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ABSTRACT

It is the purpose of this thesis to explore the feasibility of using coated-

wire electrodes to measure chelating agent concentration. Chelating agents

are often found in radioactive decontamination solutions because they aid in

the removal of radionuclides from contaminated surfaces by increasing their

solubility. However, this characteristic will also enhance the mobility of the

radionuclide and thus its transport out of a waste disposal site.

Coated-wire ion selective electrodes, based on a polyvinyichloride

membrane using dioctylphthalate as a plasticizer and dinonylnaphthalene-

sulfonic acid as a counterion, were constructed for five commonly utilized

chelating agents (ethylenediaminetetracetic acid (EDTA), nitrilotriacetic acid

(NTA), ci'ric acid, oxalic acid and tartaric acid).

The EDTA and NTA electrodes' calibration characteristics exhibited

acceptable behavior in pure standard solutions. From data obtained while

using the EDTA and NTA electrodes in a cement environment, further

research needs to be done in the area of ion interference.
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CHAPTER 1

INTRODUCTION

It is the purpose of this thesis to explore the use of coated-wire

electrodes as a simple method of measuring chelating agent concentration.

Coated-wire electrodes have not been tested wiih the chelating agents used in

this feasibility study. The coated-wire electrode works using the same

principle as a pH electrode. The concentration of chelating agent ions can be

associated with a voltage developed in the electrode circuit. If this

relationship is linear in nature, then the concentration of an unknown

sample can be determined quickly. The reason for investigating the feasibilit,

of the chelating agent/electrode combination is to find a nondestructive

method of determining chelating agent concentration in various

environments typical of that found in ground water infiltration of waste

repositories. The chelating agents studied were the following:

ethylenediaminetetracetic acid (EDTA); nitrilotriacetic acid (NTA); citric at:lj

(CA); oxalic acid (OA); and tartaric acid (TA).

1.1 ]_c__

The technology used in the decontamination of surfaces

contaminated with radionuclides has become increasingly important in the

nuclear power industry, as well as medicine and other industries utilizing

radioactive materials. This trend will continue as worker and public safety

regulations tighten, and as the older nuclear power plants are shutdown and
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decommissioned, The reuseof contaminatedmaterials al_o provides a lars_,

sourceof this contaminatedwaste material. Radioactivedecontamination in

defined as the removal of unwanted radionuclides from surfaces,I Re ne_!

for decontamination can result from an accidentalspill or the normal

operating activities at a nuclear facility, Many radioactive contaminantsare

not readily removed with mere soap and water; therefore, specialt_

methods and agentshave been developed, While many "off.the.shelf"

,.leaning methods commonly used in other industriesmay remove 9-9%of

the contaminants,it is necessaryto increasethe efficiency of removal by a

factor of 10, 100or even more to reduce the residual radioactive levels to

thosespecifiedasacceptablein the regulations, In addition to this_ncern,

the methods and agentsused in the decontaminationprocessmust not create

other problemssuch as corrosionindliced by chemical reactionwith the

material being decontaminated.14

Many methodsand cleaningagentshavebeendevelopedby the

nuclearindustrysinceitsinception.Primarily,thedecontaminatesused hay,

beensolutionsofacidsand bases.More recently,chelatingagents,aspecial

kindofmetalcomplexants,have beenused intandem withthesemethodsto

increasetheefficiencyotradionuclideremoval The chelatingagentsare

added tothecleaningsolutionbecauseoftil_irchemicalabilitytoincreasethe

solubilityofnormallyinsolublemetalionssuchascobalt.Thisthenincrea_s

theionsremovalratefromthecontaminatedsurface.However,thisvery

desirabledecontaminationcharacteristicisalsoveryundesirablefrom the

standpointofdisposingofthenow radionuclidecontaminatudcle,lning

solutions.Becausewateristheprimarymethod ofradionuclidetransportout
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of a radioactive disposal site, any agent in the waste form that increases the

ability of the water to transport the radionuclide is very undesirable

(see Fig. 1). Thus it is important to know the concentration of any chelating

agents in the waste prior to final disposal. This information, along with

chelating agent solubility products and equilibrium constants, can be used to

help determine the probability of the radionuclides migrating beyond the

boundaries of the disposal site.
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Figure 1. Pathway of Chelating Agent/Radionuclide.
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1.2 Coated-Wire Electrodes

Conventional electrodes are relatively simple, but they are too

expensive to be practically used as disposable devices and are not very

adaptable to miniaturization. A type of ion-selective electrodes called coated-

wire electrodes offers both of these desirable qualities. Coated-wire electrodes

,ire simply copper wires with a selective membrane applied directly to the

outer wire surface (see Fig. 2). At the membrane interface, an electrical

potential is established due to the solubility difference between the ion in the

aqueous phase and the same ion bound in the membrane. A rapid ion-

exchange process takes place between the free ions of interest in the aqueous

phase and the ions bound to organic site groups in the membrane. 11

The selectivity of the electrode depends primarily on the selectivity of

this ion-exchange process. That is, the bound ions should form a more stable

complex with the same ion in the aqueous phase than with any other.5 No

ion-selective electrode responds exclusively to the ion which it is designed to

measure, although it is often more responsive to this primary ion than to

others. If an interfering ion is present at a concentration which is large with

respect to the primary ion, the electrode response

will have contributions from both the primary and interfering ions. It has

been shown that electrodes for species which are more soluble in the

membrane (more lipophilic) show greater selectivity. 11 In order to
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Polymer Insulation

Selective Membl ane

Figure 2. Basic Design of Coated-wire Electrode.
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increase the solubility of the ion of interest in the membrane, a carrier or

counterion is normally incorporated in the polymer. In such systems, ions

which form lipophilic pairs can be detected. A plasticizer is also generally

incorporated in the polymer to increase the ion pair mobiiity. 11

The plasticizer also tends to reduce the diffusion potential across the

membrane. This extends the life of the electrode by reducing the rate that th__

ion of interest and carrier ion diffuse into solution. While they are both

hydrophobic, they do show a finite solubility in water, and the leaching of

these species from the membrane will limit the lifetime of the electrode.

Therefore, the electrodes with the more lipophilic ions and carriers should bp

operative longer.

When the membrane is made, the ion of interest and the carrier or

counterion are usually added to the selective membrane in stoichiometric

quantities. A charge separation is established as the ion of interest, being less

lipophilic that the other species of the pair, partitions into the aqueous pha_,_

resulting in a charge separation. The detection limits of these electrodes are

limited by the solubility of the ions in the aqueous phase, so electrodes

constructed for a more lipophilic species should have a lower detection

limit. 7

Much research has been done to increase coated-wire electrode

detection limits and extend their lifetimes. To this end, several carrier or

counterions have been employed with various

success. One of these counterions, dinony!naphthalenesulfonic acid

(DNNS) has been found to be very selective toward lipophilic organic ions. 11
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When a coated-wire electrode, together with an appropriate reference

electrode, is placed in a solution containing the ion of interest, a potential is

established. In order to obtain a meaningful analytical result, this potential

must be converted into a concentration or activity value. Ion-selective

electrodes sense the

activities of ions in solutions; if the environments of the ions is known and

well defined, the activities may be related to the concentrations of the ions.

