practiced on a pe?iodic basis to discharge electrochemically

entrapped colloids and/or macromolecules so as to restore the original
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membrane properties. Although the effectiveness of this procedure depends
on the type of membrane and the nature of the contaminants that foul it, the
reversal of hydrogen and hydroxyl ion transfer and the accompanying inter-
change of pﬁ effects at the membrane surface is probably the significant
defouling factor.

(v) Pulsating Current

Pulsating current is sometimes used when reversed polarity is not
able to prevent rapid accumulation of scale. In this method very brief
pulses of reverse current are applied to produce current reversal or
current interruption (Matz, et al., 1962). This technique tends to
alleviate scaling.problems and also apparently improves the efficiency

of an operating electrodialysis stack (Israel, 1961).

2.5. Process Efficiency

2.5.1. Principal Energy Sinks

The actual energy required to operate an electrodialysis process
exceeds that theoretically required for the following reasons:

(i) Power losses attributable to resistance i.e. the power that
will be dissipated by the Joule heating of the membranes and the electrolyte
solution,

(ii) Poﬁer losses attributable to concentration polarization i.e.
the power requifed to overcome the overpotentials that exist at the
membrane-solution interfaces.

(iii) Power losses attributable to electrode reaction and the IR drop

in the rinse solution streams in the electrodes compartments.
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(iv) Low current efficiency.
The overall efficiency of an electrodialysis stack, n, can be ex- .
pressed as a product of four principal efficiencies:

(a) Three voltage terms: n_ associated with the total resistance,

_ R
nc associated with the concentration polarization effects and ng associated

with the electrode reactions.

(b) The current efficiency, ng

i.e. n = n (12)

R " Te "1
where ng is primarily a function of Fhe stack design (e.g. number of cell
pairs), . depends mainly on the operating conditions (e.g. current demsity),
while e depends on both design factors such as cell spacing, membrane type

and thickness and on operating conditionms.

(a) Voltage Terms

The major inefficiency in stack operation is associated with the first

and second terms in Eq.(12), nen.» These terms are considered in Chapter 3.

In multiple-membrane stacks used in electrodialysis, the energy con-
sumed in electrode processes, ngs does not contribute to the desired
separation and hence the relative effect of this energy consumption can be
reduced considerably by increasing the number of membrane cell pairs used
in series with a given pair of electrodes. The electrode reactions and the
polarizafion effects are considered briefly in Appendix A.

The total external voltage, ET’ that is needed to operate a practical

electrodialysis stack is the sum of 3-principal potential drops:

ET = Ee + ER + Ec (13)
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where

<]
n

potential drops associated with the electrodes and electrode
streams (including electrode potential and overpotentials)

the TR drops in the solutions and membranes

o

to
I}

concentration potential across the membranes and at the mem-

brane-solution interfaces.

A voltage efficiency term associated with the electrode reactious,

n,s can be defined for the stack as a whole by

_ 4 Ee _ Ec + ER _ (eR + ec)j .
n =1-=—=—= I (14)
e ET 3 ET

where eps €, are defined in a same way as ER and Ec but they refer to one
cell pair instead of the whole stack. A cell pair consists of two membranes
and their two associated solution passages.

From Eq.(14), it is obvious that whatever the individual values of
ep and e, for the design selected, Ny will approach 1.0 as the number of rcell
pairs, j, is increased.

Usually the energy consumed at an electrode is of the same order as
fhat consumed by one cell pair. Belfort, et al. (1968) éhowed in their
studies of two electrodialysis plants: Webster, South Dakota and Buckeye,
A;iz. that the electrode polarization is a minor factor, making up less
than half per cent of the total potential drop.

(b) Current Efficiency, n

1

In any practical electrodialysis system, it is generally found that
the amount of current required to produce a given amount of desalting
exceeds the theoretical amount calculated on the basis of current flow

through jdeal membranes.
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The current efficiency,.nl, is defined as

= ng " (15)
where Ng is the Faraday efficiency, which is defined as the ratio of the
salt transferred to the theoretical current requirement

- (equivalent of salt transported)
g (Faraday of electricity passed) (number of membrane pairs employed) (16)

n, is the result of water transport through the membranes. When the
feed is of low salinity, as with brackish water, the effect of water transfer is
usually small and the water transfer term, ny, can be assumed to be unity.

A more detailed discussion of the current efficiency is considered in

Appendix B.

2.6. Variants of Electrodialysis

Several variants of the electrodialysis process have been developed to
overcome some of the problems that have been encountered with conventional
electrodialysis. For instance, the anion—selectiyé membranes used in
conventional‘systems are particularly troublesome because of vulnerability
to fouling and scaling, so attempts have been made to replace them by
either néutral (nonselective) membranes (in transport depletion) or by

cation-exchange membranes (in electrogravitational demineralization).

2.6.1. Transport Depletion

The transport depletion @rocess is a variant of electrodialysis in
which an array of alternate cation exchange and nonselective membranes is

used as shown in Figure 6. This concept was first suggested by Deming and



Concentrated

Stream

A

A

Demineralized
Stream

The cation_neutral transport depletion process,

C,cation. selective membrane

"N, neutral membrane.

g\
C N C C
- v——-} Y —1 =
Na+ D-No+ > Ng¥ Na" Na'
Z-cf-« cl” Z Cl < cr
L- L—-d S SRR i
Anode Feed (Na CI) Cathode
Rinse Rinse
FIGURE 6




37

Kollsman (1959) and developed by Lacey (1963).

When direct electric current is passed, depleted and concentrated
boundary layers form at the two sides of the cation exchaﬁge membranes, but
not at the nonselective neutral membranes; The latter serve only to
separate the depleted and concentrated boundary layers from each other and,
in doing so, create altérnate diluting and concentrating compartments.
Neutral membranes have little tendency to polarize or foul, thus their use
trades off the chemical and mechanical disadvantages of anibn—exchange
membranes for higher power costs, e.g. for solutions of K Cl (t+ = 0.5 = t_),
passage of one Faraday shifts 1 mole of salt from diluate to concentrate
when alternating ideally selective cation- and anion—exchange membranes
are used in conventional electrodialysis, while oﬁly % mole is shifted in
transport depletion. Therefore, to achieve the.same production rate in
the transport depletion stacks as in the basic electrodialysis stack, twice
the current iélneeded. The voltage is then also nearly twice, hence the
power costs almost quadruple., However, by eliminating the anion membranes
the capital cost drops. It appears that the power consumption is not the
decisive fact&r in electrodialysis since the major desalination costs do
not reside in the energy requirements but in the investment costs for
equipment or the replacement costs for the membranes (Shaffer and Mintz,
1966).

The economics of the transport depletion process have been studied
by Huffman (1969) and Redman (1971). Laéey estimated a cost reduction of
8% compared with the normal electrodialysis. The process development
continues in the belief that the simplicity of the plant and its freedom

from trouble in the field will out-balance the increased power cost (Solt,1971).
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2.6.2. Electrogravitational Demineralization

The term "electrogravitation' was first suggested by Murphy (1950).
Electrogravitational demineralization may be achieved in a cell in which only
cation exchange membranes are used; as shown in Figure 7. When a direct
electric current is passed depleted and concentrated boundary layers form
at each side of the membrane; but the solution in the depleted boundary
layer rises and collects at the top of the depleted compartment because its
density is lower than that of the bulk of the solution. Sigilarly the
solution in the concentrated boundary layer slides downward and collects
at the bottom of the enriched compartment. Additional density differences
are obtained because the depleted solution has higher electrical resistance
than the bulk, and gets hotter.

The process is extremely simple to construct and operate. The mem—
branes may be placed loosely or simply hung in a tank fitted with electrodes;
edge seals on the compartments are not necessary; impérfections in the
membranes, even holes, will not seriously affect performance. Current
leakage through holes or around edges may waste power, but will not
interfere with the operation of the system.

Very high concentration gradients can be achieved in the process.
Mintz and Lang (1965) have shown that concentration gradients of greater
than 100 to 1 can be obtained in cells only 6 in. high. Studies by Lang
and Huffman (1969) showed that electrogravitation is not competetive with
other processes for demineralizing saline wéter but may be of interest for

some industrial separations.
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2.7. Cyélic Processes

2.7.1. Electrosorption

_ Electrosorption is a modification of -electrodialysis which was first
conceived by Lacey and Lang (1964; 1968); It is a qne—cycle process without
reflux,

An electrosorption demineralizer consists of many electrosorption
membranes arrhnged between a pair of electrodes, so that so;ution compart-
ments are formed between the parallel membrane surfaces as shown in Figure 8,
An electrosorption membrane, which is the fundamental desalting unit, is
a three-layer membrane comprising a neutral inner layer (which may be a
spacer or merely solution) sandwiched between a cation- and an anion-exchange
membrane. When a direct current is passed through the system cations and
anions are transported (in opposite) directions from the external solution
into the electrosorption membranes. The external solution is depleted
while that within the membranes becomes highly concentrated. After 20-50
minutes of sorptidn the direction of the current is reversed and the
trapped ions accumulated inside the membranes are driven back to the

external solution to regenerate the membranes. The external solution is

sent to waste during this step.

2.7.2, Cyclic Electrodialysis

Cyclic electrodialysis is a novel cyclic separation process, which
uses periodic flow reversal applied to an electrically driven electro-
sorption stack. The process'has been studied and described by Bass (1972),
‘Bass and Thompson (1973). In this process cyclic times ranging between

30 seconds and 2 minutes were used with the voltage and flow direction
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reversed every half cycle. A concentration difference between the ends

of the apparatus is built up with repeated cycling. Separation factors

of several hundreds were reported for most of the experiments with aqueous
sodium chloride solutions iﬁ'a closed system: The present work is an
extension of cyclic electrodialysis to an open system.

Cyclic electrodialysis usually fequires more electrical energy per
unit of product water than conventional electrodialysis, due to the
regeneration step;’ The cost of this additional energy must be balanced
against savings in capital and operating costs resulting from:

(i) Extreme simplicity of the manifolding and distributing systems.
Lower cost of the stack is possible because only one stream of solution is
withdrawn at any one time.

(ii) The "sealed-envelope" or "membrane sack" character of
electrosorption membranes simplifies the stack construction and results in
a better membrane utilization factor. Since the membranes are not used to
separate brine and dialystate flow channels, they may be as small as the
active interior of the stack. A membrane utilization factor of about 95%
is obtained, whereas the factor is only about 70% to 75% in.conventional
electrodialysis stacks (Lacey, 1968). This results in a lower membrane
replacement cost and a lower stack cabital cost.,

(1ii) With electrosorption, no pretreatment was needed to remove
iron or manganese from feed waters. With feeds containing either CaSO4
or Ca(HCO3)2, precipitates within membranes did form at high pH values, but
these were easily and quickly removed by reversed current flow during desorp-

tion without causing any cell blockage or damage to the membranes (Lacey,

1967). It is expected that this would also be true for cyclic electrodialysis.
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(iv) 1Increased throughputs are possible because current densities -
more closely approaching the limiting current density can be used without
experiencing permanent damage to the membranes or stack due to
precipitates.,

(v) A high degree of desalination can be obtained in a single
stack (Bass, 1972).

(vi) The periodic reversed polarity technique provides a repeated
rejuvenation of the membranes. So far no problems with membrane deterioration
have been encountered;

(vii) 1In cyclic electrodialysis only cheap graphite electrodes need
to be used. Such electrodes pro?ed to be satisfactory in a long-term
operation.

Cyclic electrodialysis has some similarities to thermal parametric
pumping. In both processes the flow of a mobile phase is periodically
reversed and in both processes the origin of separation lies in the
ability of the system to store solute temporarily in the fixed phase, with-
drawing it from the lean end and subsequently adding it to the rich end of.

the processing stream.,

2.7.3, Parametric Pumping

The. term parametric pumping was first introduced by Wilhelm, et al.
in 1966 (Wilhelm, et al.,, 1966 a, 1966 b). It refers to a dynamic principle
of separation based on periodic synchronous coupling of two cyclic fields or
two transport steps (Wilhelm and Sweed; 1968 a; Wilhelm, et al., 1968 b).
Parametric pumping has been reviewed in details by Sweed (1971, 1972) and

Wankat (1974).
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The system of a direct ﬁhermal parametric pumping consists mainly of
a jacketed éolumn packed with an adsorbent bed as shown in Figure 9a, a
constant-rate, positive displacement dual-syringe infusion-withdrawal pump,
sources of hot and cold water for the jacket (not shown in the figure),
and a programmed cycle timer. The timer is adjusted to reverse periodically
the direction of the fluid stream; also to cycle the jacket temperature by
connection to hot or cold sources. Both alterations have the same frequency
(i.e. every half cycle) and are in phase.

The fluid is heated during the upward stroke and cooled during the
downward stroke. The adsorbent holds more solute when the fluid is cool.
Thus the solute is held by the adsorbent on the cold half cycle and released
to the fluid on the hot half cyclé. A multiple succession of these
adsorptiqn—desorption actions tends to cause acéumulation of solute at one
end of the column and depletion at the other end. Eventually, under ideal
: éonditions, all of the solute will be "pumped" to the upper reservoir and
the lower reservoir will contain no solute. 1In the present case the "pump"
is identified as the oscillatory thermal field; the flow>displacements
between fluid and solid phases simply keep the system in a state of
disequilibrium. .

The four basic requirements for implementing the principle of para-
metric pumping (according to Sabadell and Sweed, 1970) are:

1. The existence of a two-phase system.

2. An equilibrium distribution of the component being separated

between the phases.

3. An alternating relative velocity between the phases.

4, An alternating interphase mass flux obtained by periodically
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changing one or moré of the intensive thermodynamic variables that
affect equilibrium e;g; temperature,
Although thermal parametric pumping results in a large separation in
the system toluene-n-heptane-silica gel, with a separation factor of 105
in batch operation (Wilhelm, et al., 1968 b) and of over 600 in an open
system (Chen, et al., 1972 a), it givés only a modest separation in the system
Na C1 - H20 - ion resin with a separation factor of lQ in a closed sysgem

(Sweed and Gregory, 1971) and a separation factor of 2.0 in an open system

(Wilhelm et al., 1966 a; Sweed and Gregory, 1972).

2,7.4. Cyclic electrodialysis and Parametric Pumping

Despite the ﬁrementioned similarities between cyclic electrodialysis
and parametric pumping, the two processes are different with regard to the
nature of the driving force and processAdesign, limitations and applicatioms.

In parametric pumping separation is achieved at the expense of thermal
energy. By changing the temperature and reversing the fluid flow every half
cycle the system is kept in a state of disequilibrium, thus molecules
diffuse from one phase into another. In cyclic electrodialysis an external
electric field is applied and bodily forces are exerted on the ions that
are transferred from one region into another across the stack,

A parametric pumping process consists essentially of a column packed
with a suitable adsorbent bed while cyclic electrodialysis stack comprises
well-defined pafallel flow channels between membrane sheets.

While parametric pumping operation is controlled by equilibrium con-
siderations, electrically driven separation process such as cyclic electro-
dialysis is governed by finite rates of mass transfer and usually operate

at concentrations far from equilibrium. The rate of mass transfer is
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approximately proportional to‘the current flowing and is thus to some
extent under the direct control of the experimenter.

Finally cyclic electrodialysis deals only with ionic solutions
whereas parametric pumping is not limited to these solutions; However,
within the specific field of separation of ionic solutioms, cyclic electro-
dialysis looks more promising since it is not constrained by the chemical
nature of the sysfem. In parametric pumping a large separation is only
expected when the shift of équilibrium with temperature of the particular

system is large.



. CHAPTER 3

System Models

3.1. Stack Resistance Models

The apparent resistance of an electrodialysis stack is determined
by multiplying the apparent resistance of one cell pair by the number of the
cell pairs and making some allowance for the electrode systems(Generally
ignoring the electrode system contribution towards the total stack resis-
tance will result in only minor error). A cell pair consists of two ion-
exchange membranes and their associated flow channels. The apparent
resistance comprises the electrical resistance of the solutions and the
meﬁbranes together with the back emf's caused by polarization. These back
emf's oppose the applied voltage and thus represent an apparent resistance.

In the development of these analyses two approaches can be dis-
tinguished which are designated as '"nmon-ohmic" and "ohmic“. The non-ohmic
analysis is an analytical approach which takes into account the variation of
the apparent resistance with current density. This approach breaks down
the total resistance into several resistive elements, evaluates the con-
tribution of each element independently and sums them to get the total
value. The ohmic analysis is an empirical approach which assumes proportion-

ality between current and voltage in the electrodialysis stack.

3.1.1. Non-ohmic Analysis
‘When a voltage is applied across an electrodialysis stack, the initial

current is roughly proportional to the voltage, but as the current flows

48
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tﬁrough the apparatus éoncentration gradients and diséontinuities are
established and the apparent resistance of the stack increases. Apparent
resistance comprises the electrical resistances of the solutions and the
membranes, and the back electromotive forces (membrane potentials and
diffusion potentials) caused by concentration polarization.

Figure 10 shows schematically the concentration profiles in an electro-
dialysis cell pair. The cell pair contains the concentrated and depleted
bulk solutions, the two ﬁembranes, and the four boundary layers in which
the concentrations of salts in the solution near the membrane vary con-
siderably. The electrical circuit in Figure 10 is an analog of the eléctro—
dialysis cell pair. The battery symbols represent the concentration
potentials, and the resistor symbols represent the resistances of membranes
and segments of solution. This anélog can be used to develop an equation
for the total potential across a cell pair.

(i) Diffusion layer resistance

The voltage from 1 to 2 in the depleted diffusion layer is the

algebraic sum of the diffusion potential and the IR drop from point 1 to

point 2
RT + 2
E_, lz =5 (tg = td In(vC)  + 4 | Px,zdx (17)
1 1

wheré R is the gas law constant, T is the absolute temperature, F is Faraday's
- 1 . . .

constant; t , t are the transport numbers of anion and cation respectively
in solution, C is the solute concentration in eq./cm3, Y is the activity
coefficient, P 2 is the resistivity of the solution at the coordinate point

. ’ -
X,Z, §l-cm, where x is the distance from the membrane surface and z is the
distance from the inlet along the flow path. The subscript d refers to the

depleting solution.
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The equivalent resistance of the diffusion potential (first term on

R.H.S. of equation (17)) is given by

(v,C )
RT , - + 2
(R¢’d) Fi (td - td) In (-]__C—-) (18)

Integration of Equation (18) along the flow path (z coordinate) results in

(refer to Figureill)

m (YC)
1 Fi 171
= —F In dz (19)
Ry,a ©RT (£ td)J (22)
z=0
where R¢ d is the equivalent resistance of the diffusion potential per unit
b}

area of the depleted layer.

The diffusion layer resistande that the dialyzing current must pass
through (the second term on the R.H.S. of equation (i7)) is calculated by
performing a double integration across theldiffﬁsion layer (x coordinate) as

well as along the flow path (z coordinate) as indicated in Figure 11.

m 8
L = i ’ P dx -1 dz (20)
Re,a ™ ' X,z
’ z=0 x=0 _
where Py 5 is obtained from the basic definition of resistivity:
td
1000
? vitec x z
(A\,)toC is the equivalent solution conductance at average concentration of

salts and t°C. It can be evaluated from the Onsager equation at various

temperatures and concentrations

A)pog = (dpog = [A+ B (ha) o ]CT (22)

(Aedyog = (M) pgop [1+0.023 (¢ - 25)] (23)

where
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(Am)toC is the equivalent conductance at infinite dilution and

t°C.

After Py g from Egs. (21), (22) and (23) is substituted in Eq. (20), Cx 2

’ 3
as a function of x and z has to be evaluated from the boundary conditions.
To relate the concentration at the membrane surface C(0,Z) with the

diffusion layer-bulk interface concentration, C(8§,Z), the Nernst idealized

equation will be used (this model is considered in Appendix C):

de _ €(8,2) - €(0,2)
dx )

(24)

From the Nernst equation and realizing that at the limiting current

density, ilim’ surface concentration C(0,Z) approaches zero,

€(,z2) = (1 - k) C(8,2) ' (25)

where k is the ratio of the operating to limiting current density i.e.

i

k = -SPer (26)
i
1lim

At any point (x,z) within the boundary layer C(x,z) is given in terms
of bulk solution concentration C(8§,Z), diffusion layer thickness, §, and
the current density ratio, k by the following relation (using equations (24)

and (25)):

x[C(8,2) - C(0,2)]
s

 C(x,2)

c(o,z) +

[a-k) + 2 cs,2) (27)

‘The diffusion layer thickness, §, the limiting current density, ilim’

the operating current density, i

oper? and the bulk solution concentration,

C(8,2) must be evaluated before equation (27) can be used.
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The diffusion layer thickness

The diffusion layer thickness, &, is obtained from Equation (11) in

terms of limiting current density as:

s = C(8,m) FD _ (28)
ilim (& - ¢

Limiting current density, i,. , will occur when the exit concentration

lim

of the dilute stream C(0O,m) shown in Figure 11 reaches zero. The limiting
current density can be determined experimentally as shown by Rosenberg and
Tirrel (1957), Cowan and Brown (1959) and Cooke (1961). Once ilim is

obtained, § can be calculated.

The current density ratio, k

Using Faraday's Law and a material balance, the capacity is defined

as,

_ inapn _ ' '
Cap T Fd n Cdi £ , (29)

where capacity is in g-equiv. transferred/sec., n is current efficiency,

Ap is the active membrane area [i.e. area available for demineralization]
(cmz), n is the number of membrane pairs, F is Faraday No. (coulombs/g-equiv),
Fd is dilute stream exit flow rate (lit/(sec)( channel)), Cdi is dialysate

inlet bulk concentration (g-equiv/1lit), and f is fraction desalted.
From Eq. (29) we have

FF,C f
_ 4 Ca1 2
ioper = e amps/cm (30)

From the iimiting current value and Equation (30), the current density ratio,

k, can be obtained.
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Bulk solution concentration, C(§,Z)

Based on the traditional treatment of electrodialysis the dialysate
bulk stream concentration can be assumed to decay exponentially with the
distance Z from the feed point as shown in Figure 12a. On evaluating each
bulk solution as a function of path distance Z we get for the dialysate

Z

c; (2 = ¢4 (0) e ¢ (31)

and from a material balance on the salt at a distance Z along the path

length and the top of the unit (at Z = m) we get for the brine (refer to

Figure 12b):

¢, @ = Iy + (§) ¢ - [(g5) Cq(@]e™ (32)

On substituting equation (31) into (27) a general expression for the
local concentration, C(X,Z), can be obtained:
-aZ

c(x,2) = [(-k) +GH] c(5,0) . e (33)

By substituting values from equations (21), (22), (23), (25), (26),
(28), (30) and (33); equations (19) and (20) can be integrated.
From equations (19) and (20) the apparent resistance per unit area of

the depleted diffusion layer is given by:

Rd = R¢,d + R

m ) -1 T-1

+ m J J px,z dx dz (34)
=0 =0 .
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A combined expression for the apparent resistances of the two depleted

diffusion layers is given by (refer to Figure 10)

Re = Rs-2) ¥ Rs(s-4)
' m -1
- _ .t (v,C;)
m RT (td td) .[ 1n (chl)z dz

Fi o0 4°4
m 8 -1 -1

+ 2m J J px,z dx dz (35)
z=0 x=0

The combined apparent resistance of the two'enriched diffusion layers can be

obtained in a similar way:

Re = Rg(s-6) t Rs(7-8)
m : -1
m RT (t; - t:) rj 1n (YSCS)Z dz_lg
(voCy) ;
F1 L 220 8°8’, i
m [ -1 -1
+ 2m J J , Ex , dx dz (36)
, 4
z=0 x=0

where p
X,2

is the resistivity at any point (x,z) within the enriched
’ .

diffusion layer.

(ii) The bulk solution resistance

The electrical resistance of a solution-filled compartment A cm thick

is

2
Pool = A ohm - cp (37)

The resistances of the bulk depleting and enriching solutions are given by
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o

Rb,d + Rb,e'

m 1

. -1 m - ,
m(A-26) .[ (CZAZ)Z dz + [:-[ (C6A6)Zdz (38)
z=0 z=0

(1ii) The membrane resistance and potential terms

The resistance of a membrane cannot be calculated by a simple method
but it can be measured or obtained from the manufacturer. Although direct
current is used in electfomembrane processes, alternating currents are
usually used to measure the electrical resistance of membranes because con-
centration gradients that are present with direct current systems are not
formed with alternating current and the resistance of the membrane itself
caﬁ be more easily determined. However, the resistance of a membrane to_‘
alternating current is usually lower than the resistance to direct current
(Spiegler, 1966). If precise values aré needed the resistance to direct
current should be determined under conditions of membrane use.

There are concentration discontinuities at the membrane-liquid inter-
face in an ion-exchange membrane as a result of the Donnan equilibrium.
Figure 13a shows the concentration distribution in a cation exchange membrane.
The concentrations of the anions and cations are equal in the outside
solution but deviate from each other within the membrane. The upper line is
cation concentration, C+, and the lower line is anion concentration.

Ihe total_membrane potentiai, Em, is the sum of three potential

differences as shown‘in Figure 13b.

E, = Eqy +E;+Eq (39)

where Edl, Ed2 are the two potential jumps occurring at the membrane faces,

which form the Donnan potential.
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EH is the Henderson term which is the diffusion potential existing
in the interior of the membrane.

The detailed expressions of the Donnan terms and Henderson term are
given by Vetter (1967). A simplified expression for the electrical potential
difference across a membrane in contact with uni-univalent electrolyté

[] 1" '
solutions of activities a and a on the opposite sides is given by

(a_)
- RI +_ - m
Em = F (tc tc) In (;;)Z (40)
z

where t:, t; are the cation and anion transport numbers in a cation-exchange
membrane.

The membrane potentials oppose the applied electrodialysis potentials
when ions are transferred from lower to higher concentrations. The resistance

per unit area due to potentials of a cation and an anion membrane is given

by
Rm=Rma+Rmc+pa+pc
m -1 -1
(v<Ce)
- mRT _ Lt 5°5
=p, to, *tog [}t ta)zln(Y4C4)z J dz
z=0 z
-1 -1
i - 4, (gCy)
+ l:(t -t ) In z dz (41)
c c 5 (Y8C8)
z=0 z

where subscripts a and ¢ refer to anion- and cation-exchange membrane res-
pectively

Pys P, are the anion and cation membrane resistance per unit area

Rma’ Rmc are the equivalent resistance per unit area due to anion and

cation membrane potential.
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The apparent resistance of a cell pair

The apparent resistance per unit area of a cell pair, Rﬂ, is given by

RTT = Rd + Re + Rb + Rm (42)
where Rd’ Ré, Rb and Rm are defined by equations (35), (36), (38) and (41)
respectively.

The apparent resistance per unit area of a cell pair can be evaluated
by considering a local resistance at any level Z together with the average
bulk concentrations of the solutions. In this case equation (42) reduces to

(refer to Figure 10)

s 1n C,A,/CoA, . In C4A,/C /A, . In C.AS/CAA,
I/ (ClA1 - C2A2) (031\3 - 04A4) (CSAS - c6A6)
+1n c71\7/<:8/\8
(C;A; - Cghg)
1 1
+(A-28)(=—+=——)+p_ +0p
02A2 C6A6 a c
v,C ) Y.C
RT - + 474 - +. .. '8"8
+ = (t, - t.) 1In + (t -t ) 1In
Fi d d ylcl e e YSCS
_ Y:C _ Y4C
+ (¢t - t+) 1n =2 + (¢ - t+) 1n 2 (43)
a a 7404 c c Y8C8

The‘subscripts d and e refer to the depleting and enriching solutions
and a and ¢ refer to the anion- and cation-exchange membranes. The numerical
subscripts refef to the corresponding nﬁmbers in Figure 10.

Eq. (43) is based on the following assumptions:

(1) Validity of Nernst idealized model (refer to appendix C)
(ii1) A uni-univalent electrolyte system

(1i11) Solution-filled compartments without spacers; each of the same
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thickhess A and with two diffusion layers each of the thick-
ness §

(iv) Constaht transport numbers of the membranes and solutipns over
the range of concentrations of interest

(v) Single-ion activities can be replaced by molalities and mean

activity coefficients.

Simplifying Assumptions

Even the simplified equation of the apparent resistance of a differ-
ential area of a cell pair i.e. Eq. (43) is cumbersome and time-consuming.
It can be simplified by making several assumptions, most of which can be
.approached in practice. The firsf simplifying assumption that can be made
is that the two diffusion layers in each of the flow channels are identical
and the boundary_layer thickness on the two memérane faces is the same.
With this assumption the concentration profiles beéome symmetrical i.e.

C1 = C4 and C5 = CB and the two junction potentials (the‘concentration
potentials in the boundary layers) cancel out as shown in Figure 1l4. The
assumption implies that: |

(@) (c-1t), = (t-1t)
where t, t are the transport numbers of counterion in membrane and solution
phase respectively and subscripts a, c refer to anion- and cation-selective
membrane.

(b) Same hydrodynamic conditions prevail in the boundary layers in

the flow channels i.e. -
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According to this assumption Eq. (43) reduces to

Mg = 2 - e a8 gl 22 el
LA 2%2 7 M1 66 55
F (=20t ) o+, (44)
oty Cglg

where t, t, are the transport numbers of counterions and co-ions in the
membrane phase.

Eq. (28) can be used to estimate the boundary layer thickness, 6. Other
terms which are not accessible to‘direct measurement in Eq. (44) are the

interfacial concentrations, C1 and C5. These can be eliminated as follows:

Eq. (10) can be written as.
de _ %27 G

1 : | ]
= - 3 =3 ‘ (45)

where the constant B, which depends only on the nature of the dissolved

electrolyte and of the membrane, is defined as

FD
B = =/ 46
(t - t) (46)
substitute Eq. (11) into Eq. (46)
B C
5 = 2 2 (47)
lim
Therefore we get
c, = ¢, l-7F—) = ¢, A=K (48)
1im

Similarly by assuming the same concentration in both diffusion layers

we get
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c = C, +

81
5 6" B

- k_ '
= Cg (14+ — (49)

where ns is the separation factor defined by

Ce C6
ng = - = -—

Cq C,y

(50)

The following further simplifying assumptions can be made.
. The equivalent conductance is independent of concentration over the

limited range of interest i.e. -

. The activities are equal to the concentrations,

With these assumptions tegether with Eqs. (48) and (49) Eq. (44)

reduces to

RT (= _ ns + k 2FD 1 + k/ns
Rig = 25 [t In s 1+ T In =70y
A - 2§ 1 1 ’
+ = ( c, + Eg ) + P, t o, ‘ (51)

where k and ns are defined by Eqs. (26) and (50) respectively and E, t, are
the transport numbers of the counterion and co-ion respectively in the

membrane. For ideally selective membranes

Instead of integrating over the whole flow path, a considerable
simplification is achieved by using logarithmic’ mean values of the bulk con-
centrations, Ez'and 66 together with Eq. (44) or (51) to evaluate the apparent

resistance of a complete cell pair.



Finally it should be noted that all these éxpreésions for the apparent
resistance of a cell pair, namely Eqs. (42), (43), (44) and (51) have to be
modified to take into account the effects due to:

(a) Presence of spacefs in spacer filled configurations

(b) Ohmic resistance due to scale. -Scales, such as CaSOA, CaCO3,
Mg(OH)2 etc., can precipitate out of solution and deposit on the membrane

surfaces at points of low velocity.

3.1.2. Ohmic Analysis

This énalysis assumes proportionality between current and voltage in
the electrodialysis stack. It is an empirical approach to evaluate stack
resistance.  For a cell of given design and membrane type, it is a relatively
Simp;e matter to use a laboratory model to obtain an empirical set of
resistance values as a funcfion of typical oper;ting conditions. Tﬁese
values may then be used to design a full-scale plant. This data may be
expressed as the resistance of 1 cm2 of one cell pair in ohm-cmz, as a
function of external solution concentrationms.

Although the actual correlation of cell-pair resistance, Rp, with
solution concentration may take the form of a polynomial power series such
as Rp =a + bC + c02 etc, or an exponential form Rp =q CB as shown by
Tye (1963), Mason and Kirkham (1959) have suggested the following expression
for the local resistance per unit area of a cell pair:

K _ ‘
R, = —(_:-+K2 -R; C (52)

where K., K, and K3 are constants for a given spacer geometry, ionic com-

1 2

position, membrane type and temperature. C is the local "average" con-

centration.calculated from
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1 T
? 1+r(—+"(_:—) (53)

Here Cd and Cc are the local diluate and concentrate concentrations, and
r is the ratio of spacer thicknesses in the concentrate and in the dilute
compartment (frequently r is unity).

At low values of C (i.e. in dilﬁte solutions), the K3 term becomes
negligible and Eq. (52) reduces to the.form

(54)

In diluteAsolutions the electrical resistance of strong electrolytes
is approximately inversely proportional to concentration, and the electrical
resistances of commercial ion e#change membranes are relatively independent
of changes in electrolyte concentration. This 1is true up to about 0.1 N
(Mason, 1959). Thus Eq. (54) can be considered to consist of a solution
resistance term, %l » plus a membrane resistance term, K2' The K3 term in
lEq; (52) allows for non-linearity between solution concentration and con-
ductance, and for decrease in membrane resistances with increasing solution
concentration. At electrolyte concentrations higher than 0.1 N the membrane
resistance begins to decrease with increasing electrolyte concentration
because of the increased conductivity of the electrolyte in the resin.

Allowances for membrane potentials which oppose the applied voltage
and thus represent an apparent resistance, and for resistance increases due
to copcentratioﬁ gradients in the diffusion layers is made in choosing the
'numerical values of Kl, K2 and K3. The K's can be estimated from tabulated
values of solution and membrané resistance.

The stack resistance is calculated from the solution concentration by

either using the logarithmic mean. concentration or by integrating over the
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whole flow path.,

IntegrationvProcedure

The local value, at any level z along the flow path, of the resistance
per unit area of a cell pair (Rp)z can be integrated over the membrane area
(pa) available for desalination to obtain the total resistance of a cell

pair, Rp.

WIH

pa
= J da cell pair/Q (55)
[®R)

o P’z

s 2
where a, is the actual membrane cross—sectional area, cm” (a = m X n); and

p is the fraction of membrane area available for desalination.

