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PREFACE 

The r1 ental r sul ts d scrib herein were obtained as a part 

of the Oklahoma Ex:pari ent Station Project No. ?9S, entitled ''Farm 

Water Supply Develop nt" . e or the objects set forth in this pro-

j ct is to "Develop A Satisfactory Water Tr tin Plant for Fe.rm Use". 

Thie rtieular phase of the re reh project deals with the 

r val or minernl hardness of tu:ral wxlerground waters. To date no 

continuous process, other than · distillation, is know to exist far 

removal of mineral hardness. Present information indicate this method 

is unfeasible for farm water supply use. 

Of some thirty-three potential separation proe sees the electro

ion-migration process appears most protnising for treat nt of' rur 1 

alkaline water supplies.. Thi bas been de possible through the 

recent development of permselective mbr nese 

embranes used in this study, which are ion exchange resins in 

film form, have been made available f'rom Rbom am fiaa Company, 

Philadelphia, Pennsylvania. 

The author is especially indebted to Quintin B. Graves, Professor 

of Civil Engineering, for vise guidance and helpful criticism in 

cquiring and developing research equip nt.. His co-operation is also 

gratef\illy aeknowl ged in the correlation or experimental results. 

ny thanks are due less • Lavrenee Paxton, Frank Smith, Frank 

H ges, Samuel Miller, Edward Burd, Darrel Hobson, am Charles Sarkany,, 

lii 



operators of the water plant, withoot vhose eo-oparation these e:x;per

iments could not lmve been effected. 

Helpful contributions ,,rere also made by Messrs. James E. Garton, 

Professor of Agricultural Engineering, Dr. V. G. Heller, Professor .of 

Agricultural Chemistry, t:100 Ert1in u .• Schroeder, Proressor and Head, 

Agricultural Engineering. 
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CHAPTER I 

INTRODUCTIO 

A ost important problem confronting the farm electrification 

engineer today is that or providing a. satis!"actory water supply for 

domestic use. Rural e.lectrifiea.tion has made possible the moderni

zation of farm living. This has increased water usage fro 4 to 6 

gallons per day per person when pumped by band as eo:npared to 35 to 50 

gallons pr person per day with an automatic water syste . 

As a result , ny farm wells are no longer dependable which, in 

the past, have yielded a sufficient supply of water for home use. 

Much or Oklahom underground ter is heavily laden with alkaline 

salts nd other undesirable minerals which render it unfit tor house

hold, irrigation, or farm purposes. Reduction of mineral content to 

useable portions by distillation is expensive. The development, in 

recent y rs, of granular ion exchange resin beads offer a feasible 

solution. Regenerating these resins involves stopping t.he demineral

izing process at regular inter,als am using concentrated chemicals to 

recharge the resin beads. Technical skill is also needed in this pro-

ceas. 

Permeable ion exchange membranes, which have more recently been 

developed, are 90 p rcent or more unidirectional. The cation or neg

tive mbrane will permit the now of 90 percent or more of the 

c tions or negative charges and ill restrict the now of 90 percent or 

ore or the anions or positive charges. Conversely, the positive mem

brane v1ll permit the tlow of the. anions and restrict the cations. 

l 
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Undergrrund shale and clay re awn to posaes selective ion permeabil

ity. Living rocesses are dependent on permselectivity or plant 1¥1 

animal mbranes. Thus it is possible that these membranes, using low 

voltag direct current s torm of energy, y ofter a practical, eco

nomical method of renderi.ng suitable highly minerali!led w ters for 

household use. 

Ion-exchange is the na given to a reversible chemical reaction 

that ta1tes place between an insoluble substance and a solution. Ions 

were first named by Faraday from a Greek word for "traveler". Ions 

composed or atom groups who have lost one or more electrons are pos

itively charged and are known as cations. The other group, which has 

gained extra electr ons, is known as Anions nd are negatively charged. 

Cation exchangers, it placed in a olution containing salt, wlll 

exchange so e or the salt for the positive ions or the exchanger. The 

anion exchanger in the same solution will exchange anions with other 

anione in the solution. Thus 1 t is possible to use an ion exchanger to 

chemically remove an umi nted substance fro a solution. 



CHAPTffl ll 

REVIEW OF PREVIOUS LITE&TURE 

Little has been written concerning the use of ion permeable me 

branes using electric current for mineral reduction of potable water. 

L. Michaelisl, as early as 1925, noted that well dried collodion 

llleni:>ranes (law porosity) showed a differential permeability tor cations 

and anions . The cations penetrated more rap1dly than the anions. He 

turther states that differential ion permeability giws rise to what is 

known as anomalous osmosis . That is, under eertain conditions , vater 

will tlow fro a concentrated to a dilute solution when the two solu

tions are separated by a porous membrane. Osmosi or the movement or a 

solvent through a mbrane into a more concentrated solution on the 

·other side of th mbrane 1s perhaps the earliest accom1ting ot the 

action of per eable membranes. Living cells have such me ranee and 

d nd on osmosis tor ch or their activity. 

Erbe2 speaks ot a method for measuring the pressure required to 

replace a liquid in a membrane by another 1 scible liquid. He 

defines the forces necessary s 1. 8 d:,nes per sq. em. at 25 degrees. 

Wyllie am tnode3 in an article published 1n the Journal ot 

Physical Chemistry, Volume 54, page 204, describe a number of studies 

on ion pe ble ranee. The following information is taken tr 

this articl • 

Experiments carried out w1 th shales bav led to the development of 

artitical rane electrodes based on the assumed electro-chemical 

tructure of shales. 
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At the beginning, a finely ground Woodford shale ws mixed with an 

inert insulating bonding resin. Best results were obtained by using a 

mixture of 30 percent by veight or shale of the weight of methyl 

methacrylate resin. Later experiments included Wyoming Bentonite, a 

specimen of illite from Fithian, Illinois ni tullers earth. or these 

three materials , Bentoni te appeared to be the best. 

The principal difficulty associated with the use or Bentonite vas 

the ti lag for a state of equilibrium. Also the svelling of the clay 

particles caused rupture of the membrane. These experiments were later 

followed by etlbranes prepared from two coomercial cation-exchange 

materials. The first resin was a phenol-formaldehyde type made by Rohm 

and Haas Company ot Philadelphia. The second resin w.s a sodioum 

Zeokarb made by Pel"fllltit Company ot Nev Jersey. A pressure of 3,000 

pounds per square inch with a tempe1'6ture of 15()0 vas used in forming 

the etlbranes. 

Results in using these membranes indicated that the total quantity 

ot cation-exchange material in a membrane had no err-ect on its electro

chemical properti.es. 

Sollner4', in his work 'Wit h permselective membranes, shows that the 

electrical resistance of such membranes varies according to the solu

tions. 

