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SUMMARY. 

A 'continuous countercurrent ion exchange column has 

been designed, constructeq., and tested for preliminary per­

for.mance data using the ion exchange system Dowex-50W, cal­

Cium, and sodiumo The ion exchange column contained both 

loading (adsorption) and stripping ~regeneration) sections 

with the two sections separated by isolation zones of zero 

dynamic pressure differential o The resin was moved through 

the column in a dense bed countercurrent to liquid contami­

nation and regeneration streams and performance tests were 

carried out to show the feasibility of this type of column 

operation» to determine typical values of the equilibrium 

stage heights, and to measure the ion exchange attrition 

rateso This investigation constitutes one phase of a 

project concernedwlth the development of continuous ion 

exchange equipment now in progress at The University of 

.Tennessee o The work is supported by Union Carbide Nuclear 

Company through a sub-contract, 'W=7405 engo 26 51 8783» with 

the Universi tyo 

The ion exchange column was constructed of four-inch 

glass pipe and was approximately thirteen feet in overall 

height 0 The performance tests were made wi th resin havillg' 

particle diameters predominantly between 840 and 1100 microns 

when wet o The calcium feed solution concentrations were 

1. 
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varied between 4000 and 15000 ppm equivalent CaC03 and the 

reg'enerant solutions used for all tests were one per cent by 

weight sodium chloride o Data are reported for tests in 

which the liquid flow rates were between 40 and 75 gallons 

per hour per square foot~ based on the empty column cross­

sectiono The column was actually operated successfully at 

liquid flow rates of 100 gallons per hour per square footo 

This liquid flow rate is very near that corresponding to 

fluidization of the ion exchange resin particles o Attempts 

to eliminate fluidization within the column by means of the 

pressure drop across a cocurrent flow section at the top of 

the column g referred to by Jury (9) as the hydraulic ram~ 

have not been completely successful to dateo 

An automatic pneumatic control system was used to 

maint~in the zero dynamiC pressure differential conditions 

across th6 isolation zones separating the liquid feed,streams 

to the exchange sections of the column 0 Three independent 

tests were conducted to verify the effectiveness of the iso­

lation zones for separating the 'exchange sectionso These 

tests involved the use of colored feed solutions for the ob­

servation of liquid flow behavior in the co lumn $ , measurement 

of pressure profiles across the column to show the absence 

of hydraulic driving forces in the isolation zones ll and 

material balance calcula tionsfrom the "ion exchange runs o 

Column performance data are reported for seven'runs. 
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In each of the runs the column was operated for specific 

liquid and resin flow rates and specific liquid feed com­

posi tions. Samples of the liquid feed and product streams 

and of resin at the terminals of each exchange section 

were analyzed to show the approach to steady state condi­

tions •. Such data were used to determine tne number of 

theoretical equilibrium stages by the McCabe-Thiele (13) 

graphical method, and stage heights were computed from the 

actual exchange section heights. Typical values of the 

height equivalent to a theora-tical stage, BETS, ranged 

from 003 to 1.0 fOQt. These values are approximately ten 

times the corresponding values· obtained by integration of 

the ion exchB.nge rate equation developed by Anderson (2) 

in work on another phase of this investigation. This dis­

agreement is attributed to nonuniform flow effects in the 

col'UIlln. 

v 

Resin attrition rate measurements indicated approxi­

mately 0.02 per cent fines (diameter less than 840.microns) 

accumulation per pass' through the ion exchange column, based 

on the total resin inventory of the column. The value was 

obtained ';:~ing a manually adjusted plug-type valve to regu­

late the' resin flow rate. When a motor driven rotating 

feeder was used to regulate the resin flow rate, the accumu­

lation of fines was ~uch gr~ater, 2 per cent per pass through 

the column. 
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It is conoluded from these studies that the operation 

of a oontinuous counterourrent ion exohange oolumn using a 

moving dense bed of ion exchange resin partioles is satisfao~ 

tory at liquid flow rates up to that oorresponding to fluidi­

zationo Furthe.r work is needed for the effeotive utilization 

of the hydraulio ram prinoiple as a means of maintaining 

dense bed operations above the fluidization velooity of the 

resin particleso 

'.' 
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CHAP~:ER I 

INTroDUCTION 

General 

, A wide variety of chemical industries is currently 

using and planning further future applications for a rela= 

tively new unit operation known as ion exchange" Since 1935$ 

when the first synthetic ion exchange resin was prepared by 

Adams and Holmes (l) D there have been many advances made in 

the field of ion exchange technology with the direct result 

being the everyday high quali ty of many commercial products 

such as television tubeS$) storage batteries g glycerineg 

sugarg streptomycing penicillinj) vitaminsg papers dyesJ) etc. 

However $) until recently j) most commercial ion exchange opera­

.tions had been carried out with. batch or fixed bed equipment. 

An appreCiation of the desirability of obtaining strictly 

continuous ion exchange as a replacement for the intermittent 

operations inherent in batch and fixed bed operations has 

brought recognition of the real need and value of continuous 

ion exchange throughout the chemical industryo 

Shortly after World War II a program of continuous 

ion exchange development was undertaken by the Oak Ridge 

National Laboratory to provide continuous ion exchange equip= 

ment needed for the commercial processing of low-grade 

, 
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Western uranium ores. In order to expedite this program~ 

portions of the development work were contracted to outside 

agencies (3). The current investigation was carried out as 

2 

a part of the outside. development work under a subcontract 

between The University of Tennessee and Union Carbide Nuclear 

Company 9 a prime contractor with the Uo So Atomic Energy Com= 

mission and operator or the Oak Bidge National Laboratory .. 

It is the objective of the project at the University to de­

velop a method of continuous ion exchange and to carry out 

performance tests for the purpose of obtaining characteristic 

operating data.. An ion exchange system consisting of a cal­

cium chloride or a sedium chloride solution in thB liquid 

phase and Dowex=50W 9 a synthetic ion exchange resin g in the 

solid phase was chosen for the p~rformance tests on the basis 

of convenience since analytical methods were already avail­

able for the rapid and accurate analysis of test samples (10)0 

An;int-eg~al'part'6f'this overall Inves'tigatlon g .. ' the theoreti­

cal and experimental development of a ".rate equation" for 

the ion exchange reaction and other equilibrium relation~ 

ships9 has been reported by Anderson (2) for the same ion 

f exchange system. Another part of the overall .investigation 

was to be devoted to the mechanics of a continuous column 

and the carrying out of performance tests on the equipment .. 

This problem was undertaken by the author and is the subject 

of, this the.sis. 



• 

3 

Literature Survey 

'In this section no attempt has been made to present a 

complete survey of all the studies in the field of ion ex­

change for the reason that only a portion of these studies 

is pertinent to the present work o The prime concern of this 

survey is with continuous ion exchange and as such is exclu­

sive~ for the most part~ of other types of ion exchange 

methods and equipment o 

During the past few years the interest in ion exchange 

as a basic unit operation has been developing primarily along 

the lines of a continuous process and the equipment required 

to carry out continuous ion exchange operationo There have 

been at least ten workable laboratory models and one commer­

cial unit for continuous ion exchange reported in the 1lter­

atureo A particularly interesting point relating these· 

various methods is- their proposed method for overcoming the 

liquid flow rate limitation caused by the fluidization of a 

reSin bed within the ion exchange columno 

Stanton (lS) used a pair of rotating plug-type valves 

for transferring incremental quantities of resin from an ex­

perimental colunlno This method provided for liquid-re sin 

contact to occur in a dense bed which had a net downward mo­

tion by virtue of the continuous addition of resin at the 

top and its net withdrawal from the bottom of the columno 
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This method of resin flow control served to eliminate the 

limit on liquid fee~ rateo Bpth resin saturation and re= 

generation were carried out within a single column. Sieve 

plates were added to the regeneration section to improve 

the liquid-resin contact. Several separations of copper 

and zino were made with the equipment. 

Mihara and Terasaka (14) developed a method of con-

4 

tinuous ion exchange ~sing an endless wire mesh coated with 

ion exchansa resin which was circulated through adjacent 

saturant and regenerant tanks. Similarlys Selke and Muendel 

~17) developed a method of continuous ion exc.hange using an 

endless belt of phosphorylated cotton. A third method along 

these same l1nes s developed by Mc00rmack and Howard (ll)s 

employed the use of resin enclosed in permeable casings 

which were conveyed like a continuous string of sausages 

through the ion exchange systemo All three of these methods 

emplGy~sse~tiallythe same method of circUIllventing the 

fluidization problem 9 i.e0 9 each has placed the resin (or 

exchange media) in or on some rigidly fixed conveyor where 

it is unaffeoted by the liquid flow rate. 