2
pnz cm

pa

pda pndz cm2

where n is the membrane width (cm) and z is the coordinate system along a

membrane surface (refer to Fig. 11) transposing variables,

m .
L. an & (56)

From Eqs. (52),_(53)

K
U -
(Rp)z = C.@ + X, - K3 C_(2) (57)
and
1 1 1 T
c,(z) = Tl C4(2) + cb(z) ] (58)

Variations of Cd(z) and Cb(z) with z, will make Ca(z) a function of z.
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c (z) = f(z) : (59)
&
(Rp)z = [ @) v+ K, - K, £(z)] (60)

Substituting Eq. (60) into Eq. (56),

mox
%_ - an' [—f-%-z-)+1<2—1<3 £(2)17T az
p [o]
m.
= pn J. { Kl + K2 £f(z) - K3[f_(z)]2 }_l f(z) dz (61)
[o]

f(z) is obtained by substituting values of the bulk solutions from Egs. (31)

and (32) into Eq. (58)

—az. : -az
£(2) = C (z) = (D CqOe e, ) - (Fy/F)C, )] + [(Fy/F,)C4(0)™7])

{Le, @ - (Fy/F) Cqm)] + C,(0)e ™ [(Fy/F) + r])

seesesssas (62)

Thus, substituting into Eq. (61) for f(z) or Ca(z),.the cell pair fesistance,
Rp’ can be evaluated. Small intervals (Az) can be chosen to evaluate the
integral as a summation

m

R Z Ca(Z) =
= = pn ~ 2 (63)
Rp - Kl + K2 Ca(z) K3 Ca(z)

3.2. Mass Transfer Models

The differential equation of material conservation for a component in

the flow system shown in Figure 15 isrs
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aC ac a2c ac

f f f l-¢ s _
ot tv dz D 9z4 + ( € ) ot =0 (64)
(a) (b) (c) (d)

where Cf and CS are the concentrations of the component transferred in the
mobile and stationary phases respectively, v is the displacement velocity,
D is solute diffusivity, € is void fraction.

Equation (64) is sometimes called the chromatography equation. The
terms in this equation express mass conservation contributions attributable

to the following mechanisms:

(a) = dinterstitial, fluid phase transient
(b) = axial convection

(¢) = axial fluid-phase diffusion

(d) = adsorptive phase transient

Together with an equation relating local values of Cs to Cf, and
appropriate boundary conditions, Equation (64) applies during every sub-

interval of a cyclic flow process.

3.2.,1. Equilibrium Model

Pigford et al. (1969) used Equation (64) to develop a simple "equilibrium
model" for thermal parametric pumping. The basic assumption in this model is
that the solid and fluid are locally in equilibrium. This assumption greatly
simplifiec the equations since rate information is not needed. In addition,
axial dispersioniwas neglected and the equilibrium relationship was assumed
to be linear. With these assumptions the resulting equation is a hyperbolic
bartial differential equation which can be solved analytically by the method
of characteristics developed by Acrivos (1956). The characteristic lines can

be used to show graphically the development of the separation, and to show
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when separation will not occur; thus the model offers algebraic solutions
that can be used for a rapid calculation of parapump separation. The
equilibrium theory was generalized by Aris (1969) and extended to an open
system by Gregory and Sweed (1970), Chen and Hill (1971) and it was further
extended by Thompson and Bowen (1972) to predict separation in a two-column
arfangement where the two columns are operated back-to-back to minimize
mixing.

Although the equilibrium model is compact and easy to apply it ignores
dispersive effects which limit separation in a real system, hence it can not
predict the ultimate steady-state separation (Rice, 1973). Gupta and
Sweed (1972) have extended the equilibfium model to take into account axial
mixing. TFoo and Rice (1975, 1976) used a more general temperature dependence
in the linear isotherm along with the dissipative forces associated with
‘axial dispersion, film resistance and pore diffusion to predict the ultimate
separation in closed parapumps. Mass transfer between the moving phase and
the stationary phase is assumed to take place instantaneously in the equi-
librium model and hence the cycle durations do not enter into the solutions
predicted by the model. Since the cycle duration may be assigned any
arbitrary value, the equilibrium model solutions are not functions of real
time and the model can only serve as in idealization that predicts the best
possible separation.

Electrically driven separation processes such as electrodialysis are
governed by finite rates of mass transfer and usually operate at concen-
trations far from equilibrium. The rate of mass transfer is proportional to
the current flowing (within a cértain range of concentration) and is thus

to some extent under the direct control of the experimenter. Cyclic
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operation of such systems may therefore be better represented by a rate

model than by equilibrium theory.

3.2.2. Rate Models

Two rate models will be considered here:

(a) constant rate model

(b) concentration-dependent rate model

The basic assumption in each of these models is that the equilibrium
condition may be disregarded altogether, i.e. if the two phases were left
in stationary contact for a sufficiently long period of time, the adsorbate
would be transferred completely into one of the phases._ These models also
assume that the capacity of the storage layers is largé enough that it does
not impose a limit on mass transfer during the cycle. Axial dispersion is
neglected and the fluid is assumed to be incompressible and have constant
density. The complete operating cycle is divided into a number of sub-
intervals; whenever the fluid velocify changes at the end of these periods
it is assumed that it changes in a stepwise manner, while it remains
constant during each of these sub-intervals. Furthermore, a system in which
one void volume is displaced every half cycle is considered.

Concentration changes predicted by the rate models are functions of
time, in contrast to the equilibrium model solutions which are functions of

the number of cycle but not of real time.

(a) Constant rate model

A constant rate of interphase mass transfer, uniform everywhere within
the cell, requires a constant, uniform, distribution of electric current.
Uniformity can be approximated by connecting a number of short stacks together

in series both electrically and hydraulically, as shown in Figure 16.
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Constant current can be maintained by a suitable power supply. This will
ensure constant mass transfer until the solute concentration drops low
enough at some point in the apparatus that water splitting occurs and solvent
ions start to carry a significant portion of tﬂe current. While constant-
rate operation is not very practical, an examination of some of the con-
sequences of this model is of interest since it illustrates limiting
conditions.

If the rate of mass transfer is held constant, and axial diffusion is

neglected, Equation (64) simplifies to

aCf aCf l-¢ aCs
s tvss = - ( ~ 5t = K (constant) (65)

during any sub-interval of the cycle.

(i) Synchronous (in-phase) operation

If the total cycle period T is composed of two equal sub-intervals,
with simultaneous reversal of both the flow direction and the direction of
mass transfer, then the constant in Equation (65) can be written K = - Kl

during the demineralizing half-cycle and K = K2 during enrichment i.e.

dc ' dc

£ s _ . . . .
= = P = K, ; for demineralization (66)
'dCf dCS
T - ~fI T K ; for enrichment (67)
where p = ; =

If we consider K2 > K1 and demineralization takes place for time %-;
then to maintain the material balance of the system the enrichment period

should be At where



76

= 1
At = 7%, (68)
T 5 '
during the rest of enrichment half cycle i.e. E-(l - if-) the voltage can

2
be switched off to save power.

The graphical solution of the model Equations (66, 67, 68) gives the

following result (refer to Appendix D):

c T K T K K.

T,n 1 1 1
—_— = - —— v S——— - — -_
c 1 e T (1 % Y(n - 1) (69)
o . o o 2
C T K K
B,n _ 1 1 .
C = 1 *'7773— 1 - < n (70)
o o 2
where CT’ CB are the top (demineralized) product and the bottom (enriched)

product respectively

Co is the initial concentration; Cf(t=0) = Cs(t=0) = Co

n is the number of cycles

From Equations (69, 70) it is clear that maximum separation occurs when
K

K2 >> Kl or when-El + 0. In this case the separation factor, ns is given

2
by
TK,n
1+ —
B,n 4 Co '
ns = 2 = (71)
T,n - TKln
4C
It is also obvious that when K1 = K2, no separation occurs after the first

cycle. The concentration of solute stored within the membranes returns to
its initial value at the end of each cycle and the average top and bottom con-
centrations (Equations 69, 70) do not change after the first cycle.

Figure 17 illustrates successive concentration profiles in the stack
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and in the end reservoirs wheﬁ Kl = K2. For simplicity it is assumed that
the end reservoirs have the same volume and the same L/D ratio as the cell
interior. The initial concentration profile is shown in (a), Figure 17.
After the first half-cycle the conditions are either as shown in (bi)
(if no mixing takes place in the end reservoir) or in (bii) (if the end
reservoir is well mixed). The fluid in the top reservoir is displaced back
through the column to produce the profiles shown in (ci) or (cii) at the
end of the first complete cycle, when the mean concentration in the bottom
reservoir has returned to the value it had in (c¢). Figure 17(d) shows
conditions at the end of the 3rd half cycle, which are identical with (b).

| In order to obtain separation we must either:

(1) make K, > K. s OF

2 1
(ii) modify the cycles by periodically iﬁterrupting the electric
current, or -
(1ii) modify the cycles by periodically interrupting the fluid flow, or
'(iv) introduce lag between current and flow cycles i.e. use out-of-
phase operation

Case (i) has already been considered. Thompson et al. (1974) has dis-

cussed the other three cases as shown in the following sections.

(ii) Interrupted Current operation

This is a more general and more useful type of operation than case (i).
Here the current‘is turned off during a part of every half cycle. Figure 18
shows the flow and current cycles for this kind of operation. During the
first half-cycle both flow and mass transfer take place for period_Tl, at

which point the current is turned off and flow continues for period < A

2
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similar sequence, T, and Ty follow during the second half-cycle. From the

material balance on the salt

KlTl = K2T3 _ (72)

and from the material balance on the solvent

T, + 1 = T, +T

1+ 7 3% T, (73)

If B8 is the fraction of the first half-cycle during which the current is on

(B = 11/(T2/2)), then the successive intervals are;

T o= 8(3)
T, = @-8(F)
T4 =-%B(-'-Iz-)
and v, = (1-%3)(%) | (74)

Figure 18 shows concentration profiles at consecutive intervals in a
batch separation, for simplicity a system in which the end reservoirs remain
unmixed is illustrated. The dotted lines represent the coﬁcentration at the
beginning of each period T4 and the solid lines show the profile at the end
of each period. Subsequent cycles result in a progressive build up of the
concentration wave.

The average top product concentration after n cycles is given by

CT n 'TKl TKl Kl
c = 1 - e B (2 - B) - e B [2-8 Q1 *‘i{“ )] (n - 1) (75)
o o o 2 .

and the average concentration of the bottom (enriched) product is
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C .TK K

B,n 1 1
—e = — - ——
C 1+ 75 B [2 8(1+K )1 n (76)
o . o 2
If Kl = K, and B = 1 separation ceases after 1 cycle. It is possible to

choose a value of B that gives continuing separation for any specified value
of K1/K2' Differentiation of equation (75) or (76) shows that the most rapid

increase in separation will be obtained when

g - 2 (77)

TK
1
1+Z6;Bn
ns = .,TKl (78)
l—z}-a;ﬁ(n—8+l)

Thus; if Kl = K2’ best separation is obtained by setting B = %, so that Ty =

and the separation factor is

2 3 4
TK
1
1+ 800 n
ns = TR, (79
- — L
1 8C (n+ 2)
o
800 :
- e 1
noox S TKl ). If n> n ok’ then n . must be used.
If K2 >> Kl’ B =1 and the separation factor is
TK
1
1+ 4Co n ' |
ns = TR (80)
1 - 1 n
4C

provided that n < —2
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Since the current 1is only on for fraction 8 of each cycle, the amount of
separation obtained for a given amount of current consumed is approximately
the same in equations (79) and (80).

If a real system is operated with K2 > Kl, but with no externally
controlled interruption of the current, as in case (i), the concentration in
the storage layers must éontinually decrease in successive cycles. After a
number of cycles the concentration will drop to near zero part way through a
depletion half cycle, causihg the electrical resistance to become very
large. If the voltage is controlled at a constant value the current must
then become very small, so that, from this cycle onward, the system will
behave as if the current were interrupted part way through each depletion

cycle.

(iii) Interrupted flow operation

A third type of operating cyple is shown in Figure 19. Here the fluid
displacement, rather than the currenf, is periodically interrupted. The
current is turned on at the beginning of the cycle, to demineralize the
solution, but flow does not start until the end of pause time Tye The
fluid is displaced upwérd during period T, while the currént remains on and

further demineralization takes place. The polarity is reversed at the start

of period 1., and a similar sequence of flow pause followed by downward

3
displacement completes the cycle. The complete cycle time T consists of the
two pause periods 1 and T, and the displacement periods T, and Tyt In the
subsequent work based on this operating cycle the displacement periods are

kept constant and the cycle time T varies with the pause time used.

From the material balance on the salt

Ky (11 + 12) = K2 (13 + T4) (81)
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and from the material balance on the solvent

T = Ty ' (82)
!

If pause 1 lasts for a fraction-% of the total cycle time T, then the

successive intervals are:

= I
Tl—a(z)
TK
2 T
T, = o -a(5)
2 _Kl + K2 2
K., - K
1 2 T
T, = T(z7—==) +oa(=)
3 Kl + K2 2
and
T, T Ty (83)

Figure 19 illustrates the way in which the concentration profile
develops in a closed system with no mixing in the end compartments.

The average top-compartment concentration after the nth cycle is given

by
C TK 2K TK K K,-K
T,n 1 2 2 1 1 72
—a - - 2 - —_ -
C 1 -7 (°‘+1< T 7 e {(l+K)a+2(K+K)}(nl)
o o 1 2 o 2 1 2
o s e e s s s 0800 (84)
and the bo;tom concentration is
C TK K K., - K
—§£=l+-—g-{(l+-—1)a+2(——l————2-)}n (85)
C 4C X K, + K
o o 2 1 2

If Kl = K2 the separation factor is given by
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v 1+ EE; o n
ns = (86)

TK

1-—2a (n +-!iil
2C 20
o
2Co l-a
Provided that o < a < 1 and n = ( - =)
max TKla 200

If n>n , then n must be used.
max max

Obviously, best separation is obtained as o - 1, giving an operating
cycle with relatively long flow-pauses and rapid displacement. This special
case may be referred to as instantaneous displacement operation or pure-
pause operation in comparison with conﬁinuous displacement operation of

Case (i). As o » 1, the separation is given by

ng = ~m—— ' (87)

which is double the value predicted by case (i) in its best operating con-

ditions (Equation 71).

(iv) Out-of-phase operation

Figure 20 illustrates the concentration profiles at successive quarter
cycles after the start for a constant rate process operating with the current
cycle 90° out-of-phase with the disblacement. It is assumed that the rate
constants Kl and-K2 are equal and that the effluent remains unmixed in the end
reservoilrs., In contrast to in-phase operation, out-of-phase operation leads
to a continuing build-up of the concentration wave.

21

If the current switching leads the flow switching by time T, and vy = T

the average top and bottom concentration transients after the nth cycle are
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given by:
c ' X, - TK
2 .
ey Iy - La-v o - (88)
C 4C C
(o] (s} [o}
Cy TX,
<o =l+g - (M (89)
(o] [

in the interval o € vy € %. The concentrations change linearly with the
number of cycles and the greatest rate of change occurs when y = %. This is
in marked contrast to the results of the equilibrium model of parametric
pumping, which predicts best separation when transfer and displacement cycles
are in phase and no separation when they are 90° out of phase (Pigford et al.,

1969 a). The separation factor when y = 0 is given by

ns = ——— E (90)

i.e. separation ceases after 1 cycle. When y = % the separation factor is

1+-—n

(91)

l1-—=—(n-%)

no = ( Eif + %). When n > n oy then Do must be used,
Figure 21 shows concentration profiles in a possible arrangement of two

units operated together, with the top of one cell connected directly to the

top of the other and the bottoms of the cells connected together through a

reversible pump. With this configuration no end reservoirs are needed and

the concentration wave builds up twice as rapidly as with a single unit.
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Note that the‘concentfation profile in Figure 21(a) is symmetrical at the

end of each half cycle. Because of this symmetry either periodic flow
reversal or continuous flow, Figure 21(b), lead to similar separation. In
the first method of operation an oscillating concentration wave is generated,
which grows with time, while in the second method a rotating wave is pfoduced
which grows at the same rate. A'third possibility would be to operate a
number of units in series to generate a travelling wave, growing as it moves

along. Operation of equilibrium systems in this manner has been discussed by

Pigford et al. (1969 b).

Comments on various operations of the constant-rate model

By comparing the separation obtained in the four cases discussed
previously, it can be noticed that the concentrations change faster in
case (iii) than with either of the other cases considered. Since mass trans-
fer during displacement contributes little to the final separation in paﬁse
operation (case (iii)), some economy in electric power consumption might be
obtained by turning the curreﬁt off during all.or part of the displacement

periods.

(b) Concentration-dependent rate model-

While it is possible to operate the process in a constant current/con-
stant rate mode, it is more convenient to apply a constant potential to the
electrodes. The local current density is then a function of the concen-
trations along the current path and of the effective voltage.

If the applied voltage is A¢, and the voltage available to the stack
is A¢' (after ohmic losses and overpotentials in the electrode compartment are

allowed for), then the current through the stack is given by
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AT = Bdpay

where Ad is the Donnan potential across the membranes of the stack. The

DON
resistance is the sum of three terms, Rm - the resistance of the membranes,

Rf - the integral resistance of the fluid in the flow channels, and Rs._ the
integral resistance of the fluid stored in the core layers withinleach
membrane pair. The fluid resistance terms comprise the bulk fluid resistance
together with the associated boundary layers resistances.

Under the operating conditions for most experiments the Donnan potential
was small compared to the applied potential, so that tﬁe current density was
mainly controlled by the largest resistance in the current path. Low con-
centrations, and hence high resistances, occurred in the flow channels during

most of the depletion part of an operating cycle, and in the membrane cores

during enrichment, Accordingly the following rate laws were assumed

aC

p SEE = a; Cf (during depletion) (93)
BCS .
3T -2, Cg (during enrichment) (94)

Substituting these equations into equation (64), and neglecting axial
diffusion, leads to a set of equations that can be solved analytically for
éomé boundary conditions. Sélutions have been obtained (Bass, 1972) for the
interrupted-flow operating cycle previously described provided mass transfer
is restricted to the flow-pause periods and the displaced fluid volume is
equal to the void volume. Under these conditions, the average dialystate'

and brine concentrations after n cycles are

T,n _ P : (95)
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C S 2=n-1
B,n n n -1
& = 2+p-p -pq -qp (l—p)Z[-q]z (96)
o 2=0 p
where '
a,T
1
P=eXP(—~2—)
~ a2T
q = exp (- —Er')
l-c¢
p=

An alternative semi-empirical approach can be developed by assuming a

concentration-dependent mass transfer rate similar to Equations (93, 94)
p —> = kl Ce (during depletion) 97

By considering the overall material balance for the solute and the limiting
separation a general solution of the system is obtained in which the average

dialystate and brine concentrations after n cycles are given by

CT n —len —k3Tn

——— = -

c, exp ( 5 ) + k, [1 - exp( > )1 (98)
Cp o -k, Tn ' -k, Tn

— = - ——— - -—

c_ 2 - exp( 5 ) k2 [1 - exp( > )] (99)

This solution can be simplified by assuming that k3 = k4 = kl in this case

Equations (98, 99) reduce to

CT n -k.Tn ~k,Tn
—ar -
c. exp( —5— ) + k, [1 - exp( > )]
-len
= k2 + (1 - kZ) exp ( 5 ) (100)
C -k.Tn
B.n o 5y (k, - 1) exp ( 1 ) -k (101)
C 2 2 2
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where k,, k, are constants which are functions of system and operating

1’ 72
parameters,

If we assume flow channel and storage compartment are of the same
capacity and dimensions (as is the usual case) then p = 1.0 and Equations

(95, 96) will be a special case of Equations (98, 99) where the constants

are given by

k, = -1, k, =0 and k, = a

3.2.3. Comment on Constant—Rate Model

Although the constant-rate model is compact and easy to apply it ignores
dispersive and current-limiting effects which limit separation in a real
system; hence it can not predict the ultimate steady-state separation.
However, the model offers simple algebraic solutions to a complicated
system which can be utilized to show graphically the development of the
concentration profiles and‘to indicate when separation will not occur. The
model has been used extensively in the present.work to compare various

operating cycles and modes of operation.



CHAPTER 4

The Cyclic Electrodialysis Process -
Objectives, Techniques and Apparatus

4,1, Objectives of the Program

The primary objectives of this experimental program were; to
explore the possible regions of application of cyclic operation in an open
electrodialysis system, to .screen system parameters and to determine their
relative importance.

Previous work in a batch system (Bass, 1972) showed that the most
important operating parameters were the displacement cycle, the applied volt-
age and fhe initial concentration. These were further investigated here
together with the effect of production rate. vAn open system offers a high
degree of freedom with regard to introduction of feed and withdrawal of
products, and a variety of different operating modes were considered. The
'modﬁlar construction of the ED cell allowed crude measurements to be made
of the axial distribution of current and probe voltage during the cycle and
also permitted the effect of channel length to be investigated.

The constant-rate model discussed in Chapter 3 predicted that the
interrupted flow operation would result in the best separation compared to the

1

other cycles studied (synchronous, out-of-phase and interrupted current

93
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cycles). The experimental part of the work was based mainly on this
interrupted flow cycie. The cycle is most conveniently described with
reference to a single electrodialysis stack, however two stacks close-
coupled in a back-to-back configuration were used in-most of the

experimental work,

4.2, Single Stack Operation

Figure 22 illustrates the sequence of events that make up a complete
operating cycle.  The electrodialysis cell (ED cell) is shown schematically
as a rectangular box with an internal shaded area symbolizing the
sorption membrane stack. Two well mixed reservoirs (circles in Figure 22)
are connected to fhe ends of the ED cell. Partial shading of the circles
indicates the liquid content of these reservoirs at differeht times during
the cycle. Figure 22 shows batch operation but it can be modified to
allow for feed addition and product removal ip various ways during the
cycle.

The interior of the cell is divided by many parallel ion-selective
membranes into two regions; a set of flow channels connecting the inlet and
outlet ports, and an interleaved set of closed "capacity cells" or membrane
stack. Depending on thg direction of the electric current, ions are either
transferred from the solution in the flow channels to that in the capacity
cells or vice-versa. During the first half cycle the applied electric

potential is controlled to produce a positive square wave. The membranes
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are positioned in such a way that positive polarity is equivalent to
solute uptake (i.e. the cationic membranes face the anode). The intrachannel
solution 1is, therefore, depleted during the entire first half-cycle which
consists of two parts: a ''pause" or no-flow interval (Tl) followed by a
"displacement" interval (12) during which the fluid flows with constant rate
(Q) from the lower to the upper feservoir. Displacing fluid entering the
bottom of the cell may be fresh feed or "reflux" retﬁrning after a previous
downward displacement, or a mixture of these. The second half-cycle begins
with a polarity reversal (- ;) and a simultaneous flow stoppage for another
v "pause'" interval (13). The intrachannel solution receives solute from the
membrane stack during the whole period of this second half-cycle, which is
concluded by a "displacemeﬂt" interval (14) during which the solution is
returned from the upper to the lower reservoir with flow rate (- Q). The
displacing fluid entering at the top of the cell may be fresh feed, or a
reflux stream of depleted solution obtained during period (12) or a com-
bination of these. In an open system partial reflux must be used to achieve
cyclic operation while-in a closed system the operation, in some ways, is
analogous to total reflux operation of a distillation column.

Initially the solute concentrations in the system are in equilibrium
across the membranes and equal everywhere. Each cycle produces depletion
of the solution in the dpper reservoir and enrichment of the solution in the
lower one, and an axial concentration gradient continues to develop in the
ED cell until limiting steady-periodic conditions are reached.

In most of the experiments reported here symmetric half cycles with

regard to time intervals have been used i.e. Ty T T, and Ty = Tye
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4.3. Back-to-Back Stack Configuration

Since some, or‘all, of the fluid leaving the cell during upward
displacement is subsequently to be returned as reflux, it is convenient to
connect two cells together as shown in Figure 23. This direct coupled
back-to-back configuration avoids the necessity of intermediate reflux
storage tanks. Also experiments in a batch operation showed that mixing in
the end reservoirs lowers separation and a reduction of mixing in the
solution external to the stack helps to reduce the effects of internal
mixing by reducing the‘gradients of the travelling fronts. The average
separation factof was increased by 30 - 100% when an end reservoir (well
mixed) was replaced by a coil tubing (Bass, 1972).

The two cells so connected (Figure 23) are operated electically out-
of-phase with each other and, of course, upward displacement in one cell
implies downward displacement in the other (with the possible exception of
periods when the feed is being introduced or products removed).

This type of configuration can be used in either closed or open system
operations. Figure 24 shows how the concentration profiles are predicted to
develop during the first few cycles of operation in a closed mode, based on
the constant rate model. The model neglects axial diffusion, but quali-
-tatively it is apparent that axial mixing will tend to smooth out the square-

wave profile into a shape more nearly resembling a sine wave.

4.3.1. Open System Operation of a back-to-back configuration

If feed is to be introduced, and products withdrawn, connections must
be provided with valves that are timed to open at appropriate moments during

the cycle. Since the total volume of the system remains constant, feed must
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Back _to-back operation of two cells.
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be introduced whenever product is withdrawn. For best separation it would
seem desirable to take products whenever maxima or minima in the concentration
profiles pass the appropriate ports, and to introduce feed at a position where
the circulating fluid is close to the feed composition. If the concentration
profile around the loop comprising the two cells and their interconnections
is approximately sinusoidal then feed introduction ports must be located 90°
away from product removal ports.
Regarding the feed location and the feed timing, an open system can
be run under either symmetric, semi-symmetric or asymmetric type of operation.
In symmetric operation feed is introduced and products removed every half
cycle with the feed being introduced to the top and bottom of each cell. 1In
semi-symmetric operation feed is introduced every half cycle, but to one side
only of each cell; while in the third mode of operation neither the feed
location nor the feed timing is symmetrical, and the feed is introduced only
once to one side of each cell every cycle. °
Figure 25 represents a symmetric operation with product removal from
the mid-points of each cell, It shows the required connections and the
valve timing. In symmetric operation each cycle is subdivided into eight
intervals ti (i =1,2, ...'8). The activity takes place at each time interval
as shown in the table of Figure 25 which also shows the polarity of the
of the electric field, the condition of the pump (i.e. whether idle or
operating and in which direction), it also indicates the state of the
varioué solenoid valves and which of them is energized (open) and which of
them is closed during the specific time interval concerned. The developing

concentration profile for this mode of operation is shown in Figure 26.

Here the amount of feed introduced/cycle is %-of the total circulating volume.
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Flow connections and valve timing sequence for symmetric operation,
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Figure 26 as well as Figure 28 and 30 ignore axial mixing effects, and
concentration changes during feed admission and displacement have been

omitted for clarity of presentation. The product will undergo

total circulating volume
total feed volume

cycles of enrichment or depletion before
emerging under this mode of operation. 1In these Figures vertical axis
indicates concentration level, a horizontal arrow shows circulation of
solution from one cell into anbther, and the letters F, D, B indicate the
concentration as well as the location in the cell where the feed, F is
introduced or the depleted and enriched products D and B are withdrawn.

Figure 27 represents a semi-symmetric operation with its connections
and valve timing sequence. Here the products are removed alternately from
the top of cell II and the bottom of cell I, while feed is supplied to
the top of cell I and the bottom of cell II. The waveform generated in
Figure 28 is of sawtooth shape, and the efficiency of this operating
cycle will depend on how well this waveform can be maintained under the
influence of axial miking processes. It would be expected that this method
of operation would be more sensitive to axial mixing than the scheme shown
in Figure 25. 1In the absence of mixing, both cycles are predicted to give
equal separation (compare Figures 26 and 28).

Figure 29 shows an asymmetric operation. An operating cycie here
consists of six time intervals ti (i =1,2 ... 6) that constitute two non-
symmetric half cycles and it needs only 4 valves as indicated in Figure 29.
An asymmetric operation presents a further simplification of the system with-
out affecting its separating capability and results in the same separation

as that predicted by the previous modes of operation (compare Figures 26,

28 and 30).
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It can be concluded that when axial mixing is ignored all the three
modes of operation considered here lead to the same separation. However,
as can be seen from figures 25, 27 and 29 the degree of complexity of the
system and the valve economy and timing sequence decreases as the cycle

becomes less symmetric.

4.4, Apparatus and Operation

A photograph of the completed unit is shown in Figure 31 which shows
the control panel board with its timer, cycle counter, DC motor speed con-
troller, DC power supply, conductivity meters, 4-pen recorder and switches.

The separating unit consists of two columns or cells which are
depicted in Figure 32 and a;e represented by the boxes ED I and ED ITI in
Figure 36 where they are shown connected to the process line, rinse loop,
and tﬁe elecﬁric power sﬁpply.

An asymmetric cyclic opération was used here in which the system was
open during the first half-cycle and was closed during the second half-cycle
(Figure 29). During the first half-cycle the solution in cell II was
depleted while that in cell I was enriched. The cycle étarted with a pause
» tz,‘t3 when the feed

was introduced and an enriched product was removed from cell I for the time

period ty. This was followed by production periods;

ty and a depleted product was removed from cell II for a period t The

3¢
first half-cycle was terminated by circulation of the solution from one

cell into another. 'The second half-cycle consists only of a pause period

followed by a circulation period t, when the solution was circulated in

s
opposite direction,

6



115

Figure 31 Electrodialysis Unit and Control Equipment
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Figure 32 Electrodialysis Cells in Back-to-Back Operation
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A block diagram of the experimental test stand is shown in Figure 36.
The figure illustrates the way in which feed solution flows through the
stack and the auxiliary equipment and it indicates the points at which the
conductivities of the effluent streams, the voltage, the amperage were
measured and recorded. The feed solution was introduced into the ED cells
from a pressurized tank through the process line, wﬁich was an open ended
line that terminated in the top and bottom products tanks. Four normally
closed Dri-solenoid valves [VALCOR, series 51] were included in this line
together with a reversible peristatic pump P1 [COLE-PARMER Model 7017] driven
by a variable speed DC motor [CENTURY motor type DN, 0.25 HP and BOSTON motor
speed controller Ratiotrol model E 25]. The circulating rate of the process
solution was set by the motor controller of pump Pl; and the flow direction
was controlled by the reversing switch SW II.

A separate rinse solution was continually recirculated through the
electrode compartments of the ED cells via distributing manifolds by the
centrifugal pump P2 (COLE-PARMER model MDX-3, No. 7004-10). The circulating
rinse stream served to remove products of electrolysis and any gases evolved
at the electrodes were swept out and vented. The electrode wash liquor
used was 2000-4000 ppm aqueous solution of sodium chloride and the flow rate
‘was about 0.47 [litre/min] per compartment.

Regulated DC power was supplied to the ED cells from SORENSEN DCR40-10A
power supply through the reversing switch SW I. A solid state timer was used
to control the sequence of operation, energize the solenoid valves, switch
and reverse the polarity of the motor armature, control the polarity of the
electric field and give an impulse to an electromechanical counter by the

end of each cycle.
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4,3.1. Details of an ED Cell Design

A modular construction was used for the ED cells ED I and ED 1I.
Each cell consists of up to eight separate stacks or stages connected
together in series hydraulically and in parallel electrically (Figures 23, 32).
Each stage as depicted by Figure 33 was built up from eight multilayef |
sorption membrane assemblies, clamped between plexiglas end-frames in a
filter-press type 6f construction. The end frames held the graphite
electrodes and incorporated flow connections for the process stream and the
electrode rinse streams (Figure 33). Each assembled stage had an active
void volume for the process fluid of 50 cm3 plus a dead volume of about 5 cm3.

The construction of one of the individdal membrane assemblies is shown
in Figures 34, 35. Each unit consisted of the following three components
permanently bonded togethef:

(1) An outer low density polyethylene sealing frame (22.54 cm x
7.62° cm x 0,189 cm) with two key-shaped liquid distribution slots cut into
each end.

(ii) A triple-membrane (éapacity cell) 16.19 cm x 4.44 cm, composed of
a catién selective membrane (AMF C-100 or IONAC MC-3142) and an anion
selective membrane (AMF A-100 or IONAC MA-3148) enclosing a core of Whatman
.No.1 filter paper (15.56 cm x 4,13 cm).

(1ii) A flow channel of polypropylene spacer screen (17.00 cm x
4,60 cm x 0.098 cm) Vexar TP 23, 10 x 10 strands per inch, cut diagonally.

Half of the ion exchange membranes were purchased froﬁ American Machine
and Foundry Corp., while the rest were obtained from Ionac Chemical Co.

and the spacer material was kindly supplied by Du Pont of Canada.
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The membranes were heat sealed along both short sides. The long
sides remained open to insert and to remove the filter paper. The poly-
propylene spacer screen was pressed into the frame by means of a heated jig.
Then the triple membrane was tacked at three corners to the frame using a
heated bar. A detailed construction procedure is given by Bass (Bass; 1972).
The manufacturer's specifications of the membranes used are given
in Table V. Detailed definitions of the parameters and methods for their
measurement are found in "Ion Exchange'" by Helfferich (1962) and '"Test Manual
for Permselective Membranes, Research and Development Progress Report #77,

Office of Saline Water, U.S. Department of Interior (1964 b).

4.5. Measuring and Recording

4.5.1. Concentrations, Current, Voltage and pH Measurements

(i) Concentrations

The concentrations of the process solution at two points indicated by
positions Cl, C2 in Figure 33 were continuousiy measured using epoxy flow-
type conductivity cells [BECKMAN, CEL-VDJ] with automatic temperature com-—
pensators and direct-reading conductivity meters [BECKMAN, Solu-Meter RAS].
.A d to 10 (mV) D.C. output signal from the Solu-Meter allowed potentiometric
recordering of the conceﬁtration in the ranges shown in Table VI.

Accuracy of the type RA5 Solu-Meter indication is within 2% of the
scale span. However the accuracy of éhe electrical output is within 1% of

span.



Table V Reported Properties of Ion-Exchange Membranes

Type, Manufacturer and

Cation-Exchange

Anion-Exchange

Designation AMF TONAC AMF TONAC
Property C-100 MC-3142 A-100 MA-3142
Backing Polyethylene Polyethylene
Active Group Sulfonic Acid Quaternized
ammonium
Area Resistance (ohm—cmz) 7 9.1 8 10.1
‘ (0.6N KC1) (0.1N NaCl).~ (0.6N KC1) (0.1N NaCl)
3.4 1.7
(1.0N NaCl) (1.0N NaCl)
Transference number of counterion (selectivity)(a): _
(0.5/1.0N KC1 or NaCl) 0.90 0.94 0.90 0.90
(0.2/0.1N NaCl) 0.990 0.999
Ion Exchange Capacity (meq/g) 1.3 1.06 1.5 0.96
Approximate thickness (mm) 0.015 0.015 0.018 0.018
Mullen Burst strength (psi) 60 185 50 190
Dimensional Changes on wetting and drying (%) 10-13 <3 12-15 <3
Size available 44 in, wide 40 x 120 in. 44 in, wide | 40 x 120 in.

rolls

rolls

(a) Reported from concentration potentials measured between solutions of the two normalities listed.

€CT
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Table VI

Conductivity and Na Cl Concentration Ranges of BECKMAN
conductivity Cells CEL-VDJ corresponding to a 0-10 [mV]
D.C. Signal from a BECKMAN Solu-Meter RAS.

Cell Constant Conductivity Na Cl1l Solution Concentration
_____ € fenl] | [mieromhos/cn) - b
20 0-10,000 4 | 0-5,500
50 0;25,000 0-14,800
100 | 0—50,000 0-30,800
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After every run samples of the depleted and enriched products were
taken and their concentrations were measured using an epoxy dip Cell [BECKMAN,
CEL-VH1-10] together with a conductivity bridge [BECKMAN, Model RC 16B2]

with scale multiplier 10-2 - 10+3.