Science News5 states that cation exchange resins are nov being 

used to remove salt f'rom the human body in dropsy cases and later this 

may prove to be an accepted practice. They further state that Anion

exchange resins are now being used in treating stomach ulcers. This is 

accomplished by nbinding" the acid in the stomach. 
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Agricultural Reeearch6 stats that certain chemically modified 

cotton fabrics, including phoephorylated and aminized cottons, have 

ion-exchange properties similar to those of ion-exchange resins. Such 

fabrics are usetul as both tilters and ion-exchancers. They can phys

ic lly remove particles suspended in a solution, am t the same time 

chemically displace another substance through ion exchange. These 

fabrics make possible moving-belt ion-exchange systems, with continuous 

regeneration as part of the procesa, that work raster than conventional 

systems using resins. 

Hoffpauir and Guthrie? relate their experiences in pr paring pro

tein from oil seed meal. Protein f'.rom meal 1s usually prepared by dis

persing the protein at PH more basic than its isoelectric point, 

separating the undispersed material, and precipitating the protein by 

lovering the PH to about the isoelectric point. Increasing and 

decreasing the PH is ordinarily accomplished by the addition or an acid 

and a base. The work reported is summarized as follows: 

Protein preparations, low in ash am phosphorus content, are de 

by the use of anion exchange terials to increase the PJI of oil seed 

meal suspensions and cation exchange materials to reduce the PH or th 

protein di persion to the isoeleetric range. Preparations very low in 

aah and phosphorus y be obtained by the alternate use ot aminized 

cotton fabric nd phosphorylated cotton fabric until deioniaation is 

alW>st complete prior to separ tion or the protein curd. The method is 

also u fill for the purif'icat1on of protein preparations made by the 

usual thods. ile eo rcial ion excbang resins y be u.ssd, the 

results with the tabrice have been better. The fabrics ar also more 

convenient and are readily recovered and regenerated. 
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Phosphorylated cotton, typical cation e:x:ehang cotton "Was origi

nated by Ford and Halls for the purpose of obtaining a fla e resistant 

cotton fabric. The aminized cotton fabric, a typical anion exob nge 

fabric s first recognized tor its dyeing properties. 

Phosphorylated cotton fabric, the c tion exchange terial, y be 

prepared by wetting cotton t bric with a solution containing 49. 6 per

cent urea, 18. 4 rcent phosphoric ,acid, and .32 percent l.i ter, aqu z

ing out the excese solution, h ti the fabric for .30 minutes at 150°, 

and wshing thoroughly. The minized cotton fabric, the anion 

exchanger, y b prepared by wetting cotton fabric v1th e. solution 

ccmtaining 25 percent sodium hydroxide, 10 percent 2-aminoethylsulturic 

cid, and 65 percent water, he ting in a drying oven for 40 minutes at 

100°, m washed thoroughly. 

Osborn, Collings, am Brake9 d :scribe a . thod of sof'tening w ter 

by electrical treatment. The v ter to be treated is passed thrrugh a 

tube supporting an electrode assembly consisting or a series of' super

posed annular knite-edge elements,, insulated fro one another, Di 

rranged that the knif'e edges are the only part or the el:ectrodes pre

senting a bare metal surface to the vat r. The first and last el ts 

re connecting to a source ot unidirectional current at 0. 0001-0.001 

watts di sipation per element. 

Spiegler, Juda, and CarronlO repartin pilot plant data on rtial 

demineralization by ion exchange imieate that this ethod should prove 

most economical for watere containing le s than 2,000 parts per million 

dissolved solids. They further state that the cost or deminerali tion 

by this tbod is estim'lted to be 60 cents per 1,000 gallons treated 

'With 1,000 parts per million solids (as Na Cl) removed. 
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BowJ.l reporting on work conducted at the University ot California 

on the desalting or sea water describes tbr e different methods. The 

first, called diesel- waste heat plant, has lov fir t cost, low operating 

cost and uses conventional equipment. It 1s limited to localities using 

diesel plants and could furnish on the average, not more than one,. 

seventh or the average water demand. 

The secom, called the temperature-difference plant, vas not 

described. The author states that this unit needs much development. 

The third unit, described s the solar-difference plant, is 

d eribed as the most promising or all. No significant information on 

costs and oper tionsl problems is as yet avail ble. 

The author rurther states that the membrane method seems attrac

tive in some ways. A decision about its promise can be made when 

additional information is available. 

p11cel2 reports that the Navy, in co-operation with Massachusetts 

Institute or Technology, has in operation an experimental plant for 

desalting of sea water. The process is described as being continuous 

and only electrical and mechanical means are involved in the pu.rU'i

cation. No moving parts are used am about two-thirds of' the water that 

flows into the unit is purified. Electrical consumption is, at present, 

sane 20 KWH per 1, 000 gallons. No detailed info tion is given. The 

United States Department of Interior13 reports on a saline water 

research program as uthorized by t-he 82nd Congress, Public Law 448. 

The object of this program is to coordinate and stimulate research and 

development or eoonomically f'easible processes for saline reduction of 

alkaline waters. This law authorizes the expenditure or $1..00, 000 

annually for f'1ve years. 



The report furth r states that present irrigation water rates 

range f'rom a few cents per acre f'oot to as ch as .39. 00 per acre 

toot. The jor1ty of private sources ran trom $1. 50 to 86.00 per 

acre foot. 

Municipal water rates range trom a few dollars per acre foot to 

more than 15.00 with the average bet-ween tso.oo and 75.00. 

8 

ult n14 reports on desalting of sea water and states that, for 

operation costs only, the resinous ion exchange bead method will a aunt 

to 25.00 per 1, 000 gallons. He turther states that operation costs 

for the evaporativ ethod "'111 range trom $2.60 to $1. 07 per 1, 000 

gallons. Operation costs for the electrolytic method is given as • 90 

per 1,000 gallons. 

Chemical and Engineering Ne\1815 reports on the use of a perm

selective membrane developed by Ionics,. Inc., that has an electrical 

conductivity of the order of electrolytic solutions. It vas stated 

tbat sea water would require so 20 KWH for desalting. 

The second annual report ot the Secretary of Interiorl.6 describes 

a permeable membrane electrolysio cell containing 101 membrane canpart

ments. This cell employs cation and anion membranes manufactured by 

Rohm and Haas Company. 

A Saline Water Research ao:l Development summaryl7 dated January, 

1954, lists sane 65 organizations engaged in research and development 

of salin-e water reduction. Some ten or these are foreign. Seven of 

these separation processes eq>loy ion permeable membranes with electric 

current. 

