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I. INTRODUCTION 

Great progreaa baa been made in the field or ion 
exchange during the paet tew yeara. New application• 

ban been propoeed and tried, novel method• ot operation 
have been investigated, and a variety of resin• have been 

made available. Theory baa advanced rapidly, alao. 

Theoretical equations have been deriTed which expreaa 

the behavior or all known ca••• ot ion exchange operation, 
and explanations ot the mechaniam of the reaction• 
involved have been advanced. 

In contrast to thia progress, however, exchange 

equipment 1a atill being designed on an empirical baaia. 

The mecllani• ot ion exchange involve• both uaa 

transfer and reveraible cbeaical reaction•; further, 
ion exchange ia more frequently uaed in batch rather 
than continuous ayatema. The reeulting deaign equation• 
have therefore been aathematically complex and difficult 
to uae, both for the correlation or data and tor the 
design ot ion exchange inatallationa, 

A tew year• ago, a new approach to the pro bl• ot 
design method• tor ion exchangera waa propoeed, which, 
while not very general in 1ta acope or applicability, 
ia aimple enough to be ot practical uae tor many ot the 



more common ca•e• ot ion exchange operation. The noTel 
idea in thi• method ot design is the exchange son• 
concept. 

This inTeatigation ia a further atudy ot the 
application or the exchange son• concept to the deaip, 

ot fixed-bed ion exchangers. The purpose ot thia 
investigation waa to determine the relationship between 

the influent aodium chloride concentration and flow rat.e 1 

and the exchange zone height tor a fixed-bed ion exchange 

colWID of Balcite HCR. 
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II. µTERATURE REVIEW 

The following section reviewa aoae or the more 

illportant literature on ion exchange. Ion exchange 

biatorr, application•. and mechani .. tbeoriea are 
considered tirat. A brief review ot alternate deaiaa 
methods and a more detailed review or the exchange son• 
method complete this aection. 

History 

Ion exchange waa diacovered by two Engliah aoil 
acientiata, Way and Thoapaon()O), in the courae ot their 

inveatigationa on the action ot water-aoluble 

tertilisera in aoila. They noted the eurioua ta~' tha' 

certain aoluble aalte, such aa ammoDiwa aultate, were 
not eaaily leached out or the aoil by rain water. 

The tirat attempt at an application ot thia 

phenomenon waa not made until aome aixty reara later. 
In 1910, the Gel"llan chelli.a• Oana(4) uaed ~wlino­
ailicatea tor the aottening ot bard water. Because 
the capacity ot both natural and aynthetic alUllino-
ailicatea waa low, atudiea were made on the ayntheaia 

ot higher capacity exchangers. Th••• atudiea(l7) 
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eventually led to the discovery of aultonated coal 
cation exchangera. 

Since then, the history ot ion exchange baa beea 
characterised by the numerous usea to which it baa be.i 

put. Today, it ia mentioned in aucb diyera• tielda aa 
aedioine and atomic energy, analytical cbeaiatr7 and 
chemical processing, sugar refining, and waste diapoaal. 

Applications 

The broad tield ot ion exchange application• mar 
be divided into the following general cla••••1 
purification, separation, exchange, and pH control. 

Examples or each ot tbeae applications are nwaeroua 

and several general review articles on th••• application• 
11 bl (11,12,1)) are an a• • 

Purification. Purification retera to the removal 

ot undeaired components from subatancea with which 1• 

1• aaaociated. If th• 1apurit7 ia ionisable, or mar be 
aade to combine with an ionisable compound, then, ion 
exchange technique• may be applied to the puritication 
proceea. The de-ionization or demineralisation ot 
water to yield a product with a JQrity comparable to 



-~ 

that or triple-distilled water()) and the trea1;ment ot 
augar ju1ce( 2l) to remove compounds which decrease th• 

yield or sucrose are examples of the applications ot ion 

exchange to purification proceaaea. Other aubatanc•• tor 
which ion exchange purification has been proposed are 

glycerine and other polyalcohols, and whey(7). 

Separation. Ion exchange separation techniques 

depend upon differences in the relative atfinitiea or 
ions tor exchange resins. Moat or the applications for 
which ion exchange separation technique• have been 

proposed involve mixtures whose components are not 

easily separable by more conventional methoda. 

Examples or such mixtures are the rare eartha, amino 

acids, and proteins. 

Separation studies have been made on the mineral 

gadolinite. Spedding and Powe11< 29 ), using ion exchange 

techniques. were able to separate 82 per cent of the 

erbium and 50 per cent of the ytterbiwa to puritiea 

greater than 99.9 per cent in a single operation on a 

cnide concentrate of gadolinite. 

Techniques appropriate for the separation of the 

amino acids, peptides and proteins have been described 

by Partridge( 26). These techniques were deYeloped for 
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the isolation and atudy ot the coaponent• co11111only round 

in proteins or biological axtracta. 

Cloaely related to the amino acid eeparationa are 

the nUlleroua uses proposed for ion exchange reaina in the 

field or analytical chemistry. A• of 1954, Oabon< 23 > 

reported a total or more than two thouaand papers dealing 
with the use ot ion exchange reaina in analytical 

separations. Among the subjects treated in th••• 

papera( 24) were the diaaoc1ation ot normally insoluble 

aalta like barium and atrontium aultatea, the aeparation 

ot ionized from un-ionized aubatancea in 1olution, and 

the separation or the amphoteric group or cations. 

Exchange. Exchange rerera to the aubatitut1oa ot 

one ion for another in a solution. Such a aubatitutioa 

may be desired in order to remon a deleterioua 

aubatance from a solution, or to recover a Yaluable 

component from a waste stream. The remoYal ot 
'deleterious aubatancea from a solution 1•, in aany 

respects, similar to puritication. In purification, 

however, ·tba techniques are generally 110r• elaborate, 

aince the complete removal ot an impurity 1• involved, 

while in exchange, the harmful aubatance 1• merely 

replaced by another substance which doea not have the 
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undeaired propertiea. Th• aottening or water(l9), and 
the de-ionisation or water<20> illustrate thi• 
dirrerence, the former being an example ot an exchange 
reaction while the latter is an example ot puriticatioa. 

Most or the therapeutic application• ot ion 
exchange cited b7 Osborne< 2s> tall under the exchange 
claeeitication. Among such therapeutic application• are 
the control or the eleotrolrt• content or the human bodr 
to correct abnormalities brought about b7 kidner and 
heart di••••••· Other medical uaes are alao cited b7 
Blact<1>. 

Ion exchange technique• have also been propoaed and 
eaployed in waat• treatment and recoye17( 27). Specific 

example• or th••• are the recoyery ot copper from waste 
water• or th• cupprammoniua rayon proeeaa<s>, and the 
recoYery ot plating metal• trom apent plating batha<16>. , 

ControA ot pH. The uae or ion exchange resins tor 
pH control ia baaed on the tact that thee• reain• turniah 
hydrogen or hydroxyl ion• when in contact with a polar 
liquid. Their chiet adYB.ntage oYer other pH controlling 

substances li•• in the •••• with which solid resins ••1 
(14) be separated trom liquid media when deaired • Among 

the u••• tor which ion exchange reains have been 
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propoaed tor pH control are in the oatalya1a or th• 

eateritication reaction• between organic acid• and 

alcohol•, and the hyd.rolyaia or aucroae and other water 
soluble complex augara(l4). 

Ion Exchange Theori•• 

Ion exchange theories may be divided into two broad 

claaeea: those that are concerned with explaining and 
predicting equilibriwa phenomena, and thoae that attempt 

to analyae the transport proceaa tor th• formulation ot 
rate relationahipa. 

Equilibrium Th•oa. Th• following 1a a bri•t 
aW11111&ry ot ion exchange • quilibrium theorr ( lS • ia) • 

When ion exchange reaina are brought into contact 
' with a aolution ot an electrolyte, a r•Yeraibl• 

interchange or iona take• place"between th• aolution 
and the solid resin. Experiment• haYe shown that the 
equilibrium relationabipa depend to a great extent on 
the interchanging pair or ion a. 

Initial attempt• at an explanation ot the latter 
phenomena used the maaa action concept and defined an 

equilibrium constant baaed on ionic concentration• in 

the solution and in the resin analogous to tho•• tor 
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other reTer•ible chemical reaction•. Thia equilibriua 
constant aerTed to measure the relatiT• attinitiea ot 
the ditterent ions tor a particular reain. Conai~eiabl• 

attention was placed on correlating the relatiT• 

attinitiea ot ditterent iona with their other propertie• 

auch aa atomic weight and cryatal radiua. Th••• atteapta, 

howe.er, did not meet with any aucceaa. 

A tew yeara later, refined experimental \eohniquea 

proved that the equilibriwa conatant baaed on ionic 

concentrations waa not actually constant. Thia 

required redefining the equilibrium relationahip in 
terma ot ionic acti'Yitiea. Since then, retinementa have 

been added to the theory to account not 01111 tor the 

activity energiea but alao tor the awelling energiea 

inwlved when the reain imbibls aome ot the aolTent in 

which it 1• placed. 

Transport Proceaa Tbeorz. (31) According to Treybal , 

the transport proceaa uy be broken down into the 

following atepai dittuaion ~t iona trom the liquid 

bulk to the external aurtace ot the exchanger particle; 

inward diffusion ot iona through the aolld to the 

exchange aitea; exchange ot iona; outward dittusion ot 

the released iona to the aolid aurtace; and dittuaion 
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ot the released iona trom the solid aurtace to the liquid 
bulk. The rate ot ion exchange will therefore depend on 
the reaiatancea ottered by th••• tive atepa. Rieater(S) 

baa deriYed rate equationa baaed on th••• reaietancea 
uaiag ionic concentration• aa th• clri~g torce. Th••• 
equation• are preaented in the following section. 

Alternate Deaign Method• 

Moat ot the deaign equat1ona(6,S,9,lO) propoaed tor 

ion exchangers are baaed on an analyaia or the tranaport 

proc••• inYOlved. Th••• equation• ditter in their final 
torma depending on the particular application• tor which 
they are intended. Hieater(S) baa derived relationahipa 

which oover all ot th••• applicationa, and a awmaary ot 
hie work is given below. 

The ayatem conaidered by Heiater< 8> oonaiata ot 
iona !t l• and g, all or th• aame valence, and th• 
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exchange reain. For the reaction on the re•in surface, 

the rate equation ia given b71 

(dqAfdt)P • kAo kin (cA)(fla) - (l/IAo)(qA)(co) 

wheres 

+ (kAB kin)(cA)(qB) - (l/lAs)(ClJ)(cs> 

concentration or ! in resin, milli• 
equivalents per gram 

time, minute• 
specific reaction rate constant tor 

the reaction between ion A and 
ion g, milliliters per miili-
equivalent per minute 

concentration of A in solution, milli-
equi Y&lenta per milliliter 

~ • concentration ot 5! in resin, milli-
equi valenta per gra.a 

lAG • exchange reaction equilibrium constant 
tor 4 and G - -concentration or 5! in solution, milli• 
equivalent• per milliliter 

specific reaction rate constant tor 
the reaction between .A and !l 
llillilitera per milli-equiva ent 
per minute 

concentration ot ! in reain, milli-
equivalent per gram 

lAB • exchange reaction equilibrium constant 
tor .! and J! 

p • 

concentration or ! in solution, milli-
equi yalenta per milliliter 

denotes that the equation ia over a 
given particle. 
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Conaidering now the liquid pha•• outaide tb• reain, 

th• tw dif'tuaion proc••••• mar be combined into a oounter-

dittuaion proc.•••, tor which the rate equation 1•1 

where: 

qA • concentration ot A in th• reain, 111111• 
equinlent• per ar• 

t • tiae, llinutea 
t 1A • mass tranater coetticient ot A, 

l/centilleter - minute• -
a, . tranater area per milliliter ot bulk 

wluae 
t 8 • traction or external void apace ia 

the nain bed 

.... . 
• • 
p • 

concentration of ! in solution, ai.111-
equi valenta per milliliter 

concentration ot A 1n th• portion ot 
th• fluid adjac'in't to and in 
equilibriwa w1 th the aolicl, a1111-
equ1 valenta per llill111ter 

reain bulk clenaitf, grams per milliliter 

denote• that the equation 1• over a 
given particle. 
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The equilibrium relation is given by: 

where: 

•• • 

CB* • 

concentration of A in the portion 
of the tluid adjacent to and ia 
equilibrium with the aolid 
111111-equivalenta per milllliter 

awa or the concentration• or!, Bf 
and ,g, in the fluid phase, 1111!1-
equivalents per milliliter 

concentration of I in the portion 
of the tluid adJaoent to and in 
equilibrium with the aolid1 llilli-
equivalenta per milliliter 

concentration ot A in the reain, 
111111-equivalenta per gram 

IAQ • equilibriwa constant tor the exchange 
reaction between ! and _q. 

lquationa similar to theae three may be written 

for component I• 
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For the intenial counter-dittuaion of the iona 
inaide the pore fluid, or through the aolld pbaae, 

depending on the characteriatic propertiea of th• reain, 
the rate equation iaz 

where: 

' . 
concentration of ! in the resin, 

111111-equi valenta per graa . 

time, minute a 

tsA • mass tranaf er coefficient tor ! ia 
the aolid phase, l/centiaeter -
minute 

•s • 

p • 

transfer area per milliliter of 
volume 

concentration of A in the outer 
layer of particle• adjacent t• 
and in equilibr1WI with the 
fluid, m1111·•QU1Yalenta per graa 

denote• that the equation ia over 
a given particle. 