(ii) Current

The current input was measured as a potential drop across a Nichrome
resistance wire (14 gauge), shﬁnt A in Figure 36, The shunts were integrated
into the electrical manifold which distributed the D.C. power from switch
box SW I to the stages. The wiring is shown in Figure 37. The shunt
resistances were 50.0 [ﬁQ] + 1.5% for the currents to the individual stages

and 25.0 [mR] for the total current.

(iii) Voltage

Probe electrodes were prepared from silver wire cable which was hamﬁered
into strips approkimately 3 mm wide and 0.12 mm thick. The strips were dip
coated with contact cement (Weldwood of Canada Limited) and the coating was
reﬁoved'from one side of the tip'which was located inside the stack. The
probes were inserted between the separating membranes and the stack pack and
~ sealed with silicon grease (Dow Corning). A second selector switch was
conpecfed to the probes and to one recorder pen. The circuit was analogous

to the one shown in Figure 37; but without shunts.

(iv) pH

Samples for pH-checks were taken for some runs just prior to the
experiment and immediately thereafter from tﬁe two process products and
rinse stream and measured in the usual way (using CORNING digital eiectrometer

model 101).
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.

4.5.2. Recording

A four—channeltéecorder (WATANABE Multicorder, Model MC6-11 S4H) was
used to continuously monitor the current input to the cells, the potential
drop across the membrane stack, and the solute concentrations in the bhottom
and top conductivity cells Cl and C2 (Figure 36).

The stack voltage and the current consumption are measured individually
for eachlstage. However, because of the limited number of pens only one
voltage and one current signal are recorded at a time using two selector
switches.

The curreﬁt signal was integrated during several experiments, using a

CORNING Recorder 840, to determine the average current consumption.



CHAPTER 5

Experimental Results and Discussion

The primary objectives of the experimental program have been outlined
before (Chapter 4). In the present work aitogether 252 runs were made.
These are compiled in the main éurvey tables (Tables IX-XVI), which show the
operating conditions, production rates and the separation achieved in each run.
These survey tables are followed by group tables and diagrams that illustrate

the effect of single variables under otherwise fixed conditions.

 5.1. Data Collection

The collection of raw data during the course of a complete run consisted
of the following consecutive steps:

1. Fill rinse tank with 7.5 liters of fresh rinse liquor (NaCl in
distilled water, with the same concentration as the process stream but not
less than 1000 ppm NaCl).

2. Fill the feed tank with solution of desired concentration (NaCl in
distilled water) and adjust the pressure in the feed tank to about 8 psig.

3. Fili system with the process solution from the pressurized feed tank.

4, Start rinse pump.

5. Set the timer and the peristaltic pump speed and run the system with
power off for few cycles to equilibrate sorption membrane with process solution.

6. Adjust check point of conductivity meters.

7. Select recorder pen ranges and chart speed.

8. Take concentration and pH samples of process and rinse solutions.

9. Set the timer off to bring the equilibrated process solution to

a pause before starting the run.

128
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10. Turn cycle counter back to zero.

11. Set operating conditions (final adjustment of the timer and the
applied D.C. voltage). |

12. Note down date, operating conditions, variable recorded by each
pen and appropriate range, chart speed.

13. Set the timer on and close electric power circuit simultaneously
to start the first pause interval in the first cycle. |

14, When the system appfoaches its periodic steady state as indicated
by the recorded values of concentrations. Fmpty the product tanks, measure
the volumes and note the cycle number. Discard products obtained‘in this
transitioﬁ period.

15. Record current and voltage signals at different stations by
manipulating selector switches, and mark peﬁ traces accordingly.

16, Write down any dbservation related to experiment.

17. Terminate run when sufficient products are produced and all
information regarding current and voltége signals at the various stations
have been obtained.

18, Measure the total amount of products produced and read the total
number of cycles to find and record the production rates.

19. Take samples of process and rinse streams to measure pH and con-
gen;rations.

20. Record the measured values.

5.2. Experimental Designation

The experiments reported here fall into two main categories:

(i) Category R which refer to the first set of experiments conducted -
in two columns each consisted of 4 cells or stages connected together in
series hydraulically and in parallel electrically (Tables IX-XI).

(i1) Category M which refers to the second set of experiments performed
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"in columns with double the length of thoge used in Category R (Tables XII-XIV).
Each experiment in these categories is designated by either Rno or Mna |

where n is a number which refers to a specific combination of a feed
concentration (Co) and a production rate (P.R.). Three feed concentrations

(Co = 500, 2000 and 4000 ppm NaCl) and four production rates (P.R. = 0.0, 25,
50 and 100 c.c./cycle) have been used which result in 12 combinations and n
assumes the values 1,2, .... 12 as shown in Table VII. o is a letter which
represents a specific combination of applied voltage (A¢) and the pause time
(t). Three voltages (A¢ = 10, 20 and 30 volt) and three pause times (t = 15,
30 and 45 sec.) have been investigated which lead to 9 combinations and a is
symbolized by ény of the letters A, B, .... I as shoﬁn in Tablg VIII.

5.3. Main Survey Tables

The columns of the main survey tables are (see Tables IX-XVI):
1. EXP GrouE: This shows the experiment category R or M and the

n-value (n = 1, 2, .... 12).

2. Production Rate: of each product (demineralized and concentrated)
in c.c./cycle.

- 3. Feed Concentration: in parts per million NaCl in distilled water.

4. EXP Symbol: the symbol of o in the experimental designation Rna
or Mno.

5. Applied Voltage: the constant voltage supplied by the regulated

D.C. power source in volts.
6. Pause Time: in each half cycle in seconds.

7. Brine Concentration:

9. Dialysate Concentration: both measured conductometrically and

converted by means of calibration curves into concentrations in parts per

million NaCl.



Table VII Values of n in Experimental Designations
Rna and Mno

Operating

Parameters Feed Conc. Production Rate
Value C_ (ppm) p.p. (c.c./cycle)

of n o tE :

1 25

2 2000 0

3 50

4 100

5 25

6 500 0

7 50

8 100

9 25

10 4000 0

11 50

12 100

131



Table VIII Values of a in Experimental Designations

Rna and Mna

Operating

APPLIED
Parameters VOLTAGE, A PAUS?Szz?E, T
(volt)
A 30
B 20 45
C 15
D 15
E 30 30
F 45
G 45
H 10 30
I 15
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8. Brine Volume:

10. Dialysate Volume: These are the production rates of the two

product streams expressed in c.c. per cycle.

11. Separation Factor (ns): Defined as the ratio of brine (bottom

product) to dialysate (top product) concentrations

The main survey tables of all successful experiments in category R
and M are presented on the following pages. Successful means not inter-

rupted by mechanical, electrical or human failure.

5.4, Parameters and Modes of Operatioh Investigated
(a) Parameters
The parameters which are studied are:
1. Demineralizing path length.

2. Production rate.
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3. Pause time, 1. The total cycle time T is the summation of pause time,

T which is variable, the circulation time tC which is kept cons

tant

and production time tp which varies between 1.5-6.0 sec depending on

the amount of product.
4, Applied voltage, Ad
5. Initial concentration, Co'

(b) Modes of Operation

The following modgs of operation were considered:
6. No-pause operation.
7. No-power during circulatién operation.,
8. Semi-symmetric operation.
Each of these parameters or modes of operation is analysed separately by

forming groups of experiments in which the other parameters are constant.



Table IX Compilation of Experiments with Initlal Concentration (Co) of 2000 PPM
Two Columns,Each consists of 4 Cells in Series
1 2 3 4 5 6 7 8 9 10 11
P PRODUCTION | FEED exp. | APPLIID | PAUSE BRIKE DIALYSATE SEPARATION

CROUP RATE CONC. | cyiypoy, | VOLTAGE | TIME | conc, | VOLUME CONC. VOLUME FACTOR

(C.C./CYCLE) | (PPM) . (voLT) | (sEC) | (PPM) | (C.C./CYCLE) ; (PPM) | (C.C./CYCLE) ns

A 30 3730 212 17.59

1950 B 20 45 4310 135 31.93

o 15 3320 415 '8.00

n 15 3450 239 14.44

R2 0.0 1550 E 30 30 4435 133 33.35

‘ F 45 4800 101 47,52

e 45 | 3380 470 7.19

1950 H 10 30 3020 550 5.49

1 15 2800 830 3.18

A 30 3560 18.80 400 19.83 8.90

1950 B 20 45 3770 18.19 290 19.80 13.00

c 15 3310 17.90 580 18.30 5.71

D 15 3410 17.94 455 18.11 7.49

Rl 20 1950 E 30 30 3900 17.20 280 19.80 13.93

F 45 4025 17.73 195 19.86 20.64

e 45 3300 17.55 735 18.1% 4.49

1950 H 10 30 3010 18.10 820 18.20 3.67

§ 1 135 2795 18.00 1020 18.13 2.74
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Table IX

(Continued)

1 2 3 4 5 6 7 8 9 10 11

EXP. PRODUCTION | FEED ixp. | APPLIED | PAUSE BRINE DIALYSATE SEPARATION
GROUP RATE CONC. 1 gywpor | VOLTAGE | TIME | (e, VOLUME coxc. | voum FACTOR

(C.C./CYCLE) | (PEM) (VOLT) (SEC) | (PPM) | (C.C./CYCLE) | (PPM) } (C.C./CYCLE) ns

A 30 3200 47.38 640 48.30 5.00

1950 B 20 45 3460 47.41 480 48.62 7.21

- 15 2850 47.88 990 48.25 2.88

D 15 3180 47.15 830 49,85 3.83

R3 50 1950 E 30. 30 3500 47.34 450 49.69 7.78

F 45 3720 46.46 310 49.83 12.00

G 45 2780 47.14 1130 48.33 2.46

1950 H 10 30 2615 47.64 1290 48,14 2.03

I 15 2370 46,54 1550 48.08 1.53

A 30 3050 96.20 1115 98.90 2.74

2055 B 20 45 3270 96. 54 870 98.75 3.76

c 15 2580 96.23 1545 97.87 1.67

D 15 2910 96.94 1190 97.11 2.45

R4 100 2055 E 30 20 3300 97.83 790 98,10 4,18

F 45 3615 97.89 515 98.21 7.02

G 45 2620 97.22 1465 98.50 1.79

2055 i 10 30 2500 97.15 1590 98.43 1.57

1 15 2400 96.88 1725 98.13 1.39

GET



Table X

Compilation of Experiments with Initial Concentration
Two ColumnsyFach Consists of 4 Cells in Series

(Co) of 500 PPM

1 2 3 4 5 6 7 8 9 10 11
e, || FORCTION | T o, | AL | P T S

GROUP SYMBOL CONC. VOLUME CONC. VOLUME

(C.C./CYCLE) (PPM) (VOLT) (SEC) (PPM) (C.C./CYCLE) (PPM) (C.C./CYCLE) ns

A 30 1447 24.5 59.06

530 B 20 45 1915 23.7 30.80

- C 15 1300 28.2 46.10

D 15 1790 24.4 73.36

R6 0.0 530 E 30 30 1833 19.2 95.47

F 45

G 45 1332 86.0 15.49

530 H 10 30 1160 101.0 11.49

1 15 1042 157.0 6.64

A 30 1070 17.91 31.5 19.14 33.97

530 B 20 45 1110 17.19 24,0 19.38 46,25

[o! 15 1040 17.94 41,0 _19.11 25.37

D 15 1070 17.75 25.0 19.80 42.80

RS 20 530 E - 30 30 1125 17.15 20.4 19.79 55.15

F 45 1150 17.14 16.8 19.82 08.45

G 45 970 17.97 95.0 19.16 10.21

530 i 10 30 | 940 17.95 123.0 19.03 7.64

I 15 850 17.94 214.0 19.00 3.97
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Table X (Continued)
1 2 3 4 5 6 7 8 9 10 11
oxp. || PRODUCTION | FEED xp- APPLIFED | PAUSE BRINE DIALYSATE SEPARATION

GROUP RATE CONC. | cyypor, | VOLTAGE | TIME | conc, VOLUME conc. | voLmE FACTOR

(C.C/CYCLE) | (PPM) oLt | (sec) | (epM) | (C.C./CYCLE) | (PPM) | (C.C./CYCLE) ns

A 30 980 47.43 38 49.14 25.79

510 B 20 45 1020 46.15 . 30 48.30 34.00

c 15 960 47.87 48 48.10 20.00

D 15 1016 46.17 40 49.63 25.40

R7 50 510 ) 30 30 1044 46.14 32 49.89 32.63

F 45 1055 46.13 27 49.87 39.07

c 45 928 46.96 103 48.04 9.01

510 H 10 30 900 47.85 130 49.13 6.92

1 15 796 47.89 221 48.11 3.60

A 30 935 96.94 66 97.14 14.17

500 B 20 45 950 96.72 57 97.80 16.67

c 15 915 96.16 103 97.84 8.88

) 15 920 97.80 76 98.28 12.11

R8 100 500 E 30 30 948 96.30 57 96.87 16.63

F 45 960 96.15 52 98.31 18.46

¢ 45 852 96.26 153 97.59 5.57

500 H 10 30 800 97.40 200 97.72 4.00

1 15 706 96.03 298 98.17 2.37

LET



Table XI

Compilation of Experiments with Initial Concentration
Two Columns,Each consists of 4 Cells in Series

(Co) of 4000 PPM

1 2 3 4 5 6 7 8 9 10 11
P PRODUCTION | FEED rxp. | APPLIED | PAUSE BRINE DIALYSATE SEPARATION
GROUP RATE CONC. | gympor | VOLTAGE | TIME | none, VOLUME CONC. ! VOLUME FACTOR
(C.C./CYCLE) { (PPM) woLt) | (src) | (M) | (c.c./cYCLE) | (PPM) { (C.C./CYCLE) ns
A 20 30 4980 2080 2.39
210 6.0 3670 B 20 45 5500 1645 3.34
) 30 30 5535 1250 4.43
F 30 45 6210 900 6.90
A 20 30 4900 17.73 2475 19.18 1.98
R 2 3670 B 20 45 5400 17.80 2020 19.20 2.67
E 30 30 5420 18.61 1750 18.72 3.10
F 30 45 6150 18.13 1350 18.96 4.56
A 20 30 4700 47.50 2645 48.75 1.78
211 5 2670 B 20 45 5020 47.24 2280 48.34 2.20
E 30 30 5300 47.45 2120 48.25 2.50
F 30 45 5700 46.85 1655 47.95 3.44
A 20 30 4520 96.25 2970 98.35 1.52
212 100 3720 B 20 45 4700 96.10 2660 98.35 1.77
E 30 30 4850 96.74 2540 98.00 1.91
F 30 45 5330 96.92 2150 98.85 2.48
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Compilation of Experiments with Initial Concenttation_(Co) of 2000 PPM

Table XII
Two ColumnsyEach Consists of 8 Cells in Series
1 2 3 4 5 6 7 8 9 10 11
|| TRORCTION | T | gy, | AT | e P | S
GROUP SYMBOL CONC., VOLUME CONC. VOLUME
(C.C./CYCLE) (PPM) (VOLT) (SEC) (PPM) (C.C./CYCLE) (PPM) (C.C./CYCLE) ns
A 30 4225 120 35.21
2130 B 20 45 4300 102 42,16
c 15 4025 177 22,74
D 15 4400 85 51.76
M2 0.0 2120 . E 30 30 4525 70 64.64
F 45 4675 57 82.02
G 45 3900 280 13.93
2120 H 10 30 3825 380 10.07
I 15 13650 610 5.98
A 30 4000 25.37 196 24,17 20.41
2160 B 20 45 4075 25.52 148 24.48 27.53
c 15 3875 . 25.87 330 24.13 11.74
D 15 4125 24,67 140 24,50 29.46
Ml 25 2170 E 30 30 4250 25.00 118 25.00 36.02
F 45 4350 24.57 94 25.71 46.28
G 45 3825 25.79 410 24.21 9.33
2170 H 10 30 36.75 25.88 570 24.13 6.45
I 15 3375 25.45 840 24.66 4.02
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Table XII (Continped)
1 2 3 4 5 6 7 8 9 10 11
Exp PRODUCTION | FEED | .o | APPLIED | PAUSE BRINE DIALYSATE SEPARATION

GROUP RATE CONC. } sympoy, | VOLTAGE | TIME | none, VOLUME CONC. VOLUME FACTOR

(C.C./CYCLE) | (PPM) (voLT) | (sEc) | (PPM) | (C.C./CYCLE) | (PPM) | (C.C./CYCLE) ns

A 30 | 3950 52.14 232 50.48 17.03

2130 B 20 45 | 4025 52.55 163 51.76 24.69

c 15 3775 51.43 470 50.30 8.03

D 15 | 4050 50.09 154 50.87 26.30

W3 50 2120 E 30 30 | 4175 50.27 127 52.69 32.87

F 45 | 4300 - 49.12 105 51.68 40.95

G 45 3725 50.52 550 50.70 6.77

2120 H 10 30 | 3600 52.73 810 52.05 4.20

I 15 3050 50.13 1270 52.39 2.40

A 30 - | 3900 101,11 267 99.83 14.61

2100 B 20 45 | 4000 98.85 152 96.75 20.83

c 15. | 3675 99.09 575 98.86 6.39

D 15 | 4025 101.17 180 98.25 22.36

M4 100 2160 E 30 30 | 4125 98.88 145 96.25 28.45

F 45 | 4200 99.35 125 98.15 33.60

¢ 45 | 3625 100.00 640 101.18 5.66

2140 H 10 30 | 3300 98.17 1100 100.00 3.00

1 15 2880 98.44 1440 99.88 2.00

o%T



Table XIII Compilation of Experiments with Initial Concentration (Co) of 500 PPM

Two ColumnsyFach Consists of 8 Cells in Series

1 2 3 4 5 6 7 8 9 10 11
X PRODUCTION | FEFD exp. | APPLIFD | PAUSE BRINE DIALYSATE SEPARATION
GROUP RATE CONC. | gyqpor, | YOLTAGE | TIME | cone, VOLUME | CONC. VOLUME FACTOR
(C.C./CYCLE) | (PEM) oLT) | (SEC) | (PBM) | (C.C./CYCLE)| (PPM) | (C.C./CYCLE) ns
A 30 {1130 16.5 68.48
550 B 20 45 | 1200 13.6 88.24
c 15 | 1090 , 20.2 53.96
D 15 | 1150 15.1 76.16
M6 0.0 550 E 30 30 | 1280 12.0 106.67
' F 45 |
G 45 | 1030 33.0 31.21
530 H 10 30 | 1010 44.0 22.95
1 15 970 75.0 12.93
A 30 | 1080 24.20 21.1 25.39 51.18
540 B 20 45 |1120 2.14 17.1 25.84 65.50
¢ 15 | 1050. 24.38 26.3 25.30 39.92
D 15 |1090 24.25 19.7 25.25 55.33
M5 25 560 E 30 30 | 1140 23.84 15.7 25.66 72.61
F 45 | 1160 24.13 14.9 25.95 77.85
6 45 |1010 25.34 40.0 25.11 25.25
530 H 10 30 |1000 25.07 53.0 24.78 18.87
1 15 960 25.62 90.0 24.84 10.67
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Table XIII (Continued)

1 2 3 4 5 6 7 8 9 10 11
o, || OO | | . | i) B T T
GROUP SYMBOL CONC. VOLUME CONC. VOLUME
(C.C./CYCLE) (PPM) (VOLT) (SFC) (PPM) (C.C./CYCLE) (PPM) (C.C./CYCLE) ns

A 30 1050 51.82 26.3 49,24 39,92

550 B 20 45 1090 50.17 20.2 51.50 53.96

C 15 1030 51.91 33.0 49.03 31.21

D 15 1070 50.09 24,2 51.00 44,21

M7 50 550 E 30 30 1100 50.77 18.1 51.49 60.77

F 45 1110 50.50 17.6 51.57 63.07

G 45 1010 50.25 44,0 51.25 22,95

530 H 10 30 990 50.94 61.0 49,50 16.23

1 15 950 50.77 104.0 49,67 9.13

A 30 1020 99.72 36.0 98.12 28.33

540 B 20 45 1050 99.09 26.0 98.18 40.38

c 15 1010 99.45 48 .0 98.79 21.04

D 15 1030 98.50 32.0 99,65 32.19

M8 100 540 E 30 30 1070 97.32 23.0 99.92 46,52

F 45 1080 97.69 22.3 99.82 48,43

G 45 1000 98.73 55.0 98.55 18.18

520 H 10 30 970 98.15 80.0 98.50 12.13

I 15 890 97.65 139.0 99.15 6.40
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Table XIV Compilation of Experiments with Initial Concentration (Co) of 4000 PPM
Two ColumnssEach consists of 8 Cells in Series
1 2 3 4 5 6 7 8 9 10 11
. || OO |7 | . | e | e L
GROUP ) SYMBOL } CCNC. VOLUME CONC. l VOLUME
(C.C./CYCLE) (PPM) (VOLT) (SEC) | (PPM) (C.C./CYCLE) (pPM) : (C.C./CYCLE) ns
A 30 7450 550 13.55
4100 B 20 45 | 7850 360 21.81
c 15 7125 820 - 8.69
D 15 8100 271 29.89
M10 0.0 4175 E 30 30 8175 194 42,14
F 45 8300 141 58.87
G 45 6825 1290 5.29
4200 H 10 30 6600 1760 3.75
I 15 6025 2460 2,45
A 30 7150 26.28 810 25.47 8.83
4050 B 20 45 7450 26,00 565 25.00 13.19
c 15 6800 26.34 1310 25.29 5.19
D 15 7600 26.50 450 25.82 16.89
M9 25 4100 E 30 30 8100 25.17 288 26.48 28.13
F 45 8150 . 26.78 218 26.85 37.39
G 45 6625 25.87 1700 26.65 3.90
4175 H 10 30 6375 25,09 2240 26.86 2.85
1 15 5825 25.39 2650 25.84 2.20

1341



Table XIV  (Continued)
1 2 3 4 5 6 7 8 9 10 11
exp. || . PRODUCTION FEED cxp. | APPLIED | PAUSE BRINE DIALYSATE SEPARATION

GROUP RATE CONC. | cyygor | VOLTAGE | TIME | conc, VOLUME CONC. VOLUME FACTOR

(C.C./CYCLE) | (PPM) (VOLT) (sEc) | (ppM) | (c.C./CYCLE) | (PPM) . (C.C./CYCLE) ns

A 30 7050 51.23 940 48.84 7.50

4100 B 20 45 7375 51.39 625 49.61 11.80

C 15 6775 51.20 1470 49,93 4.61

D 15 7500 51.86 490 49.14 15.31

M1l 50 4175 E 30 30 8075 50.15 310 50.15 26.05

‘ F 45 8125 49,21 239 50.86 - 34,00

G 45 6450 50.14 2010 50. 64 3.21

4200 H 10 30 5975 49,70 2490 50.97 2.40

-1 15 5300 49.52 3125 50.85 1.70

A 30 6900 101.33 1190 101.50 5.80

4050 B 20 45 7250 99.75 725 99.50 10.00

c 15 6650. 99.15 1670 101.75 3.98

D 15 7400 101.75 590 99.15 12,54
- M12 100 4125 E’ 30 30 7925 99,11 350 99.11 22.64

F 45 8100 99,25 283 100.81 28.62

G 45 6400 99,11 2210 101.58 2.90

4200 H 10 30 5600 99,41 2800 101.91 2,00

—-—I 15 5000 99.18 3575 101.73 1.40
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Table XV Duplicate Experiments to Test Reproducibility - Group R
Two Columns,Each Consists of 4 Cells in Series

1 2 3 4 5 6 7 8 9 10
FEED PRODUCTION | APPLIED | PAUSE BRINE DIALYSATE SEPARATION
CONC. | EXP. RATE VOLTAGE | TIME | oone. VOLUME CONC. VOLUME FACTOR
(PPM) (C.C./CYCLE) | (VOLT) (SEC) | (PPM) | (C.C./CYCLE) | (PPM) | (C.C./CYCLE) |  us

RR1A | - 20 20 30 3650 19.72 350 19.52 10.43

RR1D 20 30 15 3540 . - 19.33 415 19.13 8.53

RR1E 20 30 30 3850 18.50 233 19.33 16.52

1980. | RRIF 20 30 45 3900 19.60 207 19.70 18.84
RR3B 50 20 45 3350 49.81 550 48.62 6.09

RR4F 100 30 45 3325 99.75 555 99,19 5.99

RRS5A 20 20 30 1050 18.29 28.0 19.11 37.50

RRS5C 20 20 15 995 19.29 35.0 19.18 28.43

RRSF 20 30 45 1450 17.19 - 23.4 19.84 - 61.97

520 | RR7A 50 20 30 980 49.26 44.0 ~ 48,83 22.27
' RR7B 50 20 45 1000 48,88 34.0 49,17 29.41
RR7C 50 20 15 960 49.66 55.0 49.14 17.45

RR8F 100 30 45 970 98.29 46.0 98.10 21.09

RROF, 20 30 30 5600 19.35 1650 19.13 3.39

3725 | RRYF 20 30 45 5900 19.95 | 1440 18.47 4.10
RR11F 50 30 45 5750 49.86 1530 49,14 3.76
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Table XVI

Duplicate Experiments to Test Reproducibility - Group M
Two Columns,Each Consists of 8 Cells in Series

1 2 3 4 5 6 7 8 9 10
FEED PRODUCTION | APPLIED | PAUSE BRINE DIALYSATE SEPARATION
CONC. | EXP. RATE VOLTAGE | TIME [0 VOLUME CONC. VOLUME FACTOR
(PPM) (C.C./CYCLE) | (VOLT) (sEc) | (pPM) | (C.C./CYCLE) | (PPM) | (C.C./CYCLE) ns

MM1B 25 20 45 4150 25.18 133 24.84 31.20

s300 | MMLD 25 30 15 4100 26.86 144 24.66 28,47
MMLF 25 30 45 4375 25.59 106 24,84 41,27

MM3C 50 20 15 3950 49,60 415 48.84 9.52

sou0 | M14A 100 20 30 3800 102.32 267 99.23 14.23
MM4E 100 30 30 4150 98.13 129 99.57 32.17

MM5C 25 20 15 1040 25.83 28.8 24 .64 36.11

MM7C 50 20 15 1020 51,27 36.0 50.17 28.33

540 | MM7D 50 30 15 1070 52.78 22.7 50.25 47.14
MM8B 100 20 45 1040 102.41 27.4 99.86 37.96

MMSF 100 30 45 1080 102.89 20.3 99.17 53.20

MMOA 25 20 - 30 7400 25.13 940 24.87 7.87

4150 | MMOE 25 30 30 8350 25.86 271 24.93 30.81
MM11B 50 20 45 7750 50.21 600 50.82 12.92

MM12C 100 20 15 6600 97.30 1820 99. 04 3.63

4200 | MM12D 100 30 15 7600 97.13 650 101.27 11.69
MM12F 100 30 45 8350 98.17 267 101.48 31.27
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Appendix E shows the computer program and calculations for separation
factors, amount of salt shifted and a check on material balance for each

run and lists tables of printout.

5.4.1. Effect of Demineralizing Path Length

Since the process generates a concentration difference between the
solutions at the two ends of the ED cell, the amount of axial dispersion
in the stack has a very great effect on the final separation. 1In all of the
runs the concentrations of the two product streams approached limiting values
as the dispersive effects of axial mixing and other irreversible processes
became equal to the separation produced by cycling.

Increasing the channel length by increasing the number of stages
connected in series tends to reduce dispersion. Figures 38, 39 and 40 and
Tables XVII, XVIII and XIX show runs in 4-stage columns while Figﬁres 41, 42
and 43 together with Tables XX, XXI and XXII show similar experiments per-
formed in 8-stage columné. By comparing these figures it will be clear that
the separation factor reached higher values with increasing channel leﬁgth
in all sets of experiments.

Figures 44-49 and Tables XXITI-XXVIII compare the performance, under
the same operating conditions, of a single column consists 6f_8 stages with
_ that of two short columns each consists of 4 stages which operate in parallel
and have the same production rates as the single.column. This comparison
was made by plotting Co/CD versus the reciprocal of the throughput ratio;
where Co is the feed concentration and CD is the demineralized préduct con-
centration. In all runs studied .the single column results in a better
separation than the two short parallel columns; however, the improvement in

separation with the column-length was more pronounced at high feed



Table XVII Effect of Production Rate on Separation

Two Columns Each Consists of 4 Cells in Series
~ 500 PPM

Initial Concentration Co
Exp. Group # R5, R6, R7 and R8

148

PROD.
EXP GRAPH. RATE SEPARATION FACTOR ns
* SYMBOL PER
CYCLE
VOLTAGE PAUSE 0.0 20 50 100
(VOLT) (SEC) (c.c.) (C.C.) (c.c.) (c.c.)
A a 30 59.06 | 33.97 25.79 14.17
37.50 22.27
B =] 20 45 80.80 | 46.25 34.00 | 16.67
29.41
C @ 15 46.10 | '25.37 20.00 8.88
28.43 17.45
D ® 15 73.36 42.80 25.40 12.11
E A 30 30 95.47 55.15 32.63 16.63
F [ ] 45 68.45 39.07 18,46
61.97 21.09
G O 45 15.49 10.21 9.01 5.57
H VA 10 30 11.49 7.64 6.92 4.00
1 O 15 6.64 3.97 3.60 2.37




ns

SEPARATION FACTOR

120

90

60

30
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APPLIED PAUSE TIME (SEC)

VOLTAGE

(VOLT) 5 30 45
10 e WA O
20 =) a =
30 ® A a8

O\O.\ A {—
- =3
| | A ]
0.0 0.1 0.25 05
Q/V THROUGHPUT RATIO
l | | | |
o 20 50 75 100
Q PRODUCT / CYCLE (C.C)
FIGURE 38

Effect of production rate on separation., 4-Cell column ;initial conc, Co™=500PPM.



Table XVIIT Effect of Production Rate on Separation

Two Columns Each Consists of 4 Cells in Series
=~ 2000 PPM

Initial Concentration Co
Exp. Group # R1, R2, R3 and R4

150

PROD.
RATE

EXP GRAPH, SEPARATION FACTOR ns
* | SYMBOL PER
CYCLE
VOLTAGE | PAUSE 0.0 20 50 100
(VOLT) (SEC) (c.c) | c.c.y| c.coHr | c.co)
A a 30 17.59 8.90 5.00 2.74
10.43
B =) 20 45 31.93 13.00 7.21 3.76
6.09
c - 15 8.00 5.71 2.88 1.67
D o 15 14.44 7.49 3.83 2.45
8.53
E A 30 30 33.35 13.93 7.78 4.18
16.52
F [ ] 45 47.52 20.64 12.00 7.02
18.84 5.99
G O 45 7.19 4,49 | 2.46 1.79
H VAN 10 30 5.49 3.67 2.03 1.57
I O 15 3.18 2.74 1.53 1.39




ns

SEPARATION FACTOR

50

40
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APPLIED PAUSE TIME (SEC)
VOLTAGE
IS 30 45
10 O A O
N 20 (=] a =
30 ® & B
] | T
0.00 0.10 0.25 050
Q/V THROUGHPUT RATIO
[ o | 1 §
o] 20 50 100
Q PRODUCT / CYCLE (c.c.)
FIGURE 39

Effect of production rate on separation. 4-Cell column yinitial conc. Cg22000PPM.



Table XIX Effect of Production Rate on Separation

Two Columns Each Consists of 4 Cells in Series
= 4000 PPM

Initial Concentration Co
Exp. Group # R9, R10, R11l and R12
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PROD.
EXP GRAPH., RATE SEPARATION FACTOR ns
‘ SYMBOL PER
CYCLE
VOLTAGE PAUSE 0.0 20 50 100
(VOLT) (SEC) (c.c.) (c.c.) (c.Cc.) (c.c.)
A a 30 2.39 1.98 1.78 1.52
20
B - 45 3.34 2.67 2.20 1.77
E A 30 4.43 3.10 2.50 1.91
30 3.39
F | 45 6.90 4.56 3.44 2.48
4,10 3.76




ns

SEPARATION FACTOR

10

75

5.0
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APPLIED PAUSE TIME (SEC)
VOLTAGE
(VOLT) 15 30 45
10
20 a =)
30 A B
i ] ] | N
0.0 0.10 0.25 050
Q/V THROUGHPUT RATIO
l N | | i
o) 20 50 75 100
Q PRODUCT / CYCLE (cC.C)
FIGURE 40

Effect of production rate on separation. 4-Cell column ; initid conc. C0 2= 4000 PPM.
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Table XX Effect of Production Rate on Separation
Two Columns Each Consists of 8 Cells in Series
Initial Concentration Co = 500 PPM
Exp. Group # M5, M6, M7 and M8
PROD.
EXP GRAPH. RATE SEPARATION FACTOR ns
* | syMsorL PER
CYCLE
VOLTAGE | PAUSE 0.0 25 50 100
(VOLT) (SEC) (c.c.) | c.c.) | (c.coH | (c.c.)
A a 30 68.48 |.51.18 39.92 28.33
B = 20 45 88.24 | 65.50 53.96 40.38
37.96
C (- 15 "'53.96 | 39.92 31.21 21.04
36.11 28.33
D 15 76.16 | 55.33 44,21 32.19
47 .14
E A 30 30 106.67 | 72.61 60.77 46.52
F ® 45 77.85 63.07 48.43
53.20
G O 45 31.21 | 25.25 22.95 18.18
H VAN 10 30 22.95 | 18.87 16.23 12.13
I O 15 12.93 | 10.67 9.13 6.40
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90

o))
(o]

SEPARATION FACTOR ns
4y
o
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APPLIED PAUSE TIME (SEC)
VOLTAGE '
(VOLT) 15 30 45
10 @) AN 0
— 20 (= a =
30 o A B
—0
\ L \ I J
0.0 0.125 0.25
Q/V  THROUGHPUT RATIO
L : | 1 ] |
0 25 50 75 100
Q PRODUCT / CYCLE (C.C))
FIGURE 4I

Effect of production rate on separation.. 8- Cell cell column ; initial conc. G==500PPM.
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Table XXI Effect of Production Rate on Separation
Two Columns Each Consists of 8 Cells in Series
Initial Concentration Co = 2000 PPM
Exp. Group # M1, M2, M3 and M4
PROD.
EXP GRAPH. RATE SEPARATION FACTOR ns
* | symBoL PER
CYCLE
VOLTAGE | PAUSE 0.0 25 50 100
(VOLT) (SEC) (c.c.) | (c.cHy | (c.c.) | (c.c.)
A a 30 35.21 20.41 | 17.03 14.61
14.23
B = 20 45 42.16 27.53 24.69 20.83
31.20
C - 15 22.74 11.74 8.03 6.39
9.52
D 15 51.76 29.46 | 26.30 22.36
28.47
E A 30 30 64.64 | 36.02 | 32.87 28.45
C 32.17
F 45 82.02 46.28 40.95 | 33.60
: 41,27
G O 45 13.93 9.33 6.77 5.66
H D 10 30 10.07 6.45 4.20 3.00
1 O 15 5.98 4.02 2.40 2.00
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APPLIED PAUSE TIME (SEC)
VOLTAGE
(VOLT) |5 30 45
10 - '®) AN O
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0.0 0.125 0.25
Q/V THROUGHPUT RATIO
L ] ] 1 ]
0 25 50 75 100
' Q PRODUCT / CYCLE (c.c.)
FIGURE 42

Effect of production rate on separation. 8 -Cell column ;initial conc. C;2= 2000 PPM.