Dr. Judal8 describes a six onths contract of Ionics, Inc., with 

the Department of Interior. This contract began January, 1954 and 
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dealt with demineralizing saline water with electric current and ion 

permeable membranes. The objective or the contract w s to make a pre-

liminary type engineering cost estimate tar producing ten acre-feet or 
saline tree water par hour .. Plans are to install pilot plants in South 

Dakota, Arizona, and Texas. These plans are predicated upon an esti-

mated installation cost of , ?00, 000 to 21, 000, 000 per plant. Plant 

costs vary due to the saline content of each water. Brackish water 

analysis at each proposed site indi tes the South D ota water to con

tain 885 P.P .. M., and the water of Arizona to contain 4,635 with the 

Texas water to contain some 10, 000 P. P. M. salts. 

Ther are some 33 potential separation processes and phenomena as 

listed by the Department of Interiorl.9. The Department also lists 16 

potential energy sources. The separation processes and energy sources 

are. as f'ollows: 

POTENTIAL SEPARATION PROOl!SSES AND PHENOMENA 

I . Physical Prggesses and Phenomem 
A. Vaporization 

1 . Vapor-canpreasion distillation. 
2. Single am multiple-effect evaporation. 
J . Flash .e'f8porat1on. 
4. Flash-type Ulllltiple-etrect evaporation. 
5. Combination compresaion distillation and multiple-effect 

vaporation. 
6. Critical pressure devices. 
7. Superheated steam. 
8. Underwater combustion. 
9. T p rature differences. 

B. Crystallization 

1 . Freezing or water. · 
2. Crystallization of salts. 

c. Sublimation 



D. Adsorption 

1. Adsorption of water . 
2. Adsorption of ions. 

E. Diffusion Effects 

1. Thermal diti"usion. 
2. Gravitational dittusion. 

F. Ultrasonics 

a. Osmosis 

1. Molecular oil films. 
2. Biological membranes. 

H. I scible Liquids 

II. Chemical Processes and Phenomena 

• I on-exchange 

B. Hydration 

c. Precipitati on 

III. Eleq!i;rieal Procegus and Phenomapa, 

• Electro-ion-migration 

1. Electrolysis - 2 and 3,-compartmant cells. 
2. Perm-selective membranes. 
3. Electro-gravitational thods. 

B. treaming Potential 

c. Electostatic Effects 

1. Migration in electrostatic field . 
2. Dielectric effects. 

D. Electro gnetic Et"fects 

1. Migration in el ect romagnetic field. 
2. Magnetic susceptibility. 

E. Ultra High-frequency Currants 

10 



POTENTIAL ENERGY SOURCES FOR DEMINERALIZATION 

I. Combustion of' Fuels 

A. Conventional 

B. Non-conventional 

II. Natural H.ydmµlic Potential Ctalllng water) 

III. Utilization of' Waste Heat 
A. Waste Heat From Industrial Processes 

B. ste Heat Fr om Nuclear Fission 

IV. Nuclear Fission 

v. sg1ar Energy 

VI. Marine Energy 

A. Thermal 

B. wave 

c. Tidal 

D. Electromotive Fo-rce 

VII. Wind Power 

VIII. cpem1ca1 Energy 

IX. Atmospheric Heat 

x. Q!othermal Enera 

DISCUSSION OF POTENTIAL SEPARATION PR~ESSES AND PHENOMENA 

1. Electrical Processes am Phen0ttl3na 
A. Electro-ion Migration 

ll 

Th theoretical mini1111m energy required to cause separation 

ot the salt from normal sea water, as reported by the Depart

ment of Interior19, 1s approximately J kilowatt hours per 

thousand gallons. Practical electro-ion processes employing 
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rolatively high ratos of f101-r are needed,. 

Tho compendium. also states too1,t baaie research ia needed to 

determine the probable lat-mr l.tmi t of energy needed vhieh has 

be3n esti~ted at from· fifty times to ao lt.1..r as fiw times the 

tbe.orotieal miniw:ui. 

Proouction Q£ valullble eo:mpoo.ndG nr minerals ean re~sonably 

be, m..-peeted as a by-p?'OOuct of saline reduction of alkaline 

uaters. 

J?erm-sele-eti w raorabreMs using eleetrio ~urrent as a source 

ct en0l'gr ~ tor saline reduction is a :rae:mt advancement,# so the 

report states, If, in an· electl"olytie eell• the spaeia bet1tmen 

the electrodes is divided into ®. large number of compartiOOnta 

by alternately using cation and anion membranes a method of 

d-.n0ralization is obtained;a, !be f'..lot, from these alternate 

compartments will consist respectively' ot •water of reduced min

eral content and an enriched brine, The amount. of' the current 

needed is redueed aa the number of compa.rtments is increased 

bet"t>reen the electrodes.. Henco, the pat1er required is a 

function of' the 11U£lber of comp!)lrt.ments,. the resistance of the 

unit, and the rate of h;,draulic tl..ow~. The pOT.Jar far this pro

cess is not independent. or the ammmii of salts present; bO'!Jevor, 

1't is not directly proportional to tlle number of equivalent. 

parts per million present in the solution.. The cost of such a 

process, so states the report, me been estimated at fr(';l!ll 30 to 

60 KUH ·per 1,000 ge&llons. 



OBJECTIVliS 

The pui,,ose of this study vas to dew1op in!'ormation on the f'eas1-. . 

bility of using ion permeable membranes for minei"al reduction of do~ 

tie water supplies £or rural areas. 

Specific objectives ~rera; 

l. To determine optimum voltage across ~branes in an alkaline 

eol.utio.n far moat, effective results, using the .minimum or electrical 

energy. 

2. To determine the rate of mineral reduction of alkaline water 

solutions: under varying conditions •. 

3. To measure electrical onwg used :for six of the most common 

mineral com.pounds found in rural. household wter supplies. 

4. To measure the time rate of electric-al enero- in. r~n/1000 

gallons of an al1."6llne wter suppi,. 

5. To eorralate these readings with completed theoretical elec

trical energy needed and determine tb& efficiency of· permeable m...,. 

branes .in mineral reduction ot alkaline waters. 

eom}:are the reduction of each of the six chemicals in this solntion to 

the l"Gductio~ obtained separately as in item). 

7.. To determine the optimum current per unit area or membrane 

surface t.o be used 1n mineral rl3duction of alkaline rtll"al w&·te!' 

supplies. 

l) 



'When using ion permeable membrane& for mine~l reduct.ion tbe 

action or process occuring at the w.-1ode and cathode aria oxidation and 

reduction respectively, vhieh is the removal or addition ot aleetrone. 

