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All concentrations (mg/L  of nitrate as nitrogen)

CP

CP

C W&Sk.

Gi

GO

Gi

GO

Feed steam concentration mg/L  of nitrate as nitrogen -
Product stream concentration .-

Waste stream concentration
(same as anode wash outlet stream)

Concentrate inlet stream concentration
Concentrate outlet stream concentration
Diluate inlet stream concentration
Diluate outlet stream concentration

F l o w r a t e s

QFD Flowrate  of feed stream to diluate tank

QFC Flowrate  of feed stream to concentrate tank
QP Flowrate  of total feed stream
G Flowrate  of product stream
Qwntc Flowrate  of waste stream
QDi Flowrate  of diluate inlet stream
QDO Flowrate  of diluate outlet stream
Qci Flowrate  of concentrate inlet stream
QCO Flowrate  of concentrate outlet stream

-

Nomenclature

F B Feed and Bleed process for electrodialysis
PFD Process Flow Diagram
E D Electrodialysis
P&ID Piping and Instrumentation Diagram
NIST National Institute of Standards and Technology
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1 Executive Summary

This report summarizes work done by the Bureau of Reclamation (Reclamation) in pilot
testing an electrodialysis (ED) water treatment system with special membranes tailored for
nitrate removal from water. The pilot unit was tested at well no. 7 at Brighton, Colorado, a
municipal water well with nitrate concentration ranging from 10 - 20 mg/L  nitrate as
nitrogen. The testing took place between late 1993 and early 1994.

Product water from  the ED unit had a nitrate concentration of 7.5 mg/L  as nitrogen, well
under the MCL of 10 mg/L.  Water recovery  was 91 percent. Feed water was fibered  with
a 10 micron cartridge filter prior to the ED system. Small quantities of sulfuric acid were
added to control pH of the cathode wash streams to prevent scaling. No other scale
inhibitors or chemicals were added. The unit was run on an intermittent basis during the
month of December 1993, but was run continuously for approximately one week (between
l/18/94  and l/24/94)  before samples were taken.

The City of Brighton donated space in their Reverse Osmosis (RO)  Pilot Test Building,
adjacent to well no. 7, for testing of the ED process. The city currently treats water using a
RO system that achieves 80% water recovery  using a scale inhibitor. Since Brighton water
was also hard, there were additional water quality issues the city considered in choosing the
RO process. The ED process used did not achieve the same level of mineral removal as RO,
but the ED process is optimized for nitrate removal. The ED stack and membranes were
built by the Asahi Glass Co. of Japan. The stack was run on a modified feed and bleed
process. It has one electrical stage that does not reverse polarity.

This report details how initial flowrates and process settings were established, how the
system was controlled automatically, operational issues, and chemistry results from the
sampling done on l/24/94.  The engineering work was done by Dave Williams while
employed as a chemical engineer at the  Bureau of Reclamation. It is the author’s opinion
that this process should be considered as a competitive technology with other treatments
when the principal contaminate is nitrate.

2 Objective

Reclamation’s initial objective for this project was to establish field experience with this type
of water treatment, and to compare the process with the other nitrate removal technologies
such as RO and ion exchange. If this technology proves promising, Reclamation would
consider Asahi ED when searching for treatment alternatives for other small communities.
In 1993, as part of the Small Communities Desalting program, Reclamation funded a small
project to purchase and test an ED unit from Asahi. One goal was to acquire enough
information and experience to allow Reclamation to estimate treatment costs for small
community ED systems. Therefore, much of the work done at Brighton was geared toward
process modeling, predicting operation, and verifying  these predictions. Both the author and
supervisor Larry Haugseth agreed  that it was important to develop design understanding and
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techniques, not just to demonstrate operation of the process.

Initially the ED pilot system was assembled in Denver, and water was trucked in from
Brighton for testing. But it was found that nitrate concentrations declined relatively quickly
with time, and more long term operation with consistent feed concentrations were required to
get accurate results. The City of Brighton, Colorado, located north of the Denver metro
area, graciously offered space in their RO pilot test facility at the corner of 4th and Jesup
Streets in Brighton.

The long-term objective was to obtain data necessary to compare cost of the existing RO
system at Brighton with the Asahi ED process. Although this is a worthy objective, it is
beyond of the scope of this report. The objective of this report is to document the work
done on the project and offer design guidelines to use when pilot testing an ED system.

3 DesignofpilotPlant

3.1 Princioles  of Feed and Bleed and Asahi ED Information

3.1.1 Asahi ED Stack Specifications

The DB-0 electrodialysis stack was purchased by Reclamation for $10,500 US on g/24/93,
and has the following specifications:

Membrane types: ASV( monovalent selective anion exchange)
CMV(cation exchange)

Membrane size: 7.1 inches x 21.7 inches (l8x55cm)

Effective Membrane Area: 79 sq. inches ( 0.051 m*)  per cell pair

Number  of Cell Pairs: 1 0 0

Product Flow: 2 to 6 gal/min  (7.6 - 22.7 L/min)

Electrical  stages: 1

Although As&i can provide a pilot unit complete with pumps and controls for pilot testing,
due to limited funds, only the stack was purchased.

3.1.2 Feed and Bleed Process

There are numerous process flow configurations that can be used for ED systems [l],  [2]. It
is not the purpose of this report to explain the basics of ED, but the reader is referred to the
many excellent papers on the subject. Reference [2]  and the Ionics  ED brochure [4]  are
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good places to start reading about ED.

Figure 1 illustrates the feed and bleed configuration used by Asahi, and adopted by the
author for pilot studies at Brighton. Feed and bleed (FB)  typicaIly  refers to using a single
stage stack with continuous recycle of product water to achieve a desired salinity. Asahi
utilizes a modified FB process where both concentrate and diluate are recycled. Some
authors in [l] and [3]  recycle only the product. Recycling both streams allows more control
of the process. This can become especially important at high water recoveries (> 80%) to
control scaling and polarization [2]. Other advantages of FB are that the stack operates at a
low current density and the membranes operate under steady-state conditions [ 11.
Disadvantages of FB are higher electrical requirements than a multistage stack, more
complicated piping and control for the various recycle streams [l], and high recirculation
rates can cause water heating. It is important to note that when comparing power
requirements between FB and multistage configurations, the multistage process should have
lower power consumption than a FB process. Mintz [3]  does a sample calculation in his
paper comparing the power requirements for continuous process, batch recirculation, feed-
and-bleed and internally staged stack. He concludes that the feed-and-bleed process
consumes significantly more power than any of the other processes (up to 5 times as much
power consumption). FB is used for pilot testing because it simulates staging or multiple
stacks. It is especially important when scaling up a pilot study to a large commercial system
not to confuse pilot FB power consumption to that of a large multistage stack design.
However, data such as polarization and ultimate water recovery are quantities that can be
used in designing large scale systems.

The process flow used for pilot studies was developed from  drawing M2001-1  provided by
A&i. This drawing, included in the appendix of this report, specified major equipment and
equipment capacities. The equipment data provided by Asahi was for maximum capacities
only, so it was necessary to perform preliminary calculations before pilot testing to establish
operating parameters for the specific system flow rates. The process flow diagram (PFD)
shows the flows that were used while testing in the Reclamation Water Treatment
Engineering and Research Pilot Plant Lab. The process stream nomenclature used here is
maintained throughout the project.

3.1.3 Understanding the Process Flow Diagram and the ED Process

Various assumptions were made in determining the process flow settings.

b No significant amount of water transfers between compartments. Therefore, the
flowrate  of & is equivalent to Qt,,.,. Likewise, the flow rate &, is equivalent to Q&.
Only minerals transfer from d&rate  compartment to the concentrate compartment.

b No significant ion transport occurs in the electrode wash streams. Although the pH
can change, the majority of demineralization  occurs through the diluat&oncentrate
compartments.
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Both of these assumptions were verified in the field. To verify the first assumption, water
was pumped through the concentrate compartment while the diluate lines were monitored for
leakage. Then the same was done with the diluate compartment. A very small amount of
water was observed to have leaked from one compartment to the other. Chemistry data was
used to verify that insignificant amounts of demineralization occurs in the electrode cavity.

By inspection of the PFD it can be seen that two flowrates are equal,

QFc=Q+=Qwntc
-

Qm  = QP

The feed stream is split into two streams, and the feed stream to the concentrate tank is set to
have a flowrate  equal to the waste stream. The feed stream flowing to the dihrate  tank is set
to have a flowrate  equal to the product stream flowrate. If these conditions are not met,
either tank will overflow.

Water from the concentrate tank is used to flush both electrodes (cathode - and anode +).
Water from both diluate and concentrate compartments are recycled back to their respective
tanks. To set flowrates from either the diluate pump or the concentrate pump, streams from
the discharge side of each pump were returned back to the tank. This simple technique
avoids costly variable speed motors and controllers. However, this method does skew the
parasitic power measurements. These streams are not shown on the PFD but are shown in
the process and instrumentation diagram (P&ID).