Table XXII Effect of Production Rate on Separation
Two Columns Each Consists of 8 Cells in Series
Initial Concentration Co
Exp. Group # M9, M10, M1l and M12

= 4000 PPM

158

\\\\\\\\\z%OD'

EXP GRAPH. RATE SEPARATION FACTOR ns
* | SYMBOL PER
CYCLE )
VOLTAGE | PAUSE 0.0 25 50 100
(VOLT) (SEC) (c.c.) (c.c.) (c.c.) (c.c.)
A a 30 13.55 8.83 7.50 5.80
: 7.87
B 20 45 21.81 | 13.19 | 11.80 | 10.00
12.92
C @ 15 8.69 5.19 4,61 3.98
3.63
D 15 29.89 | 16.89 15.31 | 12.54
11.69
E A 30 30 42.14 | 28.13 | 26.05 | 22.64
30.81

F 45 58.87 37.39 34.00 28.62
31.27
G O 45 5.29 3.90 3.21 2.90
H AN 10 30 3.75 2.85 2.40 2.00
I O 15 2.45 2.20 1.70 1.40
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— APPLIED PAUSE TIME (SEC)
VOLTAGE
(VOLT) 15 30 45
10 @) VA a
20 =) a =
30 ® A ]
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7
] ] I I
0.0 0.25 0.25
Q/V THROUGHPUT RATIO
l l | 1 1

o) 25 50 75 100
' Q PRODUCT / CYCLE (C.C)

FIGURE 43

Effect of production rate on separation . 8 -Cell column ; initlal conc. C == 4000PPM.



Table XXIII Effect of Demineralizing Path Length on Separation
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Co = 500 ppm; A¢p = 20V
PAUSE 4—-CELL COLUMN 8-CELL COLUMN
GRAPHICAL
EXP. TIME
SYMBOL (SEC)
1 Co 1 Cq
THROUGHPUT RATIO CD THROUGHPUT RATIO Cp
8 C 2 4.85 4 11.25
7¢C O @® | 15 4 10.64 8 16.67
5¢ 10 12.93 16 20.53
8 A 2 7.58 4 15.00
7 A VAN A | 30 4 13.42 8 20.91
5A 10 16.83 16 25.59
8 B 2 8.77 4 20.77
78 O B | 45 4 17.00 8 27.23
5B 10 22.08 16 31.58
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FIGURE 44
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Effect of demineralizing path Jength on separation, Co==500 PPM , 4 =20V.
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Table XXIV Effect of Demineralizing Path Length on Separation

Co = 500 ppm; A¢ = 30V
PAUSE 4~CELL COLUMN 8-CELL COLUMN
GRAPHICAL
EXP. TIME
SYMBOL (SEC)
, 1 Co 1 Co
THROUGHPUT RATIO Cp THROUGHPUT RATIO CD
8 D 2 6.58 4 16.88
7D O ® | 15 4 12.75 8 22.73
5D 10 21.20 16 28.43
8 E 2 8.77 4 23.48
7| O A | 30 4 15.94 8 30.39
5E 10 25.98 .16 35.69
8 F 2 9.62 4 24,22
7 F a [ A 4 18.89 8 31.25
5 F 10 31.55 16 37.58
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FIGURE 45

Effect of demineralizing path length on separation. C,===500 PPM, O8¢ = 30V.
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Table XXV Effect of Demineralizing Path Length on Separation
Co = 2000 ppm; A = 20V

4—~CELL COLUMN 8~CELL COLUMN
GRAPHICAL PAUSE :
- TIME
SYMBOL (SEC)
: 1 Co 1 Ca
n THROUGHPUT RATIO CD THROUGHPUT RATIO Cp
2 1.33 4 3.65
O ® | 15 4 1.97 8 4,53
10 3.36 16 6.55
2 1.84 4 7.87
AN Al 30 4 3.05 8 9.18
10 4,88 16 11.02
2 2.36 4 10.94
a ‘|| 45 4 4.06 8 13.07
10 6.72 16 14.59




/ Cg

Pause Time 4 - Cell 8 - Cell
( Sec') Column Column
15 O ®

30 VAN A

45 0

—
i | | 1 | 1
2 4 6 8 12 (3]
Reciprocal Throughput Ratio
" FIGURE 46

Effect of demineralizing path length on separation. Gy === 2000 PPM, A =20v.
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‘Table XXV Effect of Demineralizing Path Length on Separation
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C0 = 2000 ppm; A = 30V
PAUSE 4-CELL COLUMN 8-CELL COLUMN
GRAPHICAL
EXP. TIME
SYMBOL
(SEC)
1 Co 1 Co
THROUGHPUT RATIO CD THROUGHPUT RATIO Cp
4D 2 1.73 4 12.00
3D O o 15 4 2.35 8 13.77
1D 10 4,29 16 15.50
4 E 2 2.60 4 14.90
3 | O A 30 4 4.33 8 . 16.69
1E 10 6.96 16 18.39
4 F 2 3.99 4 17.28
3F ] ] 45 4 6.29 8 20.19
1F 10 10.00 16 23.09
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Effect of demineralizing path length on separation. C,=2000 PPM , Ad =30V.
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Table XXVII Effect of Demineralizing Path Length on Separation
C0 = 4000 ppm; A¢ = 20V

PAUSE 4-CELL COLUMN 8-CELL COLUMN
GRAPHICAL
EXP. TIME
SYMBOL (SEC)
1 Co | 1 Co
THROUGHPUT RATIO CD THROUGHPUT RATIO CD
12 A . ' 2 1.25 4 3.40
11l A A | 30 4 1.39 8 4.36
9 A 10 1.48 16 5.00
12 B 2 1.40 A | 5.59
118 O A 4 1.61 8 6.56
9 B 10 1.82 16 7.17




Pause Time 4 - Cell 8- Cell
( Sec.) Column Column
30 A A
45 0 B
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FIGURE 48

Effect of demineralizing path length en separation .

Co === 4000PPM ,

AQ=20V
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Table XXVIII Effect of Demineralizing Path Length on Separation
Co = 4000 ppm; Ad =30V
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4-CELL COLUMN

8~CELL COLUMN

GRAPHICAL PAUSE
EXP. TIME
SYMBOL (SEC)
1 Co 1 Co
THROUGHPUT RATIO CD THROUGHPUT RATIO CD
12 E 2 1.46 4 11.79
1L E| N A 30 4 1.73 8 13.47
9 E 10 2.10 16 14.24
12 F 2 1.73 4 14.58
1nr| 0O B 45 4 2.22 8 17.47
9 F 10 2.72 16 18.81
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Pause Time 4 - Cell 8 - Cell
{Sec. ) Column Column
30 D A
45 W) B
_____ eee—D)
- R =IitIie oo -8
] 1 ] ] l ]
2 4 6 8 12 6

Reciprocal Throughput Ratio

FIGURE 49

Effect of demineralizing path length on separation. G =A= 4000 PPM, Ad=30V .
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concentration (compare Figures 44, 45 with Figures 48,49). Figures 44 and
45 indicate that for a feed concentration Co = 500 ppm NaCl an optimum
demineralizing path length may lie in the vicinity of 8 stages in series
while Figures 46-49 call for longer demineralizing path lengths with the

increasing feed concentration.

5.4,2. Effect of Production Rate

As the production rate increases the feed undergoes less cycles in
‘the ED cell before it emergeé as products. Thus the amount of separation

is reduced as the production rate increases. Figures 38, 41 and Tables XVII,
XX show the effect of production rate on the separation factor (ns = gg )

for a series of experiments at a feed concentration (Co) of about 500 ppm
NaCl.' The parameters studied were the pause time, T (at levels of 15, 30

. and 45 sec.) and the applied voltagé Ad (at levels of 10, 20 and 30 volt).
Figures 39, 42 and Tables XVIII, XXI show similar experiments at feed con-~
centration C, = 2000 ppm NaCl; while Figures 40, 43 together with Tables
XIX and XXII indicate experiments with feed concentration Co =~ 4000 ppm.

All these figures referred to show that there is a strong trade-off
between production rate and separation factor. However, useful separation
can be obtained at all production rates (provided that higher voltages and/
or longer pause times and demineralizing paths are used with high feed
.conéentration). Figures 41, 42 and 43 show that at an applied voltage (A¢)
of 30 V, a pause time (1) of 45 sec. and a throughput ratio of %-(i.e.
production rate of 100 c.c./cycle), the separation factors for various feed
concentrations range betweeh 30 to 50. To fix ideas, most of the commercial
ED plants available at present operate with a 2:1 desalination ratio, which
means that a feed of 1000 ppm would be desalinated to 500 ppm per path.

A mark III stack (Ionics Inc.) which is used in Buckeye ED plant, Ariz.,
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has a maximum desalination ratio of slightly better than 2:1. Two stacks are

used in series to reduce a brackish water of 2100 ppm total dissolved solids
down to 500 ppm. (also refer to Table IV). Most of the health standards
(e.g. the United States Public Health Service Standards) require that the
total dissolved solids (TDS) content of potable water to be 500 ppm ér léss;
hence with a feed at 2000 ppm NaCl and an equal split of brine and didlysate
a separation factor of 7 would be necessary and a separation factor of 15

is required with a feed at 4000 ppm.

5.4.,3. Effect of Pause Time

The influence of a pause time (1) at levels of 15, 30 and 45 sec. was
studied under various operating conditions. In all cases, a displacement
period of 36 sec. and an average production period of 1.5 sec., 3.0 sec.
and 6;0 sec. for productiop.rates of 25 c.c., 50 c.c. and 100 c.c./cycle
respectively were used.

Tables XXIX, XXX and XXXI summarize the operating parameters and the
final separation factors reached in these'experiments, and Figures 50, 51
and 52 directly display the effect of the pause time on separation factpr
for several groups of experiments performed in 4-stage columns with feed
concentrations between 500 ppm and 4000 ppm NaCl. Tables XXXII,

XXXTIIT and XXXIV together with Figures 53, 54 and 55 exhibit results of
. similar experiments conducted in 8-stage columns.

All these figures show that the separation is improved with a prolonged
pause time. However, the effect of pause time can best be examined by
considering separation per unit real time obtained with various pause times
as shown in Tables XXXV, XXXVI and XXXVII and Figures 56, 57 and 58. 1In
these figures ns/T is plotted vs. pause time (1), where ns is the separation

factor and T is the complete cycle duration in minutes. The results are



Table XXIX . Effect of Pause Time on Separation
Two Columns Each Consists of 4 Cells in Series
= 500 PPM

Initial Concentration Co

Exp. Group # R5, R7 and R8

PAUSE

SEPARATION FACTOR
EXP. GROUP TIME ns
and (SEC)
PRODUCTION RATE .GRAPH, VOLT.
SYMBOL (VOLT) 15 30 45
® 30 42,80 | 55.15 | 68.45
61.97
R5 @ 20 25.37 | 33.97 | 46.25
20 (C.C./cycle) 28.43 | 37.50
O 10 3.97 7.64 | 10.21
A 30 25.40 | 32.63 | 39.07
R7 a 20 20.00 | 25.79 | 34.00
50 (C.C./cycle) : 17.45 | 22.27 | 29.41
VA 10 3.60 6.92 9.01
- | 30 12,11 | 16.63 | 18.46
21.09
i R8 .
100 (C.cC./cycle) == 20 8.88 | 14.17 | 16.67
' O 10 2.37 4,00 5,57
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APPLIED PRODUCTION RATE (CC./CYCLE)
VOLTAGE
10 e A O
20 = a =
30 ® A ]
0 15 45
PAUSE TIME (SEC)
FIGURE 50

Effect of pause time on separation ;4- Cell column ; initial conc, C== 500 PPM.



Table XXX Effect of Pause Time on Separation
Two Columns Each Consists of 4 Cells in Series
Initial Concentration Co = 2000 PPM
Exp. Group # R1l, R3 and R4
PAUSE SEPARATION FACTOR
EXP. GROUP TIME ns
and (SEC)
PRODUCTION RATE GRAPH. { VOLT.
SYMBOL | (VOLT) 15 30 45
o 30 7.49 { 13.93 | 20.64
: 8.53 | 16.52 | 18.84
R1
20 (C.C. Jeyele) - 20 5.71 lg.zg 13.00
O 10 2.74 3.67 4,49
A 30 3.83 7.78 | 12.00
R3
50 (C.C./eyele) a 20 2.88 5.00 2.(2);
A 10 1.53 2.03 2.46
a8 30 2.45 4,18 7.02
5.99
R4
100 (C.C./eyele) (=] 20 1.67 2.74 3.76
O 10 1.39 1.57 1.79
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APPLIED PRODUCTION RATE (C.C./CYCLE)
VOLTAGE
o O AN O
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225~ 30 ‘ ® A [ -]
15.04-
7.5 b
—N
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N —0
0 ' . J
o) 15 30 45
PAUSE TIME (SEC)
FIGUR 5i

Effect of pause time on separation. 4 - Cell column ;initial conc. Cy==2000 PPM.



Table XXXI Effect of Pause Time on Separation
Two Columns Each Consists of 4 Cells in Series
Initial Concentration Co = 4000 PPM
Exp. Group # R9, R11l and R12
PAUSE SEPARATION FACTOR
EXP. GROUP TIME ns
and (SEC)
PRODUCTION RATE GRAPH. | VOLT.
SYMBOL | (VOLT) 30 45
- 30 3.10 4.56
R9 3.39 4.10
20 (c.C./cycle)
(= 20 1.98 2.67
A 30 2.50 | 3.44
R11 3.76
50 (C.C./cycle)
a 20 1.78 | 2.20
R12 -] 30 1.91 2.48
100 (Cc.C./cycle) ) 20 1.52 1.77
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APPLIED PRODUCTION RATE (CC./CYCLE)
VOLTAGE
(VOLT) 20 50 100
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FIGURE 52

Effect of pause time on separation.4-Cell column 4 initial conc. Cy ==4000 PPM.



Table XXXII Effect of Pause Time on Separation
Two Columns Each Consists of 8 Cells in Series
= 500 PPM

Initial Concentration Co

Exp. Group # M5, M7 and M8

S

PAUSE

SEPARATION FACTOR

EXP. GROUP ns
and
PRODUCTION RATE GRAPH.
SYMBOL 15 30 45
® 30 55.33 | 72.61 | 77.85
. M5 (=] 20 39.92 | 51.18 | 65.50
25 (C.C./cycle) 36.11
@) 10 10.67 | 18.87 | 25.25
A 30 44,21 | 60.77 | 63.07
47.14
M7
50 (C.C. /eyele) a 20 g;g 39.92 | 53.96
VA 10 9.13 | 16.23 | 22.95
a 30 32.19 | 46.52 | 48.43
53,20
M8
100 (C.C./cycle) - 20 21.04 | 28.33 | 40.38
37.96
O 10 6.40 | 12.13 | 18.18
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APPLIED PRODUCTION RATE (CC./CYCLE)
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‘ ‘vour) 25 50 |00
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FIGURE 53

Effect of pause time on separation. 8- Cell columnj initial conc. C,== 500 PPM.



Table XXXIII Effect of Pause Time on Separation
Two Columns Each Consists of 8 Cells in Series

Initial Concentration Co

= 2000 PPM

Exp. Group # M1, M3 and M4

PAUSE

SEPARATION FACTOR
EXP. GROUP TIME ns
and (SEC)
PRODUCTION RATE GRAPH. | VOLT.
SYMBOL | (VOLT) 15 30 45
o 30 29.46 | 36.02 | 46.28
28,47 41.27
.. m
25 (C.C./Jcycle) =) 20 11.74 | 20.41 g;gg
@) 10 4,02 | 6.45 | 9.33
A 30 26.30 | 32.87 | 40.95
M3 a 20 8.03 | 17.03 | 24.69
50 (C.C./cycle) 9.52
A 10 2,40 | 4.20 6.77
e 30 22.36 | 28.45 | 33.60
32.17
' M4 : =
20 6.39 | 14.61 | 20.83
100 (C.C./cycle) 14.23
0 10 2.00 3.00 5.66
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APPLIED PRODUCTION RATE (C.C./CYCLE)
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0 ] i J
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FIGURE 54

Effect of pause time on separation. 8- Cell column 4 initial conc. G="= 2000 PPM.



Table XXXIV Effect of Pause Time on Separation
Two Columns Each Consists of 8 Cells in Series
= 4000 PPM
Exp. Group # M9, M1l and M12

Initial Concentration Co

PAUSE SEPARATION FACTOR
EXP., GROUP TIME ns
and (SEC)
PRODUCTION RATE GRAPH. | VOLT.
SYMBOL { (VOLT) 15 30 45
o 30 16.89 | 28.13 | 37.39
30.81
M9
25 (C.C. Jeyele) (=) 20 5.19 g.gg 13.19
O 10 2.20 2.85 3.90
A 30 15.31 | 26.05 | 34.00
M1l
50 (C.C./oyele) a 20 4.6l 7.50 ng
A 10 1.70 2.40 | 3.21
8 30 12.54 | 22.64 | 28.62
11.69 31.27
M12 .
100 (c.cC./cycle) (= 20 3.98 5.80 | 10.00
3.63
O 10 1.40 2.00 2.90
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APPLIED PRODUCTION RATE (CC./CYCLE)
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20 (= a (=]
30 ® A
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FIGURE 55

Effect of pause time on separation. 8 - Cell column jinitial conc. Co == 4000 PPM.



Table XXXV Effect of Pause Time on Separation
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Co 500 ppm; Group M7

PAUSE APPLIED CYCLE SEPARATION ns
EXP, GRéggégiL TIME, T VOLTAGE TIME, T FACTOR T

(SEC) (VOLT) (MIN) ns MIn-1y
M7 O 10 9.13 5.07
M7 (=] 15 20 1.8 31.21 17.34
M7 ® 30 44,21 24,56
M7 VAN 10 16.23 7.06
M7 a 30 20 2.3 39.92 17.36
M7 A 30 60.77 26.42
M7 O 10 22.95 8.20
M7 = 45 20 2.8 53.96 19.27
M7 . | | 30 63.07 22,53
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Effect of pause time on separation . C,==500 PPM  Group M7.

Applied Pause Time (Sec.)
Voltage
(Volt) 15 30 45
10 O VAN O
20 @ a =
30 @ A
| |
0 15 30
Pause (Sec)
FIGURE 56
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Table XXXVI Effect of Pause Time on Separation
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C0 2000 ppm; Group M3

PAUSE | APPLIED | CYCLE SEPARATION ns
EXP. GR@%SQL TIME, T | VOLTAGE | TIME, T | FACTOR T

(SEC) (VOLT) (MIN) ns (MIN—1)
M3 O 10 2.40 1.33
M3 =] 15 20 1.8 8.03 4.46
M3 @ 30 26.30 14.61
M3 VA 10 4.20 1.83
M3 AN 30 20 2.3 17.03 7.40
M3 A 30 32.87 14.29
M3 O 10 6.77 2.42
M3 == 45 20 2.8 24.69 8.82
M3 a 30 40.95 14.63
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Effect of pause fime .on separation. Cy=== 2000 PPM 4 Group M3 .
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"
| ]
0 15 30
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FIGURE 57
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Table XXXVII Effect of Pause Time on Separation
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Co = 4000 ppm; Group M1l

PAUSE | APPLIED CYCLE SEPARATION ns
EXP. GR‘;?ESQL TIME, t | VOLTAGE | TIME, T FACTOR T

(SEC) (VOLT) (MIN) ns (MIN-1)
M11 O 10 1.70 0.94
M1l @ 15 20 1.8 4,61 2.56
M1l o 30 15.31 8.51
M11 D 10 2.40 1.04
M11 a 30 20 2.3 7.50 3.26
M11 A 30 26.05 11.33
M1l a 10 3.21 1.15
M1l (- 45 20 2.8 11.80 4,21
MI11 B 30 34.00 12.14
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ns/ T

Effect of pause time- on separation. Coi-‘4000', Group M1,

Applied Pause Time (Sec.)
Voltage
(Voit) 15 30 45
10 O A 0O
20 @ a =
30 o A B
O— —— —
L | 1
0 | 15 30 45
Pause Time ( Sec.)
FIGURE 58
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summarized as follows:

17 At loﬁ vol;age (Ad) the separation factor per unit time ns/T
varies almost linearly with the pause time T.

2. As the voltage increases the effect of pause time beyond a certain
value becomes less significant and the curve tends to level off.—

3. At a further increased voltage the ns/T vs. T curve goes through
a maximum.

4., The maximum pause time that can be utilized without suffering an
adverse effect on separation depends on both the applied voltage (A¢)
and the feed concentration (Co). At an applied voltage Ap = 30V, Toax
is about 30 sec for Co = 500 ppm NaCl (Figure 56) and T ax is about 45 sec

for Co = 2000 ppm (Figure 57) and a longer pause time can be used for the

feed concentration of 4000 ppm NaCl (Figure 58).

5.4.4, Effect of Applied Voltage

The effect of the applied voltage A was investigated in six groups
of experiments, each including runs at 10, 20 and 30 V. The other system
parameter values are listed in Tables XXXVIII-XLIII which show experiments
with feed concentrations of 500, 2000 and 4000 ppm NaCl in 4-stage and
8-stage columns. Figures 59-64 illustrate directly the influence of the
.applied potential (A¢) on the separation factor (mns).

Increasing the applied voltage improves the separation. The magnitude
of this improvement was affected by both the pause time (1) and the feed
concentration (CO) as shown in Figures 62, 63 and 64. The results are:

1. 1In experiments with feed concentration Co = 500 ppm NaCl the
separation factor (ns) increases almost linearly with the applied voltage;

but it levels off at high voltage and long pause time (Figure 62).
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Table XXXVIII Effect of Applied Voltage on Separation
Two Columns Each Consists of 4 Cells in Series
Initial Concentration Co = 500 PPM
Exp. Group # R5, R7 and R8

\APT’I_-.IED
VOLTAGE SEPARATION FACTOR
EXP. GROUP Ad ns
and , (VOLT)
PRODUCTION RATE GRAPH. | PAUSE
SYMBOL | (SEC) 10 20 30
O 45 10.21 | 46.25 | 68.45
61.97
RS D 30 7.64 | 33.97 | s5.15
20 (C.C./cycle) 37.50
O 15 3.97 | 25.37 | 42.80
28.43
- 45 9.01 | 34.00 | 39.07
29.41
R7 a 30 6.92 | 25.79 | 32.63
50 (C.C./cycle) 22,27
15 3.60 | 20.00 | 25.40
17.45
[ 45 5.57 | 16.67 | 18.46
- 21.09
RS
100 (C.C. /eyele) A 30 4.00 | 14.17 | 16.63
o 15 2.37 8.88 | 12.11
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Effect of applied voltage on separation.

PRODUCTION PAUSE TIME (SEC)
RATE
(c.C./cYcLE) !5 30 45
20 (@) VAN a
50 (= a (=]
100
10 20 30
APPLIED VOLTAGE (VOLT)
FIGURE 59

4-Cell column y initial conc. G;== 500 PPM.



195

Table XXXIX Effect of Applied Voltage on Separation
Two Columns Each Consists of 4 Cells in Series
Initial Concentration Co = 2000 PPM
Exp. Group # R1l, R3 and R4

APPLIED _
VOLTAGE SEPARATION FACTOR
EXP. GROUP Ad ns
and (VOLT)
PRODUCTION RATE GRAPH. PAUSE
SYMBOL (SEC) 10 20 30
O 45 4,49 | 13.00 | 20.64
18.84
R1 VA 30 3.67 8.90 | 13.93
20 (C.C./cycle) 10.43 | 16.52
O 15 2.74 5.71 7.49
8.53
= 45 2.46 7.21 | 12.00
6.09
R3 paN 30 2.03 5.00 7.78
50 (C.C./cycle) '
, @ 15 1.53 2.88 3.83
B 45 1.79 3.76 7.02
5.99
R4
100 (C.C./cyele) A 30 1.57 2.74 4.18
[ 15 1.39 1.67 2.45
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RATE
(CC./CYCLE) 15 30
20 @) AN
50 (= A
100
! ]
APPLIED VOLTAGE
FIGURE 60

Effect of applied voitage on separation . 4-Cell column jinitial conc, Cy== 2000 PPM.



Table XL

Effect of Applied Voltage on Separation
Two Columns Each Consists of 4 Cells in Series

Initial Concentration Co

= 4000 PPM

Exp. Group # R9, R11l and R12

APPLIED
VOLTAGE

SEPARATION FACTOR

EXP. GROUP Ad ns
and (VOLT)
PRODUCTION RATE | GRAPH. | PAUSE
SYMBOL | (SEC) 10 20 30
O 45 2.67 4,56
R9 4.10
20 (c.C./cycle) A\ 30 1.98 3.10
3.39
=) 45 2.20 3.44
R11 3.76
50 (C.C./cycle)
FAN 30 1.78 2.50
R12 R | 45 1.77 2.48
100 (C.C./cycle) A 30 1.52 1.91
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PRODUCTION |pPAUSE TIME (SEC)
RATE : '
(C.C./ CYCLE) 30 45
20 AN a
50 AN =]
100 A [ ]
75
50}
25—
0 1 l 1
o} 10 20 30
APPLIED VOLTAGE (voLT)
FIGURE 6l

Effect of applied voltage on separation . 4-Cell column ; initlal conc. C,== 4000 PPM.



Table XLI  Effect of Applied Voltage on Separation
Two Columns Each Consists of 8 Cells in Series
Initial Concentration Co = 500 PPM
Exp. Group # M5, M7 and M8
APPLIED
: VOLTAGE SEPARATION FACTOR
EXP. GROUP Ad ns
and (VOLT)
PRODUCTION RATE GRAPH, | PAUSE
SYMBOL | (SEC) 10 20 30
0O 45 25.25 65.50 77.85
M5 . .
25 (C.C.Jeyele) VA 30 18.87 - 51.18 - 72.61
O 15 10.67 39.92 55,33
36.11
== 45 - 22.95 53.96  63.07
M7
50 (C.C. /eyele) AN 30 16.23  39.92  60.77
@ 15 9.13 31.21 44.21
28.33 47.14
[ ] 45 18.18  40.38  48.43
A 37.96  53.20
M8
100 (C.C./cycle) A 30 12.13  28.33  46.52
o 15 6.40 21,04 32.19
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PRODUCTION PAUSE TIME (SEC)
RATE
| (C.C./CYCLE) 5 | 30 45
25 @) D O
75 |- 50 =]
75
50 -
20 =
0 1 ! '
0 10 20 30
APPLIED VOLTAGE (VOLT)
FIGURE 62

Effect of applied voltage on se_aporoﬁon . 8-Cell column ; mitial conc. CO: 500 PPM.



Table XLITI Effect of Applied Voltage on Separation

Two Columns Each Consists of 8 Cells in Series
= 2000 PPM

Initial Concentration Co
Exp. Group # M1, M3 and M4

APPLIED
: VOLTAGE SEPARATION FACTOR
EXP. GROUP A ns
and (VOLT)
PRODUCTION RATE GRAPH. PAUSE
SYMBOL (SEC) 10 20 30
O 45 9.33 | 27.53 | 46.28
31.20 | 41.27
M1
25 (C.C. feyele) A 30 6.45 | 20.41 | 36.02
O 15 4,02 | 11.74 | 29.46 |
28 .47
- 45 6.77 | 24.69 | 40.95
M3 a 30 4.20 | 17.03 | 32.87
50 (C.C./cycle)
(=) 15 2.40 8.03 | 26.30
9052
a 45 5.66 | 20.83 | 33.60
M4 A 30 3.00 | 14.61 | 28.45
100 (C.C./cycle) 14,23 32.17
® 15 2.00 6.39 | 22.36
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PRODUCTION PAUSE TIME (SEC)
RATE .
(C,C./CYCLE) 15 30 45
25 @) VAN O
45
50 = a =] u
100 ® A [ ] -
A
"
30
15
o l | ]
0 10 20 30
APPLIED VOLTAGE (voLT)
FIGURE 63

Effect of applied voltage on separation. 8- Cell column ; initial conc.Cot 2000 PPM.



Table XLIIT Effect of Applied Voltage on Separation

Two Columns Each Consists of 8 Cells in Series
= 4000 PPM
Exp. Group # M9, M1l and M12

Initial Concentration Co

NPLIED

VOLTAGE SEPARATION FACTOR
EXP. GROUP Ad ns
and (VOLT)
PRODUCTION RATE | GRAPH. | PAUSE
SYMBOL | (SEC) 10 20 30
O 45 3.90 { 13.19 | 37.39
M9 A 30 2.85 | 8.83 | 28.13
25 (C.C./cycle) . 7.87 | 30.81
O 15 2.20 5.19 | 16.89
- 45 3.21 | 11.80 | 34.00
12.92
M11
50 (C.C./cycle) a 30 2.40 7.50 | 26.05
(=) 15 1.70 4.61 | 15.31
a8 45 2.90 | 10.00 | 28.62
M12
100 (C.C./cyele) A 30 2.00 | 5.80 | 22.64
‘ ® 15 1.40 3.98 | 12.54
3.63 | 11.69
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PRODUCTION PAUSE TIME (SEC)
RATE
_|lcc./cycLE)| 18 30 45
25 O A 0
(]
50 @ a =]
100 ® A ] =
B A
A
®
[ ]
A
A
A
] ] ]
0 10 20 30
APPLIED VOLTAGE (voLT)
FIGURE 64

Effect of applied voltage on separation . 8- Cell columninitial conc, ;2= 4000 PPM,
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2. With feed concentrations of 2000 ppm and 4000 ppm NaCl the
separation factor 1s seen to rise more than proportional to the applied
voltage.

3. The effecp of applied voltage is more pronounced when the feed
concentration is high (compare Figures 62 and 64) and/or the pause time is
short (refer to Figure 63).

The analysis of the influence of the applied voltage (A¢) is not as
straightforward as that of the pause time (t). Operating at high voltage
always results in a higher energy conéumption per unit product at a fixed
product quality, but at the same time increasing voltage inéreases the current
density and accelerates production rate. Using the method of ohmic analysis,
the d.c. power dissipation in a given stack of constant average resistance
R at current I is RIz. The amount of salt shifted, and hence the amount of
fresh water produced, are proportional to I. Therefore, the d.c. power
dissipation per unit volume of diluate produced is proportional to I. Fixed
costs per unit volume of diluate produced, on the other hand, are inversely
proportional to I and the optimum current density and the-applied voltage
can only be determined by the economical evaluation of the plant.

The individual items contributing to the total operating cost of an
ED process may be placed in three categories:

.(a)- costs that vary directly with current density such as the electric
energy costs

(b) costs that vary ihversely with current density (the fixed charges)
such as membrane replacement and amortization of capital investment costs.

Less membrane area and lower capital costs are required at high current

densities
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(c) costs that are invariant with current density such as those for
operating and maintenance labor and the cost of pretreatment chemicals.

Figure 65 shows typical variations of these cost items with current
density. The cost-optimization method developed by Cowan (1960) expresses

the total cost of processing (y) as the sum of three terms:

y = aI+2+c o (102)

where a, b and c are taken as constants for a given stack if ohmic analysis
applies. This simplified method has been modified by Lacey et al. (1963) and
Mattson et al. (1965). By differentiation of Eq. (102) to find minimum
prdduct cost, the optimum current is seen to be

b %
P (103)

= ()

Iopt
Substituting this value in the equation for the total cost y, it is found
that for most economical operation the first two terms are to be equal (power
costs = fixed costs).

This optimum condition can almost never be met in conventional electro-
dialysis, however, because polarization phenomena set an upper limit to the
permissible current densities; and the fixed costs contribute more towards
the total cost than they should do under the optimum conditions. Thus the
‘polarization limitation, rather than the results of economic optimization,
frequently controls the operating current density and the applied voltage in
practical electfodialysis installations.

It can be concluded that when no excessive polarization takes place
the high voltage is beneficial 'and generally results in a more efficient and

economical operation of an ED plant.
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5.4.5. Effect of Initial Conéentration

Three groups of experiments were made at initial concentrations C0 of
500, 2000 and 4000 ppm NaCl/HZO. With these experiments the concentration
of the rinse solution was 1000, 2000 and 4000 ppm respectively. Tables
XLIV, XLV and XLVI summarize the operating conditions of short columns
(4 stages in series) at the three feed concentrations and Figures 66, 67
and 68 display the variation of the separaﬁion factor with the feed con-
centration. Tables XLVII, XLVIII and XLIX together with Figures 69, 70
and 71 represent similar groups of experiments performed in longer columns
each cohsisting of 8 stages in series. Thé results are summarized as follows:
1. 1In all cases the higher feed concentration had a retarding effect
on separation and resulted in a lower separation factor. This is because the
higher concentration requires proportionally larger mass transfer rates to
achieve the same separation.
2. The effect of the feed concentration Co on separation factor ns is
less pronounced with the longer columns than with the short ones (Compare
Figures 66-68 with Figures 69-71). At the same separatioﬁ factor ns the

concentration difference AC (AC = C_, - CD) is higher with the higher feed

B

concentration and longer columns are required to diminish the concentration
. AC : .
gradient Ef-between the column ends and thus to suppress the undesirable

axial mixing that developed with the high feed concentration.

