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Glossary
All  concentrations (mg/L of nitrate as nitrogen)

Cr Feed steam concentration mg/L of nitrate as nitrogen -
Ce Product stream concentration
Coe Waste stream  concentration

(same as anode wash outlet stream)
Cy  Concentrate inlet stream concentration
Cc, Concentrate outlet stream concentration
Cp; Diluate inlet stream concentretion
Cp, Diluate outlet stream concentration

Flowrates

Qm Flowrate of feed dream to diluate tank
Qpc Flowrate of feed stream to concentrate tank
Q:  Flowrate of totd feed stream

Q; Flowrate of product stream

Quw... Flowrate of waste stream

Q,; Flowrate of diluate inlet stream

Qo, Flowrate of diluate outlet Stream

Qg Flowrate of concentrate inlet stream

Qc, Flowrate of concentrate outlet stream

Nomenclature

FB  Feed and Bleed process for eectrodidysis
PFD Process Flow Diagram

ED  Electrodialysis

P&ID Piping and Indrumentation Diagram

NIST Nationd Inditute of Standards and Technology



1 Executive Summary

This report summarizes work done by the Bureau of Reclamation (Reclamation) in pilot
tesing an eectrodidyss (ED) water trestment system with specid membranes talored for
nitrate remova from water. The pilot unit was tested at well no. 7 at Brighton, Colorado, a
municipdl water well with nitrate concentration ranging from 10 - 20 mg/L nitrae as
nitrogen. The testing took place between late 1993 and early 19%4.

Product water from the ED unit had a nitrate concentration of 7.5mg/L as nitrogen, well
under the MCL of 10 mg/L. Water recovery was 91 percent. Feed water was filtered with
a 10 micron catridge filter prior to the ED system. Smal quantities of sulfuric acid were
added to control pH of the cathode wash streams to prevent scaing. No other scde
inhibitors or chemicds were added. The unit was run on an intermittent basis during the
month of December 1993, but was run continuoudy for approximately one week (between
1/18/94 and 1/24/94) 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 trests weter using a
RO system that achieves 80% water recovery using a scde inhibitor. Since Brighton water
was dso hard, there were additional water quality issues the city consdered in choosing the
RO process. The ED process used did not achieve the same level of minerd removad as RO,
but the ED process is optimized for nitrate remova. The ED stack and membranes were
built by the Asahi Glass Co. of Japan. The stack was run on amodified feed and bleed
process. It has one eectricd stage that does not reverse polarity.

This report details how initid flowrates and process settings were established, how the
system was controlled automaticaly, operational issues, and chemistry results from the
sampling done on 1/24/94. The engineering work was done by Dave Williams while
employed as a chemicd engineer a the Bureau of Reclamation. It is the author's opinion
that this process should be consdered as a competitive technology with other treatments
when the principa contaminate is nitrate.

2 Objective

Reclamation’s initid objective for this project was to edtablish fiedld experience with this type
of water trestment, and to compare the process with the other nitrate removal technologies
such as RO and ion exchange. If this technology proves promising, Reclamation would
condder Asahi ED when searching for treatment dternatives for other smal communities.
In 1993, as pat of the Smal Communities Desdting 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 dlow Reclamation to estimate trestment costs for smal
community ED systems. Therefore, much of the work done a 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 demonsirate operation of the process.

Initidly the ED pilot system was assembled in Denver, and water was trucked in from
Brighton for teting. But it was found tha nitrate concentrations declined relaively 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, gracioudy offered space in ther RO pilot test facility a the corner of 4th and Jesup
Streets in Brighton.

The long-term objective was to obtain data necessary to compare cost of the exising RO
sysem a Brighton with the Asshi 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 Design of Pilot Plant

3.1 Principles of Feed and Bleed and Asahi ED Information

311 Asahi ED Stack Specifications

The DB-0 dectrodidyss stack was purchased by Reclamation for $10,500 US on 9/24/93,
and has the following specifications:

Membrane  types: ASV( monovdent sdective anion exchange)
CMV(cation  exchange)

Membrane size: 7.1 inches x 21.7 inches (18x55cm)

Effective Membrane Area: 79 sq. inches ( 0.051 m?) per cdl pair

Number of Cdl Pars 100
Product Flow: 2 to 6 gal/min (7.6 - 22.7 L/min)
Electrical Stages: |

Although Asahi 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 [1], [2]. It

IS not the purpose of this report to explain the basics of ED, but the reader is referred to the
many excelent papers on the subject. Reference [2] and thelonics ED brochure[4] are
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good places to sart reading about ED.

Figure 1 illustrates the feed and bleed configuration used by Asahi, and adopted by the
author for pilot studies a Brighton. Feed and bleed (FB) typically refersto using asingle
dage stack with continuous recycle of product water to achieve a desired sdinity. Asahi
utilizes a modified FB process where both concentrate and diluate are recycled. Some
authors in [1] and [3] recycle only the product. Recycling both streams alows more control
of the process. This can become especidly important a high water recoveries (> 80%) to
control scding and polarization [2]). Other advantages of FB are that the stack operates & a
low current density and the membranes operate under Steady-state conditions [ 1].
Disadvantages of FB ae higher eectricd requirements than a multistage stack, more
complicated piping and control for the various recycle streams [1], and high recirculation
rates can cause waer hedting. 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 cdculation in his
paper comparing the power requirements for continuous process, batch recirculation, feed-
and-bleed and interndly dtaged stack. He concludes that the feed-and-bleed process
consumes sgnificantly more power than any of the other processes (up to 5 times as much
power consumption). FB is used for pilot testing because it smulates staging or multiple
stacks. It is especidly important when scaing up a pilot study to a large commercid system
not to confuse pilot FB power consumption to that of a large multistage stack design.
However, data such as polaization and ultimaie water recovery are quantities tha can be
used in desgning large scde systems.

The process flow used for pilot studies was developed from drawing M2001-1 provided by
Asahi. This drawing, included in the appendix of this report, specified mgor egquipment and
equipment  capecities. The equipment data provided by Asshi was for maximum capacities
only, so it was necessary to perform preiminary caculations before pilot testing to establish
operating parameters for the specific sysem flow rates. The process flow diagram (PFD)
shows the flows that were used while tegting in the Reclamation Water Treatment

Enginearing and Research PRilot Plant Lab. The process stream nomenclature used here is
maintained throughout the project.

3.13 Understanding the Process Fow Diagran and the ED Process
Various assumptions were made in determining the process flow settings.
> No sgnificant amount of water transfers between compartments. Therefore, the

flowrate of Qp; is equivalent toQp,.. Likewise, the flow rateQg; is equivalent to Qc,.
Only minerds transfer from diluate compartment to the concentrate compartment.

> No significant ion trangport occurs in the electrode wash sreams. Although the pH
can change, the mgority of demineralization occurs through the diluate/concentrate
compartments.



Both of these assumptions were verified in the fiedd. 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 lesked from one compartment to the other. Chemidtry data was
used to verify that indgnificant amounts of deminerdization occurs in the electrode cavity.

By ingpection of the PFD it can be seen tha two flowrates are equd,

Qrc = Qi = Qwane

and, -

Qm = Q

The feed stream is split into two sStreams, and the feed stream to the concentrate tank is set to
have aflowrate equal to the waste stream. The feed dtream flowing to the diluate tank is set
to have a flowrate equal to the product stream flowrate. If these conditions are not met,
ather tank will overflow.

Water from the concentrate tank is used to flush both eectrodes (cathode - and anode +).
Water from both diluate and concentraie compartments are recycled back to their respective
tanks. To st 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 smple technique

avoids codtly 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 indrumentation diagram (P&ID).

