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ABSTRACT 

Asimple method/procedureto predictthe shape ofthe breakthrough curvefor multi-

componention exchange systems with favorable isotherms was developed. The 

procedure wasbased on an earlier procedure developed by Watson for binary ion 

exchange and adsorption processes. The procedure uses a calculational method to 

determinetheNTU(ratio ofthe change in concentration tothe driving force)from a plot 

ofthe equilibrium curve and operating line for afavorable isotherm The procedure is 

applicable only tofavorable isotherms because it only addresses constant pattern 

breakthrough fronts. Ifa constant pattern front does not exist,the calculations will not be 

valid The effective equilibrium curve was developed using binary equilibrium data, 

mass balance equationsforthe ionsin solution and the ionsonthe resin,and some 

simplifying assumptions applicable to constant patternfronts Developmentofthe 

equilibrium curvefor an n-componentsystem wasgeneralized and the methodology 

illustrated with3 and4componentsion exchange systems. The shape ofthe 

breakthrough curve was predicted for both binary and ternary ion exchange systemsand 

compared to experimental data. Systemsevaluated experimentally included 1)Na^-ET, 

2)Cu-^-Na^3)Cu^-Co^,4)Ca^-Co^,5)Ca'^-lT-Na"',6)Ca-^-Co^-Na^ and 7)Cu^-

if"in dilute chloride solutions using a strong cation ion exchange resin(DOWEX).The 

calculated breakthrough curves agreed favorably tothe experimental breakthrough curve 

Some deviation atthelow concentration range wasobserved and is probably dueto a 

"constant"pattern front not being developed A constant pattern front had probably not 
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developed dueto the shortlength ofthe column(15 4")orthe high flow rates(85 and 

165 ml/mm)employed with the systems evaluated Forthe ternary systems,the 

calculated NTUswere a little higher than the expenmentalNTUsatthe high 

concentration range due to the approximation employed-concentration ofthe least 

preferred ion(s)is equalto its feed concentration In real cases,the concentration ofthis 

lon(s)would be higher but approaching the feed concentration The HTUs,defined as 

Vs/kfa, were calculated from the experimental data The effects offlow rate and feed 

concentration on the NTUs,therefore the length ofthe front,were also evaluated The 

feed concentration had little affect on the NTUs TheHTUincreased with flow rate as 

expected for the Na-H system,however,no noticeable differences were seen in theHTU 

for the Cu-H-Na system whentheflow rate wasincreased Molar selectivity was also 

calculated for Cu-Na and Co-Cu systems and agreed somewhat with the literature values 

The resin capacity was determined experimentallyfrom the breakthrough curve 
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CHAPTER 1 

INTRODUCTION 

Ion exchange isa solid-liquid process in which a reversible exchange occurs between 

ionsin an insoluble solid resin and ionsin solution Theions in solution diffuse into the 

resin whilethe ions onthe resin diffuse into the solution as equilibrium is approached. 

Theions in the solution are removed bythe ion exchange materialthat releases an 

equivalentamountofions(tothe solution)in orderto maintain electroneutrality. A 

counter-ion is define asthe ion being exchanged with the ion exchange resin and theco-

ion isthe non-exchangingion and hasthe sameionic charge asthe resin fi'amework The 

co-ions are hindered fi'om entering the resin duringthe ion exchange process dueto 

Donnan exclusion,butthis doesnot hinderthe exchange ofthe counterions. In ion 

exchange operations afluid is passed through abed ofresin,which hasa limited capacity 

for exchange and eventuallythe resin is saturated The saturated ion exchange resinfan 

be regenerated by contacting it with aconcentrated solution ofthe original ion onthe 

resin Thisreversesthe processthus regenerating the resin 

The firstion exchange materials were naturally occurring poroussands called zeolites 

[1].Today,the mostcommonion exchange solids are typically sjmthetic resins of 

polymers contaimng active groupsthat can exchangeions betweenthe resin anH the 

solution. There are also somecommercial inorganic ion exchange materials[2,3] Ion 

exchange applications have included water softening,demineralization ofwater, 

purification ofchemicals,removaloftrace toxinsor products,recovery ofmetals like Cu 



from leached ores or wastes,separation ofions bychromatography,treatmentof 

radioactive wastes etc[1,4], 

The rate ofion exchange dependson; 

1) masstransfer ofions from the bulk ofthe liquid tothe external surface ofthe 

exchanger particle, 

2) diffusion ofthe ionsthrough the solid tothe exchange site or surface, 

3) exchange ofthe ions, 

4) outward diffusion ofthe released ionstothe surfece ofthe solid,and 

5) diffusion ofthe released ionsfrom the surface ofthe solid tothe bulk ofsolution. 

There is usually little resistance from exchange"reactions"; most resistance comesfrom 

the diffusion processes,thereforethe diffusion ofthe ionsratherthan the exchange ofthe 

ion isthe rate-determining step. Either particle diffusion or film diffiision can be rate 

controlling.However,in many instances,the masstransfer resistance inthe liquid film is 

the controlling step,especially when very dilute solutions are involved.Mostion 

exchange operationsinvolve dilute solutions Otherfrctorsthat affect the rate ofion 

exchange(diffusion mechanism)arethe amountofcross linkage inthe polymer,the 

particle size ofthe resin,the degree ofagitation,and the concentration ofthe ionic group. 

Film resistance control(over solid diffusion resistance)is mostlikely in systems with ion 

exchange resin ofhigh concentration offixed ionic group,low degree ofcrosslinking, 

and small particle size,with dilute solutions,and with inefficient agitation 



Operationsofmostion exchange processes are similar in many waysto adsorption 

operations. They are usually treated togetherintextbooksbecause the design methods 

used forion exchangeand adsorption are similar Most processesemploying ion 

exchange and adsorption haveafavorable isotherm In afavorable isotherm the 

equilibrium between the concentration ofthe solute in solution and the concentration of 

the soluteonthe adsorbent(resin)is concave downward asshown in Figure 1 1 Here, 

theion in thefeed is preferred overthe ion initially onthe resin. Ifafavorable isotherm 

does not exist,ion exchange is less likelyto be selected forthat particular separation 

O 

Figure 11 AFavorableIsotherm- Conceiitrationofthe 

solute ontheresm(Q)versus concentration ofthe solute 

insolution(C)isconcavedownward 



Systems with favorable isotherms develop a constant pattern front(the masstransferzone 

is constant as it travelsthroughthe column)whenlong bed lengths are used[5], This is 

dueto a balance betweenthe dispersion forcesthattend to spread thefront and the 

sharpening forces which tend to causethe frontto decrease in length or straighten with 

time The sharpening force results becausethe back ofthe masstransferzone(high 

concentration region)wantsto move fasterthan the leading or(forward)edge ofthezone 

(low concentration region). The balance between the dispersion and sharpening forces 

producesthe constant pattern front,"selfsharpening",in the column. The strongerthe 

preference forthe ion in solution,the soonerthe constant pattern is attained and the 

sharperthe boundary. With unfavorable equilibrium the boundary becomes more and 

more diffuse as it movesdown the column thus producing a"non-sharpening"boundary. 

Constant shape fronts are common in many industrialion exchange and adsorption 

operations. 

Watson[6,7]developed a procedureto predictthe shape ofconstant pattern adsorption 

and ion exchange processes in fixed bedsfor binary systems using ion exchange 

equilibria. The procedure wasbased on well-known graphic or numerical procedures 

used for analyzing countercurrent extraction and absorption operations. The main 

objective ofthis work isto extend Watson's procedureto multi-component ion exchange 

systems. For multi-component systems equilibrium curvesbased on binary exchanges 

and mass balances will be developed to use in Watson procedurefor calculating 

breakthrough. This work will allow oneto determine more easily the size ofthe ion 



exchange system thatis needed for a multi-component system withoutrequiring the use 

ofmore complex computer codes or experimental evaluation. A procedurefor multi-

componention exchange systemsisimportant because simpler methods are not available 

for multi-componention exchange systemsand manyofthe codes calculational schemes 

for binary and multi-component systems are complicated,difficultto use,or notreadily 

available to all users The results ofthis study will be useful to thoselooking to use or 

evaluate ion exchange,but are not sufficiently involved in ion exchangeto have accessto 

the more complex numerical codes 

In this work,a procedure wasdeveloped thatcan be used relatively easily to predict 

breakthrough in a multi-componention exchangesystem withoutthe use ofimusual or 

extensive computers or software codes. Breakthrough curvesfor both binary and ternary 

ion exchange systems were determined experimentally and compared tothe calculated 

data 

This thesis consists ofsix chapters and ten appendices Chapter2is a literature review 

which includesa discussion ofthe method developed by Watsonfor binary ion exchange 

and adsorption and other modelsand calculational codes used to predict breakthrough in 

binary and multi-componention exchange systems. The equations and assumptionsused 

to determine the equilibrium curve for a3componention exchange system are presented 

in Chapter3 Generalization for cases when morethan3components are involved in an 

ion exchange system are also included The setup ofthe experimental apparatus,the 



experimental procedure and the experimental breakthrough curvesfor Cu-Na,Cu-Co, 

Cu-H-Na,H-Naand Cu-Co-Na systems are presented in Chapter4 Chapter5 discusses 

the results ofthe calculations and its comparison tothe experimental data The 

conclusions ofthis study with recommendationsforfurther research are given in Chapter 

6 Analytical procedures and analyses,the computer programs used to calculatethe 

breakthrough curves,as wellasthe experimentaldata and various calculations and 

experiments are provided in the Appendices 



CHAPTER2 

LITERATUREREVIEW 

Numerous models have been developed to predictthe performance or breakthroughfor 

binary and multi-componention exchange systems. Someofthese models are rather 

complex and requirethe use ofspecial computer codesto simultaneously solve asystem 

ofnon-linear differential equations[8,9,10,11], Other simpler models are based on 

drastically simplifying assumptions(no masstransfer resistance,masstransfer resistance 

are not accounted for separately,etc.)that only give approximate results[3,12]. In 

general,the varioustheoriesto describe colunm performance are divided into 1) 

equilibrium theories and 2)rate theories. In the equilibrium theory model,it is assumed 

thatlocal equilibrium betweenthe liquid and the ion exchange material is attained and all 

masstransfer resistances are neglected. These assumption results in a vertical 

breakthrough curve(step function)for systems with favorable isotherms,aresult thatis 

unrealisticfor most practical single-frontion exchange processes. Although the 

breakthrough boundary becomes sharper asthe performance ofthe ion exchange resin for 

the counterion increases,thefrontis never completely vertical. These models,although 

simple to use,do not adequately prediction exchange systems with significant diffusion 

resistance. Nevertheless,these simple modelscan be helpfulin explaining the movement 

ofvarious fronts with very slowflow rates(frontal chromatography)where equilibrium 

conditions can be approached. Favorable isotherms are thefocusofthis work sothese 

models will not be addressed further 
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Inthe ratetheoiy models,local equilibrium is notassumed and masstransfer resistances 

aretaken into account The calculations withthe rate models are based on continuous 

flow throughthe column and finite ratesofion exchange These models entail complex 

mathematics;and simple solutionscan only be obtained with drastic simplification. The 

advantage isthatthey predict column performance firom fundamental parameters Many 

models have been developed based onthe ratetheory. In general,the models based on 

the ratetheories require simultaneous solution of1)the reaction rate equations,2)ion 

exchange equilibrium equations,3)material balances,and4)Nemst-Planck flux 

equationsfor all the ions in the multi-componention exchange processes. Initial and 

boundary conditions must also be applied to solve the set ofequations Assumptions are 

needed to obtain analytical solutions;however,solutions are generally obtained by 

numerical integration 

Computer simulation models are usefiil for studying and understanding complex colunm 

dynamicsin ion exchange processes. Onetypicalcomputer simulation modelthat can be 

used for multi-componention exchange is VERSE-LC,(VErsatile Reaction and 

Separation simulatorforLiquid Chromatography)[13]. VERSE-LC,adynamiccomputer 

simulation packagefor adsorption and liquid chromatography systems was developed at 

Purdue University VERSE-LCis a detailed rate modelthat wasoriginally developed to 

studythe complex dynamic behavior ofbiochemicals in chromatographic separations and 

to aid in the scale up issues in thosetypesofsystems Itis capable ofhandling multiple 

components,detailed masstransfer mechanisms,equilibrium and non- equilibrium 



adsorption etc. The major assumptionsrequired bythe model are: 1)the column is 

packed with homogenousspherical particles with uniform particle and pore size,2)the 

column has uniform packing and pore size,3)all processesin the column are isothermal, 

4)concentration gradientsin the radial direction ofthe column and concentration 

gradientsin the angular direction in the particle are negligible,and 5)mass-transfer 

coefficients are constant and independent ofother components. Implementation of 

various rate modelsin VERSE-LC has been made. One recent modelincorporated into 

VERSE-LC was developed byErnest[14]to predict colunm performance and behavior in 

multi-componention exchange. The modelis based on non-equilibrium massactionlaws 

and accoimtsfor surface and pore difiusion. Thegeneral rate equations developed by 

Ernestfor surface diffusion for multi-component processesfor non-equilibrium systems 

are illustrated below to showthe complexity ofageneral rate model. 

e2 ̂ ^P,' 
2.180 1.' p ^2 8^ 

dcpji
4=0, =0 22 

dcp,, ̂  2D^,L dcp,, 
234=U 

d4 R\ 

e=o. Cp,t —Cp;t(0) 24 

The adsorption isotherm is given by: 

dCp,i
Y =- 25 

Cr. dt 

Therefore,for components2through Nc 
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2.6 
Ct 

and for component 1; 

T dC
rn=-^T— 2.7 
• Cr « 

These equations were madedimensionless with characteristic values; 

x=-, 4=— e=-, r=— 28 
L R T Uq 

The solid phase concentration is made dimensionless using 

Cp.,=£^ 29 
Ct, 

This setofnonlinear equations(2.1 -2.9)has been added tothe VERSE-LC code where 

they are solved simultaneously. Other ratetheory models have been developed to 

simulatethe column behavior ofmulti-componention exchange systems. These models 

are complex and require sophisticated computer codesornumerical calculations such as 

the orthogonal collocation finite element method.[15] DASSL,ADifferential/Algebraic 

System Solver developed byLawrenceLivermore National Laboratory,Livermore,CA 

[16]is another software package used to solve a system ofequations derived fî om the 

various rate modeltheoryfor multi-componention exchange and adsorption systems. 

A simple procedure whereasone could predictthe shape ofthe breakthrough curvefor 

binary absorption and ion exchange systemsfor constant pattern fi-onts was developed by 

Watson[5,6,7] The procedure is based onthe rate theory and uses graphical and 
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numerical procedures developed for designing countercurrent extraction and absorption 

processes However,no complex computer codesare required and only minimal 

calculations are needed The methodologyemployed by Watson uses essentially the 

same design equationsthat are used in the VERSEcode butlimited the analysesto single 

front,constant patternsin infinite columns,and film resistances.For masstransfer 

resistance inthe fluid phase,the rate ofmasstransfer is expressed as 

V,—=kfa(C-C*) 210 
'dZ ^ ̂  

Vsistheflow rate ofthefluid downthe bed, kfisthe fluid film masstransfer coefficient; 

a isthe area ofadsorbent orion exchange per unit volumeofbed,Zisthe distance from 

the mid-pointofthe breakthrough curve,C isthe concentration ofsolute in solution,and 

C*isthe concentration ofthe solute in the fluid thatis in equilibrium with solid loading. 

Rearranging and solvingforZgives 

Z=^f"-^-r=[HTU][NTU] 2.11kfok C-C 

V 
TheHTUis defined as —— and is called the height ofatransfer unit(units are in 

kfO 

fC dCdistance),NTU,J j- is the numberoftransfer units(dimensionless)required 

between to concentrations Ci and C2. Equation 2.11 assumesthatthe velocity and the 

masstransfer coefficient are constant. Thisis valid for dilute systems orsystemsin . 

which the volume ofthe fluid does not change greatly with concentration ofthe solute 

Using equation211,the shape ofthefrontfor afavorable isotherm can be predicted. 
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Thelength ofthefront required to changethe concentration ofthe solutefrom one value 

to another value canthen be determined by evaluating theNTUand multiplying bythe 

HTU. TheHTUis determined independently forthe system ofinterest Watson obtained 

valuesfortheNTU asafunction ofconcentration onthefrontby integrating for different 

distances fromthe midpoint using thefollowing approach 

1) Obtain valuesofC*correspondingto Conthe operating line and Cor(Q)onthe 

equilibrium curve(C*is determined by looking horizontally to the equilibrium 

curve from the operating line fora value ofC). 

2) TheNTUis obtained by integrating a plotofC asafunction of between 

2concentration values(Cand C,/). 
/2 

3) The shape ofthe frontisthen obtained from a plot ofC asafunction ofNTU 

4) Thelength ofthe front,Z,fora desired separation is obtained by multiplying the 

correspondingNTUbytheHTU. TheHTUcan be determined experimentally or 

V 
calculated from ETU= ,using an empirical correlation for kfa 

kfO 

This procedure/method can be performed graphically or analytically,ifan expressionfor 

the equilibrium isotherm is obtained Normalized,breakthrough curves were predicted 

by Watsonfor both binary ion exchange and adsorption systemsfor resistance in the fluid 

and solid phase as well as in both phases. 

In this work,the methodology developed by Watson will be extended to predict 

breakthrough in multi-componention exchange systemsforfavorable isotherms The 
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equilibrium isotherms will be developed based onthe last front,wheretheion with the 

highest affinity forthe resin isremoved from solution The last frontisthe one usually of 

mostinterest since ion exchange resins are usually selected fortheir abilityto removea 

keyion Because ofthe high affinity ofthe resin forthis ion,the equilibrium isotherm is 

very likelyto befavorable Ifthis is notthe case,then ion exchange is not likely to be 

employed or another resin will be selected The analysis will assume 1)constant pattern 

front,2)afavorable(non-linear)isotherm,3)masstransfer coefficients that do notvary 

with concentrationthroughoutthefront,4)all masstransfer resistance is in the fluid film, 

and 5)alinear operating line. This alternate procedure/method to predictthe shape ofthe 

breakthrough frontfor multi-componention exchange systems will aid onein specifying 

an ion exchange system without building expensive test bed and performing time 

consuming and costly experiments Those with large computers and specialized software 

and codesthat have been developed to analyze multi-componention exchange systems 

are likely to stay with the available complex codes The drawbacksofthis alternate 

procedure asopposed to the modelssolved using the computational codes are 1)mass 

transfer resistance must be described as afilm resistance,2)onlythe last frontis 

evaluated,and 3)detailed analyses ofacolumn dynamics(transient conditions)can not 

be performed. 
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CHAPTERS 

DEVELOPMENTOFPROCEDURETOPREDICTBREAKTHROUGHIN 

MULTICOMPONENTIONEXCHANGE 

Many practical applications involve morethantwo ions Ion exchange systems with 

morethantwocompeting ions are a more complex phenomenonthan binary ion 

exchange. However,binaryion exchange equilibrium can be applied along with mass 

balances and some simplifying assumptionsto develop an equilibrium ciirve that 

adequately definesthe shape ofthefrontofinterest,usuallythe last front,ifit is a 

constant pattern front. The equilibrium curve along with the Watson procedure 

developed to predict breakthrough for binary ion exchange or adsorption canthen be used 

to calculatetheNTUwhich givesthe shape ofthe breakthrough curvefora constant 

patternfront.The operating line is easily obtained from a material balance acrossthe 

column. In general,the mechanism describing the exchange ofions between an ion 

exchange material containingB and a solution containing A is described by equation3 1 

— [B]<=>—[3i]+— 3.1 
«i «, «2 

A andB arethe concentration ofions A with an ionic charge ni andB with an ionic 

charge n2in the solution,respectively. A and B arethe concentrationsofionsA andB 

ontheion exchange resin,respectively At equilibrium,the molar selectivity coefficient 

(Kab)forionA entering the ion exchange resin and displacing ionB is defined as 

(A /A) 32 
(B IB)" 
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A andB arethe concentration ofions A andB in the resin(meq/gm)that is in 

equilibrium with ions AandB in the solution(meq/ml),and n isthe ratio ofnito nz This 

definition assumesthatthe activity coefficients do notchange in eitherthe solution orthe 

resin during the exchange, isthen constant which is usually valid for dilute solution. 

Ifthe solution is not dilute,then the solutions activity coefficients mustbe added to the 

above expression. An equation forthe equilibrium isotherm/curve isthen obtained by 

rearranging equation2asfollows-

A =K^A 
33B 

Equation32(or33)can be written for n-1 componentsthat arein solution exchanging 

withthe resin The interestlies in ionA and the ion(s)onthe resin that is(are)being 

displaced by A Only the case where A isthe most preferred ion bythe resin(orthe most 

preferred ion with significant concentration)will be addressed since ion exchange resins 

are normally selected fortheir ability toremoveakeyion This is usually the ion with 

the highest affinity forthe resin. Theion(s)being replaced bythe A ion could bethe 

original ion onthe resin or an ion inthefeed that has exchanged with the initial ion on 

the resin beforetheA fi-ont 

For a3componentsystem(A,B,&C)where componentAisthe material ofinterest(the 

ion most preferred by the resin)and Cisthe component onthe resin,then2cases are 

possible depending onthe exchange sequence. 