5.4.6. No-Pause Operation

The pause time T was dropped to zero in 7 runs at various feed con-
centrations to check findings from the previous work in a batch system (Bass,
1972). Table L summarizes the operating conditions and final results and

Figure 72 contrasts the separation factors of no-pause operation (v = 0)
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Table XLIV Effect of Feed Concentration,(Co) on Separation
Two Columns Each Consists of 4 Cells in Series
Production Rate = 20 C.C./cycle
Exp. Group # R1, R5 and R9

INITIAL SEPARATION FACTOR
ns
EXP GRAPH. APPLTIED
* SYMBOL VOLTAGE
(VOLT) 500 2000 4000
a 30 33.97 8.90 | 1.98
37.50 | 10.43
(= 20 45 46.25 | 13.00 2.67
= 15 25.37 5.71
28.43 '
o 15 42,80 7.49
8.53
A 30 30 55.15 | 13.93 3.10
16.52 3.39
45 68.45 | 20.64 4.56
61.97 | 18.84 4,10
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Table XLV Effect of Feed Concentration (Co) on Separation
Two Columns Each Consists of 4 Cells in Series
Production Rate = 50 C.C./cycle
Exp. Group # R3, R7 and R1l1l
INITIAL SEPARATION FACTOR
ns
oxp. | GRAPH. | APPLIED CONC.
* | SYMBOL | VOLTAGE | PAUSE (PPM)
(VOLT) (SEC) 500 2000 4000
A AN 30 25.79 | 5.00 | 1.78
22.27
B o] 20 45 34,00 7.21 2.20
29.41 6.09
o - 15 20.00 2.88
17.45
D o 15 25.40 3.83
E a 30 30 32.63 7.78 2.50
F [ | 45 39,07 | 12.00 | 3.44
3.76
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APPLIED PAUSE TIME (SEC)

VOLTAGE -

(VOLT) 15 30 45
20 =Y a =]
30 o A -]

! ] | ] _
0. 1000 2000 3000 4000

FEED CONCENTRATION (PPM)

FIGURE 67

Effect of feed concentration (C,) on separation.
4- Cell column _ production rate === 50 C.C./cycle.
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Table XLVI Effect of Feed Concentration (Co) on Separation

Two Columns Each Consists of 4 Cells in Series
Production Rate = 100 C.C./cycle
Exp. Group # R4, R8 and R12

INITIAL SEPARATION FACTOR
ns
oxp. | GRAPH. | APPLIED CONC.
* | SYMBOL | VOLTAGE | PAUSE (PPM)
| (voLT) (SEC) 500 2000 4000
A a 30 14,17 2.74 1.52
B [ 20 45 16.67 3.76 1.77
C (=] 15 8.88 1.67
D o 15 12.11 2.45
E A 30 30 16.63 4,18 1.91
F [ ] 45 18.46 7.02 2.48
21.09 5.99
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20 (=] a =
30 Y A
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o) 1000 2000 3000 4000

FEED CONCENTRATION (PPM)
FIGURE 68

Effect of feed concentration .(Co ) on separation.
4 — Cell column — production rate = 100 CC./cycle ..



Table XLVII

Effect of Feed Concentration (Co) on Separation
Two Columns Each Consists of 8 Cells in Series
25 C.C./cycle

Producti

Exp. Group # M1, M5 and M9

on Rate

~

SEPARATION FACTOR

INITIAL
CONC ns
FXP GRAPH. APPLTIED *
* SYMBOL VOLTAGE PAUSE (PPM)

(VOLT) (SEC) 500 2000 4000
A a 30 51.18 | 20.41 8.83
7.87
B o= 20 45 65.50 | 27.53 | 13.19

31.20
c (= 15 39,92 | 11.74 | 5.19

36.11

D 15 55.33 | 29.46 | 16.89

28.47
E A 30 30 72.61 | 36.02 | 28.13
' 30.81
F 45 77.85 | 46.28 | 37.39

41.28
G ] 45 25.25 9.33 3.90
H VA 10 30 18.87 6.45 2.85
I O 15 10.67 4.02 2.20

215



ns

SEPARATION

FACTOR

80

60

40

20

216

APPLIED PAUSE TIME (SEC)
VOLTAGE
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FIGURE 69

Effect of feed concentration (Co) on separation . 8 - Cell column_ Production rate
2= 25 CC./cycle



217

Table XLVIII Effect of Feed Concentration (Co) on Separation

Two Columns Each Consists of 8 Cells in Series
Production Rate = 50 C.C./cycle
Exp. Group # M3, M7 and M1l

SEPARATION FACTOR
ns
EXP GRAPH. | APPLIED
* | SYMBOL | VOLTAGE
(VOLT) 500 2000 4000
A a 30 39.92 | 17.03 7.50
B (== 20 45 53.96 | 24.69 | 11.80
12.92
C (= 15 31.21 8.03 4.61
28.33 9,52
D 15 44,21 | 26.30 | 15.31
47.14
E | & 30 30 | 60.77 | 32.87 | 26.05
F a 45 63.07 | 40.95 | 34.00
G g 45 22.95 6.77 3.21
H VAN 10 30 16.23 4.20 2.40
I O 15 9.13 2.40 1.70




ns

FACTOR

SEPARATION

80

60

40

20

218

APPLIED PAUSE TIME (SEC)

VOLTAGE -
(VOLT) 15 30 45
o) O JAY 0
20 (= & =)
30 ® a B
1 i I >
o 1000 2000 3000 4000

"FEED CONCENTRATION (PPM)
FIGURE 70

Effect of feed concentration (Cy) on separation.
8 - Cell column _ production rate == 50 C.C./cycle.
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Table XLIX Effect of Feed Concentration (Co) on Separation

Two Columns Each Consists of 8 Cells in Series
Production Rate = 100 C.C./cycle
Exp. Group # M4, M8 and M12

* INITIAL SEPARATION FACTOR
ns
EXP GRAPH. APPLTED CONC.
* | SYMBOL | VOLTAGE | PAUSE (PPM)
(VOLT) (SEC) 500 2000 4000
A FAN 30 28.33 | 14.61 5.80
14,23
B 20 45 40.38 | 20.83 | 10.00
37.96
C (=) 15 21.04 6.39 3.98
3.63
D ® 15 32.19 | 22.36 | 12.54
11.69
E A 30 30 46.52 | 28.45 | 22.64
32.17
F [ ] 45 48.43 | 33.60 | 28.62
53.20 31.27
G d 45 18.18 5.66 2.90
H D 10 " 30 12.13 | 3.00| 2.00
I O 15 6.40 2.00 1.40
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Effect of feed concentration-(Cq) on separation.
8 _ Cell column _ production rate === |00 CC/cycle ,
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FIGURE T7I



221

Table L Comparison of Pause and No-Pause Operations
8-Cell Column
Production Rate = 50 C.C./cycle

SEPARATION FACTOR ns
FEED APPLIED
EXP. giﬁggi CONC. VOLTAGE
(PPM) (VoLT) NO-PAUSE
PAUSE OPERATION OPFRATION
45 SEC 30 SEC 15 SEC
47.14
M7D ©® 30 63.07 | 60.77 i 21 15.77
500
28.33 |
M7C - 20 53.96 { 39.92 3121 11.91
M3D A 30 40.95 | 32.87 26.30 7.56
M3C a 2000 20 24.69 | 17.03 2'85 3.56
M1 | D 10 6.77 | 4.20 2.40 1.60
M11D [ ] 30 34.00 | 26.05 15.31 3.13
4000
. 12.92
M11C G 20 11.80 7.50 4.61 2.16
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APPLIED FEED CONCENTRATION (PPM)
VOLTAGE
_Lvorr) 500 2000 4000
10 A
20 =) a =
30 ® A Aa
~ S
A | |
PAUSE TIME (SEC)
FIGURE T2

Comparison of pause and no._pause operations .

B — Cell column . production rate == 50 C.C./cycle .
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with the normal or pause—operétion (t = 15, 30 and 45 sec.) under otherwise
identical conditions.

One can see that reducing the pause time to zero in all cases studied
resulted in a considerably decreased separation. This confirmed the previous
findings that flow pauses at the beginning of each half cycle represent

important features of the cyclic ED operation.

5.4.7. Pure-Pause Operation

In pure-pause operation the electric power is off during circulation
and interphase mass transfer takes place only during pause periods in each
cycle, This mode of‘operation seemed attractive since it could result in
large power savings. Table LI lists 12 runs; half of them were conducted
wifh power on during circulation while the other half were performed with
pure-pause operation under otherwise identical conditions. Figure 73
displays the separation factor ns achieved by the two modes of operation.
The results are:

1. Pure-pause operation saves electric power, but results in poor
separation.

2. This effect is more pronounced with short pause time.

5.4.8. Semi-Symmetric Operation

In semi-symmetric operation feed is introduced andiproducts withdrawn
every half cycle while in asymmetric operation the system is closed during
the first half cycle (refer to Chapter 4). Six experiments were performed
under various operating conditions using semi-symmetric operation. Table LII
lists the operating conditions'and the final separation achieved. These

experiments were compared with similar runs under asymmetric operation as



Comparison of Pure Pause with Mixed Mode Operations

Table LI
8-Cell Columns - PRODUCTION Rate = 50 C.C./cycle
Initial Concentration (Co) = 2000 PPM
SEPARATION FACTOR ns
APPLIED PAUSE
EXP. giﬁggi - VOLTAGE TIME
(VOLT) (SEC) POWER ON POWER OFF
DURING DURING
CIRCULATION CIRCULATION
M3A 30 17.03 4,34
M3B = =~ 20 45 24.69 7.32
M3C 15 8.03 2.45
9,52
M3D 15 26.30 3.37
M3E a o 30 30 32.87 7.02
M3F 45 40.95 11.49
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Table LII Semi-symmetric Operation

Feed Concentration Co =
Production rate = 100 C.C./Cycle of each product

2000 ppm

BRINE

DIALYSATE
FEED PRODUCT ION APPLIED | PAUSE SEPARATION
CONC. | EXP. RATE VOLTAGE | TIME CONC. VOLUME CONC. VOLUME FACTOR
(PPM) (C.C./CYCLE) (VOLT) (SEC) (PPM) (C.c./CYCLE) (PPM) (C.C./CYCLE) ns
SS-M4A 30 3825 98.57 355 101.71 10.77
2080 SS-M4B 100 20 45 3950 100.54 248 99.29 15.93
SS-M4C 15 3600 99.80 650 99.50 5.54
SS-M4D 15 3925 97.20 261 103.48 15.04
2110 SS-M4E 100 30 30 4100 98.60 204 101.67 20.10
SS-M4F 45 4150 99.40 186 102.08 22,31

9¢¢
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shown in Table LIII. TFigure 74 contrasts the performance-of these two modes.
In all cases the semi~symmetric operation resultslin a.lower separation
factor.

Figures 75 and 76 show the ideal developing concentration profiles
predictea for asymmetric and semi—symmetrichoperation respectively when the
mass transfer takes place during both pause and displacement periods. The
dotted lines in these figures show separately the previous concentration profile
and the change in this profile due to the mass transfer during circulation.
Solid line is the summation ofAthe two dotted lineé using the feed concentration
as the zero level. These figures show that when steady state is reached the
two modes of operation should result in the same separation. Table LIV
summarizes Figures 75 and 76 and lists the average product concentrations,
expressed in arbitrary units, which would be expected during the transient
periods and at the periodic steady state.

The low separation achieved with semi-symmetric operation in practice
may be attributed to external mixing outside the active ED region, since a
single port was used to withdraw the depleted and the enriched products
successively during the two half-cycles. Any material from the previous half-
cycle that mixed with the new product would impair separation.

5.5. Comment on pH-Changes

Checks on the pH of both the process and rinée streams showed no
‘significant changes for most runs. Typical results are listed in Table LV.
The rinse stream remains almost unchanged and only shows a slight fluctuation
in its pH-value while the process solution tends to be a slightly acidic
with a drop in the pH-value of about 0.3 from its initial average value of
5.9. A noticeable exception to this are the experiments with low feed
concentration (Co = 500 ppm) which involve relatively long pause time (1 =

45 sec.) and/or high voltage (A¢ = 30 V) as exemplified by experiments M7 F,
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Table LIII Comparison of Semi-Symmetric and Asymmetric Operations

8-Cell Column - Production Rate

=~ 100 C.C./Cycle

M4 F

Feed Concentration Co 2000 ppm
SEPARATION FACTOR ns -
APPLIED PAUSE
EXP. GR@gSﬁgiL t VOLTAGE TIME
(VOLT) (SEC) SEMI-SYMMETRIC ASYMMETRIC
OPERATION OPERATION
M4 A 30 10.77 14,61
14.23
M4 B @ =] 20 45 15.93 20.83
M4 C 15 5.54 6.39
M4 D 15 15.04 22.36
ME | @ [ 30 30 20.10 28.45
32.17
45 22.31 33.60
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Table LIV Average products concentrations in arbitrary units obtained
under semi-symmetric and asymmetric operations

SEMI-SYMMETRIC OPERATION

ASYMMETRIC OPERATION

CYCLE FIRST SECOND ENRICHED DEPLETED ENRICHED | DEPLETED
NUMBER | HALF-CYCLE HALF-CYCLE PRODUCT PRODUCT PRODUCT PRODUCT
' Cp Cp Cp )
1 v Co+ 3 Co-3 - -
1 Y/ Co + 8.5 Co - 8.5 Co + 8 Co - 8
2 v Co + 13 Co - 13 - -
2 v Co + 16.5 Co - 16.5 | Co + 12 Co - 12
3 s Co + 19 Co - 19 - -
3 v Co + 20.5 Co - 20.5 Co + 16 Co - 16
4 v Co + 18 Co - 18 - -
4 v Co + 18 Co - 18 Co + 18 Co - 18
5 Y Repeat Repeat Repeat Repeat
5 Y

%2



Table LV pH-Changes for Some ED Runs at
various feed concentrations and operating

242

conditions
FEED PROCESS pH RINSE pH

EXP. CONC.

Co (ppm) Initial Final Initial Final
M3 A 5.7 5.4 5.7 5.4
M3 F 2000 5.6 5.0 5.6 5.7
M3 E 5.8 5.3 ° 5.8 5.6
M3 H 5.6 5.4 5.6 5.7
M7 A 5.7 5.3 6.1 5.9'
M7 B 6.2 5.0 5.8 5.6
M7 E 5.6 4.6 6.0 5.8
M7 F 500 5.8 4,2 5.7 5.8
M7 G 6.1 5.6 5.8 6.0
M7 H 6.2 6.0 6.1 6.1
M1l A - 5.9 5.7 5.9 5.6
M1l B 4000 6.2 6.0 6.2 5.9
M1l F 5.7 5.3 5.7 5.8
M11 T 6.1 6.0 6.1 6.2
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M7 B and M7 E (refer to Table LV).

5.6. Temperature Measurements

The initial and final temperatures of the process stream for several
runs under various operating conditions were measured using an inserted
mercury thermometer. An average temperature rise of 3-5°C from its initial

value of 23-25°C was observed in most cases.

5.7. Pressure Drop Measurements

The pressure drop across an 8-stage ED column was measured at various
flow rates using a mercury manometer., Measured values are listed in Table
LVI and a plot of AP (mm Hg) vs. flow rate (c.c./sec) is displayed in
Figure 77. Most of the runs in the present work involve a flow rate of about
16.7 c.c./sec. The mean hydraulic radius of tﬁe flow channel was about 2.76
X 10—2 cm which gives rise to a Reynoids number of about 760.

5.8. Probe Voltage, Apparent Resistance and Current Consumption

In all experiments described here the applied voltage supplied by the
D.C. power source was held constant during each half cycle. The voltage
‘drop across the stack (as measured by probe electrodes) was primarily a
function of this applied potential, but it is generally below the applied
voltage due to fesistance in the connectors, rinse solution and electric
overpotentials as shown in Table LVII and Figure 78,

Both the stack voltage (probe voltage) and the current consumption vary
systematically.during the cycle and along the demineralization path. Typical

examples of these fluctuations are shown in Figures 79 and 80 for the voltage



Table LVI Pressure Drop Measurements

8-Stage ED Stack

Time Period t6 = 63.5 sec

MANOMETER VOLUME FLOW RATE
READING (c.Cc) (C.C./SEC)
(mm Hg)

8 84 1.32
20 169 2.66
35 266 4,19
51 355 5.59
69 495 7.80
89 577 9.09

102 658 10.36
129 760 11.97
198 940 14.80
247 1107 17.43
296 1210 19.06
331 1328 20.91
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Pressure drop vs. flo§v rate. 8-Stage ED stack.
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Table LVII Average Probe Voltage (Stack Voltage) over
a complete cycle for various feed concentration
and applied voltages. Pause time T = 45 sec
Exp. Group # M3, M7 and M1l
APPLIED AVERAGE PROBE VOLTAGE
EXP. GRAPH. | FEED VOLTA((;‘E, oLT) (VOLT)
GROUP SYMBOL CONC.
(ppm) 10 20 30
M7 A 500 8.95 | 18.00 | 27.25
M3 ® 2000 8.60 17.15 25.50
M11 O 4000 8.25 16.65 24.85
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Average stack voltage (probe voltage) vs. applied voltage for various feed

concentrations. Pause time <

= 45 sec. , EXRgroup M3, M7 &M i,
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Traces of probe voltage recording during a cycle at four points along the demineralizing path. EXR M7F .
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Traces of probe voltage recording . during a cycle at four points along the demineralizing path
EXP. MIIF,



Feed End

Product” | End
L 1 i 1 |

2.0A 1.0 0 1.0 2.0A
FIGURE 82 '

Traces ofcurrent recording during a cycle at four points along the demineralizing path

EXR MIIF .

251



252

and current respectively at the feed concentration Co = 500 ppm. Figures

81 and 82 display similar variations of stack voltage and current consumption
during the cycle and along the demineralization path for the feed con-
centration C° = 4000 ppm. Average values of these variations along the
demineralization path are indicated in Table LVIII and Figure 83 for the
stack voltage and in Tables LIX and 1LX and Figures 84 and 85 for the current
consumption. |

The current consumption decreases with increasing separation, thus
it drops along the demineralization path as we move from the feed end
towards the product end (refer to Figure‘84) and it increases with increasing
feed concentration (refer to Figure 85). The main influence causing the
wide variations in the current was the depletion of solute in either the
flow channels or the capacity cells towards the end of each half cycle.

The stack voltage, as shown in Figure 83, approaches the applied voltage
as the current consumption drops due to either a high separation or a low
feed concentration,

Tables LXI, LXITI and LXIIT show variations of probe'voltage, current,
apparent resistance and power consumption along the demineralization path
for various runs with the applied voltage at level of 10, 20 and 30 volt
.and feed concentrations Co of 500, -2000 and 4000 ppm NaCl.

Table LXIV and Figure 86 show the variation of average stack resistance
with feed concentration. The average stack resistance decreases with
increasing feed concentration and with decreasing applied voltage. Table
LXV and Figure 87 show the variation of stack resistance along the de-
mineralization path during the'depletion half cycle. The resistance increases

as the process stream becomes more depleted towards the product end.
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Table LVIITI Variation of probe voltage along the demineralization

path during the depletion half cycle for various
feed concentrations. A¢ = 30V

Exp. MJ/F and MI11F

STAGE PROBE VOLTAGE/APPL. VOLT.
FEED NUMBER
EXP GRAPH, CONC. }

* SYMBOL (PPMS APPLTIED 4 3 2 1
VOLTAGE FEED PROD.

(VOLT) END END
M F A 500 30 0.883 | 0.917 | 0.943 | 0.960
M1l F O 4000 30 0.787 | 0.850 | 0.883 | 0.917
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End : End
FIGURE 83

Variation of stack voltage (probe voltage) alonge the demineralizing
path for various feed concentrations. EXP., M7F & MIIF.



Table LIX Variation of current consumption along the demineralization
path during the depletion half cycle at various applied

voltages. Co =
Exp. M3 B, M3 F and M3 G

2000 ppm

STAGE CURRENT CONSUMPTION (mA)
NUMBER

EXP. ggﬁggi APPLIED 4 -3 2 1
VOLTAGE FEED- PROD-

(VOLT) END END

M3 G VA 10 167 161 | 150 109
M3 B ® 20 323 | 273 | 192 | 126
M3 F O 30 463 347 | 232 153
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FIGURE 84

Variation of current .consumpﬁon along the demineralization path at various
applied voltages. Co-“fh- 2000 PPM, EXP M3B, M3F &M3G6
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Table LX Variation of current consumption along the demineralization

path during the depletion half cycle at various feed

concentrations.
Exp. M3 F, M/F and M11 F

Ap = 30V

STAGE CURRENT CONSUMPTION (mA)
. NUMBER
GRAPH. .

EXP. SYMBOL FEED 4 ‘3 2 1
' CONC. FEED- PROD-

(PPM) END END

M7 F D 500 225 | 105 | 55 29
M3 F ® 2000 463 347 | 232 153
M1l F O 4000 1050 | 640 | 409 288




Consumption (Amp )

Current

0.8

0.6

0.4

0,2

0.0

258

Feed Conc.
Symbol Co ( PPM):
JAY 500
2 2000
0O 4000
| | |
4q 3 2 I
Feed Stage Number Product
End | End
FIGURE 85

Variation of -current consumption along the demineralization path at

various feed concentrations, 8¢ = 30V , EXP M3F,M7F &MIF,



Table LXI Variation of probe voltage, current, resistance and power consumpticn along
the demineralizing path., Co = 500 ppm, Exp. M7 B, M7 F and M7 G

STAGE ENRICHMENT HALF CYCLE DEPLETION HALF CYCLE
APPLIED
EXP. | VOLTAGE NUMBER
. 1 2 3 4 AVERAGE | 1 2 3 4 AVERAGE
(VOLT) || VARIABLE VALUES VALUES
Probe Voltage 18.5 | 17.9 | 17.3 | 16.8 17.6 | 19.1 | 18.8 | 18.1 | 17.5 18.4
(Volt)
Current -
31 56 97 167 88 21 40 76 158 74
(mA) _ 3
M7 B| 20
Apparent 596.8 | 319.6 | 178.4 | 100.6 298.9 | 909.5 |470.0 |238.1 ]110.8 432.1
Resistance ()
Power 0.57 1.00 1.68 2.81 1.52 0.40 0.75 1.38 2.77 1.33
(Watt)
Probe Voltage 28.3 | .27.3 | 26.0 | 25.0 26.7 | 28.8 | 28.3 | 27.5 | 26.5 27.8
(Volt) .
C?;Z?“t | 43 77 132 232 121 29 55 105 225 104
M7 F| 30
Apparent 658.1 | 354.5 [ 197.0 | 107.8 329.4 | 993.1 |514.5 |261.9 |117.8 471.8
Resistance () .
Power 1,22 2,10 3.43 5.80 3.14 0,84 1.56 2.89 5.96 2.81
(Watt)
Probe Voltage 9.1 8.9 8.6 8.4 8.8 9.5 9.3 9.0 8.7 9.1
(Volt)
Current ' .
25 47 74 84 58 18 37 57 81 48
(mA)
M7 G| 10 .
Apparent 364.0 | 189.4 | 116.2 [ 100.0 | 192.4 | 527.8 |251.4 |157.9 |107.4 261.1
Resistance ()
Power 0.23| 0.42 0.64 0.71 0.50 0.17 0.34 0.51 0.70 0.43
(Watt) .
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Table LXII Variation of probe voltage, current, resistance and power consumption along

the demineralizing path,

Co = 2000 ppm, Exp. M3 B, M3 F and M3 G

ENRICHMENT HALF CYCLE

APPLIED STAGE DEPLETION HALF CYCLE
EXP. | VOLTAGE NUMBER '
. 1 2 3 A AVERACE | 1 2 3 4 AVERAGE
(VOLT) || VARIABLE VALUES VALUES
Probe Voltage | 15 o | 17.3 | 16.3 | 15.4 16.8 | 18.7 | 18.0 | 17.1 | 16.3 17.5
(Volt) .
C?;Zfﬂt 167 | 228 324 352 268 126 192 273 323 229
M3 B| 20
Apparent 107.8 | 75.9 | 50.3 | 43.7 69.4 |148.4 | 93.8 | 62.6 | 50.4 88.8
Resistance ()
Power 3.01 3.94 5.28 5.42 4,41 2,36 3.46 4,67 5,26 3.94
(Watt)
Probe Voltage 27.0 | 25.8 | 24.4 | 22.4 24.9 | 28.0 | 27.0 | 25.5 | 24.0 26.1
(Volt) ;
C?;:§nt 197 278 371 510 339 153 232 347 463 299
M3 F| 30
Apparent 137.1 | 92.8 | 5.8 | 43.9 84,9 |183.0 | 116.4 | 73.5 | s51.8 | 106.2
Resistance ()
Power 5.32( 7.17] 9.05| 11.42 8.24 | 4.28] 6.260 8.85] 11,11 7.63
(Watt) }
Probe Voltage
L) 9.0 8.6 8.2 7.8 8.4 9,3 9.0 8.6 8.2 8.8
C?;Z?“t 139 192 210 220 190 109 150 161 167 147
M3 G| 10
‘ Apparent 64.7 | 44.8 | 39.0 | 35.5 46.0 | 85.3 | 60.0 | 53.4 [ 49.1 62.0
Resistance (Q)
Power 1.25] 1.65| 1.72] 1.72 1.59] 1.01] 1.35] 1.38] 1.37 1.28
(Watt) X

09¢



Table LXIII Variation of probe voltage, current, resistance and power consumption along
4000 ppm, Exp. M1l B, M1l F and M1l G

the demineralizing path.

Co =

STAGE ENRICHMENT HALF CYCLE DEPLETION HALF CYCLE
APPLIED
EXP. - |VOLTAGE NUMBER
. : 1 2 3 4 AVERAGE | 1 2 3 4 AVERAGE
(VOLT) VARIABLE : VALUES VALUES
Probe Voltage
Wolt) 17.3 | 16.3 | 15.6 | 15.0 16.1 | 18.3 | 17.6 | 16.7 | 16.0 17.2
C?;;?“‘ 517 | 639 759 880 699 393 500 685 833 603
M1l B| 20
Apparent
Resistance () | 33+5 | 25.5 | 20.6 | 17.0 24,2 | 46.6 | 35.2 | 24,4 | 19.2 31.4
Pouer 8.94] 10.42| 11.84| 13.20] 11.10{ 7.19] 8.80| 1l.44| 13.33| 10.19
(Watt)
Probe Voltage 26.0 | 24.5 | 23.2 | 21.7 23.9 | 27.5 | 26.5 | 25.5 | 23.6 25.8
(Volt) ) . .
C?;:;“t 391 540 711 (1097 685 288 409 640  |1050 597
M11 F| 30
Apparent 66.5 | 45.4 | 32.6 | 19.8 | 41.1 | 95.5 | 64.8 | 39.8 | 22.48) - 55.6
Resistance ()
?SZSE) 10.17| 13.23| 16.50{ 23.80] 15.93| 7.92| 10.84| 16.32| 24.78| 14.97
Probe Voltage'
ety 8.5 8.1 7.7 7.5 8.0 8.9 8.6 8.4 8.1 8.5
C?;:;“t 347 | 443 | 460 | 469 430|323 [ 383 [403 | 460 392
M1l G| 10
Apparent
Resistance () | 24-5 | 18.3 | 16.7 | 16.0 18.9 | 27.6 | 22.5 | 20.8 | 17.6 22,1
Power
(Watt) 2.95| 3.59| 3.54] 3.52 3.40| - 2.87| 3.29{ 3.39] 3.73 3.32

19¢



Table LXIV Effect of Initial Concentration on the equivalent

resistance of ED stack
Exp. Group M7, M3 and M1l

FEED CONC. EQUIVALENT STACK
RESISTANCE (ohm)
GRAPH., (ppm)
EXP, SYMBOL APPLIED A
VOLTAGE
(VOLT) 500 2000 4000
Mn G e 10 . - 46.48 14.82 5.39
Mn B A 20 60.78 18.79 7.00
Mn F 0 30 65.54 21.29 10.47
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Table LXV Variation of ED Stack Resistance along the de-
mineralization path during the depletion half
cycle at various applied voltages. Co =~ 500 ppm-
Exp. M7 B, M7 F and M7 G
STAGE RESISTANCE, R = A$/I (R)
NUMBER
GRAPH.
EXP. SYMBOL APPLIED 4 3 2 1
VOLTAGE FEED- PROD-
(VOLT) END END
M7 G A 10 107.4 | 157.9 | 251.4 | 527.8
M7 B ® 20 110.8 | 238.1| 470.0 | 909.5
M7 F O 30 117.8 | 261.9 | 514.5 | 993.1
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FIGURE 87

Variation of stack resistance along the demineralizing path during the depletion
half cycle. Co=ﬁ= 500 PPM; EXP MT7F & MT7G
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Figure 88 displays tﬁé plot of the stage apparent resistance
(R = A$/I) on logarithmic scéle vs. the stage position along the deminerali-
zation path during the depletion half cycle. The plots are fitted by
straight lines which suggest that the apparent resistance of an ED stack

may be expressed by an empirical relation of the form:

InR, = C, +C,2 . (104)

L 1 2

where Rg is the local resistance at distance 2 from the feed inlet and Cl and

C2 are constants. If we are concerned only with the average value of the

stage resistance then we have
g = ng' ' : (105)

where &' is a single stage length and n is the stage number (n = 1 at feed

end). Substitute Eq. (105) into Eq. (104):

1n Rn = C1 + CBH (106)

where Rn is the average resistance of stage number n.

Figure 89 shows the variation of the average stage resistance with the
stage position on a semi-logarithmic scale when the feed concentration
Co = 2000 ppm and applied voltage was at levels of 10, 20 and 30 V. Various
points under the same operating conditions are fitted by straight lines.
"The slope of these lines inéreases with increasing applied voltage and when
these lines are extrapolated they tend to merge into a single point (a pole).
For feed concentration Co = 2000 ppm the pole lies at the point P (0.70,

45 ) (refer to Figure 89). For this case Eq. (106) can be written as
InR = In 45 +C4 (n - 0.70) ' (107)

can be obtained from the slope of the lines in Figure 89

The value of C3
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FIGURE 88

Variation of apparent ED stack resistance along the demineralizing path during the
depletion half cycle using a semi_log scale ,
8¢ =30V; EXP. M3F,M7F & MIIF (refer to Tables LXI_ LXIIL)
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Applied
Symbol Voltage (Volt )
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Feed Stage Number Product
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FIGURE 89

Variation of apparent ED stack resistance along the demineralization path
using a semi-log .scale.- G 2000 PPM;EXP. M3B ,M3F & M3G .
(refer to Table LX)
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as followsf

C3 = 0.43 3 for A = 30V
c, = 0.34 ;3 for Ad = 20V
and C3 = 0,17 3 for A = 10V
Similarly the parameters Cl and C3 in the expirical Eq. (106) can

be determined for the other feed concentrations under various operating

conditions.

5.9. Voltage Efficiency

Voltage efficiency may be defined as the fraction of the applied

voltage that is utilized in separation (probe voltage).

Ad = A - A

con el .

- ok 108

n, 26 100 ' (108)
where
Ad = applied voltage
Ad = voltage drop in the connectors
con

bpeg = voltage drop due to the rinse solution and electrode

overpotentials
Table LXVI lists voltage efficiency for several runs under various

operating conditions. The voltage efficiency ranges between 82.50 and 90.83%.

5.10. Current density and efficiency

In the present work the current density, i, varies between 1.00 and
10.82 mA/cmz. Low current density corresponds to operation with a low feed
concentration and a small applied voltage.

The true current efficiency, n_, is defined by Eq. B.7 as

I



Table LXVI Voltage Efficiency

APPLIED UTILIZED VOLTAGE
EXP. VOLTAGE VOLTAGE EFFICIENCY

(VOLT) (VOLT) %
M3 B 20 17.15 85.75
M3 F 30 25.50 85.00
M3 G 10 8.30 83.00
M7 B 20 18.00 90.00
M7 F 30 27.25 90.83
M7 G 10 8.95 -89.50
M1l B 20 16.65 83.25
MI11 F 30 24,85 82.83
M1l G 10 8.25 82.50
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n. = n_n_n (B.7.)

When the selectivity of the membrane is 0.90 the true current
efficiency, Ny is usually about 807. The current utilization factor or the

overall current efficiency, EI can be defined as

= actual amount of salt transported
= *
1 theoretical amount of salt transported 100 (109)

where the theoretical amount of salt tfansported in g-equivalent is given by

6
I -t-10 - M (110)
VAC = 7F
where
V = the volume of fluid demineralized during time t in a

flow channel (c.c.)

AC = change in fluid concentration (ppm)

I = current passed (amp)
t = duration of the current passage (sec)
Z = valence (g-equiv./g-mole)

F = Faraday's constant = 96500 (coulomb/g-equiv.)

M = Molecular weight of solute = 58.44 (g/g-mole)

The overall current efficiency as defined above includes the true

current efficiency, n. together with any inefficiencies in the process such

I

as dispersive effects, diffusion under concentration gradient and internal

and external leakage if any exist.

The overall current efficiency, n._, was evaluated for several runs

I
under various operating conditions as shown in Table LXVII. The overall

current efficiency ranges between 26 and 327 in most cases; runs with high

feed concentration resulted in lower values. Previous work in the closed



Table LXVII Overall Current Efficiency

APPROX, - OVERALL

. e omamer | AT
(ppm) (Amp) %

M4 A 2000 3.98 26.26
M4 D 2000 5.10 27.19
M4 G 2000 2.70 26.35
M8 C 500 1.30 26.63
M8 I 500 0.85 31.57
M12 E 4000 10.26 20.98
M12 G 4000 6.58 15.16
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system indicated an overall current efficiency between 20 and 40 for the
first cycle, decreasing rapidly for subsequent cycles, and tending to zero
as the separatioh approached steady periodic state.

The overall current efficiency could be improved by utilizing a more
efficient unsymmetric power wave with a short regeneration step compared
with the demineralizing step and by using a longer demineralizing path. Also
as most of the useful separation takes place during pause periods decreasing

circulation time may result in an increased current efficiency.

5.11. Comments on Stack Resistance Models

Four experiments under various operating conditions have been used to
test the non-ohmic model. The following simplified equation (Eq. 51) was

used to predict the apparent resistance of an ED stage at the product -end.

2RT s + k

- n
o = F1 (- t) In=F7g]
2FD 1l + k/ns
P E-om T ok
D'D c'c a ¢
where
Rp is the resistance per unit area (ohm—cmz)
R is the gas law constant
- -1 . -1
= 8,3144 (Joule-gmole ~ - °K 7)
T = the absolute temperature (°K)
F = TFaraday's constant (Coulomb/g.equiv)
i = current density (A/cmz)
E,t = transport numbers of counter-ions in membrane and solution

respectively
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tc = transport number of co-ions in the membrane
A = equivalent solution conductance‘(mho.cmz/gmole)
2
D = diffusivity (ecm”/sec)
c
. B
ns = geparation factor = ——=
k = ratio of the operating to limiting current density
A = flow channel thickness (cm)
8 = diffusion layer thickness (cm)
ParPe = the anion and cation membrane resistance per unit area
2
(ohm - cm™)

System Data and Assumptions

Room temperature = 25°C = 298°K

Molecular weight of NaCl = 58,44

Equivalent conductance of aqueous sodium chloride solution, A, is
given by Table LXVIII and Figure 90.

Diffusivity of aqueous sodium chloride, D, is given by Table LXVIII and
Figure 91.

A-28 = A

Eiectrode area = 61.23 cm2

Spacer thickness = 0.098 cm

Exposed area of spacer = 0.50

Membrane selectivity = 90%

(t - tc) o = 0.90

(t - t)av = 0,45

: _ 2
P, + Pe = 19.2 Q-cm

k = 0.80



Table LXVIII

Equivalent Conductance and Diffusivity
of aqueous sodium chloride solutions®
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Coggélof co§§3§¥ﬁ§§§T A DIFFUSIVITY
(ppm) (mho - cm2/gmole) D x 10° cm4/sec
0 126.45
100 125.60 1.599
500 122.89 1.585
2000 117.57 1.535
4000 113.47 1.494
8000 108.96 1.481

* Saline Water Conversion Engineering Data Book, Second Edition,

U.S. Office of Saline Water, November, 1971.
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FIGURE 90

Equivalent conductance of aqueous sodium chloride solutions at 25° ¢ .

