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Anion exchange
membrane —

Cation exchange
membrane —

Cell pair —

Concentrate
stream —

Current density —

Current efficiency —

Dilute stream —

ED -

Effective membrane

area —
Electrode —

Electrode rinse —

Faraday’s law —

lon exchange
membrane —

LS -

MOV -

Ohm’s law —

Osmotic pressure —

Plugging factor —

Polarity reversal —

Polarization —

Reverse osmosis —

YDTF —

GLOSSARY

Anion exchange material in the shape of a sheet having positively charged fixed
functional groups capable of exchanging and passing anions.

Cation exchange material in the shape of a sheet having negatively charged fixed
functional groups capable of exchanging and passing cations.

A set consisting of an anion membrane, a cation membrane, and two spacers to
contain a dilute and a concentrate stream.

The flow stream through an ED stack into which ions are concentrated to exit as
the reject brine.

Current passing through an ion-exchange membrane pair divided by the effective
membrane area.

The number of chemical equivalents of ions effectively transferred divided by the
number of electrical equivalents passed through membrane pairs.

The flow stream through an ED stack where feed water is desalted and exits as
product.

Electrodialysis, electrodialyzer.

The net area of an ion-exchange membrane through which ions are transferred
by passage of electrical current. .

Inert metal sheets at each end of an electrical stage which deliver electrical po-
tential and direct current to cell pairs to drive cations toward one electrode and
anions toward the opposite electrode.

Water fed to an electrode compartment to remove products of chemical reactions
at the electrodes.

Defines the relation between the rate of transfer of electrolyte through the mem-
branes and the magnitude of the direct current flowing through the membranes.
Either a cation or anion exchange membrane.

La Verkin Springs test site in Utah.

Motor-operated valve.

Energy consumption related to any two of the following: voltage, current, and
resistance.

The differential pressure resulting from the ionic concentration difference {more
precisely the chemical potential difference) between two solutions separated by
a semipermeable membrane.

A measurement of the purity of water according to the rate of decrease in flow
of the test water passed through a membrane filter under fixed applied pressure.
The change in sign of applied voltage across the stack and change in identity of
the dilute and concentrate streams, which are done to prevent an accumulation
of scale on membrane surfaces or to eliminate the need for addition of acid to
remove calcium carbonate scale.

A characteristic of ED operation where there is a sharp rise in electrical resistance
in the dilute compartment as current density is increased to where the transfer
of hydrogen and hydroxyl ions is appreciable due to dissociation of water. This
occurs as electrodialysis separation is limited by the diffusion rate of ions to the
membrane surfaces.

RO: A desalting process where water is forced by a net applied pressure greater
than the net osmotic pressure through a semipermeable membrane with rejection
of salt.

Bureau of Reclamation’s Yuma Desalting Test Facility near Yuma, Arizona.
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effective membrane area

ionic concentration

total dissolved solids concentration

stack energy consumption per
volume of product water

current efficiency
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temperature correction factor to
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gas law constant
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INTRODUCTION

Recovery of a maximum volume of desalted product
water from a saline feed water source is a goal in
desalting where there is a scarcity of feed water or
where the disposal of the reject brine volume is dif-
ficult. In many instances of inland desalting of brack-
ish water [i.e.; less than 10 g/L of TDS (total
dissolved solids)], brine disposal by such methods as
deep well injection or evaporation in ponds are a
dominant cost. Thus, by minimizing the brine dis-
posal volume and maximizing the product water vol-
ume, high recovery can make desalting more
economically feasible. In addition, a minimum brine
volume lowers the environmental impacts of brine
disposal.

The Bureau of Reclamation has been investigating
high recovery desalting for possible application in the
arid southwestern United States. Besides being a
source of freshwater, desalting brackish water and
properly disposing of the reject can decrease the to-
tal flow of dissolved solids entering a river system.
Natural and anthropogenic salinity sources to the Col-
orado River are causing detrimental effects on irri-
gation and other uses of Colorado River water [1].*

This report describes ED (electrodialysis) pilot-plant
experiments for high recovery desalination of pre-
treated brackish waters at two field test sites. At the
first site, the YDTF (Yuma Desalting Test Facility) near
Yuma, Arizona, the ED test unit desalted irrigation
return flow having a TDS concentration of about
3300 g/m3 at recoveries up to 94 percent. At the
second site, the ED desalted well water from LVS
(LaVerkin Springs) in Utah having a TDS concentra-
tion of about 9200 g/m? at recoveries up to 92 per-
cent, which required the reject brine concentrations
of nearly 100 000 g/m?3 of TDS.

This report contains a description and discussion of
the ED equipment and performance at YDTF and LVS.
These data and results of further calculations dem-
onstrate the technical feasibility and some advan-
tages of high recovery desalination using the ED
process.

The primary purpose for the high recovery experi-
mentation at the YDTF and LVS was to study a ca-
tion-exchange pretreatment process for removing
calcium from the desalting feed to prevent gypsum
scale from forming in the desalting equipment. The
ED was used to produce reject brine of fixed con-
centrations to regenerate the cation exchanger. De-
tails of the cation exchange experiments are in the
final reports from the work at the YDTF [2] and LVS

* Numbers in brackets refer to the Bibliography.

[3]. The present report contains a unified presenta-
tion and discussion of the ED portion of the testing.
In the preparation of this report, the author assumed
that the reader would have a basic understanding of
the ED process [4, b].

SUMMARY AND CONCLUSIONS

The field experiments at the YDTF and LVS sub-
stantiate that ED is applicable for achieving high prod-
uct water recoveries above 90 percent and brine
concentrations of up to at least 100 000 g/m?3 of
TDS. Such high brine concentrations are not possible
with the competing membrane-desalting process of
RO. While such high recoveries and brine concentra-
tions are possible with distillation brine concentra-
tors, commercially available distillation units incur
much more energy to operate than an ED — three
times more in a process comparison assuming LVS
feed-water composition — and generally are more ex-
pensive to purchase initially. The ED also has the ad-
vantage of usually not requiring pretreatment silica
removal because ED does not concentrate un-ionized
silica in the feed water as do RO and distillation
processes.

Because raw saline waters usually contain sulfate and
divalent cations such as calcium, strontium, and bar-
ium, pretreatment removal of some constituents are
necessary to prevent scaling by sparingly soluble
salts in the highly concentrated reject brine. Cation
exchange provides an ideal process for removing cal-
cium, strontium, and barium because the waste re-
ject from the ED can be used as the regenerant for
the cation exchanger. However, cation exchange
does not remove silica, which may be required for
RO. Thus, cation exchange and ED provide an ideal
pretreatment-desalting process combination for
many inland saline water compositions where high
product-water recovery is required.

Success of ED in the present work shows that ED
could help at inland saline water sites as:

1. To achieve 90 percent or greater product-
water-recovery desalting rates while providing as
a biproduct a concentrated reject brine useable to
regenerate an ion-exchange pretreatment step
prior to the ED.

2. To minimize the sizes and costs of the waste
brine streams from desalting and the evaporation
ponds needed for brine disposal.

3. Toreduce pretreatment costs for silica removal
relative to other desalting processes that concen-
trate silica.



4. To facilitate the operation of solar salt-gradient
ponds by creating high concentration brines at
rates much faster than natural evaporation.

Depending upon the desalting application, a disad-
vantage of ED is that it requires increasingly more
equipment and/or operating energy to achieve rela-
tively low product salinities, therefore ED is increas-
ingly more costly, as required product salinity is
lowered, particularly if high brine concentrations and
recoveries are achieved simultaneousiy.

An attractive possibility for more optimum high re-
covery desalting overall is to couple ED and RO such
that ED is used to achieve the high concentration
brines — but moderate product salinities — plus RO
to desait the ED product to a lower final salinity. This
combination could make the best uses of both the
RO and ED process by operating each process over
a salinity range determined by the overall optimum
of the coupled process.

Estimation of the purely theoretical thermodynamic
energy requirements of the ED process (at YDTF and
at LVS) yield values that are less than 10 percent of
the experimentally measured stack energy consump-
tion. This fact illustrates how ED units are designed
presently to operate at sufficiently high current dens-
ities where overcoming the ohmic resistances of the
stack membranes, concentrate streams, and espe-
cially the dilute streams are the greatest usages of
energy in desalting with ED. While equipment mod-
ifications such as much larger ED membrane area can
result in significantly lower energy consumption, the
increased amortized equipment cost may exceed the
savings in energy costs, particularly if the ED design
has been optimized to balance incremental equip-
ment and energy costs. The ED energy efficiency is
unlikely to improve dramaticaily in the future as equip-
ment costs will probably keep pace with or may even
exceed rises in energy costs.

Three equipment modifications were included by the
ED manufacturer in the ED pilot-plant as delivered to
the YDTF, which helped achieve the very high re-
coveries and brine concentrations:

1. Timer relays to delay activation of the motor-
operated valves at the stack outlet following ac-
tivation of the inlet motor-operated valves such
that the mixing of dilute and concentrate streams
were minimized as a result of polarity reversal.

2. An inline conductivity electrode and monitor
with set-point controller to divert by motor-oper-
ated valve the reject brine that had a TDS concen-
tration below the set point from flowing to the
brine storage tank. (Recycling this intermittent
lower conductivity brine stream to the ED feed
raises the overall water recovery of the system.)

3. At LVS, ion-exchange membranes having rel-
atively high ionic selectivities were required to
reach brine concentrations up to 100 000 g/m? of
TDS. At the YDTF, standard selectivity mem-
branes were adequate to achieve brine concentra-
tions of 60 000 g/m3 of TDS, but current and
energy efficiencies would have been higher with
more selective membranes.

ED equipment failures occurred during operation at
very high brine concentrations and required two ad-
ditional equipment modifications of the YDTF.

1. The brine-recirculation-pump bronze impelier
eroded and failed to produce rated flow capacity.
It required replacement of the pump by one with
an impeller and pump casing of plastic.

2. The standard stack electrodes were replaced
with ones having special plastic encapsulation at
nonflow areas to prevent the shorting and stack
damage that occurred with the standard electrode
insulation in contact with the very low resistivity
brine.

After these required modifications were made the ED
unit operated with minimal equipment problems for
over 2000 hours at YDTF and LVS. The detection
and solution of such equipment problems are a jus-
tification for field testing beyond the collection of per-
formance data. The success of ED operation at high
brine concentrations also indicates how a standard
ED unit — designed originally to operate at moderate
brine concentrations and recoveries — can be mod-
ified successfully to achieve very high brine concen-
trations and recoveries.

BACKGROUND

High Recovery Membrane Desalting Processes

The two membrane processes (ED and RO) are the
most economical commercial processes for desalting
brackish water [6]. Distillation processes have been
used for desalting seawater and as brine concentra-
tors to achieve zero brine discharge in inland desalt-
ing of brackish water, but distillation is not used often
for desalting brackish water because of its greater
cost and energy consumption relative to RO and ED.
Although RO has become more popular than ED in
recent years, there are at least two specific process
advantages for ED compared to RO which make ED
technically preferabie in some situations.

One of the advantages of ED over RO for high re-
covery desalting is that the pretreatment removal of
silica can be avoided generally with ED but not with
RO. When the RO process concentrates silica above



its solubility {about 100 mg/L of SiO, at 20 °C, de-
pending on the amorphous or crystalline form [7])
silica can scale the RO membranes. This results in a
severe loss in desalting capacity that cannot be re-
versed generally by membrane cleaning, which
means that the membranes must be replaced. Re-
moval of silica from the RO feed water in a chemical
pretreatment step may be necessary to avoid silica
scaling of RO membranes. However, because silica
is generally un-ionized in neutral and acidic solutions
and because the ED process acts only on ions, the
un-ionized silica is not concentratzd in the reject
stream of an ED unit. (Neither is un-ionized silica re-
moved from the ED dilute stream, which also can be
a disadvantage if a low silica product is required, for
example, for steam boiler makeup water.) For many
product water uses such as for drinking and irrigation,

cilira remaoval mav ha 1mnacaccary Thiie the caom-
ShiCa reimova may o€ unnecessary. 1 nus, tne ¢om-

plication and expense of a pretreatment step, for ex-
ample, a solids-contact reactor in which lime is added
to achieve a pH above 11 to remove silica from the
desalting feed water, can be avoided in most cases
when ED is used as the desalting process.

The other advantage of ED over RO stems from the
greater limitation of RO to achieve very high brine
concentrations. The net driving force for RO desali-
nation is the pressure applied to the feed side of the
RO membrane minus the gauge pressure on the prod-
uct side minus the difference in osmotic pressure
across the membrane [8]. Depending on the water
temperature and type of RO element, the maximum
allowable feed pressure without materials failure in
existing seawater-type commercial RO elements is
5.5 to 6.9 MPa. The RO materials failure can cause
excessive loss in product water capacity due to
membrane compaction and collapse of product-
water channels. The osmotic pressure is approxi-
mately proportioned to TDS concentration. At 25 °C
solutions of 1.0, 3.45, and 10-mass-percent con-
centration of sea salt {mostly NaCl} have osmotic
pressures of 0.72, 2.5, and 8.5 MPa, respectively
[8]. Moreover, the osmotic pressure of a sea-salt so-
lution exceeds the maximum applied pressure of 5.5
MPa when the sea-salt concentration exceeds about
7 percent or 73 500 mg/L of TDS. The practical
maximum reject TDS concentration — when a prac-
tical amount of permeate flow is driven through the
RO membrane at the maximum allowable feed pres-
sure — is presently between 5 and 6 percent at most.
Thus, RO has limited applicability when used as the
sole brakish water desalting process for very high
recovery applications. Sometimes RO is used as an
economical first stage for desalting where the reject
is fed to a different brine concentration process such
as ED or distillation to achieve high recovery.

Proper design allows very high brine concentrations
using ED. The general principles and design of ED are

available in the literature [4, 5]. Some basic design
equations are included in this report. Under contracts
with the Office of Saline Water (U.S. Department of
the Interior) Dow Chemical Company did a specific
study on design and pilot plant testing of ED for brine
concentrations above 20 percent of TDS [9]. Dow's
work applied existing technology, namely Asahi
Chemical Company ED equipment developed for the
Japanese salt-production industry, which uses ED to
concentrate seawater to over 20 percent of TDS in
the commercial production of NaCl. Such equipment
is not like more common ED equipment because this
NaCl concentrating equipment was not designed to
produce a usable tow salinity product. Dow’s report
recommended coupling ED to produce a concen-
trated brine with RO to produce a low salinity product
from the relatively high salinity ED product. Coupling
ED and RO would not be necessary because of tech-
nical limitations of ED, but was recommended by
Dow to lower overall costs by taking advantage of
the different optimum feed salinity ranges of ED and
RO. In the present tests, ED alone achieved brine TDS
concentrations at LVS of nearly 10 percent while pro-
ducing water at a salinity of about 1200 g/m? of TDS.

Field Test Sites

The first Bureau test site was the Yuma Desalting
Test Facility near Yuma, Arizona. The U.S. Govern-
ment developed the YDTF for the purposes of eval-
uating pretreatment and desalting processes for
obtaining design data for the prototype YDP (Yuma
Desalting Plant} [10]. Presently, the YDP is under con-
struction. It will be the world’s largest membrane
desalination plant with a design capacity of 3.2 cubic
meters per second of product water. The design
product-water recovery of the YDP is 70 percent of
the feed flow. An 82-km-long canal conveys the
waste reject brine to the Gulf of California. In a com-
petitive bidding procedure that gave equal weight to
cost and technical design, two manufacturers of spi-
ral wound RO equipment were selected over other
manufacturers of RO and ED equipment to provide
the desaiting units for the YDP. Part of the congres-
sional authorization for the YDP provided for studying
various means of replacing the reject brine system
{30 percent of the YDP feed flow) which is lost for
beneficial use [11]. One of the methods studied was
to increase the recovery of the YDP through charges
in pretreatment and desalting equipment |12, 13]. lon
exchange pretreatment and ED desalting were tested
in a pilot plant at the YDTF to obtain feasibility design
data for achieving higher water recoveries. The ED
tests are the main subject of this report.

Raw feed water {for the YDTF and YDP) is irrigation
return flow pumped from wells in the Wellton-Mo-
hawk Irrigation District where 30 OO0 hectares are
irrigated with Colorado River water containing 860



mg/L of TDS. The return flow contains 3000 mg/L
of TDS (table 1). The increase in TDS during irrigation
is because of evapotranspiration during irrigation and
leaching of solutes from the irrigated soils. Convey-
ance of the irrigation return flow in an open canal
results in windblown dust, aquatic weeds, and algae
in the raw saline water [14]. Lime pretreatment in a
solids-contact reactor followed by filtration partially
softened and clarified the raw water by removing
suspended particulates such as clays and diatoms
prior to membrane desaiting. Partial lime treatment
in the present YDP design at a pH of about 9.5 is
adequate to avoid membrane scaling by calcium salts
and silica at 70 percent recovery [10].

To avoid membrane scaiing in the YDP with recov-
eries much greater than 70 percent would require
additional removal of calcium for RO and ED and
greater removal of silica for RO [12]. Calculations us-
ing methods developed by Marshall and Slusher [15]
indicate that calcium concentrations need to be re-
duced to less than about 35 mg/L at 90 percent
recovery and 17 mg/L at 95 percent recovery to
avoid gypsum precipitation in the reject for the YDTF
feed-water composition. Given in table 1 is a typical
ED feed water composition at the YDTF after lime-
treated water was passed through cation exchange.
An alternative pretreatment possibility to avoid gyp-
sum precipitation would be to remove sulfate with
anion exchange, but this approach was judged less
feasible than cation exchange removal of calcium
with the Yuma water compositions. Some more re-
cent ED experiments have shown that accumulation
of gypsum scale in the membrane stack by super-
saturated calcium sulfate can be avoided with polarity
reversal, but precipitation in the concentrate recir-
culation pump — which is in constant contact with
the supersaturated solution — occurred unless SHMP
(sodium hexametaphosphate) scale inhibitor was

Table 1. — Typical raw water compositions at YDTF and LVS.