The equilibrium relationship will be analogoua to that 

tor the liquid pbaae. Again, aill1lar rate and equilibriua 

relationahipa will bold tor component !• 
Th• application or the preceding equation• to a 

particular design problem requires the integration of 

th• rate equation• and their aimultaneoua aolution wi\h 

the equ111br1wa relationahipa. 



The apecial case ot ion exchange in a fixed-bed, 
where the two counter-dittuaion proceaaea 11&y be aaauaed 
to be controlling wae atudied by Gilliland. ancl 
Baddour<6>. Tb• integrated torm ot the equation wbicb 
they uaed i• g1 ven in th• following paragraph. Thi• 
equation was originallf deriyed tor the exchange ot 
sodium ions tor hydrogen 1ona in an aqueous aolution. 

where: 

1 
(I• l)(IT • u)fl 1 + 0 e 

c • bulk concentration or sodium ion• in 
the liquid phaae, 111111-equivaleau 
per llill111ter 

c0 • influent solution concentration, 
milli-equiTalenta per milliliter 

I • equilibrium oonatant tor the aodiwa-
hydrogen exchange reaction 

e • baae ot natural logarithma. 
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The quantities Q, ~, and ~ are defined as follows: 

G • 

where: 

g(Kv, u/K) 
1 • g(v, u) 

g(u, v) - I v a) da 

where: 

e • base of natural logarithms 

• modified Bessel function, first kind, 
zero order, of .!• 

The quantity ~ is defined by the relationship: 

where: 

u • k c0 y/V 

k = mass transfer coefficient 

• 

y • 

influent solution normality, milli-
equivalents per milliliter 

volume of solution passed through the 
bed 

V • flow rate through the bed, 

the units for ~. z, and ! being any consistent set to 

make u a dimensionless number. -
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The quantity i ia defined by the relationship: 

where a 

y • kx/IV 

k • mass transfer coefficient 

x • total exchange capacity or the bed 

I • equilibrium constant tor the exchange 
reaction between aodiua and hfdrogen ion• 

v • now rate through the bed, 

the unit• tor the aboYe quantities being any con•istent aet 

that will make v a dimensionless number. -
The equilibrium constant for the exchange reaction 

between sodium and hydrogen ions used in the preceding 

equations is given by the relationship: 

where: 

I • equilibrium constant tor the exchange 
reaction between aodiwa and hydrogen 
iona 

average mol traction or aodiwa ion• in 
resin particles 

• normality ot influent solution, 111111· 
equivalents per milliliter 

o • aodium ion concentration in the bulk ot 
the solution phase, milli-equivalenta 
per milliliter. 



The Exchange Zone M9thod 

M1chaala( 22 ) developed the following method in order 

to overcome the mathematical complexity ot the procedure• 

previoualy proposed. The concepts, detinitiona, and 

limitations involved, aa well aa the mathematical 

deTelopment of the ralationahipa to be used are reviewed 

in the following paragraphs. 

Concepts. Definitions, and J4mitation1. The exchan1• 

zone method ia applicable only to those ayatems where 

aorption of the ion 1n solution is highly preferred. An 
example or auch a aystem is a strong acid-type cation 

resin (e. g., Dowex 50 or Nalcite HCR) operating on the 

hydrogen cycle and removing a metal ion from solution. 

The reverse operation or regeneration ia obYioualy not 

within these limitations. Because of this high 

preferential sorption, the exchange reaction ia tairly 

rapid. Consequently, the individual exchange reaction• 

take place within a small portion ot the exchanger 

apparatus. 

The portion of the exchanger bed in which, at any 
particular time, the exchange reactions are taking place 

ia what Michaela calla the exchange sone. The height ot 
this zone is called the exchange zone height. 
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Purely as a matter or convenience, M1chaela( 22 ) 

defined the 11111.ta of thia son• in the rollowing manners 

th• upper boundary or the son• ia that part of the bed. 

in which at ateady atate, the cation concentration in th• 

10lution phaae ia 95 per cent or the initial cation 

concentration in the influent aolution; the lower 

boundary or the aon• ia that part ot the bed in which, at 

ateady atate, the cation concentration in th• aolutioa 

phaae is t1Ye per cent or the initial cation concentration 

in th• influent 80lut1on. 
At the atart of the exchange cycle, the solution ia 

•tripped of the iona it carriea at the very top or the 

colwm. As more aolution ia passed. the exchange son• 

fonaa, and then deacends down th• coluan at a constant 

Yelocity. When th• lower boundary 1• at the bottoa of 

the column, the concentration or th• effluent aolution 

1• five per cent of the influent concentration. Thia 

condition ia reterred to as the •break-through." It 

more solution 1• passed, the sone begin• to leave the 

column, and when the ettluent concentration la 95 per 

cent ot the influent concentration, th• sone 1• juat 

out ot the column. Thia condition 1• rererred to aa 

"exhaustion." 
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The condition or the resins within the exchange son• 
varies trom almost complete exhaustion at the upper 

boundary, to almost complete unaaturation at the lower 

boundary. Thu• the zone, as a whole, raay be considered 
aa being unsaturated to a tractional degree r. -

The zone itaelt separates the saturated upper layer• 

or resin trom the unused lower layers. The assumption 1• 
aade that aa tar aa equilibriua is concerned, the two 
layer• thus separated have no effect on each other. 

peyelopment or Relationships. In order to make the 
derived equations more general, no unite will be 

apecitied tor the dif'terent quantitiea involved. Any 
aet ot units may be used tor the final equation, the 

only ettect ot which will be to change the value ot th• 

dimensional constant appearing in the final equation. 

Consider the ayetem composed ot an ion exchange 

resin bed, with total height ht• and croas-aectional -area ,!, and a solution with an original concentration 

ot Ic,, nowing through the bed with a auperticial -velocity ot ,g. Aa the solution flows through the bed, 
exchange take• place initially at the ~P ot the bed, 
resulting in the tormation ot th• exchange sone atter 

a length ot tiae 9t, the zone tonaation time. Aa aore -
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solution ia passed, the sone descend• down the column 

with a constant linear velocit7 Us. When the volume et -
aolution paased totals !!· the lower bound&l"J or th• 
zone is at the bottom of the bed, the effluent 

concentration ! ia equal to o.os X0 , and the total -elapsed time from the beginning ot the cycle i• &t,• It -more solution i• now pasaed, the sone begin• to leaYe 
the column, until a volume Vt ot solution baa been -passed, at which time, the upper boundary of the zone 

is at the bottom or th• column, the effluent 
concentration ! is equal to 0.9S Io, and the total ti•• -
measured troa the start ot the cycle is it• -During this exchange cycle, the sone aovea a total 

distance equal to ~· tor a length ot tiae equal to the -cycle time Qt minus the sone formation time it• - -
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The relationahip, which 1a baaed on the definition 
·ot rate, ia giTeD by the equations 

wheres 

Us • linear rate of 1one descent throuch 
the colwm 

At • total height of the reain bed 
8t • total cycle, or exhaustion point tiae 

it • son• formation time, 

and the unite may be any conaiatent aet. 

From the break-through time 9t> to the exhaustion -time it• the son• ia llOYing out of the colwm with the -aame linear Ye loci ty Us. The distance which the son• -
traYela during thia time 1nteryal ia eyidently equal to 

ita own height, that 1a, the exchange sone height h1 • -



From the definition ot rate, the following relationahip 

1• obtaineda 

where a 

hs • exchange son• heigh' 
Us • linear rate ot sone descent through 

the column 
8t • total cycle, or exhauation point tiae 

8b • break-through tille, 

and the unit• are the aame conaiatent aet. 
The combination ot the two equation• yielda the 

relationahips 

wheres 

hs • exchange son• heigh' 

ht, • total height ot the resin bed 

a, • total cycle, or exhaustion point till• 

9b • break-through till• 
et • time ot zone tormation, 

and the units are the aame consistent aet used aboYe. 



Thua, for a giYen bed height !1• _!l and !t! may be 
deterained experimentally, and hs calculated from the -preceding equation, it Qt ia known. An approximate 

- -
method tor the determination ot it, the sone formation -time, is outlined in the next paragraph. 

Aa mentioned in the previoua aection, the exchange 
zone may be thought ot aa being compoaed ot a traction l• 
which ia atill unuaed, and a traction (1 - r), which baa 
already entered into the exchange reaction. During the 

time the zone 1• moving out or the column, that is, from 
break-through to exhaustion, the portion ot the sone that 

enters into the exchange reaction ia the unused traction r. -
The concentration or ettluent lea'Ying the oolWlll during 

thi• period of time depends, therefore, on the 

inatantaneoua value of the traction .[ at the bottoa 

ot the column, the exchange reaction proceeding onl1 
to the extent that the zone can still accomaod.ate. The 

total amount ot iona which the unused traction or the 

zone can remove ia obTioual7 the total amount ot ion• 



reaoyed rro11 the solution rro11 break-through to 

exhauation. Thia relationship 1• abown bf the equations 

wheres 

J( • (' ,, 
Ju (lo • I) dV 

)( . 
' . t 

vb 

total amount or lone reaoyed from 
break-through to exbauetion 

YOlume or aolution paaaed up to 
exhauation 

volume or aoluti on paaaed up to 
break-thr:ough 

Io • influent concentration 
I • inatantaneoua Yalu• ot ettluen' 

concentration 

Y • wlume of aolution paaaed oorreaponding 
to an ettluent concentration .1, 

and the unit• are the aame consistent aet uaed 1n the 
preceding. 



It the reaina in the exchange zone had been 

completely unused, then the zone would haye removed an 

amount ot ions equal to X0 (Vt - Vb), from break-through 

to exhaustion. Hence, the traction ot the zone that 

was still unused ias 

where: 

F • traction or the zone still unuaed at 
ateady state 

M • total amount or ions removed by the 
zone from break-through to exhaustion 

• influent concentration 

• volWD8 ot solution paaaed at exhauation 

• 'fOluae of aolution paased at 
break-through, 

and the unite are the aame consistent set used before. 

Experimentally, the value of the traction l may be 

determined by analysing the ettluent tor cation 

concentration l• at specific values or the effluent 

volume !• The quantity of ions remoftd from solution 

from break-through to exhaustion may then be computed 

by graphical integration. 
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~ the aone bad been completely aaturated at ateaclJ 

atate, and could_remoYe no aore ions, that ia, r • O, 

then the time or sone tonaatlon, .!t• woulcl b• Yery nearly 
equal to th• time from break-through to exhauatlon, 

(it - 8b). It the sone, on the other band, had been 
completely unsaturated at ateady atate, that la, r • 1, 

t~en the sone formation time would be equal to zero. 

When a linear relationship aatiafying th••• 
liaiting condition• ia aaaW1ed, the following equation 
may be written t 

Ot • son• tormatJ.on ti•• 

r • traction ot the sone still unuaed at 
tteady atate 

9' • total cycle, or exhaustion point till• 

a., • break-through time, 

the unite being the same conaiatent ••t uaed before. 



The final relationship, relating the son• height 

to quantitiee which may be experimentall7 de\ermined i• 

therefore given by the equations 

wheres 

hs • exchange sone heigh' 

ht • total height ot the resin bed 

it • total cycle, or exhauetion point time 

ea, • break-through tiae 

r • fraction ot the sone still unused at 
steady at.ate, 

and the unite are the eame conaietent ••t ueed in the 

foregoing der1Y&tion. 