Swinton and Weiss (20) modified a commerCial ore-

dreSSing jig for a continuous ion exchange system and found 

the system9 using sodium chloride and calcium chloride g to 

have a contact efficiency of approximately one=fourth that 
. i 

reported by Selke (16). Because of the flexibilitY9 
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ruggedness a and ease of maintenance of equipment the system 

appeared to be quite eeonomicalo The fluidization problem 

was overcome with a series of plates and downcomers connected 

with a diaphragm whereby the resin moved essentiallyhori­

zontally most of the time. 

Moir,!) JROSS,9 and Weiss (15) developed a frotb,=flotation 

method whi ch may be feasibly appli ed to con tinuous ion ex­

change on an industrial scale when speCial adsorbents have 

been devised. This method avoids the fluidization problem 

rather uniquely. The proposed exchange is to occur on the 

surfaoe of bubbles containing a special exchange adsorbent. 

Higgins and JRoberts (8) devised a method utilizing 

solution downflow and resin upflow. The upward motion of the 

resin was created by hydraulic impulses applied at the base 

of the resin bedo At the time of the resin movement upward 

the liquid flow was temporarily interrupted. Therefore the 

system was not completely continuous,9 although the inter­

ruptions were brief enough to make the system closely ap­

proximate continuous behavior. The problem of fluidization 

was eliminated entirely since the liquid flow only occurred 

through a fixed bed. 

Hiester,9 Cohenl) -Phillipsj) and Badding (5) at stanford 

Research Institute devised a method requiring rotating valves 

to meter the resin input at the top of the column and to re­

move the resin at the bottom. A column insert and tapped-
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screen assembly was used to promote better contact between 

resin and solution under moving-bed conditions. 

6 

McIlhenny and McConnel (12) invented a continuous 

method for concentrating the magnesium ions in sea water • 

This method involved the use of two columns constructed be~ 

side each other with interconnecting flow lines. One of the 

columns was used for exchange and the other for regeneration • 

. Both columns contained perforated plates to aid in prevent­

ing fluidization. Along with the column invention several 

interesting control methods were indicated in the patent~ 

such as ~ (ala photoelectric celll) (b) a refractometer.\> and 

(c) a star valve metering device. 

A commercial water softening unit~ Dorris Hydro Soft­

ener (7)~ has proven acceptable during pilot plant operation 

and although it still uses some fixed bed concepts~ it does 

provide continuous operation since the large "fixed" bed is 

being regenerated constantly in an auxiliary oolumn., 

Hiester (6) and Selke (15) ipdependently arrived at 

the conclusion that continuous ion exchange columns are less 

efficient than a fixed bed operating under the same conditions 

but that the resin and equipment requirements for a continuous 

column are much less than for an equivalent fixed bed unit., 

The studies in continuous ion exchan@9 have not in­

cluded any extensive resin attrition measurements and only 

three groups have indicated even approximate resin attrition 
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rates. The DOlT Hydro-Softener (7) has an approximate ten 

per cent per year resin replacement requirement due to attri­

tion. Arehart, Bresee~ Hancher, and Jury (3) reported re­

suI ts of"'attri tion tests which indicated that attrition rates 

become very significant after six months of operation and are 

also a function of the resin used. Hiester, Fields, Phillips, 

and Raddlng (5) reported that approximately 0.1 per cent at­

trition of resin within their column occurred per passage. 

Arehart, ;Bresee, Hancherg and Jury (3) recently re­

ported perfonnance data on a Higgins (8) type contactor. 

These data are useful for scale-up of this type of contactor 

and for comparison with other performance data obtained with 

continuous ion exchan@6 columns. In addition, they also 

suggested the use of a cocurrent flow "hydraulic ram" sec­

tion to prevent resin fluidization and pressure balances to 

obtain solution isolation within the column in designing a 

continuous ion exchange unit. However, they did not de­

scribe the operation of a column incorporating these design 

features" 

Swmnary 

The basic problems that must be met in designing a 

continuous ion exchan~ column are: {al overcoming the 

"fluidization" velocity of the liquid whioh limits the unit 

capaoity, (b) devising a method of passing the exohange 
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resin and liquid through a column countercurrently to make 

optimum use of concentration gradientsj) and (c) developing 

methods of flow control for both liquid and resin. In most 

of the work reviewed the me thods of flow con trol were fairly 

well standardizedj) with rotameters being used on the liquid 

streams and mechanical valves used to regulate the resin 

flow. Other methods of resin control were indicatedj) but 

they had not been extensively tested. The methods used to 

pass the resin countercurrent to the liquid and the methods 

of overcoming the limiting liquid velocities were primarily 

mecha~ical with the exception of a completely hydraulic con­

trol system suggested by Arehartj) Breseej) Hancher, and Jury 

(3). This system, as proposed for hydraulic control, versus 

the mechanically controlled systems has the interesting 

prospects of (a) lowering the resin attrition rate and 

(b) simplifying the mechanical features of the equipment. 

Present Investigation 

The experimental design suggested by Arehart, Bresee, 

Hancher, and Jury (3) -which had a "hydraulic ram" and pres­

sure balances-for controlling isolation zones as its main 

design features was the basis of the column design teste'd ,in 

this investigation. The objectives of this investigation 

were: (a) to develop a method of continuous ion exchange., 

: •... 
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(b) to study the mechanical aspects related to operating 

the expe rimental ion exchange column developed •. and (c) to 

obtain perfor.mance data from the experimental ion exchange 

column for scaling up its design to industrial sized models. 

'( :,'tf 

3· ':~'," 1, 
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CHAPTER 'II 

BASIORELAT IONSHIPS 

Ion exchange is probably best explained on the basis 

o£ its physical nature. On this basis, a de£inition of ion 

exchange may be stated as: 

the reversible exchange of ions between a solid 
and a liquid in which there is no substantial 
change in the structure of the solid. (7) 

By this definition one o£ the ions must always be bound to 

the immobile solid and is therefore not carried away by the 

solution. This f act embodies the principal advantage o£ the 

process of ion exchange. 

Equilibrium Hela tions 

The chemical reaction for the cationic exchange occur-

ring in the system studied in this investigation is: 

2 Na 0 (Resin) + Oa'*...,...:::. Oa ° (Resin) 2 + 2 Na+ (1) 

where :Na 0 (Resin) = sodium £orm o£ resin 

Oa o{Resin)2 = calcium form of resin 

The application o£ the law o£ mass action, which governs this 

reaction, results in the following equation for the equilibrium 

constant (K) in terms of concentrations: 



whe're: 

K -- @a 0 (Resin) 21 • ~at12 
(Fa • (l1esin}}2 .• (Caft] 

~a • (1Iesin) ~ = concentration of calcium form 

of resin 

~a • (:ReSin)] = concentration of sodium form 

of resin 

[Na+] : ionic concentration of sodium 

in liquid 

[~a~J = ionic concentration of calcium 

in liquid 

Rate Equation 

11 

(2) 

Anderson (2), as a part of the ion exchange program 

of study at The University of Tennessee, developed a rate 

equation from experimental data and theoretical considera­

tions. This rate equation provides a basis for interpreting 

oolumn perfonnance data. The differential form of the equa~ 

tion is: 

aCox(1-y)2 C02y(1-x)2 
- Rady _ K 

2 -¥ (l-C<)fsdZ a(1-y)2+ 2Coy(1-x) 2Cox(1-y)"",Co2(1~x}2 
K Ka 

------~k-L------+ kR 

where: R = resin flow ,rate, grams dry resin per minute 

D = diameter of exohange bed~ cmo 

(3 ) 
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~ = void fraction of resin. 0.50 for Dowex-50W (16) 

~ :: density of resin, grams per cu. em. 

Z = exchange resin bed height, cmo 

K • equilibrium constant for exchange system 

a • total ionic capacity of resin, meq (Catr+ Na+) 

per gram 

P :: meq Ca* per gram dry resin 

y • pia 

Co =: total ionic concentration of liquid" meq (Ca*' 

+Na+) per mI. 
-It x :: Calcium ionic concentration of liquid, meg Calm1 

Co 

kR III the solid phase diffusionconstant g minutes-l 

kL ::the liquid film diffusion constant" minutes ... l 

The two diffusion constants were related to the flow 

conditions in the dense resin bed by the empirical equations& 

kR :::I 0.278 + 0.162 He 

kL • 31.32 ~eO.643 

Here Re is the Reynolds number based on the particle diameter 

and the superficial liquid velocity in the resin bed. 

The differential equati9n is of little use as such, 

but the integral form may be usea to determine theoretical 

exchange bed height requirements. The integral form is 

obtained directly from equation (3). 

