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ABSTRACT

TETRACHLOROFERBATE(III) - SELBCTIVE LIQUID MEMBRANE ELECTRCDE BASED ON

CRYSTAL VIOLET - STUDIES AND APPLICATICNS.
BY
FUFA AMBACHA
Research Advisors: Dr. B.S. Chandravnshi and Ato Ghimma Moges

A Tx10d

M Crystal Violet tetrachloroferrate(III) extract in
nitrobenzene has heen used to construct tetrachloroferrate(Ill)-selective
licuid membrane electrode with a PVC sunport. The electrode body was
made from two concentric Pyrex plass tubes (lengths 122 mm and internal
diameters 6 & 12mnm) with a 14/23 ground glass joint at a common end and
narrower tips at other ends. The exrerimental conditions have been
established to determine 2.5x107° -5x1072 M iron(II1), as tetrachloro-
ferrate(III) and were found to be 4.0-5.5 M in total chloride and
0.75-1.5 M in HCl with slope of 56.0 mV decade™ and a detection limit of
7.9x100 M 1ron(IIT). Selectivity studies with 30 anions and cations
have been made to screen the species which may interfere with iron
determination. The electrode has been used reliably to measure iron in
mineralized and vitaminized syrup, haematite, human blood, and standard
samples with direct standard addition, samnle addition and standard
subtraction notenticmetric techniques. EDTA titrations have also shown
the feasibility of titration with the proposed electrode down to

1x19™% M iron(IID).




1. INTRODUCTION

As an analytical tool, modern potentiometry has its roots in
investigations of the behaviour of electrodes and electrolyte solutions
extending back in time to the nineteenth century,1 Potentiometry rece-
ived strong impetus from the development of pH glass electrode and the
definition of practical pll scale., As time went on, electrodes suitable
for the accurate measurement of the concentration or activities of ions

other than hydrogen were applied to solutions of analytical problems.

The rapid development of ion-selective electrodes over the
past two decades, topgether with the ever-increasing range of their app-
lications, reflect the extent to which these devices meet the need for
accurate, cheap and rapid analytical technigues, both in fundamental
and applied fields. Despite this explosion of interest, there are still

many potential applications to be explored.

1.1 General Considerations

In chemistry, the term "membrane' denotes a thin section of
electricaliy conducting material, which is a separate phase, that reg-
ulates the movement of charged species across it, thereby creating con-
ditions for the generstion of an electric potential.2”4 A membrane,
separating two electrolytes, which is not equally pemmeable to all kinds
of jons, is known as electrochemical membrane.2 An electrochemical mem-

brane is, thus, semi-permeable in that it is not equally permeable to

81l component species.

The term "'ion-selective electrode' (ISE) is applied to a range
of membrane electrodes which respond selectively towards one (or several)
ionic species in the presence of others.3 Ion-selective electrodes are,

in practice, based on electrochemical membranes, i.e. on phases
-1 -
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congisting of solid or liquid electrolytes, perfectly soparating two ele-

ctrolyte solutions, 2

An important property of electrochemical marbrane is the elec-
tric potential difference that arises between the two separated solutions.

This difference is called mcobranc 1:Jnc>1:entia,1.2’4

The so-called mambrane potential may be brocken dovm into a
boundary potential, or Donnan potentia1,2 which results from complete
hindrance to the transfer of one or more kinds of ions across the int-
erface between the two electrolytes and a diffusion potentia12’5 which
results from the different mobilities and concentrations of the ions in

the electrolytes in contact,

Nernst and Plank were the first to define the concept of diff-
usion potential. Study of the elcctrochamistry of membranes was initi-
ated by Ostwald who introduced the concept of semipenmahle mambrane.

The electric potential difference on such a membrane is a\-.ljmitting
case of the potential difference on the 1liquid-liiquid interface when

the mobility of one kind of ion approaches ZEer0.

Cremer6 is credited with the discovery of the hydrogen ion-
responsive glass electrode (the first ion-selective electrode), but
the detailed study was made by Haber and Klmnciewiz_.7 It is remark-~
able that this is, perhaps, the most well behaved ISE, to date. Niko-
1sky and ’3.‘011’:13.'31'1eva8 came up with the concept of ion-exchange iﬁ their

study of glass membranes. The theory and application of glass mewbrane

electrodes have been sunmarized by Schwabe9 and Laksminarayanaiah.lo

The first attempts to make ion-selective electrodes from mat-

11,12

erials other than glass were made by Tendeloo and Kolthoff and

13

Sanders™™ in the 1930s. The latter prepared halide-selective electro-

des from silver halide discs.




Ancther brealithrough, made by Frant and Ross,l4 is the discovery
of the fluoride electrode which is a highly sclective electrode to measure

fluoride ion activities., Their monocrystal LaF, electrode is still the

3
most successful product in this field.

The discovery in 1964 by Moore and Pressman15 that antibiotic

valinomycin exhibits specificity for alkali metal cations led Stefanc
and Simon16 to show that the complexes of such macrocyclic compounds
with the alkali metal cations may be used as liquid neutral-carrier

membrane in electrodes sensitive to such cations.

The origins of work on liquid ion-exchange materials, culminating
in the important calcium,17 nitrate,18 and perchlorate18 responsive elect-
rodes, can be traced to two papers by Sollner and Sheanlg, and Bonner and

Lunney.zo

A promising more recent trend is represented by the so-called

enzyme electrodes.21

The field of ion-selective electrodes have undergone a remarka-

ble development, as shown by the large volume of literature.22

Many types of active materials have been used in ISEs to make

the marmbranes, as described in the foregoing discussion.

1.2 Classification of Jon-selective Electrodes

A nurber of classifications of ion-selective electrodes have

been suggested. The International Union of Pure and Applied Chemistry

(IUPAC) has suggested the following classification of ISEs,s’23

A. Primary electrodes
1. Crystalline

i) Homogeneous merbrane, a single crystal, e.g., LalF, or

3
mixture of salts, e.g., AgI-Ag28°
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ii) Heterogeneous membrane, the active substance mixed with an

immert matrix, e.g.,Agl in silicone rubber

2. Noncrystalline with or without support such as porous glass,
Millipore filter, PVC, etc.
i) Rigid matrix, e.g.,Na+—responsive glass electrodes
ii) With a mobile carrier which may be positively charged,
negatively charged, or neutral, e.g., quaternary ammnium

cations, tetraphenylborate anion, and valinomycin,

B. Sensitized electrodes
1. Gas-sensing electrodes with a gas-permeable menmbrane or an
air-gap to separate the sample solution from a thin f£ilm of

intermediate solution.

2. Enzyme substrate electrodes, with an enzyme coating that
causes a reaction with the sample solution producing species

to which the sensor responds.

All the electrodes function by making use of their active
materials. These materials may thus be broadly classified3

into the following categories:

A. Glass; e.g.,pH sensitive glass.

B. Inscluble inorganic salts, e.g., single crystal La¥F,; mixed
salts, AgI—Ag2S; salts in inert matrix, e.g.,Agl in silicone
rubber.

The comon feature of these substances is their ability to bind

selectively certain smnll ions either at charged sites of opposite sign

or at neutral sites of organic nature.

The commn required property shared by all these electro-active

materials, when brought into contact with an electrolyte solution containing
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suitable ions, is their ability to rapidly set up an exchange equilibrium
or ion-exchange process across the phase boundary. A second requisite
pmmﬁy is the ability of the active material to conduct electricity.
The conduction process may be by ionic, electric, or defect mechanism, or

a combination of these, depending on the type of material.

RS, = M i — P

Organic ion-exchangers have long been used in ion-exchange separa-
tion technique and solvent extraction-spectrophotometric determinations.,
Similar organic materials arce used in the preparation of ISEs., A wide
range of ISEs based on organic ion-exchangers has been developed and

reported,

The term, "icn-exchange membrane electrodé,11 is taken to mean an
electrode having a charped ion-exchanper consisting of large organic
molecules as active m:aﬂ;erial.24 Ion-exchanrers are incorporated into the
electrode, in a water immiscible organic solvent or in an inert matrix such
as PVC, pelythene, silicone rubber, etc., or by coating on a metal wire.