3.2 Calculations and Assumntions

The following is the procedure used by the author to set initial conditions for the DB-0 ED
system. The material balances and concentrations refer to mg/L  of nitrate as nitrogen.
These equations and design decisions were made in Denver before testing began.

3.2.1 Establishing Known and Unknown Quantities

Usually the nitrate concentration of the feed stream is known. The designer would choose
the quantity of product and waste, and choose the nitrate concentration of the product as a
performance specification. The remaining parameters would be calculated, and are
summarized below.

8



Given
Cp  (feed cont.)

Performance soec
Qp (product flowrate)
a, (waste flowrate)
Cp  (product cont.)

.ouamy  to be calculated
I (stack current)
Q (dilute  flowrate)
Qc (concentrate flowrate)
Cci  (concentrate inlet cont.)
Cc0  (concentrate outlet cont.)
Cfi  (diluate inlet cont.)
CD,  (diluate outlet cont.)

Well no. 7 at Brighton was the feed water for the pilot studies. Nitrateconcentration varies
throughout the year at this site from  10 to 20 mg/L  NO, as N, so the baseline feed value for
design purposes was chosen to be 15 mg/L. Since the maximum contaminate level (MCL)
for drinking water purposes is 10 mg/L, a product concentration of 5 mg/L  appeared to be a
reasonable value. Asahi specifications called for 2-6 gal/min  (7.6-22.7 L/min)  product flow,
so a value of 4 gal/min  (15.1 L/min)  was chosen for product flow and to demonstrate a high
water recovery, a 0.5 gal/mm  (1.9 L/min)  was chosen for waste stream flow. This would
give an 89% waste recovery for the system.

3.2.2 Calculating Diluate Plowrate  &

The diluate flowrate  QDi,  can be found by writing a nitrate material balance on the diluate
tank.

QmG  + Q&D, = Q&x  + Q&p

QDi = Qn,,  from the first assumption, Qm,  = Qp  and CDi = Cp, from observation of the PPD,

QPG + QDiGo = Q&P + Q&P

rearranging terms,

QPG  - QPG = Qicp - Q&,

gives a final result,

All quantities are known or specified except Cm, the concentration of the product water as it
exits the stack. This concentration is a function of the electrical settings of the stack. C,
was chosen to be 3 mg/L  nitrate as nitrogen which, at first glance, may appear to be a
random selection, but the following explanations show how this value was chosen.

Since ions move from the diluate compartment to the concentrate compartment, C, could not
be larger than C&  (or the product concentration). So, CD,  must be less than 5 mg/L.  If this

9



concentration was chosen to be a very small quantity, larger and larger electrical currents
would be required. Because the electrical power is what moves the ions, to get more change
in concentration across the diluate compartment would require more electrical power. This
could mean a very large DC power supply. Also, concentration polarization becomes a
problem with very dilute streams. On the other hand, if C, were chosen to be close to 5,
this would equate to a very large diluate pump. Since it represents a very small change in
concentration magnitude, large flowrates would be required to move a specific amount of
ions. This can also be inferred by inspection of the design equation (1). After considering
these two extremes, a midpoint value of 3 mg/L  was chosen for C,. It may not be possible
to have complete control of CD,  ; this concentration may not be attainable due to polarization
of the water, but the value was used for design and initial testing.

Given that & was specified to be 4 gal/min  (15.1 L/nun),  and using design equation (l),

QDi = 4(15-5)/(5-3)

QDi = 20 galhnin  (75.7 L/mill)

3.2.3 Current Calculations

In the ED process the relationship between electricrd  current and the amount of minerals
removed from the water is described by Faraday’s Law. The author used an equation from
PI.

E=FxF,AN/kI

where: E = current efficiency
F’ = Faraday constant (96500 amp-sec/equiv.)
Ft = Total product flow (wsec)
DA = change in feed concentration (equiv./L)
k = number product stream compartments
I = current (amperes)

Current was calculated to establish a target value. One assumption made was that the overall
demineralization would follow the nitrate demineralization. It should be understood that this
is an over simplification, since some ions are transferred more easily than others. But a
target value is required before pilot studies and to size the DC power supplies.

Using Faraday’s Law, the current was calculated for water sample H-3356 (appendix)

where:

assuming a 85% current efficiency and using 100 cell pairs.

1 0



Z = 96500 amp*sec*20  gal*3.785  L*  1 mill  * l3.68xlo-3  eq*p,*1
eq min gal 6osec L 3 5 .85 * 100

I = 2.6 amps

Since the Asahi ASV membranes are monovalent selective, this current would be a worst
cast value. If no SO~zanions  were transferred, the current consumption would decrease. BY
assuming that sulfate was not in the feed water, the electrical current was found to be:

I = 1.7 amps

In the field, the voltage was adjusted to attempt to reach 1.7 amps. When running an ED
system one should be aware that this voltage may not be attainable due to polarization.
Polarization could be occurring if the rate of increase in current with increasing voltage
drops off. In addition, there is an absolute limit to the voltage that can be applied.
Excessively high voltage can damage membranes [4]. For this project, no detailed
polarization studies were performed except for field monitoring. To perform a polarization
study for this water, a larger DC power supply would be required. In designing ED
equipment for field studies, it is important that relatively large voltages (for this system-up to
400 volt) be available to measure polarization. The procedure in the field was to increase
the voltage slowly while monitoring resistance (voltage/current) to maintain a linear
relationship. Mason and Kirkham  [2]  indicate that due to the many factors affecting
polarization, experimental determination is the preferred method for design.

3.2.4 Calculating Concentrate Flowrates and Concentrations Qc,  &,  and Cc0

calculating c,:

A nitrate material balance done on the entire system gives:

Q&P = QFCp  + Qwaste  Gate = Q&i  + Cb&i

solving for Cci,

(2) Gi = (Q&p - QpGYQw.e

for QF = 4.5, Q,,- = 0.5, & = 4, and Cp  = CJ3,

Gi = [(4.5xc,)-(4xcp/3)]0.5

Gi = 6.33 C,

1 1



For a value of 15 mg/L  feed, Cci  would be 95 mg/L  NO,  as N.

Using the same reasoning as for the diluate outlet concentration, the concentrate outlet
concentration should be larger than 95 mg/L. If Cc0  is chosen to be close to 95 then a very
large concentrate flowrate  would be required to remove the ions. Also if C, was to be
large, then one of the constituents could reach a limit of solubility (or scale). Using this
reasoning C, was chosen to be 110 mg/L.

C a l c u l a t i n g  Qci
-

Qc is found from a material balance on the concentrate tank.

Q&p  +  Q&z,,  +  Q-C,  =  (Q+  +  Q-  +  Q & a

rearranging and realizing that Qc,  = Qci  ,

Q&F  + Q&ti = (Q+ + Q&C,

gives a final result,

(3) QCi = K&& - Q+GiYG - Cd

inserting values,

Qci  = [(0.5 gal/mm*15  mg/L)-(0.5 gaUmin*95  mg/L)]/(95  mg/L-110 mg/L)

Qci = 2.7 galhnin (10.2 Lhnin)

Both pump flowrates were within the maximum capacity specified by Asahi. These settings
provide a framework for initial testing of the system.

3.2.5 Calculation Prediction Summary

Flowrates Electrical Settings

Qci = 2.7 galhnin (10.2 Lhnin) I = 1.7-2.6 amps
QDi= 20 gamin  (75.7 L/mill)
Q = 4.0 gamin  (15.1 Lhnin)
Q w = 0.5 galhnin (1.9 Wmin)

= 4.5 gal/min  (17.0 L/mm)
= 0.5 galhnin chosen (1.9 Wmin)

._

The current is achieved by adjusting the voltage upwards to reach the target amperage.
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4 Pilot  Plant

4.1 Descrintion  of Equipment

The P&ID drawing shows major equipment. No detailed bill of materials was generated by
the author. Pumps were chosen by consideration of maximum capacities provided by Asahi.
Most equipment was surplus and was salvaged from existing stock at Reclamation.

Diluate  Pump PVC case l-1/12”  x 1” discharge
1HP  120VAC single phase _

Concentrate Pump PVC case l/2”  suction x l/2”  discharge
3/4HP  120VAC single phase

Tanks 30 Gallon capacity, Plastic,

DC Power Supply Sorenson model DCS-150-7 (15Ov/7A)
HP Linear supply (unknown model)

Diluate Flowmeter Pilot tube type F-300 Blue White Ind.

Concentrate Flowmeter and
Electrode Wash Flowmeters Rotameter type

The power supplies were wired in series to provide a higher voltage. Many of the process
lines were simply looped into the tanks to make sampling easier. Feed water pretreatment
was a 10 micron filter. Occasionally, due to the nutrient rich water, it became necessary to
shock chlorinate with approximately 5 mg/L  chlorine to kill bacteria growth. Bacteria
growth was most prevalent when the stack was shut down for long periods of time (e.g. 1
week) with concentrated water still in the membranes. The pressure drop across the stack
did not increase significantly over the period of operation. However, longer run times would
be required to determine if bio-fouling of the membranes was a problem.

Since the DB-0 is not a reversing stack, acid was injected at the cathode (-) to control the
basic reaction.