The activity [a] of volatile constituents in a liquid mixture is defined as the

partial pressure of the solute divided by the vapor pressure of the pure

solvent or

a =-P-
o [2-1]P

In dilute solutions, the vapor pressure of a solvent can be approximated by

Raoult's Law,

i

o

p, = X, p i [2-21

and the vapor pressure of the solute by Henry's Law,

p_ = k ,. m [2..,31
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The activity, ax , of an ion X in solution is related to its concentration, mx,

expressed as a molality (moles of X per kilogram of solvent), by the equation

where _'xis the activity coefficient, a measure of the extent of the deviation

from ideality. 4 For pure solutions of X of low concentration, the activity

coefficient is close to unity and differences between activity and concentration

can be ignored. 11

r'The simplest calibration method is to generate a curve by measu mg

the potential resulting from a series of standard solutions of known

concentrations of the chelating agent of interest. In this, as in all calibration

methods, it is important to allow adequate time for the electrical potential to

become stable in standard or sample solutions. All electrode determinations

are concerned with electromotive force differences and concentration

differences and can therefore be described ideally using the Nernst equationl
i

E = E°+ RT (In 10) loga,, [2-5]zF

where E is the measured potential in m V, E 0 is the measured potential in

mV under standard conditions, R is the gas constant (8.3143 J tool "1K'I), T is

the temperature in degrees Kelvin, z is the charge on the primary ion, F is the
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Faraday constant (96,487 C mold), ax is the activity of the primary ion.2 The

slope of the potential versus concentration or activity is then

Slope = R T (ln 10)
z F [2-61

Once the slope of the curve (assuming a linear relationship) and the intercept

are determined during the calibration process, the concentration of an

unknown sample may be determined simply by measuring its potential

difference and finding the corresponding concentration on the curve.

Interfering ions may be a source of nonlinearity in cases where the

concentration of the interfering ion is low and the selectivity of the electrode

against that interference is good. The only effect may be a slight departure

from linearity at low solute concentration. If, however, the electrode is

sensitive to the interfering ion or its concentration is high, the result may be a

potential which does not vary with solute concentration, but is controlled by

the interfering ion.5

At low concentrations, the relationship between potential and

log[activity] ceases to be linear; the slope diminishes as the concentration falls

further. This reduction of slope has the effect of increasing the error in the

measured concentration caused by a given error in potential measurement.

Slow response and reduced stability of the electrode system may become

increasingly apparent at low levels, further reducing the overall precision of

measurement. 7



1.3 Chelating Agent Chemistry

The five chemical compounds which were studied as to their

compatibility with coated-wire electrodes are the following: EDTA, NTA,

citric acid, oxalic acid and tartaric acid (see Fig. 3 & 4). They all have the ability

to form metal chelates. Metal chelates are defined as a special kind of metal

complex. Most metal chelates consist of rather complex organic anions with

two or more functional groups that are capable of sharing pairs of electrons

with a centrally located metal ion. These pairs of electrons enter the vacant

electron shells of the enclosed metal ion. In this way a chelate contains one

or more ring structures that include the metal ion and the arms of the

chelating ligand, which is either an anion or a polar molecule. 12 This process

of ring formation is known as chelation. (see Fig. 5) The word chela,'e, which

describes the ring formation, is derived from the Greek chele, meaning

lobster claw. 8 In this respect chelates differ from complexes that have only a

single bond between the metal ion and the electron donor.

A simple description of the nature of the bond between a ligand and a

metal treats the ligand as an electron-pair donor and the metal as an electron

pair acceptor. In other words, the metal behaves as a Lewis acid and the

ligand as a Lewis base. 3 All metals form complexes, although the extent of

formation and nature of these depend very largely on the electronic structure

of the metal. 14
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For chelation to occur, the ligand must contain at least two donor

atoms capable of bonding to the same metal atom. Elements

that act as donors are the more electronegative ones on the right-hand side of

the periodic table (Group V and Group VI). Another condition f.'_rchelation

is that the functional groups should be so located in the ligand that the

formation of a ring including the metal atom is sterically possible. 3 In this

way, chelation imposes relatively little strain on the ligand molecule.

As an example of chelation, consider the chelating agent

ethylenediaminetetracetic acid (EDTA), as pH increases, one or more H + ions

dissociates from the four carboxyl groups giving a series of protonated EDTA

species in solution. The higher the pH, the greater is the concentration and

charge of the dissociated species. When all four H + ion have been removed,

the free ligand, L4- remains. This ligand has six pairs of electrons that can be

shared with a metal ion to form a metal chelate. The EDTA ligand combines

with Fe3+ to give FeEDTA'. The centrally located Fe3+ is surrounded by the

four carboxyls and two nitrogen donor groups. 9 Similarly EDTA combines

with several different metal cations to form stable metal chelates.
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CHAPTER 2

EXPERIMENTAL PROCEDU_

2.1ElectrodeConatructlon

TableIliststheprimarychemicalsusedintheconstructionofthe

electrodesand thesuppliersfromwhom theywereobtained.TableIIliststh_

chemicalpropertiesofthechelatingagents.Afterremovingtheouterplastic

insulation,fourteen-gaugesolidcopperwirewas straightenedby applying

pressurecausingittoslightlyelongate,The wirewas thencutintoten

centimeterlengths,One tipofeachwirelengthwas roundedand made

smooth using 400 grit sa_'tdpaper.The sectionswere then cleanedwith water.

acetoneand chloroform using an ultrasonic cleaner. The cleaning procedure

was performed three times. Once clean, the wire sectionswere hung in a

hood to dry.

Once dry,,the wires were pushedthrough cork stopperswhich had

,llreaOy been pre-drilled with hole._w'hc,sedimensionswere slightly smaller

than the wire, in such a way, th_.tthe remaining rough end was

approximately one centimeterabove the top of the cork. Each individual

wire/cork was placedin an appropriate size testtube. The first stepin

constructingthc electrodewas to coat the entire outer surfaceof the wire with

insulation. This outer insulation was a coatingof polyvinylchloride (PVC).

This was prepared by dissolving an amount of PVC in tetrahydrofuran (THF)

to make a 7% PVC solution by mass. The rate at which the PVC dissolved
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T_ble I. Chemicals and Suppliers

i i llil ,,,

Chemical Suppliers
ii!11 _ iiiiiiijll i iiiiiii i i II i i II ]11ii iii i ! ii L

Polyvinylchlodde (low molecular weight) Aldrich
,.,. .,,,, i i J i i ,

Dioctylphthalate, tech Pfaltz & Bauer
ii i i i i i i iiiiii i i

Dinonylnaphthalenesulfonic acid
50/50 with kerosene Pfaltz & Bauer

Dowex 20-50 Strongly Basic Anion Sigma
Exchange Resin - OH

- ,, fill i i i i i

Ethylenediaminetetracetic acid Pfaltz & Bauer
!

.................. i H ,, ,,,,,

Nitrilotriacetic acid Pfaltz & Bauer
i ii i i iii

Citric acid Aldrich
i i i

Oxalic acid Aldrich
i ii i iii iii

L-Tartaric acid Aldrich
,,,,,,, ,, ,, ,

Table II. Chelating Agent Chemical Properties 13

, , ,,,, ,

Molecular Melting_ Density
Chelating Agent Weight Point "C

i _tl,,,, i ,i i i i

EDTA 292
i i i ,,,

NTA 191

Citric acid 192 153 1.665
iiiii i iii

Oxalic acid 90 190 1.900
,i i l,

L-Tartaric acid 150 206 1.788
ill I
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was greatly increased using a magnetic stirrer to mix the solution. The wirest b • G • • Q •

were then individually dipped into this solution up to within a few

centimeters of the bottom of the cork. The THF was allowed to evaporate for

about five minutes before the dipping procedure was repeated. The dipping

procedure was repeated until the insulation was about 0.5 mm thick

(approximately 25 times). Finally, the wires were allowed to dry for about 24

hours.

Once the insulation had dried, the selective membrane was applied.

First, a razor blade was used to expose the bottom two millimeters of the wire

(see Fig. 6). The selective membrane solution was made by dissolving 0.9

grams of dioctylphthalate (DOP), 0.1 gram of dinonylnaphthalenesulfonic acid

(DNNS) and a stoichiometric amount of the chelating agent (with respect to

DNNS) in 19 milliliters of THF containing 5% PVC by mass. 7 Only the

stoichiometric amount of oxalic acid completely went into solution. Of the

four remaining chelating agents, only a partial amount dissolved in the

selective membrane solution even after vigorous attempts to dissolve the

whole portion. Each had a residue on the bottom of the flask after allowing

the solution to sit.