The first ion-responsive liquid ion-exchanger electrode was due
to Sollner and Shea,nl9 followed by that of Bonner and Lunnem20 Their
pioneer work resulted in the development of the successful commercial
calcium and nitrate ion-responsive liquid ion-exchanger electrodes of

Rose, 17518

The considerable interest in ISEs that boosted the development
of 1iquid' ion-exchanger membrane electrodes soon led to a new range of

PVC matrix marnbrane electrodes.25

Latter on Cattrall and F‘reiser26 reported the first coated wire
electrode (CWE) based on the Ca2+— didecylphosphate/dioctylphenyphosphate

system, selective to Ca,z+ ions,
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An orvganic ion-exchanser based manbrane is formed by dissolving
its commlex or ion-~association salt in the orranic solvent (for liquid
memorane electrodes) or mcorpofatingz the active material in inert matrix
such as PVC with the aid of wlatile solvents (for plastic menbrane and

CWEs) .

The cormon feature of organic ion-exchanzers is thedr ability to
‘bind selectively certain small ions at charged sites of opposite sign. At
the merbrane intorface, a rapid ion-exchanpe process takes place between
“the free iong in the agueous phases and the same ions bound to the organic
sit~ grouns. The selectivity of the electrode depends primarily on the
S@lectix;‘ty of this ion-exchange ;nx‘ocessam That is, the organic site should
© form a more stable complex with ion of interest than with any other ions.
- Many groups which are interesting from o selectivity standpoint, however,
such as most multidentate chelating groups, equilibriate too e8lowly to give
useful electrodes with reasonable resronse tin’xe,g For this reason,. the

ion-association forms have been most frequently used, of which a few examples

-are cited below.

Potassium tetrakis(p-chlorophenyl) borate in 1,2-dimethylnltro-
benzene has been used in liquid ion-exchanpor and PVC electrodes for potass~

iun ion determination. 33,36

Electrodes for deterpent Aanionsg’f {Crystal
Violet alkylbenzens sulphonates in nitrobenzene) and for salicylate’® (tetra-

n-heptyl salicylate in n-decanol) have been reported,

" Organic ion-exchange membranes, uhlike glass nenbrane or other
marbranes, used in the construction of electrodes, have low electrical
fesist:an%u This low resistance or high conductance is #ue to two factors:
(1) the porosity of the menbrane, and (2) the hiph density of ionogenic
proups. Mambranes of low porosity and high charge density are generally

wall suited for the comstruction of elmtmﬂes.4
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1.4 Basic Dyes in ISE beenticnetry

Ion-association salts have been widely used in analytical chanistfy,
especially for the separation of ions by extraction, precipitation, flotation,
partition chromatography, and ion-selective electrodes. Of the many suitable
cationic or anionic reagents which can react with counterions to form ion-
pairs, cationic dyes have most frequently been ﬁs_ed in extractioﬁ-—spectroph—-

otometric determinations of simple anions and metals as aniohic conmlexes.39

Accordingly, triphenylmethane cationic dyés have long been used for
extraction and spectrophotometric determinations of simple and conplex anions

such as Chloride, bromide, perchlorate, benzene sdlphonates40 and tetrathio~-
cyaﬁatozincate( I1). 31,41

The first report on applicatic of these dyes in ISE potentiometfy
were those reported by Ishibashi and his associates, in 1973.@‘2"44

The electrodes of Ishibashi et al made use of the triphenylmethane
dyes, such as Crystal Violet, Methyl Violet, Malachite Green, and Fuchsin
Basic, ion-paired with benzene sulphonate as a sulphote - selective electrodes,
'Ihéy used Crystal Violet trifluoroacetate dissolved in nitrobenzene, chloro-

form, or 1,2-dichloroethane as a liquid trifluorcacetate-selective menbrane

5 (a~1

eledtfode42 with a linear response of 10 °~10"~ M and a Mernstian slope of

59.0 mV/decade. Another version of their electrodes based on Crystal Violet

ligand are the ones selective to monovalent maleate and phthlate anions.43

'Ihése are liquid membrane electrodes consisting of the Crystal Violet salts
of the respective orgaenic anions dissolved in nitrobenzene, 1,2-dichlorcethane,

or chloroform. 'The response of both the electrodes were linear down to

-'4'95

10 M with an ideal Nernstian slore of 58 niV/decade.

Since then a nunber of workers have dealt with the basic cationic

dyes as 11mnd in ISEs including those of Fogy and co—v.orkers,%“w

50 51

Kataoka etal,49 Elena and mqenia,49 Pon and Lieu,”  and Pan and Hao.
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In 1984, the selectivity coéfficients of more than 45 univalent

anions were determined for the liquid ion~exchanrer membrane electrode

selective to NO& based on its Crystal Violet salt in nitrobenzane.52

Recently, a PVC-type menbrane electrode based on Brilliant Green-saccharin
ion-pair, selective to saccharin ion, and liguid menbrane ISEs based on

Crystal Violet and Brilliant Green-perchlorate were develaped by Mopes and

32

.
coworkers™™ and by I‘Ifs,';:ash,')3 respectively.
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Iron is the second most abundant metal, after aluminium, and the

54

forth most abundant element in the earth's crust. The major ores of

iron arc haesmatite, Fe?Os, macnetite, Fe 04, limonite, FeQ(0H), sederite,

3

FECOB, and pyrites, FeS Mixed oxides, silicates, and aluminates with

9
a number of metals are also encountered. Natural waters sometimes contain
considerable amount of iron. Iron is certainly the most widespread of

a . .
o4 The two main functions

the heavy:or transition metals in living systems.
of iron-containing materisls in the biological systems are: (1) transport
of oxyren, and (2) mediation in electron-transfer chains. So much iron
is required for these purposes that there is also a chemical system to

store and transport iron.

The ferrous alloys, ores, biological materials, and pharmaceuticals

are among samples that are often encountered for analysis of iron.

A number of ISE systems have been recommended for the determination
of iron. The first Fe3+—se1ective ISE was due to Trachtenberg and co-

workers.s5 Their Fe-dopped Ge,,Sb Se60 Vitercous alloys (chalcogenide

55,56

287712

glass) are sensitive to iron(III) ions. There are several points of

view on the sensing mechanism of these solid-state ion-selective

57-60 These electrodes show linear. responses in the concentra~

1

electrode.

tion range 10 °.107M Fe?+ with a slope for a monovalent cation
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(57-60 mV/Aecade) despite the ionic charpe of Fe(I11),(+3), which would have
riven a slone of 20 nV/decade., The electrodes required frequent rceactiva-
tion by itchinr, and the response time of the electrode was excessively
long (10-20 minutes) by the standard of other electrodes to reach steady
state for 107% M ferric ions.

61

Hacmin inecorvorated into silicone rubber was also tried ™ as an

electrode gale~"ve to FbB+

ions. The electrode gave Nernstian response
(about 19 mV per decade) in thie concentration range 10721071 M Fe3* ions.

This liquid menbrane electrode is a chelate forming selective electrode

and would consequently equilibrate too slowly.3 Moreover, because of the
rather low slope, the electrode will have relatively reduced sensitivity.