The ion velocity in a solution is proportional to the applied 

potential divided by the diatanee between the eleetrodea. Sal.ts, 't-rhen 

dissolved in miter, split up or disassociate in such a way as to tur-

nish t,ro kinds .of ions, metal and non-metal.. fhe metallic ion 

(electro.-positive) is often lmO\m as the cation while the non-metallic 

ion (electro-ooge;tive) is called the anion. Thie is the buis of the 

electroiyt;ie theory of disassociation-. Micheal Farady, in lS).3, 

obtained results in this field uhieb are now recognized as' laws. The,v 

are as folloinu (1} The amount 0£ chemical change produced: by an 

electric current, that is., the amount of any aubi,ta.nce deposited or 

dissolved, is proportional to the quantity of eleetriei:tsy passed. (2) 

The amounts of dif£erGllt substances depoaited or diffsolved by- the $llUe 

qwmtity·or elcctriciiar are proportional to their equivalent weigh,ta. 

This tnaY be written as W : I ET. 'i'ranapasing; li' = ITE where 
F. N 

~ = tr.roip,ht of substance in grams 
I· : current strength in mnper-es 
E = equivalent weight 
F =quantity-of electricity necessary to dissolve one gmm 

equivalent of' any substance 
'1' : time in seconds 

For silver the equation reads F = 1071 88. • 96,500 ampere seconds which 
0.,00118 

14 
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is known ll\S 96, 500 eou10lllbs or one fari'.tdt:;1y., , This n1ctkes possible the 

determination of solubilities by 0<11l1duc·tanoe mooam-eu;ents and is a 

common laborator.y procedure on solutions undergoing simple disassoei ... 

ation into ions of kuo\.Jn. co:ril:u.et,cnce11 Electricity iroy flou through a 

material or· substance eloctronieally 1 s.irfJ.lar to the trans£er o_r ,elec

tric energy i11to the hot,1e by the electrie utility eer,riee.. In thi$ 

case the energy is transferred by electron rnovei.'lllent td. th.out the physi

cal movement of thG wires carrying tbe current.... In eleetrolyt,ic con

duction, thli!l ions m:'e l:l<.rtually transferred throud1 .an aqueous solution .. 

The ampere effici.entr1J of such an ele.ctrooher;J.cal reaction m.a,y be 

computed by di 'Viding the theoretical number of fo.rsdays required by tho, 

nu.moor aetually used to complete this rooetion. 

The membranes used in this study are a recently developed product 

of the Rohm am Haas Company ot' Philadelphia, Pennsylvemia. At tioder

ate and high concentrations,. the membrane conductance is lees than that 

of the solution and at lot-1 solution concentrations, the membrane eon

ductanee approaches and mray oxceed that or the solution., These 

cooraeter:tsties are desirable tor mineral reduction at alkaline waters. 

Until theme membranes weI·e d~elopetl, granular cation and anio11 

rooiuous bea.tls 1,rere u,ed in such processes. This required 'bateh ope:r,.. 

ation. Bet,veen stops the grsnular resinous oooos 111ere regenerated tdth 

an acid anc"l. a base. The ne11 rn.e:i,1bra11ooll mentione<l above:,. rrako poosibls 

continu.o;J.ES operation e.oo eltmi:ntites the need for regenaxatlon~ In 

addition, t.he8e mel'.,11::i:t~nes h'ave high pel'mseleetivlty.. !he cation rlem

brane allows pa.Sll}-'.lge of Ql)pr.oximately 90 percent. of thG · cations: ·and 

retains approxiuiately 90 percent of the ~nions., Comriiirsely, the anion 

membrane uill pass 90 percent or mim">e of anions and retains 90 pereoot 
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or more of' the cations. 

these membranes, due, to their exeellent meehani.cal durab1lit:,, 

their resistance.to concentrated solutions of acids, bases,. and salts. 

and to their high ion selectivit7, appear to offer noel.lent. possi

bilities in the saline reduction ot alkaline water for tarm watv 

supplies. 



Sample mer&braws, four inches square in size, irere tirst obtained 

in Felm.ui.ry, 1953, from Rohm and Haas Company. 

These membranes irere used in a t.hroo compartmant cell conneeted to 

m 6 volt a-uton1obile battery, as sh~1n in Figures l and 2. Preliminary 

teats wci"e cond:i.:u.,too ,d th know solutions or single compouncle such aa 

oolcium. sulfate, calcium ehlorlde, ma.sn,esium sulfate. Observations 

were made on rate of current floi,r wi.th l"'l':,gard to position of eleet:rod(!:s, 

rate of demineralization, deposition of minerals in end cells and 

erosion of electrodes. Results obtsilied :111 thGse preliminary runs. 

indicated that, for all priaetical purposes, the electrodes should ba 

located toward the outer ends rJf the cell. 'i'be eonduetivity in the 

outside eells increased during the current .f'lo'\.i':a The limiting .factor 

to flow of electric current t1as the conductance of the membranes and 

the eondueti v:ity of the solution in the center compartment t4hioh 

decreased as the test continued.. This uaa· due to the removal of solids 

in the center co!ilpartrnent and thfl) deposition of' these solids in the 

ouwr com~rtm.ents. 

The, first eell shO\.~ in Figure la vss ~onstructcd from l/8 inch 

plexiglass sheet and cylinder mterlal, h~ld together •..rith four 1/8 

inch brasis rods i~cod equid:tstant around and pa?•allel langthwise to 

the cylinder. Extreme difficulty \1a.s encotmtered in ol,taining a i,m.ter

tight seal around the m.'\ffilbranas. This 1:,as finally accomplished by 

17 



Fig. l - Permselective membranes used in saline 
reduction of alkaline waters . 

Fig.la - Enclosed primary electro- dialyzer cell, 
three compartment, of plexiglass. 

1$ 
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'trimming the membrane& to within 1/S inch of the cylinder on the out

side. Thermoplastic eleetriean's tape was then heated to si)me 800 F. 

and wrapped vound the cylinder,. over the edges or the membranes. Tbe 

solution was then allowed to fl.av as needed into ar out of the c®l

part.rcents through the openings as shown. It was roim.d t.hat the mem

brane has a high coetrieiElllt 0£ expansion when wt. For this reason 

the membrane was soaked before ineerting and then. kept in a solution to 

prewnt rupture ... Trouble was also ene:OUDtel'ed in attempting to insert 

the dry membrane into the eell as the solution "WOU.ld cause the membrane 

to buckle upon swelling. Th• capacity of each compartment Yould then 

change depending upon the hydrostatic pressure in each e&ll as compared 

to the ooe. adjacent. 

Far eatbode mid anode material, a 3 ineh circular lead sheet Yas 

soldered to 1/S inch brass red. 'these electi-odes were anehored 1n 

place by using a l/8 inch half' union brass tube fitting with union nut 

and pa-eking. Tbe plexiglass sheeting mis bored. end tapped and the b.Qlf' 

union fitting supporting the rod vas seretlad directly into tbG plexi

glass sheeting. 