YDTF LVS
Component
g/m? Raw ED Raw ED
canal feed well feed
pH units 7.8 7.0 6.0 7.6
Silica 29 4.0 30 14
Calcium 228 10 790 43
Magnesium 94 20 160 53
Sodium 916 1180 2300 3110
Potassium 9 " 210 176
iron 0.3 0 0.09 0
Strontium 3.7 0.6 12.0 1.5
Bicarbonate 417 18 1270 a7
Sulfate 904 960 1980 2040
Chloride 1160 1200 3480 3660
Free carbon 0 0 800 0
dioxide
TDS 3750 3404 9430 9145

added to the concentrate [16]. Lime softening at a
pH of 10.4 or more results in substantial silica re-
moval necessary for high recovery using RO, but such
silica removal is unnecessary for ED. Lime treatment
at a pH of 10.4 was used in the IX-ED experiments
of the YDTF because the IX experimental results
were to apply to a single pretreated water compo-
sition range, which would be suitable for RO as well
as ED. A feasibility study by the Bureau's Division of
Design concluded that installing additional RO equip-
ment for desalting recoveries up to 90 percent in the
YDP would be more economical than tail-end ED in
the case where only RO would be used in the YDP
[12]. However, recoveries above 90 percent by RO
would not be technically feasible. The final IX report
[2] and a previous paper [17] describe the YDTF IX
experiments in detail.

The other site where the IX and ED pilot plants were
tested was the La Verkin Springs {located in south-
western Utah) adjacent to the Virgin River which
flows into the Colorado River. The typical raw and
ED feed water compositions at LVS are given in table
1. The springs have a water temperature of about
40 °C. As carbon dioxide effervesces from the spring
water at ambient pressure, calcite precipitates nat-
urally. Tests at LVS were for the purpose of obtaining
pretreatment and desalting data for feasibility esti-
mates. The Bureau has been studying alternative
methods for preventing the LVS dissolved solids
from increasing the salinity of the Colorado River.
High desalting recovery would be important at LVS
because onsite reject brine disposal would probably
be part of any desalting project there. In addition to
ED, ion exchange, partial lime softening, lime-soda
softening, dual media filtration, and RO also were
tested at LVS [18]. The ion exchange experiments
done at LVS are detailed in another report [3]. Only
the YDTF and LVS ED experiments are described
here.

EXPERIMENTAL METHODOLOGY
Equipment

A simplified process flow diagram of the ion-ex-
change pretreatment and ED equipment used for the
high recovery experiments at YDTF is shown on fig-
ure 1. A grit basin removed large suspended particles
from the canal water at the YDTF. A basin was not
needed at LVS because the well water was relatively
particle free. At LVS, the raw water was aerated to
remove effervescent carbon dioxide gas and some
calcium carbonate. High lime-softened (up to about
a pH of 10.4) clarified water was provided to the ion
exchanger by a solids-contact internal-solids-recir-
culation reactor-clarifier at the YDTF [17] and by an
inline reactor, flocculator, clarifier system with ex-
ternal solids recycle at LVS [18]. The clarifier effluent
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Figure 1. — Pilot plant flow diagram.



at each site was filtered through dual media beds of
granular anthracite coal over silica sand. Sulfuric acid
was added to the filter influent to maintain a pH of
about 7 in the filter effluent to prevent calciurn car-
bonate precipitation. Gaseous chlorine at the YDTF
and sodium hypochlorite solution at LVS were added
to the raw water to maintain a chlorine residual of
over 1.0 g/m? through the lime treatment and fiitra-
tion. Dechlorination with sodium sulfite solution was
applied just prior to the ion-exchange pretreatment
step to protect the cation-exchange resin beads and
subsequently the ion-exchange ED membranes from
chlorine attack. Further chlorination of the IX product
and dechlorination of the ED feed was practiced at
LVS but not at the YDTF. The ion exchanger removed
additional calcium not removed by the partial lime
treatment. Once cyclical operation was established
the ion exchange resin was regenerated solely by
reject brine from the ED [2, 3].

The ED pilot plant was an lonics, inc. Aquamite V
model with a single Mark ll stack {fig. 2). The Aqua-
mite V skid contained the pumps, flow control de-
vices, variable voltage transformer, rectifier, and as-
sociated monitoring and control devices. The stack
contained the following components at each site.

YDTF LVS

Electrical

stages 2 2
No. of

electrodes 4 4
Total

hydraulic

stages 4 6
Cell pairs per

stage 75-50-50-75 45-45-40-40-45-45
Total cell

pairs 250 260
Cation

membrane

model No. CR61 AZL183 CR61 CZL183
Anion B

membrane

model No. AR103 PZL183 AR204 SXZL183

Each cell pair in the ED stack consisted of one anion
membrane, one cation membrane, and a tortuous
path spacer between each membrane. Each stack
component measured 508 by 457 mm, overall. Tak-
ing into account the portions of a membrane in con-
tact with spacers and flow path the effective area of
each membrane was 0.144 m?. Electrodes were
made of platinum-coated titanium. The product TDS
concentration at LVS was allowed to be relatively
high at about 1 g/L to simplify the design. Lower
product TDS at LVS would have required additional
ED stages.

The ED membranes used at the YDTF were lonics,
Inc.’s standard brackish water types, also their most
common type. The membrane types used at LVS

were specially selected for higher current efficien-
cies, which is important for demineralizing high brine
concentrations. Both membrane types at the YDTF
and the cation membrane at LVS were comprised of
cross-linked coplymers of vinyl monomers. The anion
membrane type used at LVS was made from acrylic
material. Appendix D contains copies of lonics, Inc.
data sheets of the membranes used.

Water flowed through the ED unit as shown on figure
2. Feed water was split between the dilute stream
{diluate), which flowed once through the stack, and
the makeup to the concentrate stream. The concen-
trate was recirculated to equalize the flow rates and
pressure drop in the tortuous fiow paths on each side
of a membrane. Desalting recovery and brine con-
centration were easily set by adjusting the makeup
flow of feed water to the recirculating concentrate
stream. The portion of concentrate not recirculated
became the reject brine at the outlet of the stack.
Part of the feed water provided the electrode rinse
at the YDTF. At LVS, lime-softening water provides
the electrode rinse as shown on figure 2, which was
done to avoid wasting IX-softened product for the
electrode rinse and to maintain the correct ratio of
reject brine regenerant volume to 1X product volume
as required for the 1X experiments.

Timers in the ED unit reversed the polarity of the
electrode once every 15 minutes at the YDTF and
every 30 minutes at LVS. When polarity reversal oc-
curs, the dilute and concentrate streams exchange
identity in the stack such that the dilute stream be-
comes the concentrate stream and the concentrate
stream becomes the dilute stream. Four MOV's (mo-
tor-operated valves) at the inlets (MOV-2 and MOV-
3) and outlets (MOV-4 and MOV-5) of the stack
shown on figure 2 caused the X and Y streams to
be alternately concentrate or diluate according to the
valve positions corresponding to electrode polarities.
To minimize the mixing of the diluate and concentrate
in the stack following polarity reversal, the ED unit
had special timer relays controlling the two outlet
MOV's, not a standard lonics, Inc. feature, which de-
layed the outlet valve activations relative to the inlet
valve activations by a duration approximately equal
to the residence time of the diluate ahd concentrate
in the stack. Immediately following polarity reversal,
because the new dilute stream contains concentrate
from the previous polarity, the diluate leaving the
stack is initially diverted by MOV-6 to waste. Then
when the inline measured conductivity of the new
dilute stream effluent decreases 1o a set-point value
specified for the product, MOV-6 is activated to send
the diluate flow to the product-water storage tank.
Similarly, to maximize brine concentrations for the
purpose of the IX pretreatment experiments the ED
system contained a special modification to divert the
initially low TDS concentrate flow to waste following
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polarity reversal until a set-point brine conductivity
was reached, which then automatically caused MOV-
7 to divert the brine to the IX fresh regenerant stor-
age tank {T-28 on fig. 1). Although unimportant for
normal ED operation, such a modification should be
considered in applications where very high recover-
ies are desired, because the concentrate of lower-
than-set-point conductivity could be recycled to the
ED feed to avoid its ioss — which loss would lower
overall desalting recovery.

Procedures

Operators on duty 24-hours per day measured and
set flow rates; measured tank volumes; did chemical
analyses as necessary for operational control; made
numerous other measurements, process adjust-
ments, readings, and observations, which were re-
corded on data sheets and in a log; and collected
samples for analysis in a chemical laboratory. Chem-
ical analyses of samples collected for ED process
calculations were made using atomic absorption
spectroscopy and other standard analytical
techniques.

During ED unit operation, ED performance data were
collected at least daily after steady state had been
achieved or at least 10 minutes following polarity
reversal as indicated by the relative constancy of di-
lute and concentrate conductivities measured inline.
Data collection included:

Accumulated operating time,

Feed temperature,

Flow rates of dilute inlet, brine makeup, product,
and reject brine,

Brine pH,

Conductivities of the feed, product, and brine,
Currents of electrical stages 1 and 2, and
Voltages of electrical stages 1 and 2.

The voltage drop across each electrode compart-
ment was measured using a voltmeter attached to
two probes inserted into the sides of the stack at
the top and bottom of the electrode compartment.
This method also was used occasionally along the
entire stack profile to check the performance of in-
dividual sections of cell pairs. For example, during
initial start up at the YDTF, it was found that the order
of installation of a cation and an anion membrane
were mistakenly reversed resulting in a high voltage
drop at that location, which was remedied easily by
correctly reinstalling the two membranes.

Operators collected samples for chemical analyses
of ions in the ED feed, product, and brine at selected
operating times during the test program. Special runs
at LVS also included sampling of the dilute and con-
centrate flows between the two electrical stages.
Chemical analyses of samples were by standard

chemical methods in the Bureau chemical laborato-
ries at the YDTF, the Lower Colorado Region office
in Boulder City, Nev., and the E&R Center in Denver.
The chemical analyses, as judged by comparisons
and a summation of ions TDS concentrations, evap-
orative TDS concentrations, and conductivities, and
between summations of anions and cations, were
consistently of high quality for the YDTF and regional
laboratories. All chemical analyses contained in this
report were judged accurate by the preceding
criteria.

Desalting recoveries were calculated from the TDS
concentrations of the inlet and outlet streams by:

Cr . Cr
R = b f (1)
C!b _ Cvp
where
R = desalting recovery as a dimensionless

fraction,

C', = TDS concentration of the ED reject brine
{concentrate outlet) g/m?,

C’; = TDS concentration of the ED feed (diluate
inlet) g/m3, and

C', = TDS concentration of the ED product
{diluate outlet) g/m?3.

Equation (1) is derived from mass balances of water,
TDS, and the normal definition of recovery (product
flow divided by feed flow). Recoveries were calcu-
lated from salinity measurements alone using equa-
tion (1) - not from flow rate measurements —
because flow rates generally are subject to greater
experimental error than TDS concentrations and be-
cause the ED electrode rinse caused a loss of feed
water at the YDTF. At the YDTF, brine TDS concen-
trations were determined operationally by evapora-
tion at 103 °C in the chemistry laboratory, usually
daily because more than a week was required to ob-
tain summation-of-ions data for TDS. The TDS meas-
ured by both methods were in agreement. Using this
procedure [including equation (1)], reject-brine TDS
concentrations of 20, 35, and 50 g/L correspond to
calculated recoveries of 85.5, 91.8, and 94.3 per-
cent, respectively, when the feed TDS concentration
is 3.3 g/L and the product TDS concentration is
0.427 g/L, the approximate values at YDTF. At LVS,
the TDS concentrations of the ED reject were 40
g/L and 92 g/L corresponding to 80 and 92 percent
recoveries for an ED feed TDS concentration of
8.7 g/L and a product concentration of 1.0 g/L of
TDS.

The ED was operated on IX softened water primarily
to supply reject brine regenerant for the IX experi-
ments. Thus, the recoveries and brine concentrations
were determined by the IX experimental design [2],
and the ED unit was operated intermittently as



needed to provide brine for IX regenerant to conduct
the iX experiments. The ED was operated such that
the product TDS concentration was kept nearly con-
stant at each site. Thus, the brine concentration or
desalting recovery was the primary parameter varied.

Operational criteria for the ED as operated at LVS are
given in table 2 to illustrate how the ED unit was
adjusted. Operating criteria used at the YDTF were
similar. Note that pressure differentials were adjusted
such that concentrate stream pressure was slightly
higher than the dilute stream pressure in order that
any stack leakage of water between the streams
would be from the concentrate to the diluate. This
was done because a converse leakage from the dilute
to the concentrate would lower the brine TDS con-
centration and maximizing the brine concentration
was a primary objective during ED operation. Note
that the brine makeup flow was approaching zero
during highest recovery operation because most of
the outlet brine flow resulted from electro-osmotic
water (water associated with hydrated ions} trans-
ported through the membranes and other leakage
from the dilute stream to the concentrate stream.
Voltages applied to the stack were adjusted to the
values given in table 2 which resuited in the currents
listed in table 2 according to the stack resistance and
Ohm's law. Stage 1 voltage settings were kept low
enough to avoid shorting of electrical current along
concentrate manifold channels, which would occur
at higher voltage settings and cause severe damage
to the stack due to heat generation. This voltage
limitation was a reason that the LVS product TDS

Table 2. — Operating conditions of the LVS £D pilot plant

Parameter Units Value
Diluate flow L/s 0.37
Brine makeup flow L/s 0.067 at 80%
recovery
0.006 x 105 at 92%
recovery
‘Stack pressure drop kPa 300
2Stack differential
pressure kPa 09810 2.94
Outlet kPa Oto 1.96
Stage 1 potential Volts 109
Stage 2 potential Volts 104
3Stage 1 current Amperes 23.4 at 80% recovery
27.7 at 92% recovery
3Stage 2 current Amperes 15.3 at 80% recovery
17.6 at 92% recovery
Product conductivity uS/cm 2200 to 3000
Electrode rinse
Pressure kPa 275
Flow L/s 0.047

1Stack inlet pressure minus stack outlet pressure approximately equal for
both dilute and concentrate streams.

2inlet concentrate pressure minus inlet diluate pressure.

3Current increased when feed-water temperature and brine-stream concen-
tration increased.

concentration was not lower for the required capacity
and the given configuration of the stack.

ED Performance Calculations

The ED performance is described by:

Current efficiency,

Cell pair resistance, and

Energy consumption.

A theoretical energy consumption estimate called
exergy is calculated also for comparison.

Current efficiency of an ED stack is a measure of the
ability of the membranes to transfer ions but not
water, and includes effects of water transport by os-
mosis and electro-osmosis, and ion transport by dif-
fusion in the direction opposite to current flow.
Current efficiency is defined empirically for a single
electrical stage as the follovsing ratio [b]:

number of chemical equivalents of ions effectively transferred

number of electrical equivalents passed through membrane pairs

oo FQuIC=C) 2)
nl
where

C, = feed ionic concentration, eq/L

C, = product ionic concentration, eq/L

e = current efficiency

F = Faraday’'s constant, 96 500 coulombs
per equivalent

/ = electrical current passing through each
cell pair, ampere

n = cell pairs number,

Q, = inlet dilute flow, L/s

Generally, the inlet dilute flow does not match the
outlet dilute (product) flow exactly because of water
transport through the membranes and some leakage
between the concentrate and dilute streams in the
manifold. The concentrate stream was adjusted to a
1- to 3-kPa higher pressure than the dilute stream to
prevent diluate leakage from lowering the brine TDS
concentration. Because the dilute outlet had about b
percent less flow than the dilute inlet, the error
caused by assuming these two flows equal was less
than 1 percent in equation (2), which is negligible.
For the present case of two serial electrical stages,
1 and 2, with n cell pairs per stage (n = 125 at the
YDTF and n = 130 at LVS) a composite current ef-
ficiency for both electrical stages of the stack was
calculated from:

FQ,(C, - C)
nil, + b (3)



The cell-pair resistance of stage 1 corrected to 25
°C was calculated using

AV, — V,
g A V)
I (4)
where
A = effective area of a membrane {(.144 m?

in the present experiments)
V., = voltage drop across both first siage
electrcde compartments (about 10 V in
the present experiments),
{0.605)(1.020)!, an empirical temperature-
correction factor to 25 °C suppliec by
lonics, Inc., {t is temperature, °C)
current passing through the electrical
stage, amperes
= cell pairs, number
= first stage specific cell pair resistance,
ohm.m?
voltage drop across the first electrical
stage, V

il

Note that R, — by equation (4) — changes with vari-
ations in feed salinity, product salinity, diluate flow,
and recovery. Because the diluate flow, feed salinity,
and product salinity were relatively fixed during the
YDTF and LVS experiments, differences in A, at each
site should be primarily a function of desalting re-
covery or brine concentration, although membrane
fouling probably increased R; with time gradually at
the YDTF (see Results and Discussion sec.). The cell
pair resistance of the second electrical stage was not
calculated in the present work because it is not in-
dependent but directly follows from the fractional de-
mineralization achieved by the first electrical stage,
which determines the resistivity of the dilute stream,
the largest component of stack resistance in the sec-
ond stage.

The energy consumption per volume of product
water {corrected to 25 °C) used by the rectifier to
supply direct current to the stack for demineralization
was calculated from the ED pilot-plant performance
data using

f(Vl, + V,l,) (5)
Q, {0.94) 0.90
where
E = direct current energy consumption of the
stack supplied by the rectifier per volume
of product kWh/m?3
f = see equation (4)
/; = current passing through the 1st electrical
stage, A
A = current passing through the 2nd electrical
stage, A
Q, = product-water flow, m3/s
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v, = voltage drop across the first electrical
stage, V

v, = voltage drop across the second electrical
stage, V

0.94 = estimated rectifier energy efficiency

0.90 = fraction of time producing product water

following from the approximately 10-
percent loss of operating time during off-
specification (high salinity} product water
which is initially recycled following polarity
reversal

Note that because V, and V, include V,, the voltage
drops of the electrode compartments, equation {b)
is total energy consumption of the stack including
that at the electrodes.

Although equation (5) was used to calculate stack
energy consumption from the ED performance, equa-
tion (b) does not indicate clearly how changes in ED
operating conditions affect energy consumption.
Thus, equation (6) is introduced to show how op-
erating variables (flow rate and concentrations of the
feed and product), equipment size (membrane area),
and performance parameters (current efficiency and
cell pair resistance) affect energy requirements {20,

21].
C( R Cda ve
— <——> (6)
C,\ &

= effective membrane area, m?

average dilute stream (i.e., feed and
product) ionic concentration, eq/m?

= feed ionic concentration, eq/m?3

product ionic concentration, eq/m?
current efficiency

= stack energy consumption per volume of
product water, J/m?