If complexed species of Fe3+

with charge lower than three

could be employed, it would give greater sensitivity to the analysis
bhecause of the larger notential chanpe per log activity. Use is made of
this approach by Cattrall and Chin——Poh,62 who reported the first tetrachl-~
oroferrate(Ill)-selective coated wire electrode(CWE). The electroactive
material, tetrachloroferrate(III) salt of tricaprylmethylammonium (Aliquate
336S) with PVC dissolved in tetrahydrofuran or cyclohexanone, was coated on
a platinum wire. The electrode resnonded linearly to FeCl; in the range of

4—10_1 M F93+ ionsg in 6 M(1 M HC1 and 5 M LiCl) chloride concentration,

107
with a slope of 55 mV/log concentration. Unfortunately, a stable potential
was ohtained after 25 minutes for the lower concentrations in the linear

range,

Honirtean and his groun also developed tetrachloroferrate(III)-

selective liquid membrane electrodes based on triphenyl-pyrylium cation

33 33

in dichloroethane,”™™ in tetrachloroethane,”" and triphenylthiopyrylium

cation in dichloroethane.63 These electrodes responded with a Nernstian

-1

i,
slopes typical of a monovalent anion (58 mV per decade) for 107 =10~ M

FeClZ ions.
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Jain and his co-workers64 showed that an electrode based on the

ion~exchanser KGCrgth(CN) .16H20 responds to hexacyanoferrate(Ill) with

-1

6]3
linear response range 107407 u Fe(CN)gf Te electrode is not very
specific for Fe(CN)48. In addition, as one can see from the charge of the
complex (i.e., -1), the sensitivity must be very low (only about 14.7 wV

per decade).

As revealed in the forepoing discussion most of the electrodes
developed to sense iron(III) have one or mpre of the following drawbacks:
low sensitivity (small slope), narrow linear range, excessively long
response time, non-specificity, and easy poisoning. Therfore, from the
point of viecw of these drawbacks and the inmortance of iron, development

of new method was necessitated.

The literature swrvey showed that no attempt was made to use
triphenylmethane dyes such as Crystal Vieclet to desigm a liquid membrane
electrode selective to tetrachloroterrate(IIl). Therefore, the

objectives of the present investipation are:

1. To design liquid membrane electrode selective to
tetrachlioroferrate(11I) ions based on Crystal Violet-

tetrachloroferrate(IIl) salt,

2. To study the electroanalytical parameters of the electrode,
i.e., dynamic (1inear)rrange, slope, effects of pH and
chloride concentration, and to determine selectivity

coefficients.

3. To study the analytical applications of the liquid membrane ISE




4. THEQRETICAL BACKGROUND

2.1 Origin of Membrane Potential

The use of ion-selective electirodes depends on the determin-
ation of membrane potentials. These potentials cannot be
determined directly, but can be easily derived from the electrom-
otive forces (e.m.f.) for the complete electrochemical cells.
These cells comprise the membrane, which is usually in contact,
on one side with both a solution{solution 1) contéining the ions
for which the electrode is selective and a suitable reference
electrode and, on the other side, with thé test solution
(solution 2}, in which a second reference electrode is immersed.

This cell type is schematically depictad in cell{I)

i i [ external
internal reference v H . , reference
: g - selution 1 l!membranL solution? | Ljactrode
electrode | E; (1)
and as schematic assembly in Fig.L. '

Membrane potential to be recorded

e 1nternal vreference electrode

ettt o e

External reference electrode

b i e gt oy P A AT

internal fiiling sotution

Sample solution

Membrane

Fig.1. Schematic representation of membrane electrode cell

assembly.



The behaviowr of the membrane 2lactrode will be determined
: : 4 .
by the properties of the membrane’ namely the composition and the

velocities at which the compcnents o7 the phase ére able to permeate

by . o , W e - X
the meabrane.”” The quantity characterizing Lhe composition of

. . ‘ . . .th
the phase is tne pariial molar Gibbs free energy of the i

component ot the given phase, which is called the electrochemical

potential of this component, '), , taking into account the phase
i

is electrically charged.2

The chemical properties of a component of the phase cah be
characterized by its standard chemical potential, AJ; by its

activity, a5 and the inner or Galvani potential of the phase,gf.z

Thus, the electrochemical potential of the ith component in the
embrane phase can be written a366

Now by 7, F (2.1)
akere Rz Ml w Ry Ina, (2.2)

Tne electrochemical potential of the same component, i, in aqueous

solution will be

o My Z,F § (2.3)

where R,T, and F have their usual electrochemical meaning, Zi is

the charge on ion i, the bars indicate the memberane phase, and a; the

activity of component i.

When the sotution and the membrane, both containing the ith

component, are at equilibrium, it follows that3’65’66

p—

q’_ = I”?

. i
that is,

M ERTIn @y + Z) g = M+ RTin a, v LF gl (2.4)
1




L, F(ﬁ $) = PR #e = p? 4+ RT Iny a.®

i M 3y (2.5)
Equation (2.5) then becowes a5
RY
E= E 2. In 4y
¥ ‘451‘ | ST S e (2.6)

where £ is the viectrode potentia’ and EO is the standard

electrode potential,

The potentials of the membranes can be explained by taking

into consideration both the diffusion and Dohnan potentia]s65

(two basidphenomena occuring at the interface between two electro-
]ytesz)f

Difusion Potential. Because of differing diffusion rates of the

ions present, an electric potential gradient appears within the
Tiquid junction {the so-called diffusion potential gradient}.

Between the two solutions, which are assumed to be of uniform
composition everywhere ouiside the liquid junction, an electric
potential difference is formed, called the Tiquid-junction potential,
2,4,67,68

EL. The Tiquid-junction potential is given by the relation

£l R (Pt
L F s dINA, meemeeee o mn oo mnen (2.7)

where ti is the transport number of the ith component and is given
by
I I
I T MU LS o R (2.8)

Uy in Eqn (2.8) is the particle mobility given by
= L) E Uy mem oo e (2.9)

where U, is called the electric mobility defined by £qn (2.9).
Z C and Z i C are charge and concentration of components

iand j, respect1ve1y.
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When the ionic menbrance is bounded by a 1:1 electrolyte of activities

ay and A, , the two Donnan potentials, E?On and E?m at the two interfaces
1 and 2 arc given, accordings to Egns (2.4) and (2.5) by 2,4
B = g o~ B, +(1) R (2.12)
1 ZF ar 5 e
+(1) =(2)
n _ 5 = BL a - BT ~(2)
Ego =B, - B, = 7= In (;(2))- 5 In (=L ) —memeem (2,13)
+(2) “=(2)
The net Donnan potential therefore is given by
i1} Eon n R’I‘
PN EDO ln ( +(1) ) "?j ng +(2))
(1) 2r(2)
Y a
zr 0 =L Han (2 e (2.14)
T 2_(2)

The Donnan potential must be measured in such a way that the

potential difference between the two solutions is measured.

Potential of Permselective Membrane, Assuning that X in Egn (2.10) is

independent of the external electrolyte solution, the total membrane
potential is given by the sum of Egns (2.10) and (2.13) or 2.14). Thus
for a hiphly idealized menbrane system (f, = f = 1) the total membrane

notential when arar-KCl salt bridses are used in the measurement is given

by
o= n n
BB BTy
SO
. . (43, + ki flaa] 2% %
“- o RD 72 o ———%-——__] (2.15)
E=zy Ung (4a SHhg  tUIng, +*{2) +T%

i 1

Donnan term Diffusion term



When the ion-selective electrode is placed in a solution containing the
particular ion (to which the electrode is reversible), diffusion potential
is produced and consequently Donnan potential is renerated, as pointed out

earlicr.

An ideal lbtentianetric nzoasurezneﬁt, especially in analytical
chanistry, wo_uld be done in which the reference electrode potential was
fixed and only the indicator electrode (the ISE in this case) potential
changed with chanpes in the solution commosition. This could he achieved
if the liquid-junction potential could be neglected or if the effect is

cancelled by having it kept constant.

Membrane Potentials of Liquid Ion-Exchangers. A liquid ion-exchanger

menbrane is usually formed by dissolving an ion-exchaneser in a water-
irmiscible solvent.
The behaviour of liguid membranes wes described by Conti, Eisenman,
JRLF =S
Sandblom, and Walkerom 75 Their work was related to .the problem of

electrical potentials arising across liquid rmbranes under zero applied

potential. The following are based on their - ~rks.