The electrodes were first- placed near the membranes. In this 

position, a.s the mineral in the end cells became more concentrated. 

there was a tendency for the mineral solids to pile. up on the outer or 

elec-traie side ot the membrane instead ot staying in $elution. '?bis 

difficulty was eliminated when the electrodes war• plaeed near the out

side of the eel.ls. 

In the first experiment 5,000 PPM solution ws used and ths cur

rent allowed to £low tor some 80 hours.. 1io v.tsibl.e action vas notioed 

at the end of this period. The electrolytic action reduced the mineral 



content during this period to l1Jss thm1 200 P:PT11. {Table I) 

Ji. three eom!)':irtm.ent cell 1.-ms ehosen, rather than o. m.ulticomp:'ll't

ment cell, because of its simplicity and the need for only two mem ... 

branes. The action of the cell is show graphically in Figure 2, the 

arrOW's .indicating direetion of travel of the calcium and chloride ions. 

Arrows extending through the membrane indicate passage of ions 1o1hile 

a.rroYs ending at the membrane indicc.rtJe the stoppage of the ions. Tbe 

action shown result,s in the removal of tbe solids from the center com

partment and concentration of solids in the outer compartments. 

Prelim:tnary tests were favorable and plans were then msde to ;;1et 

up a s,;iries of similar cells under conditions favorable to accurate 

r!leasurement,s. Results of' thes£-, tests are shown in Tables II, III, IV, 

and v. An open reetan.gular box was first eonstrueted of tempered 1/8 

inch masonite* as shown in Figure J. However, a satisi"aetory sizial bQ. 

ween the membrane and box was difficult to obtain. This 1:11.ethod of 

construction i.Jas finally discarded for a sindlar box made of l/2 inch · 

Yhi te pine (11' igure 4) • The pine was 1.vaterproofed with several appli

cations or glyptol paint m..-muf'actured by Du Pont De I-1uers Company. 

Bef'ore inserting the membranes in the box, the adjacent edges of each 

compartment 1.;mre f'reshly painted. '.i'hree additional coats of' paint i:rere 

then applict! to the outside of the box next to the mGmbrane:s. lfo 

trouble uas m::.counte:r.ed tfith lea}mge of the solution aftGI"W'a.:r'Js. 

Studies were again continued using similar solutions. Runs trere 

made using voltages of 6, 12, :?-4, J6, 60 and 12\1 volts direot eu.rrent. 

The 6, 12, and 24 volt direct eurre.1t sources were obtained from 

batteries. 'ihe higher voltages ,,ere taken from a motor clriven itC-tJC 

conve:rtor. Af'ter several trials, 24 volts wao selr~ted as the optimum. 



eloctl"'leal pressure under the existing conditions .. It was noted that, 

at the higher voltages, the solids in the solution colleet,,ad along the 

outside surface of' the membrdnes, 'tbus hincler:ing their notion.. At 24 

volts and less, this trouble i..taS not encountered. 

Carbon, load, silver, and iron were used for electrodes in those 

studies,. teacl eleetrocles proved to be the most satisfactory aucl 1'1'ere 

used during the remainder of the testso Lead sheets vero bent and 

looped over the e11de, as shot..rn :J.n Figure 4 for simplicity in attaching 

bstttery l~a.ds and maii1Jtai1rl.ng a liquid seal,,, 

Ammeters and voltmeters were placed in the circuit and readings 

·were taken at l'"f)gular intervals during each run. (tfote Tables II, III, 

IV, V, VI, and VII appendix.) At tho time each read:tng Yas taken, a 10 

millili tar sample of solution was removed from the aentaT com.pc.'1:rtment •. 

(Sae Figure 5.) These samples were anmlyzed by titrating to determine 

rate of deminerali?;ation,. Before sampling, the solution in this com

partment was stirred in order to obtain a representative sample. The 

llO anipare hour, 24 volt bllttery used to supply the electrical energy 

tm.s recharged beth<een runs.. The ampere flow was l0v1 and consequently 

little variation occurred in voltage during each run. 

As a second source of pOYer alternating current was JJassed through 

a half wave rectifier of the selenium cell type. Results from this 

pulsating, direct ·current were s:i.1,1:Uar to that. obtained by using bat

tery eurra'.at. 

Near the conclusion of this study a sample of Cimarron River water 

w'as taken near Perkins, Oklahoma. 'l'l1e same day the U.,S'!G.S., · Division 

· of u.s.D.I., obtained a sample near t:his same spot.. Data for the tvo 

saU1ples are g:i ven in Table IIB and Table VIII. U.S. G. s. states that 



Jig . 3 - Open e l ectro- dialyzer cell . 

-Fig . 4 - Open e l ectro- dialyz cr ce l l with membranes 
in pl ace showing l ead sheet electrodes . 



TABLE II 

PERUSELECTIVE l'mMBRANES --- :POrI'.GR Rm,UIREMENTS AND RA'l'E OF SALINE REDUCTION 

A Solution - Na(HG03) B Solution. Cimorron River Water 

Unit 2, Run l --- 1685 cc. Unit l, Run l - 1820 ec. 

HR E I w PPii1 WH HHac RR E I w PPM 

2200 26.6 2.00 53.2 3220 1200 27.0 0.92 24._8 1.3,600 

0200 27 .• o· 1.50 40.; 2.360 162.0 162.0 lSOO 24.s 0.9.5 23.6 ll,800 

0600 26 .• 2 0.10 02.6 1500 10.4 172.4 020() 25 .• 2 0.41 10.3 9,280 

1000 26.6 o.os 02.0 1160 s.4 180.8 0600 26.4 0.30 7.9 

1400 26.6 0.04 01.1 7.30 4.4 185.2 1400 26.0 0.19 4.9 1,100 

2300 26.6 0.02 00.5 390 4.5 189.7 1800 26.0 0.1, 3.9 

0200 26.7 0.02 oo.; 250 1.5 191.2 2000 26.1 0.13 .3.4 470 

0600 26.6 0.01 00.3 200 1,2 192.4 0600 26.l 0.1; 3.9 

1400 26.6 0.01 oo., 150 2.4 194.8 1000 26.l 0.07 1.s .350 

2200 26.8 00 • .3 100 2.4 197.2 1400 26.1 0.06 1.6 

0600 v.o 0.01 00.3 70 2.4 199,6 1800 26.1 0.05 1 • .3 IJJ 

WR 

142 

82 

.32 

39 

16 

07 

31 

07 

06 

05 

traac 

142 

224 

256 

295 

3ll 

318 

349 

356 

362 

367 

I\) 
Vl 



TABLE III 

PEPJ01Smtl~CTIVf~ t'ffi~M6RA!~}-:S ... - ... POHER REQUIREMENTS AND RllTE OF SALINE REDUCTION 

A Solution - MgS04 B Solution - MgCl., ... 
Unit 2, Run 1 - 1685 CCo .Unit 1, Run 2 -- 1820 cc. 