"".";:: 

-~'" ( 

"; .. 1 



f -Ra Z 

dZ = l1D2 (1-0() f. 
o ~ s 

F, 

y(Z) 
a(l-y) 2+2CoY( 1-x) 2Cox( l-y )+C02 (1-x) 2 

K ki ----;"'"kL--=---+ kR 

aCox{1-y)2 - Co2y(1-x)2 
K 

The values of x in equation (4) are found as a 

function of x(o), y(o), and y by taking a material balance 

with respect to calcium over a hypothetical section of the 

ion exchange column. 

R L 
y x x 

~-~----~ 
Besin 
Phasd 

Liquid 
Phase 

~-4--- -+-
Yo Xc Xo 

Z = Z 

Z = 0 

Figure 1. Hypothetical Section of the 
Ion Exchange Column 

The material balance equation is: 

13 

dy (4) 

Ray(o)+ RC<!LCoX(O) + LCox:: Bay + Ro<.fLCoX T LCox(o) (5) 
. (1--<) fs (I-a( )rs 

where: :Ray(o) = the calcium leaving with the re~in at Z :: 0 

R 0( f'LCox (o) = the Calcium leaving wi th the liquid in the 
(l--() fs resin voids at Z • 0 



LCox = the Calcium leaving with the liquid at Z = Z 

Ray := the Calcium- entering with the resin at Z = Z 

Ro<..fsCox _ 
(l-o(}fs -

the Calcium entering with the liquid in the 

resin voids at Z := Z 

LCox(o) = the Calcium entering with the resin at Z = 0 

Z : exchange section height 

it := liquid density, grams per mI. 

L := liquid flow rate, mlo per minute 

14 

The evaluation of equation (4) with equation (5) can be car­

ried out by numerical methods which are readily applied once 

the data are obtained. Calculated bed heights determined by 

the preceding method should prove advantageous in evaluating 

the experi~ental performance data from a continuous ion ex-

change unit. 

Theoretical stages 

The relations established by McCabe and Thiele (13) 

for the graphical determination of the number of equilibrium 

contact stages can be applied to ion exchange where- discrete 

steps are involved in countercurrent contacting of resin and 

solutiono Figure 2, for instance, illustrates the relation 

between the operating line and the equilibrium curve when an 

ion A is being transferred from the resin stream to the coun­

tercurrent solution phase. The horizontal distance between 

< • • !~\ 

~ 



15 
the two lines represents the overall dri vingforce for ionic 

transfer based on the liquid film. The number of equilibrium 

contacts required to reduce the concentration of A in the 

re sin phase from its entering value to the desired exit con­

centration may be found graphically by stepping off the 

stages in the conventional manner by applying the McCabe­

Thiele method (13). 

~ -: 1 
(yA) entr 

(yA) eXit1 r::: - - -./ equilibrium 
y .. curve 

exit en-tr. 

x ,.. 

Figure 2. McCabe-Thiele piagram for Counter­
current ~on Exchange 

For ionic transfer from the resin to solution, i.e., 

stripping" the operating line will be above the equilibrium 

line. In order to have nearly complete removal of ion A from 

the resin, the entering solution must be nearly free of A, 

the slope of the operating line must be greater than the 

slope of the equilibrium curve, and a large number of contacts 

{ ," 
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will generally be required. Conversely, the operating line 

will be below the equilibrium curve for loading ions onto 

the resin. Nearly complete saturation of the resin requires 

that the solution be free of the second component l have a 

large number of contacts, and.have an operating line with a 

slope less than that of the equilibrium curve. 



CHAPTER III 

EXPERIMENTAL EQUIPMENT 

~eneral 

The equipment used in this investigation consisted of 

an ion exchange column, containing both loading and stripping 

sections, and the necessary accessories required for the 

operation and testing of the column 0 The basic column de­

sign and construction were flexible enough to allow the 

changing of parts and the incorporation of new ideas into 

the experimental designo The experimental column details 

were not altered throughout most of "the performance tests 

made after the initial experimentationo This was done to 

eliminate unnecessary variations that might have occurred in 

the c9lumn,performanceo 

Column 

The column, containing the two exchange sections, was 

constructed of 4-inch ID glass pipe sections rigidly flanged 

together with bolts and gasket sectionso Pipe lengths vary­

ing from ten inches to two feet were used in the column con­

struction to obtain the desired positions for the pressure 

taps, the liquid feed streams, and the liquid removal streamso 



For most of the tests the column height was approximately 

thirteen feet. 

18 

The schematic diagram, Figure 3., and the equipment 

photograph, Figure 4, show the relative importance of the 

column in the overall equipment layout. Both loading and 

stripping were carried out in the single experimental column. 

As indicated in Figure ), the resin is carried from the bot­

tom of the column to the top by a liquid jet lift. From the 

top of the column the resintben moves toward the bottom of 

the column due to gravitational attraction of its own mass 

and the action of the cocurrent flow hydraulic ram. As the 
. ' 

resin moves through the column from the top to the bottom , 

it passes through these sections: (a) a zone of resin im­

mediately above the loading section in which no exchan~ 
occurs, (b) the loading zone where the resin picks up cal­

cium ions from the liquid feed and loses sodium ions, (c) 

an isolation zone of constant hydraulic pressure in which no 
• 

liquid flows, (d) the stripping section where the resin 

loses calcium iqns to the liquid and piCk~ up sodium ions, 

(e) a wash section where the liquid contained in the void 

spaces of the bed is washed out and repiaced by wash water, 

and (f) a second isolation zone of constant hydraulic pres­

sure to prevent any liquid flow, either up or 'down, at the 

bottom of the column. 

; , 
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Resin System 

The exchange medium was Dowex-.50W (8 per cent cross­

linkage) supplied by the Dow Chemical Company and screened 

by the Illinois Water Treating Company. The exchange ca­

pacity, found experimentally, was 4.818 meq per gram of dry 

resin. The density of the, resin was 1.3177 grams per cubic 

centimeter in the hydrogen form and wet (2). Ninety-five 

per cent of the resin supplied to the column was made up of 

particles with diameters between 840 and 1100 microns when 

wet. The remainder of the resin was made up of fines (par­

ticles with diameters less than 840 microns when wet). 

The exchange system was closed with 'respect to resin 

and there was only one initial charge of resin made to the 

column. The' liquid jet lift provided the necessary force 

required to move the resin in the system and an adjustable 

control valve was used (See Figure .5) to control the quan­

tity of resin carried in the jet lift. A butterfly type 

metering device and timer were used to detennine the "dry­

resin" flow rate without removing resin from the system. 

A special resin sampling device for removing approximately 

one gram of resin from the column cross section was built 

and found satisfactory (See Figure 6). Before obtaining the 

resin sample from the column it was necessary to fill the 

sampling device with liquid to prevent air from entering the 
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exchange column. 

Liquid System 

The liquid system was rather elaborate, as shown in 

Figure 3. It consisted of four feed streams and two "prod~ 

uct" streams. These streams were: 

(1) a calcium chloride. solution. This solution was 

fed to the loading section and had been made up from city 

water and a commercial grade calcium chloride. The compo­

sition of this solution was reported in terms of equivalent 

CaCO) hardness. For the various performance tests solutions 

containing 4000 to 15000 ppm were used for the feed to the 

loading section. 

(2) a sodium chloride solution. This solution was 

fed to the stripping section and had been made up from city 

water and a commercial grade of sodium chloride. Each so­

dium chloride solution was made up as one per cent by weight 

NaCl and analyzed for equivalent CaCO) hardness and NaCl 

concentra tion. 

() a wash stream. This stream was "softened" liquid 

from t~e loading section used to displace the liquid carried 

along with the resin from the stripping section. 

(4) a jet lift stream. The jet feed,? recycled from 

the product effluent,? served to lift the regenerated resin 
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back to the top of the column. 

(5) product stream. (loading section). This stream 

was the "softened" calcium feed stream. after it had passed 

through the loading section. 

(6) waste stream ( stripping section) • This stream. 

was the "hardened" sodium feed stream. after it had passed' 

through the stripping section. 

Flow rates for all the liquid streams except the 

product stream from the loading section were measured with 

rotameters. 

In order to obtain uniform liquid feed to the exchange 

sections a feed ring was constructed with a series of "slot­

ted tubes," one-eighth inch in diamete~. Thesl9 tubes were 

arranged in the feed ring as shown in Figure 7. Both the 

,product from the loading section and the waste from the 

stripping section were wi thdrawn from the column through 

take-off sections. These take-off sections were glass "T" 

pipe sections with a 30 mesh screen inserted between the 

flanges in the horizontal arm to allow the passage of liquid 

and to retain the resin within the column. 