The aimplitications made in the preceding 

derivation were indirectly verified by the good 

reproducibility of reaulta Michaela obtained in hie 

experimental 1nveatigation( 22 >. 
Swargarx ot Michaela' Experimegtal R••ulh• Michaela 

used tha system Ha-H-Cl-Nalcite HCR, tor beda 22 

millimeters in diameter, and ot yarioua heights. rlow 

rates were yaried trom 0.5 centilleter per second to 

0.77 centimeter per second, while bed heights uaed were 

from 22.5 to ~).S centimeters. A fixed concentration 
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ot 0.12 mol per liter of sodium chloride waa used tor 

all the tests. The experiment&l results showed that 

the height of the exchange sone is independent ot the 
total column height, but is dependent on the rate ot 
flow of solution through the bed. The correlation 

presented by Michaels tor hie results waa ot the torna: 

wheres 

hz • exchange zone height 
U1 • linear rate ot solution flow through 

the bed 

a • dimensional constant, whose Talue 
depends on the units used 
tor hs and U1• - -

factors Affecting the Exchange Zone Heigh,. The 

exchange zone height is related to that of the "transfer 

unit" in the mass transfer operations. The zone height, 

in effect, ia a measure or the rate or ion exchange under 
an average driving force. The factors affecting the 
exchange zone height ahould therefore be the same tac1;ora 

affecting the over-all rate. These factors aret the 
temperature of the system, through ita effect on mass 

transfer and reaction ratea; tJie nature ot the system; 



the ion concentrations; and the rate ot aolution tlow 

through the bed, through its effect on .mass tranater 

rates. , It should also be apparent from the foregoing 

that the total bed beigbt and the bed diameter would 

ha Te no ettect on the zone height. Michaela' work baa 

shown at leaat the former to be the caae. 
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III. EXPERIMENTAL 

The purpose or this investigation, the plan or 
experimentation, a deecription or the materials and 

apparatus used and the te8t proceduree followed, the 

data and results obtained, and sample calculations are 

presented in this section. 

Purpose of Investigation 

The purpose of this investigation was to determine 

th• relationship between the influent sodium chloride 

concentration and flow rate, and the exchange sone 

height for a fixed-bed ion exchange column ot 
lalcite HCR. 

Plan of Experimentation 

The investigation consisted of the following pbasea1 

review or literature, analysis of the variables involved, 

design and construction or the experimental equipment, 

performance of the tests, and analysis and correlation 

ot the experimental results. 

Review of Literatu~e. The literature review 

covered published works in various fields of ion 



-32-

exchange. The history or ion exchange development, ion 
exchange applications, as well aa mechanism theories 

were studied first, in order to gain a general 

background on the subject. Design literature tor the 

exchange zone and other methods were then reviewed more 

comprehensively, ainca these had a direct connection 

with this investigation. 

Analraia or ~he variables !nyolved. Baaed on 
preYious work and theoretical considerations the more 

important variables in thia study were expected to bes 

the temperature or the system, which Taried within the 

range or 60 to 70 degrees Fahrenheit wi\h ambient; 

variations; the nature or the system, which waa 

restricted to the Na-H-Cl-Nalcite HCR system; the rate 
ot solution !low, which was selected as one ot the 

variables to study; and influent ion concentration, 

which was also selected as a variable to study. 
Dtsigg ang Constructiog o( Eauipaatpt. The 

experimental equipment was designed and constructed 

taking into consideration both current practice and 
the peculiar requirements or this experiment. The 

principal item, the exchange column, consisted or a 

vertically-mounted pyrex glass pipe, 48 inches long 



and two inches in diameter, provided with meana tor 

introducing and withdrawing liquids and resin both a' 

the top and at the bottoa. Accessory equipment included 

a micrometer needle valve, which served aa a tlow rate 
regulator, a constant volume liquid puap, storage tanka 

tor teed and waate aolutiona and reain, ancl 

miacellaneoua laboratory. glaaaware. 

Preliminary Teat•. Preliminary teats were made 
on the column to determine ita flow and exchange 

characteriatica, and to develop technique• to be uaed 
in the experimental teata. Information on now rate• 
which could be obtained from the pump, data on the 
approximate length or each teat, and an indication ot 
the number ot effluent samples wbi~h ahould be taken 

tor each test were obtained troa theae preliminary teata. 

§x.Perimental Testa. Testa were made at each ot 

tour ditterent cation concentrations in the influent and 

at each or tour ditterent flow ratea. Two replication• 

were made tor each teat condition, the teat• being 

performed in a random order within each ••t ot 
replication•. The oation concentrationa teated were 

0.10 N, 0.15 N, 0.20 1, and o.2s I, and the tlow rate• 



u••d for each ot th••• concentrations were 2.66, 4.23, 
s.32 and 1.14 gallons per minute per square toot ot bed 
area • 

.A.nalxsis and Correlation ot Result!. The data and 
results obtained were analysed to detel"lline the etteot 
or the rate ot solution flow on th• exchange son• helch• 
at each of the concentration• te1ted. A correlation of 
the relation between the exchange sone height and botb 
concentration and solution tlow rate was tested with 
experimental data from this teat and trom the literature 
and found to represent the data aatiatactorilJ. 

• 



Material• 

The following material• were used in th1• 
inTeatigation. 

Htdrochloric Acid. Reagent grade, 36 per cent. 

Obtained trom Fisher Scientific Company, S11Ter Spring, 
Maryland. Uaed to prepare acid rinsing aolutiona tor 

the resin bed. 

fhenolphthalein Igdicator• Phenolphthalein 
indicator aolution prepared by the Department ot 
Chemistry, Virginia Polytechnic Institute. For 
analytical purposea. Uaed aa an end-point indicator 
in acid base titrationa. 

Potaaaiwa Chromate Indicator. One molar 
potaseiwa chromate aqueous aolution. Obtained .troa 

the Department of Chemistry, Virginia Polytechnic 
Institute. Used as an end-point indicator iii ehloride 

titrations. 

Reain 1 Cation Exchange. Nalcite HOR, hydrogen 

torm, 20/'!>0 aeah, batch L-4381-27. Obtained from the 

Rational !luainate Corporation, Chicago, Illinoia. 
Used aa the exchange resin in the tilted-bed cation 
exchanger. 
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Silver Nitrate. Reagent grade, meet• ACS 

apeciticationa, lot lo K-2S6. Obtained from Fisher 

Scientific Company, Silver Spring, Maryland. Uaed to 

prepare silver nitrate solution• tor chloride 

titrationa. 

Sodium Chloride. Commercial table grade salt. 

Obtained from Radford Brothers Store, Blacksburg, 

Virginia. Used to prepare teed aolutiona. 

Sodium Hydroxide. Reagent grade, 0.93 normal 

etock solution. Obtained from the Department of 

Chemistry, Virginia Polytechnic Institute. Used to 

prepare o.o; normal solutions tor the titration of 

test sa.mplea. 

Water, Distilled. Distilled water obtained troa 
the Department or Chemistry, Virginia Polytechnic 

Institute. Used for the preparation of teed and acid 

rinse solutions, for the backwashing and washing of the 

resin bed, and for the analytical work of the 

investigation. 
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The following apparatus and equipment were used 

during the course ot this investigation. 

Beam Balance. Ohaua, 600 gram.a capacity, 
100 milligram sensitivity. Obtained trom Fisher 

Scientific Company, Silver Spring, Maryland. Used in 

the preparation ot teed solution. 

Glassware. Assorted pyrex glassware such aa 

beakers, erlenmeyer tlaaka, SO milliliter bureta, 

graduated cylinders, tunnels, p1peta, and TOlwaetric 

tlaaka. Obtained from the supply room, Department ot 

Chemical Engineering, Virginia Polytechnic Institute. 

Uaed in the preparation ot teed and acid rin•• 

solutions, and tor the analytical work ot the 

investigation. 

Ion Exchange Column. The ion exchange column 

consisted of a Yertically mounted glass pipe and waa 

assembled from the standard equipment listed in the 

following paragraphs. 

Plange Assemblt• Standard two-inch Corning 

flange, complete with rubber insert, nuts and bolts. 

Two uaed. Obtained from the Sentinel Glass Company, 

Hatboro, Pennsylvania. Used to hold rubber 

stopper cap in place. 



nange. Braaa, 1/4 inch thick flange to tit 
Corning atandard t1110•incb pipe tlange. Two ueed. 
Obtained trom the atock room, Department ot 

Chemical Engineering, Virginia Polytechnio 
Institute. Uaed to bold rubber atopper oap ill 
place. 

Glaaa Pipe. Double tough, pynx, 48 inchea 
long, two inch•• inaide diameter. Obtained troa 

the Sentinel Glaaa Company, Hatboro, Pennaylvania. 

Used to bold the resin bed. 

Rubber Stoppera. Size Ro 11. One two-bole, 
one f'our•llole used. Obtained trom the Department 

of' Chemistry, Virginia Polytechnic In•titute. Ueecl 

to cap th• ends ot th• glaaa pipe. 

Jibtor. llectrlc, Master Gearhead aotor, llS/230 v, 
60 cy, single phase, ).4/1.7 amp, 378 rpm. Obtained troa 
the etock room, Department ot Ch•ical Engineering, 
Virginia Polytechnic Inetitute. Deed to drive the teed 
pump, 

Pinch Cock. Screw type, bra••· Four uaed. 
Obtained from the •tock room, Department ot Chemical 

Engineering, Virginia Polytechnic Inatitute. Uaed to 

open and cloae aolution tlow lin••· 
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'lanimeter. Ieuttel and Easer planimeter 

lo F-42)6, serial lo 557-79. Obtained troa the 

Department of Mechanical Engineering, Virginia 

Polytechnic Institute. Uaed to integrate effluent 

concentration-time curT• areas. 

Pum;e. Sigmamotor, model T-8. Obtained from 
Sigmamotor, Incorporated, Middleport, New York. Used 

to introduce teed, acid rinse, backwaeb, and wash 

solutions int.o the exchange column • 

.I!!lk· Open end, 2S-gallon capacity, aluminum. 

Obtained from the atock room, Department of Chemical 

Engineering, Virginia Polytechnic Institute. Ueed aa 

teed tank. 

Tank. Aluminum., 50-gallon capacity. Obtained tro11 

the atock room, Department or Chemical Engineering, 

Virginia Polytachnio Institute. One used aa distilled 

water storage, another aa teed stock solution storage. 

Timer. Electric "Time-IT", metal caae, one-tenth 

second units, 10,000 seconds total capacity. Obtained 

from the stock room, Department ot Chemical Engineering, 

Virginia Polytechnic Institute. Used to determine 

sample withdrawal time. 
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Tubing. Flexible tygon tubing. 1/1+ and .3/16-inch 
outside diameters. Obtained from Sigmamotor, 

Incorporated, Middleport, New York. Used to tranapon 
aolutions trom pump to column. 

ValT•· Beedle TalTe, threaded, 1/1+-inch nominal 
size, Alpha 101 unplaaticized polyYinyl chloride body 
and parts. Obtained trom Alpha Plaatica, Incorporated, 

Livingston, New Jeraay. Used to control the ettluent 

flow rate. 
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Method• ot Proc•dur• 

The method• ot procedure followed in the 
experimental phase ot this investigation are di'Yided 
into preliminary teats, pre-teat procedure, and 
experimental teat procedure. 

Preliminary Testa. The preliminary teata 
conaiated ot the calibration ot the pyrex column, 

determination ot the column bold-up, puap rate atud1ea, 
calibration ot the teed tank, preparation ot teed stock 

aolution, and operational procedure atudi••· 

fUex Column Calibration. A length ot 
16 inches waa measured from the bottom support 

or the bed with a folding rule, and thie length 

was marked on the glasa column. 

Determination of Column Hold-up. Tb• 
procedure used in tba determination ot th• colWlll 

hold-up may be followed on Figure 11 page 42, which 
1a the schematic diagram ot the ion exchange 

apparatua. 
Preah reein waa placed in the column up to th• 

16-inch mart, backwashed with water, and theza 

allowed to eettle. Minor adjuat.menta were then 

made in the amount or resin in the column in order 

to make the bed come up to the 16-inch urk. 
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Water was then pwaped into the column through 
the feed line with different levels ot water aboye 

the resin bed in order to determine the minimwa 

water leTel above the bed that would preTent the 

influent from disturbing the bed. Thia minilllwa 

water laTel wae found to be approximately tbr•• 

inch•• above the top aurface of the resin, and was 
likewise marked on the column. The intluent waa 
then shut oft, and the column and lines drained 
of water, the drained water being collected in 

a SOO-m111111ter graduated cylinder. Several 
similar testa gave the average volume of water 

hold-up as 49S milliliters. Thi• bold-up voluae 
includes the volume ot water above and in the bed, 

and in the flow linea. 

PwaP lat• Studi•t• A Sigmaaotor model T·• 
pump was used to introduce teed aolution into the 

ion exchange colWID aa abown in Pigure 1, page 42. 
The pwap waa equipped with two piece• or tygon 

tubing 1/4 inch in diameter, and one piece ot 

tygon tubing l/16 inch in diameter. U•in& varioua 
oombinationa ot these three, distilled water aa 
well aa reed solution waa pumped into tre1hlJ 



prepared beda, and the time required tor the pump 

to deliver one liter ot etfluent through the bed 

in each case waa determined. The beat •pacing ot 
rat•• waa found to be 2.66, 4.23, s.32, and 7.14 
gallon• per minute per aquare toot ot bed area. 
Theae rates were alao tound to be reproducible 
within a range ot about plue or minua o.6 per cent. 
The setting ot the micrometer needle val.,. 

required tor each ot the aboYe flow ratea waa 
determined at the aame time and aarked on tbe 

valve body. 

reed Tank Calibration. Meaaured YOlumea ot 
water were placed in the teed tank abown ill 

figure l, page 42, and the water lenl marked on 

the gage glass at t1Ye-11ter interYala. Tbe tank 

waa calibrated up to a Yolwae ot 80 liten • 
Preparation ot Feed Stock Solutiog. Three 

thousand nine hundred grama ot aodiua chloride 
were weighed on a pan balance and placed into one 

ot the SO-gallon tanlca. Approxillately SO gallona 

ot distilled water were then added, ten gallon• 
at a time, and the aolution agitated witb 
compreaaed air atter each ten-gallon addition. 
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Twenty-fiY• milliliter samples were taken with a 
pipet and analysed for chloride content uaing the 
M:>hr method outlined by Pierce and Haeniach ( 26 ) • 

The stock solution was again agitated tor aeYeral 

minutes and another sample titrated. Arter three 
consecutive titration• gaYe practically conatant 

result•, these reaulta were then averaged to giY• 

the normality or the a tock aolution. Thia 

concentration waa round to be o.34g normal. 