HR E I w PPM WH WHae HR E l w PPM WH WHae 

1700 26.0 2.10 54.; 3520 1800 21.0 0.50 10.; 5240 

1800 26.0 0.2, 6.; 2980 6.5 6.; 2200 22.0 o.46 10 •. 3 4050 1.2 41.2 

0600 27.0 0.24 6.5 1980 713.0 84.5 2400 22 .. 0 0.40 8.8 3000 17.6 58.S 

1000 25.2 0.2s 7.1 1550 28.4 112.9 0200 21.0 o.35 7.4 1000 14.8 73.6 

1400 25.6 O.'Z'! 6.9 10;0 27.6 140.5 0400 . 22.0 0.28 6.2 12.4 86.o 

1000 2;.6 o.26 6.8 1020 27.2 167.7 0600 22.0 0.22 4.9 900 9.8 95.8 

0600 2;.6 0.19 4.9 ;70 58.S 226.; 1000 21.0 0.18 3.S 1;.2 111.0 

1400 26.6 0.18 4.8 JOO ,38.4 264.9 0200 21.0 0.1.3 2.7 411) 10.8 121.8 

lSOO 25.6 0 .. 1; J.S 260 1;.2 280.l 1000 22.0 0.10 2.2 420 17.6 139.4 

2200 25.6 0.17 4.4 Z'/0 17.6 297.7 0200 22.0 o.os 1.s J40 7.2 146.6 

0200 25.6 0.18 4.6 150 18.4 316.l 0600 22.0 0.06 l • .3 4$0 5.2 151.S 

1000 22.0 o.os 1.1 430 4.4 156.2 

1400 22.0 o.o; 1.1 210 4.4 160.6 ~ 



TAB!..E IV 

?Ii;ID;4Slt]LltCTIVlE _.....,. RTIIQUIRfilM'El\'TS AND R&1.'l'E OF SALHJE RJ:tDUCTIOI'l 

A Solution - c~o4 B Solution - CaCl2 

Unit 2, Run 4 - ... 1685 cc. Unit 2, Run 3 -- 1685 ee. 

im E I w PPi'1 WH VH ··• ac HR E I w PPM WB. ~rw tv ae 

1000 20.0 0.110 2.20 2]..80 2200 11.9 0.22 2.62 4400 

1400 20.0 0 .. 140 2.!'30 1840 11.2 · 11.2 0200 11.9 0.11 J •• 30 lilOO 5,.2 5.2 

1800 20.0 0.130 2.60 1780 10.4 21.6 0600 11.9 0.10 1.19 .3.300 1,,..s ·10.0 

2200 20.0 0.170 3.40 1210 13.6 35.2 1800 12.0 o.os 0.96 2100 12.0 22.0 

0200 20.0 0.160 .3.20 960 12.s 48 .. 0 2200 12.0 o.oa 0.96 1S50 3.8 2,.8 

0600 20 .. 0 0.1;0 3.00 940 12.0 60.0 0200 11.9 0.,06 o.n 1430 2 .. 8 28.6 

1000 20.0 0.010 2.00 700 ?3.,0 68.0 0600 11.9 0.06, 0.71 1000 · 2 .. s 31.4 

1400 20.0 0.010 2.00 620 a.o · 76.0 1000 11.s o.os o.,9 1110 2.4 :;3 .. s 
1800 20.0 0.010 2.00 570 8.0 · 8L~.O 1400 11:.9 o.o; 0.60 1090 2.4 34.0 

2200 20.0 0.010 2.00 420 s.o 92 .. 0 1000 11 .. 8 0.04 0 .. 47 900 l.9 .3;.9 

0200 20.0 0 .. 015 3.00 310 12.0 104.0 

0600 20.0 0.013 2.60 260 10.4 114.4 

1000 20.0 0 .. 006 0.12 210 oo., 114.9 N 
....;i 



TABLE V 

PERMSELECTIVE MEMBRANES - Pot.rm REQUIR»4ENTS AND RATE OF SALlI\JE REDUCTION 

A Solution. MgOl B Solution - MgCl 

Unit 1,. Run 6 - 1820 cc. Unit 2, Run 6 - 1685 cc. 

BR E I w :PPM w WHac HR E I w PPM WH Wac 
1800 6.7 .o, • .34 1900 1800 6.7 .o, .:;; 2260 

0600 6.6 .05 .33 2100 3.96 3.96 06oO 6.6 .05 .33 2000 J .. 96 J.96 

1400 6.6 .042 .2s 18$0 2.24 6.20 1400 6.6 .06 • .39 2000 J.12 1.os 

1800 6.6 .042 .28 1380 1.12 7.32 1800 6.6 .05 .33 1910 1.32 s.40 
0700 6.6 .040 .26 1280 3.38 10.70 0700 6.6 .05 .33 1760 4.29 12,69 

lSOO 6.; .030 ,20 900 2.20 12.90 1800 6.5 .042 .2s l7SO ,.10 15.79 

0600 6.6 .020 .1.3' 890 l.56 14.46 0600 6.6 .042 .2s 1900 3.36 19.15 

1000 6,6 .020 .lJ 800 .78 l.S.24 1000 6.6 .038 .2s 1790 1.00 20.1, 

1800 6.6 .020 .13 610 l 04 • 16.28 1800 6.6 .03; .23 1600 l.84 21.99 

2200 6.7 .0.20 .JJ 590 .52 16.80 2200 6.7 .035 .2:; 20SO 0.92 22.91 

0600 6.7 .010 ,07 ,00 .;6 17.36 0600 6.7 .. 025 .17 2010 1.36 24.27 

1000 6.7 .012 .os 420 ,32 17.68 1000 6.7 .025 .17 1700 .68 24.95 
N w 



TABLE VI 

PERMSELlOOTIVE MEi'.4BW!ES - POWER REQUIREMENTS AND :M.T& OF SALINE REDUCTION 

A Solution - caso4 B Solution - OaS04 

Unit l, Run 5 ...... 1820 ec. Unit 2~ Run 5 - 1685 cc. 