In order to remove resin from the low pressure space , 

at the bottom of the column and lift the resin to the top of 

the column a venturi-type jet was used. This venturi-jet is 

shown sohematically in Figure 5 and its characteristic meas­

urements include: (a) a 5/32 inch throat~ (b) a five 
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degree angle of taper~ and (c) a' 3/8 inch opening for the 

resin. 

Two 116 gallon aluminum tanks were used to make up 

and store the calcium and sodium feed solutions until they 

could be used in the column. Propeller-type agitators were 

used in each tank for mixing the solutions. 

The isolation zones were maintained by pneumatically 

controlled valves. The primary sensing elements of the 

controllers were Foxboro D.P. cells, range: 0-50 inches of 

water, modified by the Instrument Section at the Oak Ridge 

National Labora to ry to give an ope rating range of f. 6 inches 

of water. The pneumatic signals from the D.Po cells were 

supplied to Foxboro controllers, Model 58P4, which actuated 

Foxboro Regulator valves, Type V-4. 

Pumping System 

Three pumps were requi red fo r the operation of the 

experimental column during test runs. They were: (a) the 

calcium feed pump~ (b) the sodium feed pump, and (c) the 

recycle and wash feed pump. The calcium and sodium feed 

pumps were posi tive displacement pumps and the recycle and 

wash pump was a centrifugal pump. The positive displacement 

pumps were coupled with air-bubble fluctuation dampers to 

provide uniform feed rates to the ·column. The recycle and 



~. 

" 

· ~ 

i . .I'I":'" 

and wash feed pump was used to recycle the product from 

the loading section as wash and for the jet lift. (See 

Figure 3.) 

28 
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CHAPTER IV 

EXPERIMENTAL PROCEDURE 

General 

The primary objectives of this investigation were to 

(a) design and build a continuous ion exchange column and 

(b) obtain performance data for scaling up the experimental 

column to industrial type equipment. The early parts of the 

investigation were primarily concerned with building and 

developing a workable experimental ion exchange system. Af­

ter the development work on the continuous countercurrent 

ion exchange equipment had proven it to be operable, per­

formance tests were made to evaluate the system and obtain 

pertinent data for future ion exchange equipment design. 

Column Development 

The initial experimental column was essentially the 

same as shown in Figure 3 and described in the preceding 

chapter without the automatic pressure control system for 

the isolation zoneso The operation of the initial experi­

mental column depended upon the manual maintenance of the 

two constant pressure ~ones to isolate the loading and 

stripping sections. This was later modified to one manually 

controlled zone and a pneumatically controlled zone because 
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of the difficulties encountered in making frequent manual 

adjustmentse Even one manually controlled zone proved to 

30 

be a control problem, so a second pneumatic control unit was 

installedo The use of two controlling units made the opera­

tion of the column considerably simpler since the operational 

manpower requirements were reduced to a single operator where 

two and sometimes three operators had been required to main­

tain manual operational conditionso Some other changes were 

made in the co~umn development, as follows: 

(1) Positive displacement pumps were installed in 

the feed linese This change was made to provide more uni­

form feed rates than had been obtained with a pair of cen­

trifugal pumps used earliere The first pair of pumps used 

was also oversized and significant heating of the feed solu­

tions resultede There was some question about the effect of 

temperature upon the exchange reaction at the time of the 

change, although no extensive investigation was made along 

these lineso 

(2) A special take-off section was deSigned, built, 

and subsequently removede The take-off section used in most 

of the testing in this investigation consisted of the "Tn 

section with a screened cross section described in the pre­

ceding chapter; however, it was felt that a deSign which 

would allow the removal of the liquid from the center of the 

exchange column would give a better sample for testing 
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purposes. The seoond take-off seotion consisted of a tube 

inserted into the oenter of the oolumn and oovered with a 

hemispherioal soreen, one and one-half inohes in di~etero 

Because of large pressure build-ups within the oolumn and 

the subsequent packing of resin around the take-off this de­

Sign was rejeoted. Further work is planned along these 

lines. 

(3) A meohanioal resin rate oontroller embodying the 

use of a variable speed, motor driven gear in oont~lling 

the resin flow rate was installed in the oolumn. See Fig­

ure 5. This oontroller had the desirable feature of easily 

established, uniform resin flow rates. However, this ad­

vantageous feature was outweighed by the greatly inoreased 

resin attrition rate and the meohanioal oontroller was re­

moved. 

Operational Prooedure 

It was neoessary to deoide upon a set of operating 

conditions before making eaoh performanoe test. Conditions 

for providing data for performanoe evaluation were estimated 

from experimental observations and mass balance oalculations. 

The approximate calCium solution conoentration to be 

fed to the loading section was first decided upon. The cal­

cium feed solution conoentrations used throughout this 
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investigation were considerably higher than normally asso­

ciated with water softening processes. Because of the limit 

on liquid feed rates imposed by the fluidization of the 

resin at flow rates near 100 gallons per hour per square 

foot it was necessary to use concentrated (from 4000 to 

15000 ppm equivalent calcium carbonate) calcium feed solu­

tions to load calcium ions onto the resin in the loading 

section at rates sufficiently high to allow the attainment 

of steady state conditions in reasonably short operational 

time periods. 

The sodium chloride solutions fed to the stripping 

section in all performance tests were made up of one per 

cent (by weight) sodium chloride to conserve the reagent .. 

An accurate analysis of ' the sodium feed solution was made 

with standard silver nitrate solutions to determine the 

chloride and thereby the sodium ion concentration. 

These were rather unorthodox conditions for water 

softening by ion exchange methods$ but they provided a good 

basis for obtaining performance data for the evaluation of 
. .fo 

the ion exchange eqUipment. 

The essential steps in operating the experimental 

column and obtaining data were as follow belowo (See Fig­

ure 3 .. ) 

1) Fill empty column with liquid to remove air. 

2} Close the resin control valveo 
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3) Fill the column with wet resin. 

4) Start pumps (but not feeds). 

5) start jet teed (the resin control valve is still closed 
at this point) 0 

6) Open pneumatic control valves to the system by opening 
the manual control valve in series with them. 

7) Gradually open the resin control valve until the approx-, 
imate desired resin flow rate is obtained. 

8) Start feeding solutions to the column (calcium", sodium, 
and wash) at the desired flow rates. 

9) Make adjustments on jet feed rate to the final reading. 

lO} Adjust the resin rate to the desired value by tttrial­
and-error" manipulation of the adjustable Qontrol valve 
and the resin rate measuring device. 

11) Adjust the liquid teed rates to the tinal desired rates. 

12) At sampling points (product from loading section and 
waste trom stripping section) adjust the sampling valves 
to obtain "drip" samples and begin taking samples. 

13) Periodically check all feed rates and· make the necessary 
adjustments 0 

14) Take regular liquid samples and test for equivalent 
CaC03 hardness. 

15) Atter the liquid sample concentrations (trom the loading 
and stripping sections) b'ecomeapproxima tely constant 
begin taking resin samples at (a) the top of the load­
ing sections (b) the middle of the isolation zone be­
tween the loading and stripping sections, and (c) the 
bottom of the stripping section. 

16) Analyze the resin sample tor calcium content. 

From ten to twelve hours (4 to 5 resin cycles) were 

required to obtain regular and consistent data on most test 

runs tollowing the preceding outline. 
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Liquid Sample Analysis 

The method of liquid sample analysis was a standard 

one for determining water hardness and ~as obtained from 

the Civil Engineering Department (10) at The University of 

Tennessee. This method requires the use of reagents pre­

pared commercially by the Hach Chemical Company of,Ames, 

Iowa. The analysis requires the specific use of the fol­

lowing commercial reagents: 

a) Standard Versenate Solution - 1.00 mI. is 
equivalent to 1000 mgo CaC030 

b) UniVer - an indicator, buffer, and inhibitor 
powder. 

The actual analytical procedure is as follows: 

Pipette 50 cc. of liquid sample into a 250 ml. Er­

lenmeyer flask. Add approximately one gram of UniVer. pow­

der and titrate with Standard Versenate Solution until the 

color changes from red to blue. Shake while titrating. 

The total hardness expressed as ppm CaC03 is calcu­

lated by multiplying the ml. of the Versenate solution re­

quired in the titration by twenty. Within experimental 

limits, the sample size may be altered provided the corre­

sponding cal~ulation factors are also changed. 