3.2 Calculations and Assumptions

The following is the procedure used by the author to set initid conditions for the DB-0 ED
system. The materid baances and concentrations refer to mg/L of nitrate as nitrogen.
These equations and desgn decisons were made in Denver before testing began.

3.2.1 Establishing Known and Unknown Quantities

Usudly 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 caculated, and are
summarized  below.



Given Performance  Spec Quantity {0 e calculated

C; (feed conc.) Qp (product flowrate) | (stack current)
Qw (waste flowrate) Q, (diluate flowrate)
C; (product conc.) Qc (concentrate flowrate)

Cs (concentrate inlet conc.)
Cc, (concentrate outlet conc.)
Cp; (diluate inlet conc.)
Cp, (diluate outlet conc.)

Well no. 7 a Brighton was the feed water for the pilot studies. Nitrateconcentration varies
throughout the year at this sitefrom 10 to 20 mg/L NO, as N, so the baseline feed value for
design purposes was chosen to be 15 mg/L. Snce the maximum contaminate leve (MCL)
for drinking water purposes is 10 mg/L, a product concentration of 5 mg/L appeared to be a
reasondble  vaue. Asshi specifications caled for 2-6 gal/min (7.6-22.7 L/min) product flow,
so avalue of 4 gal/min (15.1 L/min) was chosen for product flow and to demonstrate a high
water recovery, a 0.5 gal/min (1.9 L/min) was chosen for waste stream flow. Thiswould
give an 8% waste recovery for the system.

3.2.2 Cdculating Dilugte Flowrate Q;

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

QmCr + QoCpo = QuiCrni + QpCp
Qp; = Qp, from the first assumption, Qg = Qp and Cp; = Cp, from observation of the PFD,
QeCr + QpiCho = QiCr + QCh
rearranging  terms,
QeCr = QG = Qe - QoiCro
gives a find result,
1) Qi = Qe (G- G- Cpo
All quantities are known or specified except Cp,, the concentration of the product water as it
exits the stack. This concentration is a function of the eectricd settings of the stack. Cp,
was chosen to be 3 mg/L nitrate as nitrogen which, at first glance, may appear to be a

random sdlection, but the following explanations show how this value was chosen.

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

9



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

Given that Q, was specified to be 4 gal/min (15.1 L/min), and using design equation (1),
Qp; = 4(15-5)/(5-3)
Qp: = 20 gal/min (75.7 L/mill)

3.2.3 Current Calculations

In the ED process the relaionship between electrical current and the amount of mineras
removed from the water is described by Faraday’'s Law. The author used an equation from

[2].
E = Fx F, AN/K

where: E current  efficiency

F = Faraday constant (96500 amp-sec/equiv.)
F, = Totd product flow (L/sec)

DA = change in feed concentration (equiv./L)
k = number product Stream  compartments

I current  (amperes)

Current was caculated to edablish a target vaue. One assumption mede was that the overdl
deminerdization would follow the nitrate deminerdization. It should be understood that this
is an over simplification, since some ions are transferred more easily than others. Buta
target vaue is required before pilot dudies and to sze the DC power supplies.

Usng Faraday's Law, the current was caculated for water sample H-3356 (appendix)
where: AN = Cp; - Cp, = Co/3 - C/S

assuming a 85% current efficiency and using 100 cell pairs.
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_ 96500 g%np*sec lOgal 3785 L, 1 min * 13.68x10 73 eq*[- ;]

min gal 60 sec L 85 * 100

| =2.6 anps

Since the Asshi ASV membranes are monovalent sdective, this current would be a worst
case vaue. If no SO,2anions were transferred, the current consumption would decrease. BY
assuming that sulfate was not in the feed water, the eectrical current was found to be

| = 1.7 amps

In the fidd, the voltage was adjusted to attempt to reach 1.7 amps. When running an ED
sysdem one should be aware that this voltage may not be atainable 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 voltege that can be applied.
Excessively high voltage can damage membranes{4]. For this project, no detailed
polarization studies were performed except for fidd monitoring. To perfform a polarization
study for this water, alarger DC power supply would be required. |n designing ED

equipment for field Studies, it is important that relatively large voltages (for this system-up to
400 volt) be avalable to measure polarization. The procedure in the field was to increase

the voltage dowly while monitoring resstance (voltage/current) to maintan a linear
relationship. Mason and Kirkham [2] indicate that due to the many factors affecting
polarization, experimentd determination is the preferred method for design.
324 Cdculating Concentrate Flowrates and Concentrations Qg, Cq, and Cg,
calculating c,:
A nitrate materid baance done on the entire sysem gives

QeCr = QeCp + Quane Coane = Ci + QuanCoai
solving for Cey,
@ Ca = (Q&Cr - QeCp)/Quane
for Qp = 4.5, Quue = 0.5, Qp = 4, and C; = G4/3,

Co = [(4.5xCp)-(4xCy/3)10.5

Cs =6.33 Cq

11



For avalue of 15 mg/L feed, Cg; would be 95 mg/L NO, as N.

Usng the same reasoning as for the diluate outlet concentration, the concentrate outlet
concentration should be larger than 95 mg/L. If Cg, is chosen to be close to 95 then a very

large concentrate flowrate would be required to remove the ions. Also if Cg, wasto be
large, then one of the condtituents could reach a limit of solubility (or scae). Usng this
reasoning C, was chosen to be 110 mg/L.
Calculating Qg
Q. is found from a materid baance on the concentrate tank.
QrcCr + Qcoloo + QCq = (Q+ + Q + Q&a
rearranging and realizing that Qc, = Qq; ,
QrcCr + QcCoo = Q4 + Qa)Cai
gives a find result,
(3) Qci = (QucCr - Q4 Ce)/(Ces - Ce)
inserting  values,
Q¢ =[(0.5 gal/min*15 mg/L)-(0.5 gal/min*95 mg/L)}/(95 mg/L-110 mg/L)
Qu = 2.7 gahnin (10.2 Lhnin)

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

325 Cdculation Prediction Summary
Flowrates Electricd  Settings
c = 2.7gahnin (10.2 Lhnin) | =1.7-2.6 amps

Qn = 20 gal/min (75.7 L/min)

Q; = 4.0 gal/min (15.1 Lhnin)

Qw= 0.5gahnin (1.9 Wmin)

J; = 4.5 gal/min (17.0 L/min)
Q. = 0.5 galhnin chosen (1.9 L/min)

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

12



4 Pilot Plant

4.1 Description of Equipment

The P&ID drawing shows mgor equipment. No detaled hill of materids was generated by
the author. Pumps were chosen by condderation of maximum capeacities provided by Asahi.
Mogt equipment was surplus and was sdvaged from existing stock a  Reclamation.

Diluate Pump PVC case 1-1/12" x 1" discharge
1HP 120VAC single phase.-

Concentrate  Pump PV C case1/2" suction x 1/2" discharge
3/4HP 120VAC gngle phase

Tanks 30 Galon capacity, Pladtic,

DC Power Supply Sorenson modd  DCS-150-7 (150v/7A)

HP Linear supply (unknown model)
Diluate Flowmeter Rlot 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 smply looped into the tanks to make sampling essier. Feed water pretreatment
was a 10 micron filter. Occasionaly, 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 (eg. 1
week) with concentrated water dill in the membranes. The pressure drop across the stack
did not incresse sgnificantly 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 a the cathode (-) to control the
basic reaction.

4.2 Control and Operation |ssues

As previoudy mentioned, to mantan the levels in the diluate and concentrate tanks, the feed
flowrate (Qgp and Qgc) Must match the flowrate of the product and waste streams,
respectively.