The conditions existing in a liquid nr tbrane system are such that
—t s

the species A and X are in chemical equilibriim with the snecies AX . in

the membrane,
-t - . )
A +X 2K - — — (2.16)

Assuming £ = 1, the law of mass action is valid;

c
_ MX
K, = _— e (2.17)

G

1f the menbrane comes in contact with an aqueous solution of MX

: (M++X_), the anionic species will renncate the membrane phase resulting

in the exclusion of M from the membrane phase (Fie.2)
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By considering the Nernst-Plank flux equations for ions with the same
absolute charege, Conti and ];‘iscsanman,?3 and Sandblom, Eisenman and
Whlker,74’75 derived expressions for the steady state membrane potential
of completely dissociated and strongly associated systems in terms of
bathing solution activities and system paraneters (single ion extraction
coefficients, mobilities, and complex formation constants). According tc
Sandblom, Eisenman and Walker,m"zs' and Bailescu,66 the electrode potential

of an ion exchanger mambrane, solid or liquid, is given by

' :3 T k.a ¢ i
. " K.a,
E=15+ ;'.T.. 1n .z:... 1A - - (2.18)
o #4F k.,
? 11%4(2) /q P
: 2]

. .th . .
where Zi is the valonce of the 17 counterion species, ai(l) and ai( 2)
are itg activities in the solutions (1) and (2) on each side of the
membrane, ﬁi is its mobility within the menbrane, and ki is a constant
characteristic of its difference of standard chanical otentials in the

membrane §§i&iﬂﬁ§€fgiven by the expression
e
o - - e
K=o [~ by -y ] (2.19)
Eqn (2,.18) contains two intepral temms, riven by Hgqos (2.20) and

(2.21), whose values depend on the nmarticular characteristics of the

liguid ion-exchanger,

4 K>
qi /K )C
ei.,
S - S tdln -~ —tL A (2.20)
1 9 t{_UiCi
anel
T
Wy
) RT -
g 4 — T (2.21)
2o o G+ g Uy T B OBHT,C, Upsl
K, T
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in which the subscrints A refer to the dissnciated site specles, 1 is

one of the n ions present in the system, and the subscripts Al refer to
the undiésociated ion pairs., Thus, UA is the mobility of the undissociated
ion mair; and CAi’ Ci, and CA are the concentrations of undissociated
pairs, dissociated counterions, and disscciated sites within the menbrane,
respectively. 0 and d indicate the two interfaces, d the thickness of

the marbrane, with the anueous solutions on both sides. J'[I;, in Egn (2.21),

is the total flux of sites (i.e., frec site nlus comlex fluxs) piven by76

ac - ~
JT = . t,f [ RT "("‘tx"@" + CA FE + KT dCAi ] *********** (2,22)
A A M dx
k-*r-wi_“‘-—él AN ot iy
gite site commplex

diffusion migra- diffusion
term tion term

term

while the parameter t in Egn (2.20) is given by the expression

¢ = AA (2.23)

which varies between 0 for complete dissociation and U, CA/(CAUA+E ﬁi(":i)

for strong associstion.

When the mobility of the site species is neglipible compared to

that of the counterion (as in solid ion-oxchange membrane), JT and t are

A
zero, and Eqn (2.18) reduces to
I/ S I T o i (6
“o ZiF ’5-? t—j 1{ q' _______ (2524)
L e Ci171(2)

an equation which corresnonds to that of a so0lid ion-exchange menbrane.
All novel properties of liquid ion-exchange membranes are therefore

contained solely in the two integral terms of Eqn (2.18)
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In the steoaly state wihen JA =0, i.e., 9 ¢, and when there is

strons association; for the casc of two counterions X and Y such that

EA = CX + (":Y, it was shown that f ; can hae imt'aq-rm:eds6"71’?2’74 and Eqn
(2.18) becomes
2 = 9 =
g AR LTS > Ay,
- RT . ar fve K T1TI(L)
E=E + _Z:F (1-Pln Léi +ﬁnl"1 MAl (2.25)
Sy s 2 .
2 (U0 Jk a, s Al
le i TATTLTI(?) Z:- KI\-; kiai(z)
i=t &
. fjﬁ(ﬁAvKAv B ﬁ&xKAx) ; 02T =]
where % = o - T e (2.26)
g UA) U!iy l{Ay“ CU),* Uy UnxFax

Tie relative contributions of the loparithmic terms to the
potential are then soverned by the narameter 1. The value of T depends

on the properties of the solvent and the lon-exchanger,

One may have a better insight into Eqn (2.18) if the following

points are considered.

1. Ean (2.18) is valid only under the following conditionsGG’72’75’77

a) the ligands (sites) are situated exclusively within thé membrane;

b) there are no co-ions within the membrane;

c) there exists an equilibrium between the ion i and the ligand
at any point of the membrane:;

d) there are neither ion-association nor ion-agmrepates of higher
orders;

¢) within the nenlirane the activities may be considered equal to
the concchniirations;

) no current is flowing throuch the system.




b

2, The theoretical advantage ofiered by liquid over solid ion exchanper
lies in the fact that the mobility of the associated species in the
liguid ion-exchanger does not depend on the strength of association
in contrast to the situation in a solid e}*;changer.72 Tor liguid
ion-exchangers there is decrease in potentiometric selectivity with
decreasing site ahd complex mobility; the effect is greatest for high
degrees of ion—-pairingom Because of the noor mobility, there are few

4
s0lid ion-exchangers that ave selective to divalent ions, for example,

Since the zites are mobile i the liquid ion-exchange membranes, there

are a nuaber of them that act selcctively to divalent ionsg?8
2.2 Potentiometric Selectivity of Membrane Flectrodes

For the ion exchanre reaction

T 4 JZ+;:;f P AT et e (2.27)

where “he overbar denotos ionz in the wectraie and without bars those
in the agqueous vhoze, anplication of the law of mass action gives the
exchange equilibrium conscant A’lj a3

)

Aij = ”g";““ A v e ——— s 3 e e (2.28)
J

where the a'es indicate acltivities.

Potentiometric selectivity is governed by single ion extraction
coefficients, mbilities in the mewmbrane phase, and complex formation

vy 73,74,79
constants (exchangz equilihvivm constants), ~° 77

Aij is related to the partition coefiicients of ions i and j

(Ki and K, respoctively) as

J

15 7o) e o e ememne (2.29)




LTS T

The o ol the diffz=ion potential in the meowbrane, the difference
in potential batwecn tne menbrane and tl» agueous passe gives, for ions

i and j, the total potontia14

B =Gy - D)

a /n pot
g = DBE 4 a0’ + ST 160 e —— (2.30)
F

yln QK?Ota

(@ 2y i3 PN/

where Kiit las peen called selectvity coeifficient which may include both

the chemical (e.p. partition coefiicients, solubility products) and the

mobility (mobilities in the wabrane) faCtOPS,4’{9 n is defined by the
ampirical =quation Fqu (2.31)4’80’8‘ and depends on the menbrane properties
only.
a., FiS
= b AD e e e o e e et e e -
Aij Y ( = > (2.31)
i Xj

in which the X's are the mole fractions, and ii + ﬁj = 1 is assumed.

If the concentraticns on side{2) are held constant; as in a

meryrane electrode unit, Buin(Z.30) can he written, for n = 1 in the

general form of the extended Nikolsky-Eisenman equation:4’78’79’81’82
I‘P NS
E = Constent % 5, 10 g+ Iif?t(a ) 24/%s |
ER T B A S (2.32)

where i is the primry ion of valerce %4 to which the membrane electrode

is selective, j is the interfering ion of valence Zj’ and K?Ot

ij

potentiometric selectivity coefficient. The (+) applies for cations and

is the

the (-) sign for anions,




For an icn-sele~tive electrode to show Nernstian response towards

the primary ion, 1, the value of K;x;t mist be very small (less than unity).