4.2 Control and C&ration  Issues

As previously mentioned, to maintain the levels in the diluate  and concentrate tanks, the feed
flowrate  (Qm,  and Qpc)  must match the flowrate  of the product and waste streams,
respectively.

Because of variation in well pressure, it was difficult to maintain tank levels over long
periods of time. To alleviate the constant adjustments, a control scheme was designed by the
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author to monitor tank overflow  with a flowswitch. The switch was chosen such that small
overflows would not actuate, but large flows (greater than about 4 gal/m@ would shut down
the system. System shutdown consisted of closing the 3/4  inch, normally closed (NC), inlet
solenoid valve and turning off the pumps and rectifier. To monitor leaks and to protect the
stack from a no flow condition, two pressure switches were installed on each pump. Also
one pressure switch was utilized on the feed line to detect when the city well was shutdown.
Loss of pressure from any of these three switches would shut down the system. The
electrical logic schematic shows details of the shutdown and control logic. The shutdown
logic preformed well without any problems.

Pressure gauges were installed on the inlet side of the stack to monitor pressure drop across
the membranes. If inlet pressures were increasing, shock chlorination or acid descaling was
used to clean the membranes. Asahi claims that these membrane can survive acidity in the
range of 2-10 PH. Acid descaling was used when the unit was shut down for long periods of
time and concentrated water had been allowed to stand in the membranes. During normal
shutdowns, if the stack was flushed clean, no noticeable  pressure drop occurred across the
membranes and acid treatment was not required.

4.3 Acid Injection at the Cathode

As mentioned previously, acid was injected at the cathode to control pH at the concentrate
tank to approximately 4-6. The positive displacement diaphragm pump (LMI)  with
frequency and stroke adjustment, was used to maintain a consistent injection quantity. This
proved to require periodic attention and a closed loop method was considered by the author
but not implemented. 93% sulfuric acid was diluted to about 30%)  to make a more easily
injected solution. It was difficult to control the pH with the 93% acid; also, the more dilute
acid is safer to handle and minimizes the heat of dilution at the cathode. Acid injection was
found to be 52 ml/hour when sampling was taken on l/24/94.

4.4 Power Measurements

Electrical power to the stack was measured by a Fluke model 806OA  digital multimeter
@MM)  which was calibrated via a NIST traceable standard on 8/9/93  in the Reclamation
electrical power lab. All voltage and currents to the stack were measured with this meter.
Parasitic electrical power from pumps was not measured. Since flowrates and pressures are
known, pump power could be estimated, but due to the large recycle rates involved in the
FB process, it was decided by the author that it would not be a valid comparison to other
processes. Also the small pumps employed are not as efficient as larger pumps that would
be used in commercial systems. ._
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5 Data

5.1 CornDilation  of Chemistrv Data

Major Cations/Anions (mg/L)

BOR SamDle  # HA698  H-4699  H-4701 H-4695 H-4696  H4697 H-4700
Process  stream  c, c,
Flowrates 4.68 4.25
6NJ.U
PH 6.66 6.6 3.1
Conductivity 1260 988
(us/cm @25C)
suspended  solids 0.357 0
Dissolved solids 884 653
WW
Sum of ions 890 717
Ca+2 112 73 3 0 7
b!lg+* 26.2 19 66.1
Na+ 127 1 1 6 1 7 3
xc’ 4.23 3.55 10.8
co;* 0 0 0
HC4‘  3 1 0 243 0
so;* 2 1 0 213 781
Cl- 100 49.1 381

Nitrate Results (mg/L)

ca,, CC3 CC0 Go c-
0.433 2.6 2.6 2 0 0.67

3.82 5.55 6.57 2.17 -

2950 2950 3190 923 7080

0.877 0.531 0.862 0 . 6 9 6  1 . 0 5
1970 2220 2550 6 2 0 2410

1720 1790 2070 660 2640
341 3 9 4 58.7 3 5 7
72.4 82.7 16.4 75.2
1 8 8 202 1 0 3 194
10.6 11.9 4.42 10.9
0 0 0 0
0 94.3 226 0
787 810 215 1610
3 9 2 472 36.2 3 9 5

BOR SamDle  # H-4705 H-4706 H-4708 H-4707 HA703  H-4704 H-4707
NO,‘asN 5.9 7.5 6 5 73.8 87.3 5.55 76.4

Selected Metals (mg/L)

BOR Sample # H4714 H-4715 H-4717 H4711 H4712 H-4713 H-4716
Ba+* (ug/l) 253.2 62.59 241.6 253.2 294.1 54.23 262.1
Fe 49.67 9.112 55.62 49.67 51.97 11.49 127.4
Mn  <4 <4 <4 <4 <4 <4 c4
Sr 4478 954.7 4338 5254 5254 849.4 5007

5.2 Chemistrv Data Ouality

Two standard solution samples were submitted along with other samples for quality
assurance.

BOR Sample # H-4709 H-4710
BOR lab results NO; as N(mg/L) 9.70 96.9
stadard  solutions (HACH)(mgL) 10.0 100

17



6 Comparison of Data to Predictions

Table 1. Comparison of data with predicted values.

Description Quantity P r e d i c t i o n  A c t u a l Comments

Feed Flowrate

Feed Concentration

Dil. Flowrate  Inlet

Diluate (or
Product).
Concentration Inlet

Diluate
Concentration
Outlet

Cont.  Flowrate
Inlet

Cont.
Concentration Inlet

Cont.
Concentration
Outlet

waste Flowrate

Cathode Wash
Flowrate

Product Flowrate

Stack Voltage

Stack Current

Stack Power

Acid Injection

Diluate Pressure

Concentrate
Pressure

CD, OWL)

Cci (w/L)

QP cf5dmin) 4.0 4.25

v (Volts) ? 300

1 (Amps) 1.7-2.6 1.14

P (watts)

PsiS

psig

4.5

15

20

5

3

2.7 2.6 calibrated OK

9 5

110

0.5 0.433

0.5 0.67

?

?

?

4.68

15.9

20

7.5

5.55

73.8

87.3

342

52mVh.r

11

10

calculated value

given by well

difficult to calibrate-

calibrated OK

calibrated OK

calibrated OK

maximum voltage

more voltage
required?

._

18



6.1 Discussion

The electrical current calculation did not agree with the experimental value for two reasons.
The calculation was performed making the assumption that all ions are removed with equal
efficacy. Also, 300 volts was the maximum voltage attainable with the power supplies
available. Higher voltages and higher corresponding currents may have improved product
concentrations with the possibility of reaching the target of 5 mg/L  nitrate as nitrogen. Of
course, another way to improve the product concentration would be to change flowrates.

The nitrate concentrations on the  concentrate streams, both inlet and outlet, appear to have
lower values than predicted. However, all concentration calculations were based on a
predicted product concentration of 5 mg/L. Since the resulting product concentration was
found to be 7.5 mg/L,  the other concentrations are expected to vary. The appendix shows
the design equations calculated with  actual values (see appendix).

When reviewing the design equations and material balances, it is important to keep in  mind
that the ideal conditions, Qld=Q  and Qp,=Qw& are not always met. In practice there is
always some slight overflow of the tanks. It was found this was the preferred method of
operation, to avoid any tank running empty. If the pressure of the well varied, the flowrate
would change to each tank and eventually a tank would empty, shutting down the system on
low pressure. This slight overflow condition introduces error in the material balances
though. To maintain tighter control, an investment in better equipment, such as flow control
valves and pressure regulators, would be required. Qpd and QpC  were measured during this
project but not recorded; in the future it would be a good idea to record these values to help
in resolving material balance errors. Other errors in the material balances could be attributed
to variations in chemistry results and inaccuracies in flow measurements.
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Calculation of current for Asahi ED Stack
CONCENTRATE COMPARTMENT

.-
Ions Equiv.Wt Cci  Cci  C, Cc0

@-s/eq.)  OWLI (meq/L)  (mg/L)  (meq/l)
H-4695 H-4696

-Ca+2 20.00 341.00 17.05 394.00 19.70
Mg+’ 12.20 .72.40 5.93 82.70 6.78
Na+ 23.00 188.00 8.17 202.00 8.78
K+ A 39 10 - 10 60 0 .27 - 11 90 0.30
sum ofcations 31.43 35.57

co,-” 30.00 0.00 0.00 0.00 0.00
HCO, 61.00 0.00 0.00 94.30 1.55
SOi’ 48.00 787.00 16.40 810.00 16.88
Cl- 35.50 392.00 11.04 472.00 13.30

NO,‘asN 73.80 87.30
NO,‘ as ION62.00 326.83 5.27 386.61 6.24
sum of anions 32.71 37.95
Normality(N) 32.07 36.76

TOTAL 2117.83 2453.51

AN (meq/L)=  -4.69 Flow paths= 100
Flow(gal/min)= 2.60 Cell pairs= 100

change in equivalents = Flowrate(Lhnin)*AN  @q/L)
=3.785*2.60*4.69/1000
=0.0462  eq./min
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6.3 Current Efficiencv  Sureadsheet  for Diluate Comnartment  (Lotus 123)
Calculation of current for Asahi ED Stack
DILUATE COMPARTMENT