It was necessary to extract the DNNS from a 50/50 DNNS-kerosene

mixture. A certain amount of DNNS solution in kerosene was diluted with

an equal volume of 200 proof ethanol and then mixed with a strong anion

exchange resin of the OH- form. The amount of anion exchange resin was
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chosen to have at least ten times equivalents excess binding capability per the

DNNS. Aftertl_eDNNS had t)eenacisorbed"on theresin,thiswas washed

withethanoluntila cleareluatewas obtained.Inthisway alltheneutral

impuritieswere removed. The DNNS/resinwas thenelutedwitha 1.0M

HCf solutioninethanol.Thissolutionwas preparedby dissolvingone mole

ofHCI inone literof200proofethanol.The resultingeluatewas evaporated

toa solidbrown mass at500C undera vacuum. The finalproductwas

repeatedlywashed firstwithsmallportionsofwaterand thensmallportions

ofethanol,followedeachtimeby evaporationundervacuum toremove final

tracesofHCf and water.The DNNS was storedundervacuum overP2Os.6

The "dip"procedureused tocoatthewirelengthswithinsulation

was thenrepeatedusingtheselectivemembrane solution.Thistimeonlythe

bottomthreemillimetersofthewireswere coated.The processwas

continueduntilthetipwas coatedwitha

beadaboutthreemillimetersindiameter.The beadwas calculatedtobe

approximately50% PVC, 45"/,DOP, and 5% DNNS -chelatingagent.The

electrodeswere thenallowedtodryfor24hoursbeforebeingstored.

The electrodeswere storedina 0.1M aceticacidbuffersolution

containing10-4M ofthechelatingagentpresentintheselectivemembrane

solution.The pH ofthestoragesolutionwas adjustedto4.0usingNaOH.

Each wireelectrodewas placedinindividualtesttubescontainingthe

appropriatebuffersolution.7

2.2ElectrodeCalibration

Priortothecalibrationofthewireelectrodes,standardsamplesofthe

five chelating agents were made. The standards were made by first making a
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0.1 M solution and diluting successiveportions of that solution to make
l m Q I* • @ * . @ , I @

standard concentrationsof 0.1,0.05,0.01,0.005,0.001,5 x 10"4,10"4,5 x 10"5, i0 "5,

5 x 10"6,10-6M. The standard solutionswere then stored in a dark cool place

to prevent any decomposition.

The initial step in the calibration processwas the calibration of the pH

meter which was used as a voltage meter. This was done by using a standard

pH electrodeand standard pH buffer solutions to adjust the meter's setpoints

according to the meter calibration instructions. The room temperature was

noted and usedas a part of the pH meter calibration.

Once the pH meter was calibrated, the calibration of eachelectrode

was performed by first removing the electrodefrom its storagesolutionand

washing it with distilled water. The wire electrodewas then connectedto the

voltage input of the pH meter (seeFig 7). A silver/silver chloride (Ag/A_lj

referenceelectrode was connectedto the referencejunction of the pH meter.

Both the wire electrodeand the referenceelectrodewere then placed in the

mostdilute standard solution of the chelating agent in question. The

selective membrane was completely submergedin the ' t solution. The

distancebetween the two electrodeswas kept approximat_.y the samedur|r,g

eachsubsequentstandardsolution calibrationstep. The pH meter was then

turned on to the voltage setting.

The potential difference between the wire electrodeand the reference

electrodewas given time to stabilize before the voltage readingwas recorded

Once the voltage measurement stabilized for approximately one minute, the

voltagewas recordedand the processwas repeated using the next more
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concentratedstandardsolution.Once thevoltagehad beenrecordedforthe
i a II II i ' il ._a

elevenstandardsolutiom,theprocesswas _pea_d foranotherwireelectrode

ofthesame chelatingagent.More thanone electrodewas usedtodetermine

thesimilarityinslopeofdifferentelectrodesofthesame chelatingagent.

Upon completionofeachelectrodeset,theelectrodeswere onceagainstored

intheirres_ctlvestoragebuffersolutions,

The calibrationprocedurewas performedthreeUmes with

approximatelyaperiodof30 daysbetweeneachcalibration.

2.3Electrode_mrnentTest

Followingthecalibrationofthecoated-wlreelectrodes,theEDTA and

NTA electrodeswere testedwithcementumpl_ whichcontaineda known

amount ofEDTA orN'rA,The EDTA and NTA electrodeswhere choMn

becauseofthegood overallbehaviortheyexhibitedduringtheelectrode

calibration.The pur_ oft_s testwas tousetheelectrodesina sltuaUon

thatwould more clmelysimulatetheenvironmentfoundina wastedisposal

sitethanthepuresamplesolutlomusedduringthecalibrationportion.T_s

testwas meant tobe much more qualitativethanquantitativeinnature.In

otherwords,itspurlx_ was tochecktheelectrodereactionina more

complexenvironmentasan indicationofwhat directionfutureresearch

mighttake.

The simulatedwastedisposalsiteenvironmentcomistedofcement,

chelatingagentand water.A large_rcentageoflow-levelradioactivewaste

isdisused ofby mixingitwithcement,commonly calledgrout,and placing

thecom_ntin55gallonsteeldrums, Tho amount ofradioactivitymixod with

thect,mt,nt!_coiltrolle,d by th_rt,gta!_ttion_inI0CUR 20. Ifit
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decontaminationsolutioncontainlngchelatingagent(s)isdispo_d ofusing

cement,thecementwillcontainsome concentrationofradionucildesbound

by thechelatingagent(s).

The cementu_edwan Portlandcementand itscom_sltlonIsllst_in

Tableiii.The cementsamplewas preparedby adding155gramsofcement,70

miililiterlofdistilledwater,25gramsof_odlumnitrateand I0gramsofthe

chelatingagent.The reJuitlngslurrywas pouredintoaplasticcup and

allowedto_t. Once set,theplHticcup was cutaway and thecementblock

was pla_ inalargercontainertoexposemore ilurfaceareatosp_ dryln8.

The cementblockwas allowecltodryforapproximately10=3days.inaddition

tothecementblockscontaINnga chelatingagent=i,a controlsamplewas

made usingthesame recipeminusany chelatingagent.

Fort_ electrode-cementtilt,t_ cementblockwu crus_ and ten

gramsoft_ cementwas fi_lycruJhedand placedina container.50

millilitersofdistilledwaterwas thenadded tothecementpowder and

ai]owedtoleach.The crunhlngofthecementwas done toreachan

_quiiibriumconcentrationmore quickly.Ten gram_ ofthecementaamplo

was calculatedtocontain0.0011mol_mofEDTA and 0.0023molelofNTA. If

allthechel_tlngage,at(EDTA or_A) went intosolution,theresulting

solutionchelatingagentconcentrationwould _ 0022 M ofEDTA and 0.045

M ofNTA. Theseconcentrationswere churn so thattheactualleach_

ch¢,iatingagent concentration would fall on the linear portion of the

c_libr_tion ctlrw_.
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TableIIi,Comp_It!onofCementU_d inWasteForms4 • , i O j Q • _ a ,

[ L l, ,,,, _ l , Ill .... I Ill ,l I l lU_,I ....... I l Jl _...... l l l L ...... I J .....

S_te_ C_posttton (%)

ShO2 22.63

AI_ 3,84

63.57

MgO 3,80

N,p o.:o
II . 111111_. I11 I [[, I I 11[[ I I[ II

o,s8
....... ..__ IIIIII............. ___ l II.......... [I.................__::....