1. B is preferred overC 
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2. C is preferred overB 

Inthe first case,the loaded resin would be concentrated in A,the preferred ion,but would 

contain equilibrium concentrationsofB and C,if there were anyCinthefeed solution 

The A-front would be preceded by a B-firont whereB and A displaceC firom the resin 

The distance betweenthe B-firont and the A-fi-ont could be shortfor a finite column ifthe 

concentration ofB islow,butfor an infinitely long column there will always be sufficient 

Btoform afi-ont. The concentration ofC acrossthe A-front will remain approximately 

constant and equalto the concentration in thefeed This case could be expanded to 

include moreions(A>B>C>D etc). The concentration ofthe least preferred ions(C, 

D,etc)would remain constant acrossthe A-fi-ont depicting binary exchange. 

In the 2°'^ case,for a3component system defined asC being preferred overB,B is 

displacing C as well as A displacingC(and B). Although the A-firont is favorable,the 

B-fi:ont is notfavorable since the resin hasa higher affinity forCthanB. Therefore,the 

B-fi-ont will notbea constant pattern,and will be constantly spreading and becoming 

very broad in an infinite column. Similarly for asystem with morethan3components, 

for illustration say4components with A>D>B>CandD being initially onthe resin, 

boththeB and C-fi-onts will be unfavorable Their fi-onts will notbe a constant pattern 

and will be broad in an infinitely long column The selectivity ofthe resin and the 

concentration ofthe ionsin the feed will determinethe center ofthe broad fironts. When 

the concentration ofB and Cions(orB ion for a3componentsystem)are sufficiently 

low thateven withlow selectivity,theB and C-fi:onts will progress downthe column 
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slowerthan theAfront. TheB and Cions would be trying to displace ion A However, 

since the resin prefers ion AtoionsB and C,the equilibrium concentration oftheB and 

Ccomponents will below in the resin Thatis,the ratio ofthe concentration ofthetrace 

componentstothe concentration ofA will be evenlower in the resin than inthefeed 

solution In this case,for an infinitely long column,the concentrationsofB and Ccan be 

assumed to be essentiallyzerothroughoutthe A-front. There will betraces ofthese 

materialsfar upstream within the resin loaded with A. Theamountofimpurities will be 

determined bythe selectivity ofthe resin for componentA 

Whenthe concentration ofB andC are sufficiently high and/orthe selectivity ofB andC 

are sufficiently low,theB and C-fronts will passthe A-front The A-front will displace 

the next slowestion front orthefront with the next highest preference forthe resin. For 

the4componentsystem whenthe selectivity sequence is A>D>B>C,this is defined as 

componentD. Inthis scenario,the problem can be approximated by assuming the 

concentrations ofB and C are constant overtheAfrontand equaltothe concentration in 

thefeed(B=Bo and C=Co) Howeverin reality,the concentrations are usually higher and 

tendto approach thefeed concentration Comparison ofthe A and B-front velocities is 

givenin Appendix A 

These concepts can be expanded to cover any n-componentsystem An n-component 

system would behave similarto oneofthe cases discussed above so no new concepts or 

relationships are needed to define such asystem There will only be n+1 equationsto be 
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solved simultaneously whena constant patternfront has developed forthe componentof 

interest,A. Thedevelopmentofthe equilibrium curve will now be illustrated for a3 

componentsystem and will then be generalized for similar situations when morethan3 

ions are present. 

For case 1(Bis preferred over C),there is noC present onthe resin orin the solution for 

an infmitely long column A schematic ofatypical breakthrough curvefora3 

componentsystem whenthe selectivity is A>B>C,and noCisin the solution,is shown 

in Figure 3.1. The equationforthe equilibrium curve is more complex when unequal 

charge ions are exchanged (ni is not equalto n2)than whenthe ions carrythe same 

charge Therefore,to simplify the equations and derivations used forthis illustration,the 

equilibrium curve will be derived hereforthe case when ni=n2 

A 

c.Q 

2> 

Figure3.1-Typicalbreakthrough curvefora3conqionent^stem where 
the selectivity preference isA>B>CandnoCispresentinthefeed 
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Forexchange ofions with equalcharges(ni=n2),the equilibrium relation(equation 3) 

reducesto _ fr*^ 
A =K^A^ 3.4 

\ J 

Since,the total ionic concentration ofthe solution leaving the column can be no greater 

than it waswhen it entered the column,thefollowing relations are written forthe solution 

and the column; 

A+B+C=Q 3.5 

T+5+C*=e*=0 3.6 

where Q - concentration ofthe solution 

Q-resin capacity 

Nearthe A-front whenB has displaced C,noCis presentonthe resin orin the solution 

for an infinitely long colunrn(C*=0and C=0),therefore,equations35 and 3.6 reduce 

to 

A+B=Q 3.7 

A* =Q =Q 3.8 

Substituting equations 3.7 and 3.8into equation34and rearranging givesthefollowing 

equation forthe equilibrium curve: 

r AK^Q 
Q+(K^-1)A 39 

Equation 3.9 givesthe concentration ofion Ain the resin asafunction ofAforthe case 

where A>B>Cand ni=n2. Thisisthe effective equilibrium curveforthe A-jfront Kab, 
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Q and Qare constantfor a particular system. A similar equation can be derived for 

componentB. Note,this is much like the simpler binary exchange cases considered by 

Watson,butin this case,there is alwayssomeB in the Afront because there isB in the 

feed. The principal difference betweenthis case and the simple binary cases studied by 

Watson is in the operating line,notin the equilibrium curve Derivation ofthe 

equilibrium curve for divalent ion exchanging with aunivalention onthe resin(ni=2and 

n2=l)is given in AppendixB forthis case 

Forthe case whenCis preferred overB(Case 2),the equilibrium curve will depend on 

whethertheB front advancesfaster or slowerthan the A-frontdownthe column When 

theBfrontis behind the A-front,then ion A is essentially exchanging with C,and B* 

andB are approximately zero acrossthe A-front. The equilibrium relationship isthen 

A* 3 10 

(To simplify the derivation,ni=n2 wasassumed.) Equations 3.5 and36then become 

A+C=Q 3.11 

A*+C*=Q 3 12 

Substituting equations3 11 and 3 12into 3.10 and rearranging givesthefollowing 

equationforthe equilibrium curve 
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3.15 
Q+iK,a-l)A 

This equation is similar to the equation forthe equilibrium curve derived for Case 1 fora 

3componentsystem with the exchange being between ionsA andCinstead ofAandB 

becauseC has a higher affinityforthe resin thanB 

Finally,whenthe B-front is in frontofthe A-frontfor a selectivity sequence ofA>C 

>B,then the concentration ofB would eventually be constant and equalto itsfeed 

concentration(B=Bo). There are now2equilibrium relations that mustbe used along 

with equation 3.5 and36: 

A =K^A 314B 
\ 

C 
A ^K^A 3.15 

V y 

The equationforthe equilibrium curve isnow obtained by rearranging equations 3.5,3.6, 

3.14,and 3.15 and solving for A*asafunction ofA-

A =■ 3.16 

—« 

Equation 3.16 gives an explicit expression for .4 as a function A when the concentration 

ofcomponent B is approximated as Bo, feed concentration 
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Equations3.5,3.6,3.14,and 3 15 could also be solved simultaneously using a solving 

function such as"fsolve"in MATLAB Forthe case where ni^njit would be difficult to 

obtain an explicit expression forthe effective equilibrium and a solving routine would be 

essential. 

Expandingthe derivation to morethan3componentsdoesnotadd any new relations or 

typesofequations. Foran n-componentsystem,2n-l equations would be needed to 

definethe equilibrium curveforthe componentofinterest ifno assumptions were made. 

The equilibrium relations,the total ionic concentration in solution,and the total ionic 

concentration ofthe resin only provide n+1 equations A list ofequations and 

assumptionsforasystem with4and 5 components are provided in Appendix C. Unlike 

the simpler case ofbinary and ternary exchange an explicit expression forthe equilibrium 

curveforcomponentAcan notbe easily written or derived. Anequation solver is 

needed for larger numbersofcomponents especially when ni nz. 

A schematicshowingthe movementofa constant pattern frontdownacolumn is shown 

in Figure 3.2. Whenthe bed and thefront are viewed from a moving"imaginary"plane 

thatcrossesthe bed and moveswiththe velocity ofthe front,the bed appearsto be at 

steady state and the front appearsto befixed in the moving space Therefore,the resin 

appearsto be moving upward with the same velocity by which the frontis moving down 

the bed and the fluid appearsto be moving downthe bed with a velocity equaltothe fluid 

https://3.5,3.6,3.14
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Figure 3.2 Movementofa constant pattern front 
downan ion exchange column 

velocity minusthe front velocity, Vs-Vf. Viewed fromthe position ofthe moving front, 

material balancesfor componentsA andB are written as 

(Fs-Vf)
A —Ao—(A-Ao)- 3 17 

(F.-V,) 
3 18B—Bo—(B-Bo) 

V. 

where Vf=velocity the front movesdownthe column 

Vs=velocity(flow rate)ofthe fluid downthe column 

A,B-concentration ofcomponentsA andB in solution that is in 
equilibrium with the column far below the front 
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A,B-concentration ofcomponentsAandB in the solid that is in 
equilibrium with the inlet fluid 

Equations 3.17 and 3.18 givethe operating line for componentsAandB in an ion 

exchange system 

From the equilibrium curve and the operating line,theNTUfor a multi-componention 

exchange system can be easily determined using the approach developed by Watson as 

described in Chapter2 Forthis study,computer programswere written in MATLAB 

[17]to calculatetheNTUfor2,3,4and 5componention exchange systems MATLAB 

isa computation,data analysis,and visualization software provided bythe MathWorks, 

Inc. The program usesthe equilibrium curve derived forthe A-front and Watson's 

procedure assuming liquid film masstransfer The programsforthe binary and ternary 

ion exchange systemsgenerate a breakthrough curve and tabulatestheNTU asafunction 

ofconcentration ofA. Breakthrough curvesfor4and 5 component systems can be 

calculated in thesamewayoncethe effective equilibrium curve is determined. Input 

values required are concentrations ofcomponentsin thefeed solution,the resin capacity, 

the molar selectivity(Kab,Kac,etc.),and the ionic charge ofcomponentsA and B. A 

copy ofthe programs is provided in Appendix D. Afunction in MATLAB called 

"fsolve"wasused to solvethe setofequationsforthe3componentsystem when ni^nj 

and the4and 5 componentsystems 'Tsolve"isa built-in function in MATLAB 

designed to solve asystem ofnonlinear equations oftheform F(x)=0 usingthe nonlinear 

least squares method. 'Tsolve"solvesthe systemsofequations by finding a rootor value 

forthe variables that satisfy the equations. However,an initial value mustbe specified 
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and only a maximum number ofiterations are allowed bythe routine. Ifa solution is not 

found in the maximum number ofiterations orthefunction does not converge,the search 

routine exits and givesthe message the optimizeris stuck ataminimum that is not a 

root-try again with a new starting guess. Wrong routes could also be determined ifthe 

initial values specified are higherthan the actual root. Oncethe equilibrium curve(A* 

versus A)is calculated from the set ofequations,theNTUcan be easily obtained using 

Watson's procedure 
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CHAPTER4 

EXPERIMENTALEVALUATION 

Experimental Apparatus and System 

Breakthrough curves were determined experimentally by measuring the concentration of 

theions in solution leaving an ion exchange column as afunction oftime. The 

experimental setup consisted ofaXK16glass column byPharmacia and aMasterFlex 

peristaltic pump. TheXK16column is 16 mmID x60cm long. It has an end adaptor 

thatallowsarange ofbed heightsto be selected The MasterFlex peristaltic pump used 

a 7014pump head that is capable ofdelivering 0.21 to 21 ml/min ofsolution at 

atmospheric pressure. Pump calibration data are given in AppendixE. 

Theresin used wastheD0WEX-HCR-W2in thesodium form TheD0WEX-HCR-W2 

is a high capacity,strong acid cation exchange resin used primarily for mixed bed 

demineralization and condensate polishing applications It has a styrene-DVB copolymer 

matrix(8%crosslinkage)with a sulfonic acid functional groups. TheNaform hasa 

particle size density of1.28 g/ml with a minimum exchange capacity of2eq/1 The 

manufacturer productinformation ontheDOWEX-HCR resin is provided in Appendix F. 

The resin bed length was 154inches. 

TheH-Na-Cu system wasevaluated experimentally This system waschosen because 

there were sufficient differences in their selectivity to obtain good separation. Initially, 

the Cu-Co-Casystem waschosento study sincethe Co and Cu could be analyzed easily 
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using a spectrophotometer. TheCa concentration wasto be determined by difference. 

The system for evaluation waschanged to H-Na-Cu because precipitatesformed in the 

solution when CaCl2wasadded to the resin loaded with Co.The precipitates distorted the 

spectrophotometer analyses The system was also changed because very little difference 

wasobserved in the selectivity ofthe Cu and Co with theDOWHCR-W2. Based onthe 

manufacturer data,the selectivity sequence fortheDOWresin is Ca>Co>Cu>Na>H. 

The initial experimental plan was based onthese selectivity preferences;however after 

the first run with cobalt onacopperloaded resin it wasobviousthat copperand cobalt 

had essentiallythe same selectivity forthe resin. Chloride solutions were chosen since 

chloride solutions are notan oxidizer orreducing agentand they are compatible with 

mostion exchange materials. 

The chloride solutions(Cu"^,Co"^,Ca^,Na"*",BT)were prepared by weighing or 

measuring the amountofmaterial needed and dissolving in deionized waterin a 

volumetricflask. Volumetricflasks were used in preparing the solutionsto obtain 

concentrations as close as possible tothe desired concentration. The chloride compoimds 

used to preparethe solutions were CUCI2.2H2O, C0CI2.2H2O, CaCk,and NaCl Both5N 

and6NHClsolutions were used asthefeedstockfortheHClsolutions. HClsolutions 

with lower concentration were prepared by pipetting the5N or6NHCl solutions and 

mixing with deionized waterin a volumetric flask. 
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ExperimentalProcedure 

Chloride solutions containing only 1 or2ions were used in the experimental runs. The 

desired chloride solution wasprepared asoutlined above,mixed ifnecessary,and 

pumped throughtheion exchange column at a specified rate until the80to 100% 

breakthrough had occurred. Twoflow rates,approximately 16and 8.5 ml/min,and two 

concentrations(approximately 0.05 and01 moles/1)were evaluated for both binary and 

ternary ion exchange systems. An outline ofthe experimental runs/plan is shownin 

Table4 1. A surmnaryofthe experimentalruns is provided in Table 4.2. Samplesofthe 

T^le41-E^gjeninentalPlan 

Totalsolution concentration(M) 0.05 0.1 

Solution 

Resin Conqxinents Flow late(ml/nun) Flow rate(ml/mm) 

C A B 8 16 8 16 

— 
— — 

Na"*" ET Run22 — 

— 

— 
Na"" Cu^ Ron 1&4 Run?— 

— 

— 
ir Na^ Run 14 Run25 Run21 

— 
— 

It Cu"^ Na-" Run 17and 19 — 

Na"" Cu"^ ET Run26 Run 12 Run 15 — 

— 
ir Cu-^ It Run23 — — 

Na'" Cu"^ Co" Run 10 

Cu^ Co^ — Run5 Riin8 Run2 

Co^ Ca^ — 

— — — RiinS 
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Table4.2ExpenmentalRun-Sununaiy 

RunNo. Solution ResinFoim Flow rate(ml/min) RunTime(mm) 

1 0.0472MCuCl2 Na 16.5 140 

2 0.104MC0CI2 Cu 16.2 75 

3 0.096MCaCl2 Co 16.14 120 

4 0046MCuCl2 Na 1587 140 

5 0.049MC0CI2 Cu 15.97 180 

7 0098MCuCl2 Na 16 12 90 

8 0.099MC0CI2 Cu 85 185 

10 0.023MCuCkand Na 16.32 150 

0.025MC0CI2 

12 0.023MCuClz and Na 15.97 220 

0.0257MHCl 

14 0.05MNaCI H 16.24 240 

15 0.049MCuClzand Na 8.52 227 

00661 MHCl 

17 0.023MCuCl2and H 16.15 270 

'0025MNaCl 

19 0.037MCuCfc and H 15.57 235 

OOlMNaCl 

21 0.091MNaCl H 16.0 124 

22 005MHCl Na 15.8 247 

23 00231MCuCl2 and H 1678 267 

0.0251MHCl 

25 0.072MNaCl H 8.47 235 

26 0.037MCuClzand Na 8.47 380 

0.0155MHCl 
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Solution leaving the ion exchange column weretaken and analyzed at varioustime 

intervals depending onthe position ofthe frontofinterest in the column In general, 

samples weretaken morefrequently whenthe front wasclosetothe end ofthe colunrn 

(near breakthrough)then when it wasatthe top ofthe column Samplesfor analyses 

weretakenfor 1 min forflow rates around 16 ml/min and2minutesfor flow rates around 

8.5 ml/min Thecolumn waseluted with approximately 1 MNaClorHClin orderto 

convert it back to theNaorHform,when necessary. These"runs"were numbered 6,9, 

11,13,16,18,20and 24and are notincluded in Table4 1 or42 After eluting with 1 

MNaClorHCl,0.05MHClorNaClwas pumped throughthe column for atleast3 bed 

lengthsto minimizethe affectofthe high concentration and resin shrinking and 

expanding onthe shape ofthefront. 

Thesamplesfrom each run were analyzed,and the concentration was plotted as a 

function oftime Both Cu and Co concentrations were determined using 

spectrophotometric analysistechnique. The Cu and Co calibration data are provided in 

Appendix G. 

The hydrogen ion concentration wascalculated from the pHofthesample(pH=-logio 

[H^). One problem encountered with this method wastheinconsistency inthe pH 

measurements. Priorto analyzing each set ofsamples,the pH probe was calibrated with 

401,7.0and 10.01 pH buffer solutions. After calibration,the pHofthe buffer solutions 

was measured for accuracy. Errorsranging from 7.3 to23%wereseen as indicated by 
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the datashown in Table4.3. Although there were discrepancies in the pH measurements, 

thereforethe and Na^concentrations,the generalshape ofthe breakthrough curve was 

unchanged This is illustrated in AppendixHwhere breakthrough curves are shownfor 

the same run with2different pH measurements. 

Table 4.3 Compansonofmeasuredand standardhydro^n 
concentrationof4.01,7.00and 10.01 Buffer Solutions 

Buffer MeasuredpH [H*lmeasured [11*1calculated %Error 

401 398 1048X 10"^ 9.772X lO"" 7.3 

700 7.04 9120X 10-® 1.0 X 10"' 88 

10.01 9.92 1.202x10-'" 9.772X10'" 23.0 

Thesodium concentration wasdetermined by difference since no simple orinexpensive 

analysisfor sodium was available A sodium electrode waspurchased butwasnotused 

to analyze the samples because apHrange of6to 12is required for accurate sodium 

measurements. Atlow pH,the hydrogenion interferes withthe measurementsforlow 

levels ofsodium ions. 