Faraday’s constant, 96 500 coulombs per
equivalent

cell pairs, number

product water flow rate, m3/s

electricai resistance of the dilute stream of
1 m? area of one cell pair, ohm.m?

F2Q,
— (=)o

E-=

where

O >

dave

-

o

™ mo OO0

DO 3

Because the electrical resistance of an ionic solution
is approximately inversely proportional to its ionic
concentration, R C,, . is nearly constant along he
path length of the dilute compartment in the stack.
The term RC,,./€? is a unit operation parameter,
which is a function of water composition and mem-
brane type. Assurryiions [20] used in deriving equa-
tion (6) include:

1. Polarization potential {membrane potential plus
concentration potentials arising from concentra-
tion gradients in the solutions between the mem-
branes) is negligible compared to the ohmic loss.



2. Resistances of the membranes are negligible
compared to the resistance of the dilute stream.

3. Resistance of the concentrate stream is negli-
gible compared to the resistance of the dilute
stream.

4. Water transfer across the membrane is negli-
gible.

Note that an equation essentially the same as equa-
tion (6) could be derived by rearranging equation (4)
in terms of voltage and equation (2} in terms of cur-
rent and by substituting these rearranged expres-
sions for the voltages and currents in equation (b).

While equation (5) is more usable for calculating en-
ergy consumption from the ED performance data,
equation (6) clarifies which are the most important
variables affecting ED energy consumption. Accord-
ing to equation (6), stack energy consumption in-
creases as:

1. Equipment size decreased {A decreases for the
same Q)

Feed ionic concentration, C;, increases
Product ionic concentration, C,, decreases
Brine ionic concentration increases, {causing e
to decrease)

2.
3.
4

Although more equipment results in a lower energy
consumption, it also results in greater amortized
equipment cost. Thus, the incremental amortized
equipment cost should match incremental energy
costs with respect to plant capacity at the optimum
plant size assuming that other costs change negli-
gibly with plant size.

There are other uses of electrical energy by ED be-
sides stack energy consumption. These include en-
ergy to pump water through the stack and piping,
intermittent energy to the motor-operated valves,
and energy to operate the measurement and control
instrumentation. Neither the pumping nor the total
ED energy consumption was measured in these
tests, which could have been done by a kilowatt-hour
meter in the electrical lines powering the ED unit and
pumps. As a point of comparison, about 2 kW per
stack are needed for fluid pumping in a small ED plant
[4] which usually amounts to 20 percent of the total
ED energy consumption. Electrical energy the ED
used for instrumentation and electrically operated
valves would be negligible comparatively.

The thermodynamically minimum amount of energy
required for a process is called its exergy [19]. Exergy
values compared to actual energy consumption in-
dicate the departure of the process energy con-
sumption from ideality, which is also the maximum

1N

potential for lowering energy consumption. The ac-
tual energy consumption of desalting processes is
generally several times the exergy for practical re-
quirements such as the need to recirculate water and
for economic reasons to lower equipment size and
amortized equipment cost. That is, it is less expen-
sive overall to speed the process rate somewhat at
further departure from thermodynamic equilibrium,
which increases energy consumption, than it is to
provide the additional equipment capacity needed to
operate at a slower rate closer to equilibrium con-
ditions.

For ED, the exergy is the minimum possible work
requirement by a hypothetical completely reversible
process which would begin with a volume of water
of feed composition in one reservoir and end with
that volume separated into two separate reservoirs,
one having the product composition and the other
having the reject brine composition. All three reser-
voirs are assumed here to be at 25 °C. For such a
process, Spiegler [{20] gives the equation:

In{Cy/C In{Cy/C
E, - ZRgT(Cf* C,) {Cy/ Cp) n{Cy/ C,) (7)
(CH/Cp) — 1 {C/Cp) - 1
where
C, = ionic concentration of the brine, eq/m?

= jonic concentration of the feed, eq/m?

C, ionic concentration of the product, eq/m?3
thermodynamic minimum energy
requirement or exergy, kWh/m?3

R,T = universal gas law constant times absolute
temperature = 0.689 x 10?® kWh/mole at
25°C

Equation (7) is subject to the following assumptions
[20]:

1. Salt is a soluble completely dissociated elec-
trolyte consisting of monovalent cations and an-
ions. In the present calculations, solutions of NaCl
with the same total normality as the actual, mul-
ticomponent solutions were assumed.

2. Activity of each solution is approximated by the
equivalent fraction of water in that solution, which
implies ideality and complete validity only for infi-
nitely dilute solutions.

3. There is no water transfer across the mem-
branes.

Although the conditions of these assumptions were
only approximated in the YDTF and LVS tests, the
values calculated using equation (7) were such a small
fraction of the actual energy consumption, that more
accurate, rigorous calculations of exergy would be
unimportant for purposes here.



RESULTS AND DISCUSSION

Two major ED equipment problems had to be re-
solved at the YDTF before the ED operated suc-
cessfully. Both problems can be attributed to effects
of the unusually high brine concentrations on the
standard lonics, Inc., ED design. This design had sel-
dom, if ever, been used previously to make such high
concentration brine. This is in contrast to the ex-
perience of Japanese companies who make NaCl
concentrators. Fortunately, both ED problems were
solved by equipment modifications.

1. The first was rapid erosion of the bronze im-
peller of the brine recirculation pump during highest
recovery operation, when the brine concentration
reached about 60 g/L of TDS and the pH dropped.
Substitution of the brine pump supplied by lonics,
Inc., with one having a CPVC (chlorinated polyvinyl
chloride) impeller and case and a Hastelloy shaft
completely solved the pump failure problem.

2. The second problem was electrical shorting
through insulation on the stack electrodes. lonics,
inc., replaced the standard electrodes originally
supplied with ones specially encapsulated with
plastic for better electrical insulation in critical stag-
nant flow areas where the shorting had occurred.

Following these two equipment modifications, there
were minimal ED operational and maintenance prob-
lems during the remainder of testing at the YDTF and
LVS.

High plugging factors (similar to silt density index
used primarily as a predictor of reverse-osmosis
membrane fouling), including many values of over 90
percent, were measured in the IX product water at
the YDTF and are shown an figure 3. Simultaneously,

the IX feed water had consistently very low plugging
factors. Steps were not taken to lower the high plug-
ging factors in the IX product because the high plug-
ging factors had no immediately apparent effect on
ED performance. Later analysis of ED data did reveal
a gradual increase in cell pair resistance at the YDTF,
as presented in the following section. Scanning elec-
tron microscopy and chemical analyses of amino
acids and polysaccharides indicated the presence of
microbiological growth [22] on surfaces of the cation
exchange resin of the pretreatment and in the ED feed
water but not in the IX feed water. These findings
are consistent with the plugging factor measure-
ments. This microbiological growth was attributed
to dechlorination of the IX feed water that was nec-
essary to prevent gradual oxidation and deterioration
by chlorine of the cation exchange resin and the ED
membranes. In response to these YDTF findings, at
LVS the ED feed water (IX product) was rechlorinated
prior to its storage and dechlorinated again just prior
to entrance into the ED. Apparently, as a result of
this rechlorination, ED feed water plugging factors
were consistently low at LVS, and other microbiol-
ogical growth affecting ED at LVS were not evident.

Typical ED performance levels for each different con-
trol brine concentration tested are given in table 3.
The values are means of data collected during pos-
itive and negative polarities. Chemical analyses re-
sults of corresponding feed, product, and brine
samples are listed in table 4. Complete tabulations
of raw and the reduced data for all observations are
contained in appendixes A and B. Statistical analyses
{including curve fitting of ED performance data) were
by muitiple regression using the partial F test with
95 percent confidence limits [23). Computer print-
outs document these statistical analyses in appendix
C. Results of those statistical analyses are discussed
in the following sections.
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Figure 3. — High plugging factors in ED feed water at the YDTF

12



Table 3. — Typical Ed performance with different recoveries at
YDTF and LVS

Site date YDTF - 1979 LVS -~ 1980
May 7 June 4 June 18 Feb. 11 March 10
Operating time,

hours 7902.8 8219.3 8376.8 97865 10210.7
Brine concentra-

tion g/m3 51680 33361 19406 41600 96500
Feed temperature,

°C 250 29.5 27.0 23.8 25.1
Dilute flow rate,

L/min 34.0 34.0 34.0 22.0 21.9
Brine makeup flow

rate, L/min 0 1.35 4.4 3.7 0.2
Product fiow rate,

L/min 327 33.0 32.0 20.0 20.7
Brine flow rate,

L/min 1.65 3.2 5.88 4.3 1.6
Brine pH, units 454 5.24 6.45 6.3 5.5
Electrical stage 1

Current,

amperes 23.6 24.0 21.6 26.2 31.9

Voltage, volts 163 154 155 109 104
Specific cell pair

resistance,

ohm-mm? 6980 7570 8050 4090 3270
Electrical stage 2

Current,

amperes 9.6 8.6 7.4 15.6 18.1

Voltage, voits 122 123 124 104 98
Specific cell pair

resistance,

ohm.mm? 13440 16570 18470 6520 5400
Feed cationic

concentration,

eq/m? 51.3 65.3 556.1 147.2 148.9
Product cationic

concentration,

eq/m? 7.73 6.06 6.25 18.2 205
Current efficiency,

percent 57.4 66.1 73.7 84.0 69.5
Rectifier
Energy consump-

tion, kWh/m*  2.88 3.1 273 4.31 4.86
Exergy, kWh/m* 0.158 0.152 0.123 0.292 0.402
Exergy/energy

consumption,

percent 55 49 45 6.8 8.3

Cell Pair Resistance

The importance of cell pair resistance is that its in-
crease causes an increase in voltage drop to maintain
a given current needed for demineralization, and thus,
an increase in power consumption according to equa-
tion (b). Cell pair resistance R, for the first stage cor-
rected to 25 °C was calculated using equation (4).
Note that 10 V was subtracted from each value of
the stage voltage to account for electrode compart-
ment voltage drop measured by a voltage probe of
the ED stack.

Multiple regression analysis of the data yielded for
the ED first stage cell pair resistance at the YDTF:

R =0812T7,-2563C,+ 6734

where
R, = first stage cell pair resistance, ohm-m?2
T, = operating time, hours
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C', = dissolved solids concentration in the brine,

kg/m3
For the LVS data the regression analysis yielded

R, = 4560 - 126 C, (9)
Statistically, there was insignificant relation between
R, and C', at either site and between R, and T, at
LVS. The R, should increase with lower C’,, but it
was not observed in the data from YDTF or LVS
because C', was not varied sufficiently at either site
to indicate a relationship between R, and C',,.

Figure 4 shows R, decreasing with brine concentra-
tion; it is expected because solution and membrane
electrical resistances each decrease with increasing
ionic concentration. Figure 4 curves were plotted by
using equation (8) with T, = 2342 hours (the mean)
for YDTF and equation (9) for LVS.

The R, at LVS was less than R, at YDTF because of
the higher feed-water and product-water (dilute
stream) TDS concentrations at LVS, which had less
resistivity. The scatter (fig. 4) of the YDTF R, data
at a 35-g/L TDS brine concentration results from the
variation of R; with another independent variable —
operating time — as in equation (8).

Figure 5 indicates the observed increase in R; with
the operating time at the YDTF, but which did not
occur at LVS. Much of the scatter of the YDTF data
is because the data for all three brine concentrations
are included, which affects R, according to the mul-
tiple regression equation (8). As mentioned earlier in
this section, slime-producing microbiological growth
occurred at YDTF in the IX resin and IX product water
tank when the IX feed was dechlorinated and there
was no further disinfection downstream. It is gen-
erally known that membrane fouling will cause cell
pair resistance to increase. However, upon disman-
tling the stack for inspection, touch and sight did not
indicate any slime on the membrane surfaces of the
present ED unit as had been observed during pre-
vious YDTF testing of an lonic’s Inc. ED operating at
about 70 percent recovery.

Although the rechlorination of the IX product-ED feed
at LVS could be the sole reason that R, did not in-
crease at LVS, as it did at the YDTF, two other factors
were different and possibly important in the ED tests
at LVS compared to operation at the YDTF. First, the
surface water source at the YDTF is rich in biological
growth including algae and bacteria prior to pretreat-
ment. Measurements by the U.S. Geological Survey
at the YDTF showed that suspended organic material
such as algae were removed effectively, but most of
the dissolved organic matter in the canal (4 g/m3 of
organic carbon) penetrated the chlorination and lime
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Table 4. — Typical Electrodialysis water compositions

YDTF LVS
Site May 7, 1979 (94 .6) June 4, 1979 (90.9) June 18, 1979 (83.9) February 11, 1980 (80.2) March 10, 1980 (91.7}
Date {percent
_recovery)

Sample stream Feed Product Brine Feed  Product Brine Feed  Product Brine Feed  Product Brine Feed  Product Brine
pH (units) 6.8 5.6 4.4 6.9 5.0 4.8 7.2 48 6.4 7.9 7.5 7.4 7.3 7.4 6.8
TDS (calculated)

{g/m?3) 3251 494 51 680 3443 435 33 361 3487 431 19 406 9140 1150 41 600 9180 1280 396 500
Conductivity at

25 °C (uS/cm) 5413 814 62 830 5797 736 43 276 5718 696 27 008 1360 205 5090 1370 225 9670
Silica

{g/m3) 3.5 3.6 3.5 4.0 4.2 6.5 4.6 1.8 6.5 12 12 17 16 19 26
Calcium

(g/m?3) 7.1 1.2 117 9.6 0.7 109 18.5 1.7 128 60 2.4 310 35 5.0 310
Magnesium

{g/m3) 19.7 1.6 35.4 15.6 1.1 190 30.5 2.7 210 54.9 3.9 275 51.9 3.1 506
Sodium

{g/m3) 1126 158 18 140 1224 136 11 500 1180 136 6570 3110 402 13900 3170 449 33 000
Potassium

(g/m?) 11.2 1.6 188 10.0 0.7 101 12.4 1.2 68 176 125 860 196 19.6 1960
Total iron

(g/m3) <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 0.06 0 0.42 0.04 0 0.72
Total manganese

{g/m3) <0.30 <0.30 <0.30 <0.30 <0.30 <0.30 <0.30 <0.30 <0.30 <0.05 <«0.05 0.13 «0.05 <0.05 0.30
Strontium

{g/m?) 0.7 0.6 2.3 0.7 0.6 1.8 0.3 0.1 1.5 1.5 0 0 0.3 0 2.3
Bicarbonate

{g/m3) 14.6 2.4 17.1 19.5 5.9 12.2 20.5 39 415 46.5 22.0 82.4 40.3 26.2 68.9
Carbonate

(g/md) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sulfate

{g/m?3) 970 215 15 100 960 205 9340 1020 213 5050 2040 196 9620 2040 180 22 900
Chloride

{g/m3) 1114 114 18080 1200 81.2 12 100 1200 71 7330 3660 513 16 600 3650 580 37 800
Total anions

(eq/m?3) 5153 7.1 82485 5417 6.66 536.1 5543 6.50 312.6 146.4 18.88 668.6 1459 20.72 1545.0
Total cations

(eq/m3) 51.26 7.73 802.70 55.28 6.07 5239 5509 6.26 311.2 147.0 18.24 666.00 149.0 20.50 1542.0
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Figure 4. — Stage 1 cell pair resistance 5 °C, ohm-mm? versus
g/L brine TDS concentration.

pretreatment system [14]. In contrast, LVS water —
ground water from a well — is lower in dissolved or-
ganic material (about 2 g/m? of organic carbon), and
contains no measurable particulate organic material.
Second, there is reason to presume that the aliphatic
anion membranes used at LVS may be less sensitive
to organic material relative to the more standard an-
jon type used at the YDTF. This presumption is based
on the relative insensitivity of aliphatic anion ex-
change resins to certain anionic organic electrolytes
relative to that of more common anion-exchange res-
ins made of aminated styrene-divinyl benzene, which
are quite sensitive to many organic anions [24]. Only
further experimentation could identify conclusively
the variables that caused the increase in R, at the
YDTF and the relative constancy of R; at LVS.

Current Efficiency

Current efficiencies are shown decreasing with brine
concentration on figure 6. The curves represent the
regression equations for current efficiency e:

at the YDTF

e = 0.830 — 0.00505 C, (10)
and at LVS
e =0.893 - 0.000192 C, (11)

The decrease of e with C',, is expected because cur-
rent efficiency of an ED membrane is largely a func-
tion of the ionic concentration difference across a
membrane [4]. The higher current efficiency of the
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relatively more permselective membranes used at
LVS is apparent on figure 6. Because required current
is inversely proportional to current efficiency, the cur-
rent efficiency is important as is cell pair resistance
(cell pair voltage divided by current} in determining
power consumption according to equation (5). Note
that the organic fouling, which presumably caused R,
to increase at the YDTF, had no statistically signifi-
cant effect on current efficiency according to the mul-
tiple regression analysis of the data when operating
time was included as an independent variable.

A comparison of current efficiencies of the individual
electrical stages further shows the effect of brine
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Figure 6. — Current efficiency versus brine TDS concentration.



concentration upon current efficiencies. Interstage
water samples for chemical analyses were collected
during selected observations at LVS only. Results for
three observations follow.

1980 Brine concentration,  Current efficiency, percent
3
Date g/m Stage 1 Stage 2
April 21 40 700 77 73
March 26 98 300 71 55
March 28 94 900 71 62

These data show how current efficiencies were less
in the second electrical stage as compared to the
first. In stage 2, the brine TDS concentration is
higher, the product TDS concentration is less, and
thus, the differential TDS concentration and driving
force across the membrane is greater — apparently
causing the lower current efficiency of stage 2 rel-
ative to stage 1. Another cause for lower current
efficiencies with higher solution concentrations is the
loss in permselectivity that occurs because the quan-
tity of mobile ions in the ion-exchange resin of the
membrane with sign opposite to that of the exchange
ion increases due to diffusion of ions from the so-
lution into the resin [4].