_ _ 2.38

_e electrode.cementtestwas_rformed by firatcalibratinBthe

electrodesu_tngthe two point calibrationde_ribed tn_ctton 3,2of thtathnts

aftercalibrating the pH meter. The c_ted-wtre electric and t_ ,tilver

chloride reference electrode were then placed in the cement leachate of the

control sample and then the cement.chelating agent Jample. The first _t of

t_ts were run with the iolid and leachate still toget_r (the solids had

_ttled). The _.cond set of test were conducted after filtering t_ leachate from

the _)iid_,This wa_done to st_ if there was any reN:_m_diffewnce from

condition one to condition two. As with tl'wcalibration tests, thr_ electrodes

were u_d for_th EI)TA and NTA. _e threewere alwaD thelame

t,lt.ctrodt,s which hindht,t,n.sed h)r th_ earlier c_libr_tion tt0hts.
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I_ERPRETATION AND RESUL_

31 F.aJ, momao

Averagelinearcalibrationcharacteristic:slopes,Intercepts,linear

limit,and detectionllmlti,determineddirectlyfrom theex_rlmenta]

calibrationcurveshavebeen]isledInTableIV+ Thesevaluesareaveragesof

threeelectrodHtakenoverthreeseparatecalibrationexperiments,The

graph.,ofthaaveragedcalibrationcurvedataand theraw datafromeach

t+.lectrc_ecanhe foundinAppendixA,

A typicalcalibrationcurveof_l+,nti+tldlfE.ren_versuslog[activil,

comi,t,ofm linear_rtlonthathasa neglitlveslo_ beglnNng att_ higher

concentrationstothelowerconcentratlorm,The linearportionofthecurve

will continue until other tons in ,olution begin to Interfere,with the !on of

interest+ At lhls _tnt, the calibration curve tio_ will becomeleu negative

+rodif the interference ts great enough, t_ slo_ will becomepostttw

(_ Fig,_),

The average l_lo_s of the li_ar rea_nie portion of the individual

ch¢,latingagent calibration curves are_incl.d_ in Table IV. if tha slo_ of thr

elc_ctr_es were pur_ly Nernitian in nature, their slo_s should _ 59,2

mV/logla]at,tandardconditions,4 As thaaverageslopesoftheelectr_e_

show,noneofthafivechalatingagentel¢,ctrodescouldbe conslderedpurvly

Nc,rn_ltan, Tha slopc,s of the linear portions of the calibration curves war,.,
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Table IV, Calibration Curve Characteristics
Q . _ • q, " , @

i

Ltne_r Deletion

Chelatln R ARent Slope Intercept Lh'nit Lt_it R2

Calibration #I

EDTA 43,3 _,9 10.3 10.6 0,_

NTA 42,5 249.9 10.3,3 10-S 0,996

Citricacid 19.7 146,7 10.3,3 10.8.3 0,978

Oxalicacid 27,5 268,2 10.5.3 10"5'-I 0,987

Tartaricacid 17.0 166.6 10.3 I0-3 0,911

Calibration #2

EDTA 48.2 22,2 10.3 10.6 0,996

NTA 48,7 ?54,3 t0 .3.3 10.6 0.981

Citricacid i9.3 i46.7 10'4 I0"s'3 0,967

Oxalic acid 21.3 262.7 I0"5 10.5.3 0,846

Tartaricacid 14.! !53.9 10,3,3 i0"3_ 0.968

Calibration#3

EDTA 48,2 22,2 10.3 10.6 0._6

NTA 42,9 250,5 10,3.3 I0"s 0.986

Citricacid 22.4 159,4 10-3.3 !0"s,3 0.957

Oxalicacid 22,5 267,7 I0"s 10"s.3 0.%2

Tartaricacid 19,4 194.1 10.3 10.3.3 0,823
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CidthraUon#2

.80

I .11",0

.' ,o .s ,4 .8 .a .t o
L_ [Activity]

CalibrationResultsofEDTA Electrodes

Figure8. TypicalElectrodeCalibrationCurve,

obtained using the method of least =_quares.The slopesof EDTA and NTA

were the clo_st to m_ting the theoreticalvalue. Citric acid,oxalic acid and

tartaric acid slo_s were significantly below the theoreticalvalue. This is not

very surprising since the chelatingmoleculesthat were investigatedare quite

complex and are not of high ionic strength,so they would not be expectedto

exhibit ideal behavior.13 The responseof the electrodeis alsovery dependent

u_n the interaction between the ion of interest in the aqueous phase and the

counterion incorporated in the polymer. The behavior of the chelating

agent/DNNS was one ofthemain objectivesof this study.Previouswork

withcoated-wireelectrodesand organiccomplexeshasshown thatthis

relationshipi.=_,_tverywellunderstoodand thereactionofthecoated-wire



39

electrodetotheorganicionofinterestisdifficulttopredict.11 The difference
Q _ Q _ I . _ @ a O •

intheresponseoftheEDTA and NTA electrodesascomparedtothethoseof

CA, OA and TA may, inpart,bedue tothedifferenceinthemobilityofthe

latterintoorwithinthemembrane,toa differenceintheionpairformation

or totheinherentinstabilityofthesesubstancesinsolutionwhichmight

causeinterferenceproblemseven atthehigherchelatingagent

concentrations.

An obviousdifferencebetweenthetwo groups,EDTA, NTA and

citricacid,oxalicacid,tartaricacidisthenitrogenfoundintheEDTA and

NTA molecules.The nitrogenatomsinthemoleculeareliketertiaryamines

and willinducethetendencyintheEDTA and NTA compounds tobe more

polarthantheywould otherwisebe and therefore,bettersolubilityinthe

selectivemembrane mightresult.13 Thus,EDTA and NTA areprobablymore

lipophilicthantheotherthreechelatingagentsand theirmore Nernstian

behaviorwould indicatethistobe thecase.7 They would alsohavea greater

tendencytobeabletoformionpairs.

3,2ElectrodeResponseTime

The responsetimeand characteristicsoftheelectrodesvaried

dependingupon theconcentrationofthestandardsolutionand thechelating

agent being tested. Response time is defined as the time it takes the potential

difference being measured to come to equilibrium. 2 A,_st_tod previously in

the section covering coated-wire electrode theory, the response time of the

electrode will have a tendency to slow down as the concentration of the



standardsolutiondecreases.Thistendencycanbe attributedtointerfering

ionssuchasH + presentinwatercompetingwiththechelatingagentions.

Thisresponsetimebehaviorwas manifestby electrodesofeach

chelatingagent.As theconcentrationofthestandardsamplebeingtest_

decreased,theresponsetimeincreased.Sincetheelectrodeswere testedfrom

theleastconcentratedstandardsolution(10-6M) tothehighest_ncentrsted

standardsolution(0.1M),theelectroderesponseduringtheinitialcalibration

tookconsiderablylongertoreachequilibriumthanlaterinthecalibration.

Forallthechelatingagentelectrodes,thepointatwhicha transitionfrom

poorresponsecharacteristicstogood responsecharacteristicsoccurred

approximatelywhen thecalibrationcurveenteredthelinearregime.The

effectoftheinterferingionsbecamelessand lesssignificantwithIncreasing

chelatingagentconcentration.

EDTA exhibitedthebestresponsecharacteristicsofallthechelating

agentelectrodes.Even atthelowerconcentrations,althoughtheresponse

timeincreased,thetimetoequilibriumwas stillacceptable.At thehigher

concentrations,thetimetoequilibriumwas more dependentupon thetime

constantofthepH meterelectronicsthantheEDTA electrode.Thisgood

overallbehaviorisclearlyexhibitedby theEDTA calibrationcurve.NTA also

showed good responsetimebehavior,similartoEDTA, buttheresponsetime

associatedwiththelowerconcentrationswas somewhat slowerthanEDTA.

BothEDTA and NTA atthehigherconcentrationswould reachan

equilibriumpointwithinone minuteoftheplacementoftheelectrodeinthe

standardsolution.
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Citric acid and oxalic acid exhibited response time behavior slightly

less favorable than either EDTA or NTA. They both behaved similarly,

taking up to five minutes to reach a potential difference equilibrium at the

lower concentrations and between one and two minutes at the higher

standard solution concentrations. Their calibration curves show a less

favorable trend than EDTA or NTA, so their response time behavior

correlates with the data. In the linear range of their calibration curves, their

response times were acceptable.