The sequence of sealectivity depends on the standard Gibhs free
energy change of reection (2.27), i.e. on the partial molsl free enerpies
of the interactions of the species with water and the menbrane site, and

is evaluated from hydration energies of the ions and the radii of the sits,

counter-and co--ions.,4 »71,80,83,84

not
Determination of Selectivity Coefficient, ij. No ISE responds exclusivily

to the ion to which it is desipned although it may be more responsive to
this primar - ion than to others. The derree of sszlectivity of the electrde
for the primary ion, i, with respect to an interfering ion, j, is expressed

by the poiantiometric selectivity coefficient, K];?t, defined by Ean (2.32)

Yariations in K}_Et are associaterd with the mechanism of the
electroda Jresponse85 ant with the changing environment of the ions in
solution. Inese feclons 4izd cause K:‘;t to dernend on the method used to
determing it.86

A number of t'fketllod.c;w?gssgf

have been described for the experimental
déteminatiou of selectivity coefficients. These methods fall into two
categories: the separate solution method (with the sane concentration of

i and j or with concentrations oi i and j of the same potential); and

mixed solution method (suppested by IUPACT).

a) Separate Solution Meothod. In this method only cne ion is used in any

test soiution.

Mothod 1. For the primsry ion i only in solution (i.e., a, = 0),
T J

B, = E + }Z‘., o e - (2.33)

If the solution is without i (i.e., ay = 0) and contains only ion j,

Egn (2.32) becomes




oap BN ot smfa
Ej = Eo i ZJI" 1!'1 Kij (&j> 1 J (2134’)

For the condition ay = aj, Fgns (2.33) and (2.34) give the relation80’88’89

By =10g B+ (Ao 1) logay —mmeeeem (2.35)
S 2 3 5 i
J
where S = 2,03 R’I‘/ZiF or the experimental slope, Ej and Ei are in

millivolts, aad (+) applies to cation-and (~) to anion-selective electrodes.
Method ? T2 the concentrations of the solution of ion i and of the
solution of ion } are chosen such that B i E., then Eqns (2.32) and

J
(2.33) give’®

., ot 2.4, R L L . _(2.36)
ay 'hij (3”3') i/ - :

h) Mixed Soclution Method. Poth ions i and j are in the same solution in
this method. Dy reasuring the notentials of solutions containing a fixed
quantity of the interfering ion, j, and varied quantities of the primary
ion, i, values of K?;t can b2 cbtained. Ideally the values of K??t can be
calculated fran Eqn (2.36), a, and aj being the activities that are

determined from toe plot of the measured potential against e} (Figs. 3).

Method 1. This method depends on finding graphically the point T (¥Fig.3a)

at which the electrode ig resvonding eqlia,lly to both ions, i.c.,

a, = Kggt (aj)zifzj, If the line signment DC is straieht and parallel to

the abscissa, then T is the noint of interscction of the extrapolation of

AB and DC as shov. '1“nen24’38

ij T SN ¢ <1 D




Hethod Z

paraliel to the abscissa is considerad here.

hoth ions are contribuling equally

Egn (2.36) holds.

Egn- (2.36) give
2, 30307 .
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by wixed solution

The response’of the electrade ip the absence of 1 4s given by

the extrapolation of AB as far as the Vimit of Hernsiian responge.

The difference between the eler

trade potential in solulien of 1.

with gctivity &i(R)* witﬁ and swrithout J af activily a${ﬂ) is

therefore given hy

¢ = fe ?““” (108424, (R)J

- 2,300 1% logyd
. '
1
= 18wV at 25°C.
%4

e ey oon e e e g ¥ e,




[ g

B =r Qozyp2ay py = 1971025 (m)

[+]
mVy at 25 C.

£

1

Thus by finding, on the graph, the activity of i at which the
experiinental line differes from the extrapolation of the Neynstian region

by 18/7 i mV (Fig. 3b) the activity 24(R) is detennined.

R
Then® v
J
a,
wot _ "1(R)
K33 =g, e - (2.39)
I
Thourh most of the methods to determine Kﬁt use the above procedures,

some other methods are also used by diffcerent authors,9’13

Any two methods seldom yield the same value of I(Fi?t from a given
set of data. For any quoted value to be of use and comparable to other
values,' full details must be available of both the method of calculation
and the experinental procedure used to derive the data (e.p. values of
28

, ete).

2

2.3 Measurement Techniques (4,24,65,66,90)

The potential behaviour of ISEs in solutions containing ionic
species for which the electrodes are selective is described by the Nernst
equation. Concentration calculations can be made from ISE potentiometry
provided all solutions are treated with high concentration clectrolyte
whose ions are not sensed by the ISE, since the activity coefficient (f i)

of the lon to be measured is held proctically cbnstant,

i.es, C= fia.i or Cofa.i.
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The use of this equation does not need any knowledse of standard potentials

or slone, and the method will compensate for slow drift in both parameters.

Standard Addition Technique. 'This is a method in which a known volume of

a standard solution is added to a known volume of the sample and recording

the potential chanpe of the f:)lec’rmr'ode.97"100

The observed initial potential
of the sample solution of unknown concentration (Cx) is given by the Nernst

equation

C = BT J(C £ ) + B mmmeeememm oo
Ee =B+ o In(Cf) + B - (2.44)

On addition of a known volume (V S) of the standard solution of the test
ion of concentration CS to the Initial volume (VX), the new potentinl

measured (Et) is piven by

CV +CV
RT X X 58
n = [i + e [ L N s iier B P
E =B +5%in A £+ OF (2.45)

where E is a constant, £ is the activity coefficient, and [_\EL is the

change in the liquid junction potential.

If £ o = :EX and & ]3I is neglipible, the chanre in potential

(AE) is found to be

vVC +VC
= RT XX - 88 L _
AHE = 7T in R - (2.46)
X X S
Then
C. A
Cx = = (2.;7)
AF/S,, . Vx - %
10 (1+ = ==
VS VS

where S is the experimental slope, usually of a lower value than

2,303 RT/ZF, and & E = Et ~ Ex for CS > Lx’
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Samle Addition to a Standard. Initially the notential (ES) of a fixed

volume (V_) in ml of a standard solution (CS) of the test ion 1is measured.
A volume (VX) of sample solution is then added and the new yotential Et is

measured. Reasoning as in the standard addition case, one obtains

_ v y
R T T CUINC I S - (2.48)
X X

whgre LIE = Et - ES for Cx > CS.

Gran's Plot Technique. This is a standard addition method to measure

Cx in Vx’ involving multinle additions of the standard solution (VS of CS)
101-103

to the sannle. In one variation of Gran's nlot, Eqn (2.45) is
re-arranged to give
; E/S _ |, Eo/S
(‘ux+VS) 10 = 10 (vax + CSVS) ~~~~~~~~~~ (2.49)

For the measured potential E. This equation is valid for & solution of
high ionic strencth and nerliirible liquid junction notential. A plot of
(VX+VS) IOE/ S against VS gives a straight line which intercepts the
abscissa for a value of V_called V_, where CV_=-CV . Thus C_ can
s e X X s e X
he calculated as C = -CV /C .
X se X
Standard Subtraction Techniaque. The standard or known subtraction
04

methcxl1 is different from the standard addition techinque only in that
the standard solution added to the sample is not that of the ion sensed
by the electrode but a solution of a species which reacts quantitatively
with the analyte. Thus, a decrease in analyte concentration is produceti
with corresponding change in cell potential. This potential change may be

used to calculate the initial analyte concentration in the sample by means

of Fgn (2.50) derived in a similar manner to Eqgn (2,47)65
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where /3 E is the change in cell rnotential.

Ean (2,50) is valid only when the valency of the unknown ion
and that of the precipitating or comlexing apent added (the standard
solution) is the same, and/or their stoichianetric reaction is 1:1.. When
the valency differs, the stoichiometry differs and the derivations of the

equations are nore c:omplicatc—:fd¢.24

3,65

Potentlometric Titration Technique. The titrant solution is one which will

react or complex the ion to be determined. In this method the potential is
measurad as a function of the volune or amount of titrant added. These

methads provide more accurate results at the expense of time.