Because of variation in well pressure, it was difficult to maintan tank levels over long
periods of time. To dleviate the constant adjustments, a control scheme was designed by the

13



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/min) would shut down
the system. System shutdown consisted of closing the 3/4 inch, normaly closed (NC), inlet
solenoid vave and turning off the pumps and rectifier.  To monitor lesks and to protect the
gack from a no flow condition, two pressure switches were instaled on each pump. Also
one pressure switch was utilized on the feed line to detect when the city wel was shutdown.
Loss of pressure from any of these three switches would shut down the system. The
eectrical logic schematic shows details of the shutdown and control logic. The shutdown
logic preformed well without any problems.

Pressure gauges were inddled on the inlet side of the stack to monitor pressure drop across
the membranes. If inlet pressures were increasing, shock chlorination or acid descaing was
used to clean the membranes. Asahi clams that these membrane can survive acidity in the
range of 2-10 pH. Acid descaing was used when the unit was shut down for long periods of
time and concentrated water had been alowed to and 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 previoudy, acid was injected a the cathode to control pH a the concentrate
tank to approximately 4-6. The pogtive displacement digphragm pump (LMI) with
frequency and droke adjusment, was used to maintain a consstent injection quantity. This
proved to require periodic atention and a closed loop method was considered by the author
but not implemented. 93% sulfuric acid was diluted to about 30%, to meke a more essly
injected  solution. It was difficult to control the pH with the 93% acid; dso, the more dilute
aid is safer to handle and minimizes the heat of dilution a the cathode. Acid injection was
found to be 52 ml/hour when sampling was taken on 1/24/94,

4.4 Power Measurements

Electricd power to the stack was measured by a Fluke modd 8060A digitd multimeter
(DMM) which was calibrated viaa NIST traceable standard on 8/9/93 in the Reclamation
dectricd power lab. All voltage and currents to the stack were measured with this meter.
Parastic electricd 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 smal pumps employed are not as efficient as larger pumps that would
be used in commercid systems. .
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5 Data

5.1 Compilation of Chemidrv Ddaa

Mgor CaiongAnions (mg/L)

BOR Sample # H-4698 H-4699 H-4701 H-4695 H-4696 H-4697 H-4700
Process stream C, C; Cwwe Ca Co Cp, C-

Flowrates 4.68 4.25 0.433 2.6 2.6 20 0.67
(gal/min)

pH 6.66 6.6 3.1 3.82 5.55 6.57 2.17 -
Conductivity 1260 988 2950 2950 3190 923 7080
(us/cm @25C)

Suspended solids 0.357 0 0.877 0531 0862 0.696 1.05
Dissolved solids 884 653 1970 2220 2550 620 2410
(180C)

Sum of ions 890 717 1720 1790 2070 660 2640
Ca*? 112 73 307 341 394 58.7 357

Mg*?  26.2 19 66.1 72.4 82.7 16.4 75.2

Na* 127 116 173 188 202 103 194
X+ 4.23 3.55 10.8 10.6 11.9 4.42 10.9

co,2 0 0 0 0 0 0 0
HCO; 310 243 0 0 94.3 226 0
S0;* 210 213 781 787 810 215 1610
Cl- 100 49.1 381 392 472 36.2 395

Nitrate Results (mg/L)

BOR Sample # H-4705 H-4706 H-4708 H-4707 H-4703 H-4704 H-4707
NO; as N 5.9 7.5 65 73.8 87.3 5.55 76.4

Sdected Metds (mglL)

BOR Sample # H4714 H-4715 H-4717 H4711 H4712 H-4713 H-4716

Ba*? (ug/l) 253.2 6259 2416 253.2 2941 5423 262.1
Fe 49.67  9.112  55.62 49.67 51.97 1149 127.4

Mn <4 <4 <4 <4 <4 <4 <4

Sr 4478 954.7 4338 5254 5254 849.4 5007

52 Chemidrv Data Quality

Two dandard solution samples were submitted dong with other samples for qudlity
assurance.

BOR Sample # H-4709 H-4710
BOR lab results NO: as N(mg/L) 9.70 96.9
standard solutions (HACH){mg/L) 10.0 100
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6 Comparison of Data to Predictions

Table 1. Comparison of data with predicted values.

Description Quantity Prediction Actual Comments
Feed Flowrate Qr (gal/min) 45 4.68 cdculated vaue
Feed Concentration Cg (mg/L) 15 15.9 gven by wdl
Dil. Flowrate Inlet Qpy(gal/min) 20 20 difficult to cdibrate
Diluate (or Cpi=Cp 5 75 i
Product). (mg/L)

Concentration  Inlet

Diluate Cp, (mg/L) 3 555

Concentration

Outlet

Conc. Flowrate Qg (gal/min) 2.7 2.6 cdibrated OK

Inlet

Conc. Cq (mg/L) 95 738

Concentration  Inlet

Conc. Ce, (mg/L) 110 87.3

Concentration

Outlet

wade Flowrate C, (gal/min) 05 0433 cdibrated OK

Cathode Wash C. (gal/min) 05 0.67 cdibrated OK

Flowrate

Product Flowrate QP(gal/min) 4.0 4.25 cdibrated OK

Sack Voltage v (Volty ? 300 maximum  voltage

Sack Current I (Amps 1.7-2.6 114 more voltage
required?

Stack Power P (waits) ? 342

Add Injection 52ml/hr

Diluate Presaure psig ? 11

Concentrate psig ? 10

Pressure

18



6.1 Discusson

The dectricd current cdculation did not agree with the expaimentd vdue for two ressons
The cdculation was peaformed meking the assumption thet dl ions are removed with equd
efficacy. Also, 300 vats was the maximum vodltage atanable with the power supplies
avalable Higher voltages and higher corresponding currents may have improved product
concentrations with the posshility of reaching the target of 5 mg/L nitrate as nitrogen.  Of
course, ancther way to improve the product concentration would be to change flowrates.

The nitrate concentrations on the concentrate sreams, both inlet and outlet, gopear to have
lower vaues than predicted. However, dl concentration cdculations 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 gopendix shows
the desgn eguations caculatled with actud vaues (see gopendix).

When reviewing the desgn eguations and materid baances, it is important to kegp in mind
thet the ided conditions, Qpy=Qp aNd Qp.=Quwawe a€ NOt dways met. In practice there is
dways some dight oveflow of the tanks It was found this was the preferred method of
opadion, to avoid any tank running empty. If the pressure of the wel vaied, the flowrate
would change to eech tank and eventudly a tank would empty, shutting down the sysem on
low pressure. This dight overflow condition introduces eror in the maerid baances
though. To mantain tighter contral, an invesmeat in better equipment, such as flow control
vaves and pressure regulaiors, would be required. Qpy ad Qq. Were messured during this
project but not recorded; in the future it would be a good idea to record these vaues to hep
in resolving materid bdance erors Other erors in the maerid badances could be atributed
to vaiaions in chemidry results and inaccurades in flov messurements
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6.2 Current Efficienc T

Cdculdion of curret for Asshi ED Sack
CONCENTRATE COMPARTMENT

|G’IS EqUiv.Wt CCi CCi CCo Cco
(grams/eq.) (mg/L) (meq/L) (mg/L) (meg/l)
H-4695 H-4696
Ca*? 2000 34100 1705 39400 1970 )
Mgt? 12.20 - 12.40 593 82.70 6.78
Na* 23.00 188.00 8.17 2020 8.78
K voeadl) o fd 0.27 0 0.30
am of caions 31.43 3557
CO,? 30.00 0.00 0.00 0.00 0.00
HCO, 61.00 0.00 0.00 94.30 155
S0,? 48.00 787.00 16.40 810.00 16.88
Cr 35.50 392.00 11.04 472.00 13.30
NO; as N 73.80 87.30
NO,' asION62.00 326.83 527 386.61 6.24
aum of anions 32.71 37.95
Normdity(N) 32.07 36.76
TOTAL 2117.83 245351
AN (meg/L)= -4.69 Fow pahss 100
Flow(gal/min)= 2.60 Cdl parss 100

chage in equivdents = Flowrate(L/min)*AN (eq/L)
=3,785%2.60*4.69/1000
=(.0462 eq./min
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6.3 Current Efficiencv Spreadsheet for Diluate Compartment (Lotus 123)
Calculation of current for Asahi ED Stack
DILUATE COMPARTMENT

lons Equiv.Wt  Product  Product Cp, Cpo -

(grams/eq.) (mg/L) (meg/L) (mg/L) (meq/L) -
H-4699 H-4697

Ca*? 20.00 73.00  3.65 58.70  2.94

Mg*? 12.20 19.00 1.56 16.40 1.34 .