Tartaric acid exhibited the worst overall response characteristics.

Throughout the entire test regime the response time was considerably long_,T'

than the behavior of the other four chelating agent electrodes. At low

concentrations, the response time was over five minutes and did not

improve appreciably with the higher concentrations. The voltage tended to

be erratic around what was determined to be the equilibrium point. This

behavior also correlates with the poor calibration curve data.

With the exception of tartaric acid, the response time of the

electrodes within their linear range was approximately one minute. Thus,

the time to calibrate and use these electrodes is minimal and acceptable.

While the linearity of the electrodes' response requires but two calibration

points, any work done around the limits of the linear range will require

additional calibration points. A fast response time and enables a calibration to

be performed with a reasonable amount of time and effort.

Even though none of the electrodes of the chelating agents could be

called truly Nernstian in nature, all but the tartaric acid electrodes produced

regions where the calibration slope was linear.
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The linearity of the electrodes suggests that a simple two point

calibration should be sufficient to establish a relationship which provides a

way of determining an unknown sample's chelating agent concentration it it

falls within the linear range. Such a procedure would involve measuring the

potential of two different standard solutions with concentrations in the lin_,_ '

range of the calibration curve. The calibration curve would then be made by

drawing a line through the two points on a plot of potential versus

log[activity]. The line could then be extended to the lower linear limit.

The four electrodes exhibiting a linear portion, did so at the higher

concentration end of the calibration curve. While the linear region slopes _"

the electrodes did vary slightly from calibration to calibration, the slopes

remained linear in nature and could, therefore, be used to measure EDTA,

NTA, citric acid and oxalic acid concentration. None of the electrodes

exhibited any decay during the time that they were tested. It has been shown

in the literature that sensitivity of this type of ion-selective electrode can

decay as a result of leaching of the chelating agent/DNNS.

As mentioned above, all the types of electrodes except those ot tartaric

acid exhibited a linear region. Of the four which did, all responded linearly at

the highest concentration examined, 0.1 M. Values for the lower limit of the

linear portion are in Table IV. They all averaged a linear regime of

approximately three decades below the 0.1 M level.

3.3 Intercepts

The average intercepts are listed in Table IV. They were determined

by extending the linear portion of the calibration curves to a value of zero for

the log[activity]. Using the slopes as an indication of the intercepts, one
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would expect the electrodes with the largest slopes to have the largest

intercepts.

The absolute intercepts in Table IV have very little significance and

serve only as a means for comparing the different types of electrodes. They

are however, related to the electrode's standard potential. The intercepts

change from calibration to calibration which means that the electrodes need

to be calibrated before each use. As mentioned before, the calibration process

would only require a few minutes. Since the intercept seems to have been

dependent on the number of calibrations, the change may be due to a leaching

of the DOP (plasticizer), the chelating agent/DNNS complex from the

membrane or to decomposition of the chelating agent. The change in

concentration may also have shifted the internal reference potential at the

membrane-copper wire interface. 10

3.4 Detection Limits

The detection limits of the electrodes are also listed in

Table IV. Detection limit is defined as the lowest chelating agent

concentration that the electrode is able to reliably detect. This does not mean

the regime on the curve that is linear, but the lowest concentration that can

be merely detected to possibly verify that the chelating agent is present at

some concentration. This was assumed to be the point on the graph where

the curve became a straight line. EDTA electrodes responded to the lowest

activity tested, 10-6log[M]. Citric acid and oxalic acid both responded to 10-5.3

log[M], NTA responded to a value of 10-5 log[M] and tartaric acid responded to

only 10-3 log[M].
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3,5Langmd

The electrodesusedintheseexperimentswere onlythreemonthsold

when thelastcalibrationwas performedand had notshown any decayorloss

offunctionduringthattime.The electrodesand thestandardsolutionswere

keptina dark,coolplacetoreduceoreliminatethepossibilityof

decomposition.A harsherenvironmentmay reducethetimeoverwhich the

electrodesarefunctional.

Theorystatesthattheresponsestartstodecaywhen theconcentration

ofeithertheplasticizerorionpairgetsbelowsome criticalvalue.2 Sincea

smallamount ofeachsubstanceisleachedfromthemembrane duringeach

calibration,itislogicalthatthelifetimeoftheelectrodesdependson the

number ofcalibrationsmade. The literaturereportsthatmany coated-wire

electrodeshave lifetimesof25calibrationsormore and canbestoredforup to

12monthsbeforeappreciablelevelsofelectrodedecayoccur.5

3,6 Reproducibility

Standard deviations for the slopesof the threeelectrodesof a

particularchelatingagentduringthesame calibrationwere alwaysless than

10% exceptone EDTA calibrationwhichwas onceusedwiththewrong pH

metercalibration.The effectofthiswas tochangetheintercept,buttheslope

ofthelinearportionremainedwithin10%. The standarddeviationvalues

fortheinterceptswere alsowithin10% exceptforthecasejustmentioned.

The standarddeviationsfortheslopesand interceptsbetweencalibrations

were alllessthan10% foreach.
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Uncertaintyof this magnitudeshouldbe easilytolerableina t.tto

determinewhetherornota chelatingagentispresentand probablyacceptable

formore exactstudiesorquality_ntrolapplications.

Sincethesubstancesinthemembrane areunderpressuretoleach

due toconcentrationdifferencespre_ntduringstorage,itwould beadvisable

tousetheelectrodesshortlyaftercalibration.

3.7

All the electrodes exhibited some _tentlal drift and instability in

standard solutionsof low concentration, This drift was on the order of

slightly more than 1 or 2 mV/mln. At higher concentrations,the drift was on

the order of less than 0.5 mV/mln.

3.8Electrode_ementTest

The electrode-cementtestdataand resultsarelistedinAppendix B.

The two pointcalibrationtechniqueutilizedtoobtainpotentialversus

Iog[actlvity]curvescomparedwellwiththedataobtainedduringthe

calibrationpartoftheexperiment.The slopesofthecurvesfellbetwc,_n

valuesof40-50 mV/log[activity],

The selectivityoftheEDTA and NTA electrodesdidnotappearto

operateverywellinthecementleachate.The potentialdifference

measurementswere consistentlyhighforeachelectrode,The chelatingagent

concentrationsdeterminedgraphicallywere severalordersofmagnitude

greaterthantheamount ofchelatingagentinthecementsample,Thisisthe

typeofbehaviorthatwould beexpectedifan ionwas competingwiththe

chelatingagentand theelectrodewas more sensitivetothecompetingion.
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The control sample of cement, containing _ chelatin8 agent,

consistently p_u_d the highest reading, The filtered leacheteconsistently

pr_uc_ the lowest readinS.
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4_1 __r_r_, Condu_m..j

__ upont_ ex_rimental datJ _tairwd _in 8 thQ live c_la.nB

aKentdoli_d ei_t_, it can _ iaid that _)ated-wire el_trodH _Jld _ u_d

to det_t t_ prf_n_ of t_ c_iatin8 allent, in radi_ctive waa_ _utlo_.