Resin Sample Analysis 

The calcium content of the resin was measured 
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indi rectly. The resin samples w'ere dried and weighed accu-

rately and then placed into Erlenmeyer flasks containing 

100 ml. (accurately measured) ot saturated sodium chloride 

solution. The samples were then placed upon a shaker, tor 

twenty-tour hours or more, until the resin and liquid had 

reached equilibrium. Under these conditions the resin was 

almost entirely converted into the sodium tor.m and all of 

the calcium ions were transferred to the liquid. Thus, 

with a liquid sample analysis and the resin sample weight, 

it was possible to calculate the calcium content ot the 

resin in ter.ms ot meq CaC03 per gram dry resin. 
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CHAPTER V 

PmESENTATION OF DATA AND RESULTS 

Data 

The data obtained from the operation of the experimen­

tal ion exchange column were fundamentally those required for 

establishing material balances around the stripping and load­

ing sectionso Complete sets of liquid samples and flow rate 

data were taken at regular time intervals (30 minutes to one 

hour) from the time of start-up to the end of each experi­

mental test rune Complete tabulations of data as steady 

state was approached and other pertinent experimental re­

sults are recorded in notebooks entitled uOriginal :Record 

of Research" on file in the Chemical Engineering Department 

at The University of Tennessee. These records are on pages 

650 to 660, 10001 to loo50~ 15551 to l5600~ and 21101 to 

21128, inclusive 0 

~e .concentrations of the product from the loading 

section' and the waste from the stripping section are plotted 

as a function of operation time for four experimental runs 

in Figure 8 as steady state conditions were approached. The 

average values of the various concentrations and flow rates 

were estimated for approximate steady state conditions and 

are tabulated in Table I for seven test runs o The concen-
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TABLE I 

SUMMA11Y OF PERFO:RMANCE DATA 

C'ii* Content of Resin Be sin 
Ca* Na+ Feed Avg .. Cone. at .,' at. Steady State" Rate---
Feed$ Hardness Steady State, meg, cacofgmo Dry Resin gm-.·-Dry 

meg, NaCl - -, C c- --' ,,- -Besiri ppm ppm EEm a03 r:J;1oi;LQ~ ,_i,d .. --of ~Qto~of 
Run C{~)3 C{~)3 mI. Prod. Waste Column Column Column per 'min .. 
TIT (4) {51 {6} (7) (8) (9) (10) 

A 2800 200 225 2580 2097 3016 2.94 6107 
B 5800 170 .. 2090 3850 84.2 
C 6300 135 0 .. 1850 490 4500 3 .. 07 4.50 2.90 15.4 
D 6680 145 0 .. 1820 860 5400 3 .. 17 4.29 3.2t 1908 
E 8155 215 0.1885 2510 6680 3.92' 4.28 3.2 1601 
F 8850 205 0 .. 1900 4980 6600 4.16 4.42 3.17 20 .. 1 
G 15050 ,175 0.1926 9500 4038 4 .. 44 3 .. 43 20.1 

Avg .. Liq. Flow 
Bates, ' 

Avg. ctl sOone .. Iii LiquId streams, 

, mI. Eer min. 
Ca¥ Na+ Wash 

Bun ,Feed Feed Feed 
m nn Trn 1I3T 

- -
A 325 285 39.5 
B 325 285 39 .. 5 
c 325 285 39.5 
~ 325 285 39.5 
E 385 235 39.5 
f 385 235 39.5 
G 350 28539.5' 

Waste­
Take~off 
. ',Rate-, ' 
mlo/min .. 

(14) , 
. 
363 
252 
355 
278 
272 
252 
301 

c8.* Feed 
LoadiIlg, 
Section 

(15) , 

0.1409 
0.1660 
0.1806 

meq Cl-, per mI. 
Prod. from Nif-FeedWaste from 
Loading.. ~pping Stripping 
Section Section Section 
, (16) ~ (171 _, (18) 

-
001465 
001665 
0.1806 

-0 0 1818 
001885 
0.1907 
0.1936 

... 
001813 
001885 
0.1912 
002128 

VJ 
(» 



tration data consist of the hardness (in terms of equiva­

lent CaC03 hardness) of (a) the calcium feed~ (b) the 

sodium feed, (c) the product from the loading section, 

and (d) the waste from the stripping section, plus" the 

calcium content of the resin at three points withi~ the 

column 0 The liquid samples were also analyzed for the ir 

chloride concentrations as a chBck on the cross-flow of 

liquids in the isolation zoneo 
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The rate data include measurements of the resin rate, 

in terms of grams dry resin per minute, and all liquid rates 

with the exception of the product from the loading section, 

in terms of rolo per minuteo These data were obtained from 

calibrated rotameter readingso 

The liquid pressures within the column were studied 

as a function of height and column design under various 

operating conditions. A typical pressure profile of the 

column as a function of height with the col~ design as 

it existed for most of the data reported 1s shown in Fig­

ure 9. Data for this profile are tabulated in Table II. 

Results 

The results of this investigation may be divided into 

the sections that follow. 
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TABLE II 

TYPICAL fEE~SURE PROFILE DATA 

Height of P, CM. of Noo 3 
Column, Red Oil above 
inches Reference 

0 000 

10 - 001 

20 - 009 

30 ... 1.9 

40 - 300 

58 - 504-

68 -·5.4 

78 - 504 

88 -7.4 

98 -10.9, 

140 5000 
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The Ion Exchange Column Design 

The deSign and construction of the ion exchange 

column for laboratory experimentation were significant parts 

of this investigation. Figures 3 and 4 show the experimen­

tal equipment as it appeared at the end of this phase of the 

investigation. The experimental equipment developed ful­

fills the following desirable basic design requirements of 

continuous ion exchange operation. 

(1) The system is completely 010se4 with respect to 

resin, i.e., there are no additions of resin after the 

initial charge. 

(2) The resin is regenerated (or stripped) in one 

section of the column simultaneously as it.is being con­

taminated (or loaded) in another section. 

(3) The resin inventory reqUirements are small. 

(4) The stripping and loading sections are isolated 

from each other. 

(5) The exchange resin and liquid feed streams flow 

countercurrently to obtain effective use of the concentra­

tion gradients as driving forces for the ion exchange re­

action. 

Advantageous aspects of the continuous countercurrent 

ion exchange column studied and developed throughout this 

investigation were: (a) the adoption of an automatic pres­

sure control system to the column design to maintain two 
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hydra~lically balanced isolation zones, (b) the total ab­

sence of any mechanical device which could be a .serious 

source of resin attrition, and (c) the partial application 

of the. "hydraulic ram" principle ~ through which momentum is 

transferred from a liquid stream to the resin by frictional 

drag. 

Experimental Ion Exchange 

A summary of the data required for computing theo­

retical bed heights is presented in Table III. Most of the 

data in Table III were calculated directly from Table I, 

the original perfor.mance data. The items obtained elsewhere 

were the resin density, «(s) (2), and the resin void frac­

tion, (<<) (19). The ion exchange ,capacity of the Dowex-50W 

resin, (a), and the equilibrium constant~ (K), for the 

chemical system used in this investigation (calcium,sodium, 

and Dowex~50W resin) were calculated from expe'rimental work 

carried out by Young {21}. The data and calculations re­

quired to evaluate these values (a and K) are tabulated in 

Table IV and the extrapolated curve is shown in Fig~re 10. 

The ,,equilibrium constant evaluated for these data is 

K = 10336 gram of dry resin per gram of 

solution 

and the total ion exchange capacity of the resin is 
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TABLE III 

SUMMARY OF DATA NECESSARY FOR CALCULATION OF THEORETICAL BED HEIGHTS 

!.iiii 

Item 

H, gm. dry re s in 
min. 

L mI. feed solu. 
, min. 

a meq 
, gIn. dry resin 

Strip. 
Sec. 
(1) 

15.4 

324.5 

4.818 

C 
... I5 

Load. St'ri:p •.. Load., Strip. 
Sec. Sec. Sec~ Sec. 
(2) O} (4) (5) 

.. 
- -

15.4 19.8 19.8 16.1 

325 324.5 325 274.5 

4.818 4.818 4.~18 4.818 

E iii (J 
Load. Strip.; _ Load. Strip. 
Sec o Sec. Sec. Sec. 
(6) (7) {8} -m 
16.1 20.1 20.1 20.1 

385 274.5 385 285 

4.818 4.818 4.818 4.818 

Co, 1 ~eqd .1 0.1813 0.1260 0.1783 .0.1336 0.1885 0.1631 0.1878 0.1770 0.1926 
m.. ee so u. 
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EVALUATION OF THE EQUILIBRIUM CONSTANT AND 'THE 
TOTAL ION . EXC HANGE CAPACITY OF THE, RESIN _ 
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a = 4.818 meq CGa""" + Na+) per gram of 

dry resin 
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The experimental equilibrium constant (K) and the 

total ion exchange capacity (a) were used to compute the 

data necessary for the establishment of a general correla­

tion of the equilibrium liquid and resin concentrations as 

a function of the total ionic concentration of the liquid. 