Na* 23.00 116.00 5.04 103.00 4.48

K* 39.10 3.55 0.09 4.42 0.11

sum of cations 10.34 8.87

CO,? 30.00 0.00 0.00 0.00 0.00

HCO, 61.00 243.00 3.98 226.00 3.70

so,” 48.00 213.00 4.44 215.00 4.48

Cr 35.50 49.00 1.38 6.20 1.02

NO; as N 7.50 5.55

NO; as ION 62.00 33.21 0.54 24.58 0.40

sum of anions 10.34 9.60

Normality(N) (average) 10.34 9.24

TOTAL 749.76 684.30

AN (meg/l)=1.10 Flow paths= 100

Flow(gal/min) = 20.00 Cell pairs= 100

Change in equivalents/min Flowrate(L/min)*AN (eq/L)

= 3.785*20.0%1.10/1000
= 0.0833 eg/min

Averaging the concentrate and diluate compartments:
Average equivalents transferred/min = (0.0462+0.0833)/2 = 0.0648eq./min
E = Faraday(amp—sec/eq)*Flowrate(IJsec)*AN(eq/L)/current (amps)/ﬂowpaths

= 96500*0.0648/60/1.13/100
E =0.922
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7 Conclusions and Recommendations

Other Daa and Samples

Water samples were teken dter initid datup in Denver, but the author has omitted discussng
results  While bang teted in Denver, the dack removed nitrate as expected, but the author does
not bdieve the unit was run long enough with congdent feed concentrations to provide ussful
information.  Redamation continued to run the pilot sysem in Brighton dter the author was no
longer employed @& Redamation, and that data has not been consgdered in this report.

Current_Efficiency

The current effidency, cdculated in section 6.2, was found to be 92%. This vdue was derived
by averaging the current effidendes between the concentrate and diluate compartments. This
method was chosen snce the effidency is sandtive to dight vaiations in chemicd results and
erars in flomraes Typicd commeadd ED sydems have currant effidendes betwean 80-95%.

Power Consumation and PostTreatment

DC power consumption was found to be 1.5 KWH/1000 Gdlons of Product. Although no anti-
scalants were reguired for the process, due to the low pH of the wadte water, pod treatment may
be required before digposd.

Recommendaions for Further Sudv

One of the disadvantages of ED is tha numerous process sreams samples are required to

vaify predicaions Of course this increases the cod of pilot gudying ED sysems A hand-hdd
nitrate probe was usad a Brighton, but it was difficult to obtain condgtent readings  Perhaps
with more fidd experience, conagent readings are posshble or, beter fidd type measurement
equipment could be purchased.

Snce only one sample point was taken, longer teding duration and more frequent samples were
required. The City of Brighton & one time offered gpace in ther large RO trestment plat,
located et of town, for continued teting of the process The City eventudly sold the RO Rilot
Teding fadlity on Jesup Streest and Redlamation had to ceese tesing and remove equipment.

It is premature to recommend this process for commercd water trestment processes without
further sudy. But some condudons can be made High recoveries (> 80%) ae possble with
this technology, and with ion sdectivity, overdl power consumption can be lower then
convertiond  ED.
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Appendix A
FHdd Daa Taken on 1/24/95 duing sampling

Qdi = 20 gdhnin

Q. = 2.6 gal/min -
QP = bucket checked to 4.25 gal/min

Q. = bucket checked to 0.433 gal/min

Q- = 0.433 gal/min

\ = 3000 volts

I =113 - 114 amps

Concentrate tank pH = 4 .99 with hand held probe

(1) Qi = QP (Ce - G )/(Cp - Co)

usng adtud vaues

Qs = 4,25(15.9-7.5)/(7.5-5.55)
= 18.3 gal/min
@) Ca = (Qr Cp - QCr)/Quase
= (4.68)(15.9) - (4.25)(7.5)/(0.433)
= 982 mg/L
&) Q = Qpc Cr - QiCai /( Cq; - Coo)

= (0.433)(15.9) - (0.433)(73.80/(73.8-87.3)
= 1.86 gal/min asauming Qe = Q +

in ectud operdion Qpc > Q. to mantan dight oveflow of tank.
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APPENDIX B
USBR CHEMISTRY LABORATORY
REPORT OF MAJOR CATION AND ANION ANALYSES
@7/26/1893

 —— T o e ok A 0 D G S T S T M S ke H S T e e S S el S S oy g P P i S O bk U0} S S e e A g e i R A 4 A L S

PROJECT.. . ... ... ........5%......... NITRATE ED

SAMPLING DATE. . o .o i i i i e e e ot Q7/12/1993

H- 3356 BRIGHTO WELL NO. 7 -

o 6.17E+000
Conduet ivity «ovree e 1.1BE+@@3 uS/cm @ 25C
Suspended solids . ... S.22E-0@1 mg/L
Dissolved solids=180C ...... ... . ... .. ........... 8.42E+002 mg/L
Sum of cations+anions .o it iin i 9.18E+002 mg/L
Calcium ... 5.79E+000 meq/L  ........ 1.16E+002 mg/L
Magnesium ................ 2.36E+000 meq/L ........ 2.87E+001 mg/L
Sodium ................... 5.48E+000 meg/L ........ 1.26E+002 mg/L
POtasSSiUMe-cececnacncnnn. 1.10E-@@1 meq/L ........ 4.30E+000 mg/L
Carbonate ................ Q.00E+000 meq/L ........ 0.00E+000 mg/L
Bicarbonate .............. 5.29E+000 meq/L ........ 3.23E+002 mg/L
Sulfate ... ... .. .. ...... 4.73E+800 meq/L ........ 2.27E+00Z mg/L
Chloride ................. 2.62E+22@ meq/L  ........ 9.30E+0@1 mg/L

o " —— o ——— - e e i U o ik el S Y P T U TR S e S i A T e S S - e o M T D Y = M W s o T o W > o oA

NO3 as N = 13.4 mg/L
NOZ as N = less than 0.1 mg/L

NH4 as N = less than 0.1 mg/L
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APPENDI XD

ELECTRODIALYSIS

PRINCIPLES OF PROCESS DESIGN

vF
.~
CONCENTRATE ~ STREAM o PRODUCT = STREAM i CONCENTRATE SLVREAM

°
@
®

DIRECT
(URRENT = — =Yy dh = ds 4
FLOW L ot

‘ PERMEABLE
MEMBRANE

Figure 7. <Demineralization by electr%z'aljsz's in a single membrane pair. Basic

performance equations of such a pair can be extended to complex engirieering processes



MINTZ

Criteria for economic optimization are presented
in the form ‘of comparative performance equa-

tions for various methods of operation

F'rom the chemical engineering viewpoint, electro-
diialysis 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.