Breakthrough curvesforthe experimental nmsare provided in Figures4.1 through418 

The experimental datafrom each run are located in Appendix I. 

https://4.01,7.00
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Figure 4.9 
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Figure 4.13 
Run 19 -0.037 M

 Cupric chloride and 0.01 M
 Sodium

 
chloride on Hydrogen loaded resin (15.57 m
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Figure 4.15 
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Figure 4 16 
Run 23 -0 0231 M

 Cupric chloride and 0 0251 M
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CHAPTERS 

DISCUSSIONOFRESULTS 

Thisstudy looked ata relatively simple approachto predicting the breakthrough curve for 

multi-componention exchange systems assuming a constant pattern front existforthe 

componentofinterest. The dimensionless breakthrough curves(concentration versus 

NTU)were calculated using the calculational procedure based upon an earlier procedure 

by Watson. Inthe Watson procedure,theNTUis determined from a plotofthe 

equilibrium curve and the operating line. The equilibrium curveforthe multi-component 

system wasdetermined using massaction equilibrium and mass balance relationships 

assuming a constant patternfront as described in Chapter 3. The assumption ofa 

constant pattern frontis applicablefor dilute solutions with favorable isotherms 

Comparison ofexperimental and calculated breakthrough curve 

The calculated breakthroughfront(concentration asafunction ofNTU)wascompared to 

experimental dataforthe2and 3componention exchange systems. The experimental 

breakthrough data were converted toZ,length ofthe front,using thefollowing equation" 

^~(^ @50%breaklhrou^~t)Vf 5 1 

TheNTUswerethen calculated from the equationZ=|OT][NTU] Alternatively,the 

calculated breakthrough curves could have been compared tothe experimental curvesin 

dimensionless length,Z,butthe comparison would be equivalent. TheHTU,which is 

assumed to be constant acrossthe masstransferzone(MTZ)forthe system,was 

determined by taking the ratio oftheZas determined from the experimental datatothe 
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calculated MTU atthe breakthrough point TheHTUcould have been calculated using 

HTU= and an empirical correlationfor Kfa.Table 5.1 givesthe calculatedHTUas 
kj-a 

afunction ofpercent breakthroughforthe9systems evaluated A negativeHTU 

signifies an unfavorable isotherm. Fora constant patternfront,theHTU should be 

constant acrosstheMTZ,however;some variation intheHTU asafunction ofpercent 

breakthrough was observed. In general,theHTUwasapproximately constantfor points 

above50%breakthrough Two-pointlinear interpolation wasused to estimatethe values 

forZbetweenthe data pointsto calculatetheHTUs. Thiscould have resulted in some 

spread in the data,also Belowthe50%breakthrough point,the valuesfortheHTUs 

were generally lower. Thisis probably dueto thefactthata constant patternfront had 

notfully developed bythetime50%breakthrough had occurred. Thefront probably did 

nothavetimeto reach constant pattern dueto 1)the length ofthe colunm and/or2)the 

high flow rate. Thelow concentration portion ofthefront should bethe lastto approach 

constant pattern Ifthefront started as a step fimction,thelow concentration data should 

fall below the predicted value. Increasing the column length or decreasing theflow rate 

would resultin a constant pattern frontbeing approached more closely. Therunsthat 

employed the lowerflow rates(~85 ml/min as opposed to 16ml/min)seemed to havea 

little less spread in theHTU values. Becausethefronts appeared to be still spreading, 

especially atthelower concentrations,theHTUscalculated atthe80%breakthrou^ 

point were used to convertthelength ofthe front,Z,fromthe experimental datato NTUs. 
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Table 5.1 ExperimentalHTU 

System. Flow rate HTUat%breakthrough 

Solution Resin Run (ml/mm) 90 80 60 40 20 

CuCl2 Na 1 165 5.59 5.58 362 459 3.02 

4 159 422 393 3.16 342 218 

7 16.1 774 6.86 665 5.60 4.49 

C0CI2 Cu 2 162 - -182 -1 90 -178 -1 48 

5 160 -1.42 -1 41 -1.55 -1.29 -122 

8 8.5 -1.80 -1.59 -143 -1.45 -1.33 

CaCl2 Co 3 16.1 1042 10 18 5.95 507 6.22 

NaCI H 14 162 059 0.60 0.79 077 090 

21 160 130 151 1.67 158 1.70 

25 8.5 077 0.82 .97 102 .98 

HCl Na 22 15.8 - -465 -371 -3.27 -2.61 

CuCl2andHCI Na 12 159 399 5.80 646 350 2.60 

15 852 258 3.53 378 3.23 185 

26 8.47 3.79 5.44 5.48 4.26 2.10 

CuCl2and NaCI H 17 16 1 5.25 5.95 513 450 3.40 

19 15.57 5998 569 5.43 525 3.78 

CUCI2 and C0CI2 Na 10 16.32 3.58 394 3.62 368 2.11 

CUCI2 andHCl H 23 16.78 618 6.02 4.49 4.66 3.75 
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Nine ion exchange systems were evaluated experimentally: 

1 CuCla onNaloaded resin 

2. CuCljon Culoaded resin 

3 CaCljon Coloaded resin 

4. NaClonHloaded resin 

5. HClonNaloaded resin 

6 CuCb andHClonNaloaded resin 

7 CuCl2 and NaClonHloaded resin 

8. CuCla and CoCljonNaloaded resin 

9 CuCla and HClonHloaded resin 

The experimental data along withthe experimental and calculated NTUsasafunction of 

concentration for each run aretabulated in AppendixI Figures 5.1 through 5.18 

comparethe experimentalNTUtothe calculated NTU. In general,good agreementis 

seen betweenthe calculated and experimental curves. The curvesfit better atthe higher 

concentration region(above50%breakthrough)thenthe lower region as expected 

becausethe NTU was determined using theHTUatthe80%breakthrough point dueto 

variationsin theHTUsacrossthe MTZasshownin Table5 1 

The experimental datafell below the calculated data(atthelow concentration range)for 

allthe systems exceptthe binary exchange ofsodium with hydrogen onthe resin Inthe 

Na-Hsystem,the calculated datafell below the experimental dataforRun 14,and good 

agreementwasobserved with Runs21 and 25 overthe entire concentration range. The 
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Figure 5 1 
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Figure 5.4 
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in (Run 4) 



 

�
�

 
�

�
 

c
n
 

L
T
V
 

0
0
6
0
 

*
 

^
 

n
 n
R
n
 

♦
Experimental 
(
H
T
U
=

-1 4
1
)

♦

n
 n
/
i
n
 

(
0
 

X
o
 

-
C
a
l
c
u
l
a
t
e
d
 

o
 

E
 

o
 

»
 

0
)
 

o
 
c
 

o
 

n
o
o
n
 

O
 

n
 n
i
n
 

N
.
 

-50
0
 

-40.0 
-
3
0
0
 

-
2
0
0
 

-
1
0
0
 

0
 0
 

1
0
0
 

2
0
0
 

3
0
0
 

4
0
0
 

-
N
T
U
 

Figure
5.5 

Breakthrough curveforexchange
of0.049

M
Cobaltchloride on

copper
loaded 

resin at
15.97

m
l
/
m
m
(
R
u
n
5
)
 



o
 

v
O
 

0
1
2
0
0
 

0
1
Q
0
0
 

♦
Experimental 
(
H
T
U
=
6
8
6
)

9
-
6
8
 

0
 

1
 

-
C
a
l
c
u
l
a
t
e
d
 

0
)
o
 

6
6
6
6
 

c
 

o
 
O
 
3
 

o
 

6
-
6
4
6
6
 

6
6
2
6
6
 

6
6
6
6
 

i 
W
 

\
 
• 
W
 

I 

4
6
6
 

-
2
.
6
9
 

6
6
6
 

2
6
6
 

4
6
6
 

6
6
9
 

8
6
6
 

1
6
6
6
 

1
2
6
6
 

N
T
U
 

Figure
5
6
 
Breakthrough curve

for
exchange

of 0.098 M
Cupric

chloride on
sodium loaded 

resin at
16.12 ml/min(

R
u
n
7
)
 



v
O
 

-
&
4
5
 

-
0
4
0
-

-
0
-
0
8
-

♦
Experimental 
(
H
T
U
=
-1 5

8
)

1
 o 

-
o
m
 

-
C
a
l
c
u
l
a
t
e
d

E
 

c
 

(
U
 

-
0
O
4
-

o
 
c
 

o
 

O
 

-
0
-
0
2
-

—
I
—
 

-
0
-
0
0
-

-
{
0
 

-
4
0
 

-
3
0
 

-
2
0
 

-
1
0
 

1
0
 

4
3
 

-
0
-
0
2
-

-
N
T
U
 

Figure5.7 
Breakthrough

curveforexchange
of0.099

M
Cobaltchloride on

copper loaded resin at8.5 
ml/min(

R
u
n
8
)
 



♦
♦

♦♦♦

C
M
 

V
O
 

Q
-
G
S
&
-

9
-
^
 

♦
Experimental 
(
H
T
U
=
3
9
3
7
)
 

0
-
M
 

C
a
l
c
u
l
a
t
e
d
 

o
 

B
 

o
 

c
 

0
-
0
4
0
 

o
 
o
 
3
 

o
 

0
0
0
6
 

O
r
o
e
e
 

-
3
0
0
0
 

-
2
0
0
0
 

-
1
0
0
0
 

0
 0
 

1
0
0
0
 

2
0
0
0
 

N
T
U
 

Figure
5.8 

Breakthrough curve
forexchange

of 0
0
2
3
M

Cupric
chloride and

0.025
M
 

Cobalt
chloride on

sodium loaded resin at
16.32

ml/mm
(
R
u
n
10) 



0
-
0
 

♦
Experimental

*5) 
0
)
 

0
7
0
2
 

(
H
T
U
=
5
8
0
1
4
)
 

o
 

E
 

-
C
a
l
c
u
l
a
t
e
d
 

o
 

c
 

(l> 
o
 

0
7
0
4
 

3
 

O
 

0
-
0
4
 

9
-
0
0
 

-
1
5
0
 

-
1
0
0
 

0
0
 

5
0
 

1
0
0
 

1
5
0
 

2
0
0
 

2
5
.
0
 

N
T
U
 

Figure
5.9 

Breakthrough curve
forexchange

of 0.023
M

Cupric
chloride and

0
0257

M
 

Hydrogen
chloride on

sodium loaded resin at
1
5
9
7
mi/min (

R
u
n
12) 



 

■
cr 

vO
 

u
 
u
o
 

oE, 
0
 

1 c
 

a> 
o

 
c
 

o
 

O
 

3
 

o
 

n
 0

4
 

♦ 
Experim

ental (H
TU

 
= 3 5316) 

0
 0

*^ 
C

alculated 

<
k 

0
 0

'^
 1 n

 0
1
 

♦ \. 

^ 
0

-0
0

-
•—

e
 

-30 0 
-2

0
 0 

-10 0 
0

0
 

1
0
0
 

20 0 
30 0 

N
T

U
 

Figure 511 
Breakthrough curve for exchange of 0.049 M Copper chloride and 0 0661 M 

Hydrogen chloride on sodium
 loaded resin at 8.52 m

l/m
in (Run 15) 
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Figure 5 12 
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Figure 513 
Breakthrough curve for exchange of 0.037 M

 Cupric chloride and 0.01 M
 

Sodium
 chloride on hydrogen loaded resin at 15.57 m

l/m
in (Run 19) 
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Figure 514 
Breakthrough curve for exchange of 0.091 M

 Sodium
 chloride on hydrogen 

loaded resin at 16 m
l/m

in (Run 21) 
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Figure 5.15 
Breakthrough curve for exchange of 0.05 M

 Hydrogen chloride on sodium
 

loaded resin at 15.8 m
l/m

in (R
un 22) 
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hydrogen concentration was determined using a pH meter andthe sodium concentration 

was determined by difference InRun 14,the sodium content was neverzeroindicating 

an erroneous measurementonthe hydrogen ion concentration Thiscaused the 

experimental curve to appear abovethe calculated curve 

Atthe high concentration range,the calculated data agreed well withthe experimental 

dataforthe binary exchange systemsand fortheternary systemswhenthe selectivity 

sequence were A>B>C,whereC isthe componentonthe resin(Case 1)asillustrated by 

Figures5 12and 5.13 Forthe ternary system,the assumptionsthat C=0and C=0at 

the end ofthe A-frontfor an infinitely long column were employed. Based onthe3 

component systemsthis assumption proved valid 

However,fortheternary exchange whenthe selectivity sequence were A>C>B(Case2) 

the calculated datafell slightly below the experimental data atthe high concentration 

range(seeFigures59,5.11,and 5.18) In calculating the equilibrium curve,B=Boacross 

the A-firont wasassumed. In reality,the B-fi^ont had not progressed far enough in front of 

the A-frontthat its concentration hasleveled outto itsfeed concentration. SinceB is 

displacing Conthe resin,the concentration ofB increases above itsfeed concentration 

and then drops until it reaches its feed concentration. Whenthe concentration ofB is 

decreasing,A is exchanging withB as well asC The exchange ofA andB results in a 

steeper curve,thereforetheNTU needed fora specific separation is smallerthan the 

predicted value. 
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Twoofthe systems measured experimentally were for unfavorable isotherms-1)C0CI2 

on Culoaded resin(Figures 5.2,5.5,&5.7)and 2)HClonNaloaded resin(Figure 5.15). 

The Co-Cu system wasevaluated because theDOW literature had indicated that Co^has 

a higher selectivitythanCu^ontheDOWEXresin However,that wasnotthe case as 

evident bythe shape oftheNTU and the breakthrough curves(Figures4.2,4.5 and47) 

Thefronts are dispersed,not approaching a constant pattern shape. The molar selectivity 

forHClexchanging with a sodium loaded is also unfavorable(KH-Na=0.64),asindicated 

bythe literature. Because constant pattern frontsdo not develop for unfavorable 

isotherm,the methodology is not applicableto calculatetheNTUsforthese2systems. 

Thefront was measured forthe hydrogen exchanging with the sodium becausethe 

exchange process was necessary to return the resintothe state needed forthe next 

plaimed run Thefront would have continued to spread iflonger columns had been 

used. 

Flow rate effects onNTUs 

The effects ofthe flow rateonthe breakthrough curve(NTUs)wereexamined 

experimentally by varying the flow rate while maintaining a constantfeed concentration 

Two flow rates were evaluated-85and 16 ml/min. Allthe runs exceptRuns8,15,25 

and26 were performed at approximately 16 ml/min Run8will notbe discussed further 

since it hasan unfavorable isotherm,therefore,does not affectthe conditions required for 

the calculational procedure. Changing the flow rate in an ion exchange system would not 
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affecttheNTUfor aconstant pattern front. By definition,theNTUis equaltothe change 

p tC m concentration divided bythe driving force, I — and therefore,isindependentof 

y
the velocity. However,theHTUis proportional tothe velocity, HTU=—^ and 

k^a 

therefore,should change with achange in velocity. TheHTUis not directly proportional 

tothe Vs would since kfis also afunction ofvelocity. Several empirical correlationsfor 

laminarflow in packed beds existforthe kf. In general,kfcjc to depending on 

the correlation The Ondaequation[18],which is based on experimental datafor organic 

liquidsand water,gives kfoc forReynolds numbers< 100. Wilke and Hougen[19] 

givethefollowing correlation for packed bed operations; 

10.9F(l-.)f D 
SI 

d V 
\ p 

This correlation wasdeveloped forlaminarflow gas-solid contact. Based onthe Wilke-

Hougen correlation,kfoc V° Correlations based onthej-factor[19],show kfoc for 

Reynolds numbersfrom 0.0016to 55 and Schmidtnumber between 165 and 70600. For 

the experimentalsystems used in this study,Reynolds numberrange from0.32to 0.94 

and.63to 1.88for85 and 165 ml/minflow rate,respectively. The particle size range 

from042to 1.22mm. Based on these correlation's,theHTU« to so increasing 

the velocity should increase theHTU when liquid masstransfer resistance dominates. 

TheHTUsshould increase from approximately25to56%whentheflow rate is increased 
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from 8.5 to 16.5 ml/min. This would result in a longer front,Z,sinceZ=psriIJ][HTU] 

and theNTUwould remain constant 

Based onthe experimental data,theHTUincreased from 0.82to 1.51 forthe Na-H 

system whentheflow rate wasincreased from847to 16 ml/min. Howeverforthe Cu-

H-Na system,no noticeable difference wasseen intheHTU(5.44and 5.80)forflow 

ratesof8.5 and 16 ml/min. Any variation in theHTU could have been obscured dueto 

theinaccuracy ofthe analyses. 

Feed Concentration effect onNTUs 

Twofeed concentrations(0.05 and01 M)were evaluated in the experimentalrunsto 

determine the effectoffeed concentration ontheNTUs The normalized equilibrium 

curvefor a binary system is 

A 
^As-AB g 

2 i+(K^-r)^ 5.3 

A plotofA/Q versus=would not be affected asthe concentration ofcomponentA 

changes when componentB is not presentin thefeed Therefore,theNTUis 

independent ofthefeed concentration for simple binary exchange. WhenB is presentin 

thefeed,theNTUsdepend uponthe shape ofthe equilibrium curve and,thus,the 

concentration in thefeed. Forthe systems evaluated experimentally,theNTU did not 

changed asthefeed concentration increased forthe binary exchange systems(Cu-Naand 
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Na-H)asexpected. Forthe system with copper and hydrogen exchanging with the resin 

loaded with sodium,theNTUincreased forthe higherfeed concentration. Thiswas 

expected sincethe presence ofcomponentB spreadsoutthe breakthrough curvefor 

ternary systems 

CalculationsforIonExchange Systems with n-Components 

Equilibrium curvesfortypical4and 5componentsystems were calculated usingthe 

equationsand assumptions discussed in Chapter3 The equilibrium curves are shown in 

Figure 5.19 and the parameters are hsted in Table 5.2.Noequipment wasavailable to 

measurethe concentration for morethan a3component system;therefore,experimental 

data are not available for comparison. However,based onthe3component system,good 

agreement between experimental and calculated data should result. Figure 5.19 is shown 

onlyto illustrate how an effective equilibrium curve can be calculated for4and5 

componentsystems. 

Table 5.2 Parameters used to calculate a general equilibrium 
curvefor4and5componention exchange systems*(Figure 5.19) 

NumberofComponents* 4 5 

Kab 5 5 

Kac 10 10 

—Kad 20 

Ao(moles/1) 0.05 0.05 

Bo(moles/1) 0.05 0.05 

Co(moles/1) 0.05 0.05 

Do(moles/1) 0.05— 

*Case A>B>C>D 
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CHAPTER6 

CONCLUSIONSANDRECOMMENDATIONS 

The purpose ofthis research wasto develop a procedurethat would allow oneto predict 

more easilythe shape ofthe breakthrough curvefor multi-componention exchange 

systems. A simple procedurefor predicting breakthroughfor multi-componention 

exchangesystems is a valuable tool because no simple methods are available,and the 

existing methods are complicated and requirethe use ofsophisticated computer codes 

and analyses. The resultsofthis study demonstratedthat breakthrough curvesfor binary 

and ternaryion exchange systems with constant patterns can be predicted approximately 

using a simple procedure based on rate,massaction equilibrium,and mass balance 

equationsforthe system ofinterest. For systems with3or morecomponents, 

assumptionsconcerningthe concentrations oftheions with the least affinity forthe resin 

mustbe madein orderto predictthe equilibrium curve. In general,the concentrations 

were assumed to bezero or equalto its feed concentration depending onthe selectivity 

sequence ofthe ions inthe system The assumptionsreduce the numberofequation 

needed for an n-component system from 2n-l to n+1. An explicit expressionforthe 

equilibrium curve is also difficult to derivefor a system with n-component. The 

equations mustbe solved simultaneously in orderto obtain a relationship for as a 

function A(equilibrium curve) TheMATLAB function"fsolve"wasused to solvethe 

system ofnon-linear equationsforthe3,4and 5component systems. 
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Breakthrough curves were determined experimentally for binary and ternaryion 

exchange systems Only binary and ternary systems were evaluated because limited 

analytical capabilities were available for measuring the concentration ofions in solution. 

A total of18 experimentalruns were performed Good agreement between the calculated 

and experimental breakthrough curve wasseen. The data did show some deviations at 

thelower concentrationrange This is because the concentration in the higher 

concentration portion ofthe front was used to calculatetheHTU;atthelower 

concentration range theHTU usually waslower. TheHTUwasnot constant acrossthe 

MTZbecause a constant pattern fronthad probably not developed bythetime 

breakthrough occurred. Thecolumn(154"long)was probably notlong enoughto allow 

thefrontto reach a constant pattern attheflow rates employed(8.5 and 16 ml/min). A 

constant pattern front could be obtained by employing alonger column or decreasing the 

V 
flow rate TheHTU could also be calculated using HTU=—^ with kfa being

kj.a 

determined from empirical correlations. 

Overall,the methodology used to predictthe shape ofthe breakthrough curves agreed 

well with the experimental datafor both the binary and ternary ion exchange systems A 

longercolumn is needed or a much slowerflow rateto ascertain a constant pattern front 

has developed fully. Future work mightinclude* 

1)Using alonger and differentlength columns and slowerflow rateto obtain the 

HTUto confirm thatthe variation intheHTU resulted from failure ofthe frontto 
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reach constant pattern From theHTU,the could be obtained and compared to 

the calculated values. 