Qperationai frocedure Studief. Theae atudi•• 
were made on treahly prepared reain beda, each bed 

being backwashed, acid-rinsed, and then water-waahed 
before being uaed for a teat. Teats were made at 

tlow rates ot 2.66 and 7.14 gallons per minute per 
square root ot bed area, ueing teed aolutiona with 

sodium chloride concentration• or O.l and 0.2 normal 
at each rate. With each teat, Yarioua methods ot 
checking flow rate and withdrawing effluent aamplea 

were tried. Pecul1arit1ee or the tlow 

characteriatica of the bed were obaal"Y8d and 
noted. From theae teata, the approximate limits 
of the time required tor each teat, the number ot 
aamplea to be withdrawn, the wlume ot aamplea ~ 
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be withdrawn, and minor operating detail• were 
determined. 

Pp-Teat J>r<?cedure. The pre-test procedure reten 
to the operations required before •ach experimental. teat 

waa made. These operations may be followed with the aid 

ot Pigure 1, page 42, which is the schematic diagram of 
the ion exchange apparatus used. 

Spent reain from the previous teat waa first remoyed 

from the column through the reain draw-otf, and the empty 

column was then rinsed with distilled water in order to 

remo.,. any traces ot aodium chloride that might have 

been left in the colwan. After the rinaing operation, 

about two litera of distilled water were then placed in 

the column, and fresh reein charged through the reain 

inlet. The resin bed was then backwashed with diatilled 

water, allowed to aettle, and adjusted to the 16-inch 
mark by the addition or removal ot resin. The adjusted 

resin bed waa next rinsed with about three liters ot one 
normal hydrochloric acid, in order to insure that the 

bed was totally in the hydrogen torm. The acid rinse was 
stopped aa soon as the wash effluent concentration was 

the same aa the influent concentration. A final 

distilled water rinse then followed in order to remove 
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acid trom the bed. The height ot the water level above 

the bed waa then adjusted to the water level line 

aarked on the glaaa column. 

During the acid and water washing periods, teed 

solution was prepared, •• required, by measuring the 

needed volume ot teed atock solution into the teed tank, 

and diluting with distilled water to the desired 

concentration. Each time such a dilution waa made, th• 

resulting solution waa checked tor aodiua chloride 
(2g) ' 

content by the Mc>hr method • 

Experiaental Te1t Procedure. After completion ot 
the pre-teat operationa, the actual experimental teata 

were started. A schematic diagram ot the apparatua used 

in these experimental teats ia shown in Figure l, 

page 42. 
The air vent waa closed, and solution was pumped 

into the column through the influent inleta. The 

initial ettluent waa collected in a SOO-milliliter 

graduated cylinder, and the electric timer 8lfitched 

on when the hold-up volwne ot 495 milliliters had 

paaaed out ot the column. Ettluent sample• were then 

collected in 250-llilliliter erlenmeyer tlaaka according 

to the following schedules tor teat• at 7.14 and 5.32 
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gallons per minute per square toot or bed area, every 

100 seconds, tor ten seconds each; and for teats at th• 

other two rates, every 200 hundred seconds, tor 

20 seconds each. 

Towards the end or each experimental teat, every 

other aample was titrated aa aoon as it was taken in 

order to determine if the exhaustion point had been 

reached. One or two additional samples were taken 

beyond the sample indicating that the exhaustion point 

had been reached as a precaution. For the teats in the 

first set ot replicates, the approximate exhaustion 

point time was taken ae the time required to pass the 

volume of solution that l«:>uld completely exhaust the 

resin in the column, as calculated from the results ot 
the operational procedure studies. For ~he teata in the 

second set or replicates, the appn>ximate exhaustion 

point was detennined from the results of the corresponding 

tests in the first aet of replicates. 

Rates were checked at the beginning and end of each 

test by noting the time required for one liter of 

effluent to pass through the column. 

Each sample taken was then analysed tor acid content 

by standard base titration methods. Five-milliliter 
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portiona, measured by a pipet, were used tor each 

titration. Duplicate titration• were made in each oaae, 

a third titration on the aue aample being made onl7 

it the fir1t two did not giYe rea1onably cloae reaulta. 

Standardiaed 0.05 nol'llAl aociium hydroxide aolution waa 
used aa the titrating agent, witb phenolphthalein 
aolution aa the indicator. 

Prom the result• ot th••• titrationa, the eodiua 
chloride content ot the aamplea waa comJ>llted, thia 
concentration being the ditterenc• between the original 
aodiwa chloride normality of the influent, and th• acid 
normality of the effluent. A plot ot aodiua chloride 
normality ot the effluent against time waa the 

prepared for each teat. 
In order to eliminate Y&riability ot re1ulta 

because ot bed regeneration, each apent bed waa 

withdrawn trom the colwm, and a treah reain bed waa 
prepared tor each teat. 
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Data and Result• 

The data and results of this investigation are 

presented in both tabular and graphical form in the 

following sections. 

Operational Data. The data and computational 

results obtained from the )2 tests made on the ion 

exchange column are presented in Table I, page Sl. 

E1change Zone Height Data. Table II, page S2, 

shows the results obtained tor the exchange sone 

height at the flow ratea and influent concentration• 

tested. The same data are presented graphically in 

Figures 2 to ;, pagea 53 to 56. In these figures, the 

exchange zone height is ahown as a function or the 

solution tlow rate, at each of the influent 

concentrations studied. To facilitate comparison, 

these tour curves are shown plotted on a single set 

ot coordinate axes in Figure 6, page 57. The points 

were omitted from the latter figure for clarity. 

Figure 7, page 58, ahowa the least squares curves tor 

the exchange zone height aa a function ot the influent 

concentration, with the solution flow rates as 

parameters. The least squares curves shown in 

Figures 2 to 7 do not represent the final correlation 



Bed Di mend ons : 
Temperature: 
.Solution: 
He sin: 

Solution 
1''1ow Rate, 
gal/min/s; ft 

Q. 

'i' .14 

5.32 

4.23 

2.56 

51 

TABLE I 

Summary ot' Opera ti onnl ~ 

16 inches long ,by two inches in din.meter · 
60 to 70 der,rees Fahrenheit 
Aqueous sodium chloride 
Nalcite HCR, ;~o/50 mesh, hydrof;en form 

Influent Exhg,ustion Break-throurh 
Concentration 1 Point Time, Point Time, 
mols/litor sec sec 

c Qt eb 

o.zs BGO 300 
890 360 

0.20 950 ·420 
980 ·410 

0.15 1240 570 
1250 590 

0.10 1800 1030 
1e:20 1050 

0.25 1150 5·±0 
llGO 15'?0 

0.20 1220 600 
1190 580 

o.~e 16.50 870 
1640 870 .. 

0.10 2470 1/~00 

2500 1430 

0.25 1'370 '740 
1410 780 

0.20 1460 790 
1480 770 

0.15 lC:"l.40 1110 
1940 1120 

0.10 3120 1940 
309Q 1960 

0.25 Zl'JO 1250 
2210 1250 

0.20 2300 1380 
2250 1340 

0.15 3.050 1950 
3100 1920 

0.10 4600 3160 
4530 3200 

Sodiu1-:i ExchaJ1,ge 
Fraction Zone Height, 

inches 
( 1 - F} hz 

0.445 H.'70 
0.425 12.?6 

o_.422 11.80 
0.4.25 12 .30 

0.430 11.30 
0.475 11.30 

c .4.60 8.53 
0o'465 .8.:44 

0.460 11.20 
0 .. 4.28 10 .4..0 

0.468 10.70 
0.475 10.B5 

0.463 9.56 
··oA55 9.55 

0 •. 470 8070 
0.550 8.75 

0 .·485 9 .42,' 
0.42,l 8.80 

0.446 9 .2;4 
o.502 10.10 

0.400 8.2G 
0.4~SO s.25 

0.475" 7 .:3.:6 
0.4'56 . '7.04 

D.435 8.45 
0.440 s.ao 

C.450 ?.8.l 
o.~o '7 .H5 

0.470 6.0? 
0.·180 ? .45 

0~425 5.77 
0.440 5.71 



'fADLE II 

The Effect of Flm1 P.ate ~ the Rxchange Zone Height at Various 

Influent Solution Concentrntions 

Flow Rates, 7.14 5.32 h.23 2.66 
gal/min/sq ft 
Concentration, Exchange Zone I!eieht, inches rnols per liter 

0.25 lh. 70 11.20 9.42 8.45 
12.76 10.40 8.Bo 8.60 

0.20 11.8o 10.10 9.21: 7.81 
12.30 l0.85 10.10 7.85 

0.15 11.30 9.'66 a.26 6.97 
11.JO 9.55 r.25 1.us 

0.10 2.53 8.70 7.36 5.77 
B.U 0.75 7.04 s.11 

Data obtained frcJm tt1irty-two tests on a Nalcite IICR bed, 
s)xteen inches r.igh and two inches in dia~eter, with 
sodium ctiJ.oride solutions. 
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equation for the result• obtained in thia investigation. 

The final correlation equation, aa well aa the leaat 
aquana equation• used tor th• curna ahowra in Figure• 2 
to 7 are summarised 1n Table III, page 60, together with 
their corresponding correlation coettioienta. 

The anal1aia ot nrianoe tablea tor the height and 
the logarithm ot the height ot the exchange sone an 
preaented in Tables IV and V, pagea 61 and 62. 
Table VI, page 63, ia a oondenaed analyaia ot variance 
table for th• regreasion equations ahown in Table III, 
page 60. 

Sodi• Fraction DaM• Table VII, page 64, give• 
the result• obtained tor the aodiwa traction, (1 - F), 
or the exchange sone, tor each ot the )2 teat• made on 
the experimental ion exchange column. An anal7aia of 
variance table tor th••• data ia preaented la 
Table VIII, page 6s. 
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T1U3lli III 

Reeression Ffluati ons for the Exchanr,e Zone Eeir;ht 

F.quation 

of ~ System ~l_I-£!.-Nalci te HCR 

Conditions of 
Restraint 

Individual Single Variable .Equations 

hz • 5.06 Qo.u7 C : 0.25 N 

hz = s.12 cP·u4 C :c 0.20 N 

hz • h.49 Qo.46 C = 0.15 N 

hz • J.BS Qo.hJ C • 0.10 N 

hz • 27.6o co.SO Q = 7.lh 
hz - 15.So c0•25 Q. 5.32 

hz : 1.4.50 CO.JO Q • h.2J 
hz • 15.6o CO.!i2 Q. 2.66 

Final Correlation Equation 

hz • 8 .9h ,~o.hS c0.37 c from 0.10 to o. ?.S N 
'l from 2.66 to 7 .14 

hz • exchanee zone height, inches 
Q a solution fl0\1 rnte, gal/r:d.:i/sq ft of b .ed area 
C a solution concentration, nols per liter 

Correlation 
Coefficient 

0.905 

0.987 

0.978 

0.936 

0.959 

0.950 

o.879 

0.981 

0.927 



Source or 
Variation 

Solution 
Flow Rate 

Concentration 
of Influent 

Interaction 

Error 

Total 

61 

TABLE IV 

Anal.ysis of Variance Table 

Exchange~ Height 

Degrees of Sum or Mean 
Freedom Squares Square 

) 7J.60 24.530 

J 41.60 13.870 

9 9.20 1.020 

16 J.14 0.196 

31 127 •. % 

a F values at the five per cent level 

Cornputed 
F Value 

125.0 

10.1 

s.2 

Standard Mathematical Tables, 11th ed., p. 2h7 
Chemical Rubber Publishing Co., Cleveland, Ohio, 1957 

Tabular a 
F Value 

J.24 

J.24 

2.54 
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TAJ3LE V 

Analysis of Variance Table 

Logari tlm1 of the Exchange Zone Height 

Source of DeereM of Sum of l!ean Computed 
Variation Freedom Squares Square F Value 

Solution 
Rate of Flow 3 0.16?00 OooSrioo 192.40 
Concentration 
of Influent 3 0.09)00 O.OJJOO 117.6o 