Energy Consumption

Direct-current energy consumption per volume of
product water, E in kWh/m?3, versus brine concen-
tration is shown on figure 7. These energy con-
sumption values were calculated by using equation
(b). The regression curves on figure 7 are described:

for the YDTF data by

E=0.0110C, + 2.53 (12)
and for the LVS data by
E=0.00684 C', + 3.96 {13)

The rather poor fit of equation (12) (R? = 0.18) and
the scatter of the YDTF data on figure 7 exist be-
cause water temperature affected E more strongly
than C’, according to the regression analyses doc-
umented in appendix C, despite the temperature-
correction factor fin equation (b) included to calculate
E. Note that as the brine concentration increases how
the decreased current efficiency (equations 10 and
11) have a greater effect than the decreased celt pair
resistance (equations 8 and 9) upon energy con-
sumption (equations 12 and 13). This occurs largely
because, as shown by equation 6, E drops as the
inverse square of e, but the effect of Rupon Eis to
the first power.
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Figure 7. — Direct-current energy consumption (25 °C) versus
brine TDS concentration. Product TDS concentration of
each site was kept relatively constant.

Exergy

It is illuminating to compare the actual energy con-
sumption values with an estimate of the theoretical
thermodynamic energy or exergy that would be re-
quired to do the demineralization. Exergy calculated
from the respective ionic equivalent concentrations
using equation (7) are listed in the next to the last
row in table 3. The percentage that each of these
thermodynamic energies are of the corresponding
experimental rectifier energy consumption is in the
last row in table 3. The low percentage range of 5.5
to 8.3 percent illustrates how the thermodynamic
energy requirements are a minor portion of the re-
quirements of a practical ED process. These per-
centages would even be lower if the total ED energy
consumption, including that for pumping, were used
for comparision with exergy.

The exergy values calculated from equation {7) ne-
glect the ohmic losses of Joule heating of the water
and membranes due to the passage of electrical cur-
rent through the resistances of the stack. In the dilute
water stream — having the lowest electrical conduc-
tivity and highest resistance — this ohmic loss, which
results in heating the solutions rather than deminer-
alizing, is generally the largest component of ED en-
ergy usage in an economically justifiable ED process
given present energy and equipment costs (4, 20].
Energy usage can be lowered toward the exergy
value (ohmic losses become negligible) by decreasing



both the current density (current divided by effective
membrane area) and the flow rates through the stack.
However, relatively low current densities and flow
rates result in a greater increase in amortized equip-
ment costs than the related cost savings in electrical
energy. Note also that the electrical energy required
for pumping water through the stack at a given flow
rate increases as the stack size is increased. There
is also an ever present tendency for the salts on the
concentrate side to diffuse through the membranes
to the dilute side, which requires a continuous ex-
penditure of energy in addition to exergy just to main-
tain the concentration difference across the
membrane. Thus, for economic reasons, ED proc-
esses tend to be designed and operated with rela-
tively high current densities and flow rates where the
stack energy requirements are far above the theo-
retical minimum expressed as exergy {(equation 7)
and the major consumption of energy in the stack is
from heating the water and membranes, an inevitable
result of passing electrical current through the re-
sistance of the stack, especially the dilute stream.

Product Concentration Energy Effects

Although product concentration was not varied dur-
ing the experiments at either the YDTF or LVS, the
effect of product concentration can be described ap-
proximately by equation (6). From the present LVS
data, the cell pair resistance as a function of an av-
erage concentration of the concentrate and dilute
streams was determined by regression analysis to
be approximated by:

0.299
R=0.00192 + ———

ave

(14)

where C,,, is the arithmetic mean of the inlet and
outlet average normalities, C,, defined by

- 2C,C. (15)
C,+ C.
where
C, = the dilute stream normality, eq/L and
C. = the concentrate stream normality, eq/L

each measured at the same distance along the flow
paths, in the present instance at the inlet or outlet
point [4]. (Note that C,,, . in equation (6} is an average
for the dilute stream only and is not the same as C,,,
in equation 14.) Equations 6, 11, 14, and 15 were
combined using an average equivalent weight at LVS
of 62.5 g/eq to calculate the curves on figure 8 at
two brine ionic concentrations with the following pa-
rameters fixed at values for the LVS £D pilot plant:

Number of cell pairs, n = 130
Product flow rate, Q, = 3.7 X 10 m3/s
Effective membrane area, A = 0.144 m?
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STACK ENERGY CONSUMPTION PER VOLUME OF PRODUCT, kwh/m3

Figure 8 shows an increase in energy consumption
of nearly threefold with lowering the product ionic
concentration from 20 eq/m® to 1 eq/m? for a given
equipment size and flow. Also, according to equation
{6), to achieve a 1-eg/m? product ionic concentration
with the same energy consumption used to obtain a
20-eq/m?3 product would require nearly three times
the membrane area per product flow. Thus, these
values show how expensive it is in terms of energy
consumption and/or equipment size to obtain in-
creasingly lower product salinities with ED.

Comparison of ED With Other
Desalting Processes

Measured and projected ED energy consumption val-
ues were compared with those of a competing proc-
ess, vapor-compression brine concentrators. The
concentrators supplied by Research Conservation
Corporation, Inc., use a recirculating seed-crystal
slurry to precipitate gypsum and slice in the bulk brine
stream to allow brine concentrations of up to
300 000 g/m?3 of TDS {corresponding to 99 percent
desalting recovery at the YDTF and 97 percent re-
covery at LVS) without scaling the equipment sur-
faces. Such a vapor-compression brine concentrator
would consume about 25 kWh/m? of product to de-
salt a 10 000 g/m3 TDS feed water according to the
manufacturer [25], which is at least three times the
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Figure 8. — Projected energy consumption at two brine TDS
concentrations versus product ionic concentration at LVS.



total energy consumption of the ED measured in the
present experiments (table 3). It is noted that there
are certain potential advantages of a vapor compres-
sion unit over an ED brine concentrator including a
lower TDS-containing product {particularly lower sil-
ica), higher possible desalting recovery, and less pre-
treatment. But in situations where such advantages
are not overriding considerations, coupling of ED with
an ion exchange pretreatment as demonstrated at
the YDTF and LVS should have significantly lower
energy consumption as well as less initial cost as
compared to vapor compression [6].

Because RO alone cannot generate as high brine con-
centrations as ED or vapor compression distillation,
RO cannot be considered competitive as a concen-
trator for brines above about 50 000 mg/L of TDS.
In some cases, a combination of processes may be
optimum. For example, ED could produce high brine
concentrations, thus high recavery, and the ED prod-
uct could be desalted further to a lower TDS most
economically by RO; the RO reject would be recycled
to the ED feed [9]. Moreover, the advantages and
disadvantages of each desalting, pretreatment, and
brine concentration application should be considered
individually, and in combination, and the optimum
process or combination of processes should be se-
lected according to specific requirements and lowest
overall costs. This report describes how ED can be
used advantageously for high recovery desalting
purposes.
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ELECTRODIALYSIS OPERATIONAL DATA
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Table A-1. — Electrodialysis performance at the YDTF - 1979.

March Apri! May June July August September
12 19 26 23 30 7 14 28 4 " 18 25 3 6 13 20 4 17 24
Operating time, hour 73571 74444 75503 77869 78250 79028 79966 81698 82193 82897 83768 84561 85260 88427 89120 89610 9141.3 093165 94160
Brineconcentration.g m* 33945 32583 ND 52438 52760 51680 50503 56777 33361 36465 19406 20470 22263 31208 34033 32322 33110 33098 33491
Feed temperature, ' C 215 210 220 260 26.0 250 270 280 295 310 27.0 31.0 30.0 310 290 280 302 282 295
Dilute flow rate. L mun 34 34 34 34 34 34 34 34 34 34 34 34 34 34 34 34 34 34 34
Brine makeup
flow rate. L ‘mn 13 12 0 0 0 ¢} 0.35 015 135 1.0 44 45 35 12 10 0.98 11 12 1.1
Product flow rate, L min 324 3219 3183 324 326 32.7 33.0 329 33.0 327 320 328 326 317 325 322 330 326 324
Brine flow rate. L min 2.83 287 116 144 1.64 1.65 1.40 180 32 236 5.88 740 50 27 28 25 26 26 28
8rine pH. units 577 43 38 388 427 454 4.36 40 524 595 €45 585 585 611 617 6 80 688 672 6.67
Electrical stage 1
Current, amperes 220 208 234 241 241 236 248 265 240 241 216 218 227 241 213 204 216 210 207
Voltage. volts 155 153 163 187 154 153 156 156 164 154 155 153 155 165 1562 153 154 154 1565
Specific cell pair
resistance, (}-cm: 807 834 757 820 804 79.9 81.0 775 875 903 924 992 94 2 909 961 987 989 970 1021
Electrical stage 2
Current. amperes 8.6 82 97 96 96 96 106 105 86 86 74 73 77 97 82 78 84 82 82
Voltage volts 123 122 122 125 122 122 124 124 123 123 124 122 124 124 123 122 124 124 124
Specific cell pair
resistance, {}-cm? 1633 168 2 1451 1634 169 4 156.0 1501 155.0 194 4 2015 2150 23556 2215 180.2 2015 2052 2040 1994 2085
Feed cationic con-
centration. meq L 534 550 ND 503 550 512 528 521 553 549 551 556 56.2 54 5 524 47.37 509 520 5183
Product cationic
concentration.meq L 668 755 ND 789 754 710 672 865 6 06 682 625 680 581 592 819 6.29 708 7.40 719
Current efficiency, % 66 8 716 54 5 729 613 571 514 66 1 64 2 737 734 725 629 656 63.7 639 668 676
Rectifier energy con-
sumption per vol
ume of product
water, kWh.- m 2.52 235 2.76 3.07 2.99 2.86 3.20 3.43 3.08 3.2% 2.7 2.84 296 3.43 2.77 2.62 287 2.72 2.7¢




Table A-2. — Electrodialysis performance at LaVerkin Springs - 1980.

Date units  Jan. 28 Feb. 11 Feb. 19° March 3 March 10 March 17 March_2§ March 28 April 21

Operating time hour 9693.0 9786.5 99074 96.0 210.7 3515 546.1 587.0 1061.8
Brine concentration g/m* 41100 41600 96800 96500 96500 95940 98300 94900 40700
Recovery using equa-

tion (1) percent 79.6 80.2 91.3 91.6 91.7 913
Feed temperature °C 23.8 23.8 22.0 26 25.1 231 248 241 309
Dilute flow rate L/s 0.367 0.367 0.367 0.367 0.365 0.367 0.367 0.367 0.367
Brine make-up flow rate L/s 0.0633 0.0617 0.0033 0.0023 0.0033 0.0023 0.0033 0.0017 0.0567
Product flow rate L/s 0.333 0.333 0.343 0.348 0.345 0.350 0.342 0.338 0.350
Brine flow rate L/s 0.0800 0.0717 0.0250 0.0267 0.0267 0.0200 0.0233 0.0250 0.0825
Brine pH units 6.0 6.3 -5 5.7 5.5 6.2 5.8 5.8 6.2
Electrical stage 1

Current amp 26.6 26.2 29.7 299 319 30.4 31.0 30.7 263

Voltage volts 109 109 109 97 104 105 105 . 104 95

Specific cell pair

resistance Q.m? 0.00402 0.00409 0.00348 0.00329 0.00327 0.00333 0.00338 0.00333 0.00403
Electrical stage 2

Current amp 15.5 15.6 17.7 17.9 18.1 18.3 18.0 17.5 15.4

Voltage volts 104 104 104 92 98 100 99 98 88

Specific cell pair

resistance Q.m? 0.00656 0.00652 0.00554 0.00518 0.00540 0.00524 0.00546 0.00547 0.00632

Feed cationic

concentration eq/m> 1426 147.2 145.2 150.8 148.9 140.5 142.4 143.2 139.7
Product cationic

concentration eq/m3 147 18.2 12.4 23.1 205 18.5 19.6 17.6 20.7
Current efficiency percent 82.6 84.0 76.3 72.7 69.5 68.1 68.2 70.9 77.6

Rectifier energy con-
sumption per volume kWh/
of product water m? 4.31 4.28 4.55 4.34 4.82 450 4.78 4.65 4.03

@ Because of operator error, ED conditions were not recorded at the time samples were collected. Data from conditions taken on
February 20, 1980, are presented, as being representative of the conditions which existed when the samples were collected on
February 19, 1980.

Brine pH was not recorded when unit conditions were taken.
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APPENDIX B

ELECTRODIALYSIS STREAM CHEMICAL COMPOSITIONS



Table B-1. — Chemical analysis — lonics Aquamite V electrodialysis at the YDTF — 1979

March 12 March 19 March 26
Sample stream Feed Product Brine Feed Product Brine Feed Product Brine

pH units 7.0 6.4 5.8 6.9 6.0 5.8 7.3 5.2 3.8
TDS, g/m? 3418 502 33945 3483 517 32583
Conductivity at

25 °C, uS/cm 5802 810 45 644 5824 866 43 505 5938 921 63 583
E.F 0.59 0.62 0.74 0.60 0.60 0.75
Silica, g/m3 12.2 5.8 5.5 10.7 10.4 10.0 7.0 7.1 8.0
Calcium, g/m?3 12.7 1.3 154 6.1 1.6 86 3.2 1.7 75
Magnesium, g/m3 30.6 28 350 20.5 23 203 7.0 1.6 257
Sodium, g/m3 1148 146 11430 1215 167 11 580
Potassium, g/m3 121 1.2 135 6.8 08 59
Total iron, g/m?3 <0.10 <010 <010 <0.10 <0.10 <0.10
Total manganese, g/m3 <0.30 <030 <030 <030 <030 <0.30
Strontium, g/m3 0.3 0.2 2.1 0.8 0.7 1.9
Bicarbonate, g/m3 244 7.3 43.9 254 8.3 32.7 171 6.3 N/D
Carbonate, g/m3 N/D N/D N/D N/D N/D N/D N/D N/D N/D
Sulfate, g/m?3 9294 214 9420 1004 227 8370
Chloride, g/m3 1196 129 12410 1204 109 12 250
T-alkalinity

as CaCOs, g/m? 200 6.0 36.0 20.8 6.8 26.8 14.0 5.2 N/D
T-acidity

as CaCo0s;, g/m? — — — — — — — — —
T-phosphorus

as POy, g/m3 <0.01 <0.01 <0.01 <001 <001 <00
Hydroxide, g/m?3 N/D N/D N/D N/D N/D N/D N/D N/D N/D
3 anions, meq/L 54.8 8.22 547.0 55.3 7.94 5205 — — —
3. cations, meq/L 53.4 6.68 537.2 55.0 7.57 526.3 — — —

Control value, meq/L +1.50 +6.56 +1.14 +0.27 +1.61 -0.71 — — —

Table B-1. — Chemical analysis — lonics Aquamite V electrodialysis at the YDTF — 1979 — Continued.

April 23 April 30 May 7
Sample stream Feed Product Brine Feed Product Brine Feed Product Brine

pH, units 6.6 5.1 3.8 7.0 5.4 4.8 6.8 5.6 4.4
TDS, g/m3 3162 509 52438 3498 520 52 760 3251 494 51680
Conductivity at

25 °C, uS/cm 5122 746 62670 5829 876 63622 5413 814 62 830
E.F. 0.62 0.68 0.84 0.60 0.59 0.83 0.60 0.61 0.82
Silica, g/m3 4.6 4.6 4.0 4.5 4.5 3.0 3.5 3.6 35
Calcium, g/m3 5.8 0.6 107 6.5 0.9 128 71 1.2 117
Magnesium, g/m?3 21.2 2.3 395 16.9 1.4 354 19.7 1.6 35.4
Sodium, g/m?3 1103 175 18090 1218 169 18760 1126 158 18 140
Potassium, g/m3 11.0 2.2 184 10.6 1.2 148 11.2 1.6 188
Total iron, g/m3 <0.10 <0.10 0.28 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
Total manganese, g/m?® <0.30 <0.30 <030 N/D N/D N/D <0.30 <0.30 <0.30
Strontium, g/m3 0.5 05 1.9 0.7 0.6 3.2 0.7 0.6 23
Bicarbonate, g/m3 10.2 4.9 N/D 171 7.3 26.8 14.6 24 171
Carbonate, g/m? N/D N/D N/D N/D N/D N/D N/D N/D N/D
Sulfate, g/m? 910 195 16360 1010 218 15140 970 215 15100
Chloride, g/m3 1100 128 18300 1218 122 18200 1114 114 18 080
T-alkalinity

as CaCOs, g/m? 8.4 4.0 N/D 14.0 6.0 220 12.0 2.0 14.0
T-acidity

as CaCOs, g/m?3 — — — — — — — — —
T-phosphorus

as PO,, g/m? <0.01 <001 <001 <0.01 <001 <001 <0.01 <0.01 <001
Hydroxide, g/m?3 N/D N/D N/D N/D N/D N/D N/D N/D N/D
3 anions, meq/L 50.15 7.756 836.19 5568 8.10 829.23 5153 7.21 824.85
3. cations, meq/L 50.31 7.90 829.50 5498 7.55 86542 5126 7.73 802.70

Control value, meq/L  -0.18 -0.66 051  +0.72 +237 -202 +030 -074 -1.72
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Table B-1. — Chemical analysis ~ lonics Aquamite V electrodialysis at the YDTF — 1979 — Continued.

May 14 May 29 June 4
Sample stream Feed  Product Brine Feed  Product Brine Feed Product Brine

pH. units 7.0 5.4 45 6.5 51 3.5 6.9 5.0 48
TDS, g/m? 3353 476 50503 3368 708 56 777 3443 435 33 361
Conductivity at

25 °C, uS/cm 5443 767 60782 5423 985 65645 5797 736 43176
E.F. 0.62 0.62 0.83 0.62 0.72 0.86 0.60 0.59 0.77
Silica, g/m3 4.9 5.0 5.0 3.7 1.6 18.5 4.0 4.2 6.5
Calcium, g/m3 5.3 0.5 79 8.3 0.7 174 9.6 0.7 109
Magnesium, g/m?3 22.4 1.7 360 14.0 1.6 289 15.6 1.1 190
Sodium, g/m3 1164 1560.0 17620 1157 194 19800 1224 136 11 500
Potassium, g/m? 7.4 1.0 110 9.8 1.8 171 10.0 0.7 101
Total iron, g/m3 <0.10 <0.10 012 <0.10 <0.10 <032 <010 <0.10 <0.10
Total manganese, g/m?® <0.30 <030 <030 <030 <030 <030 <030 <030 <0.30
Strontium, g/m? 01 <0.10 0.6 0.9 0.8 3.1 0.7 0.6 1.8
Bicarbonate, g/m?3 19.5 4.9 13.7 9.8 24 N/D 19.5 59 12.2
Carbonate, g/m3 N/D N/D N/D N/D N/D N/D N/D N/D N/D
Sulfate, g/m3 984 220 14620 1038 359 17740 960 205 9340
Chloride, g/m3 1150 98 17700 1130 146 18600 1200 81.2 12100
T-alkalinity

as CaCO;, g/m? 16.0 4.0 11.2 8.0 2.0 N/D 16.0 4.8 10.0
T-acidity

as CaCO;, g/m? — — — — — 70.0 — — —
T-phosphorus

as POy, g/m? 0.49 0.10 1.25 <0.01 <0.01 <0.01 o001 0.02 0.01
Hydroxide, g/m3 N/D N/D N/D N/D N/D N/D N/D N/D N/D
3 anions, meq/L 53.26 7.42 804.1 53.66 8.96 89423 5417 6.66 536.1
3. cations, meq/L 5293 6.71 802.9 5217 8.67 898.20 55.28 6.07 5239
Control value, meg/L +0.35 +3.21 +0.10  +1.49 +1.13 -0.28 -1.17 +2.79 +1.44

Table B-1. — Chemical analysis — lonics Aquamite V electrodialysis at the YDTF — 1979 — Continued.