2)Comparing calculated breakthrough ciuvesto experimental datafor systems 

with morethan3components This could give further confirmationthatthe 

assumption ofconstant concentration ofless selective ions acrossthe A-frontis a 

good approximationfor multi-componention systems. Withoutthese 

simplifications,additional equations would be needed to predictthe equilibrium 

curvefor multi-componention exchange systems 

3) Using the more accurate(and more complex)computer codes developed by 

othersto evaluate and validatethe approximate method for very large number of 

components,different column lengths,and a widerrange ofion selectivities 

(equilibrium conditions) 
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APPENDIXA 

Front Velocity Comparison 

Thefollowing derivation comparesthe velocity ofthe A-frontto the B-front as afunction 

ofthe concentration ofB in thefeed(Bo)and afixed concentration ofAin the feed(Ac) 

forthe system with CuCk and HCl exchanging with theNaloaded resin 

A-front Velocitv 

Material Balance acrossthefrontfor componentA(operating line) 

Ao(F-V,^)+lr,,=A(F-V,,)+AoV,, A.1 

For an infinitely long column,no A will be present veryfar downstream, 

therefore,A=0and A=0. Therefore, 

V^y.= A.2 
^ A,+Ao 

B-front Velocity: 

Material Balance acrossthe frontfor componentB(operating line) 

Bo(r-F^)+W^=B(V-V^)+BoF^ A.3 

Foran infinitely long column,noB will be present very far downstream, 

therefore,B=0and B=0.Also,Bo=Ao+Bo because the A-front is behind the 

B-front Therefore, 

4,+B,+B, 
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Equations A.2and A.4give the velocity ofthe A-and B-fronts,respectively Ao and5o 

are determined from the equilibrium relationship,Kab and mass balanceforthe resin and 

the solution. A plotofthe A-and B-front velocity asafunction ofhydrogen 

concentration isshown in Figure A 1. The parameters used inthe calculations are given 

in Table A.1. The data showthatfor constant A,,no valuesofBowill result in the A-

front advancing fasterthan the B-front when the selectivity ofA>B. A sensitivity 

TableA 1 InputParametersfor comparingthe front velocities 

Concentration Ainfeed- 0.046 

Ao(meq/ml) 
Flow rate(cm/min) 7.96 

Kab 3662 

Q(meq/ml) 2.06 

analysisonthe variablesKab and Ao indicatesthatonlytwo conditions would result in 

the A-front advancing fasterthantheB-fronf 

1) Kab is very small(<006) 

2) The concentration ofA is very large(>8 meq/ml) 

Ion exchange would notbeemployed for either ofthese cases. Note:the A-front could 

lie inthe B-front Inthis case,the concentration ofB in the A-front would notbe 

constant and equalto Bo. The approximation thatthe concentration ofB acrossthe A-
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front is constantfor a3 componentsystem where A>C>B wasbased uponthe estimate 

thatthe region is relatively short compared to an infinitely long column and eventually no 

B would be needed in this region This would allow the B-frontto advancetothe next 

region where no A is present 
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AppendixB 

Derivation ofan Equation forthe Equilibrium Curvefor a divalention exchanging 
with an univalention onthe resin for selectivity sequence ofA>B>C 

_ (A/A) 
^AB- ,7:,„- B 1 

{BIBY 

For w=—=2,then 

{AIA)
KA 

B.2
B ~ ,-z: ,

(B/Bf 

Since C=0and C=0for an infinitely long column when A>B>C 

A+B=Q B.3 

A+B=Q B4 

Combining equationsB.2, B.3, andB4and solving for A gives 

2Q+ -4(2 
A+K A+XAAB B y1

A=- B5 

The equilibrium curvefor componentAis given by equation 5. .4 is afunction ofA,Q, 

Q and Kab only. Q,Q,and Kabare constantfor agiven system 



 

90 

APPENDIXC 

Equilibrium Curve for4and5 Component Systems 

4Components(Selectivity sequence:A>D>B> C^ 

Equations: Unknowns: 

A/A 
A,B,C,D,A,D

^ (B/B)" 

_ A/A 
Assumptions:^AC ~ — 

(C/C)" 

A/A 
B—Bo,C—Cq^An=-= 

(D/DY 

A+B+C+D=Q 

A+B+C+1D=0 

4Components(Selectivitv sequence:A>B>C>DI 

Equations: Unknowns* 

A/A 
A,B,C,A,B 

(B/BY 

_ A/A 
Assumptions:^AC ~ — 

(C/CY 

A+B+C+D=Q £)=0,D=0,C=Co 

A-{-B-\-C-\-D —Q 
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5 Components(Selectivity sequence:A>E>B>C>01 

Equations: Unknowns: 

A!A 
A,B,C,D,E,k,-E

(biby 

A!A 
Assumptions 

(C/C)" 

r - B—Bo,C=Co,D=Do^AD ~ — 
(D/Dy 

A/A 

^ (E/E)" 

A+B+C+D+E=Q 

A+B-\-C+D+E=Q 

5Components(Selectivity sequence:A>B>C>Dl 

Equations: Unknowns: 
~^/ A 

A,B,C,D,A,B 
{B/By 

_ A/A 
^AC"— Assumptions 

(C/C)" 

A+B+C+D+E=Q E=0,E=0,C—Co,D^Do 

A'¥B+C''rD'¥E —Q 
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APPENDIXD 

Program Listing 

Computer programs were written in MATLABto calculatetheNTUrequired and/orthe 

equilibrium curve for2,3,4,and 5 component systems. The 4programs were written 

are asfollows' 



93 

%%%Penny Cunningham February 18, 2000 
% 

% 

84% Multi-conponent Ion Exchange Prediction 
88Theai32.m 
8 

888This program calculates the NTU reguired for 3 consonant ion exchange system when 
88the selectivity of component B > C (component on the resin) and A is the component of 
88interest (Case 1). For an infinitelylong column, (Cr]=0, [C]«=0, [Q]«Ao+Bo, [Qr)=Aor+Bor 
and , 

88Kab»tAr][B]/[Br][A]. An equilibrium curve is generated from these equation and then 
Watson's 

8%procedure is applied to calculate the NTU for the system. 

88Subprogram associated are DelA.m, and Del.m. 

88Inputs required: [Ao], [Bo], [Co], [Qr], Kab, nl, n2, n3 
clear; 
global AO AOr Qr Ked: Q V; 
nl=2; 8 nl=» charge of component A 
i2=2; 8 n2= charge of component B 

8 n3=« charge of component C 
n=nl/n2 
AO=.096*nl; 
BO=0*n2; 
C0=«0*n3; 
Qr»2.06; 
Kab»2; 
Q-AO+BO; 
Aref=A0/2; 
if n=l 

8for n=l 

AOr-AO*Kab*Qr/(BO+AO*Kab); 
V-AOr/AO; 
AI=AO/20; 
Aend-AO-AI; 
Acono>0:AI:A0; 
[junk num]-3i2e(Aconc); 
for iBl:num 

A":Aconc(i); 

NTU{l)=>quad('Del*,Aref,A); 
At(i)-AOr+(A-AO)*V; 
B(i)-Q-A; 

AEr(i)»A*Kab*Qr/(B(i)+A*Kab); 
Br(i)-Qr-Ar(i); 
AE(i)="Ar(i)*Q/(Br(i)*Kab+Ar(i)); 
ZC(i)=-l./(A-AE(i)); 

end 

else 

8for n"2 

a"l; 

b—(2*Qr+B0^2/(AO*Kab)); 
c«Qr^2; 
AOr=(-b-sqrt(b^2-(4*a*c)))/2; 
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V«AOt/AO; 
AI-AO/20; 
Aend=AO-AI; 
Aconc-Al:AI:AO-AI; 
[junk nun]'size(Aconc); 
for i":l:nun; 

A=Aconc(i); 
NTU(i)-quadCI>elA',Aref,A>; 
Ax(i)-AOr+(A-AO)*V; 
Br(i)=Qr-Ar(i); 
B(1)=Q-A; 
bl=-(2*Qr+B(1)"2/(A*Kab)); 
AEr(i)-(-bl-sqrt{bl'^2-(4*a*c)))/2; 
a=l; 

b2»-(2*Q+[Br(i)"2*Kab/Ax(i))); 
c2-Q^2; 
AE(i)-(-b2-sqrt(b2'2-(4*a*c2)))/2; 
ZC(i)=l./(A-AE(l)); 

end 

end ' 

CA^Aconc(:)/nl; 
figure(1); 

plot(NTU(:),CA(:),'*-■) 
ylabelCA Concentration (moles/lxter) ') 
xlabelCNTU') 
figure(2) 
plot(Aconc(:),ZC(:)};
xlabeK'A, meq/1') 
ylabel{'l/(A-A*)•) 
figure(3); 
plot(Aconc(:), Ar(:),Aconc(:},AEr(:)) 
xlabel{'A, meq/1') 
ylabel('Aresln') 
title['Run 5 - Concentration versus NTU') 
fld=fopen['tablel.out','w'); 
frewlnd[fld); 
fprlntf[fid,'\n\n\n\nRun 2\n');
fprintf (fid,'A (moles/1) NTU AE l/A-AE\n'); 
for )c=l:num;

fprlntf (fid,'SS.Sf %6.4f «9.4f %9.4f\n',CA(lc), HTU(k), AE()c), ZC(k)) 
end 
%polyflt(Aconc(:),ZC(:),2] 
fclose(fld) 
clear; 

https://fid,'SS.Sf
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function (Z3=Del<A) 
global AO AOr Qr Kab Q V; 
%Z=1./(A-(AOr+(A-AO)*V)*Q/((Qr-(AOr+(A-AO)*V))♦Kab+ (AOr+ (A-AO) *V))) 
Ar«=AOr+ (A-AO) *V; 
Br«=Qr-Ar; 
AE=Ar*'Q/ (Br*Kab+Ar); 
Z=1./(AE-A); 
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function (Z]°>DelA(A) 
global AO AOr Qr Kab Q V; 
%Z-1./(A-(AOr+(A-AO)*V)*Q/((Qr-(AOr+(A-AO)*V))*Kab+(AOr+(A-AO)*V)>) 
Ar=AOr+(A-AO)*V; 
Br=Qr-Ar; 
a=l; 

b2»-(2*Q+(Br.^2*Kab/Ar)); 
c2=Q'2; 
AE=(-b2-sqrt(b2^2-(4*a*c2)))/2; 
Z»=1./(AE-A); 
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%Equatlon3new 
^General solution for a 3 component system where C, conponent 
%on the resin, is preferred over B. 
global xi a aconc ae be ce c ao aor ar bo bor Icab kac q qr v Z 
ao3!0.046; %meq/inl 
bo".0257; %meq/nil 
co=0; 
q=ao+bo+co; 
qr=2.06; 
kab=3.662; 
kac=1.5; 

bl—(2*qr+bo''2/(ao*kab)); 
cl«»qr'^2; • 
aor«»(-bl-sqtt(bl'^2-(4*cl)))/2; 
bor«qr-aor; 
v=aor/ao; 
ai'aQ/40; 
aconc»0:ai:ao 
[]unk nujn}=size(aconc); 
for i'llxnum; 

a'aconcd); 
Ar(i)«'aor+(a-ao)*v; 
ar=Ar(i); 
ci"q-bo-a; 
bri«=(qr-ar)*.2; 
cri=(qr-ar)*.8; 
if i>l 

xi-=[ae(i-l);be(i-l);ce(i-l);c{i-l)]; 
else 

xi=[0.001;bri;cri;.0460]; 
end 

[x,fval]=fsolve('fun3',xi); 
ae(i)=x(l)i 
be(i)=x(2); 
ce(i)«x(3); 
c(i)°x(4); 
aref*:ao/2;; 
NTU(i)-quads('Areanew*,aref,a) 
Z1(i)-l/(aconc(i)-ae(i)); 
end 

ca-aconc(:)/2; 
plot(aconc(;),Ar(!),ae(:),Ar{;),'*') 
ylabel('A resin') 
xlabel('A solution') 
fid=fopen('table.out','w') 
for k-l:nu]n 

fprintf(fid,'»6.4f %6.4f %6.4f %6.4f 46.4f %6.4f %6.4f 
%9.4f\n',ca(k),aconc(k),Ar(k),ae(k),be(k) ,ce(k) ,c(k),tITU(k)) 
end 

fclose(fid) 
fid=fopen('table2.out','w•) 
for k=l:nura 

fprintf(fid,•%6.4f 86.4f %5.4f 89.4f \n',aconc(k),ae(k),Z1(k),NTU(k)) 
end 

fclose(fid] 
clear all; 

https://fprintf(fid,�%6.4f
https://fprintf(fid,'�6.4f
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for for 3 component Ion exchange system 
%%wJLth b=bo to be used with equatron3 

function F=fun3(x) 
global xl a aconc ae be ce c ao aor ar bo bor kab kac q qr v Z 
F-[x(2)-sqtt((ar*bo"2)/(x(l)*kab)); 

x(l)*x(3)'2*)cac-ar*x(4)^2; 
x(l)+bo+x(4)-q; 
ar+x(2)+x(3)-qr] 
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function [Z]<°Areanew(A) 
global xl a aconc ae be ce c ao aor ar bo bor kab kac q qx v Z 
A=«a 

ar=aor+(A-ao)*v; 
ci=q-bo-a; 
bri=(qr-ar)*.2 
cri=(qr-ar)*.8 
xl=[0.001;bzl;crl;.0460] 
[x,fval]=fsolve('fun3',xl) 
areq=x(l) 
breq=x(2) 
creq=x(3) 
ceq«x(4) • 
Z=l./(areq-A); 
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%Equation4aJ.l 
%6eneral solution for a 4 component system where D, conponent 
%on the resin, is preferred over B 5 C. 
global a ao aor ar bo bor co cor do dor )cab kac kad q qr 
ao=0.05; %meq/nl 
ho^O.05; tmeq/ml 
co=0.05; 
do=0 

q=ao+bo+co 
qr«2.06; 
kab'3; • 
kac"=4; 
kad=2; 

bor=-qr/(l+kab+kab/kac+kab/kad*do) 
aor«kab*bor; 
cor^aor/kac; 
dor'aor/kad; 
vaor/aoi 
ai'»ao/20 
aend^ao-ai 

aconcsO:ai:ao 

%aconc.04:.001:.049 
[junk num]«si2e(aconc); 
for i*:l:num; 

a=aconc{i); 
Ar(i)«'aor+(a-ao)*v; 
ar^Ar(i); 
ai»a».8; 

bri=(qr-ar)*.5; 
cri=(qr-ar)*.3; 
dri»(qr-ar)*.l; 
boi=bo*.99; 
coi=co*.99; 
doi=ao*.2; 
if i>l 

yi««[aey(i-l);brey(i-l);crey(i-1);drey(i-l);dey(i-l)] 
else 

yi=(ai;bri;cri;dri;doi]; 
end 

(y,fval]«fsolve('fun4exp',yi) 
aey(i)=y(l); 
brey(i)-y(2); 
crey(i)-y[3); 
drey(i)-y{4); 
dey(i)=y(5); 

end 

ARR=ar 

plot(aconc(;),Ar(:),aey{!),Ar(:),•♦•)
ylabelCA resin') 
xlabel('A solutxon') 
fid=fopen('table.out','w')

^or k'ilinum 
fprintf(fid,'%6.5f %6.4f 46.4f %6.4f %6.4f %6.4f 

«6.4f\n',aconc(k),Ar(k) ,aey (k) ,brey(k), crey (k) ,drey(k) ,dey(k)) 
end 
fclose(fid) 

https://fprintf(fid,'%6.5f
https://coi=co*.99
https://boi=bo*.99
https://aconc.04
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ftSm-file for for 4 component ion exchange system 
%%with assumption b=bo and c°=co to be used with equation4all 

function F»=fun4exp(y) 
global ao aor ar bo bor co cor do dor hab kac kad q qr 
F=[ar*bo-y(1)*y(2)*kab; 

ar*co-y(l)*y(3)*kac; 
ar*y(5)-y(1)*y(4)*kad; 
y(1)+bo+co+y(5)-q; 
ar+y<2)+y(3)+y(4)-qr]; 
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%Main program to calculate ar, br, and b from a slnpllfled set of equations 
%Calls fundec - non linear equations 
%4 components where A>B>C>D 

global ao bo co q a qr kab kac kbc aor bor cor dor; 
ao^O.OS; 
bo'O.05; 
co=0.05; 
q=ao+bo+co; 
aor<:1.584; 
bor=0.317; 
cor=0.1584; 
qr"2.06; 
kab*°5; 
kac'lO; 
kbc^'Z; 
kad=20; 
a«0.01 

xo"[1.2;.3;.025]; 
[x,fval]=fsolve('fundec',xo) 
clear all; 
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^Calculates ar, br and b from a simplified set of equations 

ftUslng equatdec to call this m file - fundec 

function Fcfundec(x) 
global ao bo co do q a qr kab kac kbc kad aor bor cor dor 
F-lx(l)*x(3)-a*kab*x(2); 

x(2)*(a*kab+(q-a)/kbc +x{3)-x(3)/kbc)-2.06*x(3); 
x(2)-bor-(x(l)-aor)*(x(3)-bo)/(a-ao)) 
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APPENDIXE 

PUMPCALIBRATION 

A MasterFlex peristaltic pump with a7014 head wasused to pump the solution tothe 

ion exchange column The7014head is rated to deliver021 to 21 ml/min at atmospheric 

pressure Theflow rate asafunction ofset point was determined by pumping water 

throughtheion exchange column for a specified time and measuringthe volumeofthe 

solution pumped Calibration datafor set points at4,5,7and9are given in TableE 1. 

TableE.1 Pump Calibration-MasterFlex with 7014pump head 

SetPoint Time(mm) Volume pumped(ml) Flow rate(ml/mm) 
4 10 87 8.7 

20 177 8.9 

30 260 8.7 

35 300 8.6 

5 4 43 11.0 

10 110 110 

25 287 11.5 

7 10 160 16.0 

10 161 16.1 

10 162.5 16.3 

9 5 110 22.0 
10 215 21.5 

16 338 21 1 

Based onthis data,set pointsof4(approx.8.5 ml/min)and7(approx. 16 ml/min)were 

chosen forthe experimental study. 
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APPE1S1DIXF 

DOW ChemicalCompany-DOWEXHCR-W2product data 
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APPENDIXG 

Determination ofCu and Co Concentration using Spectrophometric Analyses 

Solutions ofcupric chloride and cobalt chloride were selected for usein the experimental 

study since they could be analyzed using spectrophotometer analyses. AHP8452A 

Spectrophotometer was availableto perform the analyses. TheHP8452A 

spectrophotometeris a single beam microprocessor controlled,UVATS 

spectrophotometer with collimating optics It uses diode arraytechnology thatthe 

manufacturer says makesit much fasterthan conventionalinstruments with more 

precision,sensitivity,and reproducible results. The unit is capable ofoperating in a 

wavelength range of190to 820nm The diode array is a series of328 individual 

photodiodesand control circuits etched onto asemiconductorchip2mm x 18 mm in size. 

Each photodiode is assigned a wavelength. AschematicoftheHP8452A optical system 

is shown in Figure G.1. Sample cells are available in quartz,glass and plastic Quartz 

Diode Array 

.Spectograph 
Lens 

Grating 
Slit 

Shutter 
Sample 

Cell 

Source 
Lens 

Deuterium Lamp 

FigureG 1 HP8452A Optical System 
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sample cells are required ifthe full 190to820nm wavelength range is used. Forthe 

visible range,good quality glass is adequate. The quality ofthe disposable plastic cells 

varies,therefore,plastic curvettes are generally notrecommended 

A spectrum wasrun on a0.2-M solution ofCuCljand C0CI2to determine the 

wavelengths at which they absorb.The wavelength at which acompound absorbs is 

determined by selecting the wavelength that givesthe highest measured valueforthat 

component. Solutions ofCuCljand C0CI2werefound to absorb at800and 510ran, 

respectively Absorbance spectrumsofthe 0.2MCUCI2and C0CI2 solutions are given in 

Figures G.2and G.3,respectively. The absorbance(A)ofa solution is defined by 

Beer'sLaw,A=abc,where a isthe absorptivity,cisthe concentration ofthe absorbing 

speciesin moles/liter,and b isthe length ofthe light path throughthe absorbing solution 

in centimeters The absorptivity,a,is afunction ofthe wavelength thatis characteristic 

ofthe component Thelength ofthe light path is afunction ofthe spectrophotometer and 

is usually 1 cm For a mixture,the absorbance at any selected wavelength isthe sum of 

the contributions ofeach constituent. Therefore in a mixture,the concentration ofeach 

constituent is determined by solving a set ofsimultaneous equationsfor each absorbance 

atthe specified wavelength. For a binary mixture ofCuCU and C0CI2, 

A@5lOnm~ai[Cu]+a2[Co] G.l 

A@800nm~a3[Cu]+04[Co] G.2 

where ai and asarethe absorptivity ofcopper at510and 800ran,respectively,a2and 04 

arethe absorptivity ofcobalt at510and 800ran,respectively,and[Cu]and[Co]arethe 
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concentration ofcopper and cobalt,respectively in moles/liter. These equations arethen 

solved simultaneously for[Cu]and[Co]. 
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Calibration curves weregenerated for CuCl2and C0CI2by measuring the absorbance asa 

function ofsolution concentration The standards were prepared by diluting a0.2M 

solution ofCUCI2and C0CI2.The0.2M solutions were prepared by dissolving 3.4g of 

CUCI2.2H2O and 4.8gofCUCI2.2H2O in a 100-ml volumetric flask with deionized water 

for atotal solution volumeof100 ml. The absorbance at510and 800nm wavelengths as 

afimction ofthe CUCI2and C0CI2concentrations were measured and aretabulated in 

TablesG 1 and G.2,respectively. The data wasfitted to alinear equation to obtain the 

relationship between the absorbance and the concentration ofthe copper and cobalt 

chloride solutions. Plotsofthe dataforthe CUCI2and C0CI2solutions with a linear fit are 

showninFiguresG4and G.5,respectively Asindicated bythe figures,agood fit exists 

betweenthe data and the linear equation especially atthe high concentration range. 