Data for this general correlation are tabulated in the 

Appendix. The equilibrium curves obtained by interpolation 

of these data and experimental data for the stripping sec­

tion, from Table III, were plotted on Figure 11 ror the 

graphical determination of the number of theoretical equi­

librium stages required for the separation. The number of 

theoretical equilibrium stages is tabulated in Table V. 

Results of the numerical integration of the rate equation, 

using data from Table III, are also tabulated in Table V. 

These theoretical and experimental data were used to com­

pare the column performance in terms of theoretical versus 

actual HETS (height equivalent to a theoretical stage). 

Exchange Section Isolation 

The typical pressure profile data presented in Table 

II and Figure 9 were the result of one of the isolation 

zone studies. These data were taken in an attempt to prove 

that the isolation zones did not allow a liquid stream to 
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flow between the~wo exchange sections. Similarly" the 

liquid test samples were analyzed for their chloride con­

centration in an effort to show that ther~ was a chloride 

balance around the individual exchange sections. These 

data are tabulated in Table I. A third method used in 

studying the isolation zone involved the study of liquid 

flow patterns wi th colored feed solutions. Observations 

made during these tests indicated that zones of zero pres­

sure gradient did serve to isolate the exchange sectionso 

Resin Attrition 

Two types of resin rate control systems were used 

and their effect upon resin attrition rates was compared. 

The particle size distributions are shown in- Figure 12 and 

Table VI for (a) the original resin supply" (b) the resin 

after 1000 hours of operation with the adjustable control 

valve, and (c) the resin after 100 hours of operation using 

the mechanical controller. 
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TABLE VI 

RESIN ATTRITION TEST DATA 

.. 
Resin after Resin after 

Supply 1000 hrs. Use' 100 hr~. Use 
"Resin, wi th Adj. wi th Mech. 

Screen % Resin Controller, Controller, 
Size" o,n % Resin on % Resin on 

microns' Sc:reen Screen Screen 
~ 

1000 64.7 54.8 5.7 

840 30.3 38.1 63.8 

710 2.8 4.9 7.0 

590 1.5 1'.7 17.7 

500 0.3 2.4 

350 0.4 0.5 3.4 



CHAPTER VI 

DISCUSSION OF RESULTS 

The Ion Exchange Column Design 

The original design of a continuous countercurrent 

ion exchange for this, investigation centered around two 

basic design features. These features were (a) hydrauli­

cally balanced isolation zones to separate the exchange 

sections and (b) a hydraulic ram to transfer momentum from 

the liquid to the resin by frictional drag. The experimen­

tal equipment embodying these design features essentially 

verified the soundness of the design insofar as ,the inves­

tigation Was extended. Until December 1956 the experimen­

tal investigation had been centered about the hydraulic 

balance system with little extensive investigation having 

been made of the "hydraulic ram" feature. To a limited ex­

tent,.. however, the "hydraulic ram" feature was utilized in 

all of the runs, since the' jet stream was pumped directly 

to the top of the column as either resin lift liquid or for 

pressure balance liquid. However, it was not possible to 

increase the liquid upflow in the column significantly above 

100 gallons per hour per square foot even with a pressure 

drop of 50 psi across the cocurrent flow "hydraulic ram" 

section. 
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Several miscellaneous equipment tests were carried 

out in attempts to improve the column operability and the 

system control. The results of most of these tests proved 

informative in the negative sense only, ioeo, they led to 

direct conclusions as to what was not applicable to the ex­

perimental systeme Two examples were: 

(1) The experiment with a mechanical resin rate- con­

troller showed that such devices greatly increase the resin 

attri tion rate 0 

J 2) The attempt to alter the take-off section design 

showed that the liquid flow area could not be reduced much 

without greatly increasing the pressure within the column. 

The major development in the experimental deSign was 

the installation of' two pneumatic control valves to control 

the isolation zones,o Extensive test runs and static tests 

of the control instruments indicated that good control, 

within + 0.2 inch of water, could be expected from the con­

trol instruments. This variation was small relativ~ to 

many of the fluctuations caused by upsets in liqUid feed 

rates, resin flow rates, concentration changes, etc. 

Experimental Ion Exchange 

No attempt was made to ~na1yze the experimental data 

for the loading section of the column because (a) the 
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resin sample was taken from the top of the resin bed and 

not at the top of the loading section and (b) the product 

sample from the loading zone included the recycle liquid. 

It was interesting to note in Table I that the resin picked 

up calcium from the time it left the bottom of th~ stripping 

section and the time it arrived at the top of the ion ex­

change bed for each run (item (7) and Item (9), Table I). 

The sharp disagreement between theoretically calcu­

lated ion exchange bed heights and the actual experimental 

bed heights in Table V cast some doubt upon the theoretical 

calculation upon initial examinationo However, Herrmann (4) 

suggested, for fixed ion exchange beds, that only a fraction 

of the total bed height is actually used for a particular 

ion exchange. It is his hypothesis that the actual ion ex­

change bed height may be quite small if the ion eXChange is 

considered to occur in the following fashion: (a) there is 

a "dead" or completely loaded section of the resin bed in 

which no ions can be further exchanged, (b) there is an 

"active U section of the resin bed in which all of the ion 

exchange occurs, and (c) there is an "active" section of 

the resin bed which does not contact an "active U liquid (ioeo, 

all the exchange ions have been removed). Application of 

this concept to continuous ion exchange indicates that the 

actual exchange bed height reqUirements may be of the order 

of magnitude of the theoretically calculated heights. 
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Consequently it is concluded that the experimental bed 

height requirements are high because of other factors, pos­

sibly channeling and nonuniform flow conditions within the 

exchange section. 

The calculated stage heights, based upon the graph­

ical theoretical stage concept, ranged from 003 to loa foot 

for the actual experimental conditions o These stage heights 

were considerably lower than the 207 feet per stage reported 

for the stripping section in the literature (3). This dis­

crepancy was difficult to explain since the other investi­

gators used a different chemical system in addition to a 

differently designed continuous ion exchanger. 

The values of the equilibrium constant and the total 

exchange capacity of the resin are both higher than recently 

reported values (2). Comparison of experimental resin ca­

pacities obtained in this investigation with the total resin 

exchange capacity obtained by Anderson (2) and from Young's 

(21) data indicated that (a) Anderson's value was low and 

(b) the value obtained from Young's data was probably 

slightly high. At the present it appears that the value 

from Young's data is the best available. 

Exchange Section Isolation 

The constant dynamic pressure throughout the isolation 
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zones (See Figure 9 and Table II) indicated that the re was 

no hydraulic driving force present for causing the flow of 

liquid in these zones. The visual evidence afforded by 

colored solutions fed into the column during operation 

verified the pressure profile data. A chloride analysis 

was made on each of the liquid stre ams moving thrQugh the 

column to verify~ by mass balance considerations~ the iso­

la tion of the two exchange sections. The chloride analysis 

data (see Table I) indicated that little~ if any, of the 

feed streams actually crossed through the isolation zone. 

This isolation feature is necessary for the satisfactory 

performance of the continuous ion exchange column. 

Resin Attrition 

On the basis of a visual inspection after only 100 
'"" 

hours of operation the attrition caused by the mechanically 

driven resin rate controller appeared to be large enough to 

warrant the determination of the resin particle size distri­

bution and hence show the extent of re sin attri tiono For 

control purposes similar particle size distributiona were , 

detennined for the supply resin and the resin after 1000 

hours operation with the adjustable control valve • The 

screening tests verified the visual observation. After ap-

proximately 1000 hours of operation with the adjustable 
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control valve the percentage fines, i.e., particles of 

diameter less than 840 microns, had increased from 5.0 per 

cent to 7.1 per cent, approximately 0.02 per cent increase 

per pass through the column. After only 100 hours of opera­

tion with the mechanical controller there had been an in­

crease in the percentage fines from 5.0 per cent to 30.5 

percent, approximately 2 per cent per pass. The. rate of 

attrition with the mechanical controller is excessive for 

commercial applications. However, the rate of attrition 

with the adjustable control valve is comparable to that 

reported for DorrIs Hydro-Softener, a commercial continuous 

water softening unit. 



CHAPTER V:II 

CONCLUSIONS AND .BECOMMENDATIONS 

The conclusions made from this study on the performance 

of a continuous countercurrent ion exchanger are: 

(1) The numerical integration of Anderson's (2) rate 

equation gives a good first estimate of the bed height re-

qUirements for a given exchange. 

(2) The experimental stage heights evaluated for the 

stripping section in this investigation ranged from 0.3 to 

1.0 foot. These values are significantly smaller than values 

reported by other investigators. 