June 11 June 18 June 25
Sample stream Feed  Product Brine Feed  Product Brine Feed Product Brine

pH, units 7.1 5.4 6.2 7.2 4.8 6.4 6.9 5.0 6.0
TDS, g/m3 3436 481 36465 3487 431 19406 3510 461 20470
Conductivity at

25 °C, uS/cm 5482 766 44625 5718 696 27008 5624 687 27 853
E. F. 0.63 0.64 0.82 0.61 0.62 0.72 0.62 0.67 0.73
Silica, g/m3 5.3 44 5.5 4.6 1.8 6.5 4.0 4.0 35
Calcium, g/m3 10.0 0.9 137 185 1.7 128 22.4 23 159
Magnesium, g/m? 22.0 1.90 280 30.5 2.7 210 31.1 22 206
Sodium, g/m3 1203 1563 12560 1180 136 6570 1203 148 6900
Potassium, g/m? 11.3 1.4 129 12.4 1.2 68 11.6 0.6 73
Total iron, g/m?® 0.18 <0.10 <0.10 <0.10 <010 <010 <010 <0.10 <0.10
Total manganese, g/m3 <0.30 <030 <030 <030 <030 <030 0.03 <0.01 0.04
Strontium, g/m?3 0.8 0.7 2.6 0.3 0.1 1.5 0.4 01 1.6
Bicarbonate, g/m? 23.4 4.9 51.2 20.5 3.9 415 171 29 26.8
Carbonate, g/m?3 N/D N/D N/D N/D N/D N/D N/D N/D N/D
Sulfate, g/m3 1000 230 10100 1020 213 5050 990 235 5750
Chloride, g/m3 1160 84 13200 1200 71 7330 1230 66 7350
T-alkalinity

as CaCOs, g/m?3 19.2 4.0 42.0 16.8 3.2 34.0 14.0 24 220
T-acidity

as CaCQ0s, g/m? — — — — — — — — —
T-phosphorus

as PO;, g/m? 0.02 0.01 0.30 0.02 0.02 0.03 0.01 <0.01 <0.01
Hydroxide, g/m3 N/D N/D N/D N/D N/D N/D N/D N/D N/D
Y. anions, meq/L 53.94 7.24 583.6 5543 6.50 3126 5560 6.80 327.6
3. cations, meq/L 5495 6.9 579.6 55.09 6.26 311.2 5631 6.75 326.9
Control value, meq/L -1.07 +152 +044 +036 +1.19 +0.29 -074 +0.25 +0.13
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Table B-1. ~ Chemical analysis ~ lonics Aquamite V electrodialysis at the YDTF — 1979 — Continued.

July 3 August 6 August 13
Sample stream Feed Product Brine Feed Product Brine Feed Product Brine
pH, units 6.8 4.9 5.9 71 4.8 6.3 71 5.1 6.3
TDS, g/m?3 3575 410 22263 3434 407 31208 3279 516 34 033
Conductivity at
25°C, uS/cm 5674 660 35137 5569 692 41958 5253 754 43139
E.F. 0.63 0.62 0.63 0.62 0.59 0.74 0.62 0.68 0.79
Silica, g/m3 3.9 34 4.0 3.0 2.2 27.5 27 25 3.0
Calcium, g/m3 20.1 1.9 176 9.3 1.0 28.0 10.8 0.9 29.2
Magnesium, g/m3 28.3 1.8 228 11.0 0.79 147 19.3 1.5 216
Sodium, g/m3 1208 128 7470 1216 133 10900 1149 184 12 000
Potassium, g/m3 13.2 1.0 93 9.0 0.7 102 11.0 0.7 122
Total iron, g/m? <010 <010 <010 <010 <010 <010 <010 <010 <0.10
Total manganese, g¢/m3? <0.30 <«0.30 <030 <030 <030 <030 <030 <0.30 <0.30
Strontium, g/m3 0.1 <0.01 1.7 0.4 0.3 1.6 0.17 0.05 20
Bicarbonate, g/m3 17.1 3.4 20.5 174 2.4 415 18.0 49 41.0
Carbonate, g/m?3 N/D N/D N/D N/D N/D N/D N/D N/D N/D
Sulfate, g/m?3 1068 207 6050 1030 205 8600 990 244 9580
Chloride, g/m?3 1216 63 8220 1138 62 11360 1078 78.0 12 040
T-alkalinity
as CaCO;, g/m3 14.0 2.8 16.8 14.0 20 34.0 14.8 4.0 336
T-acidity
as CaCO0;, g/m? — — — — — — — — —
T-phosphorus
as POy, g/m? <0.01 <0.01 <0.01 0.05 0.03 0.07 0.04 0.02 0.06
Hydroxide, g/m3 N/D N/D N/D N/D N/D N/D N/D N/D N/D
3 anions, meq/L 56.83 6.15 358.2 5384 6.05 500.28 51.33 7.36 539.87
3. cations, meq/L 56.21 5.81 3549 5450 5.92 490.28 52.39 8.19 544.39
Controi value, meq/L +0.63 +1.52 +060 -0 +0.61 +1.27 -1.18 -3.76 -0.53

Table B-1. — Chemical analysis — lonics Aquamite V electrodialysis at the YDTF — 1979 ~ Continued.

August 20 September 4 September 17
Sample stream Feed Product Brine Feed Product Brine Feed Product Brine
pH, units 7.0 5.0 6.6 7.1 5.2 6.6 7.2 5.7 6.7
TDS, g/m? 3072 446 32322 3223 4389 33110 3280 556 33 098
Conductivity at
25 °C, uS/cm 5038 718 42247 5171 787 43272 5236 955 41819
E.F. 0.61 0.62 0.76 0.62 0.62 0.76 0.63 0.58 0.79
Silica, g/m? 6.3 6.0 6.5 3.9 3.7 4.5 3.2 31 35
Calcium, g/m3 8.1 0.2 19.6 23.6 23 281 8.7 1.1 137
Magnesium, g/m3 311 24 358 14.5 1.3 190 13.7 1.6 200
Sodium, g/m3 1015 139 10710 1111 1657 11290 1155 165 11 600
Potassium, g/m3 9.6 0.9 119 10.0 1.1 112 9.6 1.3 106
Total iron, g/m? <0.10 <0.10 <0.10 <010 <010 <010 <0.10 <0.10 <0.10
Total manganese, g/m?® <0.30 <030 <030 <030 <030 <030 <030 <030 <0.30
Strontium, g/m?3 04 04 11 04 0.1 3.6 0.1 <01 3.2
Bicarbonate, g/m3 19.5 24 68.3 234 4.9 88.8 220 4.9 87.8
Carbonate, g/m? N/D N/D N/D N/D N/D N/D N/D N/D N/D
Sulfate, g/m?3 914 222 9040 944 242 8940 966 273 8860
Chioride, g/m3 1068 73.2 12000 1092 76.8 12200 1112 106 12100
T-alkalinity
as CaCO3, g/m? 16.0 20 56.0 19.2 4.0 72.8 18.0 4.0 72.0
T-acidity
as CaCQOs, g/m? — — — — — - —_ — —
T-phosphorus
as PQ;, g/m? 0.04 0.06 0.08 0.09 0.05 0.24 0.02 0.01 0.02
Hydroxide, g/m3 N/D N/D N/D N/D N/D N/D N/D N/D N/D
3, anions, meq/L 4949 6.73 527.94 50.85 7.29 531.84 51.85 8.76 527.33
3. cations, meq/L 47.37 6.29 499.38 50.96 7.08 523.71 5205 7.40 530.67
Control value, meq/L +2.42 +210 +344 -012 +094 +0.97 -022 +561 -040
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Table B-1. — Chemical analysis — lonics Aquamite V elec-
trodialysis at the YDTF ~ 1979 — Continued.

September 24

Sample stream Feed Product Brine

pH, units 7.1 5.1 6.6
TDS, g/m?3 3262 513 33491
Conductivity at

25 °C, uS/cm 5205 907 43860
E.F. 0.63 0.56 0.76
Silica, g/m? 22 20 35
Calcium, g/m3 13.1 0.6 179
Magnesium, g/m?3 15.1 1.5 216
Sodium, g/m3 1142 161 11 690
Potassium, g/m?3 9.8 1.3 104
Total iron, g/m?3 <0.10 <0.10 <0.10
Total manganese, g/m3 <0.30 <0.30 <0.30
Strontium, g/m3 0.3 0.1 3.2
Bicarbonate, g/m? 19.5 24 75.6
Carbonate, g/m3 N/D N/D N/D
Sulfate, g/m3 960 248 8900
Chioride, g/m3 1100 96 12 320
T-alkalinity

as CaCOs, g/m?3 16.0 20 62.0
T-acidity

as CaCQOs, g/m? N/D N/D N/D
T-phosphorus

as POy, g/m3 0.46 0.32 1.80
Hydroxide, g/m?3 N/D N/D N/D
% anions, meq/L 51.35 7.91 534.17
3, cations, meq/L 51.83 7.19 537.95

Control value, meq/L -0.54 +3.15 -045
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Table B-2. — Chemical analyses of ED water samples collected at LaVerkin Springs — 1980.

Jan. 28 Feb. 11 Feb. 19
Quantity Units Feed Product Brine Feed Product Brine Feed Product Brine
pH 7.8 7.4 7.3 7.9 7.5 7.4 7.8 7.5 6.6
TDS {(calculated) g/m* 9110 909 41 100 9140 1150 41 600 9170 775 96 800
TDS (evaporated @ 180 °C) g/m* 9180 905 41 300 8880 1130 41 300 8950 752 98 000
Conductivity @ 25 °C mS/m 1350 165 5050 1360 205 5090 1360 144 9850
Silica g/m? 13 12 15 12 12 17 14 13 22
Calcium g/m* 95 5.6 420 60 24 310 500 O 430
Magnesium g/m*  64.1 4.4 287 54.9 39 275 36,6 20 348
Sodium g/m* 2880 315 13500 3110 402 13900 3110 274 33 400
Potassium g/m* 284 13.3 684 176 12.5 860 176 10.9 1740
Iron, total g/m* 0.04 0 0.29 006 O 0.42 007 O 1.0
Manganese, total g/m* <005 <005 O <0.05 <0.05 0.3 <0.05 <0.05 0.32
Strontium g/m* O 0.1 6.0 1.5 0 5.5 1.0 0.1 9.0
Bicarbonate g/m* 451 201 70.2 46.4 220 82.4 439 12.2 107
Carbonate g/m* O 0 0 0 0 0] 0 0 0
Suifate g/m* 2120 133 9580 2040 196 9620 2100 90.2 22 800
Chioride g/m* 3630 415 16 600 3660 513 16 600 3660 378 38 000
T-alkalinity as CaCO, g/m* 37 17 58 38 18 68 36 10 88
P-alkalinity as CaCO, g/m* O 0 0 0 0 0 0 0 0
E. F. {TDS (calculated)/
cond.] 6.7 55 8.1 6.7 5.6 8.2 6.7 5.4 9.8
E. F. {TDS (evaporated)/
cond.] 6.8 55 8.2 6.5 55 8.1 6.6 5.2 99
>~ Anions eq/m* 147.3 1479 6674 146.4 18.88 6686 1476 1274 1549.0
Y~ Cations eg/m?* 1423 1466 648.0 147.0 18.24 666.0 145.0 1236 15440
Control value eq/m® +2.09 +039 +186 -025 +160 +0.25 +1.09 +1.25 +0.21

a Samples collected prior to March 17, 1980, were analyzed in the Regional Chemical laboratory in Boulder City, Nevada.
Samples collected on March 17, 1980 and later were analyzed at the E&R Center chemical laboratory.

Table B-2. — Chemical analyses of ED water samples collected at LaVerkin Springs — 1980 — Continued.

Feb. 25 March 3 March 10
Quantity Units  Feed Product Brine Feed Product Brine Feed Product Brine
pH 7.7 6.9 7.7 6.9 6.7 6.3 7.3 7.4 6.8
TDS (calculated) g/m* 9310 1360 99 200 9380 1420 96 500 9180 1280 96 500
TDS (evaporated @ 180 °C}) g/m® 9280 1370 99 700 9160 1490 94 900 9080 1250 96 100
Corductivity @ 25 °C mS/m 1390 245 9830 1390 272 9610 1370 225 9670
Silica g/m? 18 16 25 1 10 20 16 19 26
Caicium g/m3  50.0 0 490 45 1.8 390 35 5.0 310
Magnesium g/m* 36.6 4.3 415 39.7 1.6 451 51.9 3.1 506
Sodium g/m* 3110 475 32800 3220 511 32800 3170 449 33 000
Potassium g/m* 235 215 2420 205 235 1990 196 19.6 1960
Iron, total g/m* 0.06 0 0.72 0.05 0 0.77 0.04 0 072
Manganese, total g/m? <0.05 <0.05 0.22 <0.05 <0.05 0.24 <0.05 <0.05 0.30
Strontium g/m* 05 0 5.3 0.3 0 2.8 0.3 0 2.3
Bicarbonate g/m* 451 23.2 54.9 445 201 85.4 40.3 26.2 68.9
Carbonate g/m O 0 0 0 0 0 0 0 0
Sulfate g/m* 2210 197 25 500 2150 181 23 900 2040 190 22 900
Chloride g/m* 3630 636 37 500 3690 676 36 900 3650 580 37 800
T-alkalinity as CaCO, g/m* 37 19 45 37 17 70 33 22 57
P-alkalinity as CaCO, g/m* O 0 0 0 0 0 0 0 0
E. F.[TDS (calculated)/cond.] 6.7 5.6 10.1 6.7 5.2 10.0 6.7 5.7 10.0
E. F. [TDS (evaporated)/
cond.] 6.7 5.6 10.1 6.6 5.5 9.9 6.6 5.6 9.9
S Anions eq/m® 149.0 22.40 1589.0 1495 23.14 1539.0 1459 20.72 1545.0
S~ Cations eq/m?® 146.5 2155 1549.0 150.8 23.02 1533.0 149.0 2050 15420
Control value eq/m* +103 +1.87 +162 -054 +026 +0.25 —-130 +051 +0.12
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Table B-2. — Chemical analyses of ED water samples collected at LaVerkin Springs — 1980 - Continued.

March 17 March 26
Positive Negative Negative
Positive mid-stage Positive Negative mid-stage  concen-
Quantity Units Feed  Product Brine dilute dilute concentrate Feed  dilute  concentrate trate
pH 7.5 71 7.0 7.4 7.4 7.5 7.7 7.4 7.2 7.0
TDS (calculated) g/m* 9330 1110 959401220 3800 98 660 8740 1150 90070 90 410
TDS (evaporated @ 180 °C) g/m® 9060 1150 95 600 1160 3740 98 300 8840 1080 95 200 95 100
Conductivity @ 25 °C mS/m 1350 282 8450 220 660 9600 1320 189 9600 8120
Silica g/m* 8.0 8.0 7.5 10.1 938 121 10.4 9.1 15.1 14.7
Calcium g/m* 320 3.20 192 1.60 5.40 416 32.0 120 240 320
Magnesium g/m* 488 195 781 220 123 869 68.3 2.32 744 683
Sodium g/m® 2940 406 34 000430 1270 33 200 2940 406 29 400 29 400
Potassium g/m®* 275 219 2970 235 94.2 3170 286 215 3150 3110
Iron, total g/m* 004 002 035 005 0.09 2.00 0.18 0.60 1.90 1.90
Manganese, total g/m* 002 001 009 ND ND 0.28 0.01 0.03 0.26 0.27
Strontium g/m* 0.07 ND 1.75 ND ND 1.70 0.30 ND 1.70 1.60
Bicarbonate g/m?® 445 159 939 177 293 93.9 427 17.7 18.9 87.2
Carbonate g/m* O 0 0] 0 0 0 0 0 0 0
Suifate g/m* 2100 76.8 23000197 850 23 600 2090 176 22 300 22 600
Chioride g/m* 3590 6575 35600540 1530 37 300 3270 518 34 200 34 200
T-alkalinity as CaCO, g/m3 42 20 90 145 240 77.0 35,0 145 15.5 715
P-alkalinity as CaCO, g/m* 0 0 0 ND ND ND ND ND ND ND
E. F. [TDS (calculated)/cond.] 6.9 3.9 1.4 55 5.8 10.3 6.6 6.1 9.4 1.1
E.F.[TDS (evaporated)/cond.] 6.7 4.1 11.3 563 5.7 10.2 6.7 5.7 99 1.7
Y Anions eq/m® 146.73 18.06 1480.5 19.60 61.38 1543.54 136.20 18.55 1429.31 1434 .43
> Cations eg/m? 140.63 18.58 15719 19.56 58.79 1613.00 142.51 1850 1433.50 1431.60
Control value eq/m3 +2.56 -1.35 -3.96 +0.10 +2.45 -2.89 -2.85 +0.13 -0.19 +0.13
Table B-2. — Chemical analyses of ED water samples collected at LaVerkin Springs — 1980 - Continued.
March 28
Negative Negative Positive Positive
Negative mid-stage concen- Positive mid-stage concen-
Quantity Units  Feed dilute concentrate  trate dilute dilute trate
pH 7.7 71 7.8 6.9 7.5 7.6 7.2
TDS (calculated) g/m? 9350 1140 86 100 92 850 1100 3860 91 540
TDS (evaporated @ 180 °C) g/m? 8660 1060 93 900 93 800 1100 4000 94 900
Conductivity @ 25 °C mS/m 1340 206 8800 7540 200 580 8800
Silica g/m? 10.1 8.9 14.6 14.0 9.5 8.9 9.5
Calcium g/m?3 320 1.60 320 320 1.60 4.80 240
Magnesium g/m? 78.1 1.95 615 439 1.46 9.52 493
Sodium ! g/m? 2940 406 27 600 32400 389 1330 32 100
Potassium g/m? 286 16.4 2350 2480 17.2 70.4 2500
Iron, total g/m? 0.16 0.04 20 2.10 0.41 0.07 2.5
Manganese, total g/m? 0.01 ND 0.28 0.27 ND ND 0.28
Strontium g/m? 0.2 ND 1.0 1.1 ND ND 1.0
Bicarbonate g/m? 43.3 14.0 105 96.4 18.9 311 88.5
Carbonate g/m? 0 0 0 0 (o] 0 0
Sulfate g/m? 1520 197 22 400 21900 123 872 2110
Chloride g/m? 4440 490 32700 35 200 540 1530 54 000
T-alkalinity as CaCO, g/m? 355 1.5 86.1 79.1 16.5 255 72.6
P-alkalinity as CaCO, g/m? ND ND ND ND ND ND ND
E.F. [TDS (calculated)/cond.] 7.0 55 9.8 12.3 5.5 6.7 10.4
E. F. [TDS (evaporated)/
cond.] 6.5 5.1 10.7 12.4 5.5 6.9 10.8
5" Anions eqg/m* 157.41 18.14 1389.72 144958 18.08 61.91 1565.40
> Cations eq/m* 143.31 18.36 1326.60 15625.40 17.54 60.52 1516.30
Control value eq/m® +5.54 -0.57 +2.92 -3.36 +1.40 +1.30 +2.01
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Table B-2. -~ Chemical analyses of ED water samples collected at LaVerkin Springs — 1980 — Continued.