Deminerzlization by electrodialysis 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 electrodialysis
process.””  Within this definition of the electrodialysis
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-
ment clectrodialysis with ion selective membranes have
also been developed and presented in several forms by
researchers in this field, but their utility in practical
clectrodialysis  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, feed-
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 refinements 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 cqtiations,
it is also shown that only two sets of empirical data
are required to substantially characterize all of the
methods of operation for any particular application.
First, a reladon must be established between solution
concentration and membrane stack resistance. The
data should, of course, be obtained ova the concentra-
tion range in question and at the soiution temperatures
likely to be encountered. Second, a relation must be
established between maximum practical current density
and solution velocity for a givencell design. This type
of data may readily be obtained during the resistance
correlation runs by varying the flow rate through the
cells at each concentration level. The electrochemical
limitation on current density will depend on the nature
of the solution being treated, and, for design purposes,
will usually 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 overall 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-
esses on the next page (Figures 2—6)-

Basic Performance Equations

The performance of a multiple chamber electro-
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:

I= V.od 45 1

R, E

The current efficiency term, £, is related in part to
the pcrmsclcctivity of the membranes used, but it is also

a function of the solution concentration range in which
they arc applied. For practical design purposes, the



Intermediate Stoges th Stage

Pew K[y lg = N +q+q +¢ +..+ ¢ (Equation 24)

CONTINUOUS PROCESS Figure i

For large scale applications of electrpdialysis in which the desired
capacity or demineralization range is weil beyond the capabilities of a
single or modular $1z¢ membrane stack, suitable combinations of stacks
in pargllel and sertes can readily meet the destred Sspecifications.
Arranging memérane stacks hydraulically in parallel will proportionally
ncrease plant capazity, and arranging them in sertes wsll permit
irogressively higher over-all demineralization ranges.  Once this process
ps in its equulibrium operating condition. its power demand is constant.
During start-up, however, low solution reststance will cause a peak
power demand unless a preventive procedure or control :rstrumentation
is used. [nterstack pumps may ako be required.

ADVANTAGES: Minimum pipe and valve size, minimum
control tnstrumentation. NO rectreulation reservoir, minimum  power
rcquimrmu:, stage vat'tage: readily adjusted to conform with actual
stack resistances, alf membranes operate at a single equiltbrium con-
centration.

DISADVANTAGES: Production rate must be balanced with
flow velocity, feed water salinity w temperature changes require plant
adjustment, process is sensitive to changes in flow rate, increasing mem-
brane resistance may put plant out of pperation.

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

No. of electrical equivalents passed through

membrane pairs

FF AN

Y

(3)
where :

F, =Total product stream flow rate in 1./sec.

AN = 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 reiation between the rate of salt transfer, the
product stream flow rate, and the change in concentra-
tion of the product stream is given by:

ds = —FdN, 4)
Substituting Equation 4 in Equation 1 gives:
vV, d4 .
E o O _RaN, (3)

F§ -

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 imversely proportional to this
concentration.  Expressed mathematically:

a

R, = 6
R (6)
Substituting Equation 6 in Equation 5 gives:
EV,d4d a dNy )
Fg N

Integrating Equation 7 over the effective area of a
single membrane pair, A,, and over the desired product
stream desalination range gives:

A N,.
EV,fp dA'—"‘“df’ dN4 (8)
F§ 0 Ny Na
or: 3V
EV,4, _ N, -
= = R, NsIn N, )]

Thus, if the desalination ratio, ¥ /N, 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 isnecessary to know or estimate an average
value for R, Ny and E, and to choose a value of V.

Since ¥, 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 4,, giving:

N, E ( v, )( w> ,
-1 - = — L
In v, 5 \ENN\F (10)

For a given cell thickness, ¢, the ratio £/} is propor-
tional to linear velocity, ». Expressed mathematically:

F ol
W =T (1)

The ratio I',/R, Na may also be converted to a param-
eter which is indicative of the limiting polarization
conditions :  7¥

o Moy, o
/ R, Ny Nd
where values far cb and Ny exist at the same pointin the
cell. They are not average conditions Under the
asstmed conditions of constant ¥, and constant R, .V,
however, the ratio cp /¥y is also constant.

The term 1/R, ¥¢ may als> be recognized as being
proportional to equivalent conductance which is in fact
independent of concentration for dilute electrolytes.

(12)



Fy= F {intermirtent barch faud)

B A 3 ¢
= Ju
- "Fy = Fe botch discharge)
frmafy n
{2 Lo

P K[ g lo= D015 qte + 0+, + ¢} (Equation 30
BATCH RECIRCULATION PROCESSES Figures 3 and 4

In a batch recircuiation process, a fixed volume ef jccd water is
pumped from a holding lank through a mnbranr stack and back {o
the holding tank until tk desired degree Of demineratization is achieved.
The power requirement for such a process is Largely dependent on
WKtkr or ngt tk intermediate product leazing the stack at any given
&me is mixed with fhe water in ke holding tank.  Since various degrees
of mixing are possible, it is most convenient lo consider the extreme Caxes
of pp Mixing ang’ complete mixing. The case of N0 mixing can be
achieved in practice by using two holding tanks and having them serve
alternately as feed and product reservoirs. fn any constant voltage

P 00K R g — 11+ q+a+ ) (Eqwetions 24 ond 54)
1

al tk beginning of the cycle because of low solution resistance.

ADVANTAGES: Optimum vefocity iS independent Of production
rate, changes in feed water salinity or temperature only modify the
production rate, zariations in recirculation rate do net affect performance,
changes in membrane properties orly affect production rate.

DISADVANTAGES : Larger pipe, selve, and pump sizes; higher
power requtrement and sometimes higher average power requirement;
greater degree of instrumentation; recirculation tank required; mem-
branes are never at equilibrium; variable current density through
membranes; performance difficult to cvaluatc.

batch recirculation process, howerer. there will be a peak power demand
Py=K o’ f,’ Npt {§ = 1} (Equation 64)
]

|’¢
FEED-AND-BLEED PROCESS Figuwe 3

For smatl demineralization ranges or where large changesin feed
solution concentration are encaxntered and a continuous product fow is
&sired, a  feed-and-bleed process is sometimes used. .day conventional
multizell stack may be used in this process. 4 recirculatron pump
is required. howerer. to blend the raw fttd solution with a portior of the
product solution.  The blended solution then becomes the actual feed
solution t0 the membrane stack and the stack duty is equicalent ¢o that
Of the last stage Of a multistack continuous process or the fast pass of a
batch recirculation ~ process. The production rate, howerer, is only
that of the portion oj the product stream which is “bled”* out of the
recirculation Loop.  The power demand for this process is. also constant
under equiltbrium operating conditions.  Since several feed-and-bleed
loops may be connected in series to give tht effect o] multiple staging
with {ower recycle rates, and the product fleww is continuous, some
authors have called this process “*the continuous process.”

ADVANTAGES: Prorides CONtiNUOUS product, process may be
adapted to feed icater of any salimaty. membranes are al a single
equilibrium condition, variation in performance is readity “observed,
minimum - absofute current density.