"
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FIGURE 9l

Diffusivity of aqueous sodium chloride solutions at 25°c.
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Sample of Calculations

EXP M3F

H C° = 2120 ppm
CD = 105 ppm .; AD = 125.6 mho,. cmzlgmole
D =1.599 x 107> cm®/sec
Cy = 4300 ppm ; A, = 113 mho. cmz/gmole
ns = 40.95 S S 2,858 mA/cm2

1st term (membrane potential term)

(2)(8.3144) (298) (0.9) 1n 40.95 + 0.8 _ 86.37 Q - cm2

¢,m (96500) (2.858)10 > 0.2

2nd term (diffusion laver resistance term)

_ (2)(96500) (1.599) 1073 1+ 0.0195 _ 2
Rs (2.858) (0.45) (125.6)10-3 P 0.2 31.129 - cm
3rd term (membrane resistance term)
: 2
R : = 38.40 Q - cm

4th term (depleted solution resistance term)

o o (0.098)(58.44)10° = 868.58 - cm’
d (0.5) (105) (125.6) :
5th term (enriched solution resistance term)
R = (11.45) 10° 2
e (m = 23,57 @ - ¢cm

The apparent resistance per unit area of a cell pair, RP is given by

1048.04 Q - cm2

R = R +R.+R +R
m

P ¢$,m 8 + Re

d
The predicted stage resistance is given by

_ (1048.04) (8)
s (61.23)

w
1]

136.93 Q
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Measured stage resistance 160.05 @

_ 136.93 - 160.05 _ 9
the percentage error = 160.05 - 14.447

Table LXIX lists values of predicted and measured resistances for
several experiments and breaks down the total predicted resistance into
its'main resistive elements and it also indicates tﬁe contribution of each
element towards the overall value. Figure 92 displays the discrepancy
between predicted and measured values of an ED stage resistance. The
discrepancy may be attributed to the assumed values used in the calculation
or to the simplifying assumptions involved in the model or to both of them.

From Table LXIX it can be seen that the membrane potential term
together with the diffusion layer resistance contribute about 20% while
the bulk solutions contribute about 807% towards the overall resistance
value., These findings also indicate that ohmic model can be used

satisfactorily to predict the stack resistance.

The basic equation of ohmic analysis is given as

Ky . - ' (52)
R = — + Ky - KjC 52
P [ 2 3 ’
where K-, K2 and K3 are constants for a given system and C is the local

average concentration.

Measured stage resistances in several runs were plotted vs. the
reciprocal of the average concentration as shown in Figufe 93 and Table LXX.
The plot was fitted by a straight line. The model constants were determined

from the slope and intercept of the graph as follows:

K1 = 216484
K2 = 191.34
and K, = 0.0



. Table LXIX Distribution of the predicted resistance of an
ED stage, Ry, between its resistive elements

EXP. . M3 F M3 B M7 G M1l F
2000 ppm. 2000 ppm 500 ppm 4000 ppm
RESISTIVE VALUE | % age VALUE | % age | VALUE | % age VALUE |2 age
ELEMENT Q of R 0 of Rg Q of Rg Q of Rg
Membrane Potential 11.29 8.24 12.23 12,37 82.18 20;41 5.62 8.67
Membrane Resistance 5.02 3.66 5.02 5.07 5.02 1.25 5.02 7.75
Diffusion Layer 4.07 2.97 4,91 4.97 | 33.30 8.27 2.11 3.26
Resistance
Depleted Bulk Sol. 113.48 | 82.88 73.45 | 74.27 | 269.96 | 67.02 50.34 | 77.71
Resistance
Enriched Bulk Sol. 3.08 | - 2.25 3.28 3.32 1 12.29 3.05 1.69 2.61
Resistance
Predicted total 136.93 | 100 98.90 | 100 402.74 | 100 64.78 | 100
Resistance Value
Measured Resistance | ., (¢ 128.1 445.90 81.00
Value
Discrepancy as - 14.44 - 22.80 - 9.68 ~ 20.03
% Age

08¢
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FIGURE 92

Discrepency between predicted and measured value of an ED stage .



Table LXX Values of local average concentration, C
and measured stage resistance

PRODUCT CONC (ppm) A%ggzéE STAGE

. EXP. RESISTANCE

! c c CONC. S
B D (ppm)

"M3 B 4025 163 313 128
M3 F 4300 105 205 160
M3 G 3725 550 958 75
M7 B 1090 20.2 40 753
M7 F 1110 17.6 35 826
M1l B 7375 625 1152 40
M1l F 8125 239 464 81
M1l G 6450 2010 3065 26
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FIGURE 93

Variotion of apparent resistance of an ED stage with the reciprocal of the
average product concentrations.
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5.12 Comparison with Previous Work in Closed System

(1) Separation

Bass (1972) reported some experiments performed in a batch-recirculacion
mode of operation in which a 90% demineralized product was intermittently
replaced by fresh feed every eight cycles. Experiments under this mode of
operation resulted in a separation factor of 16 with a feed concentration
C° = 1250 ppm, applied voltaée Ad = 10 V, pause time Tt = 10 sec, displaced
volume § =_2/3 the active volume and a thfoughput ratio of about 0.075.

In the present work experiments with A¢ = 20 V, T = 15 sec result in a
separation factor of 20 at a throughput ratio of 0.25 which is the same
magnitude of separation per unit power consuﬁption as in the previous case,.

‘However, the previous work does not show any consistent effect of
initial concentration, Cé én the final separation.

(ii) Resistance and Current Consumption

The initial resistance and current consumption in the closed sysiem
were generally of the same magnitude as in the present work and they exhibit
the same trend of variation along the demineralizing path.

(iii) Analysis of Axial Dispersion

The axial dispersion in the ED cells has been determined previously
using the step response method. The resulting F-diagrams did not suggest
excessive channelling or by-passing. From the slope of response curve it
was estimated that the systém corresponds to about 50 effective mixing stages.
In the spacer used in both works there are 10 x 10 strands per inch and

there are about 55 holes aiong the flowpath in the ED cell.
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(iv) Effect of Pause Time

The previous work in the batch operation showed that flow pauses
at the beginning of each half cycle represent important features of the cyclic

process operation. This is in line with the findings in the present work.

5.13 Reproducibility

Several of the runs undef different opefating conditions were repeated
fo test the reproducibility‘of the results. Table LXXI iists the duplicate
experiments and compares them with the initial ones conducted in 4-stage
columﬁs. Table LXXII ﬁakes the same comparison for experiments performed

in 8-stage columns. In both cases the reproducibility of the results are

considered as quite satisfactory.



Table LXXI Reproducibility - GROUP R
Two Columns Each Consists

of 4 Cells in Series

SEPARATION FACTOR ﬁs DISCREPANCY
EXP, AS PERCENTAGE

OLD NEW OF (ns) Av,
Rl A 8.90 10.43 + 15.83
R1D 7.49 8.53 + 12.98
R1 E 13.93 16.52 + 17.01
R1 F 20.64. 18.84 - 9.12
R3 B 7.21 6.09 - 16.84
R4 F 7.02 5.99 - 15.83
R5 A 33.97 37.50 + 9.88
R5 C 25.37 28.43 + 11.38
R5 F 68.45 61.97 - 9.94
R7 A 25.79 22.27 - 14.65
R7 B 34.00 29.41 - 14.48
R7 C 20.00 17.45 - 13.62
R8 F 18.46 21.09 + 13.30
R9 E 3.10 3.39 + 8.94
RO F 4,56 4.10 - 10.62
R11 F 3.44 3.76 + 8.89
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Table LXXII Reproducibility - Group M
Two Columns Each Consists

of 8 Cells in Series

287

SEPARATION FACTOR ns DISCREPANCY
EXP, AS PERCENTAGE
OLD NEW OF (ns) Av.
Ml B 27.53 31.20 + 12.50
M1 D 29.46 28.47 - 3.42
Ml F 46.28 41,27 - 11.44
3 c 8.03 9.52 + 16.98
M4 A 14.61 14,23 - 2.64
M4 E 28.45 32.17 + 12,27
M5 C 39.92 36.11 - 10.02
M7 C 31.21 28.33 - 9.67
M7 D 44,21 47.14 + 6.41
M8 B 40.38 37.96 - 6.18
M8 F 48.43 53.20 + 9.39
M9 A 8.83 7.87 - 11.50
M9 E 28.13 30.81 + 9.09
M1l B 11.80 12.92 + 9.06
M12 C 3.98 3.63 - 9.20
M12 D 12.54 11.69 - 7.02
M12 F 28.62 31.27 + 8.85




CHAPTER 6

Conclusions and Recommendations

The present work has proven the feasibility of continuous cyclic
electrodialysis for desalination of brackish waters. The conventional
electrodialysis demineralizing process competes mainly with distillation and
it appears to be more attractive economically than distillation for luw
salinity waters (with concentrations of up to about 10,000 ppm dissolved
salt)., However, conventional electrodialysis is subject to excessive
polarization, fouling and scale formation on ion-exchange membranes, anf
generglly requires expensive materials for electrodes. Cyclic electrodialysis
promises to overcome these problems b& the reversed polarity technique.

In the present work no excessive polarization was noticed in

most of the runs (up'to the maximum voltage aéplied of 30 volts)

and inexpensive graphite electrodes proved to be satisfactory over a
reasonably long period of time. The process resulted in a separation factor
'(né = CB/CD) upAto 50 at a throughput ratio of 0.25 which is equivalent .

a desalination ratio (defined as CO/CD) of about 25 compared with the
desalination ratio per path of about 2 in most commercial plants currently in
operation.

The primary objectives of the experimental program undertaken were
to explore the possible region of application of cyclic operation in an

open electrodialysis system, to screen system parameters, and to determine
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‘their relative importance. The following design and operating parameters
have been investigated:

a) Design Parameters

(1) Demineralization path length
(i1) Semi-symmetric and asymmetric modes of operation
(iii) Pause and no-pause operations
(iv) Pure-pause operation with power off during circulation

b) Operating Parameters

(v) Production rate with throughput ratio varying from
0.0625 to 0.50.
(vi) Applied voltage A¢ at levels of 10, 20 and 30 volt.
(vii) Pause time T at levels of 15, 30 and 45 sec.
(viii) Feed conéentration Co at levels of 500, 2000 and 4000 épm
The results of the study can be summarized in the following:
1. Despite the strong trade-off between production rate and
separation, the separation factor ranged from 30 (for 4000 ppm feed) to
50 (for 500 ppm feed) at the highest production rate used (100 c.c./cycle).
2. The pause time proved to be an important operating parameter.
Decreasing the pause time below 15 sec, resulted in considerably lower
éeparation.
‘ 3. The maximum pause time that can be utilized without an adverse
effect on separation depends on both the applied voltage A¢ and the feed con-
centration Co' At an applied voltage A = 30 V; Thax V28 about 30 sec. for
Co = 500 ppm and it was about 45 sec. for Co = 2000 ppm.

4. 1In all cases increasing the applied voltage improves the separation.

The separation factor increases at least proportionally with the applied
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voltage. The effect of applied voltage was more pronounced when the feed
concentration was high and/or the pauée time was short.

5. With the feed concentration Co = 500 ppm the optimum conditions
are thought to be: a demineralizing path length in the vicinity of 8 stages
in series, an applied voltage in the range 20-30 volt and a pause time of
about 30 sec. An increase of pause time above 30 sec. had a deleterious
effect on separation, presumably because of polarization.

6. As the feed concentration Co increases the separation decreases.
Higher feed concentration calls for a longer demineralizing path, higher
voltage and longer pause time,

7. Pure-pause operation saves electric power at the expense of poor
separation.

8. Variations in the methods of feed introduction and product with-
drawal, such as symmetric, semi-symmetric and asymmetric operations, were
investigated theoretically (Chapter 4). When axial mixing is ignovred all
these modes predict the same final separation as shown by the graphical
solutions. However, the degree of complexity of the system, the number of
valves and the number of subdivisions in the timing sequence decrease as the
operation bécomes less syﬁmetric.

9. When semi-symmetric and asymmetric operations were compared
experimentally under otherwise identical conditions the former resulted in
lower separation. This may be attributed mainly to the external mixing
outside. the active demineralizing area.

10. The experimental results are generally highly reproducible.
11. Cyclic electrodialysis in an open system has been fully demon-

strated. The process looks promising and it deserves further study along the
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following lines:

a) ?he present work has been limited by the following design

parameters:
(i) A demineralizing path of maximum length of 8 stages in
series
(ii) A D.C. power supply of 400 watts (a maximum applied
voltage of abbut 30 volts)
(1ii) A maximum time interval of about 50 sec.

To.explore fully the whole operating domain at feed concentration Co
higher than 500 ppm all these parameters need to be relaxed by modifying
the process design.

‘b) The feed concentration should be extended to the range Co =
10,000 - 15,000 ppm.

c) Other operating procedures should be investigated. In particular
it is proposed to disconnect the electric power from the ED stacks during
part of the displacement. Also, the system may be run in semi-batch operation
with feed introduction and product withdrawal once every.several cycles.
Different voltage waves other than the present rectangular wave can be
applied such as triangular wave and unsymmetric wave with different magnitude
and duration in the two half cycles. This may result in a better power
.economy.

d) The proposed stack resistance model predicts quite accurately the
resistance of the experimental stacks under the operating conditions used here,
An extension of the constant-rate model based on the stack resistance could

form a basis for a more refined representation.
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e) A scale-up and an optimization study of the system are essential
for evaluation of the process economics and its comparison on a commercial
scale with other competitive processes.

f) Other solutes should be investigated; both in binary and in
multicomponent mixtures.

g) By using cation and anion exchange membranes selectively permeable
for univalent ions only, the system can be used to separate monovalent ions

from divalent and other ions. -



.

Ly

NOMENCLATURE

membrane area

ionic activity of cation (+) or
anion (=)

rate constant during dilution half
cycle

rate constant during enrichment
half cycle

membrane area

solute concentration

constant

diffusion coefficient
potential drop per cell pair
potential drop

the fraction desalted

Faraday's constant
or flow rate of process stream

current density

current

ionic flux vector
electrical conductivity

or the ratio between operating
and limiting current density
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Typical Unit

cm

g-mole
litre

-1
sec

-1
sec

cm

g-mole

litre

or ppm

cmz/sec
volt

volt

A.sec/g-equiv.
litre/sec.

mA/cm2

A

(g—mole)/(cmz)(sec)

mho/cm



k. ,k

KKK,

2'

ns

oy O o

2]

2 ovou =

constant .

rate constant
or cell constant

constant

channel length

a single stage length
phenomenological coefficient

length of the membrane
or the demineralizing path

number of cycles
or number of membrane pairs
or width of membrane
separation factor
normality of solution

T
exp (- a; )

or permselectivity of ion exchange membrane
or membrane area utilizing factor

exp (- a, "-;- )

flow rate

heat flow vector

dimensionless ratio of spacer thickness
in the concentrate and the diluate

compartments

areal resistance
or the gas law constant

transport number
or temperature

cycle time
or absolute temperature

ionic mobility

total chemical potential
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Typical Unit

cm

cm

cm

cm

g—equiv.litre

ch/sec

ohm cm2
(joules)/(°K) (mole)

°C

sec
°K

(cmz)/(volt)(sec)



displacement velocity
velocity vector
volumé

water transport number
diétance co-ordinate

lateral distance co-ordinate

valence of charged species
or direction of flow -

fractién of half cycle
fraction of»halﬁ cycle
phase lag

tﬁé megniionic activity coefficient

thickness of Nerhst"layer or diffusion
layer

compartment thickness

fracFiongl vq;d_volume of packing
efficiency

electric field vector

equivalent conductance

partial molar volume

stoichiometric coefficients for
electrolyte My, X,_

electrical resistivity

(1 - ¢)/e = ratio of volume of packing
to void volume

pause time
or tranference number of water
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Typical Unit

cm/sec
cm/sec

cm

cm
cm

(g-equiv)/(g-mole)

cm

cm

volt/cm
(mho) (cm?) / (g-equiv)

cm3/mole

ohm-cm

sec
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Typical Unit

Ad = applied electric potential volt

= t
A¢Don Donnan potential vol
% = divergence operator or gradient operator

Subscripts

L2 ... refer to positioné across a cell pair or to the
number of time interval during a cycle;
(T1575)

+ for positively charged species; (t+)

- for negatively charged species; (t )

a for anion-exchange membrane; (t_)

or an average value; (Ca)

b brine product; (Cb)

B brine (enriched) product; (CB)

c cation-exchange membrane; (tc)
or concentrate product; (cH)

or concentration polarizationj (nc)

d dialysate (depleted) product; (Cd)
dl’dZ Donnan terms; (Edl’Edz)
D dialysate (depleted) product; (CD)
e enriched product; (Ce)

or electrode; (ne)

£ fluid or mobile phase; (Cf)
F Faraday; (nF)

H Henderson term; (EH)

i refers to inlet; (Cdi)

I current; (HI)

3 co-ion; (C,)

3
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K counter-ion; (Cp)
or species k; 3,
2 . refers to local value at distance 2 from the

feed inlet; (Rz)'

m manifold; (ny) or membrane; (Ep)
or membrane solution interface; (Cr)
n stage number; (Rn)
o refers to initial state; (Co)
P cell pair; (Rp)
R resistance; (nR)
S solid or stationary phase; (CS)

or permselectively; ~(ns)

T total; (Ep)
or top (demineralized) product; (CT)
or temperature; (VTU)

w water transport; (nw)

T unit area per cell pair; (Rﬂ)

v refers to the average concentration of salt; (Av)
o refers to infinite dilution; (Aw)

Superscripts

- = refers to property in membrane; (Ek,éj)

or to negatively charged species; (t3)

+ = refers to positively chafged species; (tt)
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Appendix A

Electrode System

A.1l. Electrode Materials

Various materials for electrodes are in use, for ekample; graphite and
stainless steel, which are gradually attacked in o#idizing conditions and
must be replaced. Piatinum—coated metals (e.g. titanium, tantalum, or
zirconium),'with a high level of corrosion resistance and a life of several
years; are now frequently used, especially as anodes., Oxides of some metals
such as lead and ruthenium.have proven to be sufficiently conductive and
insoluble in acids to be used as coating for anodes (Thangappan, et al., 1970).
Magnetite electrodes have been used for anodes in electrodialysis, but this

material is very fragile (Davis and Brockman, 1972).

A.2, Electrode Reactions

Throughout the diluting and concentrating cells of an electrodialysis
.stack, and in the intervening membranes, electrical conduction is ionic. At
the electrodes, however, the mechanism of electrical conduction changes
abruptly from ionic to electronic. The technology of electrode reactions
is highly developed in many respects, but there is still considerable con-
troversy concérning mechanisms and the relative importance of competing

reactions that occur at the electrodes (Davis and Brockman, 1972).
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The cathode or negatively changed electrode is the source of electronms,
and at the cathode, the electrons must be transferred from the external
circuit to ions in the solution. The following are typical reactions by

which this transfer of charge may be accomplished:

M™ +xe > M° metal deposition (A.1.)

02 + 2H20 + he” > 4LOH ' reduction of gaseous oxygen (A.2.)
2H+ + 2e > H2 (acidic solution) evolution of gaseous (A.3.)

2H20 + 2e > H2 + 20H (basic solution) hydrogen (A.4))

Metal-deposition reactions are useful in précesses such as electro-
plating and the recovery of spent pickle liquor. Reactions in which gaseous
oxygen is reduced are important in fuel cells. The principal cafions
present in typical brine are much less readily discharged than hydrogen ion,
and the net result of this is that the cathode reéction is almost invariably

the cathodic half of the water electrolysis reaction:

2H20 + 2¢ - H2 + 20H Eo = 0 (A.5.)

There is usually almost no deterioration of the cathode, and almost
any conductor that is compatible with the rest of the system can be used as
a cathode. Carbon steel is a commonly used cathode material. Heavy metal
_ions such as copper and iron may plate out on the cathode, and, in
addition, the shift in pH caused by the cathode reaction may cause the
precipitation of a variety of substances that may foul the system. The
principal problems are apt to be due to CaC03, Mg(OH)z, and Fe(OH)B.

Depending on the composition of the solution, pH, anode composition,
and current density; one or more of the following reactions may occur at the

anode: -
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M > M+ xe 3 metal dissolution (A.6.)
M° + Qéﬂ_ > M(OH)x + xef oﬁidation of electrode (A.7.)
2 + 20K > M0+ xH0 + 2xe” (a.8.)
Hé > 2H+ + 2e o%idation 6f gaseous hydrogen (A.9.)
2H20 > O2 + 4H+ + 4e  (acidic solutions) evolution of '(A.10.)
4OH  » . 02_+ 2320 + 4e- (basic solutions) gaseous oxygen (A.11).
2c1” ~ Cl2 + 2e , ) evolution of gaseous éhlorine (A.12).

Oéidgtion of gaseous hydrogen is an important reaction in fuel-cell operation.
Metal dissolution results in destruction of the electrode. When the anode

is oxidized, hydroxyl ions are consumed. Unless provision is made for
removing the companion hydrogen ions or supplying hydroxyl ions, the electrode
solution will become acidic. Most metal oxides and hydroxides are soluble

in acidic solutioms.

+ +x
M20x +-2xH > 2M T + xH20 (A.13.)

or
M(0H)_ +xHt > M+ xH,0 (A.14.)
The net result is the dissolution of electrode metal.
Reactions in which gaseous oxygen or chlorine is evolved are commonly
encountered in electrodialysis when noble metal anodes are used. In a
- typical naturally occurring brine such as seawater chloride ions may be

oxidized at the anode to produce hypochlorite:

cl” + 20H - 2¢ - OCl + H,0 E_ = 0.94 volt (A.15.)

Or, in acidic media chlorine gas will be released,

Cl —-e =~ & c1, (g) E, = 1.35 volt (A.16.)
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A portion of the chloride oxidized at the anode will be carried out
of the cell in the anode rinse stream (anolyte), and a portion may escape
as chlorine gas. Chlorine remaining in the solution will eventually form

an equilibrium mixture accordimng to

cl, + H20 = HCl + HOC1 » (A.17.)

2
In many situations, and most particularly in a high-sulfate, low-
chloride water, we will find that the anode reaction discharges oxygen

from the water with the simultaneous production of hydrogen ions:

H,0 - 2¢ ~+ X0

2 2

+ 20" E_ = 1.23 volts (A.18.)
Typical brackish water contains significant amounts of both chloride
and sﬁlfate, and frequently both chlorine and oxygen are evolved simul-
taneously. We cannot predict the relative amounts of each with any degree
of success because the reactions are principally controlled by electrode
kinetics rather than by any considerations of electrode potential. Any or
all of the reactions listed above, or further reacgions that produce even
more highly oxidized products, such as ClOZ, ﬁay occur, depending on local
currenf densities and the nature of the electrode surface., If noble metal
electrodes are not used, the anode reaction will also include the oxidative
products of the electrodes. Iron or steel anodes, for example, will
produce iron oxides in various degrees, and carbon anodes will produce carbon
dioxide.
The electrode reactions necessarily associated with electrodialysis
operation introduce two probleﬁs: first, added power must be supplied to

provide the electrode reaction energy; second, the products of the electrode

reactions may be harmful to the electrodialysis stack or may interfere with
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the continued operation of the system. The first of these may be minimized
easily by increasing the number of cells per electrode pairs as will be
discussed in process efficiency section; the second is more complicated
and there is no single simple solution.

We can expect that the chlorine or other oxidizing materials formed
at the anode may cause rapid deterioration of the stack components; and
the alkaline cathode material, if allowed to enter the stack, is obviously
likely to produce precipitation. Because of this it is usual to provide
for hydraulic isolation of the two electrode stream compartments at the
ends of the dialysis stacks. Frequently isolation of these streams plus
a high rate of flushing with feed water is all that is attempted by way
of controlling the possible harmful effects of the electrode reaction
products. .

Tﬁe use of sodium bisulfite in the anode rinse stream, to avoid the
formation of chlorine, has been described by Wiechers (1954). The
catholyte basicity can be controlled by the addition of iporganic acids
to the cathode stream. Several more nearly closed systems have also been
tried or proposed. In principle we could circulate sodium sulfate or
sulfuric acid in the anolyte-catholyte system and limit the reactions to
‘oxygen and hydrogen generation. If this were all that happened, electrolyte
volume coﬁld be maintained by adding very small quantities of pure water from
time to time or by reacting the two gases. An even more subtle approach has
been suggested by Roberts (1957), who has patented the circulation of a
redox solution between the two compartments. The oxidation at the anode and
the reduction at the cathode theoretically balance each other in this case.

Unfortunately, none of these "closed" schemes work too well in practice
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because it is difficult to confine a given ion to a particular stream.
Either the materials in the electrode stream tend to diffuse into the
remainder of the cell or vice versa, and in either case problems of

oxidation, pH shift, and fouling inevitably arise.

A.3. ‘Electrode Polarization Effect on power Consumption

The energy consumed by the processes occurring at the electrodes
depends upon a number of factors; including the electrode materials, the
reactions involved, the concentrations of the ions, the applied current
density and the solution velocity. A detailed discussion of electrode
polarization is given by Vetter (1967) and by Bockris and Reddy (1973).

The passage of current through each of the electrode compartments

-~

involve three steps:
(1) The transfer of ions from the bulk of the solution to the
surface of the electrode,
(2)‘ The electrochemical reaction at the electrode..
(3) The formation of the final products of the reaction and their
removal from the electrode surface.
Three overpotentials are involved:

(i) Concentration overpotential

When the current is flowing, the ions that discharge migrate towards
the electrode and cause a concentration gradient across the thin diffusion
layer at the electrode surface; This phenomenon is exactly analpgous to
the concentration gradient that occurs at the ion exchange membranes. The

concentration gradient leads to a change in electrode potential of

_RT . “bulk
n = —= 1ln ~—
con F

surface

(A.19.)
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(ii) Chemical overpotential .

, is defined to be that potential

The chemical overpotent}al, nchem

in e%cess of the discharge potential for the given reaction which must be
applied to the cell in order to maintain a finite rate of discharge.
Chemical overpotential occurs as a result of steps (2) and (3) above. The
value of nchem for the electroae reaction is given by Tafel's'Formula:

_ - RT
ehem - 2+t oF Ini (A.20.)
where

1
o = Y% and a = constant (depends on nature of cathode).

-(4ii) Ohmic overpotential

The ohmic overpotential, M ohm® consists of two parts, namely the
voltage drop which occurs in the bulk solution of constant concentration
plus the voltage drop across the diffusion layer where the concentration

gradient varies linearly with the current density

Tobm -~ Msol + s
= R ' . A.21,
i ohm (A.21.)
whgre Rohm consists of two series resistances,
Rohm = RSol + R(fs (A.22.)
RSol can be evaluated in terms of the mean resistivity of the bulk
solution,
- Pmeany
—3 —————— A. *
Rsol Ap (4.23.)

where-
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Prean the mean restivity of the electrode solution, 2 - cm
y = bulk solution thickness, . cm
Ap = active membrane area, cm

RG may be evaluated by specifying the resistivity at any point within
the diffusion layer as a function p(x,z) and by computing the double

integral of this function as discussed in Section 3.1.1.

| . 2 8 -1
1. 1’-‘[ J p(x,z)dx dz (A.24.)

Thus, the electrode polarization potential, Ee, can be evaluated by

summing these separate components.

A.4., Electrode Flow System

The two electrode compartments present in each multimembrane stack
are usually supplied with rinse solution from‘a separate recirculating
hydraulic system. In passing through the cell catholyte becomes.basic‘and
anolyte becomes acidic, when these are mixed they partially neutralize one
another,

Provision should be made in electrode system for discharge of the
electrode gases, and_a small discharge of electrode solution is required
to prevent buildup of ions produced by electrode reactions. A feed-and-

bleed system as shown in Figure A,1, is frequently employed.
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Appendix B

The Current Efficiency

The total current efficiency, Nys is related to the Faraday efficiency,

g by the relation

n = n n . (B.1.)
I F' w
where nw is the water transfer term.

The Faraday efficiency, Nps is defined as the ratio of the salt shifted

to the theoretical current requirement

(equivalent of salt transported)

g = (Faradays of electricity passed)(number of membrane pairs employed)
- F AN Fp . (B.2.)
In
where
F =‘Faraday's constant, 96500 A/(sec) (equivalent)
AN = change in product stream normality, equiv/liter
Fp = flow rate of the product stream, liter/sec
I = total current passed through the stack, A
n = number of membrane pairs used

Faraday efficiency, Np» as defined by Eq.(B.2.) depends on both the
actual membrane used and the amount of leakage current that é particular
stack design may permit and it expresses the performance of the process
w.,r.t. the current: It is often determined by an inexact method (apparent
values) for brine and dialystate streams independently:
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] FD(Dl - D2)F (5.3.)
D nI | "o

_ F (B, - B)g 5.4.)
g~ nl T

where
NpsNg = apparent Faraday efficiencies based on the dialystate
and brine streams respectively

FD,FB = dialystate and brine efflux rates respectively, ml/sec.

Dl’Bl = dialystate and brine influent concentrations respectively
equiv/ml

,B,, = dialystate and brine effluent concentrations respectively

"The influen; and effluent flow rates of a single stream are not
identical because of:

(a) water transfér by osmosis and electro-osmosis

(b) a minor volume change resulting from the salt displacement

The true Faraday efficiency, Nps is defined by:

= - . B.5.
nn np (1-18w D)) (B.5.)
= - | B.6.
g np (1 - 18 w B;) ( )
where
w = moles of water transported per equivalent of salt transfer;
w=w o+ wc, where wa, w are water transport numbers (= hydration
number of ions) e.g. for NaCl, W = 4, wo = 8,

Determination of nD and Ng enable both g and w to be calculated
(Wilson, 1960).
The factors that may contribute towards low current efficiency in

an electrodialysis stack are mechanical and electrochemical ones:
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(1) Imperfect selectivity of membranes or deterioration of membranes.
The fact tha; the membranes are not perfectly selective means that more
than the theoretical current must be passed.

(2) Electrical leakage by stray current and parallel current paths
through the stack manifold.

(3) Short-circuiting of membrane packs.

(4) Internal and external water 1eakage; A large water transfer may
accompany the current flow across the membrane due to osmosis and electro-
osmosis, which results in loss of product water. Also there may be hydraulic
leakages between cells and/or external leakages.

(5) Back diffusion of electrolytes.

(6) Severe polarization effects or unwanted ion transfer. At
sufficiently high current densities or low salt ;oncentrations, the H+ and
OH ions normally présent in water will begin to participate in the current-
carrying process.

Assuming that obvious problems, such as external parallel current
paths through bolts and containers, gross leaks between the product and
waste compartments, and water splitting, have beén properly taken care of,
we can express an over all current efficiency, nys as the product of these

efficiencies:
= = B.7.
n_nn nFn ( 7 )

where
n_ : takes care of effects due to the permselectivity of the
indi&idual membranes
n_: accounts for the effeéts of current leakage through the

manifold
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n,: is the result of water transport through the membranes.
The quantities ng» n, and n, are all defined in such a way that

ideally they approach 1.0.

The permselectivity efficiency, Ngs is defined as

nt-Pc+nt+ Pa
c a

"s T T nct +nrt, | (B.8.)
where
‘nc,na are numbers of cation and anion-permeable membranes
t+,t_ are transport numbers in solution of cation and anion
respectively
Pc,Pa are permselectivity of cation and anion-permeable

membranes respectively

o b T h
Pec = =
1-t, t_
t -t t -t
Pa = = (Bugu)
1-t €,

where t+, t refer to transport numbers of counter-ions in membranes. When

n =n, Eq. (B.8.) reduces to:

= + P
ns t_Pc t+ a
- - c a .
= (¢, +t)-1 = 1= (t_+t) (B.10.)
+ - - +
where
c , : . .
t_ = anion transport number in the cation-permeable membrane
a )
t. = cation transport number in the anion-permeable membrane
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c a ‘s ,
- (£ + t+) is imperfect selectivity factor or penetration of

co-ions into a membrane.

If t_ = t, = 0.5, then ng will be equal to the average permselectivity
" Pa + Pc .
n, = ) : (B.11.)

(ii) Electrical Leakage and Short-circuiting term, Y

The partial short-circuiting of a membrane stack by conduction through
manifolds and stray parallel current paths consume power without producing
any useful results, thus reduce the effective current efficiency.

Because of the inherent engineering design of electrodialysis units,
each concentration stream.within the stack is connected, via conduits, to all
other concentration streams. The same applies for the dilution streams.
Since the concentration stream.is more conductive to electricity than the
dilute stream, it would be expected that a high fraction of non-productive-
leakage current would flow through the concentration stream.

Leakage current calculations have been developed by Wilson (1960)
and Mandersloot and Hicks (1966) and presented by Belfort and Guter
(1968).

Usually the effect of current leakage through the manifold is a
reduction in efficiency of less than 5%. Belfort and Guter (1968) in
their study of Webster and Buckeye electrodialysis plants showed that current
leakage has only minor effect. The leakage current for a given design can
be estimated by assembling a sample stack with insulating sheets of plastic
in place of the membranes, thereby interrupting the electrical field, but not
the liquid flow. The normal operating voltage is then applied and the

current measured is regardéd as being that due to leakage through the entire
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internal and external liquid flow path of the stack.

(iii) ‘Water transfer term, n_

Some water is transported through the membranes along with the

electrolytes due to electro-osmosis.

transport varies with membrane type, ionic species, and concentration of

The amount of electro-osmotic water

solution. When the feed is of low salinity or when moderate quantities of

‘'salt are removed from brackish water, transport is seldom a problem.

However, in more concentrated solutions or in systems involving a high

degree of desalination, water transfer can have important effects on the

current utilization in the process.

‘A large transfer of water will:

(a) require the use of additional current to meet the desalted-

product quality specifications.

(b) reduce the quality of product obtainable from a given amount of

feed to the dilute stream.

The effect

where

of water transport on the current efficiency is given by:

nt, (0.018) my

s

1 -

the molality of the feed water
transference number of water defined as the number of
moles water transferred per Faraday

number of membrane pairs.

(B.12,)



Appendix C

Nernst Idealized Model of Wall Layers

C.1. The Flow Field in an Electrodialysis Cell

In almost all electromembrane processes the solutions to be treated
flow between parallel planar ion-exchange membranes. The flow channels are
filled with spacer materials that cause complex flow patterns. The velocity
of the solutions past the membranes and through the spaéer materials results
in relatively good mixing of the solution in the center portions of the
flow channels, but the mixiﬁg is less near the surfaces of the membranes,

where the solution is almost static.

C.2, Nernst Model

The complex hydraulic pattern in an eleétrodialysis cell is approxi-
mated by the simplified Nernst mo&el. This is an idealized model (Nernst,
1904) based on the following assumptions:

- there are layers adjacent to the membranes in which the solutions
are completely static or in laminar flow,

- the solution in the bulk: (i.e. between the wall layers) is thoroughly
mixed so that the concentration of electrolyte at any point in this zone is

the same as that at any other point.

- there is no change of either the thickness of the wall layers or

the concentration gradients along the flow channel.