Based onthe data,the absorptivity ofCu at800and 510nm were determined to be 13.69 

and 0.2849,respectively,and the absorptivity ofCo at800and 510nm are 0.1381 and 

48765,respectively. The concentrationsofcopper and cobalt in anunknown solution 

are determined by measuring the absorbance ofthe solution at510and 800nm and 

simultaneously solving thetwo equations. 
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Table G.1. Cupric Chloride Calibration Data 

M Wavelength 
moles/1rter 800 510 

0.005 0.1444 0.0296 

0.010 0.1402 0.0308 

0.020 0.2708 0.0345 

0.030 0.3788 0.0285 

0.040 0.4752 0.0423 

0.050 0.6437 0.0335 

0075 0.9963 0.0311 

0.100 1.3840 0.0315 

0.125 1.7049 0.0462 

0.150 2.0852 0.0377 

0.175 2.4524 0.0349 

0.200 2.7006 0.0432 

Table G.2. Cobalt Chloride Calibration Data 

M Wavelength 
moles/liter 800 510 

0.005 0.0051 0.0322 

0.010 0.0024 00499 

0020 0.0147 0.1163 

0.030 0.0062 0.1486 

0.040 0.0201 0.2108 

0.050 00077 0.2498 

0.075 0.0111 0.3678 

0.100 0.0231 0.4966 

0.125 0.0171 06335 

0150 0.0193 0.7219 

0175 0.0237 08462 

0.200 0.0195 0.9614 
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APPENDIXH 

Effect ofpHonthe Shape oftheBreakthrough Curve 

Problems with reproducibility with the pH measurementswere encountered while 

analyzing the concentration ofthe samplesthat contain HCl. However,although the 

analyses differed,the shape ofthe breakthrough curve wasnotchanges. This isshown 

by Figure H.1 and H.2,same run with2different pH measurements The sodium 

concentration was determined by difference Thegeneral shape ofthe breakthrough 

curve remained the sameeventhough the pH measurement,thereforethe sodium 

concentration did notagree. Analyzingthe hydrogen concentration using apH meteris 

notrecommended unless reproducibility and precision can be obtained 
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APPENDIXI 

Experimental and Calculated Breakthrough Data 
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-

0.0472
M

Cupric
chloride on

Sodium loaded resin(16.5 ml/min) 
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Table 1.2 
R
u
n
2
Experimental and Calculated Breakthrough Data

-
0
1
0
4
M

Cobalt
chloride on Copper

loaded resin(
1
6
2
m
l
/
m
m
)
 

H
T
U
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l
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c
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c
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0
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0
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Table 1.3 
R
u
n
3
Experimental

and Calculated Breakthrough Data
-

c
s
 

0.096M Calcium chloride on Cobalt
loaded resin(16 ml/min) 
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Table 1.4 
R
u
n
4
Expenmental

a
n
d
 Calculated Breakthrough Data

-
0.046 M

Cupric
chloride o

n
 S
o
d
i
u
m
 loaded resin

(15.87
ml/min) 

H
T
U
 

3
9
3
 

S
a
m
p
l
e
 time 

A
b
8
o
r
t
)
a
n
c
e
 
C
u
C
o
n
e
.
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—
C
a
l
c
u
l
a
t
e
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(min) 
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c
m
)
 

N
T
U
 

N
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U
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(moles/1) 

1
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0
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4
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0
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0
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0
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0
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0
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0
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0
0
0
1
 

1
5
4
3
3
3
1
2
9
4
 

3
.
9
3
 

1
2
8
1
9
 

0
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0
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0
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0
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2
0
0
 

-
0
3
9
9
0
 

0
0
3
2
2
 

1
7
 

1
3
5
 

0
6
2
4
3
 

0
0
4
6
 

-
9
5
3
4
2
9
8
5
9
 

-
2
4
3
 

-
0
4
9
2
3
 

0
.
0
3
4
5
 

1
8
 

1
4
0
 

0
6
3
5
7
9
 

0
0
4
6
 

-
1
1
 1
9
8
8
0
6
 

-
2
8
5
 

-
0
5
8
8
4
 

0
0
3
6
8
 

-
0
6
9
2
9
 

0
0
3
9
1
 

Q
r
e
s
i
n
 

2
0
6
meq/ml 

'
 

-
0
8
1
7
3
 

0
0
4
1
4
 

A
O
 

0
0
9
2
meq/ml 

-
0
9
9
7
2
 

0
0
4
3
7
 

B
O
 

0
meq/ml 

-
2
1
1
2
0
 

0
0
4
6
 

K
a
b
 

1
5
 

V
s
 

7
7
8
7
c
m
/
m
I
n
 

(
1
5
8
7
ml/min) 

Aoresin 
2
0
6
meq/ml 

V
f
 

0
3
3
2
9
c
m
/
m
i
n
 



Table I 5
 
R
u
n
5
 Experimental

a
n
d
 Calculated Breakthrough Data

-
C
N
 

0.049
M

Cobalt
chloride o

n
C
o
p
p
e
r
loaded resin

(15.97ml/mln) 

H
T
U
 

-1 4
1
 

S
a
m
p
l
e
 
T
i
m
e
 

Absorbance 
C
o
C
I
2
 

A
b
s
o
r
b
a
n
c
e
 
C
u
C
I
2
 

-
C
a
l
c
u
l
a
t
e
d
 D
a
t
a
-
-

(min) 
5
1
0
n
m
 

(moles/liter) 
8
0
0
n
m
 

(moles/liter) 
(
c
m
)
 

N
T
U
 

N
T
U
 
0

(moles/1) 

1 
0
 

0
2
4
1
2
9
 

0
0
4
9
 

0
0
0
5
9
1
 

0
0
0
0
 

2
 

5
 

0
0
0
7
0
6
 

■0001 
0

6
3

5
3

1
 

0
0

4
6

 
31 8428703 

-2
2

5
8

3
6

 
-2

9
1
3
8
9
 

0
0

0
0

0
 

3
 

3
0
 

0.01256 
0

0
0

0
 

0
6

0
9

8
9

 
0

0
4

5
 

2
2
8
0
9
4
3
1
9
 

-1
6

1
7

6
9

 
-21 0219 

0.0025 
4
 

4
5

 
0
0
3
1
3
1
 

0
0

0
4

 
0.56827 

0
0

4
1

 
1
7
3
8
9
3
6
8
9
 

-12.3329 
-1

5
8

4
3

0
 

0
0

0
4

9
 

5
 

6
0
 

0
0
5
9
2
7
 

0
0

1
0

 
0

5
0

6
8

7
 

0
0

3
7

 
11 9690058 

-8 48887 
-1

2
9

5
3

0
 

0
0
0
7
4
 

6
 

6
5

 
0
0
6
5
6
3
 

0
0
1
1
 

0
4

8
0

4
1

 
0

0
3

5
 

1
0
1
6
2
6
1
8
2
 

-7
2

0
7

5
3

 
-9

9
9
8
2
 

0
0
0
9
8
 

7
 

7
0

 
0
0
9
0
9
3
 

0
0

1
7

 
0

4
6

0
9

7
 

0
0

3
4

 
8

3
5

5
9

3
0

4
9

 
-5

9
2

6
1

9
 

-7
9
4
2
4
 

0
0

1
2

3
 

8
 

75 
0
0
9
1
0
2
 

0
0

1
7

 
0

4
2

4
9

 
0
0
3
1
 

6
5
4
9
2
4
2
8
2
 

-4
6

4
4

8
5

 
-6

1
8

4
0

 
0

0
1

4
7

 
9
 

8
0
 

0
0
9
8
5
7
 

0
0

1
9

 
0
4
0
0
6
2
 

0
0
2
9
 

4
 74255514 

-3
3
6
3
5
1
 

-4
5

1
7

3
 

0
0

1
7

2
 

10 
8
5
 

0
1
0
8
7
6
 

0
0
2
1
 

0
3
7
2
4
1
 

0
0

2
7

 
2

9
3

5
8

6
7

4
7

 
-2

0
8
2
1
8
 

-2
 9

7
8

7
 

0
0

1
9

6
 

11 
9
0
 

0
1
5
6
9
5
 

0
0

3
1

 
037491 

0
0
2
7
 

1.1291798 
-0

8
0

0
8

4
 

-1 4793 
0

0
2

2
1

 
12 

9
5
 

0
1
2
7
5
2
 

0
0

2
5

 
032091 

0
0

2
3

 
■

0
6

7
^0

7
9

 
0

4
8
0
5

 
0
0
0
0
0
 

0
0
2

4
5

 
13 

100 
0
1
5
2
9
7
 

0
0
3
0
 

0
3
1
4
3
8
 

0
0

2
3

 
-2 4841956 

1 76184 
1 4894 

0
0

2
7

0
 

14 
105 

0
1
4
4
5
2
 

0
0

2
8

 
0

2
7

4
1

7
 

0
0

2
0

 
-4

2
9

0
8

8
3

2
 

3
0
4
3

1
8
 

3
0
1
9

8
 

0
0
2
9
4
 

15 
110 

0
1
6
5
0
7
 

0
0

3
3

 
0

2
6

1
0

8
 

0
0

1
9

 
-6

0
9

7
5

7
0

9
 

4
3
2
4
5
2
 

4
6
1
3

7
 

0
0
3
1

9
 

16 
1

1
5

5
 

0
1
8
5
2
3
 

0
0
3
7
 

0
2

3
9

6
5

 
0.017 

-8
0

6
4

9
2

7
3

 
5

 73399 
6

3
6

1
6

 
0

0
3

4
3

 
17 

120 
0
1
8
2
4
 

0
0

3
6

 
0

2
2

7
8

6
 

0
0

1
6

 
-9 7109462 

6
8

8
7
2
 

8
2

7
5

2
 

0
0
3
6

8
 

18 
125 

0.1732 
0

0
3

5
 

0
1
9
3
 

0
0

1
4

 
-11 517634 

8
1
6
8

5
3
 

104571 
0

0
3

9
2

 
19 

130 
0
1
8
4
6
5
 

0
0

3
7

 
0

1
7

7
1

9
 

0
0

1
3

 
-1

3
3

2
4

3
2

2
 

9
4
4
9

8
7
 

1
3
0
9
3
2
 

0
0
4

1
7

 
2

0
 

135 
0
1
9
8
0
9
 

0
0

4
0

 
0

1
7

0
7

3
 

0
0

1
2

 
-1

5
1

3
1

0
0

9
 

10 7312 
1
6
4
9
2
0
 

0
0

4
4

1
 

21 
140 

0
1

9
^
 

0
0

4
0

 
0

1
4

7
0

6
 

0
0

1
0

 
-1

6
9

3
7

6
9

7
 

1
2
0
1
2
6
 

2
3
0
2

7
2
 

0
0
4

6
6

 
22 

1
4
5
T

O
 

0
2
0
1
5
7
 

0
0

4
1

 
0

1
3

4
3

4
 

0
0

0
9

 
-1

9
0

1
5

3
8

6
 

134861 
4
4
2
8
8
8
 

0
0
4

9
0

 
2
3
 

150.47 
0
2
5
0
2
4
 

0
0
5
1
 

0
1
5
2
2
8
 

0
0
1
1
 

-20 720901 
1
4
6
9
5
7
 

2
4
 

155 
0

2
0

7
0

2
4

 
0

0
4

2
 

0
1

0
8

6
 

0
0

0
8

 
-2

2
3
5
7
7
6
 

15.8566 
2

5
 

160 
022371 

0
0
4
5
 

0
1
0
5
8
8
 

0
0

0
7

 
-24.164448 

1
7
1
3
7
9
 

2
6

 
170 

0
2
1
6
0
9
 

0
0

4
4

 
0

0
8

1
5

7
 

0
0
0
6
 

-27 777623 
1
9
7
0
0
6
 

2
7

 
180 

0
2
3
1
0
3
 

0
0

4
7

 
0

0
6

9
0

3
 

0
0

0
5

 
-31 (^1

1
9
8
 

22 2633 
2

8
 

181 
0
2
4
3
4
7
 

0
0

6
0

 
0

0
0

5
7

4
 

0
0

0
0

 
■31 ^

2
5
3
6
 

22 5195 

iln 
2 06 m

eq/m
l 

K
ab 

0
8

7
3

3
 

A
oresin 

2 06 m
eq/m

l 
A
O
 

0098 m
eq/m

l 
V

e 
7 96 cm

/m
in 

(15 97 m
l/m

in) 
V

f 
0

3
6

1
3

 cm
/m

In 



C
N
 

Table 1.6 
R
u
n
7
 Expeilmental

and Calculated Data
-

0.098 M
Cupric

chloride on Sodium loaded resin(16.12 ml/min) 

H
T
U
=
 

6
8
6
 

Sample time 
A
b
s
o
r
b
a
n
c
e
 
C
0
C
I
2
 

A
b
s
o
r
b
a
n
c
e
 
C
u
C
I
2
 

N
a
by

Diff 
z
 

—
C
a
l
c
u
l
a
t
e
d
 D
a
t
a
~
 

(min) 
5
1
0
n
m
 

(molee/liter) 
8
0
0
n
m
 

(moles/liter) 
(moles/liter) 

(
c
m
)
 

N
T
U
 

N
T
U
 
C
(moles/1) 

1
 

0
 

0
0
0
7
4
 

0
0
0
1
 

0
0
0
6
0
4
 

0
0
0
0
 

0
1
9
6
 

2
 

0
 

0
0
2
4
;
^
 

•
0
0
0
1
 

1 3
4
1
3
5
 

0
0
9
8
 

0
0
0
5
 

3
 

~ 5
 

0
0
1
0
1
9
 

0
0
0
2
 

0
0
0
4
2
 

0
0
0
0
 

0
1
9
6
 

3
3
5
7
5
 

4
8
9
4
 

9
3
5
5
 

0
0
0
0
 

4
 

3
0
 

0
0
0
5
2
2
 

0
0
0
1
 

0
0
0
6
7
4
 

0
0
0
0
 

0
1
9
7
 

1
6
1
5
3
 

2
3
5
5
 

2
6
0
6
 

0
0
0
5
 

5
 

4
0
 

0
0
1
2
5
6
 

0
0
0
2
 

0
0
5
8
2
4
 

0
0
0
4
 

0
1
8
7
 

9
1
8
5
 

1
 3
3
9
 

1
8
1
6
 

0
0
1
0
 

6
 

4
5
 

0
0
0
3
1
 

0
0
0
0
 

0
1
9
5
7
6
 

0
0
1
4
 

0
1
7
2
 

5
7
0
0
 

0
8
3
1
 

1 3
7
5
 

0
0
1
5
 

7
 

5
0
 

0
0
0
9
3
5
 

0
0
0
0
 

0
4
7
3
9
7
 

0
0
3
5
 

0
1
3
1
 

2
2
1
6
 

0
3
2
3
 

1
0
5
8
 

0
0
2
0
 

8
 

5
5
 

0
0
0
9
5
1
 

-
0
0
0
1
 

0
7
7
7
9
8
 

0
0
5
7
 

0
0
8
9
 

-1 2
6
8
 

-
0
1
8
5
 

0
8
1
0
 

0
0
2
5
 

9
 

6
0
 

0
0
1
8
2
2
 

-
0
0
0
1
 

1
0
6
6
1
5
 

0
0
7
6
 

0
0
4
6
 

-
4
7
5
3
 

-
0
6
9
3
 

0
6
0
4
 

0
0
2
9
 

1
0
 

6
5
 

0
0
0
6
5
1
 

-
0
0
0
3
 

1
 2
1
4
 

0
0
6
9
 

0
0
2
9
 

-
8
2
3
7
 

-1 2
0
1
 

0
4
2
8
 

0
0
3
4
 

1
1
 

7
0
 

0
0
0
6
4
4
 

-
0
0
0
4
 

1
.
2
7
9
2
4
 

0
0
9
3
 

0
0
2
0
 

-
1
1
 7
2
1
 

-1 7
0
9
 

0
2
7
1
 

0
0
3
9
 

1
2
 

7
5
 

0
0
0
7
3
1
 

-
0
0
0
4
 

1 2
9
3
0
6
 

0
0
9
4
 

0
0
1
9
 

-
1
5
2
0
5
 

-
2
2
1
7
 

0
1
3
0
 

0
0
4
4
 

1
3
 

8
0
 

0
0
1
6
4
3
 

-
0
0
0
2
 

1 3
1
4
4
2
 

0
0
9
6
 

0
0
1
2
 

-
1
8
6
9
0
 

-
2
7
2
4
 

0
0
0
0
 

0
0
4
9
 

1
4
 

8
5
 

0
0
4
0
9
5
 

0
0
0
3
 

1 3
3
5
9
5
 

0
0
9
8
 

-
0
0
0
1
 

-
2
2
1
7
4
 

-
3
2
3
2
 

-
0
1
2
2
 

0
0
6
4
 

1
5
 

9
0
 

0
0
0
7
2
3
 

-
0
0
0
4
 

1
 3
1
4
8
8
 

0
0
9
6
 

0
0
1
6
 

-
2
5
6
5
8
 

-
3
7
4
0
 

-
0
2
3
9
 

0
0
6
9
 

-
0
3
5
3
3
 

0
0
6
3
7
 

-
0
4
6
7
4
 

0
0
6
8
6
 

Q
r
e
s
i
n
 

2
0
6
meq/ml 

-
0
7
1
0
9
 

0
0
7
8
4
 

A
O
 

0
1
9
6
meq/ml 

-
0
8
5
3
8
 

0
0
8
3
3
 

B
O
 

0
meq/ml 

-1 0
3
2
1
 

0
(
^
2
 

K
a
b
 

1
5
 

-
1
3
0
K
 

0
0
9
3
1
 

V
s
 

8
0
2
1
 c
m
/
m
I
n
 

(
1
6
1
2
m
l
/
m
l
n
)
 

-
3
0
8
6
3
 

0
0
9
6
 

Aoresin 
2
0
6
meq/ml 

V
r
 

0
6
9
6
9
c
m
/
m
i
n
 



<
s
 

Table 1.7 
R
u
n
8
Experimental

and Calculated Data
-

0.099
M

Cobalt
chloride on Copper

loaded resin(8.5 ml/min) 

H
T
U
=
 

-
1
5
8
 

Sample time 
A
b
s
o
r
b
a
n
c
e
 
C
o
C
i
2
 

A
b
s
o
r
b
a
n
c
e
 
C
u
C
I
2
 

Diff 
z
 

—
C
a
l
c
u
l
a
t
e
d
 D
a
t
a
—
 

(min) 
5
1
0
n
m
 

(moles/liter) 
8
0
0
n
m
 

(moles/liter] 
liter) 

(
c
m
)
 

N
T
U
 

N
T
U
 
0

(moles/l) 

1 f
e
e
d
 

0
4
8
4
4
7
 

0
0
9
9
 

0
0
1
0
8
8
 

0
0
0
0
 

0
0
0
2
 

2
 

1
0
 

0
0
1
7
2
9
 

-
0
.
0
0
2
 

1
3
2
4
4
5
 

0
0
9
7
 

0
0
1
1
 

3
1
 1
1
4
 

-
1
9
6
9
3
 

-
2
9
1
3
8
9
 

0
0
0
0
 

3
 

4
5
 

0
0
6
1
8
7
 

0
0
0
6
 

1
 1
6
7
8
2
 

0
0
6
5
 

0
0
1
4
 

1
8
1
3
3
 

-
1
1
 4
7
7
 

-
2
1
 0
2
1
9
 

0
0
0
5
 

4
 

5
5
 

0
1
0
8
6
3
 

0
0
1
8
 

1
0
8
1
9
4
 

0
0
7
9
 

0
0
0
7
 

1
4
4
2
4
 

-
9
1
2
9
 

-
1
5
8
4
3
0
 

0
0
1
0
 

1
2
5
7
0
 

-
7
9
5
5
 

-
1
2
9
6
3
0
 

0
0
1
5

5
 

6
0
 

0
1
2
1
5
1
 

0
.
0
2
1
 

1
0
2
5
9
4
 

0
0
7
5
 

0
0
0
9
 

6
 

6
5
 

0
1
3
8
8
1
 

0
.
0
2
4
 

0
9
6
3
5
9
 

0
0
7
0
 

0
0
1
1
 

1
0
7
1
5
 

-
6
7
8
2
 

■
99962 

0
0
2
0
 

7
 

7
0
 

0
1
6
0
4
 

0
0
2
9
 

0
9
0
6
5
6
 

0
0
6
6
 

0
0

1
0

 
8
 861 

-5
6

0
8

 
-7

9
4
2
4
 

0
0
2
5
 

8
 
8
0
3
3
3
 

0
2
0
3
7
2
 

0
0
3
8
 

0
7
8
7
7
2
 

0
0
5
7
 

0
0

0
9

 
5

0
2

8
 

-3.182 
-6

1
8

4
0

 
0
0
3
0
 

9
 

9
0
 

0
2
3
9
4
3
 

0
0
4
6
 

0
6
7
7
9
 

0
0
4
9
 

0
0

0
9

 
1 443 

•0
9
1
3
 

-4
5

1
7

3
 

0
0
3
5
 

1
0
 

1
0
0
 

0
2
8
1
1
9
 

0
0
5
5
 

0
5
7
9
8
8
 

0
0
4
2
 

0
0

0
6

 
-2

2
6
6
 

1 434 
-2

9
7
8
7
 

0
0

4
0

 