Interaction 9 o.01JJ~o 0.00127 4.52 

Error 16 o.oo4Ii9 0.00020 

Total 31 0.27689 

a F values at the five per cent level 
Standard Mathematical Tables, 11th ed., p. :?h7 
Chemical Rubber Publishing Co., Cleveland, Ohio, 1957 

Tabular a 
F Value 

J.2h 

3.24 

2.54 



Regression 
Equation 

hz • 5.o6 o.o.47 

hz • 5.12 Q.0•44 

hz • 4.49 Qo.46 

hz • 3o85 QO.hJ 

hz • 27.60 c0·5o 
hz • 15.Bo c0•25 

hz • J..4.50 CO.JO 

~ : 15.6o C0.42 

hz • B.94 ,p.45 C0.37 

63 

TABLE VI 

The Analysis of Variance ori 

Re4reeeion E.quatione 

Regression Residual 
L!ean Square Mean Square 

0.043936 0.001603 

o.oJ8090 0.000170 

o.oluio4 0.000315 

0.03687[3 0.000870 

o.o41i56o o.ooo6h6 

O.Olll74 0.000207 

0.015563 0.000745 

0.032019 0.000194 

0.128390 0.000100 

a F values at the one per cent level 
Standard Hatheriatical Tahlee, 11th ed., p. 247 
Chemical Itubber Publishing Co., Cleveland, Ohio, 1957 

Co:rn::mted Teet a 
F Value Value 

21.5 13.74 

224.o 13.74 

130.0 lJ.74 

42.5 iJ.74 

69.0 13.74 

54.o lJ.74 

20.9 13.74 

165.o 13.74 

184.o 5.52 



Flow :1.ates, 
gal/min/sq ft 

Concentration, 
rnols per liter 

0.25 

0.20 

0.1~ 

0.10 

64 

TA!'!LE VII 

Data £!::. the Exchance ~ Sodium Fraction 

5.32 2.66 

Sodium Fraction 

o.4h5 c.h6o o.4GS o.435 
c.1.25 O.h28 o.421 o.4110 
o.h22 o.I.68 o.446 o.1150 
0.425 o.t7S 0.502 0. lJ.iO 

o.kJO o.46J o.4oo 0.1110 
o.h75 O.h5S 0.4JO o.4bo 
o.46o o.h7o o.475 o.h2S 
o.465 o.sso o.456 o.44o 

Data obtained from thirty t'"o tests on a Nalcite ECn bed, 
sixteen inches high and two inches in diameter, with 
sodiur.t chloride ~olutions. 



Source of 
Variation 

Soluti·.m 
l;ilorr ~te 

Concentration 
of Influent 

Interaction 

Error 

'i'otal 

Degrees 

65 

'l'A.TJLE VIII 

Analyt!is of Variance Table 

Sodiur.i Frac·~ion 

of Sum of l:ean 
Freedom Squares Square 

3 0.0036 0.0012 

3 0.0027 0.0009 

9 0.0102 0.0011 

16 0.0095 0.0006 

31 0.0~60 

a F values at the five per cent level 

Computed 
F Value 

2.01 

1.51 

1.es 

Standard l~athe:imtical '!'ablet!, 11th ed. 1 p. 2h7 
Cher.deal ::hlbber Publishing Co., Cleveland, Ohio, 1957 

Tabular a 
F Value 

J.2h 

J.24 
2.54 



SamEle Calculation• 

The method ot calculation used in thia inveatigation 

ie shown in thie section. Th• data tor Teat )0), 

presented in tull tor conYenience in Table IX, page 67, 
will be used to illustrate all the calculation• used in 

this tbeaia. 

Qalqulatiog ot th• Sodium Fraction ot the Exchange 
Zone. The tirat tour column• under "Sample Titration," 
Table IX, were direct obaarvationa made during th• 
course ot the teat. The tigurea in the titth column, 

"Sample Acid Rormality," were computed bJ th• following 
equation illustrated uaing sample 101 

where: 

•a • acid normality ot the sample, mola 
per liter 

Vb • TOlume ot the ba•e, millilitera 

Ila • 

concentration ot the baae, mol• per 
liter 

Yolu.me ot 1ample uaed, 11111111tera 

(19. S) (O.OS)/( S) 

• 0.195 mol per liter. 
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TA.?31.E IX 

Heproduction ~ Data ~ for 

'fest Nur.ibcr JOJ -- --

Test tro. 303 !!arch 6, 1958 
Bed Ileieht - 16 inches Temperature - 68° F 
Influent Concentration - 0.20 N UaCl 
Solution Plovr !mte - 4.21 gal/nin/sq ft of bed area 

Sa.".lrlle Titration 

Sa."':li'Jle ·l'ime, Sanple O. 05 ll NaOl! Sar.iple Acid Sample NaCl 
No. sec Volume, Volume, ml Nomality Normality 

n1 

10 hoo 5 19.5 0.195 0.005 
20 500 5 19.5 0.195 0.005 
JO 600 5 19.5 0.195 o.oos 
40 700 5 19.h 0.194 0.006 
50 800 5 18.9 0.189 0.011 
6o 900 5 17.7 0.177 0.023 
70 1000 5 16.0 0.160 0.040 
80 1100 5 lJ.3 0.133 0.067 
90 1200 5 8.9 0.089 0.111 

100 1300 s 4.1i o.o!ih 0.156 
110 1400 s 1.a 0.018 0.182 
120 1500 10 1.6 0.008 0.192 
130 16oo 20 2.0 o.oos. 0.195 

Qt = llt60 sec (1 - F) a o.!Ji6 
"h • 790 sec hz • 9.24 inches 
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Figures appearing in the sixth column. "Sample NaCl 

Normality," were calculated from the following 

relationship illustrated also using sample lOi 

·where: 

•• • aodium chloride concentration in the 
aample, mola per liter 

• aodium chloride concentration in the 
influent, JDOls per liter 

la • acid concentration in the aample, mole 
per liter 

•• - 0.200 - 0.195 

• 0.005 mol per liter. 

After all the values for this column were found, these 

values were plotted on rec~gular coordinate paper aa 

a !unction o! the time at which any particular sample 

was taken. A plot of theee values such aa ware made 

!or each teat is shown in Figure 4, page 69. 
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On this figure, lines ABC and FDI were next drawn. 

Line ABC 11 located on .!!• the break-through line, which 
corresponds to a eodium chloride concentration in the 

effluent equal to ti ve per cent or the eodiwa chloride 

concentration in the influent. ror thi• teat, the 

break-through concentration wae o.Ol I, and the 

correaponding break-through time, !!,• waa 790 aeconda. 
Line FDB is the line that paaaea through It, the -exhaustion time, which correspond• to a aodiua chloride 
concentration in the effluent equal to 9S per cent or 
the sodium chloride concentration in the influent. For 

thia teat, thi• exhaustion concentration waa 0.19 R, and 

the corresponding exhaustion time, Qt, waa 1460 seconds. -With the aid or a planimeter, area• ABBF and ABCDEr 
were then determined. The sodium traction, (1 • r), waa 

computed aa ahown belows 

(1 • F) • (Area ABEP)/(Area ABCDEl) 

where: 
(l - r) • aodiua traction or the exchange son• 

(1 - r> • (1519)/(339a) 

• 0.446. 
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Calculation ot the &xchange Zone Heigh\. The 

exchange zone height was calculated br aeana or the 

following equation 1. 

wheres 

hs • exchange son• height, inches 

ht • height or the resin bed, inches 

9t • exhaustion point time, aeconda 

9b • break-through point time, eeconda 

(l• r) • sodium traction or the exchange son• 

hs • (16)(1460- 790)/(1460· (0.446)(1460 • 790)] 

• 9.24 inchea. 
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Single variable Regression Eguatione. The curTea 

shown in Figures 2 to 7, pages 53 to SS, were all plotted 

by fitting constants to appropriate regression equations 

by the method of least squares. All of these equations 

were or the torm: 

where: 

Y • a + b(x - i) 

Y • regression value of the logarithm or the height, in inches, or the 
exchange zone 

a • mean of the logarithm of the observed 
values of th• height, in inches, or 
the exchange zone 

b • slope or the regression line 

x • logarithm or the independent variable, 
either the concentration or the flow 
rate 

x • mean or the observed values of x. -
The constants a and b 1n the above equations were - -
evaluated for each of the eight single variable 

equations presented in Table III, page 60. The 

calculation procedure used in the evaluation of these 

constants will be illustrated for the first equation 

given in Table III. 
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Th• constant .! wa• eyaluated by aeana or th• 
· equations 

wheres 

a • S1/n 

a • conatant in th• single Yariabl• 
regreaaion equation 

Sy • th• au.a ot all the logarithms or th• 
obaerTed height•, in inch••, ot the 
exchange zone 

n • number ot z Yalu•• in th• aummation !l 

a • 1.11931/S 

• 1.01490. 
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The conatant .J1 waa calculated by the relationahip1 

where a 

b • (nsxy - SySx)/(nSxa • !i2) 

b • elope of the regreaaion line 
Sxy • the aua or the product• ot oorreaponding .! 

and z Yalu•• 

Sy • awa ot all the .l Taluea 
Sx • aum ot all the x Yaluea -

ax2 • awa ot the aquarea ot all 3 Yal\lea 
1i2 • aquare ot the awa ot all 3 Yalu•• 

n • number ot z Yalu•• 

b • (4).46J6S • 1+2.72057)/(29.25632 • 27.6g443) 

• o.1+73. 



The regression equation ia, therefores 

I • 1.0149 + (0.473)(x - o.6577) 

which giTea, after tranatorm.ing: 

where: 
hs • exchange zone heigh\, inches 

Q • solution flow rate, gal/min/sq rt. 

Final Correlation Eggation. The method ot 
calculation used in the determination or the final 

correlation equation given in Table III, page 60, ia 

shown below. 

The proposed equation waea 

wheres 

I • a + bX + cZ 

I • regression value of the logarithm of 
the height, in inch••, or the 
exchange IQDe 

X • logarithm ot the tlow rate, gal/min/aq rt 

Z • logarithm of ten times the influent 
concentration in mola per liter 

a,b,o • regression coefficients to be determined. 
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The determination ot the constants, !i Jl, and £, ot 
the final correlation equation was done by the solution 

or the following set or simultaneous equationst 

s1 • an + bSx + cSs 

Sxy • aSx + bSx2 + cSxs 
Szy • ass + bSxs + css2 

where: 

Sy • 

n • 
Sx • 

Sz • 

Sxy • 

Szy • 

sx2 • 
Sxs • 

sz2 
a,b,c 

• 
• 

)0.69"8 • 
20.54230 • 
6.97626 • 

a • 

b • 

c • 

sum of the logarithms of all observed 
heights, in inches, of the exchange 
zone 

number of observations or tests 
sum of the logarithms ot all observed 

values of the tlow rate in gal/min/sq tt 
sum or th• logarithm• or ten times the 

concentration, in mola per liter 
sum or the products or corresponding 

.! and .I valuea 
awn.of the products of corresponding 

.!. and z valuea 
8WI of the squares Of all ~ values 
awn of the products of corresponding 

x and • Yalu•• - -sum or the squares or all .! values 
constants to be.determined 

a.oooo a + 21.0464 b + 1.000; c 
21.0464 a + 14.62a2 b + 4.6042 c 

7.000; a + 4.6042 b + 2.2397 c 
0.5818 

0.4511 
0.3670. 
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The correlation equation ia, therefor•• 

t • 0.5818 + 0.4511 1 + 0.)670 z 

which, upon \ranatormin1, gives \he final aornlatioa 
equations 

wheres 

hs • exchange son• height, inch•• 
Q • aolution tlow rate, gal/llin/aq f' 
C • intluent concentration, mola per 

liter. 



AnalYSia of Variance. The regression equationa 
ahown in Table III, page 60, were all tested tor 
significance by an analysis ot variance. The calculation 
procedures followed will be illustrated tor the firs~ 

equation in Table III. 
The regreeaion aum or squares waa calculated using 

the equations 

SSR • (nSxy - SxSy) 2/(n)(nsx2 - !i2) 

wheret 
SSR • regreesion sum ot squares 

n • number ot obaerTationa 

SXJ • SU.II or the croaa products of the 
corresponding .! and z terma 

Sx • aum of all x valuea .... 
Sy • aum or all z T&luea 

sx2 • awn ot the squares ot all .! value• 
!i2 • aquare or the aum or all 3 values 

and the .! and z. values being, aa previously detined1 

x • logarithm or the observed value ot the tlow 
rate in gal/min/aq ~ 

1 • logarithm ot th• height, in inch••· or th• 
exchange zone, 

SSR • (4).46368- 42.72057) 2/(8)(29.25632• 27.68443) 

• 0.043936. 
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The regreaaion mean square was then computed uaing the 
relationabip: 

wheres 

MSR • SSR/dt 

MSR • regreeaion mean square 

SSI • regreaaion awn ot aquarea 

cit • degr••• ot treedoa 

MSR • 0.043936/l 

• O.Olt39)6. 