Alk_, it wa, very ap_Nnt t_t mine _ t_ chelattnBasen! eiKtrodm w_k

_tter than otherl,

Th_ _t_d-wlm el_t_ made with RIgA _r!o,-m_ tP,c _t o/t_

five ct',_latins aitent, invntiiial_, 'l"ne_A calibrat|_ cu_e coniai_ a

very linear _rtion and t_ overall _havt_ _ tts ei_Irodell Walt very

nominal, _tr ex_rtmental i_havtor lndtcalell tt-..atthoy could _ _ in

t_ meas.rement of _DTA con_ntration and certainly could _ _ _ det_

_DTA_ Their re__ time wa_ lallt and o_e _ p.)tential diHer_n_

.quillbrium w_s _t_blillhed, t_ voltaile wllll v.ry lltable, Thtll ill im_lant

bucau_-_characterilltics ,uch a_ th_ would allow h_r_impl. a_ quick tw_

point calibr,_tionto _ _r_ormz,d prior to tl',_u_#o| t_ El)TA/_t_-wtre

.l_t_x:le _yllt.m, _DTA i, probably tt',_mollt common ch_,latin&ailent t.md

tn d_¢ont_mination_lution, _) tt tt_fortunate lh.ai tt wa_ th_ chelaltn# _t_enl

which had the b_llt overall _havior, Ba_ upon the data, l_ KI)TA

.l.ctr(_Je _hould _ able to detect t_ pre_n_ of E_^ within t_ entir_

range that it wa_ t_t.d, 10"t,Iol;1_1- t0_zlo_lMl,



_A _htbi_d _hav!oral c_ractert_ticl t_! were _imilar _ E_A,

bu! nol qult_ a_ w_!l _v_ I_ c_!ibrati_ ¢u_e linear _rlion wal _!

qui_ a0 ii_ar, but still would _ conmid_rtda_ptab_ for d_rminin R _A

c_mctnlraiion

Ct!ric acid Ando_alic acid e_hibl_ _miiar calibration charA¢teri,lt_

Howev,r, ih_!r _havior mishi not _ mucht_i t_y _ld _ _ for

delermininR co_cntraliono _ e_peri_ntal evi_n_ indica_ 1_i ¢ilr|c

acid ar_l olalic acid ei__H _ld _ _ to _lt_t 1_ _nc+ of thew

c.m_.ndi_

The la,ari¢ acid ct_.wiff elKtmdm' _havt_ i_icated thal ihey

would _i le_ th_m_l_ _ bein| _ _ _uN tarlarlc acid

concenlraiion or _v_n _t_clion

ThiJ mludyham_labliilhed that l_ __.wi_ eli__ _thaxi will

work _r at lea_t four o_I of t_ five c_latt_ apn_ irlvetltii!ait_ in pun

m+lti!ior_1_1 do r_l ¢'onlainany mubmla_ thal mlEhl |n_bii or ma_k l_ir

ruction F_w t_ c_latin_ a_n! _!_trod_ would behave in t_ pre_n_e

for radioacl|v_ d_niaminAtio,, im_rlainly a moblira:!for |utter r_arch++

Thi_ _hAvi_ i_ known am_l_t_mcle_lectivily El_rode_ lh_t Ar_mo_

li!x_phttic t_nd t_ exhibit _!t,r _l_!tw _h_lvlor. B+_ upcm thi_ and the

_x|+er|mentatdata for th, ¢_lAlini+l Al!(+n!_1_i_ _takrt_ in lhi_ _i,dy, it

_l_tiv_ _vior I_'A,_ tt_y ap_a_ to _ _ lipophi!ic++A _ub_tAnc_

!hat i_ more lipc_philicihAn I_ cP_laiin_ a!tunl wilt _ mor+,m,_'¢_fut At
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marking the ei_t_e,'s _te,ntial de_nde_ on t_ cheiatini; al_ent_ing

l}iiring the, time |_ri_ ¢)f the e_ri_nt (lhr_ cJlibraUor,mat on

m¢:._thtiite_ait), the ¢_i_tinR a_nt_ ih(_w_ m_t)b_rvabie hyste_Ais Thin

p_n_men, iN¢l_.,.elyrelat_ h) t_ rate,a! whlth the tuunlerion diffuNs out

t_f the wl_ive _mbra_; and the stability ¢)!t_ ion of inner, in this tan

the five ¢l',elalirqlalpen_ _ ImPs ob__ in hynw_il _ve _n

d_i_ in other studies, in wh_h hys_re_s was _rv_ s

__tial at the Ntettive me,mbrane-|_olutionin_rM_ is

_n_nl on the _ubili_ diffewn_ bt,lw_rl t_ ion of inte_! and its

_.nterion_ More lipopI,Jli¢ Kmscan _rtition inW the _l_tive membrar_

tO il i_r_b_r exlen! m form mow ion _irs with the |)NNS muni_rioni_ The

|_t_nflll eslablilhed _m_ mo_ dependent_ ii _rtituiar tat/lo.'iaSt_

mlm_r of i¢_ in t_ _mbrar_ Im:wa_ _.s, iii.¢, the more ii_.)phili_

tatir._ partilitm into i_ _Wtttw _mbr_ m a Bre_wr e_wnl, more of

the_ i.ns are ,it the membram, _.rf_¢t, ¢_.si._ t_ p_t_ntial at t_

m_mbra_o_.'_l.titm inte,rfa¢_eIts _t_me. i_rl;e,lyd(ependemupon t_s it)n

After iin initial __._ to islipt_philk itm, a hirl_ehumor ¢_ft_ ¢atiom in

!_ membra_ will ¢¢mtamthin itin_ in _.biequenl ¢_libr_tions, the

inter|efia_ ion will _lre_dy _ pr_n! in the membr_ and t_ r_m_e _)f

ihe _l_tr¢_e t. t_ inl_rf_rt_._'_ will t_p_'_ larK_r and larl;er,P

A!_:, the et#¢tri_ did m:! ,l_)w any ob_rvable _itivity d_ay

_tt0di_ ¢_fKre_ter lenKth wtmtd have h)_ _rform_ it)determine the

iifetinw_ _;)fthe i;_!alinx _el)l ei_ir¢_h_, l_i|etinw is very de|w,_d_nt¢m the

di|f._ion r_te of ttw tmmleri_m (I)NN_) _).! of lhe _!_live membrane _m!



the arabilityof t_ chelate8 alien!t_t was ._ to dopethe rnembraM_It is

IogicJlto aMumet_t wlth ttmf _th dtff.m|_na_ deMadati_ will _ur.

thui the electrr_:l,will havea fimte Ii_ttme_

mulls _ t_ ei_t_e_menl _t we_ rmtvery Htiafaci_y_

__-wi_ _l__n appwa_ _ _ aif_ by inttr_rinil lore p_nt

in l_ _iution_ in o_er _ u_ l_ ei_t_es _ determi_ thec_latlnli

¢(mc_nlratloniin _ent wa1_ lor_, additlo_i itudin would _ _u|_,

!| the __tin Mion(a)c_uid_ Id_ntili_, the _m_tin B ion(a)millh!

wmov_dfrom the leachateprior m usinii theelectrode,A dtl|emnt

¢ounterionmitiht a_ _ inve_tiaa_ which mi_! mull in improved

ele¢l_ wl,_'tivity_ A_in. it w_Id _ imi_rtant to k_ t_ __tin B

ion(s) Th_ tnt hasntabli.h,_da b_wti_ _ elect_ ft._t_n a_ _ st_rtinti

_int f_)rfurther _arth

_uli_ of t_ _ludie_,._I a nu_r ol other p_tl, ol_

th_n th¢_ already_._.tio_ aixwe, which wt_.Id help in det_rminin8_me

_)ftl_ _m_inin# ._t_w. thar_¢t_ri_tic_.f thew el_trod_ _Indt_

_'_mditis)n_._er w_ch they c.uld b_._d t_ _t_in r_liabl_daht0

The c_m¢_ntr_li_'_i_)1lh_ chel_iin__ti_nt_t to d_l_ the _l_ltve

m.mbr_n., I)NN_ and _)1 ) could_ v_ri_ in _mir,_ whicho| I_

themi¢_ll_h_sthe 14r_l_t _ffec,t_n _lv¢lr¢_d._r/_)rm_.c_ It might I_ f_)und

t_t _ _rt_in tumbi_litm w¢_uldw_)rk_lWr G_r_t_¢trt)deu_ undert_

A t_ible method¢)!d.t.rmirflnRthe wl.¢tivily Ol _ _rticul_r
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and the _)ndiflon that would exist for radionucltde leaching to oc_tr, would

_ u_ a 14Cladled c_iatin Rm_nt, In o_er _ k_w if t_ el_trode is

de_rmining t_ _rr_t e_iatin a aSentcon_n_ation0 the true ¢on_ntration

murat_ k_wn, Wai_ form I.¢h|n 8 studt. _.ld _ _rf_.m_ uiin 8 t_

la_l_ c_latin B agent and an appropriate simulat_ radionucltde iuch as

_o to d.lermi_ l_ leach r_te of l_ clmlaltng atlenl/radionudtde, AI_ It.