(3) The pneumatically controlled isolation zones are 

effective in separating the exchange sections. 

(4) From four to five resin cycles are required to 

approach steady state operating condi tions be.cause of the 

time required for the resin to reach equilibrium with the 

various liquid streams. 

(5) The hydraulic ram concept has not been effectively 

utilized in this investigationo 
\ 
'-

(6) The elimination of all contact between the resin 

and moving valves within the column is necessary to minimize 

the rate of resin attrition. 

Recommendations for further study are: 

(1) Develop experimental methods of resolving the 
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observed discrepancy between actual and calculated ion ex­

change bed heights into terms experimentally evaluated. 

(2) For the further determinations of performance 

characteristics modify the present equipment to use: (a) 

constant (known) composi tion resin feed, {b} constant,' 

(known) composition liquid feed, and (c) distilled water 

jet and balance system. This would enable the investigatQr 

to reach steady state in much less time than closed-system 

operation allows. 

(3) Consider the possiblity of cocurrently regener­

ating the resin in a jet lift stream since experimental 

data indicated that significant ion exchange can be carried 

out in this manner. 

(4) Obtain basic information on the frictional 

characteristics of the ion exchange resins in order to 

apply the "hydraulic ram" prinCiple for overcoming the 

fluidization velocity limit on the countercurrent opera­

tion. 

~ ;. 
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SAMPLE CALCULATIONS (A) 

For most of the investigation a wash stream was used 

in conjunction with the regeneration stream. This re'quired 

that (a) an average ionic concentration, (b) an average 

calciUm hardness, and (c) a totalll'quid feed rate to the 

stripping section be' calculated. The following is a sample 

calculation for Run E of the original data in Table I and 

Table III., 

Assume: 

The tot~l ionic concentrations in the sodium feed 

solution equal to the sum of the calcium and s,odium ion 

concentrations of the stream. 

(Co ) Brine = (Co) Na + (Co) (Ja 

(CO)Na 

{Co)Ca 

= the sodium ioniC concentration in 

the sodium feed solution 

= the calcium ionic ,concentration in 

the sodium feed solution 

(Co)Brine = IJtem (4),Tab~e :9+@tem (3),Tab1e ~ tonversion 

, factor] 

iii 0.1885 + (2l5){2 x 10-5 ) = 0.1928 meq.(C~+ Na+) 
m1. solution 



The teed rates are obtained trom Item (12) and 

Item (13), Table I. 

LBrine III 235 rolo/min. III sodium teed rate 

LWash III 39.5 ml./min. = wash feed rate 

LTotal = LBrine + !.wash 

III 235+ 39.5 = 274.5 ml./min., which is 

listed as L under Item 5, 

'Table III 

(CO)Wash = (Co) product = (Co)Ca~ feed = Item (2},Table I 
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• (conversion fact~r) 

= the total ionic concentration of the wash stream 

= (8155)(2 x 10-5) = 0.1631 meq/ml. 

(Co)Avg • the average value of the total ionic concentra-

tion in the feed to the s tripping sec tion '. 

_ (Co)Brineo(LBrine) + (Co}Wash·(LWash) 
- LTotal 

_ (0.1928)· (235) + ~001631). (39.5) 
- 274. 

, :if- :+ = 001885 meg(Ca +Na) which is listed as C under 
ml. feed ' 0 

Item (5), Table III 

hf = average hardness of feed stream 

(hardness of sodium feed)o(LBrine)+(hardness of product)o(LWash) 
III 
. LTotal 



Xo --

• (0.0043)·(235) + ~0.0502)·{39.5) 
274 • 

• 0.0112 meg Ca..... ,s 
mI. solution ~~ 
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hi' --
(Co)Avg 

0.0112 
0.1885 -- 000594, which is listed as Xo 

under Item (5), Table III 

The remaining items listed in Table III are obtained 

as follows for Column (5): 

lli!!! 
R = 16.1 sm. dry rasin, Item (10, Table I 

min. 

a = 4.818 meg, (Ca* + Na+ } , from Table IV and' Figure 10 
gm. dry resin 

fs - 1.3177 sm. resin, data by Anderson (2) - mI. resin 

.fL - 1.000 gm. liquid, density assumed to be approxi-- mI. liquid 
mately that of water 

eX. = 0.500, data by Straker (21) 

y(o) - 0.677, Item (9), Table I - a 

y (Z) - 0.888, Item (8), Table I - a 

X(Z), expo :: 00721, Item (6)i Table I 
( Co Avg 

X(Z), calc. = 0.390, calculated by equation (5) and the 

preceding data 
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The items listed in Table III for the loading zones 

are obtained similarly, except that the corrections for 

the wash section are not required. 

For example, for Column (6), Table III: 

Item -
R, a, fs, JL, and ~ are the same as in Column (5), Table III 

L • 385 ml. , Item 11, Table I 
min. 

Co • 0.1631 meq Ca"it + Na+ , Item (2) ,Table I • (conversion factor) 
ml. 

= (8l55)o(2 x 10-5) 
Yo • 0.888", Item 8, Table I 

a 

Xo = 1 , Item f2~, Table I , since calcium ions alone are 
Item 2 , Table I 

present 

Y(z) = O.8~, Item (7), Table I 
a 

X(z)exp! = 0.319, Item. Table I 
Item , Table I 

X(Z)calc. II 0.906, calculated by equation (5) and the 

preoeding data 
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SAMPLE CALCULATIONS (B) 

The ,equilibrium constant in equation (2) must be 

evaluated from experimental data. The following outline 

is a proposed method of making this evaluation • 

Let: P = meq Ca* per gram dry resin 

Thus: E;a*] = Co X 

[Na. (Resin] = a(l-Y) 

[Na~ = Co(l-Y) 

LCao(Resin}~ • ay = P 

and equation (2) becomes 
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K = ~~ {1_X)2 . ! 
a (1_y)2 X (2a) 

Ka(1-P/a)2 

da(l-P/a) 

= CoP (1-X)2 
-a" X 

= rCoP(1-X}2]i = Kia - KiP 
L X· 

of ~oPi:l-Xl~ versus P should be linear Therefore, a plot 

1 1 
with a slope of (-K2) and an intercept at P = 0 of (aK~). 

In evaluating (K) and (a) for the expe rimental system 

the preceding method was used. The experimental data and 

calculations are tabulated in Table IV. ConSidering the 

calculations for point (1), the items are: 



Item 

(l) = point number 

(2) = 4.137 meg Ca* = P, experimental data 
gm. re sin 

(3) 11 003249 meg Ca* = Co' experimental data 
rol. solu. 

(4) = 0.16500 meg Ca* p final = experimental data 
mI. solu. 

(5) = 0.5078 = X = (4) divided by (3) 

(6) = 0.4922 - l-X = 1 (5) -
(7) = 0.2423 - (1-X)2 - (6}2 - -
(8) 11 1.3441 = CoP - (2)·(3) -
(9) = 0.6413 = CoP(1-X)2 = ~8) 

X 

(10) • 0.801 [Cop (~-X) 2]i 
1. - - (9)'2 - -

70 

Item (10) for point 10 is extrapolated graphically as shown 

on Figure 10 to obtain (a). 

Therefore: 

K = E slope]2 

and 

a 

= r 6:a!ii~J • [-1 o 156J 2 = 1.336 

intercept 
d = 1:1~6 11 40818 

meg (Ca*+ Na+ ) 
gm. resin 
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SAMPLE CALCULATIONS (C) 

Sample calculations for Run D, stripping, Table V 

follow. 

~ 

(1) = D, stripping, experiment identification 

(2) = 7.1 theoretical stages, obtained graphically from 

Figure 11 

(3) = 74.930 cm., measured value 

(4) = 7.125 cm., obtained by numerical integration of 

rate equation - See Table IX, Appendix D, page 76 

(5) = 10.564 = (3) divided by (2) 

(6) = 1.004 = (4) divided by (2) 

(7) -- 9.51% = ~ x 100 



.. 
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SAMPLE GALCULATIONS (D) 

The equation (2a) must be ~valuated for various 

values of Go in order to establish an equilibrium relation­

ship graphically. 