The residual sum or aquarea waa calculated aa the 

ditf erence between the total awn or aquana and the 

regreaaion sum ot aquarea, uaing the equation: 

wheres 

SSr • Sy2 - (Sy) 2/n • SSR 

SSr • residual awn of aquarea 

. sy2 • awn ot the squares of all % Yaluea 

Sy • awn or all z. Taluea 
n • number ot observation• 

SSR • regreaaion awn or aquarea 

SSr • 8.29393 - (B.11931) 2/8 • 0.043936 

• 0.009619. 
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The residual mean square was then computed troa 
the relationships 

wheres 

MSr • SSr/dtr 

MSr • residual mean aquare 

SSr • residual sum ot a quarea 

dtr • residual degreea ot treedoa 

MSr • (0.009619)/6 

• 0.001603. 

An .l ratio teat waa used tor aigniticance testing• 

using the Taluea or the regreeaion and residual mean 

aquarea round. The l. ratio waa computed trom the 

equations 

when: 

P • MSR/MSr 

r • YAriance ratio 

MSR • regreaaion mean square 

MSr • residual mean square 

, • 0.043936/0.001603 

• 21.s. 



The tabulated ! yalue at th• one per cent l•Tel 
tor this caee waa found to be 13-7~. · The regreaaion 
equation conatanta were therefore significant. 



-82-

IV. DISCUSSION 

In this section, the results obtained in the 

investigation are discussed, recommendations for future 

work are made, and the limitations of the study are 

presented. 

Discussion of Results 

The results obtained from the )2 teats made in 

this investigation are analysed with respect to 

experimental errors and the variables studied. Design 

applications are also discussed. 

Experimental Errora. After considering the 

theories inTOl ved and the experimental procedure 

followed, it is the author's opinion that the chief 

sources of error were the following: variations in 

exchange capacity trom teat to teat; lack of accuracy 

in the measurement of influent and effluent 

concentrations, bed height, and flow rate; "end 

effects;" and calculation procedure. 

Exchange Capacity Variation. In order to 

avoid variability that would be introduced if 

regeneration were attempted, a new bed or fresh 

resin was used for each test. Since the resin 
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bulk is composed of particles of different sizes, 

and possibly of different exchange activities, each 

bed made up from it may contain a different number 

or exchange sites. Furthermore, particle 

classification in the resin bulk still unused 

could increase this variability. Precautions 

were therefore taken to minim.iz9 such Tariability. 

The bulk of the fresh resin was stored in a dry 

condition to minimize particle classification, 

and the bulk was thoroughly mixed before the 

withdrawal or a batch. Each new bed was aloo 

acid-washed before the actual exchange test to 

insure that all of the exchange sites were in the 

active hydrogen fonn. 

The operations relative to keeping the bed 

height constant at 16 inches were another source 

or exchange capacity variations. The height or 
each new bed was adjusted after backwashing -

that is, after the bed had been to some extent 

classified. If the height waa in excess of 

16 inches, resin was drawn oft the bottom of 

the bed, thus altering the particle size 

distribution of the bed. No practical remedy 



could be devised to circumvent this detect. 

Fortunately, experience gained in the preliminary 

tests minimized the adjustments in bed height 

required. 

Measurement Errors. Errors in measurement 

were probably present in the detennination or the 

bed height, the influent and effluent concentrations, 

and the flow rate. 

Bed Height. To avoid repeated direct 

measurements or the bed height, and thereby 

increase the precision, a mark corresponding 

to 16 inches was made on the outside surface 

of the glass column. Each new bed was brought 

to this mark after backwashing. It was 

noticed, however, that the top surface or· 
_the bed did not always settle as a horizontal 

plane surface. Repeated backwashing, and 

tapping on the column had to be resorted to 

whenever this was the ease. Even with all 

these precautions, howev~r, the uneven 

surface presented by the resin particles 

made accurate adjustment or the height more 

difficult. NeTertheless, the height variation · 

was probably less than one-eighth or an inch. 



Influent and Effluent Concentrations. 

The influent and effluent concentration• were 

measured by standard methods of volumetric 

analysis. Duplicate titrationa were made on 

effluent samples, further replications being 

resorted to only when the duplicate results 

did not agree to within a tenth of a 

milliliter. For the influent, triplicate 

titrations were made throughout, further 

replication• being resorted to when the 

triplicate resulta did not agree to within 

a tenth of a milliliter. It 1• believed that 

precision errors from this source were not 

significant. 

Flow Rate. Two sources of error were 

present in the determination or the tlow rate. 

These were the measurement of the effluent 

volume, and the determination ot the time ot 
flow. The volume ot effluent was measured 

with a one-liter volumetric flask, while the 

time of flow was determined by switching on an 

electric timer at the start and switching it 

off aa soon as the liquid level passed the 
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mark on the neck or the YOlwaetric tlaak. 

Judging when the liquid leTel had paased the 

mark became progreaaiTely more difficult aa 

the rate or tlow increased. The error 111 
time determination waa caused, not by any 

lack or aensitiTity or accuracy in the timer, 

but by the lag in response of the operator. 

Flow rate measurements, it ia bel1eTed, were 

preciae to within plua or minua three per 
cent, the precision being better for the 

lower flow ratea. 

End Effects. End effects in the continuoua 

operations are usually aaaociated with the unusual 
condition• present at the entrance and exit or the 

apparatua. In batch operation•, such aa fixed-bed 

ion exchange, an analogous situation may be 

present with reapeot to time. These end effects, 

or initial tranaient effect• are considered in the 

following paragraphs. 

During the prelim1nary teats made on the 

exchange column, it was round out that the resin 

bed had to be under a certain height of water at 

the start or the test tor two reaaona. Firat, it 

" 



solution were paased through a bed which bad been 

drained ot liquid, small pocket• ot air wen 
trapped inside the bed. Under auch oonditiona, 

not all or the reain would be in contac\ with the 

solution. Second, without thia height of water, 

the incoming aolution disturbed the top portion of 

the bed. The minimum height or water that would 

prevent these undesirable condition• waa therefore 

determined, and uaed in all or the experimental 

tests. 

The presence of thia column ot water above the 

resin bed waa the chief cause ot the end ettecta. 

At the start of operations, the incolling solution 

mixed with this water, ao that during an initial 

period of time 1 the solution flowing through the 

exchange bed did not have the desired concentration. 

rurther, at the aolid-liquid interface, the 

transient condition would be present tor the period 

ot time required to wash away the water adhering 

to the surface ot the particle• and lodged inside 

the resin pores. 
To minimise theae ettecta, the height ot the 

bed could have been increased, ao that the tranaient 
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time would be a amall traction or the total tille o! 
operation. A more elaborate ayatem ot reeding the 

aolution into the colW111 may also decreaae the 
height or water required above the bed. Because ot 
physical limitations, however, theae remediea were 

not tried. Instead, aa stated above, the m:l.nimua 

height o! water required waa determined and uaed 
throughout the experiment. 

No extensive meaaurementa were made of the 

duration or this transient ettect. However, tor 
the two teata made at an influent concentration ot 

0.2; normal, and a solution flow rate ot 7.1~ 
gallons per llinute per square toot ot bed area, 

it waa obaerved·tbat the transient time amounted 
to aa much aa eight per cent ot the total time. 

Thia waa determined by titrating tor chl(i)ride 

content three etfluent aamplea withdrawn at the 

atart, and 100 and 200 aeconda atter the •tart ot 

the teata. Using the reaulta ot th••• three 
titrationa, a plot waa made of ehloride 
concentration in the ettluent against time, 
taking into consideration that the etfluen• 
concentration would remain constant at the value 
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or the influent chloride concentration after 

reaching this value. The approximate time when 

the effluent concentration reached o.2s normal, 

the chloride concentration in the influent tor 
these two test1, was read from thi• plot. 

Since these end ettecta may be expected to be 

moat pronounced in th••• t.0 teats, it is believed 

that the average variation caused by end ettect• 

tor all the )2 teata made waa smaller than eight 

per cent or the corresponding total cycle ti•••· 

Calculation Procedure. The error• referred 

to aa ari•ing from the calculation procedure are 

not those due to mistakes in computation, but 

those ari1ing from the inherent inaccuracy of 

the method uaed. Graphical methods ot solution 

are good example• or the••· 

The major part or th• calculation procedure 

used in this inYestigation waa graphical in nature. 

Ot the tour Tari.ables ueed in computing tor th• 

exchange zone height, three were determined 

graphically. The sodium traction, (1 - F), waa 

determined by graphically integrating the area 

under the effluent concentration-time curve. 
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Likewise, both the exhaustion point and break-

through point timea were read trom this cune. All 
three were therefore subject to the compound error 
arising from the inaccuracy in plotting the curve, 
and the uncertainty in reading values from it. 

It is the author's opinion that errors arising 

from the calculation procedure had a much greater 

effect on the results of tests made at the higher 

concentrations, particularly at the higher flow 

rates. Under these conditions, these errors would 

represent a much higher fraction of the values of 
the variables involved. 

Miacellaneoqs Sources or Error. The 
experiment was also subject to other sources or 
error such aa the variation in temperature or the 

system, flow rate variations, and the quality of 

the distilled water uaed. 

No practical means of temperature control waa 

available for the extensive system used. The 

system temperature conaequently Taried with the 
room temperature. During the course of the 

investigation, room temperature was observed to 

vary between 60 and 70 degrees Fahrenheit. 
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Flow rate was under better control. The 
constant volumetric flow pump pertormed well 

during the entire course ot the experiment,ation, 

flow rate variation being observed to be less than 

three per cent for all taste. The only precautioa 
that had to b& taken was to eee to it that the 

tygon tubing in contact with the pump ringers was 
still resilient and undeformed. 

A considerable amount ot distilled water waa 
used in this investigation tor making up feed 

aolutiona, for washing and backwashing or the 

resin bed, and for the analytical work. During 
the preliminary tests, it waa observed that the 

distilled water had an acidity or approximately 

1/10,000 normal, While this would be negligible 

tor most purposes, it could haYe some effect in 

the titration of the later aampl•• trom tests 

involving the lower concentrations. The 

precaution was therefore taken ot not diluting 

samples to be titrated with distilled water. 
The author believes that with the precautions 

taken, the last two sources or error had negligible 
effects on the results of the investigation. 



With respect to the temperature, it 1• 

believed that its only effect would be on the rate 

of mass transfer. Previous experimenta(6 , 22 ) have 

shown that for the flow rate and concentration 

values tested in this experiment diffusion is the 

controlling rate atep in the over-all exchange 

process. Considering the range of temperature 

variation. changes in the mass transfer rate froa 

this variation should have only a small effect on 

the results of this investigation. 

The sources of error discussed above may be 

expected to affect both the accuracy and the precision 

or the experimental results. No way of aaaeaaing the 

effects of error on accuracy is availabla 1 and the only 

practical method of increasing accuracy would be to · 

increase the experimental precision. The statistical 

analysis gives what is generally considered to be a 

reasonable estimate ot the precision of the experiment. 

The value round for this investigation waa plus or 

minus 0.442 inch, which amounts to approximately plua 

or minus rivo per cent or an observation. It must be 

emphaaized again, however, that most of the sources of 

error had considerably more effect on testa involving 
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the higher concentrations and flow rates, a tact which 
may be obseryed from an examination ot Figuree 2 

to S, pagea SJ to 56. Consequently, while the over-all 
reproducibility of results ia tairly good, an1 

correlation obtained from theae results would atill 

be subject to some uncertainty. 

·Ettect or Variables Studied. The ettect ot the 

rate of tlow ot aolution, as well as Dt the influent 

concentration on the exchange zone are di•cuased in 

the following paragraphs. 

Analysig of variance. An examination of the 
results given in Table II, page 52, and in Figurea 

2 to 7, pages 53 to 58, will ahow that there is 
an apparent upward trend in the Taluee tor the 

exchange 1one height with increase in solution 

tlow rate and in.fluent concentration. Thia 
observation ia confirmed by the snalyaia ot 
T&riance on both the height and the logarithm 
of the height or the exchange zone, aa shown in 

Tables IV and V, pages 61 and 62. These tablea 
ahow that the ettecta ot 1olution tlow rate and 

influent concentration on the exchange son• height 
cannot be reaaonabl7 attributed aolel7 to the 
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random errors ot experimentation but muat 

represent an actual relationship between th••• 
Tariablea. 