April 21
Positive Negative
Positive mid-stage Positive Negative mid-stage Negative
Quantity Units Feed dilute dilute concentrate concentrate concentrate dilute
pH 7.9 7.4 7.7 7.8 7.5 7.8 7.4
TDS (calculated) g/m* 8610 1240 3990 38 380 38 440 36 940 1130
TDS (evaporated @ 180 °C) g/m®* 8820 1130 3940 40 700 39 900 38 200 1080
Conductivity @ 25 °C mS/m 1350 195 614 3170 4830 4610 253
Silica g/m 95 9.6 9.4 6.9 9.6 6.8 9.6
Calcium g/m* 48.0 1.20 16.0 240 224 224 16.0
Magnesium g/m* 58.6 18.8 39.0 224 283 254 24.4
Sodium g/m* 2940 433 1340 13 000 12 900 12 600 369
Potassium g/m* 181 10.2 54.3 843 796 796 10.2
Iron, total g/m* ND ND ND ND ND ND ND
Manganese, total g/m* ND ND ND ND ND ND ND
Strontium g/m* 0.3 ND ND 1.2 1.3 1.2 ND
Bicarbonate g/m* 36.0 15.3 26.8 37.8 329 45.8 15.3
Carbonate g/m 0 0 0 0 0 0 0
Sulfate g/m* 1960 211 847 9630 9600 9110 214
Chioride g/m3 3380 540 1660 14 400 14 600 13 900 469
T-alkalinity as CaCO, g/m* 295 12.6 220 31.0 27.0 37.6 12.6
P-alkalinity as CaCO, g/m* ND ND ND ND ND NO ND
E. F. [TDS (calculated)/cond.] 6.4 6.4 6.5 12.1 8.0 8.0 4.5
E. F. [TDS (evaporated)/
cond.] 6.5 58 6.4 12.8 8.3 8.3 4.3
3" Anions eq/m? 136.59 19.85 64.94 607.62 612.54 582.75 17.91
3" Cations eqg/m* 139.83 20.66 63.79 619.00 614.80 602.40 19.06
Control value eqg/m* -146 -196 +1.03. -1.19 -0.24 ~-2.15 -2.99
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APPENDIX C

COMPUTER OUTPUT OF STATISTICAL ANALYSES
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R s Y R R R PPy
* BRASIC STATISTICS RMD DATA MAHIFPULATION %

FEEFERREEE IR EFEFFFE IR R R LN R R R RE R R LS PR E RS F SR F U BHAF AR E XXX FE XXX R FRFHEF 028 %
* ERSIC STATISTICS AND DATA MAHIFULATION *
LRy R R R e e LI R I I )

E D UHIT PERFORMAWCE

rnamess DRTA
obzerwvations: 28
variables: ¢

Data file
Humber of
Humber of

Var-iables
1, TIHME
2. BRIHE COHNC
FEED TENMP
5P CELL R1
5P CELL RZ
CURERENT EF
EHERGY

names e

=4 TN Lo

(5]

bl
. E
E

of obzerwvations

19
28 2

rram e beginning observation--rnumber

e
D YUMA
b LY EPE

—

1

Dbzervation # 29 VYariable # 1 - correct value = igz1a.7
dbzervation # 23 Variable # 1 -- correct valusz = 13351.5
Nb=srwvation # 27 Variable # 1 - correct value =  18546.1
dozervation # 238 Yariable # 1 - correct value = 18587

»>
"y
T

Obzervation

Obzervation
Ohzerwvat ion
Obhzerwvation

a0 G0 0

[i T LI LV CR T S % LR )

P B S

Obzervation Variable = ,D08483
Obzerwvation 2 Yariahle . BBE22
Oozsrvat ion 2 Yariabie = .77
Obzerwvation 3 Variable = 4.8

Total number

o]

(1]
i

ha & 1
Variable
Yariable
Yariable

ECE I BB

N AR WS e

of ocbservations

=J T

e R TR A SRR O W o
[ice]

[{]
[ TX S C S
st DU o R OB Ol ot

tow = 23
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E D UWIT FERFORMAMCE

Yariable # 1 Yariable # 2 Yariable # 2 Yariable # 4 Variable # S
Variable # & Variable # 7
ObEs#
1
VRS7. 188809 33945, 88980 21.S00a LBATRS 81411
LBEE200 2.920860
2
T4d4d, EREG HZSE3. 30080 21.80000 ssrach .31452
L7le0s 2. 36008
oD, ZEeana 24300.30008 2Z.848400 CHEEED L1252
~PIRINAI, 49993 2.750688
34
TY2E. 30008 24230920080 Z2E.BRROG LBBTLIT L1402
L SS5EE0 3.998068
b
TEZS.08000 SEVEd.0RR0G ZE. 800060 LB3BTEZ LH31371
LEleRa J.31880
B
VEAZ. ZE0a0 S1ECSH, AERRG 25.898080 LBas3E 813244
52108 2.320848
-
YRS, cA0E0 SESHI.aE0aa 27 . 08460 L EBTAs 81279
.27 188 3.2z2089
z
2169, 33000 OEVV V.. A0880 23, 880648 L BBETS La1328
214088 2.460806
=
2219, 28080 Z3ZE1 . 80888 29. 50800 L BBTSY LEALIESY
LEE1lDa . 11868
16
SZo9.Yapng 485 . aBRAG 21.08B80 . 88776 .a1v9s
L B428 3.24508
11
SB2TE, 0003 12406, 532810 27 .RDEBY . BR28S .H1347
racg %] £, 73980
2aZa. 1apam 2E4T7E. 88088 31.80080 .BRESE L B1994
el Ju ] 2.35888
12
STZe.BREEA SZZED. 80880 2. 8080 .88314 L1388
LTRSH6 2.998460
14
HE4Z,TanEn Z1zas. aeeen 1. 088808 LBR7E2 LB1527
. 62388 2. dEBEE
15
SR1Z.nanne 493283085 29, poasg LBAR3Z LB17Z0
LESEES Z.73888
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F9E1. BOHHE 32322, 00005 28, 0RaEE . BEESE .@1757
53760 2.65800
17
9141, 30008 23116, 00863 30, 26860 . BBE53 LB1736
639006 2.89000
13
3216, 50040 EELEEM LT 28. 20900 08342 91788
. 6800 2.74080
15
3416, 00880 33491, 96000 23. 50008 . 88223 81753
.ETE00 2.51000
el
FEF3. BEEEE 41185, GO0 22. 200080 . B3452 . BBESE
. 62600 4.340080
21
ATHE. SHHH 41608, 69009 23.50080 . 30487 . BEESE
. 84600 4.31006
AIET . 45009 2EEHH. G900 22. 89000 L B034E . B3554
. TETOH 4.57890
3
IDEHE, EHHEE 29200, A08EE 23. 20004 LBA3ZE . BE433
. 71888 4. 20008
24
16210, TAB6 25509, BOAAE 25. 19880 . BE3I7 . BB54D
. 69588 4.86090
z5
16351, 58000 55940, BOHHE 2%, 10068 . BB3I33 88524
55180 4.53650
18546, 1006 SE3E0. AER0E 24.230008 . BO338 . B854
L EEZaE 4.52000
27
19557, 0AB0E 24906, 0000 24. 16060 . B0333 . 88547
. 78980 4.650060
1661, 99@EH 4B7EE. DODBG 30. 96000 . 32403 . BBE32
. 77684 4.87000

FEEFERFERFC R RS FE R SR EF PSP LSRR S SRR EFEF IR E P AL FAAF PR RS F LRI F S IR XX AL EF HF XS R4S
* BASIC STARATISTICS AND DATA MANIPULATION %
D L L LR Ty s e R R L e R L R X AR AR R R R L]

E D UHIT PERFORMAMHCE

Tata file names DATH
Humber of obzerwvations: =28

-

Humber of variables: 7

W

bles name
TIME
ERIME COMC
FEED TENFP
SF CELL R1
SP CELL R2Z2
CURRENT EF

-
e

LR AR e

. EHERGY
Subfile rnams beginning observation--number of obserwations
1. E D YUMR 1 13
2. E D LY SFR 28 e
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LR R A AR A SRR R R R AR AL A A R AR A X R R AL R AR R R A I AL R R R Y

MAMHUAL REGRESSION OHN

Subfile:E D YUMA

LR A AR R R R R R e R S SRS R R R TR R R L R E R R R R R LR R R R R

Dependent variable:SP CELL R1
Independent variabledz) = TIME
BRINE COHNC
FEED TEMP
Tolerance = ,5801

CORRELATION HMARTRIX

TIME ERINE CONC FEED TEMP 2P CELL R1
TIME 1. 00686888 -.3583361 7394253 . BEEBTSS
ERIME COHWC 1.06800808 -.25943240 -.&SE826€51
FEED TEWMF 1.8000600 64933389
SF CELL R1 1.8000000

FEFEELEEF I FFILEEEE R LR T FIEFFE XXX IXRRFREFFEFERELLXREFF P I RN XL XX F XXX EXFIF X FFLEEXHEHEE %S

F TO FHART F TO REGRESSION COEFFICIENTS STD

#--YRARIABLE EMTER CORR TOL DELETE STD.FORMAT E-FORMRAT ERRDR

1.TIME S1.82 .866 1.0800

2.BRINE CONC 13.88 .€58 1.0008

Z.FEED TENP 12.44 .658 1.800
FHGEFERLT LS LR F L EF S FIFLL S P ELEFFIFE IS RLEFE L FEFT TSRS LT EFT L LTSI RE TR L E LR L EFE R X REFTER
STEP HUMEER 1
YARIAELE“TIME- RDIDED
E-sQUARED = 79008673118

AoV

SOURCE DF SUM OF SQURRES MEAN SOURRE F-YALUE
TOTAL 13 . Daanl

FEGRESSION 1 . 80861 cBa801 St.62
REZTDUAL 17 . @REB0 . BROBO

STAHDARD ERROR = 3.62483569732E-04

F T3 PRRET F TO REGRESSION COEFFICIENTS z

#--YHRIAELE EMTER CORR TOL DELETE STD.FORMAT E-FORMAT ERROR

1.TIME S1.82 . BBEBe . 9726585333FVE-BE . BRBE
Z.BRINE COHC 28.81 745 .872
Z.FEED TEWP LBl .B24  ,423

Comstanmt = -4,01412595150E-84

R E P R R R E R R PR R P P T T R T R T Y R P P R R R R R TR
STEF HUMEER 2

VAR IAREBLE "ERIME COMC

F-SQUIARED = 8889357

RIDED
1

ADY
SOURCE DF SUM OF SGUARES MEAH SOUARE F-YALUE
TOTAL 18 . BE0E]

37



[
o)
bl
Foy
D
oy

[w
[ ]
o
Lol
o

FEGRESSION &
RESIDUAL 15

0]
T
£

L
o
oy
—
el
o
-
-“
m
=)
o

STAHDARD ERREOR

F TG PRRT F 1O REGRESSION COEFFICIENTS STD
#--YARIAELE EHTER CORR TOL DELETE STD.FORMAT E-FORMAT ERFOR
3132 15448E-08 . Daaa
1 7

""" -4 . BeG80

1. TIME TQ.FS L ARE0R .
Z.ERIME COHEZ
Z.FEEL TEHMF .88 .83 o423

Constant = 1,86232748590E-03

bR A AR R R SRR R T R R R L L B L F R g D e g vy gt ey

MAHURL REGRESSIOH OH

Subfile:E D YUMA

R RS s e A R R R R R R R R R R R R R R R R P P R

Dependent wariable: CURRENT EF
Independent variabledsz)y = TIME
BREINE COHC
FEED TEHP

Tolerarce = .8

[ux}

1
CORRELATIOH MATRIA

TIME ERINE COWC FEED TEMP CURREWT EF
TIHE 1.880688688 -.3%24265 S T3EZ2E42 . 1942506
ERINE TOHC 1.0806680088 -.3017807 -.91935279
FEED TEMF 1.88088006 LBEBE432
CURRENT EF 1.68888880

EFEFLREFR L L E XL TR L LT L L LRI T E LS T L IR R LR L F LN L XL F R FEF LRI LTSI AL L L L X IR SR LR LR ¥

, F 7O PRRT F TO REGREZSION COEFFICIEMTS STD
$-~-YRRIAEBLE ENTER LCORR TOL DELETE STD.FORMAT E-FOREMAT ERFCR
1.TINME LE3 0 L1941,
2. BREINE COMC 87.352 .9%28 1.
1
¥

Ll

3. FEED TEMP LBE .87
FEFFEEEXEFF AR EXF XX XL X R £
STEF HUMEER 1
WARIAELE“BRIHE CONC® ADDED
R-SGUARED = .24553161954

BT o I W I o I |

{. LX) 1"_5::
* L= O Y

.
¥* 3 A R R A R A e I R R

MEAH SGUARE F-%ALUE

ol
X

. b
o

SOURCE IF SUM OF
TOTAL 17

FEGRESSIOH 1 3l LBSES 57,58
FRESIDUARL 1e 5l L BR8ES

[)a)
[ (¥

cSdETZAZ4VSVE-

15

STAHDARLD ERROR =

.

F T3 FAET F 1O REGRESSION COEFFICIENTS =STD

#--VARIAEBLE EMTER CORR TOL DELETE STD.FIRMAT E-FORMAT ERROR

1.TIHE 4.094 L4581 246
Z.ERINE CONC

Py

333l -, S049183855936E-05 . BEOS

@

- =
[y =1

[xx]
D
‘v-
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Z.FEED TEMP &.67 L.55%% .909
Constant = 3828037503394
STEFP HWUMEER 2
YARIABLE-“TIME- RDDED
E-SQUARED = .87V833605653

AQY
SOURCE DF SUM OF SEUARRES MEAH SQURERE F-YALUE
TOTAL 17 .B6718
FEGRESSION 2 L839681 . B2350 54.15
RESIDUAL 13 . 88317 . B8854
STANDARD ERROR = 2.33428B843691E-02
F TO FART F TO REGRESSION COEFFICIENTS STD

#--“ARIAELE EHTER CORR TOL DELETE STD.FORMAT E~-FORMAT ERROR
1. TIME 4.04 -. 88802 -.191728872121E-84 . BR59
Z.ERIHE COHC 183.64 -.3PBH1 -.547341658C80BE-BD s Tslsle
Z.FEED TEWP 2.18 387 (466

Constant = 1.88547312135
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Subfile:E D YUMA
FEEFEREFFECF R IR R F R P SRR E RS EFF R LRI RS RS F R LR LR R LA R E XA IR LA FFF RS XX F R 5 X
Dependent variable:ENERGY
Indspendent variablec(s) = TIME

BRINE CONC

FEED TEMP
Tolerance = ,8081

CORRELATION MATRIX

TIME BRIME CONC FEED TEMP EHERGY
TIME 1.0000B888 -, 3583561 . 7594253 . 1864374
ERIME CONC 1.06668808 -,2543240 . 4203949
FEED TEMP 1. 08000808 . 5584244
EHERGY 1.9088600606

F T PARET F TO REGRESSION COEFFICIEHNTS STD

#--“ARIAELE ENTER CORR TOL DELETE STD.FORMAT E-FORMAT ERREOR
1.TIME .19 .186 1.H8
& ERINE COHC 3.866 .421 1.84a90
3.FEED TEHP V.72 .S58 1.089

e L T ey Y I T T
STEP HUMEER 1

VARIRELE“BRIME COHC” ADDED

R-SGUARED = .17715251248

AOY
SOURCE DF SUM OF SERURRES MERH SQUARE F-YRLUE
TOTAHL 18 1.51464
FEGRESSION 1 . 26832 26832 3.86
FEZIDUAL i? 1.24532 .B?331
STANDARD ERROR = 2VB?PE3566341
F 70 FPRRT F 70 REGRESSION COEFFICIEMTS ST
#--"YARIABLE EHMTER CORE TOL DELETE STD.FORMAT E-FORMAT ERROR
1.TIME 1.63 .384 .872
2.ERINE COHE 3.66 LBEen1 L1037 IS008320E-04 . BBBe