Go 
K = -# a 

(l-X)2y 
(1-y)2X 

Defini tion 6f p ,;g ,r according to: 

(1_X)2 :: jIJ 

X ::, e 
a K - 11 C - 0 

o 

and solution for Y gives 

Y II 
2 '(/?; +;6 

23'8 ! [(2r/~"8eft _ ~?t 
For this case, the only root of use is 

Y II 2~~+~ 
21Y.r [t~~~r -lr 

(2a) 

(6) 

{7} 

(8) 

An equilibrium relationship can be easily established 

for any Go using this relationship. Table VII shows the cal­

culation for this relationship. In explanation of this table, 

the items for the value of X = 0.05 are as follows: 



• 1 
i 
i 

I 
" !l l 

'1 
i 

'j 
J TABLE VII 

-1 
'I 

'1 
,~ CALCULATION OF THE EQ,UILl B:RIUM CURVE, Co = 0.190 meq/gm. 
it 
J "',., ' , , , 

j (1-X)2, 2"t~ 21'f:>+;z5 2~At~' (2J.13-t?!}2 ~2~~ttJ-~ [~~s+~f-1 1. y 

j 
i i 

I X, ¢, ", ' 2 d'" ' 2d'ts , - 2d'1e>" 
i .JL. 1-(1}2 6 7 .. 76 5 ( 1 ) 0) ( 2 ) (4)! ( 3)' (512 (6}-1 '(7l l (5)-(8) 

1 (1) (2) (3) , (4) , (51 ,(6} -(7) (8) - (9) 

'J 0.05 0 0 9025 3.3878 4.2903 1.266397 - I 
1.60376 0.60378 0.7769 0.4895 1 

f I 

1 
0.10 0.8100 607756 7.5856 1.119547 1.25339 0.25339 0.5034 0.6162 

0.20 0 .. 6400 13 .. 5512 14.1912 1 .. 047228 1.09669 -0,.09669 0.3109 0.7363 j 

) 0 .. 30 0 .. 4900 20.3268 20.8168 1.024106 1.0481-9 0.04879 0.2208 0.-8033 
'j 7 

0.40 0.,3600 2701024 27.4624 1.'01:3283 1.02674 0.02674 001637 0.8495 J 

1 0050 0.2500 33.8780 34.1280 1.007380 1.01481 0.{)1481 0.1217 0.8856 t 
I 

0.60 0.1600 40.6536 40.8136 10003936 1.00789 0.00789' 0.0888 0.9151 1 

L t, 0.70 0.0900 4704292 47.5192 1.001898 1.00380 0.00380 0.0616 0 .. 9303 i ~ 

~ : f 

f ' 0.,80 0.0400 54.2048 54.2448 1.000738 1.00148 0.00148 0.0384 0.9623 i 

f I 

J 0.90 0.0100 60.9804 60..9904-1.000164 1.00033 0.00033 0.0181 0.9821 ' ,t 
" ,t ~ II 

Ji 0095 0.0025 64.3684 64.37071.0000391.00008 '0.00008 ' 0.0088 
i , 0.9912 

Ii 

f -.J 
I \A 
\ ri 

L I 
1 
I 
I I' 

I ! 



• 

74 

Item 

(1) - 0.05 - x or ~ - -
(2) - 009025 = (1.-X)2 or p -
(3 ) - 3.3878 = 2 t(3 - (constant) • (1) - -
(4) - 4.2903 - 2 tr; + /J - (3)+ (2) - - -
(5) - 10'266397 = (2 ~§~i¢i :: (4) divided by (3) -
(6) - 1.60376 . = {-2tS+12 (5)2 - = . 2 8'8 . 

(7) = 0.60376 = (2r8f!~) 2 _ 1 = (6) - 1 
2 8' . 

(8) = 0.7769 = R2re;1 r -~! = (7)i' 

(9) - 0.4895 co y - (5) - (8) - - -
A summary of five such tabulations is given in Table VIII. 

The numerical integration involved in estimating the 

exchange bed height is carried out in Table IX for Run D. 

The increments of Y were made equal and even in number so 

that Simpson's rule for approximating plane area could be 

used. Substitution of the numerical values from Table III 

into equation (4) gives the following. 

z -- , - ... , -- ...... - , -- , , -- ... - =«< -« ,- --, rl (dY (9) 
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TABLE VIII 

TABULATIONS OF X VERSUS Y AS A FUNCTION OF Co 

• 

Y 
Co =0.1260 Co=0.1385 co =0.1631 Co =0.1770 co ·0.14o 

X meqjml. o meqjml.. . ~eqjmJ.. meqjm10 meq/m1. -
0.05 0.5566 0.5367 0.5148 005013 0.4895 

0.10 0.6733 0.6606 0.6281 0.6265 0.6162 

0.20 0.7791 0.7698 007529 007432 0.7363 

0.30 0.8355 0.8293 0.8162 0.8094 0.8033 

0.40 0.8759 0.8702 0.8599 0.8546 0.8495 

0.50 0.9058 0.9016 0.8936 0.8895 009956 

0.60 0.9303 0.9271 0.9211 0.9180 0.9151 

0.70 . 0.9511 0.9488 0.9445 0.9425 0.9303 

0.80 0.9692 0.9677 0.9650 0.9636 0.9623 

0.90 0.9852 0.9846 0.9833 009827 0.9821 

0.95 0.9928 0.9924 0.9918 0.9915 0.9912 

-
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TABLE IX 

NUMERICAL INTEG'BATION OF 'RATE EQ.UA1fION FOR DETERMINING 
THEORETICAL B~ HEIGHT - RUN D, ,STRIPPING SECTION 

(I-X) (1_X)2 (l ... Y)X (1-y)2X (1 ... X)Y(l""Xjt¥ -f'(Yi) 
X ~ ~ (2t (4) . (3l. (4) lillillJJ1hl . ' 

(fil) ~ ~ .7), ,8). ~ ~ (II) 

(l-Y) (1""Y1 2 

Y ~~ 
(1) --m- -rn, 

,> • ~ • 

0.6720 003280 0010758 0.0247 009753 009512 0~'o0810 00002657 0.6554 0.6392 4008815 

0.7156 002844 0008088 001000 0.9000 008100 0.02844 00008088 0.6440 006796 9041971 

007592 0 02408 0.05798 0.1752 008248 0.6803 0.042i9 0.010158 0.6262 0.5165 19.82955 

0.8028 0.1972- 0.03889 0.25050.74950.-5918 0.04940 0.009742 0.6017 0.4510 30.22183 

008464 0.1536 0.02359 0.3357-00·6643 0 033130.0515600007919 0.5623 003735 32.61666 

0.8900 0.1100 0.01210 0.4-0:10 0.5990 0.3·5813 .0.04411--0.0048520'053310.3193 16 054641 

-..J 

'" 
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.. 

= -1.7869 

0.8900 

f(Y)dY 

Since He = 0.47036 and kR = 0.3552 

kL = 19.2104 

77 

Equation (5) reduces to (10) upon substituting numerical 

values. 

x = 1.7258 Y - 1.1350 

These two equations, (9) and (10), give the numerical 

values of 

(~i)Y.Yi c ~i) 

Therefore, the tabulation in Table IX gives a numerical 

value of Z when Simpson's Rule is applied. 

For Y = 0.6720, the items in Table IX "are as follows. 

~ 

(1) - 0.6720 = Y -
(2) = 0.3280 • 1 - (l) - (l-Y) -
(3) = 0.10758 • "(2)2 III (1_y)2 

(4) • 0.0247 = (constant).(l) - (constant) = X 

(10) 
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Item -
(5) = 0.9753 = 1 - (4) - (I-X) -
(6) • 0.95121 - (5)2 - (1_X)2 - -
(7) • 0.00810 - (2)· (4) - (l-Y}X - -

.,. (8) = 0.002657 = . (3). (4) - (1_y)2X -
(9) = 0.65540 • (1)·(5) = (l-X)Y 

(10) • 0.63921 - (1}·(6) = (I-X) 2y -
(11) - 4.08815 - -f(Y), obtained by substituting - -

Items (1) through (10) into 

. equation (9) 

{~.8900 z - -1.7869 f(Yi) dY -
0.6920 

= -1.7869 ~ .~4..36ft..08815 + 16.54641+ 4(39.64154) 

. .,. 2(52.44621~J 
= 7.125 em. 
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NOMENCLATURE 

a : total ion capacity of resin 

~ = void fraction of resin 

~ = symbol for simplification = X 

Ca = calcium ion concentration in liquid 

Cao(Resin)2 -- calcium form of resin 

Co = total ionic concentration of liquid 

D • diameter of column 

.f(Y) • a function of Y simplification symbol 

~ - symbol for simplification - a K - - ~o 
hf = calcium hardness or ionic concentration 

K - equilibrium constant -
kL • liquid film diffusion constant 

kR - solid phase diffusion constant -
L • liquid flow rate 

Na III sodium ion concentration in liquid 

Nao(Resin) -- sodium form of resin 

p - calcium content of resin -
¢ III symbol for simplification = (1-Xl 2 

R - resin flow rate -
Re = Reynolds number 

.fL - liquid density -
fs III resin density 

X - calcium ion concentration of liquid divided by Co -

, 
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