Ions Equiv.Wt Product
(grams@.)  @x/L)

H-4699

Product
@w/L)

Ca+2 20.00 73.00 3.65
Mg+’ 12.20 19.00 1.56
Na+ 23.00 116.00 5.04
K+ 39.10 3.55 0.09
sum of cations 10.34

coc2 30.00
HCO, 61.00
so,” 48.00
Cl- 35.50

NO;asN
NO; as ION 62.00
sum of anions
Normality(N) (average)

0.00
243.00
213.00
49.00

7.50
33.21

0.00 0.00 0.00
3.98 226.00 3.70
4.44 215.00 4.48
1.38 6.20 1.02

0.54

10.34

GO
(w/L)
H-4697

58.70
16.40

103.00
4.42

5.55
24.58
10.34

2.94
1.34 -
4.48
0.11
8.87

0.40
9.60
9.24

-___-_______________---------------------------------------------------------------

TOTAL 749.76 684.30

AN (me@)=  1.10 Flow paths= 100
Flow(gal/min)  = 20.00 Cell pairs= 100

Change in equivalentbin = Flowmte(L/min)*AN  @q/L)
= 3.785*20.0*1.10/1000
= 0.0833 eqhnin

Averaging the concentrate and diluate compartments:

Average equivalents transferred/min  = (0.0462+0.0833)/2  = O.O648eq./min

E = Faraday(amp-sec/es)*~o~~~~)*~(~~)/c~ent  (amps)/flowpaths
= 96500*0.0648/60/1.13/100 .  .

E = 0.922
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7 Conclusions and Recommendations

Other Data and Samples

Water samples were taken after initial startup in Denver, but the author has omitted discussing
results. While being tested in Denver, the stack removed nitrate as expected, but the author does
not believe the unit was run long enough with consistent feed concentrations to provide useful
information. Reclamation continued to run the pilot system in Brighton after the author was no
longer employed at Reclamation, and that data has not been considered in this report.

Current Efficiencv
-

The current efficiency, calculated in section 6.2, was found to be 92%. This value was derived
by averaging the current efficiencies between the concentrate and diluate compartments. This
method was chosen since the efficiency is sensitive to slight variations in chemical results and
errors in flowrates. Typical commercial ED systems have current efficiencies between N-95%.

Power Consumotion and PostTreatment

DC power consumption was found to be 1.5 KWH/1000  Gallons of Product. Although no anti-
scalanb  were required for the process, due to the low pH of the waste water, post treatment may
be required before disposal.

Recommendations for Further Studv

One of the disadvantages of ED is that numerous process streams samples are required to
verify predications. Of course this increases the cost of pilot studying ED systems. A hand-held
nitrate probe was used at Brighton, but it was difficult to obtain consistent readings. Perhaps
with more field experience, consistent readings are possible or, better field type measurement
equipment could be purchased.

Since only one sample point was taken, longer testing duration and more frequent samples were
required. The City of Brighton at one time offered space in their large RO treatment plant,
located east of town, for continued testing of the process. The City eventually sold the RO Pilot
Testing facility on Jesup Street and Reclamation had to cease testing and remove equipment.

It is premature to recommend this process for commercial water treatment processes without
further study. But some conclusions can be made. High recoveries (> 80%) are possible with
this technology, and with ion selectivity, overall power consumption can be lower than
conventional ED.
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Appendix A

Field Data Taken on l/24/95  during sampling

Qdi
QCi
QP
Q+
Q-

V
I

= 20 galhnin
= 2.6 galhnin -

= bucket checked to 4.25 gaUmin
= bucket checked to 0.433 gal/min
= 0.433 gallmin

-
= 300.0 volts
= 1.13 - 1.14 amps

Concentrate tank pH = 4 99 with hand held probe

(1) Qdi = QP G - G YG - Go)

using actual values,

Qdi = 4.25(15.9-7.5)/(7.5-5.55)

= 18.3 gaUmin

G = (a( G - Q&d/Qw.ste

= (4.68)(15.9)  - (4.25)(7.5)&O-433)

= 98.2 mg/L

Qci = QF~ CP - Q+G  I( GS - Cd

= (0.433)(15.9)  - (0.433)(73.80/(73.8-87.3)

= 1.86 gal/min  assuming QFc = Q +

in actual operation (&  > Q,  to maintain slight overflow of tank.

(2)

(3)
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APPENDIX B
USBR CHEMISTRY LABORATORY

REPORT OF MAJOR CATION AND ANION ANALYSES
07/26/1993

_-----__------------------------------------------------------------------------

PROJECT.. . . . . . . . . . . . . . . ..‘........... NITRATE ED
SAMPLING DATE........................ 0711211993
--------------------------------------------------------------------------------

H- 3356 BRIGHT0 WELL NO. 7
-

pH ................................................. 6.17E+000
Conductivity ....................................... l.l6E+003  us/cm  @ 25C
Suspended solids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.22E-001  mg/L
Dissolved solids-180C .............................. 8.42E+04)2 mg/L
Sum of catlonstanions .............................. 9.18Et002  i'lQ/L
Calcium . . . . . . . . . . . . . . . . . . 5.79E+000  meq/L ........ 1.16Et002  mg/L
Magnesium ................ 2.36E+000  meq/L ........ 2.87E+001  mg/L
Sodium . . . . . . . . . . . . . . . . . . . 5.48Et000  meq/L ........ 1.26E+002  mg/L
Potassrum ................ 1.10E-001  meq/L ........ 4.30Et000 mg/L
Carbonate ................ 0.00Et000  meq/L ........ 0.00Et000 mg/L
Bicarbonate .............. 5.29E+000  meq/L ........ 3.23Et002  mg/L
Sulfate .................. 4.73E+000  meq/L ........ 2.27Et002  mg/L
Chlo r ide . . . . . . . . . . . . . . . . . 2.62E+000  meq/L ........ 9.30Et001  mg/L
________________----------------------------------------------------------------

NO3 as N = 13.4 mg/L

NO2 as N = less than 0.

NH4 as N = less than 0.

1 mg/L

1 w/L
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M .  S .  MINTZ

Criteria for economic optimization are presented

in the form ‘of comparative performance equa-

tions for various methods of operation

F” m the chemical engineering viewpoint, elcctro-
dialysis is, strictly speaking, a unit operation in

which ion transport through a membrane is achieved
with an electrical driving force. As. a mass transfer
operation it is thus distinguished from unit processes
involving ‘distinct chemical transformations of the ma-
terials treated.

Dcmincraiization  by clcctrodialysis  using alternately
arrayed anion and cation selective membranes has been
the most emphasized application of this unit operation,
howcva, and particularly in the saline water conversion
field, has become known simply as “the elcctrodialysis
ptVCCSS.” Within this definition of the cIcctmdialysis
process, however, lie several alternate operational
methods which have also earned the title of “processes.”
They arc represented, in essence, by different flow sheets
and associated energy and material balances.

The basic paformancc equations for multicompart-
mcnt  cIcctrodialysis  with ion selective membranes have
also been  dcvciopcd  and presented in scvcraI  forms by
researchers in this field, but their utility in practical
clcctrodialysis process design and optimization is usually
limited to a single method of operation.

One of the objects of this  papa is to extend and
modify these equations for practical engineering process
designs such as continuous, batch recirculation, fccd-
and-bleed, and, internally staged systems, and present
them in a form that will permit comparative economic
evaluation of the processes they represent. This is
achieved in most cases by considering plants of equivalent
membrane area and product throughput, operating at
constant voltage. Further optimization of plant size
and energy  requirement is then possible through  the use
of the power equation presented for each process.
Other process rdincmcnrs  such as variable voltage
operation and heat exchange of the feed and product

streams arc best considered on their individual merits
for each application.

In the course of the development of these equations,
it is also shown that only two sets of empirical data
are required to substantially characterize ali  of the
methods of operation for any particular application.
First, a rciation  must be established between  solution
concentration and membrane stack resistance. The
data should, of course, be obtained ova the conccntra-
tion range  in question and at the soiution tanpcraturcs
likely to be encountered. Second, a relation must be
established between maximum practical current density
and solution velocity for a given ceil  design. This type
of data may readily be obtained during the r&stance
correlation runs  by varying the flow rate through the
cdls at each concentration level. The clcctrochanical
limitation on current density will  depend on the nature
of the solution being treated, and, for design purposes,
will usu$Iy  be chosen with a liberal safety factor.

Comparative Process Evaluation

In addition to the  economic optimization of physical
plant  size and energy requirements, then arc several
technical advantages and disadvantages inherent in
each process which must be considered in determining
an over-all plant design. Although a detailed discussion
of each item is beyond the scope of thii paper, the prin-
cipal factors appear with the flow diagrams  of the proc-
csscs  on the next page (Figures 2-6).

._
Basic Performance Equations

The performance of a multiple chamber elcctro-
dialysis stack is best understood by first considering a
differential area.of a single membrane pair across which
a saline sotution is flowing and through which a diict
current is being passed (see Figure 1).