1
1
 

1
1
0
 

0
3
1
5
8
 

0
0
6
3
 

0
4
8
9
7
8
 

0
0
3
5
 

0
0

0
4

 
-5

9
7
5
 

3
 782 

-1 4793 
0
0
4
5
 

1
2
 

1
2
0
 

0
3
4
2
7
 

0
0
6
9
 

0
.
4
0
6
0
6
 

0
0
2
9
 

0
0

0
5

 
-9

6
8
4
 

6
1

2
9

 
0

0
0

0
0

 
0
0
5
0
 

1
3
 

1
3
0
 

0
3
6
8
5
9
 

0
.
0
7
4
 

0
3
3
6
7
8
 

0
0
2
4
 

0
0

0
4

 
-1

3
3

9
3

 
6

4
7

7
 

1 4
8

9
4

 
0
0
6
4
 

1
4
 

1
4
0
 

0
3
9
5
5
5
2
 

0
0
8
0
 

0
2
8
1
0
7
 

0
0
2
0
 

0
0

0
1

 
-17.102 

1
0

8
2

4
 

3
0

1
9

8
 

0
0
5
9
 

1
5
 

1
5
0
 

0
4
1
1
1
9
 

0
0
8
3
 

0
2
2
8
9
 

0
0
1
6
 

0
0

0
1

 
-20811 

13.171 
4

6
1
3
7

 
0
0
6
4
 

1
6
 

1
8
5
 

0
4
5
0
9
6
 

0
0
9
2
 

0
1
0
9
0
2
 

0
0
0
7
 

0
0

0
1

 
-33 792 

2
1

3
8
7

 
6

3
6
1
6

 
0
0
6
9
 

8
 2752 

0
0

7
4

2
5

 

Q
r
e
s
i
n
 

2
0
6
meq/ml 

1
3
0
9
3
2
 

0
0

8
4

1
5

 

A
O
 

0
1
9
6
 meq/ml 

1
6
4
9
2
0
 

0
0

8
9

1
 

B
O
 

0
meq/ml 

23 0272 
0

0
9

4
0

6
 

K
a
b
 

0
8
7
3
3
 

4
4
2
8

8
8
 

0
0
9
9
 

V
a
 

4
2
2
9
7
c
m
/
m
i
n
 

(
8
5

ml/min) 

A
o
r
e
a
i
n
 

2.06 meq/ml 

V
f
 

0
3
7
0
9
c
m
/
m
I
n
 



v
o
 

c
s
 

Table 1.8 
Run

10
Experimental

and Calculated Breakthrough Data
-

0.023
M

Cupric
chloride and

0
025

M
Cobalt

Chloride on Sodium loaded resin(16.32 ml/min) 

H
T
U
-
-

3
9
3
7
 

S
a
m
p
l
e
 
time 

A
b
s
o
r
b
a
n
c
e
 
C
o
C
I
2
 

A
b
s
o
r
b
a
n
c
e
 
C
u
C
I
2
 

N
a
by

DIff 
z
 

—
C
a
l
c
u
l
a
t
e
d
 D
a
t
a
—
 

(mln) 
5
1
0
n
m
 

(molee/llter) 
8
0
0
n
m
 

(molee/llter) 
(moles/liter) 

(
c
m
)
 

N
T
U
 

N
T
U
 

0
(moles/I) 

1
 f
e
e
d
 

0
1
2
6
2
1
 

0
0
2
5
 

0
3
2
2
1
9
 

0
0
2
3
 

0
0
0
4
 

2
 

1
0
 

0
0
0
6
1
5
 

0
.
0
0
1
 

0
.
0
0
0
9
2
 

0
0
0
0
 

0
0
9
7
 

1
6
4
3
8
 

4
1
7
5
 

8
6
5
7
 

0
0
0
0
 

3
 

6
0
 

0
0
0
3
3
3
 

0
0
0
1
 

0
0
0
2
7
5
 

0
0
0
0
 

0
0
9
8
 

7
6
6
9
 

1
9
2
2
 

2
3
7
1
 

0
0
0
1
 

4
 

7
5
 

0
0
1
1
5
5
 

0
0
0
2
 

0
.
0
1
1
5
8
 

0
0
0
1
 

0
0
9
4
 

4
9
0
8
 

1 2
4
7
 

1
.
6
6
3
 

0
0
0
2
 

5
 

9
0
 

0
0
2
1
7
7
 

0
0
0
4
 

0
0
4
6
0
4
 

0
0
0
3
 

0
0
8
5
 

2
2
4
7
 

0
5
7
1
 

1
 2
4
8
 

0
0
0
3
 

6
 

9
5
 

0
0
8
0
4
9
 

0
0
1
6
 

0
1
1
9
0
3
 

0
.
0
0
9
 

0
0
6
1
 

1
 3
6
1
 

0
3
4
6
 

0
9
6
3
 

0
0
0
5
 

7
 

1
0
0
 

0
0
6
8
0
4
 

0
0
1
1
 

0
1
3
3
3
3
 

0
0
1
0
 

0
0
6
8
 

0
4
7
4
 

0
1
2
0
 

0
7
2
4
 

0
0
0
6
 

8
 
1
0
5
3
3
 

0
0
7
6
6
5
 

0
0
1
5
 

0
1
7
9
8
9
 

0
0
1
3
 

0
0
4
4
 

•
0
4
7
2
 

■
0120 

0
5

3
5

 
0

0
0

7
 

9
 

110 
0
0
9
1
2
2
 

0
0

1
8

 
0

2
1

7
6

7
 

0
0

1
5

7
 

0
0
3
3
 

-1 300 
-0

3
3
0
 

0
3
7
5
 

0
0

0
8

 
10 

115 
0
1
0
3
3
6
 

0.020 
0

2
5

7
5

2
 

0
0

1
8

6
 

0
0
2
3
 

-2
1
8
7
 

-0
6

5
6

 
0
2
3
6
 

0
0
0
9
 

11 
120 

0
1
8
0
8
6
 

0
0

3
6

 
0

3
2

3
3

 
0
0
2
3
 

-0
0
1
8
 

-3
0
7
4
 

-0 781 
0

1
1

2
 

0
0

1
0

 
12 

125 
0
1
3
9
8
9
 

0.027 
0

3
1

6
0

1
 

0
0

2
3

 
0
0
0
0
 

-3
9

6
1

 
-1 006 

0
0

0
0

 
0

0
1

2
 

13 
130 

0
1
2
8
5
9
 

0
0

2
5

 
0

3
1

5
2

9
 

0
0

2
3

 
0

0
0

4
 

-4
8

4
8

 
-1 231 

-0
1
0
3
 

0
0

1
3

 
14 

1
4
0
3
3
 

0
1
2
9
0
9
 

0
0
2
5
 

0
3

2
0

7
2

 
0

0
2

3
 

0
0

0
3

 
-6

6
8
0
 

-1 6
9
7
 

-0
1
9
8
 

0
0

1
4

 
15 

1
5
0
 

0
1
2
4
3
 

0
0
2
4
 

0
3

1
9

1
5

 
0

0
2

3
 

0
0

0
6

 
-8

3
9
5
 

-2
1

3
2

 
•0

 2
8
7
 

0
0
1
6
 

-0
3
7
3
 

0
0

1
6

 
-0

4
5

6
2

 
0

0
1

7
2
6

 
-0

5
3

9
9

 
0

0
1

8
4

 
Q

resin 
2

0
6

 m
eq/m

l 
-0

6
2

7
9

 
0

0
1
9
5
5

 
A

O
 

0046 m
eq/m

l 
-0

 7285 
0

0
2

0
7

 
B

O
 

0 m
eq/m

l 
-0

8
6
7
4
 

0
0
2

1
8
6

 
K

ab 
1 31 

-1 6785 
0

0
2

3
 

V
8 

8
1
2
1
 

cm
/m

ln 
(1632m

l/m
ln) 

Aoresin 
2 06 m

eq/m
l 

V
f 

01774 cm
/m

m
 



t
s
 

Table 1.9 
R
u
n
1
2
Experimental

and Calculated Breakthrougti Data
-

0.023M Cupric
ctiloride and 0.0257

M
Hydrogen chloride o

n
S
o
d
i
u
m
 

loaded resin(15.97
ml/min) 

H
T
U
-

5
8
0
1
4
 

Sample time 
A
b
s
o
i
b
a
n
c
e
 
C
u
C
o
n
e
 

H
C
I
C
o
n
e
 N
a
C
o
n
e
 

Z
 

-
C
a
l
c
u
l
a
t
e
d
 D
a
t
a
-

(min) 
(
8
0
0
n
m
)
 

(molea/liter) 
p
H
 

(moles/1) 
(moles/1) 

(
c
m
)
 

N
T
U
 

N
T
U
 

C
(moles/I) 

1
 

0
 

0
0
0
3
1
6
 

0
0
0
0
 

1
3
 

0
0
5
0
1
 

1
8
7
9
2
0
 

0
0
0
0
0
 

2
 

0
 

0
3
0
9
6
3
 

0
0
2
3
 

1
.
5
9
 

0
0
2
5
7
 

0
 

8
.
9
3
2
3
 

0
.
0
0
0
6
 

3
 

5
 

0
0
0
6
4
1
 

O
C
O
O
 

6
7
5
 
0
0
0
0
0
 

0
0
7
1
 

3
5
1
0
0
 

6
0
6
0
 

5
8
5
2
6
 

0
0
0
1
2
 

4
 

6
0
 

0
0
0
1
1
4
 

0
0
0
0
 

6
4
4
 
0
0
0
0
0
 

0
0
7
2
 

2
5
1
2
1
 

4
3
3
0
 

4
1
3
2
1
 

0
0
0
1
7
 

5
 

1
2
0
 

0
0
0
7
8
3
 

0
0
0
1
 

1
 4
9
 

0
0
3
2
4
 

0
.
0
3
8
 

1
4
2
3
4
 

2
4
5
4
 

3
1
0
4
6
 

0
0
0
2
3
 

6
 

1
3
5
 

0
0
1
3
9
9
 

0
0
0
1
 

1
4
2
 
0
0
3
8
0
 

0
0
3
2
 

1
1
5
1
2
 

1
9
6
4
 

2
.
4
1
9
3
 

0
0
0
2
9
 

7
 

1
4
5
 

0
0
1
8
7
8
 

0
0
0
1
 

1
3
8
 

0
0
4
1
7
 

0
0
2
7
 

9
6
9
8
 

1
6
7
2
 

1
9
2
9
6
 

0
0
0
3
6
 

8
 

1
5
5
 

0
.
0
0
9
9
9
 

0
0
0
1
 

1
3
9
 
0
0
4
0
7
 

0
0
3
0
 

7
8
8
4
 

1 3
5
9
 

1
5
6
2
0
 

0
0
0
4
0
 

9
 

1
6
5
 

0
0
2
1
4
2
 

0
0
0
2
 

1
3
4
 
0
0
4
5
7
 

0
0
2
3
 

6
0
6
9
 

1
0
4
6
 

1
0
4
6
7
 

0
0
0
5
2
 

1
0
 

1
7
0
1
 

0
0
2
6
9
6
 

0
0
0
2
 

1
3
4
 
0
0
4
5
7
 

0
0
2
2
 

5
.
1
4
4
 

0
8
8
7
 

0
.
8
5
8
9
 

0
.
0
0
6
3
 

1
1
 

1
7
5
 

0
0
6
0
0
1
 

0
0
0
4
 

1
3
5
 

0
.
0
4
4
7
 

0
0
1
8
 

4
2
5
5
 

0
7
3
3
 

0
7
0
2
2
 

0
0
0
6
9
 

1
2
 

1
8
0
 

0
0
7
2
5
4
 

0
0
0
5
 

1
3
7
 

0
0
4
2
7
 

0
0
1
8
 

3
3
4
8
 

0
5
7
7
 

0
5
6
9
2
 

0
0
0
7
5
 

1
3
 

1
8
5
 

0
0
8
0
5
7
 

0
0
0
6
 

1
.
3
7
 

0
0
4
2
7
 

0
0
1
7
 

2
.
4
4
0
 

0
4
2
1
 

0
4
5
4
8
 

0
0
0
6
1
 

1
4
 

1
9
0
 

0
1
0
8
4
6
 

0
0
0
6
 

1
3
8
 

0
0
4
1
7
 

0
0
1
4
 

1
5
3
3
 

0
2
6
4
 

0
2
6
7
8
 

0
0
0
9
2
 

1
5
 

1
9
6
 

0
1
3
6
2
5
 

0
0
1
0
 

1
 4
 
0
0
3
9
8
 

0
0
1
2
 

0
6
2
6
 

0
1
0
8
 

0
1
9
0
0
 

0
0
0
9
6
 

1
6
 

2
0
0
 

0
1
6
5
8
3
 

0
0
1
2
 

1
 4
2
 

0
.
0
3
8
0
 

0
0
0
9
 

-
0
^
1
 

-
0
0
4
8
 

0
1
2
0
4
 

0
0
1
0
4
 

1
7
 

2
0
6
 

0
1
8
7
4
1
 

0
0
1
4
 

1
 4
5
 

0
0
3
6
5
 

0
0
0
9
 

-1 1
8
8
 

•
0
2
0
5
 

0
0
5
7
4
 

0
0
1
0
9
 

1
8
 

2
1
0
 

0
2
1
3
9
1
 

0
0
1
6
 

1
.
4
8
 

0
0
3
3
1
 

0
0
0
7
 

•
2
0
9
6
 

-
0
3
6
1
 

0
0
0
0
0
 

0
0
1
1
5
 

1
9
 

2
1
5
 

0
2
4
3
9
6
 

0
0
1
8
 

1
5
1
 

0
0
3
0
9
 

0
0
0
5
 

-
3
0
0
3
 

-
0
5
1
8
 

-
0
0
5
2
8
 

0
0
1
2
1
 

2
0
 

2
2
0
 

0
2
6
9
6
2
 

0
.
0
2
0
 

1
5
6
 

0
0
2
7
5
 

0
0
0
5
 

-
3
9
1
0
 

-
0
6
7
4
 

-
0
1
0
1
0
 

0
0
1
2
7
 

2
1
 

2
2
1
 

0
3
0
8
1
2
 

0
0
2
3
 

1
6
1
 

0
0
2
4
5
 

0
0
0
2
 

-
4
0
9
1
 

-
0
7
0
5
 

-
0
1
4
7
8
 

0
0
1
3
2
 

-
0
1
9
1
3
 

0
0
1
3
8
 

Q
r
e
s
i
n
 

2
0
6
meq/ml 

-
0
2
3
3
1
 

0
0
1
4
4
 

A
O
 

0
0
4
6
meq/ml 

-
0
2
7
3
9
 

0
0
1
5
0
 

B
O
 

0
0
2
5
7
meq/ml 

-
0
3
1
4
2
 

0
0
1
5
5
 

K
a
b
 

3
6
6
2
 

-
0
3
9
7
3
 

0
0
1
6
7
 

V
e
 

7
9
6
c
m
/
m
i
n
 

(16ml/hfiln) 
-
0
4
4
2
4
 

0
0
1
7
3
 

•
0
4
9
2
0
 

0
0
1
7
8
 

Aorealn 
1
9721 meq/ml 

-
0
6
1
6
9
 

0
0
1
9
0
 

•
0
7
0
3
6
 

0
0
1
9
6
 

V
r
 

0
1
8
1
4
c
m
/
m
l
n
 

-
0
8
1
9
1
 

0
0
2
0
1
 

-
0
9
9
1
2
 

0
0
2
0
7
 

-
1
.
8
3
2
3
 

0
0
2
1
9
 

-
3
5
0
9
4
 

0
0
2
2
4
 

-
9
8
9
0
9
 

0
0
2
3
0
 



0
0
 

Table 1.10 R
u
n
14

Experimental
and Calculated Breaktirougti Data

-
<
s
 

0.05 M
Sodium Ctiloride on Hydrogen loaded resin(16.24 ml/min) 

H
T
U
-

0
5
9
6
8
 

S
a
m
p
l
e
 

time 
—
H
Concentration— 

NabyDlff 
Z
 

—
C
a
l
c
u
l
a
t
e
d
 D
a
t
a
 —
 

(mln) 
p
H
 

Moles/liter 
(
c
m
)
 

N
T
U
 

N
T
U
 

C
(moles/l) 

1
 

0
 

6
2
7
 

5
3
7
0
3
E
-
O
7
 

4
9
9
9
9
E
-
0
2
 

2
 

0
 

7
.
1
5
 

7
0
7
9
5
E
-
0
8
 

5
0
0
0
0
E
-
0
2
 

3
 

5
 

1
 3
3
 

4
6
7
7
4
E
-
0
2
 

3
2
2
6
5
E
-
C
3
 

2
0
1
1
 

3
3
7
0
3
 

1
1
8
7
 

0
0
0
0
0
 

4
 

3
0
 

1
 3
4
 

4
5
7
0
9
E
-
0
2
 

4
2
9
1
2
E
-
0
3
 

1
5
3
3
 

2
5
6
8
2
 

7
4
9
 

0
0
0
2
5
 

5
 

6
0
 

1
3
4
 

4
5
7
0
9
E
-
0
2
 

4
2
g
i
2
E
-
0
3
 

9
5
8
 

1
6
0
5
7
 

5
5
1
 

0
0
0
5
0
 

6
 

9
0
5
 

1
3
7
 

4
2
6
5
8
E
-
0
2
 

7
3
4
2
0
E
-
0
3
 

3
7
4
 

6
2
7
2
 

4
3
1
 

0
0
0
7
5
 

7
 

1
1
0
 

1
5
7
 

2
e
9
1
5
E
-
0
2
 

2
3
0
8
5
E
-
Q
2
 

0
0
1
 

0
0
1
6
 

3
3
8
 

0
0
1
0
0
 

8
 

1
2
0
 

2
0
6
 

8
7
0
9
6
E
-
0
S
 

4
1
2
9
a
E
-
0
2
 

-1 9
1
 

-
3
1
9
2
 

2
6
4
 

0
.
0
1
2
5
 

9
 

1
2
5
 

2
.
3
9
 

4
0
7
3
8
E
-
O
3
 

4
5
9
2
6
E
-
0
2
 

-
2
8
6
 

-
4
7
9
6
 

2
0
3
 

0
0
1
5
0
 

1
0
 

1
3
0
 

2
7
4
 

1 8
1
9
7
E
-
0
3
 

4
8
1
8
0
E
-
0
2
 

-
3
8
2
 

-
6
4
0
0
 

1
 4
6
 

0
0
1
7
5
 

1
1
 

1
3
5
 

3
0
9
 

8
1
2
8
3
E
-
0
4
 

4
9
1
8
7
E
-
0
2
 

-
4
7
8
 

-
8
0
0
5
 

0
9
4
 

0
0
2
0
0
 

1
2
 

1
4
0
 

3
4
6
 

3
4
6
7
4
E
-
0
4
 

4
9
6
5
3
E
-
0
2
 

-
5
7
3
 

-
9
6
0
9
 

0
4
6
 

0
0
2
2
5
 

1
3
 

1
4
5
 

3
8
7
 

1
3
4
9
0
E
-
0
4
 

4
9
8
6
5
E
-
0
2
 

-
6
6
9
 

-
1
1
 2
1
3
 

0
0
0
 

0
0
2
5
0
 

1
4
 

1
5
0
5
 

4
4
8
 

3
3
1
1
3
E
-
0
6
 

4
9
9
6
7
E
-
0
2
 

-
7
7
4
 

-
1
2
9
7
7
 

-
0
4
5
 

0
0
2
7
5
 

1
5
 

1
6
0
 

5
1
5
 

7
0
7
9
6
E
-
0
6
 

4
9
9
9
3
E
-
0
2
 

-
9
5
6
 

-
1
6
0
2
5
 

•
0
9
0
 

0
0
3
0
0
 

1
6
 

1
7
0
 

4
9
5
 

1
 1
2
2
0
E
-
0
5
 

4
9
9
e
9
E
-
0
2
 

-11 4
8
 

-
1
9
2
3
4
 

-1 3
6
 

0
0
3
2
5
 

1
7
 

1
8
0
 

5
4
2
 

3
8
0
1
9
E
-
0
6
 

4
9
9
9
6
E
-
0
2
 

-
1
3
3
9
 

-
2
2
4
4
2
 

-1 8
4
 

0
0
3
5
0
 

1
8
 

1
9
5
 

5
6
5
 

2
2
3
8
7
E
-
0
6
 

4
S
e
9
8
E
-
0
2
 

-
1
6
2
7
 

-
2
7
2
5
4
 

-
2
3
5
 

0
0
3
7
5
 

1
9
 

2
1
0
 

5
3
3
 

4
6
7
7
4
E
-
0
6
 

4
9
9
e
5
E
-
0
2
 

-
1
9
1
4
 

-
3
2
0
6
7
 

-
2
9
3
 

0
0
4
0
0
 

2
0
 

2
4
0
 

5
4
8
 

3
3
1
1
3
E
-
0
6
 

4
9
9
e
7
E
-
0
2
 

-
2
4
8
8
 

-
4
1
 6
9
1
 

-
3
6
2
 

0
0
4
2
5
 

-
4
5
1
 

0
0
4
5
0
 

-
5
8
6
 

0
.
0
4
7
5
 

Q
r
e
s
l
n
 
'
2
0
6
meq/ml 

-
2
9
2
8
 

0
0
5
0
0
 

A
O
 

0
0
6
meq/ml 

B
O
 

0
meq/ml 

K
a
b
 

1
5
6
3
 

V
s
 

8
0
8
c
m
/
m
i
n
 

(
1
6
2
4
ml/min) 