In potentiometric titrations the end-point can bhe detected by
ion-selective electrode provided the clectrode responds to the analyte
ion, the titrant species or an indicator ion; so that it reacts with the
titrant only when the analyte concentration is near or at the equivalence
point.

At the equivalence point, the electrode rotential changes
rapidly with the titrant volume. There are several waysms—lm of

estimating the end point of potentiometric titrations, of which two

are mentioned here.

1. By visual inspection of the graph of potential against volume
added; the end point is at the steepest part of the cﬁrve.,
2. By calculating the rate of change of potential with volume;

the end point is the maximum value of this function.




3. EXPERIMENTAL

3.1 Materials and Reapents.

Crystal-Violet (hexamethyl-p~ rosaniline hydropen chloride
nonahydrate)(Hopkins and Williams), PVC nowder (Fluka), THF (Riedel-de
Haen), l-chloronaphthalene (BDH), nitrobenzene (Riedel-de Haen or BDIH),
chlorohenzene, 1,2 - dichlorobenzene, 1,2-dichloroethane (all BDH),
ferric chloride hexahydrate (BDH), ferric ammonium sulphate (iron alum)
(Analar; Honkins and Williams), lithium chloride (BDH or Riedel-de Haen)
and hydrochloric acid (Analar, Reidel-de Haen) were used as recelved without

further nurification.,

3.2 Preparation of Solutions

3.2.1 Chloride Complexing Solutions I and IT . Stock chloride complexing

solutions were prepared by dissolving LiCl, to give final concentration

of 4 M with respect to LiCl and 1 M with respect to HC1l (complexing

solution 1), or a concentration of %—Q M with respect to LiCl and % M

with respect to HC1l (complexing solution II) to dilute the sample

solutions.

3.2.2 Standard Iron (III) Solutions, A lxlﬂ_l. M iron(II1) stock

solution was prepared by dissolving iron(I1I) chloride hexahydrate or
iron(I1I) ammonium sulphate (iron alum) in chloride complexing solution
I containing 5 M chloride, Subsequent dilutions were made, using the

1

same complexing solution I, in the range 2.5x10-7 ~1x10"" M with respect

to iron(I1I1). Fresh dilutions were made for iron(III) concentrations
lower than 10_5 M. All the serially diluted solutions were stored in

polyethylene bottles.

3.2.3 EDTA Solutions. A stock solution of 0.05 M ethylenediaminetet:-

raacetic acid (EDTA) solution was prepared by dissolving the disodium
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salt in distilled water. The solution was standardised apainst
magnesium chloride (BNH, Analar) using NHS/NH401 buffer at pH 10 and
Triochrome Black T indicator. A desired concentration of the EDTA
solution was prepared by dilution with the complexing solution such
that the final chloride solution would be 5 M. The pH adjustment
(1.0-1.4) of the solution was made with solid LiOH or saturated NaOH

solution perior to final volume,

3.2,4 Foreign Jons Solutions. For the studies of cation and anion

inteferences, a stock solution (4x10_2 M or 1x10'2 M) of each of the

P
following salts was prepared: chloride of Hq"+, Sn2+, A13+, (302+, M2t

and Cr3+; nitrates of (1(12+ and Niz+; acetates of Pl)2+ and Zn2+;

2+ 2+

, Fe  , and Zr s sodium salts of Vo, O C.H.C00™,

3° 4 M85
and CH C00” ; anmonium salts of

sulphates of Cu

p 2
C,05 s .5203 , S0y, T, Br, 0104,

N()g and SCN ; potassium salts of I, 4 s HCGH 04 ; saccharin ion

Samnle Preparation

3.3.1 Iron Ore. The iron ore (haematite), obtained from the Ethiopian
Institute of Geolopical Survey (EIGS), was finely ground and passed
throuch a 200-mm mesh sieve. A 0.1-¢ portion of the ground sample
was mixed with 0.5 g of lithium metaborate and 1 ¢ of 1ithium
tetraborate. The mixture was transfered into a 30-ml platinum
crucible and fused in a muffle furnace at 93000 for 1 h, The melt
was cooled, dissoved in 100 ml dilute nitric acid (1:19 v/v) and
boiled in a 400-ml beaker. The solution was trausfered into a 250-ml
volumetric falsk and diluted to volume with 1:19 (v/v) dilute nitric
acid. A 5-ml aliquot of this solution was used for analysis after

adjusting the chloride concentration to 5 M with 15 ml of complexing
solutionlI,
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3.3.2 Blood Sample, The blood samnle from an adult man was decomposed
111,112

hy a reported method. That is a 2-ml aliqguot of the blcod
sample was transfered into a 257-ml Kjeldhal flask and decomposed with

10 ml of a mixture of HNO HZSQ4 and HCI:.')4 (3:1:1 v/v) by heating on

97
a bunsen burper for about 2 h. 10 ml of dilute HCl was then added and
the heéting was continued until the content was reduced to about 5 ml
and then cooled to room temperature. ‘The residue was reboiled with 25 ml
distilled water, cooled and transfered quantitatively into a 100-nl
'i}olwnetric flask and diluted to the mark with distilled water. Tor total

iron determination in blcod, 5 ml of this solution was mixed with 15 ml

comlexing solution II.

3.3.3 Syrup Sammle. The syrup sample (Ferlixir(ﬁ), Nattermann D-5000

Koln 30, FRG) was obtained from a local phaymacy. A 2-ml aliquot of

the mineralized and vitamininized syrup was treated with 3 drops (from
an eye droper) of a mixture of concentrated nitric and hydrochloric acids
(2:1 v/v). The solution was then diluted to 20 ml with complexing

solution IT for analysis,

Preparation of Liguid Mewbrane Electrode

3.4.1 Ixtraction of Crystal Violet-Tetrachloroferrate(IIl). 25 ml of

7x10"’cl M aqueous solution of Crystal Violet was mixed with 25 ml of

5%x1072 M iron(IT1) chloride solution in 4 § LiCl and 1 M HCL. The
mixture was transfered into a 10C-ml separatory funnel and 25 ml of
nitrobenzene was added to it. The mixture was shaken vigorously for
two minutes and the two phases allowed to separate for 3¢ minutes.
The organic phase was dried over anhydrous sodium sulphate and used

as the ligquid menbrane.

3.4.2 Construction of Electrode. Concentric Pyrex tuhes (ahout 120 mm

long with internal diameter of 6§ mm and 12 mn) were joined to a common
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14/23 ground slass joint (which fits to Az/AnCl reference electrode)
at one end by glass blowing technique. The other open ends of the
concentric tubes were also drawn to respective internal diameters of
about 3.3 and 8.8 nm. A 6-mm diameter injection vwort was made at the
outer jacket, helow the comron joint. This assembly was used as

-

electrode body (Fig.4).

A PVC solution was prepared by dissolving 100 mg of the polymer
in 4 ml 78F and about 0.25 ml (8 to 10 drops from an eye dropper) of
1-chloronaphthalene was added as plasticizer., The narrow tip of the
electrode body was carefully dipned into the PVC every two minutes
(to evaporate the THF partially), until the paste attains 2-3 mmn
thickness with attention not to allow any occlusion of pas bubbles
into the PFVC paste. The electrode hody was then suspended, with the
PVC held dowmwards, in a hood for 24 h. Ahout 2 to 3 ml of Crystal
Violet-tetrachloroferrate(IIl) extract in nitrobenzene was introduced
into the outer jacket through the injection port and kept for at least
24 h to saturate thé PVC menbrane sunport. The intérnal filling solution
(1x1073 ) diron(III) in the complexing solution I was then introduced
into the inner tube to a level at which an internal Ag/ApCl referénce
electrode would be in contact (Fig. 4). The tipn of the eleetrode was
immersed into an aliquot of the 11073 M iron(III) solution used as

internal filline solution, for a 24-h conditioning or when not in use.