_utlibrium co_tant of the ayitem _muld_ _tai_ sin_ llw eleven

meai._ acUvily at low mr',centrahom, If wr!_s _ible envtronmenti

we_ ,tudi_, i! mlsht _ _tble _ delermt_ wh_! would _ the _t

rnviropJ_nentto cr_ _t _ dt_ai _it_,th_l would _tt_r _p the

radi_nuclid_ within lb. ix)u_arie_ -I t_ _it_
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FigureA,2.Calibration#IofEDTA Electrodes.
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FigureA,3,LinearPortionofEDTA Calibration#I,

.lO0

y = - 66.885 + 43,289X R^2 = 0,997

.120

E .i4o

.lO0

-180

-200
.3.o .2,_ .2.o .1,6 .I,o

LOCi[Activity]

FigureA,4. Calibration #2 of EDTA Electrodes,
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FigureA.5.LinearPortionofEDT_,Calibration#2.
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Figure A.6. Calibration #3 of EDTA Electrodes.
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Figure A.7. Linear Portion of EDTA Calibration #3.
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Figure A,8, Calibration Results of NTA Electrodes.
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Figure A.9. Calibration #1 of NTA Electrodes.
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Figure A,10. Linear Portion of NTA Calibration #1.
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FigureA.12.Unear PortionofNTA Calibration#2.
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Figure A.14. Linear Portion of NTA Calibration #3,
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FtsureA,16, Caltbra.on#1ofCitricAcid BicePSes.

80 J I I I! II II III.LL I I _ _ __ Hill _L :' [J IU I IJ I!1

e
V

O0

_0

1
i

70 _ .... I ..... i ,
•t .e .,_ .4 .s .: .: o

L(X] IA_:dvizy]



_2

PigurL,A_|7_Li_ar I__irttnnof Citric Acid_atibrAtionml_

Pi_u_ A,iB, _alibration#2of C_itricA_'idl]l_ct__

140

L(X]lActivityI



Piuu_ RIg+ Li_ar i_rti_ of CilNc AcidCallbr_tion_+

Fisu_ A.20+Ci+tibritflon_ o| Cilrl¢ A_d EleVen

140

#0

60 -+ ++'_............_ ........."+.... i ,. i+ ++'++. +_, ,..+........, .... I ............++
+? ,n +I_ +4 4 +_ +I 0

I+(_ l_tivltyl



Pimum A,21, Li_ar _rU_ of Cilri¢ Acid Calibration _



FiI!uN A,_, C!ltbraH_ |! _ _i_c Acid W__H,_

L(_ I_ttv|tyl



|

[.i_,i_u liy]

FisureA.25.Calibrationm2of_a,c Acid Electrocln.

._ - F ._]]_.7 +-- __.__ 1111 1 llltlllfll + lirll[_t_ +............. 7J_iJlI Itlll L__ 7"

i®

. JL A I. _l_ .+ I • I ,,, I ..

++ ,. ++ , + .,i .i o
l+(_] l_ltvityl



FigureA,27,Calibration#3ofOxalicAcidElectrodes,
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FigureA.28.LinearPortionofOxalicAcidCalibration#3.
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Figure A.29. Calibration Results of Tartaric Acid Electrodes.
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Figure A.30. Calibration #1 of Tartaric Acid Electrodes.
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Figure A.31. Linear Portion of Tartaric Acid Calibration #1.
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Figure A.32. Calibration #2 of Tartaric Acid Electrodes.
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Figure A,33, Linear Portion of Tartaric Acid Calibration #2.
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Figure A.34. Calibration #3 of Tartaric Acid Electrodes.
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C tFigure A.35. Linear Portion of Tartaric Acid _alibratton #3.
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Table A.I. EDTA Calibration Data - Calibration #1

Concen_aUon Electrode#2 Electrode#3 Electrode#4 Average
.....(M) ....... .(mY}........_ (mV)............(mVl................(mV_

10-1 -116 -108 -100 -108

10"1.3 -125 -119 -128 -124

10-2 -154 -155 -159 -156

10.2.3 -162 -171 -168 -167

10.3 -200 -192 -193 -195

10.3.3 -201 -190 -197 -196

10-4 -158 -162 -160 -160

104.3 -149 -158 -152 -153

10.5 -132 -133 -125 -130

10.5.3 -124 -139 -121 -128

10-6 -112 -118 -109 -113

Table A.II. EDTA Calibration Data -Calibration #2

Concentration Electrode #2 Electrode #3 Electrode #4 Average
........(M) (m_ ............................(mv)....... .......(mV)...... ..... (mv)

10-1 -19 -25 -25 -23

10"1'3 -40 -42 -44 -42

10-2 -77 -71 -80 -76

10-2.3 -93 -89 -88 -90

10.3 -119 -119 -120 -120

10 -3.3 -124 -123 -119 -122

10.4 -90 -83 -85 -86

10 .4 .3 -48 -51 -54 -51

10-5 -43 -39 -41 -41

10-5.3 -31 -38 -36 -35

10.6 -18 -30 -24 -24
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TableA.ili.EDTA CalibrationData-Calibration#3

Concentration Electrode#2 Electrode#3 Elect_e #4 Average

I0"I -27 -30 -33 -30

10"1,3 -42 -41 -40 -41

10-2 -80 -81 -73 -78

10.2.3 -85 -88 -85 -86

10-3 -115 -110 -111 -112

10"3'3 -108 -105 -108 -107 ,

10-4 -72 -77 -73 -74

10-4.3 -73 -74 -72 -73

10-5 -51 -46 -50 -49

10-5.3 -35 -36 -40 -37

10-6 -9 -11 -16 -12

TableA,IV.NTA CalibrationData-Calibration#1

ConcentraUon Electrode#I El_trode#2 Electrode#3 Average
av0 (my) ...... _mv) (mY) ....(my)

i

10"I 215 202 204 207

10"1,3 201 192 192 195

10.2 171 168 165 168

10-2.3 153 149 142 148

10-3 131 125 113 123

10.3.3 112 107 ill 110

10-4 163 152 162 , 159

10-4.3 155 150 160 155

10-5 178 177 185 180

10-5.3 178 170 174 174

10.6 184 177 167 176
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TableA.V. NTA CalibrationData-Calibration#2

Concentration Electrode#I Electrode#2 BlectrcMe#3 Average
, _ ..... ,(mV) ........_ ....._. fmV) ..... (mV) ................(mVj.