Z.FEED TEMP 21.99 .75l .938

Conztant = 2,525326828198
I I e A T e YL
STEP HUMEEER 2

YARIAELE-FEED TEMP“ ADDED

F-S@UARED = 6334383924655

ADY
SOURCE IF SUM OF SEARES MEAN SOUARE F-“A8LUE
TOTAL 1g 1.514%64
FECRESSTION 2 L 33924a »43434a 15.89
FESIDUAL 16 LS24584 L3230
STAHDARRD ERFOR = ,.1211145661232
F T PART F T FREGREZSION COEFFICIEHTES STD
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#--YARIRELE ENTER CORE TOL DELETE STD.FORMAT E-FORMAT ERROR
1.TIME 8.19 .534 .394

?.ERIHE COMC 15.67 .BEBB2 L 1S570SE333872E-04 . 2829
Z.FEED TEMP 21.99 LBE526 .552557234084E-01 .B3139

Conztant = (56342831675

**%**%******%**%ﬁ*******%%*****i***§**§*§§******§***%***********************%***

MAHUAL REGRESSIOM ON

Subtile:tE D LY SPR

*****%*%*%**************%***********%**%******%***************%**i**************

Dependent variable:SP CELL R1
Independent variableds) = TIME
ERIME COHC
FEED TEMP

Toleranmce = , 381
CORRELARTION MATRIX

TIME ERIHNE HC FEED TEMP SFP CELL R1
TIME 1.80006086 . SE B2 -.9143767 -.5372481
EFRINE COHMC 1.9680888 -,.4876151 -.9822855
FEED TEMP 1.8080608 . 3998248

SPOCELL R1 1.8800000

FRFEFFFERFFIEFFSF IR FFL L LN FFRAEE XTI XL AL RXLRF S FEFEETRFEREFEFF IR LR R RN IR F R R R SRR RS S

F TQ FPRET F TO REGRESSIOW CUEFFICIENTS STD
#--"ARIAELE EHTER LCORR TCOL DELETE STD.FORMAT E-FORMAT ERROR
1.TIME 2.84 L3537 1.8009
.ERIHE CONC 192.34 .922 1,890
.FEED TEMP 1.33 .393 1.0888
B Y Y T T T Y X T IR LR LR Y R A2 L R L XL
STEF WUMBER 1
VYARIAREBELEEBERIME COMWC” RDDED
R-SHUARED = 964223456608

LU LN

SAURCE D

F SUM OF SQUARES MEAN SOUARRE F-vALUE

TOTHRL 3 « B ’
1 o
7

FEGRESSION QBasa . Bagan 122,324
FEZIDUAL pcyclnlzgn - aaena

STAMDARD ERROR T.186¥4TI1155E-05

F TO PRRT F TO PEGRESSIOM COEFFICIENTS ST
#--YARIAREBLE ENTER LCOER TOL DELETE STD.FORMAT E-FORMAT ERROR
1.TIME 8% J119% .528

S ERIHE COHC 192,54 LEPE0E -, 126151638119E-47 L EBEa

3.FEED TEMP P2 384 .71

Constant = 4.564332324111E-83
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R R R R R R R R R R R N S R R A F A R R R R S N R A S S SRR R R RS F R R R RS A A H RS S r ek s
MANUAL REGRESSION OM

"Subfile:E D LY SPR

%*i*%********%&**%****************************§*******i***********i*******&*****

Dependent variable: CURREMT EF
Independent variable(s) = TIME
BRINE COMC
FEED TEMP
Tolerance = .801

CORRELATION MATRIX

TIME EBRIME COWC FEED TEMP CURRENT EF

TIME 1.80060004 SETE2288  ~.91437V67 ~.2905954
ERINE COMC 1.00000688 -.4676151 -.8754781
FEEDI TEMP 1.09880060 . B986395
CURREMT EF 1.8000000

FEEREL A LR XX EL IR EEELF X I U FF XL L BN LS X EF LN IS L FELH RS L L LR R LS EF S LU I EFFFF R L L FFLEL LS EF L%

F TO PRART F TO REGRESSION COEFFICIENTS 5TD

#--VARIAELE EMTER CORR  TOL DELETE STD.FORMAT E-FORMAT ERROR
1.TIME .65 .291 1.088
2.BRIME CONC 22,97 .575 1.000
3.FEED TEMP .86 .991 1.000

Ly i LT )
STEP HUMEER 1

YARIABLE“BRINE CONC” ADDED

R-SQUIARED = .7BE46133339

AOY
SOURCE IF SUM OF SQUARES MEAN SOUARE F-VALIJE
TOTAL 3 .B2990
FEGRESSTON 1 .B2292 LB2E292 22.37
RESIDUAL ? . BBEIE L B3108
STAHDARD ERROR = 3.15829361932E-82
F T0 PART F TO RESREZSIOH COEFFICIEMWTS ETD
#--“ARIRELE ENTER LCORR TOL DELETE STD.FORMAT E-FORMAT ERROR
1.TIME 2.15 .S14 .&86
Z.EBRINE COHC 22.37 ~.3gaeg -.191612243319E-08 Ba0g
3.FEED TEMP 7.54 (748 .781

Constant = .83254321781
T A S O g A R A B O e Y T L L A A R R T R R R e e S Y T T

STEP HUMEER 2

YARIAELE“FEEDI TEMF~“ RLDDED
E-SOUARED = 33643533945
HOW
SQOURCE IF SUM OF SRURRES MERH SEUARE F-%ALLE
TOTARL 3 LB32938
FEGREESZION 2 LR2528 LB1348 25,98
FESIDIIAL & , B8389 . BER52
STAHDARD ERRDRE = 2,27105R925c8E-B2



_ i F TO PART F 10O REGRESSION COEFFICIEMTS STD
#--VARIABLE EHTER CORE TOL DELETE STD.FORMAT E-FORMAT ERROR
1.TIME 1.63 .383 .14a

Z.BRINE CONC G1.49 -. 99888 ~.
Z.FEED TEMP v.54 -.B828

=4 )
(a)
LI
[ X L]
~J
mm
i
[
ryn
Pl
=
W X
Ty G

Conztant = 1.1572362432242

%%*%*%***%%**%**&****%*****%*****%*%********%**********************#i***********

MANUAL REGRESSION ONM

Subfile:E D LY SPR

%i%*%%***%%*i*%*%********&******%*********%*i**%******%*****%**********%********

lependent wariable:EMERGY
Independent wvariableds) = TIME
ERIMNE COHNC
FEED TEMP
Tolerance = ,981

CORRELATION MATRIX

FEET TEMP EHERGY
TIME 1. ~-. 3143767 LBEEE32S
ERIHNE CHOHMC . -.45876151 e
FEED TEMP 1.80888068 -~.4
EMERGY 1.0808000

FEFEEFE LR LI FF X LRI B EEI RS L LR LI L P ISR E I I LI AL R LS EFF L ELEF AL LR L L L LTSRN F S LR B LRSS

F T3 PARRET F TC REGRESSION COEFFICIENTS STD

#--YARIAEBLE ENTER LCOQRER TaL DELETE STL.FORMAT E-FORMAT ERROR
1.TIME 68 JEEY 1.008

Z.EBRINE COHC .71 . 724 1,880

Z.FEED TEMP &7 433 1.08048
L L g L T T T Ry e ey Y A I E TR E R E R ey e s R R L
STEFP HUMEBER 1
YARIAELE-“TIME- ADDED
F-SOUARED = (44439831654

& = =4 N

SOLRCE IF UM OF S0 MEAN SOUARRE F-4RALUE
TOTAL 5

REGRESSION 1
FESIDUAL 7

. 24742 5.0
L3R L4419

T
1)

1]
1y
—
]
[N
—
n
[}
(X
| (A
%)
(]
oy

STAMDARD ERFOR

=

F To FPART F TCO REGRESSION COEFFICIEHNTS
~VARIRELE ENTER CORR TOL DELETE STD.FORMAT E-FORMAT E

A

E

1. TIME 5. E0 -BoaaL . O78283306183E-A4
L EBERIME COHMC

Do e ]
O

hal
o

-
U

Se4 B30
. FEED TEMF Sec .1e4d

Conztant = 2,37884740245

EE R E T FF A AR EF T XL X AR LR L F L LT RN L LT E P L F TR I L L LR F L LR E X R P AL LT LE L L LR L L LI LA LE R EXE®
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STEP HUMEBER 2
YARIAHBELE “BRINE CONC- HDDED
F-SCUARED = 62134290361

HOY
SOURCE LF UM OF SQUARES MEAH SHUARE F-%ALUE
TOTAL 2 .S5E7E
FEGRESSIOHN 2 . 34594 . 17297 4.92
RESIDUAL & 21882 «B3514
STRAHDARD ERROR = , 187447522538
F T0 PRRT F TO REGRESSION COEFFICIENWTS STL
#--YARIAELE EHTER CORR TOL DELETE STD.FORMAT E-FORMAT ERROE
1.TIME 1.54 »BRBAZ L 32V953398691E-64 . BEOH
2 BRINE COHC 2.58 »BBE83 43173382 3427E-85 . BE38

3.FEED TEMP 2.67 .390 .168

Corztant = 3.82188638225

R I Y R I PR P PR
STEF MUMEER 3

VARIAELE"FEED TEMP- RDDED

F-ZQUARRED = 75325208512

AOY
SOURCE IF SUM OF SQUARES MEAHM SQUIARE F-VALUE
TOTAL 3 . 59678
FEGREZZION 3 31338 13379 5.8%2
RESIDURL 3 . 137328 .E2?43
STAMDARD ERROR = 165757318844
F TQ PART F TOD REGRESSION COEFFICIENTS STh
#--VHARIAELE EHTER CORR TOL DELETE STD.FORMAT E-FOREMAT ERROR
1.TIME 4.38 LBE6811 L 1926081189558E-83 .9881
2.ERINE CONC 2.66 Lopeas L 419241685403E-05 . BEBG
3.FEED TEMP 2.67 L2452 . 948343477184E-91 L8579

Constant = (85575334859
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ey I T YTy
STEF HUMEER 1
YARIABLE“ERIME COMLC” HDDED
F-SRUARED = .S2414712e3¢
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A R A S A SRR R R R R R R A R R R L R L LY L T L X e

MULTIFLE LIMERR REGRESSION on Subfile
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--where:

VAR IAELE

TIME

ERINE COHC

TEA188344, 45 M7 D
279321, 8517¢

FEED TEMF

EHERGY

oo T

L5 ﬂ =

w0

ERINE C

TIME
ERIME COHC
FEED TEMP

[
1

-3
THHIDARD EPRUP

SOURECE

TOTAL
FEGRESSIOHN
TIME

EFRIMHE COHC
FEED TEMF
FESTDUAL

YHREIAELE
TCOMETAMT S
TIME

ERIHE COMC
FEED TEMF

Iependent
Independent

QUARED = V332
N A

EHERGY
variable(s) = TIME

ERIHE COHC
FEED TEMP

variable =

STANDARD

MEAH YARIAHCE DEYIATION
2125, 77778 S2483268.61937 041, 10515
TEART.TTTPS
.SD
25.€5566
24, 68060 £.39588 2.528583
4.49778 .BEI59 26381

CORRELATION MATRIY

m
=
m
Ey
Py
_(

M FEED TEMPF

OHC
» DESE228

-. 9143767 6566325
-.4€75151  .723%801
-. 4358230
152685234
ESTIMATE = . 165757518452
FAOY
IF SUM OF SRUARES MEFAH SOURRE
g . SSETE
3 . 41933 139753
1 .24742 24742
1 L EPES] L B3851
1 LA7 344 87344
S 13738 G274

STAHLDARD
REG.

FEGREZSIOH COEFFICIENTS

STo. FUORMAT E-FORMAT

L 2EEVE ITIT44B0E+R0
LHEAL]
HEEER
L BF4E 3

9% N COWMFIDEHCE IHTERMAL
LOMWER LIMIT
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UPFER LIMIT

COEFFICIENT
2F VYARIATION
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* BASIC STATISTICS AND DATA MANIPULARTION *

X R X E T Yy Y I T X L X LT R R R P A P S gD S O Oy
HIGH RECOVERY ELECTRODIARLYSIS AT LA WERKIH SPRINGS--RCav YERSUS Cav

Data file name:

Humber of obszservations: &

Humber of variables: 2

VYariablies names:

1. Cav EQ-m?
2. RCav X19E6

HIGH RECOYERY ELECTRODIALYSIS AT LA YERKIMW SPRIMGS3--RCav YERSUS Caw

Variable # 1 Variable # 2

CES#

1
188,568890 . 63850

ol
75.50000 .41728

3
1598, 26008 .E632€0

4
76,0080 . 41580

S
171,20000 68990

S
73.960009 .498%0

R R A R I R R R R LIy I I Iy R Ty
FOLYNOMIAL REGRESSION ON DATA SET:
HIGH FRECOVERY ELECTRODIALYSIS AT LA VERKIH SPRINGS--RCav VERSUS Cau

~~uhere: Dependent variable = RCav X1BEE
Independent variable = Cav EQ/bqs

STRAMDARD COEFFICIENT
VAR IAELE N MERAHN VARIAWCE DEYIRTION OF YARIATICOH
Caw ER-L & 128.283233 3435.93367 S8.61€34 44,3915z
FElaw w18Eg & . 54387 .81458 . 12841 21,93841
CORRELATION = 233578671669
egressiocn = 1
38932
TIMARTE = 4,282483822%427E-82
ROY
SOURICE DF SUM OF SRUARES MEARH SQUARRE F-“ALUE
TOTAL ] BT250



FEGRESSION
ol
RESTDUAL

WHRIABLE
TCOMSTANT

M1

TCOHSTANT Y

nnl

1 LBEZLE
1 LBE318
4 88931

REGRESSION COEFFICIENTS
STD. FORMAT E-FORMAT

29921 .2992131672321E+060

.B0132 ,191777624802E-8B2

95 % CONFIDEHCE INTERVAL

UFPPER LIMIT
44317
. 88294

COEFFICIENT LOWER LIMIT
.29%21 . 1552€
.BB192 .BBB90

. 86318
LO5318
98233

STANDARD ERROR
COEFFICIENT
85185
. 88837

REG.

27.14
27.14

T-VALUE
5.77
5.21

HIGH RECOVERY ELECTRODIARLYSIS AT LA VERKIN SPRINGS--RCav VERSUS Cav

RCav X1BES

.8

48

- X
*
1 1 ] 1 L 1L 1
S S (\N] oy [ay] [\N] S S
8 2 < [ @® S [4V] < w o
— i -t -t -t
Cav EQ/i1°

200 -



APPENDIX D

MEMBRANE SPECIFICATIONS

49



A

[ m ] [
WY
- HUDE IE0L.»
65 Grove Street, Watertown, Massachusetts 02172 US A

ONICS, INCORPORATED Telephone: (617) 926-2500 Telex: 922473

Bulletin No. CR 61.0-D
© Ionics, Incorporated - Feb. 1982
Printed in USA

CATION-TRANSFER
TYPE CR 61 MEMBRANES

GENERAL, INFORMATION

Ionics' CR 61 membranes are cation~selective membranes comprising cross-linked
sul fonated copolymers of vinyl compounds. The membranes are homogeneous films,
cast in sheet form on synthetic reinforcing fabrics.

Ionics' cation-transfer membranes have a combination of properties and character-
istics which is unique. This includes:

* Low electrical resistance

* High permselectivity (ability to exclude anions)

¢ High burst strength

®* Rugged reinforced construction

® Very high dimensional stability in solutions of different compositions

* Excellent long-term stability at temperatures up to 65°C. May be used
for brief periods at temperatures up to 85° C.

* Long-term resistance to aqueous acid, alkaline and mild oxidizing solutions
* Extensive use in more than 1000 electrodialysis installations

* Ability to withstand harsh chemical and physical treatments to remove sur-
face and interior deposits. Ionics' membranes may be sandpapered, steel-
wooled, wire-brushed or contacted with 5-10% acids, bases, salts or stabilized
chlorine dioxide when the cleaning requirements warrant same. Ionics' mem-
branes have been produced for more. than 25 years. 1Ionics can custom-make
membranes of various electrochemical and mechanical properties having re-
inforcing fabrics which are resistant to oxidative and other corrosive media.
These are briefly described in Bulletin CR 61.4-D.

* All membranes produced at Ionics are required to pass rigorous quality control
examinations.

REINFORCING FABRICS

Modacrylic Polymer (copolymer of vinyl chloride and acrylonitrile) is the fabric
most commonly used. Other fabrics are used for applications where modacrylic
exhibits insufficient chemical stability. These can be furnished on special order.
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Bulletin No. CR 61.0-D Page 2

Some fabrics can be furnished in various thicknesses or weights. The lower the
weight of the fabric, the lower in general will be the electrical resistance of

the membrane. ©On the other hand, membranes with heavy-weight fabrics may exhibit
a longer life than membranes with lighter fabrics, especially in applications where
erosion may become a factor.

POROSITY

The .formulation of CR61 membranes can be varied to impart various total pore volumes
and average pore sizes to the membrane. The lower the average pore size of a mem-
brane, the lower will be the transfer of non-electrolytes accompanying ion transfer,
but the higher will be the electrical resistance of the membrane.

Ionics offers two different standard total pore volumes in production membranes.
A variety of total pore volumes can be made to custom order.

CHEMICAL STABILITY

The ion exchange resin of CR 61 membranes is not attacked by non-oxidizing solutions
below pH 11 and has fair stability up to pH 14. It has fair resistance to mild
oxidants and is not attacked by reducing agents. It may be used at temperatures up
to 65°9C and sometimes up to 859C, depending on conditions and the nature of the media
with which it is contacted.

PHYSICAL STABILITY

If kept wet, physical stability is excellent. Membranes shrink upon extensive drying
and, therefore, cracking may occur.

HANDLING/MOUNTING

Membranes can be mounted between gum rubber, neoprene, SBR, polyethylene, silicone,
plasticized PVC, or other soft, insulating gaskets. Moderate gasket pressure will
seal a membrane satisfactorily for most uses. Membranes (except the 389 series) may
be bent around curves of large radius, but caution should be observed. Membranes
may be cemented together or to other applicable substrates by the use of fast curing
epoxy cements.

PATENTS

Ionics, Incorporated, owns many U.S. and foreign patents covering the manufacture
and/or certain uses of ion-transfer membranes, and the sale of these membranes shall
not be construed as a license for their use in conflict with existing patents or
patent applications owned by Ionics or others.

STORAGE

If long-term (many months) storage of any CR 61 membrane is contemplated, the water
of storage should be made up by first dissolving 1 gram of benzoic acid in 10 ml of
ethyl alcohol and pouring this into each liter of storage water. This 0.1% solution
will inhibit the growth of microorganisms during storage.