3.5 Instrumentation

Potential measuvemants of test solutions were made at room
temperature (221200) with the linwid membrane electrode against an external
calomel reference clectrode using P_hilips P W 9409 digital pH/mV meter of
0.1 mV precision. All measurements were made 20-90 seconds after continuous

stirring with a Teflon-coated stirring bar. A complete cell is schemtically

repregsented as follows.
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Sat KC1

Inmternal Liquid
Hy; /HeCl

ArlBeCly o 9 tion membrane

st
solutio

rl measurements were made, where nccessary, with a Beckman Chem

2

Mate pH-meter.

3.6 General Procedures

T ,n-1

3,6.1 Direct Potentiometry. Potentials of 2.5x10 -10 - M solutions

of tetrachloroferrate(lll) were measured for calibration and other
response chavdcteristics of the tetrochloroferrate(Ill)-selective

manbrane electrode.

The liguid merbranc electrode’ and the external reference electrode
were imersed into a stirred solution (about 20 ml) in a 100-ml beaker.
A constant potential was recorded from the pH/mV meter within 20-90
seconds. The potential of an aliquot of a sammle in corrrplexing chloride
solution I was measured by followihg the same procedure for the standards.
The imn concentration in the sample was detennined from the calibration
curve, E (nV) s, log [Fe3+]. Alternately, the iron concentration could
be calculated based on a single point calibration method [Eqn (2.42)1.

113

3.6.2 Standard Additon Techn-ique. The potential (Ex) of 10 to 20

ml (VX) of the sample of concentration Cx of the iron(III) in the
complexing solution was first measured. 1 or 2 ml (VS) of a standard
solution (CS) was added to the sample solution and the new potential

(Et) recorded. The unknown concentration was determined from Egn (2.47).

3.6.3 Sample Additon Technique.’’ *113

The potential (ES) of 10 to 20
ml (VS) of a standard iron(III) in the complexing solution was initially
measured. A1 to 2 ml (Vx) aliguot of the sample solution was added
and the new potential (F‘t) measured. The concentration of iron(III) in

the complexing solution was calculated from Fgn (2.48).
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3.6.4 Standard Subtraction Methol,  The pH of the sample solutions,

in 5 M chloride, was first adjusted to 1.9-1.4 with solid LiCH or

faw drons of saturated Nadll solution. The initial potential (Ex) of
15-20 ml (VX) of the iron(Ill) sample (CX) was measured. A 1-2 ml
(VS) aliquot of the EDTA solution (CS) was then added with subsequent
measurement of the new potentisl. Calculation of the concentration of
iron(I111) (Cx) in the complexing solution was made according to

Eqn (2.50),59,24

3.6.5 Potentiometric IDIA Titrations, To test the feasibility of

potentiometric EDTA titrations, experiments were run on 10_5 to 10"2 M
of iron(III) in § M chloride solutions. About equinolar solutions

of EDTA and iron(III) were initially prepared for each titration in the
chloride solution. The pH of the iron(III) solutions were then
adjusted to 1.0-1.4 with solid Li0H or a few drops of saturated NaOH
snlution. Titration of the iron(III) solution against EDTA from a
0.05-ml precision burette was performed with the tetrachloroferrate(III)-
selective liquid membrane electrode (us,calomel reference electrode).
The constant potential after each addition of FEDTA was recorded and the
inflection point of the titration curve was noted using conventional
techniques for the quantitative evaluation of iron(IiI) in the original

solution.

Study of Conditions.,

The influence of the acidity due to HCl was investipated using
direct potentiometric procedure (section 3.6.1. herein) maintaining
the total chloride concentration at 5 M. The effect of the total

chloride concentration was also studied at 1 M HCL.,

Selectivity Coefficient Determination

3.8.1 Separate Solution Method. The potentials of 10_2 M solutions
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of iron(III) (Ei) and the interfering ion (E,) in 4 M LiCl and 1 M

3

HC1 were measured separately. The potenticmetric selectivity

coefficient (Kﬁt) was rletermined from Egn (2.35).80’88’89

3.8.2 Mixed Solution Method. A 5-ml aliquot of 4x10™2 M solution

of an interfering ion (j) in 5 M chloride were added to 15 ml of

5.5%1077 - 1x107F M Fe(IIT) solutions (see section 3.2.2). The

potentials of the resulting solutions were measured and selectivity
coefficients were gvaluated from the calibration curves (section 2.2)

924,38

in the presence of ecach interfering ion and Fgn (2.39) of

Chanter 2.




4. RESULTS AND DISCUSSION

4.1 Preparation of the Liquid Membrane Eleetrode.

A liquid membrane electrode was constructed as described in
section 3.4.2. The body of the electrode was made from chemically inert

and readily available materials, i.e., glass stems,

Defferent mterials such as Millipore(Eﬂlter, glass frit, and
porous Teflon sheet were tried to be fixed to the glass stems as membrane

support, All failed for mechanical reasons, resulting in leakage.

For these reasons plasticized PVC was reverted to and used as a
“maembrane support. The PVC preparation (section 3.4.2) was proved to be
intact with the glass stems, which overcame leakage problem. Similar

32 This

results have been reported earlier for a PVC menbrane electrode,
technique also eliminated the mechanical difficulties resulting from fixing
a PVC disc as membrane support, separately prepared by impregnating the

ion-exchanger in a polymeric rraa,tri)(:,l14

Plasticized PVC acts in a microscopic manner-unlike the traditional
1icuid support matrixes which are macroscopic in nature by forming a
molecular network into which the exchan;;‘seriaﬂen solvents pemmeate. The PVC
swells in the presence of these solvents and releases the solvent to the

external sample reluctantly, thus presenting an attractive ISE configmration.27

It should be noted that the drying time (section 3.4.2) of, at least,
24 h is essential since failure to do this may cause leakase or very short
electrode life time. One should also notice that less than 24 h saturation
time of the PVC matrix results in failure to respond indicating slow diffusion

rate of the organic solvent in the support.

4,2 Selection of Solvents.

Most of the liquid membranes introduced so far incorporate solvent
- 41 -
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The other three widely differ from nitrobenzene in dielectric constant which
is one of the most important properties. The Crystal Violet-tetrachloro-
ferrate(IIl) salt was extracted into each solvent under the same conditions,
The extractibility. (colour intensity) as visually compared, was in the
order: NB > 1,2-DCE > 1,2-DCB > CB, This ohservation indicates that the
ion-association salt is more extractahle into a solvent of high dielectric

constant,

The extracts were used as liquid marbranes. Ixcent the
nitrobenzene extract, none of them showed any potential response., This
finding may indicate that the electrode behaviour is govemed by ion

dissociation in the marbrane phase«53

Based on the shove results and the high boiling point (low
volatility), low solubility in the aqueous phase, density deffering from
that of water for good phase separation, and high viscosity not to pass

through the membrane matrix, nitrobenzene was the solvent of choice.