A
o
r
e
e
l
n
 

2
0
6
meq/ml 

V
f
 

0
1
9
1
5
c
m
/
m
I
n
 



  

 

O
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Table 1.11 
R
u
n
1
5
 Experimental

and Calculated Breakthrough D
a
t
a
-

<
s
 

0
049

M
Cupric

chloride and 0.0661 M
Hydrogen chloride on a

Sodium loaded resin(8.52 ml/min) 

H
T
U
=
 

3
.
5
3
1
6
 

S
a
m
p
l
e
 
time 

Absorbance 
C
u
C
o
n
c
 

H
C
I
C
o
n
e
 

N
a
C
o
n
e
 

Z
 

-
C
a
l
c
u
l
a
t
e
d
 D
a
t
a
-

(min) 
(
8
0
0
n
m
)
 

(moles/ilter) 
p
H
 

(moiesyi) 
(moies/l) 

(
c
m
)
 

N
T
U
 

N
T
U
 

O
(moles/1) 

2
0
2
7
8
3
 

0
0
0
1
2
 

2
 

0
 

0
8
7
2
S
9
 

0
0
4
9
 

1
.
1
8
 

0
0
8
8
1
 

0
 

1
 

0
 

0
0
0
5
5
7
 

0
0
0
0
 

1
0
1
 

0
0
9
7
7
 

9
8
3
4
7
 

0
0
0
2
4
 

3
 

5
 

0
0
0
1
3
 

0
0
0
0
 

4
5
9
 

0
0
0
0
0
 

0
1
5
9
 

3
5
2
2
 

9
9
7
 

8
0
8
8
8
 

0
0
0
3
7
 

4
 

8
0
 

0
0
0
4
9
 

0
0
0
0
 

1 8
1
 

0
0
1
5
5
 

0
1
4
3
 

2
3
8
3
 

8
7
5
 

4
3
1
2
1
 

0
0
0
4
9
 

5
 

9
1
2
 

0
0
0
7
2
2
 

0
0
0
1
 

1
 1
8
 

0
0
6
6
1
 

0
0
9
2
 

1
7
3
8
 

4
9
2
 

3
2
4
8
7
 

0
0
0
6
1
 

6
 

1
0
8
 

0
0
0
6
2
9
 

0
0
0
0
 

1
 1
3
 

0
0
7
4
1
 

0
0
8
4
 

1
4
3
0
 

4
0
5
 

2
5
3
5
8
 

0
0
0
7
4
 

7
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and Calculated Breakthrough Data
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0
023

M
Cupricchlorideand0

025
M

Sodlium chlorideon
a Hydrogen

loaded resin(1615
ml/mln) 

H
T
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9
6
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a
l
c
u
l
a
t
e
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a
t
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(
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n
m
)
 

(moles/liter) 
p
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c
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N
T
U
 

N
T
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C
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l
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s
o
r
i
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c
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o
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0
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0
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0
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0
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0
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0
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0
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M
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Chloride and
0
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Sodium chloride on a
 Hydrogen loaded resin(15.57 ml/min) 

H
T
U
=
 

5
6
9
 

S
a
m
p
l
e
 
time 

A
b
s
o
r
b
a
n
c
e
 
C
u
C
o
n
e
 

H
O
I
C
o
n
e
 N
a
C
o
n
e
 

z
 

C
u
C
o
n
e
 

-
C
a
l
c
u
l
a
t
e
d
 D
a
t
a
-

(min) 
(
8
0
0
n
m
)
 

(moles/liter) 
P
H
 

(moles/l) 
(moles/l) 

(
c
m
)
 

(moles/liter) 
N
T
U
 

N
T
U
 

C
(moies/l) 

1
 

0
 

0
4
9
0
0
5
 

0
0
3
5
8
 

4
3
6
 
0
0
0
0
0
 

0
0
1
 

2
 

0
 

0
5
0
8
5
9
 

0
.
0
3
7
2
 

4
3
6
 

0
0
0
0
0
 

0
0
1
 

3
 

5
 

0
0
0
2
2
9
 

0
0
0
0
2
 

1 0
5
 

0
0
8
9
1
 

■
0
0
0
7
 

3
5

9
1

8
 

0
0

0
0
2

 
6

3
1

0
 

8
8
4
4
 

0
0
0
0
 

4
 

6
0
3
3
3
 

0
0
0
1
6
3
 

0
0

0
0

1
 

1
0

6
 

0
0

8
7

1
 

•0
0
0
6
 

20 744 
0

0
0
0
1

 
3

6
4

4
 

2 423 
0.002 

5
 

75 
0

0
0

3
8

3
 

0
0

0
0

3
 

1
0

5
 

0
0

8
9

1
 

-0
0
0
8
 

16 722 
0

0
0

0
3

 
2
9
3
8
 

1 704 
0

0
0

4
 

6
 

9
0
 

0
0
0
0
0
5
 

0
0

0
0

0
 

1
0

7
 

0
0

6
5

1
 

-0
0

0
3

 
1
2
6
0
9
 

0
0

0
0

0
 

2
2

1
5

 
1 282 

0
0
0
6
 

7
 

105 
0

0
0

8
5

 
0
0
0
0
6
 

1 12 
0

0
7

5
9

 
0

0
0

5
 

8
4

9
5

 
0

0
0
0
6

 
1 493 

0
9

8
1

 
0
0
0
7
 

6
 

120 
0
0
6
6
8
3
 

0
0

0
4

9
 

1 28 
0

0
5

2
5

 
0
0
2
0
 

4
3

8
2

 
0

0
0
4
9

 
0

7
7

0
 

0
7

4
7

 
0
0
0
9
 

9
 

130 
0
1
8
8
1
7
 

0
0

1
3

7
 

1
5

4
 

0
0

2
8

8
 

0
0
2
6
 

1 640 
0

0
1

3
7

 
0

2
8

8
 

0
5
5
4
 

0
0
1
1
 

10 
135 

0
2
4
1
0
7
 

0.0176 
1 77 

0
0

1
7

0
 

0
0
3
0
 

0
2
6
9
 

0
0
1
7
6
 

0
0
4
7
 

0
3

8
9

 
0
0
1
3
 

11 
140 

0
3

0
3

3
 

0
0
2
2
2
 

2
1
7
 

0
0

0
6

8
 

0
0
3
1
 

-1 102 
0

0
2
2
2

 
-0

1
9

4
 

0
2

4
5

 
0
0
1
5
 

12 
145 

0
3

6
6

9
1

 
0

0
2

6
8

 
2 7

4
 

0
0

0
1

8
 

0
0
2
7
 

-2
4

7
3

 
0

0
2
6
8

 
■

0435 
0

1
1

7
 

0
0
1
7
 

13 
150 

0
4
3
5
1
8
 

0
0
3
1
8
 

3
3
7
 

0
0

0
0

4
 

0
0

1
8

 
-3

8
4

5
 

0
0

3
1
8

 
-0

6
7
5
 

0
0

0
0

 
0
0
1
9
 

14 
1
5
5
3
3
 

0
4

7
0

2
3

 
0

0
3

4
3

 
3

6
3

 
0

0
0

0
2

 
0
0
1
3
 

-5
3
0
7
 

0
0

3
4

3
 

-0
9

3
2

 
-0

1
0
8
 

0
0
2
0
 

15 
160 

0
4
8
6
4
7
 

0
0
3
5
5
 

3
6

9
 

0
0

0
0

2
 

0
0
1
1
 

-6
5

8
7

 
0

0
3

5
6

 
-1 157 

-0
2
0

9
 

0
0
2
2
 

16 
170 

0
4
9
9
7
4
 

0
0

3
6

5
 

3
7

3
 

0
0

0
0

2
 

0
0
0
9
 

-9
3

2
9

 
0
0
3
6
6
 

-1 639 
-0

3
0
6
 

0
0
2
4
 

17 
180 

0
5
0
4
4
7
 

0
0
3
6
8
 

3
8
6
 

0.0001 
0

0
0

8
 

-12071 
0.0368 

-2121 
-0

3
9

8
 

0
0
2
6
 

18 
195 

0
5
0
1
9
5
 

0
0
3
6
7
 

3
9

 
0

0
0

0
1

 
0
0
0
9
 

-1
6

1
8

5
 

0
0

3
6

7
 

-2
8

4
3

 
-0.490 

0
0

2
8

 
19 

210 
0
5
0
6
3
3
 

0
0

3
7

0
 

3
9
 

0
0

0
0

1
 

0
0

0
8

 
-2

0
2
9
8
 

0
0

3
7

0
 

■
3566 

-0
5
8
5
 

0
0
3
0
 

2
0

 
225 

0
5
0
2
6
7
 

0
0
3
6
7
 

3
8
7
 

0
0

0
0

1
 

0
0

0
3

 
-24411 

0
0
3
6

7
 

-4
2

8
9

 
-0

6
8
7
 

0
0
3
1
 

21 
2

3
5

 
0
5
0
0
7
9
 

0
0
3
6
6
 

3
8
9
 

0
0

0
0

1
 

0
0
0
9
 

-2
7

1
5

3
 

0
0

3
6

6
 

-4
7

7
0

 
-0

8
0
9
 

0
0
3
3
 

-0
9
8
2
 

0
0
3
5
 

Q
resin 

2 06 m
eq/m

l 
-2

0
9

2
 

0
0
3
7
 

A
O

 
0074 m

eq/m
l 

A
oresin 

201737 m
eq/m

l 
B

O
 

001 m
eq/m

l 
K

ab 
1.5 

V
f 

0
 27422 cm

/m
in 

V
8 

7.75 cm
/m

in 
(15.57 m

l/m
in) 

Aoresin 
2 0174 m

eq/m
l 

V
f 

0
2
7
4
2
 cm

/m
in 



C
N
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u
n
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Experimental
a
n
d
 Calculated Breakthrough Data

-
c
n
 

0.091 M
S
o
d
i
u
m
 chloride o

n
 Hydrogen loaded resin

(15.57ml/min) 

H
T
U
=
 

1 5
1
 

S
a
m
p
l
e
 
time 
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a
b
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i
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l
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u
l
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t
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a
t
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-
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c
m
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N
T
U
 

N
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0
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0
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0
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0
0
0
9
1
 

4
 

4
5
 

1 0
4
 

0
0
9
1
 

-
O
0
Q
0
2
 

2
0
7
7
7
8
 

1
3
7
6
 

4
3
1
 

0
0
1
3
6
6
 

5
 

5
0
 

1
0
4
 

0
0
9
1
 

•
0
0
0
0
2
 

1
9
0
9
4
 

1
2
6
6
 

3
3
8
 

0
0
1
8
2
 

6
 

5
5
 

1 0
4
 

0
0
9
1
 

-
0
0
0
0
2
 

1
7
4
1
0
2
 

1
1
5
3
 

2
6
4
 

0
0
2
2
7
5
 

7
 

6
1
3
3
 

1
0
5
 

0
0
3
9
 

0
0
0
1
9
 

1
5
2
7
8
6
 

1
0
1
2
 

2
0
3
 

0
0
2
7
3
 

8
 

6
5
 

1
 0
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0
0
8
7
 

0
0
0
3
9
 

1
4
0
4
2
7
 

9
3
0
 

1 4
6
 

0
0
3
1
8
5
 

9
 

7
0
 

1 0
7
 

0
0
8
5
 

0
0
0
5
9
 

1
2
3
5
8
9
 

8
1
8
 

0
9
4
 

0
0
3
6
4
 

1
0
 

8
0
 

1
0
0
 

0
0
8
1
 

0
0
0
9
7
 

8
9
9
1
3
6
 

5
9
5
 

0
4
6
 

0
0
4
0
9
6
 

1
1
 

8
5
 

1
 1
1
 

0
0
7
8
 

0
0
1
3
4
 

7
3
0
7
5
8
 

4
8
4
 

0
0
0
 

0
0
4
5
5
 

1
2
 

9
0
 

1 1
4
 

0
0
7
2
 

0
0
1
8
6
 

5
6
2
3
8
1
 

3
7
2
 

-
0
4
5
 

0
0
5
0
0
5
 

1
3
 

9
5
 

1 1
8
 

0
0
6
6
 

0
0
2
4
9
 

3
9
4
0
0
3
 

2
6
1
 

-
0
9
0
 

0
0
5
4
6
 

1
4
 

1
0
0
 

1 2
3
 

0
0
5
9
 

0
0
3
2
1
 

2
2
5
6
2
6
 

1 4
9
 

-1 3
6
 

0
0
5
9
1
5
 

1
5
 

1
0
5
 

1
 3
1
 

0
0
4
9
 

0
0
4
2
0
 

0
5
7
2
4
8
 

0
3
8
 

-1 8
4
 

0
0
6
3
7
 

1
6
 

1
1
0
 

1
 4
1
 

0
0
3
9
 

0
0
5
2
1
 

-1 1
1
1
2
9
 

-
0
7
4
 

-
2
3
5
 

0
0
6
8
2
5
 

1
7
 

1
1
5
 

1
 5
5
 

0
0
2
8
 

0
0
6
2
8
 

-
2
7
9
6
0
7
 

-1 8
5
 

-
2
9
3
 

0
0
7
2
8
 

1
8
 

1
2
4
 

2
0
1
 

0
0
1
0
 

0
0
8
1
2
 

■
582586 

-3
8
6
 

-3
6
2
 

0
0
7

7
3
5

 
19 feed 

6
0

4
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0

0
0

 
0

0
9

1
0

 
-451 

0
0
8
1
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-5
8
6
 

0
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8
6

4
5

 
-29 28 

0
0
9
1
 

Q
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A
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A
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B
O
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V
f 

0
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3
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K
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1

5
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3
 

V
s 

7 9
6
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in 
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l/m
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A
o
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2 06 m
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l 

V
f 

0
3
3
6
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t
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Table 1.15 Run
2
2
 Experimental

and Calculated Breakthrough Data
-

0
0
6
M

Hydrogen
chlorideon

Sodium loaded resin(158
ml/min) 

H
T
U
=
 

-
4
6
5
 

-
C
a
l
c
u
l
a
t
e
d
 D
a
t
a
-

S
a
m
p
l
e
 

t
i
m
e
 

H
Concentration 

N
a
by

DIff 
Z
 

H
C
o
n
e
 

(min) 
p
H
 

Moles/liter 
(
c
m
)
 

(moles/liter) 
N
T
U
 

N
T
U
 

C
(moles/1) 

1
 

0
 

1
.
2
3
 

0
0
5
9
 

■
0004 

2 
0

 
1 25 

0
0

6
6

 
-O

O
O

i 
3

0
3

0
 

00029 
-651696459 

-29 4235 
0

 
3

 
5

 
2

5
4

 
0
0
0
3
 

0
0

5
2

 
0

0
0

0
3

 
-5

5
1
5
5
7
8
6
6
 

-5
8

6
3

8
 

0
0

0
2

5
 

4
 

3
0
 

3
5

9
 

0
0

0
0

 
0
0
6
0
 

2
5

6
5

 
0

0
0

0
0

 
-42738725 

-45131 
0

0
0

5
 

5
 

61 
6

3
4

 
0

0
0

0
 

0
0
6
0
 

1
9

8
7

 
0

0
0

0
0

 
-371310197 

-3
6

1
7

8
 

o
o

o
re

 
6
 

75 
6
7
2
 

0
0

0
0

 
0
0
6
0
 

1
7

2
7

 
0.0002 

-3.11227641 
-2

9
3

4
7

 
0

0
1

 
7
 

9
0
 

3
7
1
 

0
0

0
0

 
0
0
6
0
 

1
4

4
7

 
12 42 

0
0

0
1

3
 

-2 671671 
-2 3668 

0
0
1

2
5

 
8
 

101 
2.89 

0001 
0

0
4

9
 

lo
re

 
0

0
0

3
5

 
-231117566 

-1 8
4

5
4

 
0

0
1

5
 

9
 

110 
2
4
6
 

0
0

0
3

 
0
0
4
7
 

8
8
8
 

0
0

0
7

1
 

-1 91062529 
-1 3

6
3

4
 

0
0

1
7

5
 

10 
120 

2
1
5
 

0
0

0
7

 
0

0
4

3
 

7
0

2
 

0
0
1
1
2
 

-1 51007491 
-0

9
0

3
3

 
0
0
2

11 
130 

1
9

5
 

0
0

1
1

 
0
0
3
9
 

4
0
4
 

0
0

1
7

8
 

■086919431 
-04521 

0
0

2
2

5
 

12 
146 

1 75 
0

0
1

8
 

0
0
3
2
 

1 43 
0

0
2

2
9

 
-0 30842379 

0
 

0
0

2
6

 
13 

160 
1 6

4
 

0
0
2
3
 

0
0

2
7

 
0

0
3

0
2

 
0773062223 

04621 
0

0
2

7
5

14 
187 

1.52 
0

0
3

0
 

0
0
2
0
 

-3
6
9
 

0
0

3
0

9
 

097333741 
0

9
4
4

1
 

0
0

3
15 

192 
1

5
1

 
0
0
3
1
 

0
0

1
9

 
-4

6
3
 

16 
197 

151 
0
0
3
1
 

0
0
1
9
 

■
546 

0
0

3
0

9
 

1 173612597 
1.4579 

0
0

3
2

5
 

0
0

1
8

 
-7

3
2
 

0
0

3
2

4
 

1 574162972 
2

0
2

9
8

 
0

0
3

5
 

17 
2

0
7

 
1 49 

0
0

3
2

 
-9

1
8
 

0
0

3
4

7
 

1.974713347 
2 6466 

0
0

3
7

5
18 

217 
1.46 

0
0

3
5

 
0

0
1

5
 

19 
227 

1
4

4
 

0
0

3
6

 
0
0
1
4
 

-11 0
4
 

0
0

3
6

3
 

2.375263721 
3

3
8

3
6

 
0

0
4

 

-1291 
0

0
3

6
3

 
2 7re814096 

4.3127 
0

0
4

2
6

2
0
 

2
3

7
 

1 4
4

 
0

0
3

6
 

0
0
1
4
 

1
4

2
 

0
0

3
8

 
0

0
1

2
 

-1
4

7
7

 
0

0
3

8
0

 
3

1
7

6
3

6
4

4
7

 
5.5115 

0
0

4
5

21 
247 

7.4996 
0
0

4
7

5
22 feed 

1
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0

0
5

0
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0
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0
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Q
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O
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O
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K
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V
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A
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V
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Table 1.16 Run
2
3
Expenmental

and Calculated Breakthrough Data-
0.0231 M

Cupricchloride and 0.0251 M
Hydrogen chlondeon a Hydrogenloaded resin(16.78 ml/min) 

H
T
U
=
 

6
0
2
4
7
 

-Calculated D
a
t
a
-

Sample 
time 

Absofbance 
C
u
Cone 

HCI
Cone 

Z
 

N
T
U
 
0

(moles/l) 
N
T
U
 

C
(moles/1)

(min) 
(800nm) 

(molesyiiter) 
pH 

(moles/1) 
(cm) 