DISADVANTAGES: Highest power consumption, recirculation
system TeqUIres semsilive tnstrumentation, largest rectrculation rate.

bmglael{f' =1l
L]

w
Where 1 m 557 1 fEroetion 71)

INTERNALLY STAGED STACK DESIGN Figure §

At low production rates, it often appears uneconomical to provide
cither the recirculating PUMPS necessary for the batch and feed-and-dleed
processes, OF the separate electrodes and interconnecting piping negessary
for @ multistack conttnuous process. Under these conditions. a stack
design comorising several infernal stages may be used. In a stack
design of this type, the product stream makes several passes in series
between a single et Of electrodes and is thereby & mineralized ¢ «
greater extent than would e possible in a single pass through a stack
of tkc same ¢ross sectional area.  Since this process is, by its very
nature. & continuous one. its power demand /! be consiant under
equilibrium  gperazine  conditions. During startup. however, low
solutzon r&lance will cause a peak power demand. For a small
plant siz il is often MO ecomomucal to design for this peak power than
to install rontrois fo avoid it.

ADVANTAGES: No repressurizing pumps. high desalination
range, singie set Of electrodes. single operating voltage, product flow is
con{inuous.

DISADVANTAGES: Large membrane area per unit of product,
Iigh operating pressure, performance sensitive |0 varigtions in  flow
rate and membrane resistance.



Experimental data and basic performance and power equations are used

Substituting Equation 12 in Equation 10 gives:

N, E[CD\/W g
In N, h 5<‘V4)(F>L (13)
From an empirically determined relationship bctween
CD/Nq4 and linear velocity, values of CD/Ng¢ and WIF
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 cell
length. A plot of Equation 13 for a velocity of 10 cm./
-sec. in @ 0.1 cm. cell and a an assumed current effi-
dency of 90% is given in Figure 7. As an example,
assume that the limiting CD/Nais 1.0 at a linear solution
velocity of 10 ecm./sec. In a cel 0.1 cm. thick this
corrcsponds to an F/W of 0.001 l./sec.-cm. Assuming
an average current efficiency of 0.90, the cell length

required for a four to one desalination ratio would he
calculated as follows:

96.5 - 1485
L= 09 (1.385) = .5 cm.

Equation 13 is thus seen to be of genera utility in
determining the effect of current efficiency, CD/.V,
linear velocity, and cell length on the desalination ratio.
It must bc emphasized, however, that this equation was
developed for a single cell pair across which a constant
voltage was applied. It may be extended to describing
the conditions in each cell pair of a paralel flow mem-
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, = a (N)° (14)
or
R,Ng=a+ bNg +c NS +4dN2 ... and so forth  (19)
Substitution of either Equation 14 or Equation 13 in
Equation 5 presents no problem in integration and the
resulting performance equation is readily converted to
the form of Equation 13. 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 requirement for a
single cell pair is given by the relation:

P=1,7 (16)
Solving Equation 9 for 7, gives:
F N\/R, N4
,=5—{In =L}){= 17
’ ’A,(“.\’,)( E) an

The current passing through the cell pair mayv also be

expressed in terms of the product flow rate and it.
change in concentration as follows:

F
= F (N =) (18)

Substituting Equations 17 and 18 in Equation 16
gives:

— F Nf R» Nd
P=g n (N, = N,) (m Y, )( = ) (19)
Since Equation 19 expresses the power requirement
on an absolute hasis, it is usually rearranged to express
the power rcquircment on the basis of a unit product
flow rate as follows:

_P_LF

r r ‘Vf R’ Nd
7= o = ) (i )(5)

(20)
With the units defined in the nomenclature section, U is
in w.<hr./l. sec. The equation may be prcsented in
American engineering units and the constants cxprcsscd
numerically by the following conversions:
F (inl./sec.) = 105 X 10~ F’' (in gal./hr.)
A, (insq cm) = 930 4, (in sq. ft)
In (base ¢) = 2.3 log (base 10)
F = 96.500 amp. sec./equivalent
Then :

[ =254 _45_’ (N, = N,) (log X’ )(R’?V‘) (21)
where I’ now is the power per unit product flow rate
in kw. hr. per 1000 gal.

Equation 21 is useful for estimating the power require-
ments for a given desalination range when R,.N4/E* for
this range is reasonably constant.

20
(’/I‘ - 10
10 4
9 7/
- 8 / :
s 7 /
=6 /
= —
g ° / /Ny = 05
= 4
3 /
3
=
2
/ng = 025
. ] 1 1 ]
0 50 100 150 2% 30

CELL LENGTH. (M

Figure 7. Electrodialysis performance in a single pass.  Equation 73
i< plotted fur the example given aboce

L U



to develop design methods for engineering systems

It should bc noted, however, that the power cquations
in this section werc developed for a single cell pair in
which the desired change in product concentration was
achieved in a single pass. The total power require-
ment for a multiple cell-pair stack of paralel 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 thesc conditions, the 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 voltage
is applied to each stack and R, ¥, is substantially con-
stant, the demineraization ratio, ¥,’.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-
ge dack is of the same sze as the dacks aranged 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, thev should be
based on the same production rate and the same total
membrane stack area. For this purpose, let the desired
production rate be £, liters per second and let each cell
pair have 4, square centimeters ¢ffective area (Figure 2).
Assuming that n passes arc required to achieve the
desired dcmincraliration in a multistage continuous
plant and that a constant I°, will be used to give a
constant desalination ratio, ¢ = ¥,/V,, the power
requirement for the continuous plant will, from Equation
19, be given by:
P =% 4:»

Vor (g = 1) (In g) ( )(nth stage)

+ ¥ —IIT Ny g = D) (in q)(—E—>(n 1 stage)

IR . R, N,
+ o520 SN - 1) (I (;l—— -2 stag
¥ 1, ¢ Nor (g ) (In B (n stage)
+ ... (other intcrmediatc stages)
B R, Ny
+ 3¢ _!___. ¢" 7t Ny (g — 1) (In q) (— ---) (1st stage)
A, o
(22)
Letting:
? .
;- (In q) ( = K (23)

=K Ny @ =D +g+¢+ ¢+
) ] @e
For thec batch recirculation plant with the same
equivalent total area n.4,, and slug flow (Figure 3).
the power requirement would be the average of the
power requirement for eaclh pass, that is:

Py = (1:) (Pa+ Poy+ Poa+ ... P) (25)

and
Po=5 2N, = 1) (ng (Rjg;v‘) (26)
Ppy=F (’:; ) gV, (@ — 1) (Ing) (R’E;V‘> ex)
Poy =& ("i’)' Ny (g — 1) (n q)( ’E;V‘) (28)

Similar equations can be written for other intermediate
passes.
@FY (R, Ve
= 2l gr—ty -1) (I - 29
Pi= 5 T e, @ - 1) (ng) () @

Then »f, represents recirculation flow rate of the
product stream for a production rate, F,, 1./sec.; and
nd, represents total effective membrane area of the
cells used which are equivalent to that required for the
continuous process at production rate, F;,.

Therefore:

Py =KI[FP Npy(@q= 1)1+ ¢i- ¢+ ¢+
"1 (30)
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 bv the ratio of

Equation 29 to Equation 30 or 24:
PP gt
P, P,, u+q+q2+q3+...q"")
A plot of Equation 31 ig'given in Figure 8.
As an example, assume that two stacks are required
for the continuous process in = 2), and that the de.
salination ratie, N,/ \', for each stack is two (g = 2).

The ratio of peak power to continuous power would then
be:

(31)

P¢ Pb:

= 133 .

P Py 202~
(1+2)
Batch Recirculation with Mixing
For batch recirculation with mixing, the usual simpli-

fying assumptions of constant voltage per cell par, ¥

b 4]
and constant R, X, may Ix' made. Rut since the con-
centration of the hrine i n

the holding tank chianees



)

continuously rather than in discrete steps, the change in
concentration with treated volume must be analyzed on’
a diffcrential basis (see Figure 4).