The current is related to the transfer of.salt by:
V, dA ds  5

I-=-F-=-E (1)
t

The current efficiency term, ff is related in part to
the pcrmsclcctivity of the membranes used, but it is also
a function of the solution,conccntration  range in which
they arc applied. For practical design purposes, the
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CONTINUOUS PROCESS Figure i

For large scale applicatioru of electroa5a+is  in which the desired
cap&y  or demineralizution  range is well  beyond the capabilities of a
single or modular siu membrane stack, suitable combinations of stacks
in parallel  and stries  can reaa5l.v  meet tk &sired  specifications.
Arranging mcmbranc  stacks hydraulica&  in parallel will proportionally
incre~e  plant  capa+ and arranging them in se&s  will  permit
irogressiuely  higher ocer-all  demineralization ranges. Once this process
ps  in its cquilibn’um  operating con&ion.  ils power ahand  is constant.
During  startup,  howcvn,  low solution reshance  will cause a peak
power demand unless a preventive procedure or control instnunentatwn
i s  u s e d . Interstack  pumps  may a&o be requarrd.

ADVANTAGES: M i n i m u m  pipe and valve size,  m i n i m u m
control instrumentation.  no rechtdation rcserooir,  minimum power
requirements,  stqe  voitapes  readily adjusted to conform with actual
stack resistances, all  membranes operate at a single equilibrium con-
centration.

DISADVANTAGES: Production rate  must be balanced with
Jaw  vekity,  feed  water  salinity w temperature changes rquire  p/ant
adjurtment,  process is sensitive to chaqes  in pow  rate, increasin,q  mem-
brane resislancc may put plant out of operation.

c

current efficiency is determined empirically by any
method of stack operation and the use of the following
relations :
. No. of chemical equivalents of salt effectively

transferred
E =

No. of electrical equivalents passed through !?I

membrane pairs
5F,AN

E =  kl (3)

where :

Ft = Total product stream flow rate in l./sec.
A.%  = Difference between feed and product normali-

ties, equiv./l.
It should be noted that current efficiency, as defined

above, is independent of stack resistance. voltage or
power requirements, membrane area, and method of
stack operation. The effects of water transfer by osmosis
and electrocndosmosis, and salt transfer by back diffusion
arc also included in the current efficiency term when it

is evaluated empirically in the above described manner.
The rciation  bctwcen  the rate  of salt transfer, the

product stream flow rate, and the change in concentra-
tion of the product stream is given by:

d.i=  -FdNd (4)
Substituting Equation 4 in Equation 1 gives:

E V,  dA
-=

F§ -
-R,#N,  .

As a first approximation, and to demonstrate the
utility of the performance equations, it is now assumed
that the resistance of each square centimeter of a cdl
pair, R,, is completely controlled by the product stream
concentration and that it is inversely  proportional to this
concentration. Exprcsscd  mathematically:

R ,  =  + (6)
1  d

w
. .

.

Substituting Equation 6 in Equation 5 gives:
E V,dA dNd
- = - a -
F5

(7)
‘ dY

Integrating Equation 7 o&r  the ~ffcctivc  area of a
single membrane pair, A,, and over the desired product
stream desalination range gives:

N,.  dN,

=-ON,  Nds-
if3 /

or:
E Vv A, Nr

.-._-  ,yJ * .’

- 7 R,NiIn-
FS NS

(9)

Thus, if the desalination ratio, X,/,V,,  and product
flow rate per  cell pair, F, are given, the required effective
cell area, A,, may be calculated. Conversely, if the
effective cell area is known, the desalination ratio for
any given flow rate may.be  calculated. In either case,
however, it is necessary to know or estimate an average
value for R,  .\h  and E,  and to choose a value of l/,.

Since V,,  cannot be arbitrarily chosen because of
pularization  limitations, it is more convenient to re-
arrange Equation 9 and substitute the product of cell
width, W, and cell length, L, for A,, giving:

In-$
p  = G (&)(G)L ilo)

For a given cell thickness, 1,  the ratio F’JV  is propor-
tional to linear velocity, u. Expressed mathematically:

F vt
- =..w

W 1000 (11)

The ratio ivp;lR,,  .\h  may also be converted to a param-
eter which is indicative of the limiting polarization
conditions : -u

_ ,V..’I
_.’ v C D

8 I ti=-;vd

where values far CD and Ivd exist at the same pointin the
cell. They are not average conditions Under the
assl,mcd  conditions of constant Vi  and constant R,  .Yd,

however, the ratio CD /IVY is also constant.
The term l!R,  .Vd  may ah? be recognized as being

proportional to equivalent conductance which is in fact
independent of concentration for dilute electrolytes.

.
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In  a batch recircuiation prmzss,  a jirrd  volume oj jccd w&n is

. pumped from a holding lank through a mnbranr stack and back to
tk hal&g tank until tk desired &grcc  of demineralization  is  achieved.
Tk power requiremrti  for  such a pr~css is Largely dependent on
wktkr or not  tk intennediatc  product ieam’ng  tk stack at any given
time  is mixed with tk water in tk holding tank. Since various degrees
of  mixing are possible, it is most convenienl  lo  cons&r Ihe  exlremc  cases
of 110  mixing ~IU’  complete vnxinq. The case of no miting  can be
achieved in prac&c  by using two holding tanks and ham@  them serve
&matcly  as jced and product reservoirs. In any constant voltage
batch  recircuiation  process, horccrer. there zc-ill  be a peak power demand

-

I

at tk btginning  of tk cycle because of low s&ion  resistance.

ADVANTAGES: Optimum velocity  is indepemfent  of pro&&n
rate, changes in jeed znater salinity  or temperature only  modijy  tk
production rate, wiations  in recirculation  rate do not  aJeccr  performance,
changes in membrane proper&s only  affect  production rate.

DISADVANTAGES : Lurger  pipe, vaive,  and  pmp  s&s; hither
power requiremenl  and sometimes higher  averag-c  jhwer requirement;
parer degree of inrmunmlah’on; rtcircuiation tank required;  mem-
branes arc NVCT  a1 tqui?ibrium;  variable  current density through
membranes; perfmance  di$icult  to cvaluatc.

h *N, =- r
;Q!m-yfv

Pe-  Km*  Ft Ng (q  - 11 (Equation 64)-
a

FEED-AND-BLEED PROCESS Figrpc  5

FPNtir
For nail  CLmineraAization  ranges or where large changes in feed

. solution concentration are enewed  and a continuous product flow  is
&sired, a jeed-and-bletd  process is sometimes used. Any  conventional
multieell  slack  may be used in this process. -4  rccircullion  pump
is  required. hvwem. to blend tk raw  fttd solulion  xilh  a porriom of Ik
product solution. The blended solution then becomes Ik actual feed
solccrion  to the membrane slack and the stack dut? is cquicalrnt  to  that
of Ck  last  sta,cc of a mulG.stack  conlinuous  process or he  fast pass o/ a
batch rccirculu~ion  -process.  The production ratt, howccer,  is only
that of the portion oj thr product stream &ich is ‘-blt&’  out of lhe
recirculation Loop. The power  aimand  for  this  process is. also constant
WI&  cquilibriwn  operating conditrons. Since streral jced-and-blred
loops may be connected in series to give tht cffecl oj muIriple  slating
with lower  rrryclr rates, and Ihe product J?OW  is continuous, some
autkrs  have cailcd  this prozrss “tk continuous process.”

ADVANTAGES: Procidrs  continuous producf.  process may  be
adapted to feed  waler  of any saoiinit?.  membranes are al a s&pie
equilibrium condition,  variation in pcrjormance  is rcadil!  .obserred,
minimum absohtc current den+.

DISADVAXI’AGES:  Highest  power consumption, recirculalion
system  requires srnsilive  instrumenlation,  largest rccircukulion  rate.

I4  - gl  - 1 k’ - II

G-1

Whera  I - 5p .; 1 (4uiba  71)

INTERNALLY STAGED STACK DESIGN Figure 6

At low production rates, it  ojlen appears wwonomical  to provide
tither  tk rctircuiaring  pumps necessary /br  1.~  batch and feed-and-bteed
proeesscs. or de  separate  rlec~rodcs and interconnecting piping nc~~ssory
for  a multistack  contimwus  process. Lndcr  these conditions. a stack
design com@riting  srvtrai infernal stages  may  be used. In a stack
design 4/ this  typr, Ihe  pr&ut  stream  maks  sevd  @sscs  in sm’cs
betuzsn  a siryle  set oj clectrodcs and is lhereby &mineralized lo  a
greater  extent  than would be possible in a single pass through a stack
of tkc same trots sectional area. Since  this prosess  is, by its v,rry
nature. a continuous one. its pozer demand tcill  be constan&  undtr
equilibrium opera+  conditions. During slarlup. however, low
sol&on  r&lance L&L  cause a peak pou-er  demand. For a small
plant  siz il is oftrn mow ecanomlcal  to &sign  /or tkis peak power than
to install rontrois lo  avoid it.