Ettect of Inf1uen1; Concentratiog. Figure 7, 
page sa, i• a graphical presentation of the effeo\ 

of influent concentration on the exchange zone 

height. Th• least aquarea equation• tor the•• 
curves, together with the corresponding 
correlation coeft1c1eata are shown in Table III, 
page 60. Theae equations show that at a fixed 
flow rate, the exchange sone height can be 

correlated aa a power of the concentration. Thi• 

power, however, T&riea arbitrarily from 0.25 
to o.s. Whether the four Talues obtained. for the 

concentration exponent represent estimate• of the 

aame true Talue, or or tour different actual Yalu•• 
cannot be aately concluded baaed on th• reaulta or 

this investigation alone. The lack of data in thia 

field makes a comparison with pre'f'ioua work alao 

impoaaible. Moreover, the high correlation 
coefficient• obtained tor these equations can 
only add to the difficulty ot attempting an1 
explanation. Since, in the absence ot strong 
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evidence to the contrary, one would like to assume 

that natural phenomena occur in a well-ordered 

pattern, the author believes that it would be 

prudent to withhold conclusions regarding the 

over-all effect of concentration until more data 

are available. 

Effect of Solution Flow Rate. Figures 2 to 6, 
pages 53 to 57, present the relationship between 

the exchange zone height and the solution flow rate 

at a fixed influent concentration. The least 

squares equations for these curves, and their 

co?Tesponding correlation coefficients are shown 

in Table III, page 60. 

The high values obtained for the correlation 

coefficients lend support to the observation that 

the exchange zone height is a simple power function 

of the solution flow rate. Although this function 

appeared to be regular in its change from one 

concentration to another, a statistical test of 

significance failed to show any significant 

differences between the slopes of the regression 

lines. Therefore, it may be stated with some 

degree of confidence that these lines are 
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approximately parallel and tha• the only change in 

the function ia in the proportionality constant and 

not in the exponent ot the aoluti.on tlow rate when 

the concentration changea. 

In the only previous work in this tield, 

Michaela( 22 ) reported that the exchange zone height 

waa directly proportional to the o.s power ot the 

solution flow rate. A atatiatical test of 

significance between this value, and 0.45, the mean 

of the tour values obtained in thia investigation, 

failed to show if a difference existed. 

The final Correlation Egy!tio9. In order to 

present the results obtained in thia inveatigation 

in a form more convenient than the eight separate 

equations previou•ly discussed, it waa decided to 

find a multiple regression equation for tbeae 

results. This equation, given in Table III, 

page 60, ia as tollowa: 

where: 

h• • height of the exchange zone, inch•• 
Q • solution tlow rate, gallons per 

minute per square foot ot bed area 

C • the influent concentration, mole per 
liter. 
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Th• exponents of the solution flow rate and the 

influent concentration are very nearly tbe ayeragea 

ot the respective exponent• appearing in the 

aeparate equations. Likewiae, the multiple 

oorrelation coefficient, ,!, with a value ot 0.927, 

1• in the aame higb range aa that ot the individual 
correlation coetficienta obtained tor the aeparate 

equations. 

A statistical comparison of the relative 

ettectivenesa or the multiple regreaaion equation 

in correlating the data obtained in tbia 

investigation against that of the aeparate 

equations ahoved that th• former ia •lightly 

better. The result• obtained are therefore moat 

conveniently and accurately correlated bJ thia 
final correlation equation. 

A comparison was also made between tbia final 

correlation equation and Michaela' equation on the 
experimental data and reault• obtained in hi• 

inveatigation< 22 >. Uaing both·equationa, valuea 

were calculated tor the exchange zone height at 

the ten teat conditions atudied by Michaela. The 
two aeta or values were compared with the 



experimental T&luea tor the exchange son• heigh\ 

obtained by Michaela. For both equatlona, tour ot 
the ten computed Yalu•• were tound '° ditter troa 
the corresponding experimental nluea by moN than 

ten per cent, which was Michaela' estimate of hie 
experimental error. The largest deY1at1on trom 
experimental Yalu•• uaing Michaele' equation waa 
17.2 per cent, while the largest deviation using 

the final correlation equation tor this 

investigation waa 16.4 per cent. A atatiatical 

teat of signiticance between the error Yarianc•• 
or the two equationat howeyer, showed that no 
a1gn1t1cant ditterence existed between the . 
ettect1Yeneaa or the two equations ill correlating 
Michaela' reaulta. 

It muat be emphasized, howenrt that the good 

atatiatical results obtained with the final 

correlation equation only meana that thia equation 

aucceaatully correlates both the experimental data 
from this work and Michaela' work. It doea not 
neeeaaarily follow that theae equation• are a good 
description or the actual natural behavior. It ia 
believed that the data available at the·preaent till• 
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are but a very small fraction of that which would 

be required for such a description. 

Mass Transfer Comparisons. An analysis of the 

definition of the exchange zone height shows that it is 

analogous to the total height required for a given mass 

transfer application. As such, therefore, it may be 

thought of also as being composed of two factors, as 

shown in the equation belowi 

hz • (HEU)( NEU) 

where: 

hz • exchange zone height 

HEU • height or an exchange unit 

NEU • number of exchange units. 
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Utilizing mass transfer concepts further, th• number ot 
exchange units may be defined as: 

where: 

NEU • f dy 
f(y, Kr, Ke) 

NEU • number or exchange unit• 

1 • cation concentration in the 
solution phase 

t(y, Ir, It•) • the exchange potential, a tunction ot 
the solution concentration! .II ~. 
the exchange reaction equi ioriua 
constant; _!!, the maaa transfer 
equilibrium relationahip•• 

The limits of the integration obviously correspond to 

the lower and upper boundaries of the exchange 1one, aa 

previously defined. 

Similarly, the height of an exchange unit may be 

broken up into components as shown belows 

where: 

HEU • HTUa + HRU + HTUr 

HEU • height of an exchange unit 

HTUa • height of a transfer unit, solution 
phase diffusion 

HRU • height or a reaction unit 

HTUr • height of a transfer unit, resin 
phase diffusion. 
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The breaking up of the height or an exchange unit tollowa 

from the aeriea-reaiatance concept. The HTU terma 
correapond to the heights required tor th• cl1ttua1oa 

proo••••• in the two phaaea, while the HRU term 

coJTeaponda to the height required tor the exchange 
reaction. All three are expreased in terms ot heigh' 
uni ta. 

From the definition or the number ot exohaige units, 
it is evident that thi• quantity 1• independent or tlow 
rate, since none or the factors entering into the 
definition are attected by changes in the flow rate. 
Consequently, any changes in the Y&l.ue ot the exchange 
zone height at a fixed concentration, 11\lat be due to tlow 
rate ettecta on the height ot the exchange unit. The 
results or this inveatigation indicate that thia 

relationship ia1 

wheres 

0.45 HEU • o Q 

HEU • height or an exchange uni' 

Q • flow rate 
• • proportionality constant, climenaional. 
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Michae1a< 22 >, citing Hougen and Wilk•, atatea that 

where the controlling resistance is in th• mass tranater 

a'41p, the exchange son• height should be proportional to 

the o. 51 power ot the tlow rate. A etatiatical ten 

ot significance between 0.4S, the Yalu• round in thia 

inYestigation, and o.sl, ahowed that there wae no 
significant difference between the two. It appears, 

therefore, that in th• concentration range teated, the 

results may be correlated based on the height ot the 

transfer unit alone. It must be mentioned, howeftr, 

that the Hougen and Wilke co!Telation cited by Michaela, 

as well as other correlationa< 2> tor which the ~alue 
of 0.51 baa been round, are baaed on aolid-caa transfer 

experiments. 

Changes in influent concentration baYe a more 

complex ettect on the exchange 1one height. The number 

ot exchange unite ia evidently a function of the 

influent concentration. Likewise, the height ot the 

exchange unit may be affected. Changes in concentration 

bring about change• in the Yiacosity and degree of 

ideality or the solution, tactora which affect 

diffusion rates. The effect or concentration on the 

exchange sane height round in this experiaent 1• 
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therefore a oompoeite etteot, and no data are available 

tor analysing thia oyer-all ettact into components tor 
the number ot exchange unite, and the height of the 
exchange unit. 

The Sodig Fraction. Th• result• obtained tor the 
aodium traction, (1 - P), or the exchange son• are ehown 
in Table VII, page 64. It will be noted that there ia 
considerable variation in the values obtained in thi• 

investigation and that the variation does not ahow an1 

trend. The analyaia of varianoe tor tbe sodium traction, 
shown in Table VIII, page 6S, confirms the tact that the 
obaened variation is random, and ia not aigniticantlJ 
above the error variance. 

Michae1a< 22> reports value• tor an influent. 

concentration ot 0.12 noraal which are higher than 

~ose round in tb.ia lnveatig~tion. Th• meaa ot the 

values tound by Michaela waa 0.51, while the aean of 

those found in this experiment la 0.-54, a difference 
or about ten per cent. 

Since the sodium traction measures the ralatiYe 

amounts or th• exchanging cations preaent in the 
exchange sona, which ia the active portion or the bed 
at any giyen time, the sodium traction may be 
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considered aa related to the equilibriwa oonatant tor 

the exchange reaction, provided that it may be aaaumed 

that the oYer-all exchange process ie dittusion 

controlled. Theoretically, theretore, it• yalu• 

should change with concentration. It ia the author'• 

opinion, howenr, that the changes in Yalue tor th• 

concentration range studied were amall enough to be 

masked by the variation caused by randoa errors. 

Reproducibility ot Data. The experimental data 

were found to be reproducible between replicationa to 

a remarkably high degree, particularly at the lower flow 
rates and concentrations. The effluent concentration• 

time curves or replicate• gaY• correaponding point• 
which were aurpriaingly cloae together in Y&l.ue. Since 

both the aodiwa traction and the exchange son• height 

were determined primarilr trom yaluea read trom theae 

curYea, it tollowe that theae two should alao exhibit 

the same high degree ot reproducibilitr. 
Michaela( 22) report• the auae obaenation with 

respect to th• ettluent concentration-till• our.ea. Ro 
compar180n can b• made, howeYer, between the 

reproducibility ot the exchange son• height in hi• 

work and in tbia one, ainae he reported only one Tallle 



tor each condition teated, at a plua or minus deTiat1on 

of ten per cent. The ten per cent figure appears to be 

hia estimate of 'the over-all error etf ecta in hi• 

investigation. 

The remarkable reproducibility or result• auggeata 

that the method of procedure employed 1n both 
1nveatigation1 may not be aenaitin enough to be 

alf ected by th• ordinary en-Ors commonly found. 1Jl 

engineering experiments. It ia belieYed prudent, 
therefore, to re-examine the method before it is used 
again in experimanta ot this nature. 

Design Apelic1tiog1. The uae ot the ex.change zone 
concept in the design of fixed-bed ion excbangera ia 

shown in the following sections. It must be atreaaed. 

here that the exchange sone method 1• Talid only under 

conditions where the exchange reaction ia highly 

taYOred by the reaction equilibrium conatan\. Thia ia 
generally the case tor strong acid type reaina, and 

aolutiona ot metallic cations. 
Caeacitx Det•rminatiog. A problem often 

encountered concerns the determination ot the 
capacity ot a specific piece of equipment under 
certain process conditions. The application of 
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the exchange zone method to the solution ot this 

problem is illustrated by the following example. 

It is desired to use an existing ion 

exchanger to remove sodium ions from a O.l normal 

sodium chloride solution. The exchanger baa a bed 

space with a cross-sectional area ot three square 

feet and a height of 40 inches. A strong acid 

type cationic resin having an exchange capacity 

of 35 equivalents per cubic foot will be used. 

Solution will be passed through the bed at the 

rate Of five gallons per minute per square fQOt 

ot bed area, until the effluent sodium chloride 

concentration reaches five per cent or the influent 

concentration or 0.005 normal. The bed will then 

be backwashed, and regenerated with one normal 

hydrochloric acid. The volume ot regenerant to be 

used is to contain three times aa many equivalents 

of hydrogen ions as that required to replace the 

sodium ions in the resin bed. Available head 

limits the solution and regenerant flow rates to 

five gallons per minute per square foot or bed 

area. Arter the regeneration, the bed will be 

backwashed again, and then placed in the exchange 
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portion of the cycle. It is estimated that the two 

backwashing stepa, and other minor operations 

relative to bed prep;tration will take 30 minutea. 
Experimental data indicate that a conservative 

Talue for the sodium fraction, (1 - 1), is 0.4. 

Determine the capacity of the bed, in gallons ot 
solution per 24 hours, assuming the applicability 

of the equations 

wheres 
hs • exchange zone height, inchea 

Q • solution flow rate, gallons per 
minute per square foot ot bed 
area 

C • influent concentration, mola per 
liter. 

The solution or the problem outlined above is 

given in the following sections. The exchange sone 

height is determined from the given equations 

• 7.S6 inches. 
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Ot the total zone height, the traction (1 - F) 11 
in the sodium form at the end ot the exchange 

operation, and is therefore the active or uaabl• 

portion or th• sone. The unusable portion 1• 

therefore the traction !, or the hydrogen traction. 