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

f=N,—Jv,=q-l 32)
HV, q

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

- Vl le'l = f jY; dV{ (33)

integrating Equation 33 over the desired desalination
range, N, to ¢ N¥,, (as will bc explained later), gives:
N v,

~= =" (34)

q_N’[ Vg

The ratio V,/V: represents the number of times the
tank volume must be recirculated to achieve the desired
degree of dcmineralization. Inthissenseitisequivalent
to the number of passes or the multiple of the actual
production fiow rate, F,. Expressed mathema tically :

In

V.
— = 35
ik . (35)
Substituting Equation 35 in Equation 34 gives:
1 N,
={—)lh— (36)
¢ ( f ) " qN,s

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:

Po= — J'o Pi 37
=% Jo 8
Dividing both sides of Equation 33 by 48 gives:
dN, .dV,
—Vy— = f N — 38
‘T do ‘do (38)
but:
dl’,
—=F,=pF, 39
7 ) (39)

Substituting Equation 39 in Equation 38 and integrat-
ing over the period of time, 8, required to desalinate from
feed concentration, .V, to some intermediate concentra-
tion, N,, gives:

Ne 4V, fpF, 8
v, T b ® (40)
AY F
or: In—L = fi—’g (a41)
.\'g { ]
or:
Ny = NPt (42)

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

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

and the fractional tlemineraiization as folluws:
_FANE SfNepfF,

- E = - E

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:
] vV 0GF F, f N o—/PFo0/ Ve
Pm=‘1—'f f";ld0=—1-f ’f‘ﬂ
§ Jo g Jo E
R, AV4
£

1

(43)

de

_ Visep F,
= a4, Ue9

Choosing time, 4, such_that the concentration of the
solution in the holding tank reaches ¢,, (a solution
reguiring one more pass to achieve the desired product

‘V, f) M

N, (1 — e—/’F"/Vt) (44)

N PR = g N, (45)
In —IV'
N
6=, hiF’—’ (46)
?

Substituting Equations 45 and 46 in Equation 44 gives:
FpF,: f RNe [N, — g X
— f " f (in ¢) piVd b4 q Npr

Pu A, E N, (47)
In -
q Ny

Substituting Equation 32 in Equation 47 gives:

5! ﬁ'.'F'! R'J‘Vd (qa-l —_ 1)
= 1 -~ 1) Ny, | ———
nd, (tn 9) E @ ) Nos In ¢~

(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 ¢"~! and 1 .0.

It will be noted that the average power demand, P,,
was derived for a demineralizetion range of N, to ¢V,
rather than from .V, to N,r 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, .X,,. 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 26 would be applicable.

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

Pym

Pu

F(p+ 1)°F; R, Xo.
- g} -
1 [ nd, ng) ===VYor (0 ‘i X

1+ 2977 rhl 9 )
_ In

L

+|—n

b

-

_ 1 - T EANT -
Pye = ”—————u([)_l_ 1) [f\ (p +1) Fn ‘\nl(q 1)] X

'1 +P(q"‘ - 1)] (50)
In g" -

-—




‘The ratio of average power demand, Phn, to that for
the continuous process iS given by the ratio of Equation
50 to Equation 24

G -I)J
1)1 _
Pim (b + )[ + In ¢~
P, n(ltg+gtg+ . g

Using Equation 36 to substitute for pin the bracketed
term of the numerator and observing the following
identities:

7 n
In <L .n(q__-Y_»_f)
g Vor/ _qlnig*™)

(51)

q Vo
= = = 52
g / (q - 1) ¢-1 G2)
4
and
4~-14: a +¢+ ¢+ " (53)
giving the rather surprising simplification:
Py 1
0 A (54)
P. n

A plot of Equation 54 is given in Figure 9.

Choosing the same example as for the previous section,
assume that two stacks are required for continuous
operation (z = 2) and that the desalination ratio, .V,/Np,
for each stack istwo (§ = 2). The number of passes, p,
required in the batch recirculation process with mixing
to bring the concentration from .V, to ¢.¥,, will be given
by Equation 36 :

lnq:-vnl
n'f In 21In q -
S L7 A I = 1.386
q— 1 g—1 1
q
& =4
<
g /.-3
é n=12
; s =1
1 |
t ©2 3

DESALINATION R4ATIO, ¢

Figure 5. Batch recirculation pm(ﬂ.': without mixing. Equation 31
is plotted

1.386 (2 - 1)

Pm - 2.386[( -+ —rh -
P, 21+ 2

=

1.386
2.386 (1 + 0293)

2(3)

The peak power demand for the bagch recirculation
process with mixing will occur at the very beginning of
the batch cvele when the water concentration in the
holding tank is ¥, or ¢*.V',,, and that leaving the stack
isqt-1 Nyy

=1193

F(p + 1R F? - R, N,
Pomp = thl Nps(a = 1) (In g) 'E-»_—d
(55)

1) £, .
Pomp = %9“4 Nop(g=1) (56)

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.

Poms _ (¢ +1) ¢ 57)
P. n(l+q+rgd+ ¢4+ . ¢
A plot of Equation 57 is given in Figure 10.
For the example cited above, in which # = 2 and
q = 2. the ratio of peak power for this process to that

required for the continuous process would be:
Pomp _ (1.386 + 1)2(2)2
P, 20142

=19

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, F,. The recirculation flow rate

"= 4

POWER RATIO. Pom/ P

| 1
1 2 - 3
DESAUNATION. RATHO, o

Figure 9. Butch regirculation process with complete mixing.  Arerage
potcer requirement is compared with that of the continuous procers
{Equation 5 1)

(Continued on next pase)



will, in the general case, bc higher and may be related
to the production flow rate by:
F.=m#F, (58)

The value of m and consequently of f, mayv be deter-
mined for any given desalination range by a material
balance around the recirculation pump (see Figure 5).

F, Ne+(m = 1) Fy Noyy=m £, N,
TN =Ny
TN, =N,

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

N,= ¢ Vo (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:

Ny= "Ny (61)
Substituting Equations 60 and 61 in Equation 59 gives:
m = Noy (q"—l)_4” -1
Noylg—=1) ¢-—1
The power requirement for this process is constant and
is given:

(59

m

(62)

F (mF,)? R, N,
Pa= T8y -t B )
nA,
or:
K .
Pn="'; sznz-\/nl(q_l) (64)

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

o

fa T )
P, a(l+q+7+g+.. 4"

A plot of Equation 63 is given in Figure 11,

Using the same example as in previous sections, assume
that two stacks are required for continuous operation
(n = 2) and that the desalination ratio, .V, ¥, for
each stack is two (¢ = 2). The multiple of the produc-
tion flow rate is calculated from Equation 62 as:
2w
2 -1

m= 3

and
Ppn 3

=—~ =15
P, 201+ 2)

Internally Staged Stack Design

In an internally staged stack. the extent of deminerai-
ization is not equivalent to that of multiple passes at
constant CD/ N4 because the current density is constant
throughout the stack while the product concentration
islower in each successivepass.  Furthermore, since the
maximum CD/Ng4 will occur in the last pass, it usually
serves as the basis for' internally staged stack design.
See Figure 6.