* % %
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65 Grove Street, Watertown, Massachusetts 02172 US A

IONICS, INCORPORATED Telephone: (617) 926-2500 Telex: 922473

Bulletin No.
®© Ionics,

CR 61.1-E

Incorporated - March 1982

Printed in USA

TYPE 61 AZL 386

PROPERTIES AND CHARACTERISTICS

Many standard Ionics electrodialysis reversal

CATION-TRANSFER
MEMBRANES

(IIEDRH)

prlants are furnished with

61-AZL~386 Modacrvlic fiber-backed cation-transfer membranes for the transport of

cations while retarding anions.

warranty as to such propevties is given.

Reinforcing Fabric:

The property data are typical values only and no

Modacrylic (copolymer of vinyl chloride and acrylonitrile)

Weight: 4 oz/yd2 Specific Weight: 13.7 mg/cm2
Membrane Thickness: 20 mils (0.5 mm)
2
Burst Strength (Mullen): 75 psi (5.25 kg/cm’)
Water Content: 46% of wet resin only
Capacity: 2.44 meq/dry gram resin (minimum)
VARIOUS ELECTROCHEMICAL PROPERTIES
Concentration 0.01 N NaCl 0.1 N NaCl 1.0 N NaCl 3.0 N NaCl
Area Specific Resist.
(ohm-cm?) 16.7 11 4 2
Spec. Conductance 3 _3 3 3
mho/cm 3 x 10 4.5 x 10 12.5 x 10 25 x 10
Current Efficiency T,
(Fragtlon of cgrrent 0.98 0.92 0.86 _
carried by cution
only)

Water Transport:

Sucrose Transport:

NOTICE:

OTHER PROPERTIES

0.200 liters per Faraday in O.

KC1l @ 16 ma/cm

52

6N NaCl @ 16 ma/cm2

For patent and license notice, see Bulletin CR 61.0-D.

30 grams per Faraday from 30% sucrose in 0.2N KCl into 0.2N
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BULLETIN No. CRé61.4-C 61CZL183
PROPERTIES AND CHARACTERISTICS

Ionics' Dynel-backed cation-transfer membrane 61CZL!83 has a tighter
matrix than membrane 61AZ1183. Therecfore, itis suggested for use in
electrodialysis as a means for transporting cations while excluding anions
in applications where loss of solvent and of non-ionized product must be reduced
below that obtainable with membrane 61AZ1.183.

Backing - Type: Dynel Specific Weight: 14 mg/cm?
Weight: 4 oz/yd? Content: 34 wt% (dry)
Membrane Thickness: 24 mils (0.6 mm)

Burst Strength (Mullen): 115 psi (8 kg/cm?)
Water Content: 40% of wet recsin only

Capacity: 2.7 meq/dry gram resin

0.01N NaCl 0.1 N NaCl 1.0 N NaCl 3.0N NaCl

Area Specific Regist. 13 11 8 5
(ohm-cm*®)

Spec. Conductance 5 x 10-3 6 x 10-3 8 x10-3 12 x 10-3
(mho/cm)

Sucrose Transport @ 16 ma/ecm?, 30% sucrose in 0.2 N KC1/0.02 N KCl — 6
(g/Faraday)

NOTICE:

l. The property data are typical values only and no warranty as to such properties
is given.

2. Ionics, Incorporated, will be pleased to advise on procedures for measurement
of membrane characteristics, including resistance, ion-exchange capacity, burst
strength, moisture content, density, water transport, transport number, and/or
leakage (pinholes). Alternatively, Ionics will be pleased to measure pertinent
properties on membranes aftcr use by the customer to check for possible degra-
dation.

3. For patent and license clause, see Bulletin CRO6I.

IONICS INCORPORATED * 65 GROVE STREET, WATERTOWN, MASS. 02172, U.5.A.

Telephone: Area Code 617, 926-2500 ¢ Cable: IONICS
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IONICS, INCORPORATED Teiephone: (617) 926-2500 Telex: 922473

65 Grove Street, Watertown, Massachusetts 02172 US A.

Bulletin No. AR 103.0-E
© Ionics, Incorporated - March 1982

Printed in USA ANION-TRANSFER
TYPE AR 103 MEMBRANES

GENERAL INFORMATION

Ionics' AR 103 membranes are anion-selective membranes comprising cross-linked
copolymers of vinyl monomers and containing quaternary ammonium anion exchange
groups. The membranes are homogeneous films, cast in sheet form on reinforcing
synthetic fabrics.

Ionics' anion-transfer membranes have a combination of properties and character-

istics which is unique. This includes:
¢ Low electrical resistance
® High permselectivity (ability to exclude cations)
® High burst strength

® Rugged reinforced construction

¢ Except in hydroxide ion form, excellent long-term stability at temperatures
up to 65°C and in solutions having pH's < 9. May be used for brief periods

at temperatures up to 95°C
e Long-term resistance to aqueous acid solutions

® Very high dimensional stability in solutions of different compositions

8 pAbility to withstand harsh chemical and physical treatments to remove surface
and interior deposits. (Ionics membranes may be sandpapered, steel wooled or
wire-brushed, contacted with 5-10% acids or salts and stabilized chlorine

dioxide when the cleaning requirements warrant same.)

®¢ Extensive use in more than 1000 electrodialysis installations. Ionics mem-

branes have been produced for more than 25 years.

¢ All membranes produced at Ionics are required to pass rigorous quality control

examinations.

Ionics can custom make membranes for special applications, varying mechanical and

electrochemical properties or using reinforcing fabrics which are resistant to
oxidation, caustic or other corrosive media.
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REINFORCING FABRICS

Modacrylic Polymer is the fabric most commonly used in Type AR 103. Other fabrics
can be furnished for applications where a modacrylic would exhibit insufficient
chemical stability. Fabrics can be furnished in various thicknesses or weights.
The lower the weight of the fabric, the lower in general will be the electrical
resistance of the membrane. On the other hand, membranes with heavy weight fabrics
may exhibit a longer life than membranes with lighter fabrics, especially in appli-
cations where erosion may become a factor.

POROSITY

The formulation of AR 103 membranes can be varied to impart various average pore
sizes or total pore volumes to the membrane. The smaller the average pore size of
a membrane, the lower will be the transfer of non-electrolytes which accompany ion
transfer, but the higher will be the electrical resistance of the membrane. The
larger the total pore volume, the less efficient a membrane will be.

Ionics offers two different standard total pore volumes in production membranes.
A variety of total pore volumes and average pore sizes can be made to custom order.

CHEMICAL STABILITY

At room temperature, the AR 103 anion membranes are stable to non-oxidizing solutions
between pH 0 and 9 and exhibit fair stability to solutions outside of this range, e.g.
4-5 N HCl and H»SO4. They may be used at temperatures up to 65°C (except in the
hydroxide ion form) on a continuous operation in this pH range and for brief periods
up to 950C. At operating temperatures in the 65-95°C region slow losses in ion
exchange capacity can be expected.

Contact with oxidizing agents (chlorine, hypochilorites) and strong bases, e.g. 0.5 N
sodium hydroxide should be avoided as should contact with low molecular weight organic
polyelectrolytes such as salts of humic acid, lignates, branched chain alkyl or aryl
sulfonates, tannins, etc., the anions of which tend to be irreversibly absorbed on

the surface of anion selective membranes if present at appreciable concentrations.

PHYSICAL STABILITY

If kept wet, physical stability is excellent. Membranes shrink upon drying and crack
upon excessive drying.

Swelling of membranes in water as the temperature is increased is minimal for all
types of Ionics membranes and rarely exceeds 5% in any dimension when heated from

room temperature to 100°C.

HANDLING/MOUNTING

Membranes can be mounted between gum rubber, neoprene, SBR, polyethylene, plasticized
PVC, silicone and other soft, insulating elastomeric or thermoplastic materials.

Mcderate pressure will seal a membrane against such materials satisfactorily for most

uses. Membrane sheets may be bent around curves of large radius but caution should
be observed.

AR 103-2
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NOTE

Anion membranes intended to be stored for long periods may sometimes contain small
amounts of hydrochloric acid added during manufacture. Before use, such membranes
should be flushed in water, preferably containing ions present in the solution to
be processed.

STORAGE
If long term (many months) storage of any AR 103 membrane is contemplated, the water
of storage should be made up by first dissolving 1 gram of benzoic acid in 10 ml of

ethyl alcohol and pouring this into each liter of storage water. This 0.1% solution
will inhibit the growth of various micro-organisms during storage.

PATENTS
Ionics, Incorporated, owns many U.S. and foreign patents pertaining to the manufacture
and/or use of ion transfer membranes and the sale of these membranes shall not be

construed as a license for their use in conflict with existing patents or patent
applications owned by Ionics or others.

AR 103:--3
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IONICS, INCORPORATED Telephone: (617) 926-2500 Telex: 922473

65 Grove Street, Watertown, Massachusetts 02172 U S.A.

Bulletin No. AR 103.1-E
© Ionics, Incorporated - March 1982
Printed in USA

ANION-TRANSFER
TYPE 103-PZL-386
MEMBRANES
PROPERTIES AND CHARACTERISTICS
Many standard Ionics electrodialysis reversal ("EDR") plants are furnished with

~Or e

anions while retarding cations. The property data are typical values only and no
warranty as to such properties is given.

Reinforcing Fabric: Modacrylic (copolymer of vinyl chloride and acrylonitrile)
Weight: 4 oz/yd2 Specific Weight: 13.7 mg/cm2
Membrane Thickness: 20 mils (0.5 mm)

2
Burst Strength (Mullen): 100 psi (7.0 kg/cm )
Water Content: 46% of wet resin only

Capacity: 1.72 meq/dry gram resin (minimum}

VARIOUS ELECTROCHEMICAL PROPERTIES

Concentration 0.01 N NacCl 0.1 N NaCl 1.0 N NaCl 3.0 N NaCl

Area Specific Resist.

(ohm-cm?2) 18.5 12 5 2
Specific Conductance -3 -3 -3 -3
mho/cm 2.7 x 10 4.2 x 10 10 x 10 25 x 10
Current Efficiency T-
(FracFlon of cgrrent 0.99 0.95 0.81 _
carried by anions
only)
OTHER PROPERTIES
Water Transport: 0.152 liters per Faraday in 0.6 NaCl @ 16 ma/cm2
Sucrose Transport: 13.5 grams per Faradag from 30% sucrose in 0.2 N KC1 into

0.02 N KCL @ 16 ma/cm

NOTICE: 1) The property data are typical values only and no warranty as to such
properties is given.

2) For patent and license notice, see Bulletin AR 103.0-E
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65 Grove Street, Watertown, Massachusetts 02172 U
IONICS, INCORPORATED Teiephone: (617) 926-2500 Telex: 922473 SA

Bulletin No. AR 204.0-A
® Ionics, Incorporated - March 1982 ANION—TRANSFER
MEMBRANES

Printed in USA

TYPE AR 204

GENERAL INFORMATION

Tonics' AR 204 membranes are anion-selective membranes comprising cross-linked

copolymers of vinyl monomers and containing quaternary ammonium anion exchange

groups. The membranes are homogeneous films, cast in sheet form on reinforcing
synthetic fabrics.

Ionics' anion-transfer membranes have a combination of properties and character-
istics which is unique. This includes:

¢ Low electrical resistance

* High permselectivity (ability to exclude cations)

* High burst strength

¢ Rugged reinforced construction

¢ Except in hydroxide ion form, excellent long-term stability at temperatures
up to 65°C and in solutions having pH's < 9. May be used for brief periods
at temperatures up to 95°C.

¢ Long-term resistance to aqueous acid solutions
* Very high dimensional stability in solutions of different compositions

e Ability to withstand harsh chemical and physical treatments to remove
surface and interior deposits. (Ionics membranes may be sandpapered,
steel wooled or wire-brushed, contacted with 5-10% acids, or salts and
stabilized chlorine dioxide when the cleaning requirements warrant same.)

Extensive use in electrodialysis installations.

All membranes produced at Ionics are required to pass rigorous quality
control examinations. Ionics membranes have been produced for more than

25 years.

Ionics can custom make membranes for special applications, varying mechanical and
electrochemical properties or using reinforcing fabrics which are resistant to
oxidation, caustic or other corrosive media.
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REINFORCING FABRICS

Modacrylic Polymer is the fawric most commonly used in Type AR 204. Other fabrics
can be furnished for aprlications where a modacrylic would exhibit insufficient
chemical stability. Fabrics can be furnished in various thicknesses or weights.
The lower the weight of the fabric, the lower in general will be the electrical
resistance of the membrane. On the other hand, membranes with heavy weight fabrics
may exhibit a longer life than membranes with lighter fabrics, especially in appli-
cations where erosion may become a factor.

POROSITY

The formulation of AR 204 membranes can be varied to impart various average pore
sizes or total pore volumes to the membrane. The smaller the average pore size
of a membrane, the lower will be the transfer of non-electrolytes which accompany
ion transfer, but the higher will be the electrical resistance of the membrane.
The larger the total pore volume, the less efficient a membrane will be.

Ionics offers two different standard total pore volumes in production membranes.
A variety of total pore volumes and average pore sizes can be made to custom order.

CHEMICAL STABILITY

At room temperature, the AR 204 anion membranes are stable to non-oxidizing solutions
between pH 0 and 9 and exhibit fair stability to solutions outside of this range,
e.g. 4-5 N HCl and H3S04. They may be used at temperatures up to 659C (except in

the hydroxide ion form) on a continuous operation in this pH range and for brief
periods up to 95°C. At operating temperatures in the 65-95°C region slow losses

in ion exchange capacity can be expected.

Contact with oxidizing agents (chlorine, hypochlorites) and strong bases, e.g. 0.5 N
sodium hydroxide should be avoided as should contact with low molecular weight organic
pelyelectrolytes such as salts of humic acid, lignates, branched chain alkyl or aryl
sulfonates, tannins, etc., the anions of which tend to be irreversibly absorbed on

the surface of anion selective membranes if present at appreciable concentrations.

PHYSICAL STABILITY

If kept wet, physical stability is excellent. Membranes shrink upon drying and
crack upon excessive drying.

Swelling of membranes in water as the temperature 1s increased is minimal for all
types of Ionics membranes and rarely exceeds 5% in any dimension when heated from
room temperature to 100°C.

HANDLING/MOUNTING

Membranes can be mounted between gum rubber, neoprene, SBR, polyethylene, plasticized
PVC, silicone and other soft, insulating elastomeric or thermoplastic materials.

Moderate pressure will seal a memprane against such materials satisfactorily for most
uses. Membrane sheets may be bent around curves of large radius but caution should

be observed.
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NOTE

Anion membranes intended to be stored for long periods may sonetimes contain small
amounts of hydrochloric acid added during manufacture. Before use, such membranes
should be flushed in water, preferably containing ions present in the solution to be
processed.

STORAGE

If long term (many months) storage of any AR 204 membrane is contemplated, the water
of storage should be made up by first dissolving 1 gram of benzoic agid in 10 ml of
ethyl alcohol and pouring this into each liter of storage water. This 0.1% solution
will inhibit the growth of various micro-organisms during storage.

PATENTS

Ionics, Incorporated, owns many U.S. and foreign patents pertaining to the manufacture
and/or use of ion transfer membranes and the sale of these membranes shall not be

construed as a license for their use in conflict with existing patents or patent
applications owned by Ionics or others.
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65 Grove Street, Watertown, Massachusetts 02172 US A.

IONICS, INCORPORATED Teieohone: (617) 926-2500 Telex: 922473

Bulletin No. AR 204.1-A
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Printed in USA

TYPE 204-SX2L-386

PROPERTIES AND CHARACTERISTICS

ANION-TRANSFER
MEMBRANES

Many standard Ionics electrodialysis reversal ("EDR") plants are furnished with
204-SXZL-386 Modacrylic fiber-backed anion transfer membranes for the transport of

anions while retarding cations.
warranty as to such properties is given.

Reinforcing Fabric:

Weight:

Membrane Thickness:

Burst Strength (Mullen):

Water Content:

The property data are typical values only and no

Modacrylic {(copolymer of vinyl chloride and acrylonitrile)

4 oz/yd2

20 mils (0.5 mm)

2
100 psi (7.0 kg/cm™)

46% of wet resin only

Specific Weight: 13.7 mg/cm?

Capacity: 2.20 meq/dry gram resin (minimum)
VARIOUS ELECTROCHEMICAL PROPERTIES
Concentration 0.01 N NaCl 0.1 N NaCl 1.0 N NaCl 3.0 N NaCl
Area Specific Resist.
(ohm-cm?) 14.0 11 5 2
Specific Conductance -3 -3 -3 -3
mho/cm 3.6 x 10 4.5 x 10 10 x 10 25 x 10
Current Efficiency T_
(Fra§tlon of ?urrent 0.99 0.96 0.88 .
carried by anions
only)

Water Transport:

Sucrose Transport:

OTHER PROPERTIES

0.120 liters per Faraday in 0.6 NaCl @ 16 ma/cm2

11.5 grams per Faraday from 30% sucrose in 0.2 N KCl into
0.02 N KCL @ 16 ma/cm?

NOTICE: 1) The property data are typical values only and no warranty as to such
properties is given.

2) For patent and license notice, see Bulletin AR 204.0-A.
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Mission of the Bureau of Reclamation

The Bureau of Reclamation of the U.S. Department of the Interior is
responsible for the development and conservation of the Nation's
water resources in the Western United States.

The Bureau’s original purpose “to provide for the reclamation of arid
and semiarid lands in the West” today covers a wide range of interre-
lated functions. These include providing municipal and industrial water
supplies; hydroelectric power generation; irrigation water for agricul-
ture; water quality improvement; flood control, river navigation, river
regulation and control; fish and wildlife enhancement; outdoor recrea-
tion, and research on water-related design, construction, materials,
atmospheric management, and wind and solar power.

Bureau programs most frequently are the result of close cooperation
with the U.S. Congress, other Federal agencies, States, local govern-
ments, academic institutions, water-user organizations, and other
concerned groups.

A free pamphlet is available from the Bureau entitled ‘’Publications
for Sale.” It describes same of the technical publications currently
available, their cost, and how to order them. The pamphlet can be
obtained upon request from the Bureau of Reclamation, Attn D-822,
P O Box 25007, Denver Federal Center, Denver CO 80225-0007.