ADVANTAGES: So  repressurizing pumps. high desalination
ranCt.  sinfic  set of electrodes. single oppcralzng  vol@e, product  Jaw is
c’nnllnuoui.

DISADVAN’I’AGES:  Lur~~e  mtmbrane  orea per unit  of  product,
hick  operocinq  prcssurc. prrformance  stns~tw l o  rariations i n  flow
role and mrtnbrunr  rr.rirhmce.



Experimental data and basic performance and power equations are used

Substituting Equation 12 in Equation 10 gives:

From an empirically determined relationship bctwccn
CD/Nd  and linear velocity, values  of CD/IV~  and W/F
may now be chosen without recourse to resistance data
or voltage requirement. When these  parameters arc
chosen, the desalination ratio is simply a function of ccl1
length. A plot of Equation 13 for a velocity of 10 cm./

-see.  in a 0.1 cm. cell and at an assumed current cffi-
cieney of 90%  is given in Figure 7. As an example,
assume that the limiting CD/.Vd  is 1 .O at a linear solution
velocity of 10 cm./scc.  In a cell 0.1 cm. thick this
corrcsponds to an F/W of 0.001 I./sec.-cm. Assuming
an average current efficiency of 0.90, the cell lcnyth
required for a four to one desalination ratio would he
calculated as follows:

96.5
L=-o g (1.385) = 148.5 cm.

Equation 13 is thus seen to be of general utility in
determining the  effect of current efficiency, CD/-V,
linear  velocity, and cell length on the desalination ratio.
It must bc emphasiicd,  however, that this equation was
developed for a single cell pair across which a constant
voltage was applied. It may be extended to describing

I, the conditions in each cell pair of a parallel flow mcm-
brane  stack only if uniform flow distribution and a uni-

- form voltage per cell pair can safely bc assumed.
Further refinement of the performance equations

developed in this section for USC in process  design would
require a more exact relation between cell resistance and
product stream concentration than that assumed in
Equation 6. This relation may take the form:

R,  = 0 (NJb (14)

or

R,Xd  = a + b.\r,  + C-V; + did3 . . . and so forth (15)

Substitution of either Equation 14 or Equation 15 in
Equation 5 presents no problem in integration and the
resulting performance equation is readily converted to
the form of Equation 15. In order to simplify the
analyses prcscntcd in later sections, however, the
approximation for R,  defined by  Equation 6 will be
retained  .

Basic Power Equations

The direct current electrical power rcqt~ircmcnt  for a
single cell pair is given by  the relation:

p=  JTpZ (16)

Solving Equation 3 for 1, gives:

The current  passing through the  ccl1 pair may also he

expressed in terms of the  product  f l o w  rate and i t .
change in concentration as follows:

I = + F (N, - IV,) 08)

Substituting Equations 17 and 18 in Equation 16
gives:

P = F $ (iv,  -
I NJ (In g(y) (19)

Since Equation 19 expresses the power requirement
on an absolute hasir, it is usdly  rearranged to express
the power rcquircmcnt on the basis of a unit product
flow rate  as follows:

@O)
With the units dtfincd  in the nomenclature section,  U is
in w.-hr./l.  sec. The equation may be prcscntcd in
.4merican  engineering units and the constants cxprcsscd
numerically by the following conversions:

F (in I./see) = 1.05 X 10el  F’ (in gal./hr.)

A, (in sq. cm.) = 930 -4 I0 (in sq. ft.)

In (base c)  = 2.3 log (base 10)

5 = 96.500 amp. sec./equivalent

Then :

where U now is the power per unit product flow rate
in kw. hr. per 1000 gal.

Equation 21 is useful  for estimating the power rcquire-
mcnts  for a given desalination  ranqc when R,?r’d/E?  for
this range is reasonably constant.

201 1

Figure  7. EIdrodialyis  ptrfarmancc  in a single pas. Equation 73
ir  plottd  fur  de mampit  ginen  abont
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to develoD design methods for engineering systems

It should bc noted, however, that the power  equations
in this section were deveiopcd for a single cell pair in
which the,desircd change in product concentration  was
achieved in a single pass. The total power require-
ment for a multiple cell-pair stack of parallel construc-
tion would simply be that multiple of the single ceil pair
power requirement, whereas the power requirement per
unit product flow rate would remain unchanged.

If two or more membrane stacks are placed in series to
achieve a greater degree of dcmineralization than can be
achieved in a single pass through one stack, the power
requirement for.each  stack may be calculated by Equa-
tions 19 to 21 and the total power will, of course, be their
sum.

Under these  conditions, rhe  product from the first
stack &comes the feed to the second stack. It is interest-
ing to note in this connection that if the same voltaye
is applied to each stack and R,  A$  is substantially con-
stant, the demineralization ratio, .V,;‘.V,, will be the
same in each stack.

Batch Recirculation without Mixing (Slug Flow)

For batch recirculation without mixing (Figure 3) it
is immediately apparent that multiple passes through a
single stack arc equivalent to passing the water to be de-
mineralized through several stacks in series. If the sin-
gle stack is of the same size as the stacks arranged in series,
however, the production rate for the single stack will be
reduced by a factor equal to the number of passes
required. In order to properly compare the batch
and continuous processes, therefore, they  should be
based on the same production rate and the same total
membrane stack area. For this purpose, let the desired
production rate be  F, liters per second and let each cell
pair have d,  square centimeters elective  area (Figure  2).
Assuming that n passes arc required  to achieve the
desired dcmincraliration in a multistage continuous
plant and that a constant l, will be used to give a
constant  desalination rat io,  p  = .V,;‘.VP, the  power
requirement  for the continuous plant will, from Equation
19, be given by:

*p,=+ -\-r, (Q - 1) (In  4)
n ( )‘$ (nth stage)

p,?
+ 5’ yl-  q.isr, (q

- ,
- I) (in q)  5i$ (n-1 stage)

( >

+ :T’  -y 42e\r,,  (? R,  .\“I

Lb
- I )  ( I n  q)  -y-  ( n - 2  statx)

( >
+ . . . (other  intcrmcdiatc sta%cs)

(22)

Letting:

PC  = K [r;,t .\6,  (q - 1) (1  +q+<+qa+
. . . q-1  I (94)

For the batch  recirculation  plant with the same
equivalent total area n;4,, and slug flow (Figure 3).
the power requirement Lvould  be the average of the
power requirement for each pass, that is:

Per  = (P. + P,-I + P”-2  + . . . PI) (35)

and

Similar equations can be written for other intermediate
passes.

PI  = 5’ ‘z  qm+-V,,  (q - 1) (In Q)  ($$) (29)
* w

Then nFp  represents recirculation ffow  rate of the
product stream for a production rate, F,, l./sec.;  and
nA,  represents total effective membrane area of the
cells used which are equivalent to that required for the
continuous process at production rate, Fb.

Therefore:

PbS  = A’  [F,’  .V,,, (q - 1)(1  +  q i -  q’ +  q’  +
. . . 4” -9 1 (W

The equivalence of Equations 30 and 24 prove that
the average power demand for a batch recirculation
process with slug flow is equal to that for a continuous
process. .A peak power demand occurs during batch
recirculation, however, and is given by Equation 29
as the power demand for the first pass. The ratio of
this peak power demand to the average power demand
or that for continuous operation is given by the ratio of
Equation 29 to Equation 30 or 24:

PI PI “Q
n-1

p,=p,,= (1  + q + q’  + qJ + . . .qn-‘)
(31)

A plot of Equation 31 ii-given in Figure 8.
As  an example, assume that two stacks are required

for the continuous process in = 2), and that the dc-
salination  ratio: .\ rf’.\V,,, for each stack is two (p = 2).
The  ratio of peak poxver  to continuous power’would  then
Ix:

PI  Pl ‘(2)‘-’  -_--
P,- pd*

= (1+-?)  = 1.X  -

Batch Rccirculatioian  with Mixing

For batch recirculation with mixing, the usual simpli-
fying assumptions of constant voltace per cell pair, V,,
;tind constant R, .\; may  IX‘ made. Rut since  the  con-
wntr:~rion  cd  rltc  Iwine  i n  rfw  Iwlttinc  rank clr;+rlnes
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continuously rather than in discrete steps.  the change in
concentration with treated  volume must fx~ analyzed on’
a differential  i>asis (see Figure 4).

The constant desalination ratio, q = .V,/,V,,  may also
be expressed as a constant fractional demineralization

f9 as:

f = IV, ; iv,  = q ; 1
(32)

1  I

Equating the salt transferred out of the holding tank
to that transferred out of the product stream during the
elcctrodialysis  of a differential volume gives:

-V,dNt = f i\‘(dV, (33)

integrating Equation 33 over the desired desalination
range, N, to q  .V,, (as will bc explained later), gives:

(34)

The ratio V,/V,  represents the number of times the
tank volume must be  recirculated to achieve the desired
degree of dcmineralization. In this sense it is equivalent
to the number of passes or the multiple of the actual
production fiow rate, F,. Expressed ma thema  tically  :

v,
v,=P

Substituting Equation 35 in Equition  34 gives:

= L In
p f( > $,D

(35)

(36)

Since the power requirement for this process also
changes continuously rather than in discrete steps
during each pass, the average power must be obtained
by’a relation of the type : .-

l s-11

P,  = $
J

” PdO
0

Dividing both sides of Equation 33 by d0  gives:

but:

(37)

08)

Substituting Equation 39 in Equation 38 and integrat-
ing over the period of time, 0, required to desalinate from
feed concentration, S,, to some intermediate conccntra-
tion, N,, gives:

(40)

or:

or:

(41)

(42)

Equation 42 simply shows the  concentration in the
holding tank, .Vr, as a function of Iced  concentration  and
time.