319
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Despite the complexity in a real system, Nernst model affords a
simplified mathematical approach which results in expressions that are
easy to use and that predict performance adequately for use in the design

of electromembrane processes.

C.3. Some derivations of the Model

Since frequent use is made of the assumption that the concentration
gradient in the wall layer of an electrodialysis cell is linear, a justi-
fication of this assumption with the other main assumptions involved is

in order. '

C.3.1. General theory of coupled processes

When an ion moves in an electrolyte solution it does not do so in
the complete absence of other effects. Its motion is accompanied by a
flow of electric current, and there may also be a flow of heat and a flow
of solvent. We are faced with the problem of describing simultaneously a
minimum of four fluxes: salt, electricity, solvent and heat.

In analyzing systems in which several forces and fluxes are coupled,
it is sometimes convenient to make use of the theory of the thermodynamics
pf irreversible processes. Although an analysis made in these terms cannot
deal with the underlying causes of the phenomena that may be observed, it
is of great value in clearly defining certain relationships that must
necessarily hold between the various forces and flows when the system is in
the steady state.

The general equations for flow may be written (Hills et al., 1961)

as:
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where Lij are phenomenological coefficients and the subscripts 1,2,3,and 4
refer to the positive ions, negative ions, water and heat respectively.
VTU is the gradient of total chemical potential, taken at constant
temperature, and 6 is the flow of heat.

If we consider an isothermal process in which both non-electrostatic
intera;tion between the ions together with electro—osmosis are neglected,
then all the terms except the first will drop out and the ionic flux, Jk

is given by

Jk = = kavTUk = - ukaVTUk (C.2.)

where Jk is the flux of an ionic species in g—mole/(cmz)(sec), u, is the
ionic mobility which is defined as the average velocity imparted to the
species under the action of a unit generalized force (per mole), and Ck is
the concentration in g-moles/cu.cm.

The total chemical potential, U, is meant to include effects due to

electricity, as well as temperature, pressure, concentration and gravitational

field, if any. Assume that gravitational fields are unimportant, then

U - 93U
VTU = Z FVE + 30 Vp + 3C vc (C.3.)

where VE is the electric field in volts/cm
F is the Faraday constant in coulombs/g.equiv.

Z is the valence
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In real electrodialysis systems the modest differences in temperature
and pressure have no significant effect on the current flowing as long as
A . . . 9 .
even very small potential differences exist. Therefore 5%-Vp term is

negligible. For ideal solution,
U = Uo + RT 1n a (C.4.)

where Uo is the standard chemical potential and a is the activity. For
dilute solutions concentration can be used instead of activity (a = yC = C).

From Eq.(C.4.) we get
~ == YC (C.5.)

A term including the derivative of the activity coefficient could be
included (see for example, Hills, et al., 1961), but this does not affect
the general principle; and, in practice, omission of the term that would
arise from differentiation of the activity coefficient is no worse than some
of the other assﬁmptions that are needed to facilitate the integration of
these equations when they are used to describe real systems.

Substitute Eq.(C.5.) into Eq.(C.3.) and drop the pressdre term

RT
Ck (Zk F VE +-E; v Ck) (C.6.)

J = =1

k k

The ionic mobility, u, (g-moles) (sq.cm)/(joule) (sec), can be related
to the ionic-diffusion coefficient, D, (sq.cm/sec) through the Nernst-Einstein

relation:
U = Dk/RT ’ (c.7.)

o}
where T is the absolute temperature, K., and R is the gas constant,

8.3143 joules/(oK)(mole). Eq.(C.7.) is true only when the activity coefficient



is unity, that is, at infinite dilution (Chapman, 1969).

From Egs.(C.6.) and (C.7.)

k

J = - Zkuk F Ck VE - DkVCk
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Eq.(C.8.) is the well-known Nernst-Planck equation of ionic flux with

negligible convection (i.e. Ck

-> >
v = 0, where v is the stream velocity).

(c.8.)

Although the Nernst-Planck equation has a number of shortcomings which limit

its rigorous applications to dilute solutions, we will use it because it

accomplishes a great simplification of a complex problem,

we must.assume the validity of the Nernst-Einstein relation and neglect

To do this however,

any gradients in the solvent concentration as well as interactions between

the fluxes of the charged species. TFor a more thorough analysis of ionic

transport e.g. concentrated multicomponent solutions, it is necessary to

use a more complete flux expression (Chapman, 1969).

C.3.2. Ionic Fluxes

For a uni-directional flow of a 1-1 electrolyte Egs.(C.7.) and (C.8.)

can be written as-

F
Jg, = =D [(gg) C(
J = -D_[(%)c(

Because of electroneutrality

dE
dx

dE
dx

in

)+ ()

)+ (D

the solution phase

(c.9.)

(c.10.)

(c.11.)
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s . J
In the membrane, the numerical value of the flux ratio, = » 1is

-
equal to the transport number ratio %i . Since by definition of the steady

state the fluxes are independent of position x (perpendicular to membrane

face), the same flux ratio prevails also in the solution:

B - i~ (c.12.)
J_ t_ (1 - t+)

The negative sign is introduced because the J's are vectors. In the
membrane J+ and J_ have opposite signs, while t+ and t_ are always taken as
positive. It should be noted that the ion flux ratio is equal to the ratio
of the ion transport numbers in the membrane only when ion transport in
membranes takes place entirely by electromigration. Unless the membrane is
ideally permselective, there exist additional ion fluxes due to diffusion
across ﬁhe membrane caused by the sait concentration difference in the
solutions at the two membrane faces. This back diffusion of ;he salt will
be neglected here, howéver, because almost ideally permselective membranes
are used in most electrodialysis installations, and since in practice the
electrical driving forces are in generalimuch larger than the diffusion
driving forces, even when membranes are used which are not fully perm-
selective,

From Eqs.(C.9.) and (C.12.):

; =-t2J& _ EC dE _dc
= E+ D_ RT dx dx
OR
FC dE _ de _t-Jy
RT dx dx (c.13.)
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substitute Eq.(C.13.) into (C.9.)

_ de |t 3y de
et Tl T

_op et Ji Dy
' + dx t4. D

- 2Dy ) dc
J — - - _d_;{- (Coll'-)
+ 1 - (D4 t_/D_ ty)
and
_ -~ 2D. ' de :
J_ = ax (C.15.)

1 - (D. t4/Dy t.)

Since fluxes; ionic diffusion coefficients and membrane transport
numbers are constant, it follows that %% is constant also. In other words,
the application of the Nernst-Planck equation with the above assumptions
leads to a linear concentration gradient in the boundary layer.

It is often more convenient to express the fluxes in terms of the

diffusion coefficient of the electrolyte, D, rather than the ionic diffusion

coefficients, D+ and D_. Noting that in free solution

Dy _ t+ _ t4 (C.16.)

and using the Nernst expression for the diffusion coefficient of 1-1 electro-

iyte in dilute solution

1 1 1 1
— = — ( — + = )
D 2 D+ D_
OR
= HDy D D_ , ,
D D+ + D_ 2D+ ( Dy + D_) . (C.17.)



From Eq.(C.16.)
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D_ t.
= = = - .18.
Dy + D_ t_ + te t- A -ty (C.18.)
Substitute Eq.(C.18.) into Eq.(C.17.)
D = 2D, a - t+) = 2D_ (1 - t_) (C.19.)
From Egqs.(C.14.) and (C.16.)
i, = - 2D+ - g_c_ = = 2Ds (1'tt)_t+%§ (C.20.)
1 - (e t/e_ty) X (t_ Tty - tg t)
But
toty -ty to= (1 - ty) tp - tp (1 - t3) = £ - £y (C.21.)
Substitute Eqs.(C.19.) and (C.21l.) into Eq.(C.20.)
3, = .= %}% (€.22.)
(ty - ty)
Similarly
e (c.23.)
(k- - t) (T4 - t4)
For ideally selective cation exchange membranes, E+ = 1.0. Hence from Eqs.
“(C.22.) and (C.23.):
1 dec
= - = = = .24,
I, D[t_dx], J_ 0 (c )
and for ideally selective anion exchange membrane t_= 1.0
1 dc :
J+ = 0; J_ = -D [’E;-E;] (C.25.)

Note that both Eqs.(C.24.) and (C.25.) are of the type of Fick's law, but the
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ratio %: replaces the ionic coefficient D+ (i.e. the flux is higher because

the electric field provides additional driving force).
The current density, i, is given by Faraday's law"

1 = F @, -J) ~ | (C.26.)

Substitute for J+ and J_ from Egs.(C.22.) and (C.23.)

i = -—--_——-E-'L———-,- —-g—:i- = —-_——-F—D—-—— %}% (C-27.)
(t, - t) = (e -t

If i, D and the transport numbers are constant, Eq.(C.27.) then, within
the range of applicability of the Nernst-Planck equations, the concentration

gradient in the wall layer is linear.

C.4. - Wall layer thickness

The wall layer thickness, §, depends on distance from solution inlet
and it varys along the flow path. In the Nernst model it is assumed that a
steady state has been reached. It is also assumed that the hydraulic‘flow
conditions of the solutions are chosen such that variation along.the membrane
can be neglected. 1In this case, the solution concentration profile in the
wall layer is time-invariant and also does not vary along the membrane.

According to the Nernst model an approximate average value (or a
critical value) of § is used and the problem can be solved without integration
.over the whole flow path. Studies which stress the hydrodynamic aépects of
the problem and the influence of non-uniform diffusion layers have been
published (Sonin and Probstein, 1968; Solan and Winograd, 1969). It is of
interest that the hydrodynamic analysis leads to justification of Nernst's
- polarization layer concept [replacement of the actual mass-transfer boundary
layer (diffusion layer) by a diffusion layer of uniform thickness] as a

fairly good approximation for certain flow situations (Spiegler, 1971).
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C.5. Conclusion

It can be concluded that the Nernst idealized model is in effect
equivalent to the application of the Nernst-Planck equations and the use of

an average thickness of the diffusion layer.



Appendix D

Graphical Solution of Constant—kate Model

Graphical solution for synchronous (in-phase) operation [case (1) -
chapter (3)]} will be considered here. Graphical solutions for the other
cases can be developed in a similar manner.

The system consists of a separator (FD stack) and two end reservoirs
as shown in Figure D-1(a). Initially the separator and the bottom reservoir
are full of solution of concentration Co’ top reservoir is empty. The
abseissa in Figure D-1(b), which represents the Qertical coordinate in

Figure D-1(a), is divided into three sections:

Section I : -L<z<g£o0 |, the bottom reservoir
Section IT : o< zgL , the separator
Section III: £ £ 2z g 2% , the top reservoir

Operation starts with up-stroke (demineralization half cycle). During
this period solute is transferred from the mobile phase into the storage
compartments of the separator. By the end of the first half cycle the
concentration profiles of solution in the separator and the top reservoir
are indicated by the lines abc, cde respectively in Figure D-2. The amount
of solute stored in the separator during this half cycle is given by the
rectangle afgh (Figure D-2) wh;ch has the same area as the two triangles
acf and cef (i.e. cf = fg). The stored material is returned to the mobile

phase during the second half cycle and it distributes itself between
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FIGURE D.2

Concentration profile abcde and amount of
material stored afgh at the end of the first half cycle.
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regions IT and III in different proportions depending on the ratio of the

K
mass transfer rates in the two half-cycles, El where
2
dCf
T - - Kl H for demineralization (D.1.)
dc ‘
f = K2 3 for enrichment (D.2.)
dt
If K2 # K1 and demineralization is assumed to take place for time~% ’

then to maintain the material balance of the solute, the enrichment period

should be At, where

- 1
At = 7%, (0.3.)
5

Graphical solutions of three different cases of .the ratio iT-Will be
_ 2
considered.

K

1 _
(a) 'E— = 1.0

In this case La = LB as shown in Figure D-3(a) where o = tan_1 Kl
and B = tan_-l Kz; and the stored material is distributed equally between
regions II and III during the second half cycle. Each point along the lines
abc; cde will gain a concentration shift given by the length of the
éorresponding arrow vertically above it (concentrations at points a and e
remain constant while that at point c shows the maximum jump). Figure D-3(b)
shows that by the end of the first cycle all points along the concentration
profiles return to their initial values and no separation is obtained in

this case.



FIGURE D_3(a)

Mass transfer during the second half cycle
(enrichment half ¢ycle) - _

FIGURE D_3(b)

Concentration profile at - the beginning (dotted line)

and at the end (solid line)of the second half cycle.

K2 =KI
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(b) KZ >> Kl

K ‘
In this case il -+ 0. From Equation (D.3.) At - 0, which means
2

that all the stored material is transferred instantaneously to region II
(i.e. tB - 90°). Figure D-4(a) shows the mass transfer during this half
cycle, where the vertical arrows indicate the concentration shifts at

various points along abC.__, while Figure D-4(b) shows the concentration

1T
profiles at the beginning and at the end of the second (enrichment) half
cycle. Due to the instantaneous mass transfer there is a concentration
discontinuity at the boundary of the two regions (points CII and CIII)'

| Every cycle the depleted product suffers a loss of material represented

by the triangle CIII eC (Figure D-4(a)) while the enriched product gains

1
IIT
a net increase of similar amount. The average top and bottom concentrations

after the nth cycle are given by:

CT n : K1Tn '
—_—T = -
c -3¢ | (D.4.)
o o)
and
C K, Tn
B,n 1
e —
Co 1+ 5C (D.5.)

(c) K2 > Kl

K, 1s assumed to be larger than K., but both are of the same order of

l’
In this case Equation (D.3.) gives that

2
magnitude e.g. K2 = 2K1.

- I
At = A : (D.6.)

The mass transfer during the second half cycle is shown in Figure D-5(a)

where LB = 2 La.
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After the first half cycle the material lost by the top (demineralized)

product is given by A ceo (Figure D- S(a)) where

1. '
)(—2—') (D.7.)

N
~~
N

A ceo =

and the average concentration of the top product is given by

TK1
= - —— .8,
CT,l Co =4 (D )
Then every cycle the topAproduct will lose a material given by
1 KT ' KT
A ceo - Ac'od' = -2-(———-)(—)—-—(——)(At)
T ( KlT ) At K1 , 0.9.)
2 4 2
and the average concentration change will be given by
v 2
material loss Kl _ 1T 4 (D.10.)
(T/2) 4 K, 4 T
The average top concentration after the nth cycle is given by
c TK TK K
T,n 1 1 1
—_—. = — —— o —— - — -
C 1 ic iC a1 X Y(n = 1) (D.11.)
o o 2
Similarly every cycle the bottom product gains the material given by
~ trapezium ab'c'o - triangle aoc
X, T KT
1 1 T, T 1 T
=§(——)<—+5-Ac)——( )(5)
K. T K
T 1 1 '
= —2'(—2—)(1—?(-) - (D.12.)
2
The average bottom concentration after the nth cycle is given by
c TK K
B,n 1 1
c = l1l+—@0Q-=—)n (D.13.)
(o] ACO KZ
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COMPUTER PROGRAMS
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Appendix E

Symbols used in Computer Program

i) DATA
CB = Brine Concentration (ppm)
CD = Dialysate Concentration (ppm)
VB = Volume of Brine product (c.c./cycle)
VD = Volume of dialysate product (c.c./cycle)
CF = 1Initial (Feed) Concentration (ppm)

Numbers 1, 2, .... 9 stand for Exp. letters A, B, .... I.

ii) RESULTS (A)

This first part of the program computes:
a) Separation factor NS = CB/CD

b) Material balance and 7% error

ERR % = (Z==T) 100
where PP = BB + DD v.vveveensesssaessss (Salt in product streams)
BB = CB * VB veveveneeeennnnnesss (Salt in brine)
DD = CD * VD teeeveeeseeennenaess (Salt in dialysate)
FF = CF % (VB+ VD) civeveeessess (Salt in feed)

iii) RESULTS (B)

This second part of the program computes the amount of salt shifted
during separation, AS where

AS = (CB - CF) * VB + (CF - CD) * VD
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$r w»watflv scards=exp 5=ml
#EXECUTION BEGINS

(=]

10
11
12

13

15
16
17
18
19
20
21

T 22

DATA

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

~NoOOWVMEWN

$COoMP

© 15

60
26

36

ILE

DIMENSION X(12,5) ,BB(12),0D(12),PP(12),VF(12),FF(12),
1ERR(12),CBF(12),CDF(12),BF(12),0F(12),AS(12)
REAL MB(12),NS(12)

N=9

READ(5,15)((X(1,d),d=1,5),1=1,N)

FORMAT(5F10.2)

WRITE(B,6)

FORMAT(IX IDATA'//1X%;12%,'¢C8',9X,'v8',8X,'CD!',
18%,'vD',8X%,'CF'")

NO 60 l=1,N

HRITE(G,ZB)I XC1,1),%08,2),%001,3),XC1,4),X(1,5)
FORMAT(1X, 5F10.2)

WRITE(S, 36)

FORMAT(//1X, '"RESULTS(A)'/1X, *MATERIAL BALANCE & SEPARATION FACTOR'

1//1x 14X, 183" ,11x,'0DY, 11X,

1'pPP',21X, FF',10X, 'MB', 8x,'ERRz',7x,'Ns')
00 80 1=1,N

BB(I)=X(I,1)*X(I 2)
DD(1)=X{1,3)*X(1,4)
PP(1)=BB(1)+DD(I
VECI)=X(1,2)+X (1
FFC1)=VF(1)=X(1,
MB(1)=PP(1)=FF(I
ERR(1)=MB(1)*100.0/FF(!)
NSC1)=X{1,1)/X(1,3)
CBF(1)=X(1,1)-X(1,5)
COF(EY=X(1,5)=-%X(1,3)
BF(1)=CBF(1)*X(1,2)

)
)
5)
)

“DF(1)=CDFCI)*X(1,4)

80
45

90
66
85
‘76

AS(1)= BF(I)+DF(I)

WRITE(G,46)1,BB(1),DD(1), PP(I) FF(1),MB(1),ERR(I) NS(I)
FOR%AT(IX {7,4F13.2,F11.2,2F10.3)

HRITE(G,SG)

WRITE(6,86)

DO 290 1=1,N

VWRITE(S, 76)1 CBF (1), BF(I) CDF(1),DF(1),AS(1)
FORHAT(//IX 'RESULTS(B) /1X 'AMOUNT OF SEPARATION')
FORMAT(//1X,13X,'CB=-CF',7X, 'BF ,10X, 'CF=-CD*, 8X,'DF',12X,'AS')
FORMAT(1X,17, hFlZ 2,F14.2)

STOR

END

$DATA
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vD

GROUP M1

c3 v8 co CF
1 4000.90 25.37  196.00 24,17  2160.00
2 4075.00 25.52  148.00 24,48  2160.00 -
3 3875.00 25.87 330,00 24.13  2160.00
L 4125.00 24,67 140.00 24,50 2170.00
5  14250.00 25,00  118.00 25.00  2170.00
6  4350,00 24.57 $4.00 25474 2170.00
7 3825.00 25.79  410.00 26,21 2170.00
8  3675.00 25.88  570.00 26,13 2170.00
9 3375.00 25.45  840.00 24.66  2170.00
RESULTS(A)
MATERIAL BALANCE & SEPARATION FACTOR
BB bh) PP FF MR ERRY NS
1 101479.90 4737.32  106217.20  107006.30  -789,13  -0.737  20.408
2 103994.00 3623.04  107617.00  108000.00  =-3£3.00  ~-0.355  27.534
3 100246.10 7962.90  103209,00  108000.00 209.06 0.19% 11,742
L 101763.60 3430.00  105195.60  106698.80 =1505.19  =-1.411  29.464
5  106250.00 2950.00  109200.00  108500.00 700.00 0.645 36,017
6  106879.50 2416.74  109296,10  109107.60 188.56 0.173 . 46.277
7 98646.69 9926.10  108572.70  108500.00 - 72.75 0.067 9.329
8 95109,00 13754,10 ~ 108863.00 - 108521.60 341.38 0.315 6.447
9 85893.69 20714.40  106608.00  108738.60 -2130.63  -1,959 4,018
RESULTS(B)
AMOUNT OF SEPARATION
c8-CF BF CF-CD DF - AS
1 1840.00  46680.79 1964.00  47469.88 94150.63
2 1915.00  43£70.80 2012.00  49253.75 98124,50
3 1715.00  44367.04 1830.00  44157,91 88524.94
4 1955.00  48229.84 2030.00  49735,00 97964.81
5 2080.00  52000.00 2052.00  51300.00 103300,00
6 2180.00  53562.61 2076.00 5337397 106936.50
7 1655.00  42682.44 1760.00  42609,61 85292,00
8 1505,00  38949.41 1600.00  38608,01 77557.38
9 1205.00  30667.25 1330.00  32797.80 63465.,05
CORE USAGE CBJECT CODE= 2608 BYTES,ARRAY AREA= 864 BYTES,TOTAL AREA AVAILABLE= 102400 BYTES
DIAGNOSTICS NUMBER OF ERRORS= 0, NUMBER OF WARNINGS= 0, NUMBER OF EXTENSIONS= 0
COMPILE TIMEs 0.15 SEC,EXECUTION TIME= 0.15 SEC, WATFIV - JUL 1973 ViL4 16:45:00  FRIDAY 21 NOV 75
$STOP w
—

#EXECUTION TERMINATED
#



$r *watfiv scards=exp 5=mi par=nolist
#EXECUTION BEGINS

$COMPILE *
; $DATA
DATA
c8 Vo ()] vD CF
-1 3900.00 - 101.11 267.00 '99.83 2100.00
2 4000.00 ©98.85 192,00 96.75 2100.00
3 3675.00 99,09 575.00 98.86 2100.00
4 4025.00 101.17 180.00 §8.25 216C.00
5 4125.00 28.88 145,00 96.25 2160.00
6 4200.00 99.35 125.00 98,15 2160.00
7 3625,00 100.00 640.00 101.18 2140,00
8 -~ 3300.00 98.17 1100,00 100.00 2140.00 ,
] 2880.00 98.44 1440,00 939.88 2140.0¢
RESULTS(A)
MATERIAL BALANCE & SEPARATION FACTOR
88 nn pp FF M8 ERR% NS
1 394329.00 26654.61 420983,50 421974.00 ~9390.44 -0,235 14,507
2 395400.00 18576.00 -413976.00 410760.00 3216.00 0.783 20.833
3 364155.560 56844.,50 421000.10 415694,90 5305.25 1.276 6.391
4 407209.10 17685.00 4L24894,10 430747.10 -5853,00  -1.359 22.361
5 407880.00 13956.25 421836.20 421480.70 355,50 0.08%L 28.4u48
6 417270.00 12268.75 429538.60 426600.00 2038.69 0.689 33.600
7 362500.00 64755.20 427255.10 430525,10° =-3269.94 -0,760 5.664
8 323960.90 110000.00 433960.90 ©424083.70 9877.19 2,329 3,000
9 283507.10 143827.10 . 427334.30 L24404.80 2925.56 0.690 2.000
RESULTS(B)
AMOUNT OF SEPARATION
CB-CF 3F CF-Cn OF AS
1 1800.00 181998,00 1833.00 132938.30 364986.30
2 1900.00 137815.00 1908.00 184599.00 372414.0C
3 1575.00 156066.60 1525.00 150761.50 306828.10
4 1865.C0 138682.090 1980.00 194535.00 383217.00
5 1565.0¢C 194295.10 2015.008 193643.70 388242.590
6 24840.00 202674.,00 2035.00 199735.19 402509.10
7 148<.00 143500.00 1500.00 151769.50 300269.90
8 1160.00 113877.10 1040.00 104000.00 217877.10
9 760.00 72845.56 700.00 69916.00 142761.50

CORE USAGE 23JECT CObE= 2608 BYTES,ARRAY AREA=

864 BYTES,TNTAL AREA AVAILABLE= 102400 BYTES

LN R rhdial
AR L -

NUSMBER OF ERRORS= 0, WUMBER TF WARNINGS= G, NUMBER OF EXTENSIONS= 8

e



$r *watflv scards=exp 5=m5 par=nollst

#EXECUTION

BEGINS

$COMPILE

$DATA

DATA

1
2
3
4
5
6
7
8
9

RESULTS(A)

ce

1080.00
1125.00
10590.00
1020.00
1140.00
116C.00
1010.00
1000.00

960.00

e
24.20

24,16

24.38
24,25
23.84
24,13
25.354
25,07
25.62

cn
21.10
17.10
26.30
19.70
15,70
14,90
40.00
53.00
90.00

MATERIAL 3BALANCE & SEPARATION FACTOR

WO SN E N

RESULTS(B)
AMOUNT OF

WoNOWE WM

CORE USAGE

DIAGNOSTICS
COMPILE TIME=

5B
26136.00
270365.80
25599,00
26432.50
27177.59
2759C.80
255393.39
25070.900
24595.20

SEPARATION

CB-CF

540,00
580.00
510.00
530.00
580.00
500.00
480.00
470.00
430.00

OBJECT CODE=

1
1
2

BF
1306
1400
1243
1285
1382
1447
1216
1178
1101

o))

535.73
441,86
665.39
497,42
402.36
386.65
004,40
313.34
235.60

3.00
1.20
3.80
2.50
7.20
8.00
3.20
2.90
6.60

NUMSER OF ERRORS=

vo
25.39
25.84%
25,30
25,35
25.66
25.95
25,11
24.78
24,84

PP
26671.72
2747865
26254,79
26929.92
27580.45
28377.46

.26597.79
26383.34
26839.79

CF-CD

518.90
522.90
513.70
54C.30
544,30
545.10
490.00
477.00
440,00

CF
540.00
S40.00
569.00
569.00
560.00
560,00
530,02
530.00
530.00

FF
26778.60
. 26989.20
26827,20
27720.00
27720,00
28044 .80
26733.50
26420.50
26743,79

Df
13174.87
13511.73
12996.61
13642.57
13966.73
14145.34
12303.90
11820.06
10929.60

2608 BYTES,ARRAY AREA=

M3
-106.88
489.46
-562.81
~-790.08
=139.55
352.66
-140.70
-37.16
87.00

AS
26242.86
27512.93
25430.41
26495.07
27793,93
28623.34
24467.09
23602.35
21346.20

864 BYTES,TOTAL AREA AVAILABLE= 102400 BYTES

0, NUMBER OF WARNIMGS=

0.03 SEC,EXECUTION TIME=

ERRY NS
-0.399 51.185
1.814 65.497
-2.098 39.924
-2.850 55.330
~-0.503 72,611
1.136 77.852
-=0.526 . 25,2590
-0.141 13.868
0.325 10.667

0, NUMBER OF EXTENSIONg-

0.15 SEC, WATFIV - JUL 1973 V1L4, 16:11:45

0
FRIDAY

21 NOV 75

132%



$r *watflv scards=exp S=m7 par=nolist

#EXECUTION BEGINS

$COMPILE
$DATA
DATA
cs8 VB cDb
1 1050.00 51.82 26.39
2 1690.00 5C.17 20.20
3 1030.00 51.91 33.00
4 1070.00- 50.09 24,20
5 1100.00 50.77 18.10
6 1110.00 50.50 17.60
7 1010.00 50.25 44,00
8 990.00 5G.94 61.00
] 950.00 50.77 104.00
RESULTS(A)
MATERIAL BALANCE & SEPARATION FACTOR
8B DD
1 S4411.00 1295.01
2 54635.30 1040.30
3 53467.30 1617.99
4 53596.29 1234.20
.5 55847.00 931.97
6 56055.00 907.63
7 50752.50 2255.00
8 50430.60 30619.590
g 48231,50 5165.68
RESULTS(B)
AMOUNT OF SEPARATION
CB-CF BF
1 500.00 25910.00
2 54G.00 27091.80
3 480.00 24916.80
4 520.00 26046.80
5 550.00 27923.50
6 560.00 23280,00
7 480.00 24120.00
8 460.00 23432.490
9 420,00 21323.40
CORE USAGE O0BJECT CODE=

DIAGNOSTICS
COMPILE TIME=

NUM3ER OF ERRORS=

vD
49.24
51.50
49.03
51.00
51.49
51.57
51,25
48.5¢C
49.67

PP
55706.02
55725.59
55085,29
5483049
56778.97
56952.63
53007.50
53450,10
53397.18

CF-CN
523, D
529.80
517.00
525.80 -
531.90
532.490
486.00
463.00
426.00

CF
550.00
550.00
550.00
550.00
550.00
550.00
530.00
530.00
530.00

FF
555£3.00
55918.50
55517.90

55599,50°

56243.00
56138.50
53795.00
53233.20
53233.20

nF
25786.99
27284.69
25348.51
26815.79
27387.53
27455.86
24907.50
23215.50
21159.42

2608 BYTES,ARRAY AREA=

M3
123.01
-192.¢0
-431,71
~769.00
535,97
824.13
-787.50
216.90
163.98

AS
515696.99
S4376.48
50265.31
52262.59
55311.03
55735.86
u9027.50
u6647.90
42482.82

864 BYTES,TOTAL AREA AVAILASLE=

0, NUMBER OF WARNINGS=

0.03 SEC,EXECUTION TIME=

0.15 SEC, WATFIV = JUL 1973 V1L4

ERRY
0.221
~0.345
-0.778
-1.3383
0.953
1.468
=1.4€4
c.407
0.308

0, NUMBER OF EXTENSICNS=

NS

39.924
53,960
31.212
44,215
606 73
63.068
22,955
16,230
9,135

16:16:11

102400 BYTES

0
FRIDAY

21 NOV 75

79¢



$r *watfiv scards=exp' 5*m8 par=nolist

#EXECUTION

$

$
DATA

1
2
3
4
5
6
7
8
9

RESULTS(A)

BEGINS

COMPILE
DATA

ce
1020.00
1050.00C
10i¢0.00
1030.00
1070.00

"1080.00

1060.00
970.00
830.00

VB en
99.72 35.00
93. 00 26.00
99.45 48.00
98.50 32.00
97.32 23.60
97.69 23.30
98.73 55,00
98.15 80.00

87.65 139.00

MATERIAL BALANCE & SEPARATION FACTOR

WO~V WM

RESULTS(B)

B8
101714.30
1040406 .40
100846 ,50
1C1455,00
104132.30
105505.10

98729.94
95205.44
86908.u44

AMOUNT OF SEPARATION

WO~ VIE WA W

CORE USAGE
DIAGNOSTIC
COMPILE TI

C3-CF

480.00
510.00
470.00
490.00
530.00
540.00
480.00
450.090
370.00

03JECT CODE=

DD
3532.32
2552.68
4751.92
3188.80
2298.16
2325.81
5420.25
7850.00

13781.85

BF
47865.50
50535.89
46741.50
48265.00
51579.690
52752.60
47390.39
44167.50
36130,50

S HUMBER OF ERRORS=

vn
98.12
98.18
98.79
99.65
93.92
99.82
98.55
98.50

99.15 -

P2
105246,60
106597.00
105186.3¢
104643.70
106430.50
107830.90
104150.10
103085.40
100690.20

CF-Cn

504.00
514.00
492.00
508.00
517.00
5156.70
465.00
440.00
381.00

CF
549.00
540.00
540.00
540.00
540.00
540.00
520,00
520,00
520.00

FF

106533.50
1065255 D
107049.50
107000.90
105509.50
106655.30
102585.50
102257.90
102335.90

DF
49452.48
50464,52
48504,68
50622.20
51658.64
51576.99
45825.75
43340.00
37776.1%

2608 BYTES,ARRAY AREA=

[
~1586.88
71.31
-1863.25
-2357.19
-78.06
1175.56
1564.63
827.50
~1645.63

AS
97318.06
101000.30
95346.13
98887.19
103238.10
104329,50
93216.13
87507.44
73906.63

§64 BYTES,TOTAL AREA AVAILABLE= 102400 BYTES

0, NUMBER OF WARNINGS=

ME= . 0.03 SEC,EXECUTION TIME=

0.15 SEC, WATFIV - Jul 1973 Vils

ERRY
-1.435

0.067
-1.741
-2,203
=0.074

-1.608

0, NUMBER OF SXTENSIONS=

NS

28.333
50,385
21.042
32.188
46.522
48.33Q
18,182

12,125

6.403

16:20:45

0
FRIDAY

21 NOV 75

1923



¢r swatfiv scards=exp 5=m9 par=nollst

#EXECUTION BEGINS

$COMPILE

$DATA
DATA

cs.
7150.00
7450.00
6800.00
7600.00
8100.00
3150.00
6625.00
£6375.0C
5825.00

Wo~NGIWN & W

RESULTS (A)

VB
26.28
26.00
26.34
26.50
25,17
26.78
25.87
25.09
25.39

co
810.00
565.00
1310.00
450.20
288.0C
218.00
1700.00
2240.00
2650.00

MATERIAL BALANCE & SEPARATION FACTOR

vD
25.47
25.00
25.29
25.82
26,48
26,85
26.65

26.86°

25.8%4

PP

208532.60
207825.00
212241.80
213019.00
211503.10
224119.10
216693.60
220115.00
216372.60

CF-CD

240.00
485.00
740.00
650.00
812,90 1
282.00 1
475.00
935.00
525.00

CF
4350.00
4050.00
4050.00
4100,00
4100.9
4300.00
4175.00
4175.00
4175.00

FF
209587.50
206550.00
200101.40
214512.09
21176%,90
219883.00
219270.30
216291.10
213885.10

DF
825225 3
87125.00
63234.56
94243 .00
00941.,.60
04231.60
65958.69
519374.10
39405.99

2608 BYTES,ARRAY AREA=

B8

1 187501.990 20630.70

2 193700.00 14125.00

3 179111.30 33129.83

4 201400.00 11619.00

5 203876.30 7626.24

6 - 218256.30 5853.30

7 171388.60 45304.99

8 159948.60 60166.40

9 147836.60 63475.94
RESULTS(B)
AMOUNT OF SEPARATION

CcB-CF BF

1 3100.00 81467.94 3

2 3400.00 83400.00 3

3 2750.00 72434,94 -2

4 3500.00 92750.00 3

5 4000.00 100679.90 >

6 4050.00 108458.90 3

7 24650.00 63331.48 2

8 2200.00 $5197.99 1

9 1650.00 41833.50 1
CORE USAGE . 0BJECT CODE=
DIAGNOSTICS NUMBER OF ERRORS=

COMPILE TIME=

MB
-1054,88
1275.99
3140.38
~1493.09
-261.81
4227.18
-2577.31
3223.88
. 2587.44

AS
163930.60
175525.00
141723.50
136993.00
201621.60
212690.60
127340.10
107172.00

81299.4%

864 BYTES,TOTAL AREA AVAILABLE=

0, NUMBER OF WARNINGS=

0.03 SEC,EXECUTION TIME=

ERRS NS

-0.503 8.827
0.617 13.136
1.502 5,181

-0.696 16.8389
-0.124 28.125
1.922 37.385

-1.,175 3.897
1,486 2.346
1.163 . 2.138

0, NUMBER OF EXTENSIONS=

0.15 STC, WATFIV = JUL 1973 VI1L4 16:25:07

102400 BYTES

0
FRIDAY

21 NOV 75

9%e



$r swatfiv scards=exp 5=mll par=nolist

#EXECUTION BEGINS

$COMPILE

$DATA
DATA

cB
7050.00
7375.00
6775.00
7500.00
8075.00
8125.00
6450.00
5975.00
5300.00

WO~V & WIN

RESULTS(A)