HR E I w PPM WB WHao BR & I w PPM w Wac 

1400 7 0.04 .28 17/JJ 1400 7 0.04 .28 1980 

1800 7.S .04 .31 1510 1.24 l.24 1800 7.8 ,.04 .31 1600 1.24 1.24 

2200 7 •. 8 .OJS .'27 1470 1.08 2.32 2200 7.8 .035 .-:n 1450 1.08 2.32 

600 1.s .035 .Zt 1326 2.16 4.48 600 7.8 .04 .:,1 1310 2.48 4~80 

1000 7.8 .o.30 .23 1430 0.9.a '·"° 1000 7.8 .033 .26 1240 1.04 5.84 

1400 6.:7 .,0)0 .20 1410 o.a 6.20 1400 6.1 .034 .22 JJOO o.ss 6.72 

2200 6.7 .0:30 .20 1520 l.6 7.80 2200 6 •. 7 .o:,; .22 J.000 1.76 8.1.S 

600 6.7 .030 .20 1310 l.6 9.40 600 . 6.7 .• 033 .22 950 -1.76 10.24 

1000 6 •. 7 .• 029 .19 1SS0 .s 10.20 1000 6.7 .033 .22 910 o.sa 11.12 

ll+OO 6 •. 7 .o:r, .1s 1220 .7 10.90 1400 6.7 .. 0;1 .21. 800 a.so ll.92 

1800 6 •. 6 .026 .17 ll,O .7 ll.60 1800 6.6 .0.3 .20 611) o.so 12.12 

2200 6.6 .030 .20 500 o.so 13.52 

1000 6.6 .031 .20 450 2.40 15.92 

l,400 6.6 .028 .1s 220 0.72 16.64 !'6 



TiiliLE Vll 

PERMSELr~TIVE MEMBRANES -- .Powm REQUIR.rut{filll'S Al\fO RATE OF SALUTE REDUCTIOW , 

A Solution - NaCl B Solution• NaCl 

Unit 1, Run l - 1620 cc. Unit 2, Rwl 1 -- 168; ee. 

HR E I F . . PPM WH WHac !fl. E l H PPM WH WHae 

1600 12.s 1.,0; 13 .. 5 86ft) 1600 12.a 1.0 12 .. s 7600 

2400 13.l .;o .. 6.6 7910 52.8 ;2.8 2400 13.1 .5 6 .. 6 7510 ;2.a 52.8 

800 13.l 0.,38 5.0 27t,D 40.,0 92.s 800 13.l 0 .. 3 J.9 2610 31.2 84 .. 0 

1600 13.l O.,JO 3.,9 Z610 31 .. 2 121 ... 0 1600 1.3.l o.~ 3.,67 2490 29.4 lll.4 

800 13.l 0.22 2 •. ss lt/>O L:.().,O 170.0 800 13 .. l 0.2$ .J.67 ,!;60 58.8 172.2 

1600 13 .. l 0 .. 20 2.,6 1570 20.s 190.s 1600 1.3.l 0.2s 'J.67 1150 29.4 201.6 

800 13 .. 0 0 .. 17 2.2 890 3~5.2 226.0 800 13 .. 0 o .. 2s ,J.,6 950 57.6 259.2 

1600 13.0 0.14 1.8 ?80 l4.L1- 240.4 1600 13.0 0.28 3.64 750 29.l 286.3 

2400 12.9 o .. os 1.,03 550 s.2. 248.6 2400 12.9 0.2s J.61 SlO 29.0 317.3 

·~ 
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1-mter ohtained froN t.Jiis ss.111pliug st.rJ.tion ofteE varies fron d1-w to dny 

• 
stat,ion yields -f.;11e Mg'.1est. nlkn.li 1 te cm1tent. 

determining :mineral hnrr''..ness of \Jat.or. A simplAr, less cor,1plicnt0d 

met::wd for l.1.nrd.nes:~ determi:;w:t;iou wou'\cl have hoP.11 ·the use o:f a coi.l(Juct-

a:cwe meter. This equipment was not available. 



Fig . 7 - Electrode materials . Note reduction of 
negative electrodes . 

Fig . 8 Standard titrating equipment used in 
determining hardness of ,Nater . 
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'l'ADLE VIII 

CIMARRON RIVER WATER 

Sample Taken 131 u.s .. G.s. at Perkins, April 15, 1954 

ffl,I 

Silica Si o2 Bicarbonate 

Iron Fe Sulfate 

Calcium Ca 209 Chloride 

Magnesium Mg 65 Fluoride 

Sodium Na 2940 Nivate 

Potassium K Carbonate 

Total solids: 86.30 PPM 

Conductance (Mioromhos) · 14,300 

HC03 

so4 

Cl 

F 

N03 

C0,3 

PFM 

264 

433 

4530 



CHAPTER VI 

· ANALYSIS OF DATA 

In the final tests the eapacJ.t7 of the center chamber containing 

the treat~ vater in the four demineralizing units was com:r;,t.tted by 

measuring the volume in the solution before and after each run. The 

average of eev$l'al runs va5 then taken to determine the volume of the 

treated water. Ammeter and voltmeter readings were taken at the time 

the water samples vere removed. WH (watt hours) were eomputed for each 

or these readings. 

No allowance was made for evaporation sinee a lid covered each 

cell (Figure 5) which reduced evapora.tion to a minimum. This infor

mation. vas then used to compute the actual i"aradays vhich determined 

the points a.long the ordinate. For corresponding points on the abeissa 

PPM (parts per million) were computed from each o£ the ten milliter 

solutions removed from center chamber. 

Sample Calculations (Table II, Cimarron: River vat.er, Unit l, run 1) 

Capacity of center chamber :: 1820 cc. 

Hardness removed= 13,600 initial - 300 final= 13,300 P!M final. 

Energy consumed during this period = 472.l 'WH (watt hours) or 
65,400 ampere seconds or .679 taradays .. 

Energy /1000 gal .• : 3.7§~ cc. per gal. x 1000 x 412.1 Wfl: 
1,820 ec. 1000 

982 KWH /1000 gal. 

Final cooqmta.tions of mineral saline hardness were influenced by the 

following variables. In the f'inal runs for each of the chemicals. 
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tested ad.lam.meter :readings and ten milli ter samples were se:hedu.led to 

be taken every four hours, around the clock, for some 96 hours. 

'l'be water plant operoti:ng personnel took the samples and recorded 

the meter readings. Some six shifts were scheduled. per 24 hours. 

Occasionally emergeneies arose '\>Jhen sampling and readint,tS occurred at 

odd hours or not at all as indicated in 1'ab1Gs II to VIII, listed on 

pages 25 to 30. Apparently strntif'icution occurred in center chamber 

of deminel"'ali.~ing cell. Should the operator fail to stir tlrl,a solution 

before sampling a representative sample was not obtained. 

standr;;;rd tit.ratiI1g appt1rat,us, using 100 cc. samples, as shown in 

the ten milliter solution was diluted tdth 90 cc. distilled water. 'l'he 

eell as shctm in Figure 5. Evaporatio11 .from these vials ·..rariod with 

tempera.tu.re and humidity. These variables should partly account for 

varif£blt~ remtlts obtained in titrating mirnples for hardness. 

chamber capacities varied it1 volume from 1685 ec. to 1920 ec. This 

variance in volume from start to finish of run vould also introouee an 

error in aeonraney of computation.. All these factors ivould influence. 

th,3 deviation of points about a line on the graphs shown in Figures 9 

Sample Computation o.f 1I;f'ficieney 

Initial :: Li.,410 PPII 
:F'inal : ljQ PPM 
Removed. = 4,260 P:PH 

- l'l.05 a:mp0re hours required 



Equiv::ile:nt weight removed; 

1 68 rrms. x 260 P.Pl'l ::: .119 E.1:-1. 
1,000,000 X 60.18 K.ti.) 