The current flowing through the  stack at any time
may be  related to the cunccntriltion  in the holding tank

and the fractional tlemineraiization as loliu~~:

j=

5 A N r;, 5 f IV, p I;,

E  = - E (43)

where AX equals the change in normality of the product
stream during one pass through the stack.

Substituting Equations 16, 17, 42, and 43 in Equation
37 gives:

Choosing time, 8, suchthat  the concentration of the
solution in the holding tank reaches qiV,,  (a solution
requiring one more  pass to achieve the desired product

IV, ,I :
&+Fd””  = q Lv,,

IV,
In -

(45)

(46)

Substituting Equations 45 and 46 in Equation 44 gives:

p
m (47)

Substituting Equation 32 in Equation 47 gives:

(48)

Inspection of Equation 48 and comparison with
Equations 26 to 29 show that the average power demand
for the batch recirculation process with mixing is the log
mean  average of its peak and minimum power  demands.
The last term in Equation 48 depicts this comparison as
the log mean average of q”-l and 1 .O.

It will be noted that the average power demand, P,,,,
was derived for a demineralization range of A’,  to qN,,
rather than from  .V1 to -VP,.  This was done because
it would be  impractical to continue recirculation beyond
the point when one more pass through the stack would
produce the desired product ,  S,,,.  In a practical
process, the stack effluent would be  diverted to storage
at this point and the power demand during the last pass
would be the same as that for the last pass with slug type
flow; that is. Equation 36 would be applicable.

The avcra%e  power for both steps in the batch re-
circulation process  with mixing may now be expressed
as follows:

Pbn  =

tin q)
R, .vd  .
--+A4  - 1)  x14

C , + p (qR-’  -’ 0
- -  ( 4 9 )

In qnwL 1
Pha = &,  [C(p+t)*F,‘.\‘,,(q--1)1X
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the  continuous process  is given by the ratio of Equation
50 to Equation 24.

‘1’11~  ratio uf  avcraqc power  demand, PM,  tu  tllat for

P -t

1.3%  (2 .- 1)

, 1tm 2 . 3 8 6  [ I n  2 1-- = - --- ez-
PC 2 (1 + 2)

P hw
(p + 1) 1 +p(;;;  - i’]

C .-I
-=-

PC n  (1 + Q  + @ +.Q’  + . .4”-‘)
(51)

Using Equation 56 to substitute for p in the bracketed
term of the numerator and observing the following
identities:

.V,
In -

qa *VP,
Q A”Df

I n  -

p=I=
( >q .vr, = q In W-9

- 1

( >

- 1
(52)

Q Q

4

a n d

. Q”  - Q
- =  q  +  q’ +  q’ +  .  .  .q”-’

- 1
63)

4

giving the rather surprising simplification:

(54)

A plot of Equation 54 is given in Figure 9.
Choosing the same example as for the  previous section,

assume that two stacks are requi<ed  for continuous
operation (R  = 2) and that the desalination ratio, .V,/X,,
for each stack is two (q  = 2). The number of passes, p,

required in the batch recirculation process with mi.xing
to bring the concentration from S, to q-lerl  will be given
by Equation 36 :

P =
q In  q 2 In q

= - = - = 1.384
u- 1 u-1 1

2.386(1 +g) =  1 193

2 (3)

The peak  power demand for the ha@  recirculation
process with misina  will occur at the very beginning of
the batch cycle when the water concentration in the
holding tank is 3’1 or ql.VDf,  and that leaving the stack
is qn-1 ;v

FP

P
s(p f 1): F,* -. R,  3-d

brn,  =
n 4

Q r-’ -VP, (q - 1) (In  q) F

(55)

P
K  tp + II2  r;,?

8mD = Q
n-, y

. VI (Q - 1) (56)
n

The ratio of this peak power demand to the power
required for continuous operation is given by the ratio
of Equation 56 to Equation 24.

P b-r (p + lJ2 q”-’

p,= n (1 + q + q?  +  q3  + . . .ql-l)
(J7)

.\ plot of Equation 37 is given in Figure  10.
For the example cited above, in which n = 2 and

q = 2. the ratio of peak power for this process to that
required for the continuous process would be:

P ,,,,,ac

p,=

( 1 . 3 8 6  +  1)’ (2)*-l  = l 9

2 (1 + 2)

Feed-and-Blesd

In a feed-and-bleed process, the rate of flow of  the
feed-and-bleed streams are equal and equivalent to the
production flow  rate, Fp.  The recirculation flow rate

ii’qwc  9 . Butch r~circululion  prwes  with complete mixing. :!c*cr,rCr
pnuw  rrguirr~wnt  is conrpnrrd  with that of the  continuous pro~crs
(Equncion  5  I)

(Confinued o n  nr.~sl  Tony)



will, in the general case, bc hi~l1cr  and may IPC  rrlatcct
to the production flow rate by:

F, = m Fp (58)

The value of m and consequently of F, may be dctcr-
mined for any given desalination range bv  a material
balance around the recirculation pump (see Figure 5).

F, ,L’,  + (m - 1) F, .Vr, = m F, .\‘,

Since the water leaving the stack in this process must
be  of the final product composition, .VrI, the composi-
tion of the recirculated solution being fed to the stack,
N,,  must be  that which can be demineralized in one pass
through the stack. Expressed mathematically:

3, = q .v,, (60)
The feed  water concentration may also be related to

the final product concentration by the number of passes
which would be required in a continuous process:

iv,  = q” IVp, (61)
Substituting Equations 60 and 61 in Equation 59 gives:

NIP,  (Q” - 1) _  4” - 1

m= N,,(q-  1) q--l

The  power requirement for this process is constant and
is given:

Pn =
R, .vd

- l)(ln  q)  of (63)

or:

Pm= -~m2FD’.V,,(q  - 1 )
R

The ratio ofPR  to the power demand for a continuous
process is given by the ratio of Equation 64 to Equation
24:

pfb m2
-=
P, n  (1 + q + q? + q’ + . . .q+0

(63

A plot of Equation 65 is given in Figure Il.
Using the same example as in previous sections, assume

that  two stacks are required for continuous operation
( n  = 2) and that the desalination ratio, .L’,/:V,, for
each stack is two (q  = 2). The multiple of the produc-
tion flow  rate is calculated from Equation 62 as:

22  - 1
m=-= 3

2 - l

and

pfb 3’
-r-z = 1.5
PC 20 + 2 )

InternoIly  Staged Stack Design

In an internally staged stack. the extent of demincral-
ization  is not equivalent to that of multiple passes at
constant cD/.\*,j  because the current density is constant
throughout the  stack while the product concentration
is lower in each successive pass. Furthermore, sin& the
maximum CD/hh  will  occur in the last pass, it usually
serves  as the basis  for’ internally staged stack design.
See  Figure 6.

I I I II 2 3
YsAunAlIon  RAIIO,  1

Fipe  70. Batch recz.rculation  process with mixing. Peak power
requivment  is compared tcith  power/or continuous process (Equation 57)

7

a=4

I I I i I 1
1 2 3

OWlnArlOn IATIO.  4

Figaur  ? 7. Fred-and-b/red  process. Pourr  dtmand  is rom&rd  rtith
that  o/ thr continuous process (Equation 65)
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EXAMPLE

Assume that a cell 40 cm. wide. 100 cm. long, and 0.1 cm.
thick is available ior which polarization stud&  have  shown
that a 5O70  dcnincralization  (N,/.V, = 0.5) may bc achieved
ar a so!urion  velocity of 10 cm.,‘scc. Equation 13 may be used
to back calculate the  avcragc  CD;.!‘d  LO which thcsc  data
correspond :

In + = In 4 = in 2 = $$ r+) (1000)  100
P . d

C D-
Lvd

= 0.743

Assume now that it is dcsircd  to dcmincrahze  a 0.04 ,V
s o l u t i o n  t o  O.OOj  S. For natural brines, this is roughly quiv-
aht  to deminaaiizing  a 2400 p.p.m. water to 300 p.p.m*
or an  d- fo ld  reduc t ion  in  concent ra t ion . The  only  addi t ional
empirical  data now requi red  i s  ce l l  res is tance  as  a  funct ion  of
so lu t ion  concen t r a t ion . Taking  th i s  as  RP .V,  = 6 for the given

l example,  and noting that at 10 cm./‘xc.  the flow rate through
the given cell will be 40 ml./‘scc.  or 0.040 Lisec. (approximately
4 0  gai./hr.)  and  the  pow-a  rquircmcnts  for  the various processes
may be ca lcula ted  as  fo l lows:

(1 )  For  the  con t inuous  p rocess ,  us ing  Equa t ion  24  and

1 2= E = 0.9 N,  = 0.04 quiv./l.

n=j Fp  = 0.040 1.;sec. .v,, = 0.005 quiv./l.