$ =4

owEr 0A1I0, Pamp/ P

] | 1 I

1 2 3
DESALINATION RATIO, ¢

Figure 10. Batch recirculation process with mixing. Peak power
requirement is compared eth pewwer for continuous process (Equation 57)
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Figure 17.  Feed-and-bleed process.  Power demand 1S com;ared with
that of the continuous process (Equation 63)
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EXAMPLE

Assume that a cell 40 cm. wide, 100 cm. long, and 0.1 cm.
thick is available jor which polarization studics have shown
that a 309, demineralization (¥,/.V, = 0.5) may be achieved
a a solution velocity of 10 cm.,'sec. Equation 13 may be used
to back calculate the average CD/.Vy LO which these data
correspond

lnli—lnq in2 = o2 (CD)(IOOO)loo

'S 96.500
ETD = 0.743
Ny

Assume now that it is desired to demincralize a 0.04 ¥
solution to 0.005 Y. For naturd brines, this is roughly equiv-
alent to demineraiizing a 2400 p.p.m. water to 300 p.p-m.
or an d-fold reduction in concentration. The only additional
empirical data now required is cell resistance as a function of
solution concentration. Taking this as R, ¥g = 6 for the given
example, and noting that at 10 ¢m./sec. the flow rate through
the given cell will be 40 ml./sec. or 0.040 I./sec. (gpproximately
40 gal./hr.) and the power rquircments for the various processes
may be calculated as follows:

(1) For the continuous process, using Equation 24 and

] =2 E =09 N, = 0.04 equiv./1.
=3 F, = 0.040 Ll./sec. Y,; = 0.005 equiv./L
R,N; = 6 ohm-q. cm. equiv./l. 4, = 4000 sq. cm.
_ (96,500) 6
F = %000 {0.693 708, X

{(0.04%) (0.005)(1) 1 + 2 + 4]
P, = 667 w.

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

U= O™ 175 kw.-hr./1000 gal
7 381gal/hr. T T o '

Energy conversion losses for the production of suitable d.c.
power, pumping energy, and other plant power requirements
must, of course, be added to the d.c. energy requirements when
a complete economic analyses is desired.

(2) For the batch recirculation process without mixing,
Equation 30 gives the same average power as that for the
continuous process:

Py =667 w.

(3) For the batch recirculation process with mixing, the
number Of rccircuiarion passes required may first be calcuated
bv Equation 52:

2 (in 4)
b= —a 2.77

The average power requirement may then be found from
Equation 54 :

It may also be noted that since a total of 3.77 passes are
rquircd for this process instead of 3 for the foregoing processes,
the pumping energy requirement will also be at least commen-
surately higher.

(4) For the feed-and-bleed process, the multiple of the
production flow rate required may first be calculated by
Equation 62:

8 - L
m= —— =

2 -1
‘The power requirement may then be found from Equation
65:
__(49) (667)
31 +2+49)
(5} If an internally staged stack design were used for this
example the number of stages required (using one cell pair per
stage) quid be found by Equation 70:
R -1l 7
g = =
> 2 - ||
The power requirement may then be found by the applica-
tion of Equation 19 to each stage noting that the change of con-
centration for each stage is 0,005.V:
P = (96,500)% (0.04)’ (0.003) ( 0.010 0.015

In
3000 0005 +

Py = = 1555 w

0.005 0.010
0 020 0.025 0.030 0.035 0. 040) _6
0.8

noos F 5020 TP o0z T o030 T P00

-P=3—§.@=286w

‘This iow power requirement is not directly comparable to
that for the other processes, however. because 7 cells are used
instead of 3. Equation 19 shows this inverse reiationship
between power requirement and ceil area.

Applving Equation 13 to the last ceil pair of an
internally staged stack:

LAY E ( cD )( W ) L
AL 2 = e | — Y — 66
In Y, lng = —\— r {66)

where ¢.¥,, equals normality of product stream entering
the last cell pair.

The current required to effect the change in concen-
tration ¢ \,, = .\ 5, in the last cell is given by:

F .
I = E Fylg Nor = No)) (67)

Substituting Equation 66 in Equation 67 gives:

2, (OO ) e

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

S A n o\ .
g[: ..E..l‘p (q .\pf_.'\pf) (69)

Herc 9" Vosrepresents normality of feed water in
terms of the final product normality and the number of
passcs that would be required in a multistack continuous
process.

Dividing Equation 63 bv Equation 68 gives:

§ = ( ((.1))( s _ 1) (70)

(Continued on next page)




. Since CD/A and W/F are usually fixed by empircally
determined polarization data, Equation 70 mav be used
to calculate the number of cell pairs required fur a given
desalination range as a function of cell length, L.

inspection of Equation 70 shows that as the cell
length decreases toward zero, the number of cells re-
quired approaches infinity. If the number of cells is set
equal to one, Equation 70 simply degenerates into
Equation 13 and defines the cell length required to
achieve the desired desalination range in one pass.
Values of L which indicate that onlv 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 desdination will be achieved than that which is
desired.

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:

Lig" = 1) .

L= oL~ (O )

(M)

Fur a given cell width and gasket design, [; hecomes *
a measure of the total quantity of the membrane and
gasket materials required in the stack. It is interesting
to note, therefore, that although the number of cels
continues to increase with decreasing cefl length, the
value of L, in Equation 71 approaches a finite limit.
Expressed mathematically :

.= LG = 1) -

lim L-O CD W -

" [-+E~7—~L1—1
s YV F

¢t =1

- s (5F)

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/.N in al 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.

(72)

NOMENCLATURE

@ = empirical constant dependent on cell thickness
A = effective membrane area, sq. cm.

4, effective area of one cell pair. sg. cm.
AI

b

, = effective area of one cel pair, sg. ft.
empirical constant dependent on cell
brane propertics

thickness and mem-

]

¢ = empirical constant dependent on cel| thickness and
membrane propertics

CD = current density, amp./sq. cm.

d = empirical constant dependent on cell thickness anb
membrane propertics

E current efficiency expressed as a fraction. dimension&

f |' fractional dcmincralization per pass

F = product stream flow rate for one cell pair, l./sec.

F = Faraday’s constant, 96,500 amp.-sec./equiv.

F, = production rate, L. /sec.

F, = recirculation Row rate of product stream for a production

rate £, 1./sec.

= total product stream Bow rate, L. /sec.

- number of cells required in an internally staged stack to
achieve the desired dcminrralization range

current, amp.

number of product stréam compartments

z: ln q R, .V‘

4, E?

cdl length, cm.

total length of flow path. cm.

multiple of the production flow rate rquircd for the feed-
and-bleed proccss

number of stages required for desired range of deminerali-
zation iN a CONtiNUOUS process

N = solution normalitv, equiv. 1.

nm

w

Ipbr ox o~

=
I

AN change in normality of product stream during one pass
through the stack

N, = product {diluting)} stream normality. equiv./l.

N, = normality of feed to a stack

;V,, ] ngnnali[y of product from a stack

N, = normality of recirculated solution fed to the stack in the
{eed-and-bleed process

. = normality of solution in pro:iuct recirculation tank

N.s = nomialiry of final product

4 = number of passes rrquirrd for batch rrcircularion with
mixing

P = direct current power for a singic cell pair. w.

P. = direct current power for a continuous multistage process
at constant voltage with one cell pair per stage, w.
P, = average direct current power demand for batch recircula-

tion with mixing, w.

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

P.. = average power demand for a batch recirculation process at
constant voltage with mixing, followed by a single pass
discharge at product concenrration. w. ’

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

P,, = average direct current power for a batch recirculation
process with sfug flow, w.

Py, = direct current power for the feed-and-bleed -process, w.

4 = daalination ratio, y/.¥p

R, = resistance of one square centimeter of one celf pair, ohm-
Sg. cm.

5 = rate of salt transfer, equiv. /sec.

! = cell thickness, cm.

U = power per unit product flow rate. w.-hr./1. see.

L’ = power per unit product flow rate. kw.-hr.: 1000 gal.

2 = superficial linear wvelocity, cm. /sec.

V;I = voltage across one cell pair, v.

. = total volume recirculated in batch process durine de-
salination fmm ¥; Co q.V,,

Ve = s»olume of holding tank

I .= cell width, cm.

[ = time
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