1
.
6
0
 

0
0
2
5
1
 

2
 

0
 

0
3
2
2
1
7
 

0
0
2
3
5
3
 

1
 6
0
 

0
0
2
5
1
 

3
 

0
 

0
3
1
1
5
5
 

0
0
2
2
7
6
 

1
 6
0
 

0
0
2
5
1
 

1
 

0
 

0
3
1
4
5
1
 

0
0
2
2
9
7
 

0
0
0
0

0
0
0
0
 

8
6
1
2

4
 

5
 

0
0
0
0
4
0
 

O
C
0
0
0
3
 

1
3
7
 

0
0
4
2
7
 

3
6
9
2
6
 

6
1
2
9
 

2
3
5
7
 

0
0
0
1
 

5
 

3
0
 

0
0
0
5
6
2
 

0
0
0
0
4
1
 

1
 3
1
 

0
0
4
9
0
 

3
2
1
5
3
 

5
3
3
7
 

0
0
0
0
 

1 6
5
2
 

0
0
0
2

2
6
4
2
5
 

4
3
8
6
 

0
0
0
0
 

0
0
0
0
 

1
 2
3
9
 

0
0
0
3
 

6
 

6
0
 

0
0
0
5
4
6
 

0
0
0
0
4
0
 

1
 2
9
 

0
0
5
1
3
 

1
4
9
6
9
 

2
4
8
5
 

0
9
4
5
 

0
0
0
5
 

7
 

1
2
0
 

0
0
0
5
1
3
 

0
0
0
0
3
7
 

1
.
2
7
 

0
0
5
3
7
 

1
.
2
6
 

0
0
5
5
0
 

1
1
 1
5
0
 

1 8
5
1
 

0
0
0
0
 

0
7
1
7
 

0
0
0
6
 

8
 

1
4
0
 

0
0
0
6
8
2
 

0
0
0
0
5
0
 

1 2
7
 

0
0
5
3
7
 

9
2
4
1
 

1 5
3
4
 

0
0
0
1
 

0
5
3
0
 

0
0
0
7
 

9
 

1
5
0
 

0
0
1
0
8
2
 

0
0
0
0
7
9
 

0
0
5
5
0
 

7
2
3
6
 

1
 2
0
1
 

0
0
0
1
 

0
9
0
0
 

0
.
0
0
2
 

0
3
7
1
 

0
0
0
6
 

1
0
 

1
6
0
5
 

0
0
1
4
6
6
 

0
0
0
1
0
7
 

1
 2
6
 

0
0
5
2
5
 

5
4
2
2
 

0
2
3
3
 

0
0
0
9
 

1
1
 

1
7
0
 

0
0
3
0
3
0
 

0
0
0
2
2
1
 

1 2
8
 

1
2
 

i
r
e
 

0
0
4
3
8
4
 

0
0
0
3
2
0
 

1
.
2
8
 

0
0
5
2
5
 

4
4
6
8
 

0
7
4
2
 

0
0
0
3
 

0
0
0
5
 

0
1
1
0

3
5
1
3
 

0
5
8
3
 

0
0
0
7
 

0
0
0
0
 

1
3
 

1
8
0
 

0
0
6
8
5
4
 

0
.
0
0
6
0
1
 

1
 3
0
 

0
0
5
0
1
 

0
0
1
0
 

1
4
 

1
8
5
7
5
 

0
0
9
0
7
0
 

0
0
0
6
6
3
 

1
 3
2
 

0
0
4
7
9
 

2
4
1
5
 

0
4
0
1
 

0
0
1
2
 

0
2
3
5
 

0
0
0
9
 

-
0
1
0
1
 

0
0
1
3
 

1
5
 

1
9
1
 

0
1
1
8
9
3
 

0
0
0
6
6
9
 

1
.
3
4
 

0
0
4
5
7
 

1
 4
1
3
 

•
0
1
9
4
 

0
0
1
4
 

1
6
 

1
9
6
 

0
1
3
9
9
2
 

0
0
\
O
2
2
 

1
 3
6
 

0
0
4
3
7
 

0
6
4
9
 

0
1
0
8
 

0
0
1
0
 

•
0
2
8
1
 

0
0
1
5

-
0
3
0
5
 

-
0
0
5
1
 

0
0
1
2
 

0
0
1
4
 

•
0
3
6
4
 

0
0
1
6
 

1
7
 

2
0
0
 

0
1
6
6
7
0
 

0
0
1
2
1
8
 

1
3
9
 

0
0
4
0
7
 

0
0
3
8
9
 

-1 2
6
0
 

-
0
2
0
9

1
8
 

2
0
6
 

0
1
9
3
7
4
 

0
0
1
4
1
5
 

1
 4
1
 

0
0
3
5
5
 

-
2
2
1
5
 

-
0
3
6
8
 

0
0
1
6
 

•
0
4
4
3
 

0
0
1
7
 

-
0
5
2
2
 

0
0
1
8
 

1
9
 

2
1
0
 

0
2
1
6
6
9
 

0
0
1
5
8
3
 

1
 4
5
 

2
0
 

2
1
5
 

0
2
4
8
6
1
 

0
0
1
8
1
6
 

1
 4
8
 

0
0
3
3
1
 

-
3
1
6
9
 

-
0
5
2
6
 

0
0
1
8
 

•
0
6
0
2
 

0
0
2
0
 

2
1
 

2
2
0
 

0
2
7
8
1
5
 

0
0
2
0
3
2
 

1
5
0
 

0
0
3
1
6
 

-
4
1
2
4
 

•
0
6
8
5
 

0
0
2
0
 

-
6
3
2
0
 

-
1
.
0
4
9
 

0
0
2
3
 

-
0
6
9
0
 

0
0
2
1
 

2
2
 

2
3
1
5
 

0
3
2
0
4
0
 

0
0
2
3
4
0
 

1
5
9
 

0
0
2
5
7
 

0
0
2
5
7
 

-
9
8
5
2
 

-1 6
3
5
 

0
0
2
4
 

-
0
8
0
4
 

0
0
2
2
 

2
3
 

2
5
0
 

0
3
2
6
8
3
 

0
0
2
3
8
7
 

1
.
5
9
 

0
0
2
4
 

-1 4
3
9
 

0
0
2
3

0
0
2
6
3
 

-
1
3
1
3
0
 

-
2
1
7
9

2
4
 

2
6
7
1
7
 

0
.
3
2
2
2
4
 

0
0
2
3
5
4
 

1
.
5
8
 

Q
r
e
s
i
n
 

2
0
6
meq/ml 

Aoresin 
1 974257631 meq/ml 

A
O
 

0
0
4
6
2
meq/ml 

B
O
 

0
0
2
5
1
 meq/bil 

V
r
 

0
1
9
0
9
3
1
9
9
2
c
m
/
m
I
n
 

K
a
b
 

3
6
6
2
 

V
s
 

8
3
5
c
m
/
m
i
n
 

(1678ml/mln) 
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Table i 1
7
 R
u
n
2
5
Experimental

and Calculated Breakthrough Data
-

0.072
M
S
o
d
i
u
m
 Chloride on Hydrogen loaded resin(8.47

ml/min) 

H
T
U
=
 

0
8
2
5
 

S
a
m
p
l
e
 

t
i
m
e
 

H
C
o
n
c
e
n
t
r
a
t
i
o
n
 

N
a
by

Dltf 
z
 

-
C
a
l
c
u
l
a
t
e
d
 D
a
t
a
-

(min) 
p
H
 

Moles/liter 
(
c
m
)
 

N
T
U
 

N
T
U
 

C
(moles/1) 

1
 

0
 

5
2
7
 

0
0
0
0
 

0
0
7
2
 

2
 

5
 

1
 1
4
 

0
0
7
2
 

0
0
0
0
 

2
8
6
6
1
 

3
4
7
4
4
 

1
1
8
9
4
 

0
0
0
0
 

3
 

6
0
 

1 1
5
 

0
0
7
1
 

0
0
0
1
 

2
0
8
2
8
 

2
5
2
4
9
 

7
5
0
0
 

0
0
0
4
 

4
 

S
O
 

1
 1
4
 

0
0
7
2
 

0
0
0
0
 

1
6
5
6
5
 

2
0
0
7
0
 

5
5
1
2
 

0
.
0
0
7
 

5
 

1
0
6
 

1
 1
4
 

0
0
7
2
 

0
0
0
0
 

1
4
4
1
9
 

1
7
4
8
0
 

4
3
1
3
 

0
0
1
1
 

6
 

1
2
0
 

1
 1
4
 

0
0
7
2
 

0
0
0
0
 

1
2
2
8
3
 

1
4
8
9
0
 

3
3
8
4
 

0
0
1
4
 

7
 

1
3
5
 

1
 1
4
 

0
0
7
2
 

0
0
0
0
 

1
0
1
4
7
 

1
2
3
0
1
 

2
.
6
4
6
 

0
0
1
8
 

8
 

1
5
0
 

1
.
1
4
 

0
0
7
2
 

0
0
0
0
 

8
0
1
1
 

9
7
1
1
 

2
0
3
0
 

0
0
2
2
 

9
 
1
6
5
3
3
3
 

1 1
7
 

0
0
6
8
 

0
0
0
4
 

5
8
2
7
 

7
0
6
4
 

1 4
5
8
 

0
0
2
5
 

1
0
 

1
8
0
 

1
 2
2
 

o
o
e
o
 

0
0
1
2
 

3
7
3
8
 

4
5
3
2
 

0
9
4
4
 

0
0
2
9
 

1
1
 

1
9
5
 

1
 3
2
 

0
0
4
8
 

0
0
2
4
 

1
 6
0
2
 

1
 9
4
2
 

0
4
6
2
 

0
0
3
2
 

1
2
 

2
1
0
 

1
 4
9
 

0
0
3
2
 

0
0
4
0
 

-
0
5
3
4
 

-
0
6
4
7
 

0
0
0
0
 

0
0
3
6
 

1
3
 

2
2
5
 

1 9
3
 

0
0
1
2
 

0
0
6
0
 

-
2
6
7
0
 

-
3
2
3
7
 

•
0
4
5
2
 

0
0
4
0
 

1
4
 

2
3
4
5
 

2
4
 

0
0
0
4
 

0
0
6
8
 

-
4
0
2
3
 

-
4
8
7
7
 

-
0
9
0
3
 

0
0
4
3
 

-
1
3
6
3
 

0
0
4
7
 

-
1
.
8
4
5
 

0
0
5
0
 

Q
r
e
s
i
n
 

2
0
6
meq/ml 

-
2
3
5
6
 

0
0
5
4
 

A
O
 

0
0
7
2
meq/ml 

-
2
9
:
^
 

0
0
5
8
 

B
O
 

0
meq/ml 

■
3618 

0
0

6
1

 

K
ab 

1
5

6
2

5
 

-4
5
1
3
1
 

0
0
6
4
8
 

V
s 

4
2

1
7

 cm
/m

In 
(8 47 m

l/m
in) 

-5
8
6
3
8
 

0
0

6
8

4
 

-2
9

4
2

3
5

 
0

0
7

2
 

Aoresin 
2 06 m

eq/m
l 

V
f 

0
1

4
2

4
1

 
cm

/m
in 
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Table 1.18 Run
2
6
 Experimental

and Calculated Breakthrough Data
-

U.U'3r M
cupric

chloride and u.uibb m
Hydrogen cnionde

o
n
 a
 Bodium loaded resin(8.4/ m

l
/
m
m
)
 

H
T
U
=
 

5
4
3
9
5
 

S
a
m
p
l
e
 

t
i
m
e
 

A
b
s
o
r
b
a
n
c
e
 
C
u
C
o
n
e
 

H
O
I
C
o
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APPE1S1DIXJ 

Experimental Molar Selectivity 

The molar selectivity for Cu,Co,andHexchanging with NaontheDOWEXHCR-2 

resin(Naform)was determined experimentally and compared with the manufacturer and 

literature value The experimental molar selectivity was determined by equilibrating a 

known volumeofsolution with aknownamount ofresin Oncethe resin and solution 

wasin equilibrium,the concentration ofthe ions in solution was measured and the 

concentration ofthe ions onthe resin were calculated using the following equations: 

^ (■'^0 -^f y^sPresm j j 

B=Q-A J2 

Vs and Miesm are volume of the solution and mass of resin, respectively. The resin density 

of0.838 gm/ml as determined from the volume of65 g of resin used in the ion exchange 

column and a resin capacity of 2.06 meq/ml (See Appendix K) were used. In equation 

J. 1 and J.2, A is the concentration ofthe ion that is exchanging with the ion on the resin, 

B, Ao is the initial concentration of ion A, and Af is the concentration of ion A in 

equilibrium with the resin. The molar selectivity, Kab, is then calculated using 

A! A 

(biby J.3 

n is the ratio ofthe valence of ion A divided by the valence of ion B. 
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The literature values were determined from the relative molar selectivity ofthe individual 

ion as proposed by Anderson[2] 

Kab=Ka/Kb J.4 

Kaand Kbarethe relative molar selectivity ofions A and B,respectively Relative molar 

selectivityfor several divalent and univalent cations for aDOWEX50ion exchange resin 

with4,8and 16% crosslinkage was determined experimentally by Bonner[20,21]. 

Valuesfor several divalent and univalent cations are provided in Table J.1. Selectivity 

coefficientsfor various anions and cations onDOW[22]anion and cation exchange resin 

ofdifferent crosslinkage are provided in Table J2. The method ofAnderson(Equation 

J.4)was also used to determinethe binary molar selectivity from theDOW data 

Table J.1. Relative Molar Selectivity Coefficientsfor 
UnivalentandDivalentCationsonDOWEX50 

4%DVB 8%DVB 16%DVB 

UnivalentIons 

Li 1.0 1.0 10 

H 132 1.27 147 

Na 1.58 1.98 237 

ML 190 255 334 

Ag 4.73 851 22.9 

DivalentIons 

UO2 2.36 2.45 334 

Mg 2.95 3.29 3.51 

Co 323 374 3.81 

Cu 3.29 3.85 446 

Ca 415 5.16 727 

Ba 747 115 20.8 

The calculated molar selectivity coefficients along with the manufacturer and literature 

values are given in Table J.3. Two measurementswere performed attwo different 
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solution concentrationsfor copper exchanging with asodium loaded resin,and only 1 

measurementfor cobalt and hydrogen exchanging with asodium loaded resin. However, 

for all3systems,the solutions were analyzed twiceto ascertain the solution and resin had 

equilibrated The concentrations ofcopper and cobalt were determined by 

spectrophotometer analyses The hydrogen concentration wascalculated from the pHof 

the solution and the sodium concentration was determined by difference For hydrogen 

exchanging with sodium,the calculated molar selectivity ranged from 1 11 to 6.73. 

However,sodium has a higher selectivitythan hydrogenthereforethe molar selectivity as 

reported should be lessthan 1. This is also confirmed bythe sharp frontobserved when 

sodium replaced hydrogen and the dispersed frontwhen hydrogen displaced sodium 

Indications arethatthe hydrogen analyses are inaccurate;thereforethe literature value of 

0.64 wasused forthe molar selectivity ofHexchanging with Na.. The molar selectivity 

determined forCuexchanging with Naand Coexchanging with Naranged from 1.29to 

4.88 and 1 08to233,respectively Asindicated by the datafromRun2,Cuexchanging 

with Na,asmall change in Cu concentration(0.001 moles/liter)results in approximately 

40% difference in molar selectivity Asa result ofthe sensitivity ofthe molar selectivity 

tothe concentration,it wasdecided notto usethe data fromRun2for Cu-Na Based on 

Run 1 only,the molar selectivity between Cu-Na and Co-Na,averaged 1.50and 1.31, 

respectively. These values are somewhatlowerthanthe data reported byBonner and 

higherforthe Cu^and lowerfortheCo^in comparisontothe datareported byDOW 

The measured values along with Bonner indicate that Cu"^hasa higher selectivity than 

Co^. According totheDOW literature,Co"^ selectivity is greaterthan Cu"^ The 
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experimental runs also confirm that Cu"^hasa hi^er selectivity than Co'^asgiven by 

Bonner. BothDOW and Bonner give similar molar selectivity forHexchanging with 

Na The molar selectivity used in the calculationsforthe Cu-Na, Co-Na, H-Na,Co-Cu 

and Cu-H systems are summarized in Table J.4 

Table J.4. Molar Selectivity used to calculate theNTU 
For comparisontothe experimental system 

A-B - Component Aexchanging Kab 
withB onthe resin 

Cu-Na 1 5 

Co-Na 1.31 

H-Na .64 

TheKabfor Cu"^exchanging withBT and Co"^exchanging with Cu"^ were calculated 

fi-om the other data Kcu++-h+ and Kco++-cu++are 3.662and08733,respectively. 
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APPENDIXK 

Determination ofResin Capacityfrom ExperimentalData 

Effortsto determinethe resin capacity((g)by measuring directly fromthe resin were 

imsuccessful. Direct measurements were performed by equilibrating aknown volume 

and concentration ofCuCl2 with aknown weightofresin Oncethe resin and solution 

equilibrated,the resin waseluted with concentrated NaCland the solution loaded with the 

Cu analyzed for copper. Two separate measurements were performed and are outlined 

below. 

1. Resin Capacity determination -Measurement 1. A weightof5.21 gof 

DDOWEXHCR-W2(Naform)resin wasplaced in a 500-ml volumetric 

flask 

2 Totheflask,300mlof0.05M CuCl2wasadded tothe flask,the flask was 

then sealed,and shaken for 1 hour using a shaker. The CuCl2solution was 

then decanted Thiswas repeated foratotal of4times with the exception that 

the batch wasshaken overnightinstead of1 hour. Thiswasdoneto 

make sure thatthe resin and the005MCuCU had reached equilibrium. 

3. The residual CuCl2 solution wasthenremoved by washingthe resin with 3-

100 ml batchesofdeionized water oncethe last batch ofCuCk was decanted 

4. Finally,300 mlof2MNaClwasadded tothe resin,the resin and solution 

were shaken for 1 hr and then the solution analyzed forCu concentration 

using spectrophotometer analyses 
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Resin CapacityDetermination-Measurement2; 

1. The above procedure wasrepeated exceptthat 5.08gofresin and 300 mlof 

0.1 M CuCl2wasused 

2 Thesodium content ofeach batch ofCuCljsolution that had equilibrated with 

the resin was also determined using aNaspecijBc ion electrodein an effortto 

verify the resin capacity. ARosssodium electrode by ORION(Model86-11) 

wasused to measurethe sodium content ofthe solutions along with a mV 

output meter Calibration datafortheNa electrode isshown in FigureK.1 

The mV reading ofeach batch ofCuCl2that had equilibrated with the resin 

along withthe calculated Na concentration(based onthe calibration data from 

FigureK.1)is presented TableK 1 

TableK.1. Sodium Concentration ofCuCl2solution equilibrated 
with the ion exchange resin 

Sodium Concentration 
Batch MV (moles/liter) 

1 -4.9 00570 

2 -546 0.0093 

3 -105.9 00014 

4 -149.4 00013 

The resin capacity was calculated from the following 

g_ CuieqIT)*mCljJ)* (glml) 
K1 

Mre^{grams) 



v
o
 

4
G
G
-

m
-

>
 

y
=
63.111X

+
7
3
.
5
8
 

E
 

!
s
 

I
 

-4&
-

<
D
 

1
 
I
 

0
)
 

.
4
 

♦
^
-1

.2
 

-1 
-0

.8
 

-0
.6

 
-0

.4
 

-0
.2

 

-20-

log Sodium
 C

oncentration (m
oles/liter) 

Figure K.1 
N

a Electrode C
alibration C

urve 

0
.2

 



147 

TheCu contentofthe NaClsolutions in Runs 1 and2were determined to be0.0415 and 

00413 moles/liter,respectively(as analyzed by spectrophotometer). This correspondsto 

a resin capacity of3.8 and39meq/ml as determined from equation 1 The density ofthe 

resin used in the calculation was determined from measuring the volume ofaknown 

weightofresin in water using agraduated cylinder. The volumeof4-gramsofresin(as 

received)was5-ml corresponding to a density of0.8 g/ml Based onthe sodium 

concentration ofmeasurement2,the resin capacity should be approximately 3.26 

meq/ml These measure capacities are high in comparisontothe manufacturer value of2 

meq/ml(min)and other resin capacity data observed inthe literature. No obvious 

explanation can be givenfor whythe resin capacity calculated bythe above method is 

high in comparisontothe manufacturer data. 

The resin capacity was also calculated from the experimental data using the50% 

breakthrough point The approach assumesthatthe frontis symmetrical The resin 

capacity isthen based onthetime ittakes the outlet solution concentration to reach50% 

ofthe initial solution concentration(50%ofbreakthrough) Thevolume ofthe resin 

loaded in the column was77.5 cm^ The resin capacity calculated from the experimental 

datafor binary ion exchange only is given in TableK2 Based onthe experimental data, 

the capacity oftheDOWHCR-W2resin averages206meq/ml This value corresponds 

tothe2meq/ml(min)asreported byDOW. Therefore,the 2.06 meq/ml wasused in the 

calculations oftheNTUfor boththe experimental study and the predictions based ona 
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constant pattern front. Run 14had a verylow valueforthe resin capacity in comparison 

to the other runs;therefore,it wasnot used in average the value. 

TableK.2 Resin Capacity(Q)basedon50%Bieakthrou^fromtheEjgjerimentalRuns 

Run 

1 

2 

3 

4 

5 

7 

8 

14 

21 

22 

25 

Solution 

CuClz 

C0CI2 

CaCl2 

CUCI2 

CUCI2 

CUCI2 

C0CI2 

NaCl 

NaCl 

HCl 

NaCl 

Concentration 
(moles/bter 
0048 

0.050 

0.092 

0095 

0.046 

0.050 

0.050 

0098 

0.099 

0.098 

0.047 

0.088 

0.091 

0058 

0.091 

Resm 

Form 

Na 

Cu 

Co 

Na 

Cu 

Na 

Cu 

H 

H 

Na 

H 

Flow rate 

(ml/min) 
165 

162 

162 

15.9 

16.0 

16.1 

85 

162 

16.0 

15.8 

85 

Timetoreach50% 

breakthrou (̂mm) 
106.5 

50.0 

51.0 

550 

106.3 

107.3 

95.0 

53.2 

94.4 

111.9 

106.8 

182.2 

197.3 

Resin Capacity' 
(meq/ml) 

2.12 

2.09 

195 

2.15 

201 

2.19 

195 

2.16 

205 

192 

109 

1.40 

201 

2.15 

197 

Average Resin Cqacity 2.06® 

a A 
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