R&G = 6 ohm-q. cm.’ quiv./l. Ap  = 4000 sq. cm.
p. _ (96,500)*

c - --qijg-  WW 6 X
(. >

.

P, = 667 w.
[(0.04?  (O.ooS~U)  (1 + 2 + 411

Since the production rate is 40 ml./scc.  or 38.1 gal./hr.,
the direct  current  energy requirement for this  example may be

. evpressed  as :

(I-  = 667 w.
38.1  gal&r.

= 17.5 kw.-hr./1000  gal.

Energy convers ion  losses  for  the  product ion  of  su i tab le  d .c .
power ,  pumping energy,  and other  p lant  power requirements
must,  of course, be added to the d.c .  energy requirements  when
a complete  economic analyses  is  desi red.

(2) For :he batch recirculation process without mi?cing,
Equation 50 gives the same average power as that for rhe
con t inuous  p rocess :

Pbl = 667 w.

(3) For the  batch rccirculatiou  process  Hith  mixing, the
number  of rccircuiarion passes  rquircd may first be calcuiatcd
bv Equation 52:

P
2 (in 4)

= - = 2.77
1

The average power rcquircmcnt  may then be found from
Equa t ion  54  :

Pb = (2.77 + 1)  (667)  = 833  w
3

It may also  be noted that since a total of 3.77 pazscs  are
rquircd  for  th is  procm  instcad_of  3  for  the  foregoing processes ,
the pumping energy requirement  will  a l so  be at least commen-
sura te ly  h igher .

(4) For the feed-and-bleed procms,  the multiple of the
production flow rate rquircd may first bc calculated by
Equation 62:

8 - l
*c-=7

2 - l

‘The  power  requirement may then be found from Equation
65:

Pfb  =
(47)  (667)

3(1 +2+41
= 1jjj  w

(5) If an internally staged stack design were used for this
example  the number of stages rquired (using one ceil pair per
s tage)  quid  be  found by Equa t ion  70:

R - l
g=z=7

2 - l

The power rquircment may then be found by the applica-
t ion  o f  Equa t ion  19  to  each  s t age  no t ing  tha t  the  change  of con-
centra t ion for  each s tage is  O.OOSiV:

p = (96,500)*  (0.04)’ co  aoj)
4ooo  -

3 (667)
-P = 7 = 286 w.

‘This iow power requirement is not directi); comparabie  to
that  for  the other  processes ,  however .  because 7 cel ls  are  used
instead of 3. Equation 19 shows this inverse reiationship
between power requirement  and cei l  area.

.Ipplyins  E q u a t i o n  1 3  t o  t h e  l a s t  ccl1  p a i r  o f  a n
internally staged stack:

where q.V,,  equals normality of product stream entering
the last ceil  pair.

The current required to effect the change in conccn-
[ration  q .lGr, - -V,,, in the last cell is given by:

I = ; Fp(9.\‘,,- s,  ,I (67)

Substituting Equation 66 in Equation 67 gives:

Since this same  current fiats  in scrics  through all of the
cells. the number of cells required to achieve the over-all
cicsalination range is given  :

g7= -; F, (9”  -VP,  - IV?,)

Here  9 ”  .YD, represents norm&g  of feed water in
terms of the  final  product normality and the number of
passes that would be required in a multistack contixiuous
process.

Divitlinq Equation 63 b!- Equation 68 gives:



_-

. Since  CD,!.+*  and W/Fare  usually fiscd  I)y  empirically

dctcrrrincd polarization data, Equation 70 may  LK used
to c&date  the number of cell pairs required  fur a given
desalination range as a function of cell lcnqth,  L.

inspection of Equation 70 shows that as the ceil
1enKth  decreases toward zero.  the number of cells re-
quired approaches infinity. If the number of cells  is set
e q u a l  to  o n e ,  E q u a t i o n  70 simply  d e g e n e r a t e s  i n t o

Equation 13 and defines the cell length required to
achieve the desired desalination range in one pass.
Values of L which indicate that only  a fraction of a cell
pair is required may be interpreted as meaning either

that the desired desalination will bc achieved in that
fraction of the chosen path length or that a greater degree

of desalination will be achieved than that which is
c+ircd.

The total length of the desalination flow path required
in an internally staged stack is simply the product of the
cell length and the number of cells:

Lc  =  gL  =
L(q”  - 1)  .

(
(;>(?>(3 f _ J

(71)

c

-

Fur a Kivcn cell width and gasket  d-inn,  Lc  Iecotnes  a

a measure of the total quantity ol the  mcmbranc  and
gasket  materials required in the stack.  It is inrrrrstins -
to note, thcrcforr,  that although the number of cells
continues to increase with decreasing cell  length, the
value of Lc in Equation 71 approaches a finite limit.

Expressed  mathematically :

LI  = L(iJ”  - 1)
=

lim L-O E CD W
I+F--L -1

S F 1 1
s ki(-)W (72)- F

. The power requirement for an internally staged stack
cannot be compared directly to that of the continuous
multistack process &cause the effective area per unit
production rate will always be higher in the former case.
This is due to the fact that the CD/.\’  in all but the last
cell is below  the maximum design value. The total
power requirement may be calculated, however, by

making stage to stage material balances and applying
Equation 19 to each cell pair.

NOMENCLATURE P, =

a = empirical constant dependent  on cell thickness
A = effccrivc membrane area, sq. cm.

& = c&x&c  arca  of one cell pair. sq. cm.
A‘, = effective  area of one cell pair, sq. ft.
b = empirical constant dependent on cell thickness and mcm-

branc  propertics
c = empirical constant  dependent on crll thickness  and

membrane propertics

P, =

P. =

Ph  =

CD = currcnr  density,  amp.isq. cm.
d = empirical consmnt dependent on cell thickness  anb

membrane propertics

3 I
current  efficiency  exprcsscd  as  a  f ract ion.  dimension&
fracrional dcmincral izat ion per  pass

= product stream  flow rate for one cell pair, Liscc.
5 = Faraday’s constant, 96,500 amp.-scc./‘cquiv.

FP = production rate, l.,‘scc.
F. = recirculation Row rate of product stream  for a production

rate  Fp,  I./xc.
Fe  = total product  stream Bow rate, I . /sec.

P‘ll,  =

9.  =

Plb  =
4 =

R,  =

*

* =
l =
L’  =
CT’  =
r’ =
VP =
r,-  =r

v =
r; .=

e =

R =

I 3

k =

K =

L =
Lr  =
m =

number  of cells rcquircd in an internally staged stack to
achicvc rhc  d&red  dcminrralization ranqc

current,  amp.
number  of product stream  compartments

cell length, cm.
total length  of flow path. cm.
multiple of the production flow rate rquircd for the fccd-

and-bleed procas
R =

N  =
AN  =

number ofsragcs required for drsirrd ranqc  of dcmincrali-
zarion  in a continuous procrsz

solution normalitv. rquiv. ‘I.
change in normality  of product stream  during one pass

through the stack
.v, = product (diluting) stream  normality. cquiv.:l.
s,  = normality of feed to a stack
,v, ?I normaliry  of product from a stack
s,  = normality of rccirculatrd solution  fed fo the  stack in the

hr.  =
&VP,  =

P =

ford-and-bleed  process
normality of solution in pro:luct  rrclrculatiun  tank
nomialiry of final product
number  of pass- rrquirrd for batch rrcircularion with

mixing
P = direct current  power  for  a sinqlr  cc-II pair. w.

direct  current  power for a continuous multistage process
at constant  voltage with one cell pair per  sta.ge, w.

average direct  current  power demand for batch mircula-
tion with mixing, w.

power demand  for nth pass for batch rccircuiarion at con-
stant voltage without mixing, w.

average power  demand for a batch recirculation  pmccss  at
constant voltage with mixing, followed  by a single  pass
discharge at  product conccnrration. w.

peak  power  demand for batch recirculation with mixing
and product discharge during final pass, w.

average direct current power for a batch recirculation
pmcas  with sfug flow, w.

direct  current power for the  feed-and-blcrd-proccss,  w.
daalination ratio, X//Y,
r&stance of one square ccnrimcter of one ccl1 pair, ohm-

sq.  cm.
rate of salt tmnsfcr.  cquiv.iscc.
cell rhickna.  cm.
power per  unit product flow  rate. w.-hr.il.  sec.
power per  unit producr  slow  rate. kw.-hr.: 1000 eal.
superficial linear vclociry, cm. /sec.
voltage acron  one cell pair, v.
total  volume rccircularcd in barch  process  durine dr-

salination fmm -V, Co p.V,,
\olumc  of holding tank
cell width.  cm.
t ime ._
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