VB
51.23
51.39
51.20
51.86
50.15
49.21
50.14
49.70
49.52

co
840.00
625.00
1470.03
450.00
310.00
233,00
2010.00
2490.00
3125.00

MATERIAL BALANCE & SEPARATION FACTOR

B3
361171.40
373001.10
346879.90
388950.00
404961.10
3939331.20
323402.90
295957.40
262456.00

WO NG E W

RESULTS(B)
AMOUNT OF SEPARATION

CB-CF
2950.00
3275.00
2675.00
3325.00
3900.30
3950.00
2250.00
1775.00
1100.00

WO~ E WA

CORE USAGE
DIAGNOSTICS
COMPILE TIME=

45909.59
31005.25
73397.06
24078.60
15546.,50
12155.54
101786.30
126915.20
158906.20
BF
151128.40 3
168302.10 3
136959.90 2
172434.50 3
195584%.90 3
194379,50 3
112814.90 2
88217.44 1
54472,00 1

0BJECT CODE=

vD
48.84
49.61
48.93
49.14
50.15
50.86
50.64
50.97
50.85

PP

407031.00
410007.40
4520277.60
413028.50
420507.60
511985.70
$25189.30
423872.60
421362.20

CF=-CD
160.00 1
475,00 1
636.00 1
685.00 1
865.00 1
936.00 2
130.00 1
710.00
075.00

CF
k160.00
4100.00
4100,00
4175.00
4175.00
4175.00
4200.00
4200.00
4200.00

. FF

410286.90
415100.00
514632.99
421575.00
413752.40
§17792.20
423275.90
422813.90.
4§21554.,00

nF

54334.30
72394,70
31315.80
81980.80
93829.60
00184.90Q
10901.50
87158.69
546635 3

2608 BYTES,ARRAY AREA=

NUMBER OF ERRORS=

M8
~3205.94
-4092.56
5644,.06
-85h6.40
1755.19
-5805.50
1913.38
1058, B
-191.75

AS
305462.80
340696.90
268275.80
353515.30
385414,60
394564 .40
223716.50
175376.10
109135, D

864 BYTES,TOTAL AREA AVAILABLE=

0, NUMBER OF WARNINGS=

0.03 SEC,EXECUTION TIME=

FRRY
0,781
-0.988

1.361
-2.050

0.419
-1,390

0.452

0.250
-0,045

0, NUMBER OF EXTEMSIONS=

0.15 SEC, WATFIV - JUL 1973 VI1L&

NS
7.500
11.800
4.609
15.206
26,048
33.996
3.208
2.400
1,696

16:29:27

102400 B3YTES

0
FRIDAY

21 NOV 75

(Y€



$r rwatfiv scardswexp’ 5=ml2 par=nolist

#EXECUTION BEGINS

$COMPILE

$DATA
DATA

cs
6900.00
7250.00
6650.00
7400.00
7925.00
8190.00
6400.00
5600.00
5000.00

WO NV E W -

RESULTS(A)

v3
101.33
93.75
99.15
101.75
99.11
99,25
99,11
99.41
83.138

cD
1190.00
725.00
1670.00
590.00
350,00
283.00
2210.00
2800.00
3575.00

MATERIAL SALANCE & SEPARATION FACTOR

8B
699177.00
723187.50
559347.,40
752950.00
785u46.70
§03925.00
634304.,00
556696.00
495899.90

WO~V & WN -

RESULTS(8)
AMOUNT OF SEPARATION

CcB8-CF
2850.00
3200.00
2600.00
3275.00
3800.00
3975.00
2200.00
1400.00

800.00

WO LT WVEWN-

CORE USAGE
DIAGNOSTICS

COMPILE TIME=

120785.00
72137.50
169922.50
53498,50
34683.50
28529.23
224491.70
285348.00
363684.60

BF

288730.50 2
319200.00 3
257789.90 2
333231.20 3
376618.00 3
394518.70 3
213042.00 1
139174.00 1
79343.94

03JECT CODE=

VD CF
101.50  %050.00
92.50  4050.00
101.75  4050.00
99,15  4125.00
39.11 4125.00
100.81  4125.00
101.58  4200.00
101.91 200,00
1061.73  4200.00
PP FF
819962.00  821561.50
795325.00  806962.50
829269.23  813644.90
811448.40  825712.40
820135.20  817657.50
832454,10  825247.40
858795,70  842893.00
842044,00  8LS5L4.00
859584,60  843821.90
CF-CD DF
860.00  290250.00
125,00 330837.50
380.00 242165.00
$35,00 = 3500495.10
775.00  374140.20
842.00  387312.00
990.00  202144.19
550,00  142674,00
625.00  63581.25

2608 BYTES,ARRAY AREAs

NUMBER OF ERRORS=

MB
-1499,50
-11637.50
15625.00
-17264.30
2477.75
7206.75
15837.75
-3500.00
15762.69

AS
579080.50
650037.50
499954.90
683726.10
750758.20
781830.70
420186.10
281848.00
142925.10

864 BYTES,TOTAL AREA AVAILABLE= 102400 " BYTES

0, NUMBER OF WARHINGS=

0.03 SEC,EXECUTION TIME=

ERR%
-0.183
~1.442

1.920
-2.083

0.303

0.873

1.886
-0.418

1.368

0, NUMBSR OF EXTENSIONS=

0.15 SEC, WATFIV = JUL 1973 Vil

NS
5.798
10.000
3,982
12.542
22.643
28.622
2.89%
2.000
1,399

16:33:51

0
FRIDAY

21 NOV 75

8¥e



. —4r—*watfiv-scardsscon-5=rl
#EXECUTION BEGINS

$COMPILE

1— _DIMENSION X(12,4),B88(12),DD(12),PP(12),VF(12),FF(12), 2
1ERR(12),CBF(12),CDF(12),BF(12),DF(12),AS(12) 3
2 REAL MB(12),NS(12) 4
3 N=9 : 5
L READ(5,5)CF 6
5 5 FORMAT(F10.2) 7
6 READ(S,15)((X(|;J),J=1,l}),|“1,N) 8
7 15 FORMAT(4F10,2) 9
8 WRITE(6,6) 10
9 6—~F0RMAT(1X;‘DATA34¢1X;}2X71C8179X74V8178X71C9', 1
18%,'vD") 12
10 Do 60 t=1,N 13
11 60~ WRITE(G6,26)1,XC1,1),X(1,2),X{1,3),XCI;4) 14
12 26 FORMAT(1X,17,4F10.2) 15
13 VWRITE(6,36) 16
14 36~~FORMAT(//IXi’RESULJSGA)3/1X7JMATER+AL"BALANCE~&—SEPARA¥4ON—FAG¥OR' 17
1//1X,14X,'B8',11X,'DD', 11X, o 18
1'PP',11X,'FF',lOX,'MB',8X,'ERR%',7X,'NS') 19
15 -po 80 t=1,N - - - 20
16 BBCI)=X(1,1)=X(1,2) 21
17 DDC)=X(1,3)*X(1,4) 22
18— PP(1)=BB(1)+DD (1) 3
19 VECE)Y=X(1,2)+X(1,4) 24
20 FF(1)=VF(1)*CF 25
-21- MB(1)=PP(1)=FF(1) - 26
22 ERR(!1)=MB(1)*100.0/FF(1) 27
23 . NS(1)=X{1,1)/X(1,3) 28
z2h CBF{1)=X(t,1)-CF— 29
25 CDF{1)=CF=-X(1,3) 30
26 BF(1)=CBF(1)*X(1,2)" 31
27 SDECY)=CDFCEI*X (T 4 ) e s o s o - 32
28 AS(1)=BF(1)+DF(1) 33
29 80 WRITE(G,QG)I,BB(I),DD(I),PP(I),FF(I),MB(I),ERR(I),NS(I) 34
30 ———U46—FORMAT(1X,; 1754F13525F11:252F10.3)~— 35
31 WRITE(6G,66)- 36
32 WRITE(6,86) 37
. 33 e DO Q0 1 =1,N DUV OIPSRREUIPREPIRSRE DRI A LU S 38
34 90 WRITE(6,76)!,CRBF(1),BF(1),CDF(1),DF(1),AS(1) 39
. 35 66 FORMAT(//1X,'RESULTS(B)'/1X, 'AMOUNT OF SEPARATION') 40
———————56~———“86——FORMAT(/%1X713X;4CB-CF177X7JBFJ710X7JCF‘00178X7JDF4742X7LAS') 4
37 76 FORMAT(1X,17,4F12.2,F14,2) L2
38 STOP . 43
39- END Il

$DATA

6yve



GROUP_RI1

—-DATA
c8 VB . co VD
————1—3560:00——18:80—400. 00 19.83
2 3770.00 18.19 290.00 19.80
3 3310.00 17.90 580.00 18.30 -
—-3410-00 17- 94 45500 18511 -
S 3900.00 17.20 280.00 19.80
6 4025.00 17.73 195.00 19.86
7 3300.00 17.55 735.00 18.16
8 3010.00 . 18,10 820.00 .. 18.20
9 2795.00 18.00  1020.00 18.13
RESULTS(A)
MATERIAL BALANCE & SEPARATION FACTOR
BB oD PP FF ERRS NS
1 66928 00— ——7932-.00———74 860,00 75328+50———U4 58450 0:522——8+900
2 68576.25 5742.00 7431825 74080.50 1237.75 0.321 13.000
3 592548.98 10614.00 69862.94 70589.94 -727.00 -1.030 5.707
4 61175.41-—- —8240.05 ———69415 bl ——— 70207.50——--—=882.06-——= 1.255 -7.495
5 67079.94 5544, 00 72623.94 72150.00 573,94 0.657 13.929
6 71363.19 3872.70 75255.88 73300.44 1935.44 2.640 20.641
7 -57915..01- 13347.60——71262.56-———6963450——1628, 06———2:338 %490
8 54481.02 19254.00 69405 .00 70785.00 -1380,00 -1.950 3.671
9 50310.00 1848260 68802.56 70453.50 -1650.94 -2.343 2.740
RESULTS(B)
— —AMOUNT—OF—-SEPARATION
— CR-CF— BF - CF-CD DF AS
1 1610.00 30268.00 1550.00 30736.50 61004.50
2 1820.00 33105.80 1660.00 32868.00 65973.75
3 1360.00-—24343:99 1370.00——25071+00- 491414.99
4 1460.00 26192.40 1495.00 27074 .45 53266.85
5 1950.00 33539.99 1670.00 33066.00 66605.94
6 2075.00 — 36789.74 —— 1755.00-—- 34854 ,30 ——- 71644 .00 —
7 1350.00 23692.50 1215.00 22064 .40 45756.91
8 1060.00 19186.00 1130.00 20566.00 39752.00
9 845,00 ——15210.00 930.00 16860.90- -32070:90
CORE USAGE OBJECT CODE= 2600 BYTES,ARRAY AREA= 816 BYTES, TOTAL AREA AVAILABLE= 102400 BYTES
DIAGNOSTICS NUMBER OF ERRORS= 0, NUMBER OF WARNINGS= 0, NUMBER OF EXTENSIONS= 0
— COMPILE-TIME=-———0-18-SEC,EXECUT1ON- TIMEm-——--0;13--SEC;—-WATF1V-=-VERSION-1-LEVEL-3-MARCH —1971 DATE=—07~30=F4——

$STOP- —--

#EXECUTION TERMINATED
]

0s¢



$COMPILE
$DATA —
DATA _
cB . VB ch ‘!b
"1 3200.00 47.38 - 640.00 48.30
2 3460.00 47.41  1480.00 48.62
— —3-.2850.00 47.88-—990.00 48,25
5 3180.00 47.15  830.00 49.85
5 3500.00 §7.34  450.00 49.69
6——3720.00- 464 6—— 310, 00 49,83
7 2780.00 47.14  1130.00 48,33 ;
8  2615.00 47.64 1290.00 48. 14
—9--2370.00——46.54%—1550,00 ~——~48,08 —
— RESULTS (-A)—
MATERIAL BALANCE & SEPARATION FACTOR
— e BB e DD e mememe PP e ] S MB - ERR2- N
1 151616.00 30912.00  182528.00  186576.00 =4048.00  -2.170 - 5.000
2 164038.50 23337.60  187376.10  187258.40 117.69 0.063 7.208
3 136458.00—47767.50-——184225.50——187453:50——3228.00 1.722 2-879
4 149936.90 41375.50  191312.40  189150.00  2162.t& 1.143 3.831
5  165689.90 22360.50  188050.40  183208.40 =1158.00  -0.612 7.778
6——172831.10 ~——15447.30 —-188278.40——187765.50-— 512,94 0.273—-12.000
7 131049.10 54612.90  185662.00  186166.50  -504.44  =-0.271 - 2.460
8  124578.50 62100.60  186679.10  186770.90 -91.81  -0.049 2.027
3 110209.70 74524.00 ——184823 ;70 ——184508 ;90— — 314,81 0.171 1529
— RESULTS(B)emerae , o . e
AMOUNT OF SEPARATION
CB-CF BF CF-CD DF AS
1 1250.00  59225.00 1310.00  63273.00 122498.00
2 1510.00——71589.0% —~—15470.00——71471 .38———- 143050, 40
3 960.00  143092.00 960.00  46320.00 89412.00
e 1230.00  57994.49 1120.00  55832.00 113826.40
5 1550.00 — 73376, 9%-——1500. 00— 74535 00——-147911.90
6 1770.00  82234.19 1640.00  81721.19 163955.30
7 830,00  39126.20 820.00  39630.60 78756.75
8 665.00 ——31680.60——660,00 — 3177240 ——- 63453.00
9 420.00  19546.80 400,00  19232.00 38778.80
— CORE_USAGE———-—OBJECT- CODE= ——2600-BYTES ;ARRAY--AREAn———816 - BYTES;-TOTAE—AREA-AVAH:ABLE=—102400—BYTES
DIAGNOSTICS NUMBER OF ERRORS= 0, NUMBER OF WARNINGS= 0, NUMBER OF EXTENSIONS= 0
COMPILE TIME= - 0.03 SEC,EXECUTION TIMEs= 0.12 SEC, WATFIV - VERSION 1 LEVEL 3 MARCH 1971 DATE= 07-30-74
$STOP

#EXECUTION

TERMINATED

T6¢



$COMPILE

oo -$DATA — -
DATA
B V3 coD— VD——-
1 3050.00 96.20. 1115.00 98,90
2 3270.00 96.54 870.00 98.75
3—2580,00——96.23——1545.00 97.87
4 2910.00 96.94 1190.00 97.11
S  3300.00 97.83 790.00 98.10
6—-3615.00 97.89——515.00 98.21
7 2620.00 97.22  1465.00 98.50
8 2500.00 97.15 1590.00 98.43
—_———9——2400.00-——96,88—-1725.00 98.13
—RESULTS (A) e
MATERIAL BALANCE & SEPARATION FACTOR
- 88 A DD~ PP FF MB - ERR%-- NS
1 293409.90 110273.40 503683.30 500930.40 2752.94 0.637 2.735
2 315685.70 85912.50 501598.20 401320.80 277.38 0.069 3,759
3 248273:-30——151209:10—--399482550-——398875-40 60706 0:152 1.670 -
4 282095.39 115560.80 397656.20 398772.70 -1116.50  =0.280 2.445
5 322839.00 774599,00 500338.00 402636.10  -2298.13 -0.571 5,177
6 353872.30—~—-50578, 15—~ LOLL50,.40 —— 402985.50 — 1464, 94—~ —-0,364 7.019-
7 254716.30 144302.50 399018.80 502204.50 -3185.69  =0.792 1.788
8 242874.90 156503.60 399378.60 401916.80 =-2538.19 ~0.632 1.572
9 232512.00——169274-20——401786+20~——400745;50———1040:69~————-0.260 1391
—— RCSU LTS( B )* e e e con e am s Smas Sn e o 4 = M 2 ot 4 s+ e mann o bl e r s o et e -
AMOUNT OF SEPARAT!ON
CB-CF BF CF-CD . DF AS
1 995.00 95718.94 940.00  $2965.94 188684.80
2 1215.00 —117296 - 00——-1185,00~—117018.70-———234314,80
3 525.00 50520.75 510.00 49913.70 100434.40
4 855.00 823%3.69 865.00 84000.13 166883.80
5 1245:00—121798- 30 1255.00 ——124096:50 245895280 ~-
6 1560.00 152708.30 1540.00  151243.30 303951,70
7 565.00 54929.30 590.00 58115.00 113044 ,20
- 8 545,00 —- 43231,75 465.00-—45769.95——— 89001,69
9 345,00 33423.,60 330.00 32382.90 65806.50
—CORE-USAGE—— 08JECT-CONE=——2600-BYTESFARRAY-ARFA= 816-BYTES;TOTAL—AREA—AVATLABLE=—"T024500—BYTES
DIAGNOST!CS NUMBER OF ERRORS= 0, NUMBER OF WARNINGS= 0, NUMBER OF EXTENSIONS= 0
COMPILE TIME= 0.03 ssc EXECUTION TIME= 0.13 ssc, WATFIV - VERSION 1 LEVEL 3 MARCH 1971 DATE= 07-30-7%

[4%2

$STOP.
#EXECUTION TERMINATED
F 3



fEXECUTION TERMINATED

————————$COMPILE . GROUP_R35
$DATA
—-DATA
cs VB cD VD
- ——1—--1070:00 17.91 31450 1914
2 1110.00 17.19 2400 19.38
3 1040.00 17.94 41.00 19.11
—————4——1070.00 17275 25200 19,80
5  1125.00 17.15 20.40 19.79
6 1150.00 17.14 16.80 19.82
— -7 = 870,00 ~—-—17,97-——=-95.00 —-- 19,16 — -
8 940,00 17.95  123.00 19.03
9  850.00 17.94  214.00 19.00
RESULTS(A)
~-=-MATERIAL- BALANCE - &-SEPARAT|ON~FACTOR — —
BB DD PP FF MB ERRY NS
1 19163770~ 602:91 1976661 1963650 130+11 0:663——33:968
2 19080.90 465.12 19546.02 19382.10 163.92 0.846  46.250
3 18657.60 783.51 19441.11 19636.50  -195.39  -0.995 25,366
-l 18992.50 ——495.00———19487,50——~19901,50 ——=-414.00 2,080-—142.,800
5 19293.74 403.72 19697.46 19578.19 119.27 0.609  55.147
6 19711.00 332,98 20043.97 19588.80 455.17 - 2.324  68.452
7 17439990 1820.20--——19251:10 19676.90——~427.,80 2:174——10.211
8 16873.00 2340.69 19213.68 19595.39  -385.71  ~-1,968 7.642
9 15249.00 4066.00 19315.00 19576.20  -263.20  =-1.344 3.972
RESULTS(B)
—AMOUNT--OF—SEPARAT10N
———— - CB~CF -BF - CF-CD DF - —AS -
1 540.00 9671.40 498.50 9541.29 19212.69
2 580.00 9970.20 506.00 9806.28 19776.48
3 510,00——91r 1,40 489.00 934479 18494519
4 540,00 9585.00 505.00 999900 19584.00
5 595.00  10204.25 509.60  10084.98 20289.22
6 '620.00——10626.80 ——513.20-——-10171.63 20798.42
7 440,00 7906.80 435,00 8334.60 16241.40
8 410,00 7359.50 407.00 7745.21 15104.70
9 32000 5740.80 316.00———6004.00 11744.80
CORE USAGE OBJECT CODE= 2600 BYTES,ARRAY AREA= 816 BYTES,TOTAL AREA AVAILABLE= 102400 BYTES
DIAGNOSTICS NUMBER OF ERRORS= 0, NUMBER .OF WARN!NGS= 0, NUMBER OF EXTENS!ONS= 0
~——COMPILE “TIME= —-—0:03-SEC; EXECUTTON-TIMEs-———0712-SEC;——WATF IV~~~ VERSTON-1"LEVEL—3-MARCH—1971———DATE=—07=30=7t "
$STOP

£6¢e



$COMPILE GROUP R/
$DATA
‘DATA
cs VB o) v -
1 980.00 57.43 38.00 49.14
2 1020.00 46.15 30.00 48.30
3——960.00 47.87 48.00 ——-148.10
& 1016.00 46.17 40.00 49.63
5  1044.00 46,14 32.00 49.89
6——1055.00 56-13 27.00 49:87
7 928.00 46.96  103.00 48.04
8 900.00 47.85  130.00 49.13
9 796.00 ——47.89 —-221.00 — 48,11
—RESULTS (&)
MATERIAL BALANCE & SEPARATION FACTOR
- S— ¢ S pp— FE MB ERRY NS—
1 46481.39 1867.32 48348.71 89250.70  -901.93  -1.831 25,789
2 47072.99 1449.00 48521.99  48169.50 - .352.50 0.732  34.000
3 45955.20 2308.80—48263.99 48944 =7 0——=63 07 1—=1-391—20-000
4 46908.71 1985.20 8393.91 48858.00 35.91 0.075  25.400
5 48170.16 1596.48 49766.63 48975.30 791.34 1.616  32.625
6 48667, 15 -1346.49 ——50013, 64———48960.00 ——1053.64 2.152—-39.07k
7 43578.88 4948.12 48527.00 ¥8450. 00 77.00 0.159 9.010
8 430€5.00 6386.90 49451.90 59459.80 -7.90  ~=0.016 6.923
g 38120, 44 1063231 48752,75———48960.00——=207.25——=0.423 3.602
——RESULTS (B-)—- — e — S
AMOUNT OF SEPARATION
CB-CF BF CF-CD DF AS
1 570,00  22292.09 472.00  23194.08 45486.17
2 510,00——23536:50 480.00———23184-00———46720.50
3 550,00  21541.50 §62.00  22222.20 43763.70
5 506.00  23362.02 470.00  23326.10 46688.12
5 534:00———24638.76--—478.00——23847 42 48486518+
6 545.00  25140.85 483.00  24087.21 49228.06
7 518.00  19629.28 507.00  19552.27 39181.55
8 -390.00——18661.,50——380.00 — 18669.40 —— 37330.90
9 286.00  13696.54 289.00  13903.79 27600.33
——CORE-YSAGE——0BJECTCODE="——2600BYTES;ARRAY AREA=——816"BYTES; TOTAL AREA-AVATLABLE=—102400—BYTES

DIAGNOSTICS

COMPILE TIME=

NUMBER OF ERRORS=

0 NUMBER OF WARNINGS=

0.03 SEC,EXECUTION TIME=

0.12 SEC,

0, NUMBER oF EXTENSIONS=

0

WATEIV - VERSION 1 LEVEL 3 MARCH 1971

DATE=

07-30-74

$STOP
#EXECUTION TERMINATED
#

9SE



$COMPILE

f—-CORE—USAGE——**“——OBJECT"CODE=“~“—2600"BYTES7ARRAY“AREA=

DIAGNOSTICS

NUMBER OF ERRORSs=

COMPILE TIME=

0, NUMBER OF WARNINGS=

0, NUMBER OF EXTENSIONS=

—816- BYTES,; TOTAL-AREA"AVAILABLE=—102500—BYTES

—— ~$DATA -
DATA ,
cB v8 CD VD " —
1 935.00 96.9%5 66,00 97.14
2 950.00 96.72 57.00 97.80
-3-—915.00 96:16—103:00———97.8%
5 920.00 97.80 - 76.00 98.28
5 948.00 96.30 57.00 96.87
6——960.00 96715 52:00 98731
7 852.00 96.26  153.00 97.59
8  800.00 97.40  200.00 97.72
9——-706,00-——96.03——-298.00——98.17
—RESYLTSCAI—
MATERIAL BALANCE & SEPARATION FACTOR
BB D= PP~ FF MB ERRY N -
1 90638.88 64511.24 97050.06 97040.00 10.06 0.010  14.167
2. 91884.00 5574.60 97458.56 97260.00 198.56 0.204  16.667
3 87986:38———10077:52-———98063:88 97000:00——1063:88 17097 8883
4 89976.00 7469.28 97445,25 98040.00  -594.75  =0.607 12,105
5 91292.38 5521.59 96813.9% 965814. 94 229.00 0.237  16.632
6-— 92303, 94— 5112,12 —~97416.,00——97229,945——186.06-——"0.191——18.462
7 82013.50 14931,27 96944 .75 96924 .94 19.81 0.020 5.569
8 77919.94 19544.00 97463.94 97559.94 -96.00  -0.098 4.000
9 6779713 2925466 97051:75——-97099,9% -48:19—=0.050 2.369
—RESULTS(B)—~- - - -
AMOUNT OF SEPARATION
CB-CF BF CF-CD DF AS
1 435.00  42168.90 434,00  42158.76 84327.63
2 450, 001435200 ———443;00-—153325 ;40 ———86849,38
3 415,00  39906.40 397.00  38842.48 78748.88
1 420.00  41076.00 424.00  41670.72 82746.69
5 44800 ———143142:40~ 443:00-——142913.41 86055:75
6 560.00  44229.00 448.00  L4OL2.88 88271.88
7 352,00  33883.52 347.00  33863.73 67747.19
~—-8 -300,00——29220,00———"300,00——29316.00——58536.00
9 206.00  19782.18 202.00  19830.34 39612.52

0

0.03 SEC,EXECUTION TIME=

0.12 SEC, WATFIV - VERSION 1 LEVEL 3 MARCH 1971

NATE=

07-30-74

$STOP

SEXECUTION TERMINATED

#

GG¢



STtV seardsecon STrS par=no st
#EXECUTION BEGINS

$COMPI LE
$DATA
DATA
' c8 V8 cD VD .
1  4900.00  17.73  2475.00 19.18
————25400.00—17.80—2020,00 19720"
' 3 5420.00 18.61 1750.00 18,72
L 6150.00 18.13  1350.00 18.96
RESULTS(A)
——MATERIAL BALANCE & SEPARATION"FACTOR
' BB DD PP FF M8 ERRS NS
1 86876.04 —GT74707H8 134347730 135459560——=1112725 =0;821 17980
2 96120.00 38783,99 134903.€0 135790.00 ~886.,06 -0.653 2.673
3 100856.10 32760.00 133626.10 137001.00 -3374.88 -2.463 3,097
4 11149950 —"25596.01—137095.50——136120,30—975.19 0,716 4,556
~——RESULTS(B)

AMOUNT OF SEPARATION

CB-CF BF CF-CD DF AS

1 1230.00 21807.29 1195.00 22920.09 44727,98 -

4 1730.00 30795,00 1650.00 31679.99 5247400

3 1750.00 32567.50 1920.00 35942,.40 68509.88

4 2480.00 44962.41 2320.00 43987.21 88949.63
CORE USAGE OBJECT CODE= 2592 BYTES,ARRAY AREA= 816 BYTES,TOTAL AREA AVAILABLE= 102400 BYTES
DTAGNOSTITS "NUMBER TOF ERRORS= 0, NUMBEROF WARNTNGSs— 0, NUMBEROFEXTENSTONS= 0—
COMPILE TIME= 0.03 SEC,?XECUTION TIME= 0.08 SEC, WATFIV - VERSION 1 LEVEL 3 MARCH 1971 DATE= 07-30-7%

$STOP

— fEXECUTION"TERMINATED
]

96¢



SF*Watfiv scardsscon 5=rIl parsnolTst
"EXECUTION BEGINS

$COMPILE
$DATA
DATA
_ cB VB o) VD
1 14700.00 47.50  2645.00 48.75
2 5020700 K724 2280,00 458734
3 5300.00 47.45  2120.00 48.25
4 5700.00 46.85 1655.00 47.95
RESULTS(A) , :
T MATERIAL BALANCE & SEPARATIONTFACTOR
BB b))} PP FF MB ERR% NS
T 723250700 12894370 352193.70°  353237.50  =I043775  -0.295  1.777
2 237144,80 110215.10 347360,00 350778.50 -3418.56 -0.975 ° 2,202
3 251484.90 102290.00 353774.90 351218.90 2556.00 0.728 2,500
y 267045.007 "79357.197 " 346402.10  347916,007 -1513.81 S0L435 3L4Y
KESULITOUE)
AMOUNT OF SEPARATION
CB-CF BF CF-CD © DF AS
1 1030.00 48925.00 1025.00 49968.75 98893.75
2 135000 6377400 1390.00  67192.56 130856750
3 1630.00 77343, 44 1550.00 74787.50 152130.90
4 2030.00  95105.50  2015.00  96619.13  191724.60
CORE USAGE 0BJECT CODE= 2592 BYTES,ARRAY AREA= 816 BYTES,TOTAL AREA AVAILABLE= 102400 BYTES
T UTAGNOSTITS  — ~ "NUMBER OF ERRORSE U, NUMBER OF WARWINGS= U, NUMBER OF EXTENSTONSS Y
" COMPILE TIME= 0.03 SEC,EXECUTION TIME= 0.08 SEC, WATFIV - VERSION 1 LEVEL 3 MARCH 1971 DATE=  07-30-74

$sTOP

T #EXECUTTON TERMTNATED
¢

LGE



swatflv scardsscon 5=pr12 par=nolist
nEXeci?iEN's

T COMPITE TIMES

0 03 SEC,EXECUTION TIMES

EGINS ‘
$COMPILE
$DATA
DATA
cB vs (o) VD
Y TTL520.00 96,25 72970.00 98.35

2 4700.00 . 96.10 2660.00 98.35

3 48250.00 96.74  2540.00 98.00
: T 5330.00 96,62 2150.00 9835

~TTRESULTS(AY ~~ "~
MATERIAL BALANCE & SEPARAT!ION FACTOR - ‘
BB DD PP FF MB ERRY — NS

1 435050,00 292099.50 727149.50 723912,00 3237.50 0.447 1,522

2 451670.00 261611.00 713281.00 723354.00 =-10073.00 -1.393. 1.767

3 469189700 248920.00 718109, 00 72443280 =6323"81 =0.873" 1,909

4 514984 ,50 212527.50 727512.00 727148,30 363.69 0.050 2.479
RESULTS(B)
AMOUNT OF SEPARATION

CB-CF BF CF-CD  DF AS

1 800,00 77000.00 750,00 73762.50 150762-.50

2 980.00 94178.00 1060.00 104251.00 198429.00

3 1130.00 109316.1u 1180,00 115640.00 224956.10

L 1610,007155558.10"1570.00 155194 .50 310752.60
CORE USAGE 0BJECT CODE= 2592 BYTES,ARRAY AREA= 816 BYTES,TOTAL AREA AVAILABLE= 102400 BYTES
DIAGNOSTICS NUMBER OF ERRORS= 0, NUMBER OF WARNINGS= 0, NUMBER OF EXTENSIONS= 0

~0.097SEC,  WATFIV = "VERSTON I LEVEL 3 MARCH 1971 — DATE= O07=30=7%

$STOP
FEXECUTION TERMINATED
#

8S¢



APPENDIX F

Theoretical and Practical Energy Requirements
for a Desalting Process

F.1l. Minimum Work of Separation

The mixing of two substances always results in an increase in
entropy, due to the increase in "randomness'" of the system. This increase
is accompanied by a corresponding decrease in free energy, so that the
separation of the resulting mixture under thermodynamically reversible
conditions requires the supply of an equal amount of energy to counteract
nature's tendency to mix rather than unmix spontaneously.

In general, heat and work both depend on the particular path, and one
cannot calculate the minimum requirement of either without considering
the process in detail. There is however, one'particular process - the
isothermal reversible process - for which the work is measured by the change
in the Helmholtz free energy (the work function), A. The term "minimum work
of separation” is usually used to mean the thermodynamic reversible work of
.separation for an isothermal process and hence it is independent of the
process mechanism and dependent oﬁly on the initial and final states.

The minimum work to separate one mole of a feed solution of composition
Xy into two product solutions of compositions X, and Xq respectively is

given by (Dodge, 1944)%*

* Dodge, B.F., Ed., "Chemical Engineering Thermodynamics", McGraw Hill Co.,
New York, 1944,
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x, (x X,) p
ideal AA = - RT [ZX Ex 3 1n-AZ
27 %3 Pa1
@ - %))y = x3)  ppy X3 (xy) = X)) 0y
~ x 1n + g In

%2 3 Pp1 %2 3 Pa1

(1 - x.)&x, - x;) 0
+ - 3_ x2 L 1 B3 Cerereeeieeaaa (F.1.)
2 7 %3 _ PB1

where p is the partial pressure and subscfipts 1, 2 and 3 refer to
feed, first product, and second product, respectively, and subscripts A and
B to the components.

Spiegler (1966 a) deQeloped a general equation for the minimum theoretical
energy requirement to separate salt from a saline. For any desalting

process in which a 1-1 electrolyte solution of conc. C; is converted into two

product solutions of concs. Cd and Cc at 25°C, the minimum energy is given by

B _ 1n a )
1 o -1

U o= 1,377 x an (5 (F.2.)

where U is the energy in kwh/m3
AN = the normality difference between feed and product
solution

N = the normality (g-equiv/1lit)

N ’ N

c d
subscripts £, d, ¢ identify feed, product (diluate) and concentrate

respectively.
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F.2, Practical Energy Requirements

The theoretical energy requirements.for a desalting ﬁrocess usually
represents merely a small portion of the actual energy requirement. When
‘the minimum work requirement for demineralization is compared with the
actual requirement of operating process, it is found that this latter -
have an energy efficiency of the order of only 2 to 5% (Dodge and Eshaya,
1960)*, |

These low efficiencies are, of course,.attributable to the driving
'forces which are necessary in any practical process, as contrasted with the
reversible process that assumes zero driving forces. These driving forces
are the finite temperature differences, pressure differences, concentration
differences, e.m.f. differences, etc., which are necessary for equipment
of practical size. Any reduction in the driving force always entails an
increase in size and hence éost of equipment and because the total costs of
a desalting proéess are about equally divided between costs of energy and
fixed costs on equipment, one reaches a cost minimum at an efficiency which
is generally less than 20%.

The main irreversible effects that make the actual process differs from
the ideal reversible one are:

i) Pressure drop in lines and equipment due to fluid friction.
ii) Throttling processes.

iii) Finite temperaturé differencg between fluids exchanging heat.
iv) Heat conduction along solids.

v) Heat leak into the system from the surroundings.

* Dodge, B.F. and A.M. Eshaya, in: "Saline Water Conversion" Number 27 in

Advances in Chemistry Series, American Chemical Society, Washington,
D.C., 1960,



vi)

vii)
viii)
ix)

X)

These effects can never be completely eliminated and frequently must

Fluid mixing when there is a difference in temperature or
concentration.

Mass transfer with finite concentration gradient.

Joule heating in electric current flow.

Polarization effects at electrodes.

Mechanical friction, as in pumps and compressors.
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remain of considerable magnitude, if the size of the equipment is to be kept

within reasonable bounds [Dodge B.F. and A.M. Eshaya, 1960].