Ef.f:iciency : Theoretical faradays required 
Actual faradays used 

12.05 a:nmere hoUTS x ,3,600 • 515,000 mnpere seconds usoo / E.W • 
• 119 E.W. 

26,500 amp. see. fone farada:y) : 18. 7 percent efficiency 
515,000 amp. sec. 

Energy required per 1,000 gallons water 

3,785,000 gmo1 (1,000 gallons) x 44J.4 W:H = 
1,685 gms. x 1,000 W x 4.26 PPM 

993 KWH / 1,000 gal. / 1,000 PPM 

Electrode pencils of' one-fourth inch carbon vere com.pared for con-

ductivity 1v'ith three inch square lead sheets. No diff'erEJnces in cell 

conductivity were apparent. This would be expected as the salinity of 

electrode compartments i.ncrease as the solution in the center eompart-

ment of a primary cell is reduced in chemical content. No attempt was 

made to check treated uater for lead content.. 

Specific membrane concluetance was determined by first measuring 

cell resistance, containing a saline solution, with membranes in plaee. 

The roombranes were then removed and resistance of solution again 

measured. Ca.1 .. e was taken to uoo the same volume or solution with the 

Resistance (in ohms)= (resistance of cell) (resistance of cell) 
of mem.brane / cm2 L\fi th membr~j .. ) - {ui thout membrantt ) 

number .of membranes 

.634 ohms/ cm2 



An exf.mdn.s1tion or the graphs of results, as sh.own in Figures 9 tt:> 

20, indicate the 101,10:r voltages uill yield n1ore efficient r~':lsults. PP1'1 

/ K (1000) gallons are used as points on the absieea as hardness of 

£a1•rn. uat,er supplier1 is indicated commerc:1.ally in those uni ts rather 

than Kl:l! (equivalent par.ts per million) / lOOO gallons. 

In the sbt volt group, calcium sulphate, Figure 20, requires 12.5 

KWH / 1000 gal. / 1000 PPt1. Figu.:re 14, sodium. chloride, of tbe 12 volt 

group requires 49.4 Kl-J!! / 1000 frul. / 1000 PPM and i:n the 24 volt group, 

Figure 7, 1.30 ItHH / 1000 gal. / 1000 Pl?f,i a1~e used. Theoretically, one 

faraday is needed to remove one I/.:Pl).1 of any chemical* Uoing the same 

voltage calcium sulphate uit.h an EPM of 68.07 would require slightly 

less p01:,1er per gram than sodium chloride whose BPM is 58.45. 

In comparing various current flows Figure 17 would indicate that 

a s:L~ volt source would be most desiro.lJle for optimum results. While 

the cells were operating it was observed tha.t, chemicals would pile up 

in the cell on the surface of the membrane next to the electrodes at 

the highel" voltages. Polarity of electrodes was reversed as shown in 

Figure 10 and Figure 11 to check the permselectivity of' the membranes. 

An examination of these curves indicates excellent selectivity as 

little or no demineralization took: place during this timea 
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Results obGaiood from these studies a.s shown in Figure 17 i11dicate 

this process offers one or the most :r,ro.mising methods for saline re

duction of water for rural supplies. 

19 Optimum voltage is app~entl;r the lowest voltage necessary 

to continue ion.-migratiou, For similar saline r&duetions, Figure lJ 

indieates that epproodmately six times as much po1.rer is: ne~ded at 24 

volts as is needed at 6 volts, Figure 19. Pulsating direct eurre:ut 

obtained from. a selenium-cell he.lf we.ve rectifier gave results similar 

to direct current, of same voltage obtained frOll:l a battery. 

2. Re3Ults obtair.ted indicate the rate ot mineral reduction VP.riea 

in a comitant ratio vJith the Sipplied voltage, except in the very low 

solution eoooem.rations. At this point, the membrsne resiste.nee is 

leas than thrit of the solution. More electrieal energy is required 

with lou solution eoncent.ratio.ns. The ll'nitad States Health Service 

::,;o :rHt h..<i.rdooss,.. However, in the iutorest. of economy,. it la question

able whether or not it is necessaey to :reduce mineral content to this 

extent for farm water supply purposes.. Dr. V .. G. Heller, Professor 

.of Agri.eul.turcl Chem1$r.y, Oklahoma A. and M. College, '¥mo has supervised 

the testing of several thousand samples since 19;;4, states 'that water 

reduced to 1,000 PPM totstl ~olida, eont;mning small amounts of sodium, 

ia usable for holrnehold purposes. S~lea tested in his l.aboratory 
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have ranged in hardness from less than 500 PPM to more than 150,000 PPM. 

The mean of 28 samples taken at random, from 8 1000 samples is 6,312 PPM. 

3. Electrical energy used :for ea.eh of the ehemic.als commonly 

found in :t'ar!l.1 water s11ppllei1 varies as the equivalent weights of these 

chemicals. 

4.. The time rate of e:n.orgy per unit weight of mineral removed 

varied in a direct ratio, in concentrtl.tions above 400 PPM, from six 

volts to appi•oximately thirty-six volte. At higher voltages the min

eral passing t1'sough the membrane adhered to the eleet.rode si<le of the 

metnb:rane. The mineral appeared not to go into solution fast enough to 

avoid adhering to the membrane. A larger electrode or an agitation of 

electrode solution could possibly prevent this. In a continuous flow 

unit trds waste mterial could be drained off fa.st. enough to mnintain a 

low coneent,rat.ion of 1rrl.nerals. 

5. Efficiency of mineral reduction of sali,ne solution appears to 

vary directly uith the inerease in current flow except in solutions of 

low: mineral eoneontrations. 

6. Energy :required for reduction of mineral content of a known 

water supply appeared not to varJ, in genel"al, fr.om the sum of the 

energies Nquired to remove an equal sum of each chemical separately as 

in item J. 

7. Sutf'ieient date was not obtained to determine the optimum cur

rent flow per unit area of' :men1bra1.,e. Data availa?fblo indicates that 

less than one ampere per square foot area of membrane is the desired 

electrical flow. 



S. 1!'he information roport.oo, herein, is compilod from data taken 

on batch ap1'.)l.1ratus. Future studies should include cnerg"'J consumption 

rund efficiency studies of ecntinuous nm, apparatus. 
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