10"1 208 205 199 204

10"1.3 202 198 200 200

10"2 155 149 149 151

10.2.3 136 138 134 136

10.3 111 110 103 108

10.3.3 102 96 99 99

10.4 151 151 154 152

10-4.3 162 164 151 159

10.5 i78 172 172 174

10.5.3 180 171 171 174

10.6 181 173 183 179

TableA.Vi.r_rrACalibrationData-Calibration#3

Concen_aUon Electrode#1 Electrode#2 Electrode#3 Average
( (mVt (mV_

10"1 210 204 201 205

10"1.3 205 197 195 199

10.2 168 168 171 169

10.2.3 147 146 139 144

10.3 125 119 122 122

10-3.3 118 110 105 111

10-4 165 162 165 164

10.4.3 161 159 151 157

10-5 177 178 200 185

10.5.3 180 179 184 181

10.6 190 182 183 185
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Table A,_I. Citric Acid Calibration Data - Calibration #i

Concentration E!_tn)de#i EIKtmde#3 El_tmde#4 Average

10"I 124 I,'34 126 128

10-1.3 120 129 126 125

10.2 110 104 98 1_

10-2,3 100 _ 95 98

10"3 85 8.3 93 87

10-3,3 82 80 75 79

10.4 69 75 72 72

10.4.3 _ 86 80

10.5 102 99 96 99

10-5.3 109 109 100 106

10-6 109 107 105 107

Table A.VIII. Citric Acid Calibration Data -Calibration #2

Concentmtion Electmde#1 Electrode#3 Electrode#4 Average
..........._ ......................._..............._(m_..............................___..........____VI.......................______.(mV)________..................(m_V_

10"1 144 151 158 151

10-1.3 142 135 152 143

10.2 130 117 122 123

10.2.3 122 112 114 117

10"3 120 109 110 113

10-3,3 103 105 98 102

10-4 93 93 87 91

10_.3 110 108 104 107

10-5 119 114 115 116

10-5.3 !19 115 120 118

10-6 126 125 133 128
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Table A.IX. Citric Acid Calibration Data - Calibration #3

Clmc_t_tton Bl_t_e #1 Blect_e #3 BIKt_e #4 Avera_

10-1 139 i41 149 143

10"1,3 125 130 135 130

10-2 110 114 109 111

10 .2,3 106 108 104 106

10-3 i01 90 95 89

10.3.3 74 82 84 80

!0 4 76 _ 81 78

10.4.3 92 88 93 91

IO-S 101 94 102

IO-S.3 i10 108 109 109

10.6 110 108 1_ 108

Table A.X, Oxalic Acid Calibration Data - Calibration #1

Concent_tton Electrode#1 Electn_e#2 El_trode#3 Average
0Vfl tmV_ ImVl tmV_

10-1 195 190 194 193

10"1.3 205 193 193 197

I0"2 200 189 190 193

10-2.3 203 187 210 200

10.3 197 187 186 190

10-3.3 180 180 171 177

I0"4 163 164 156 161

10_'3 161 150 148 153

10-5 132 129 129 130

10.5.3 123 117 117 119

10-6 127 118 115 120
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Table A,XI. Oxalic Acid Calibration Data - Calibration #2

Ct_t_ff_ Et_tn_le ill EIKt_e 112 E_t_e 83 Avur4p

10"! 2_ 2i1 i95 202

10-1,_ 215 210 211 212

10.2 215 2_ 203 2_

10-2.3 2_ 204 2_ 203

10-3 108 2_ 1_ 1_

10.3.3 197 200 2_ 2_

10.4 185 1/t.5 176 1B2

10-4.3 180 176 181 179

10"5 160 !60 169 1_

10-5.3 140 134 126 I_

10-6 132 126 141 1_

Table A.XII. Oxalic Acid Calibration Data - Calibration #3

Concentration Electn)cle#! Electrode112 Electrode#3 Average
...... ..........................fmV)............ (m_ ....... ........: ......fm_ ........ ......(mY)

lO'l 214 216 215 215

10"1'3 217 215 210 214

!0 .2 207 212 208 209

10.2.3 204 217 209 210

10.3 202 197 195 198

10-3,3 200 195 199 198

10.4 180 17'7 189 182

10.4.3 179 179 182 180

10"5 158 152 149 153

10-5.3 139 140 144 141

10.6 129 150 141 140



79

TableA,XIH, TartaricAcidCalibrationData- CallbraHon#i

(:mwenUathm K_tn_de gI KlectmdeJ12 fi_trode g3 ^verap

I0"I 155 142 144 i47
i0_I,_ I_ 125 148 143
10.2 147 12R i39 I_

10-2,3 140 124 129 131

10-3 115 110 108 ill
i0 .3,3 114 116 94 108
104 110 1i5 111 112
i04.3 115 119 111 115
IO'S 112 122 117 117
10.5.3 108 124 119 117
10"ej 1_ 137 12i 122

Table A,_V. TartaricAcid Calibration Data -Calibration

C_mcentmUtm El_tn_e#1 Kl_tn_te#2 EIKtrode#3 Average

10"I 150 140 127 139
10"1'3 142 139 130 137
10.2 125 133 111 123

10.2.3 122 130 120 124

10.3 108 122 103 I11
10.3.3 117 124 113 118
10.4 111 120 120 117

104.3 113 114 124 117
10"5 112 110 123 115

10.5.3 108 111 123 114

10.6 109 119 120 116



Table A,XV, Tartaric Acid Calibration Data - Calibration #3

Ctmc_trJti;m E_tn_le Ill E_tn_te i2 E_tn_dt#3 Avera_

tO"I t_ 177 tRl tBl

tO_I_ I_ I_ i42 I_

10-2 159 i57 170 162

10-2,,_ 151 1_ 143 148

I0-_ 140 i_ 129 135

10"3._ 142 151 i51 i48

10"4 i42 150 I_ 142

I04_'_ i39 I_ 131 142

lO_ 1_ 157 i37 144

IO,3J 140 137 140 139

10"ej 137 135 142 1_
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FigureB,i,EDTA Two PointCalibration
LlsedforElectrode-CementTest,
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FigureB.2,Two PointCalibrationofEDTA Electrode#2,
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Figure B.3. Two Point Calibration of EDTA Electrode #3.
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Figure B.4. Two Point Calibration of EDTA Electrode #4.
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Figure B.5. Comparison of Cement Sample Data
Using EDTA Electrode #2.
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Figure B.6. Comparison of Cement Sample Data
Using EDTA Electrode #3.
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Figure B.7, Comparison of Cement Sample Data
Using EDTA Electrode #4.

20 ................. _ .......
EDTA-4 "-'t"-- EDTA-4 Control

EDTA-4Samplo _ EDTA-4 Filtered0
m w

A .........
_w .......... i v

-20 _ ......................................................................

g

_ 40
_ -60

-8O

-100 ' ' " ' ' ' ' ' ................. ' "
-2.4 -2.2 -2.0 -1.8 -1.6 -1.4 -1.2

LOG[Activity]



86

Figure B.8. NTA Two Point Calibration
Used for Electrode-Cement Test.
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Figure B.9. Two Point Calibration of NTA Electrode #1.

200 f ............... 000 f100 Y = 255.70 + 40.000X FI^2 = I.

180

_ 70

160

150 '

140
-2,4 .2,2 -2,0 .1,8 -I,8 -1,4 -1,2

LOG[Activity]



87

Figure B,10. Two Point Calibration of NTA Electrode #2,
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Figure B.11, Two Point Calibration of NTA Electrode #3,
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Figure B.12. Comparison of Cement Sample Data
Using NVI'AElectrode #1.

300 '........
NTA.I 7. NTA-I Control

•--_'--' NTA-I Sample ,--,-.,O--- NTA- 1 Filtered

9.50

v w"

I 00

150

100 i ,,I ,, I i ...... I ,, * i * , I i

-2,4 -2.2 -2,0 -1.8 -I.6 -1.4 -1,2

LOG[Activity]

Figure B.13. Comparison of Cement Sample Data
Using NTA Electrode #2.
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Figure B.14. Comparison of Cement Sample Data
Using NTA Electrode #3.
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TableB.I.Electrode-CementTest Data

Two PointCal EDTA/
Electrode 0.05M 0,005M Cement Control Filtered

,, , {mV)..... {reY} ....... (mV_ (mV_ (m V )

EDTA

#2 -49.0 -97.0 -22,0 -16.0 -32.0

#3 -50,0 -94,0 -10.0 -2.0 -28.0

#4 -48,0 -93.0 -16.0 -4.0 -21.0

NTA

#1 192.0 143.0 230.0 233.0 238.0

#2 201.0 157.0 244,0 248.0 238.0

#3 193.0 147.0 245,0 253,0 240.0
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