Since (1 - F) 1• equal to 0.4, l. auat be equal 
to o.6. The inactive height or the sone ia 

therefore lhal -
• 4.72 inch••· 

It follows that or the 40 inches ot bed 

height, only (40.00 • 4.72) or 35.2g inches would 
be useful for the exchange reaction. 
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The active or useful volume or resin aay now 
be determined. 

wheres 

active, or uaetul volume or reain, 
cubic feet 

reain bed crosa-aectional area, 
aquare feet 

active height of reein bed, teet 

( 3 ) ( 3 s. 26 ) /12 

• S.32 cubic teet. 

The actual exchange capacity or the bed ia theretons 

wheres 
C9 • actual exchange capacity ot the 

bed, equivalent• 
o • apecitic exchange capacity or the 

resin, equiyalenta per cubic toot 

Vra • active volume of resin, cubic feet 

C9 • (3S)(S.42) 

• 309 equivalents. 
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Clearly, this is the amount of sodiwa ions removed 

by the resin from solution per exchange cycle. 
This volume of solution per cycle is given by the 

following relationahipz 

where: 
v • • c • • 
N • • 

v. • 

aolution volume per cycle, gallon• 
actual exchange capacity of the 

bed, equivalent• 
solution concentration, mola per 

liter 
conversion factor, liters per gallon 

(J09)/(J.78S)(O.l) 

• 816 gallona. 
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The Yolumetric flow rate of solution is now 

determined by the relationship: 

where: 

U • Tolumetric flow rate, gallons per 
minute 

Q • solution flow rate, gallons per 
minute per square .f'oot ot bed area 

Ar • be4 cross-sectional area, aquare feet 

U • (S)(J) 

• 1.5 gallons per minute. 

To determine the time of the exchange operation 

per cycle, the following equation is used. 

where: 

v. • 
u • 

-

time ot exchange operation per 
cycle, minutes 

solution Tolume per cycle 1 gallons 

Tolumetric flow rate, gallons per 
minute 

(816)/(1.5) 

.54.5 minut••· 
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The volume or regenerant solution per cycle ia 
found by the equationz 

where: 

Vre • regenerant volume per cycle, gallons 

Ce • actual exchange capacity ot the bed, 
equi n.lenta 

concentration ot·regenerant, 
equinlenta per liter 

3.?SS • conversion factor, liters per gallon 

3 • ratio of equivalanta in regenerant 
to equivalent• in reain, aa 
required by the conditions or the 
proble11 

're • (3)(309)/(3.7a5)(l) 

• 24S gallons. 

The volumetric rate or tlow or regenerant will 

obviously be equal to the volumetric rate of tlow 

or the solution, since both will be passed through 

the bed at five gallons per minute per square toot 
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ot bed cross-sectional area. The regenerating time 

may.therefore be tound by the relationships 

wherez 

u • 

regeneration time, miDutea 

regenerant volume per cycle, 
gallons 

volumetric flow rate or both 
solution and regenerant, 
gallons per minute 

(24S)/(1S) 

• 16.) minutes. 

Tbe total cycle time ia now determined trom the 

following: 

where a 
90 • total cycle time, 111.nutea 

e. 
Qd 

• exchange time, minute• 

• backwash and minor operations 
time, minute• 

80 • S4.S + 16.) + 30 

• 100.S minutes. 
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The number of cycles per 24 houra ia therefore 

equal to (24)(60)/(100.6) or 14.). Since 816 

gallons of solution are treated in one cycle, the 

total exchange capacity per 24 houre ia (14.3)(S16) 

or 11,650 gallons. 

Determination or Eguiwaent Size. Problem• 

involving the calculation or equipment sis• for 

a given aet or process conditions vary in their 

complexity depending upon the number or proceaa 

Y&riablea fixed. It the nwabsr or these TMriablea 

which are fixed ia less than that required to 

give a apecific solution to the problem, other 

relationships will be required. Opti!lizing 

procedures on the economic balance will usually 

be inYOlved in these caaea. 

This section will outline the solution or a 

problem where the required number of proceaa 

variables has already been fixed. An 

illustrative problem, and its solution ia 

given below. 

Twenty gallons per minute ot a solution 

containing O.l normal ot sodium chloride are 

to be treated by ion exchange to replace the 
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sodium with hydrogen ions in the solution. A resin 

ot the tlalcite HCR type, having an exchange 

capacity ot JS equiY&lenta per cubic toot will be 
ueed. Pressure drop 1111.itationa require that both 

solution and regenerant !low rates be not more than 

tive gallons per minute per square root or bed 

area. Two ba~e will be used - one in the exchange 

operation, while the other is being regenerated and 

prepared tor the next cycle. It is estimated that 

the regeneration time will be one-half' of the 

exchange time, while backwashing and ether Id.nor 

operations will take )0 minutes per cycle. 

Assuming .[, the hydrogen traction, to have a 

Y&lu• or o.6. determine the dimenaiona or th• bed 

required tor each column. 
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Since the beds will be used alternately, the 

tot.al time spent in regenerating and preparing one 

bed should be equal to the exchange operation time. 

The exchange time per cycle may therefore be 

determined from the relationships 

wheres 
exchange operation time, minutes 

regeneration time, minutes 

backwash and bed preparation time, 
minutes 

( 0. 5 )( i 9 ) + )0 

• 60 minutea. 
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The volume of solution to be passed through 

each bed, per cycle, ia therefore equal to 1200 
gallons since the volumetric rate of !low of 
solution ia given to be 20 gallons per minute. 

The equivalents or sodium ions replaced per cycle 
can now be found by the equation: 

where1 

• 

• 

Ra • 

• 

equivalents replaced in solution 
per cycle, equivalenta 

volume of solution treated per 
cycle, gallons 

solution concentration, mols per 
liter 

conversion factor, litera per 
gallon 

(1200)(0.1)(3.1as> 

• 455 equivalents. 

This quantity is also the exchange capacity or th• 

active portion of each bed. 
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The determination or the bed dimensions now 
follow. The cross-sectional area ot the bed mar 
be round by the following relationehipa 

where: 

Ar • U/Q 

Q • 

u • 

resin bed cross-sectional area, 
aquare feet 

solution flow rate, gallona per 
minute per aquare toot ot bed 
area 

TOlumetric tlow rate ot solution, 
gallons per minute 

'r • 20/S 

• I+ square teet. 
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The exchange zone height is given by the 
equation: 

where: 

hz • exchange zone height, inches 

Q • aolution flow rate, gallons per 
minute per square foot of bed 
area 

C • solution concentration, mols per 
liter 

• 1.e6 inches. 

The inactive portion of the zone, ,l, is 0.6. Ot 
the total zone height of 7.g6 inches, (0.6)(7.66) 

or 4.72 inches, constitute the unusable portion. 

This quantity, when added to the active bed height 

will give the total bed height required. 
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The active bed height may be found by th• 

relationship: 

wheres 

ha • active bed height, inch•• 

08 • total exchange capacity of the 
active portion of the bed, 
equivalents 

Ar • 

c -

12 • 

bed cross-sectional area, aquare 
teet 

apecific exchange capacity ot the 
reain, equivalents per cubic 
foot ot resin . 

conversion factor, inches per toot 

(12)(4S5)/(JS)(4) 

• 39 inchea. 

The total height of the resin bed ia therefore 

(39.00 + 4.72) or 4.J.72 inches. The total height · 

ot the column itselt should be about twice thia 

amount, to allow for bed expansion during 

backwashing. Th• bed should therefore be housed 

in a column that is about ao inches high. 
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Recommendations 

The following recommendations are made for future 

studies. 

Improvement of the Method of Procedure. The results 

of this investigation seem to indicate that the method 

of procedure employed may not be sensitive enough to 

yield reliable data. It is recommended that the present 

method be analysed and evaluated before any further work 

is made using it. 

It is also recommended that studies be made on 

alternate methods of determining the variation of the 

effluent concentration with respect to time. The 

titration method is extremely laborious, and is a 

serious handicap to the extension of data in this field. 

For this purpose, it is recommended that the use of a 

continuous recording conductivity or pH meter be studied. 

Extension of the Correlation Equation. The 

correlation equation presented was obtained for 

relatively low flow rates and high concentrations. 

It is recommended that further studies be made to 

extend this equation to flow rates of 15 gallons per 

minute per square foot of bed area, and concentrations 

of 0.01 mol per liter. 
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Extension ot the Method to Qther S:rat!M. The 
exchange sone method tor fixed-bed exchanger design 

ha• been inYeatigated only tor the lfa-H-Cl-Ralcit• HCR 
eyatem. It is recommended that other ayatem• be uae4 
in tuture atudiea, with the aim ot eYentuallJ 
accumulating enough data to determine the ettect 

ot yarying the cation exchange pair, the anion, a1 

well aa the resin. 
It ia recommended that the ayatema 

K-H-Cl-lfalcite HOR, ca-H-Cl-Nalcit• HCR, and 
Na-Ca-Cl-Halcite HCR, •• well as Yariationa inYOlYing 
the anion be studied, after studies baY• been made 

on extending the correlation equation tor the 

ayatem Ha-H-Cl-Nalcite HCR. 
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Limitations 

The limitations of the experimental work in this 

investigation are presented in the following paragraphs. 

Exchange Bed. The exchange bed used in this 

investigation waa two inches in diameter, and had a 

hydrogen form height of 16 inches. A new resin bed waa 

prepared for each teat from treah, acid-washed resin. 

System. The system studied waa Na-H-Cl-Nalcite 

HCR. The resin, which had a 20/50 mesh aise was 

initially in the hydrogen form, the transfer ot sodium 

ions being from the sodium chloride solution to the 

resin in all teats. Ho regenerated resins were used 

in this study. 

Variables Studied. The effect of' solution flow 

rate and influent concentration on the exchange zone 

height was studied in this investigation. Flow rate 

was varied from 2.66 to 7.14 gallons per minutA per 

square foot of bed area, while the concentration range 

investigated was from 0.10 to 0.25 mol per liter of' 

sodium chloride. No other variables were studied 

during the course or this project. 

Temeerature. All .)2 teats made in this study were 

performed in the temperature range or 60 to 70 degrees 

Fahrenheit. 



V. CONCLUSION§ 

The exchange sone height tor the system 
Ha-H-Cl·Ralcite HOR waa studied by paasing aodiua 

chloride aolutiona of 0.10 to 0.25 mol per liter 

concentration at flow rate• of 2.66 to 7.14 gallon• 
per minute per square foot of bed area through a bed 

ot Baloite HCI resin in the hydrogen form. Tb• reain 
bed was two inches in diameter and 16 inches high. 
Thia investigation led to the following concluaiona. 

1. Th• exchange sone height may be related to the 
influent concentration and aolution flow rate bf the 
equation: 

where: 

hs • exchange cone height, inch•• 
Q • aolution flow rate, gallons per 

minute per aquare toot ot bed 
area 

C • influent concentration, mola per 
liter. 

The equation fits the experimental data over the 

entire range investigated to within an average 
deviation or plus or minus 11 per cent. 
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2. The equation given above correlates all other 

available data with an annge dertatioa of plu• er 

Iii.nu• ten per cent. 
). Within the range or variables atudied, the 

sodium traction of th• exchange son• wae found to bave 

an average value ot 0.454, and an average deYiatien of 
plus or minus five per cent. 
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VI. SUMMARt 

During th• paat aeTeral 7eara, great progress baa 
been made in ion exchange applications, method• ot 
operation, and theory. In apite or this. howeyer, 
equipment ia still being designed on an empirical 

baaia. While a number of deaign metboda have been 
proposed, none of them have really become popular due 

to their mathematical complexity. 

Some four years ago, Michaela introduced the 
exchange zone concept, on which be ba••d a eimplified 

design method. Since that time, literature aearchea 

have ahown that no further work baa been done on this 

method of design tor i•n exchangere. 
It was the purpose of thia inYeatigation to atudy 

the exchange sone method further, and tbua enend the 

conditions tor which data tor this aethod are available. 

In particular, the attecta ot solution flow rate and ot 

influent concentration on th• exchange son• height were 
investigated tor the ayatea Na-H-Cl-Naloite HCR. 

Thirty-two teats were made on a bed ot hydrogen 
form lalcite HCR, using sodium chloride solutions ot 
0.10 to 0.25 normal concentrations, at tlow rates ot 



2.66 to 7.14 gallons per minute per square toot ot bed 
area. The resin bed had a diameter or two inches and a 
hydrogen torm height ot 16 inches. lo regeneration waa 
employed, each test being made on a new bed made up from 
trash, acid-washed resin. All tests were made within 
the temperature range or 60 to 70 degrees Fahrenheit. 

The experimental results were correlated by the 

following equations 

wheres 

h• • exchange aone heigh,, inch•• 
Q • aolution tlow rate, gallons per 

111.nute per square toot ot bed 
area 

C • influent concentration, mola per liter. 

The equation waa tound to tit th• experillental reaulta 
to within plua or minua 11 per oent, ·and all other 

aTailabl• data to within plus or minus ten per cent. 
Th• aodium traction of the exchange sone heigh' 

was round to ban an average value or 0.454, with an 
ayerage deviation or plua or minus n.ve per cent. 
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