4.3 Influence of Exchanger Concentration in Nitrobenzene.

> 1.ax10™

Three different liquid membrane electrodes with 7x10°
and 7x107% M Crystal Violet-tetrachloroferrate(III) (CV+FeC1;) in nitro~
benzene were prepared and the response behaviour investigated. The results
are shown in Fig. 5. The electrode which incorporated 7le-5 M of the dye

3

showed a linear response only between 2.5%x107° and 2.5x10™° M iron(I1II)

concentration in the test solution with an averape slope of -51 mV decade—l
concentration change. The case of 1.4:{10‘4 M also showed linearity in the
same range but with an increase in slope to =53 mV decade_l. However, the
potential readings were not so stable, presumlbly owing to higher menbrane
resistance. At ?:‘:10"4 M of the dye extract the linear range was widened

to 2.5:&'10"5—»5}{10“2 M iron(III) concentration, with an improved slope of

-56 mV per decade of the calibration curve. This concentration in the
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orpanic phase resulted in the most stable potential readines. Higher
concentration of Crystal Violet could not be tried due to low solubility
of the dye. Therefore, the 7x10_4 M of the dyve extract was used as the

liguid membrane,

4.4 Response Characteristics of the Electrode.

The electrode was found to respond to FeCI; in a wide range

7 4o 1x10™1 M iron(11D)

(Fig. 6). The concentration ranre studied was 2.5x10°
ions. Tho electrode responds to FeClE with a sub-Nernstian slope (~-56 mv/
decade) in the concentration range of 2.5x107° to 5x107% M at a tamperature
of 22°i2°C. This slone is typical of a monovalent anion. Theoretically the
slope soul<t have heen 59.2 mV decade"1 at 25°C. The deviation to 56 mV is
mainly due to the experimental tamperature of 2201-200. The slope also
depends on the hehaviour of the electrode. The response time were found to
be within 20 seconds for concentrations preater than' 18"3 M iron(IIXI) and
20-90 seconds for lower concentrations. The slope of the electrode response
remained practically constant during the whole life of the electrode. The
electrode was found to function properly for over three months. Since liquid -
membrane ISEs have characteristically larpger guantity and mobility of the
electroactive materials the electrde surface is inherently renewable.

Therefore, the 1ife time of the electrode is determined mainly by mechanical

reasons (breakape of membrane support).

The drift in potential measurement using the liquid menbrane
electrode was evaluated by measuring the potentials of two known and constant

concentration of iron{III) (Fe(',‘l;) was found to be not more than 2 mV/24 h.

The response behaviour of the electrade was studied for other

CGHSCOD", SCN, and C10, ions, yet, in rather narrow ranges (Table 2).

anions., 6f these, it was found that the electrode responds to I0




ey
&

ey,

Ll

&4} n

-.&G 1

5y

-2

- 206

Y ..wsmmnu...-%-‘.\.u-n--

& 5

By, -
e, " . TS
= Stope & BhoplV derade

TR L VLRV Py A

t
'
X,
lﬁ
AN
S"l
kY 4
,
\'sft
s,
hS

AN 1
\"" [

L.

Y

¥

B s s T g £ srvernannoend

¥ ¥

22

Fig. & Onlibration cwee {077 « 5000, {87 « 1.4 2

0




- 46 -

Table 2. Response of CV+Fb01; electrode to other anions

Slope
Anion (mV decade”l) Iinear range, M
10, _54.8 ax1072 - 2x10™?
— =92 o,
Mn04 -56.6 dsc1D - 4x1n
- -3 -4
CGHSCGO ~15.8 4x10 7 - Ax10
- 2 -3
SCN -48,0 4x10 © - 4x10
.610; ~48.7 ax1072 ~ ax107%

TETRTIIT Pttt b m R b~ 1 == teint =

ISEs resnond to activities of ions in solutions according to the
Nemst equation

E = constant - S log a; (4.1)

where S is the experimental slope and ay 1s the activity of the ions,
At constant high concentration of an "inert" electrolyte, activity can
be replaced by concentration due to the constancy of the activity

coefficient. Hence
E = constant’ - § loz C '
= constant - oz Cy (4.2)
: *
where constant 1is a new constant incorporating the activity coefficient,

and Ci is the concentration of the analyte ions. Hence response curves

were obtained by ploting the measured potentials (E , mV) Vs - log Ci'

4.5 Effect of Variables on Response.

Since the formation of chlorocomlexes of iron(III) species in
aqueous solution are not so favourahle even at very high chloride concen-

tration, the actual concentration of the tetrachloroferrate(III) speciés
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in any iron(III) solution containing chloride, is lower than the total
iron concentration.62 Therefore it was necessary to use a controlled high
concentration of chloride solution which contains hydrochloric acid,
Hydrochloric acid supbresses or prevents the hydrolysis of Fba+ in the

agqueous phase,

The effect of chloride concentration and hydrochloric acid
concentration was studied to get optimum concentrations that would he

used in the aqueous solutions.

4.5.1 Effect of Chloride Ion Concentration., In this study, the

concentration of HCl was kept constant at 1 M and the total

chloride concentration varied using LiCl.

Though the potentials increase with increasing chloride
concentration, the difference in potentiél'remained constant for
two ion(III) concentfation corresponding to a slone of -56 nV
perdecade (Figs. 7 and 8 and Table 3), for the total chloride
concentration range of 4.7-5.5 M, The shift to more nepative
potential is pressumably, due to nore fraction of comnlexation of
re3t 1o FECIE with increasing chloride concentration. LiCl was
nrefered to other salts such as KCl, hecause of its high

solubility.

Table 3. Effect of Chloride ion concentration on electrode
response ([HC1] = 1 M)

Slone® Slope”
[C17) mV/decade ¥V /decade
9.50 ~51.9 ’ -53.1
3.25 ~52.8 -53.9
4,00 ~55.8 ~55.4
4.75 ~55.9 -55.8

505” ”56-1 "‘"5600
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A

Yoncentration ranpe 2,5x1072 -2,6x17° M Feor.

) -
b(bncentration rance 2.5x10 T <2,.5x10 3 M Feg+,

4,5.2, Effect of HC1 Concentration. The behaviour of the electrcde

towards FeCI; at different HC1 concentrations was wtudied, keeping

the total chloride concentration constant at 5 M.

More nepative potentials were observed with increasing

hydrochloric acid concentration upto 1.0 M HCl and nearly constant

potentials within *ImV, at 1.0-1.5 M. The observed slope of an

ionie response was 55-56 mV/decade from €.75 to 1.5 M HC1 (Figs. 9

and 10 and Table 4),

Table 4. Effect of HCl concentration on electrode response

towards FeClE ion ([C17] = 5 M)

Slopea Slcmeb Slopec

HC1,M mV/decade mV/decade nV/decade
0,05 ~49.7 ~50.3

0.1 -51.3 ~52.0 ~52.6
0.5 ~52.8 -52.5 ~53.0
0,75 -55.3 ~55.8 ~56.0
1.0 ~55.5 ~56.0 -56.2
1.25 -55.6 ~55.8

1.5 ~56.2 -55.3 -56.4
2.0 -53.6 ~53.8 -52.9

Alope between 2.5x107° and 2.5x1072 M FeCL]

bSlope Letween 2.5x10°

CSlope between 2.5x107

4

4

3

and 2.510° Mﬁyn;.

5

and 2,510 M FéClg.
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At concentrations of HC) less than 0,75 M the slopes were found
to be between ~-60 and -53 mV/decade. The behaviour at lower HC1 concentr-
ations is expected to be due to hydrolysis of Fé3+ ions, At concentrations
higher than 1.5 M, decrease in slope was observed and above 2 M HCl the
potehtiai readings were not stable. Such observations at higher HC1
concentrations (above 1.5 M) could nossibly be due to the protonation of

the dye which might have resulted in the dissolution of the membrahe.

From the above discussions it is clear that one can work in

4-5,5 M total chloride snd in the range (.75<1.5 M ECl1 concentrations,

Based on these observations, the chloride complexing solution
was chosen to be 5 M in total chloride concentration and 1 M in HCl, for

other investircations.

4.6 Interference Studies.

The effect of different ions on the electrode response was
studied and the selectivity ccoefficients, K??t, were evaluted where
appropriate. Both the separate solution and mixed solution methods were
amloyed to calculate the K?jt

respectively. Eqn 2,39 torether with calibration curves (Fig., 3) explained

values from Egns 2.35 and 2.39,

in section 2.2 was used for the mixed solution method. Calculations were
made for various anion and metal ion which form anionic complexes. Table b
shows the K??? values evaluated by the two methods.

There are variations in the K??t values obtained by the two

methods due to experimental differences. It can be nofed that K??t values

obtained by the two methods are not necessarily the same, as reported for

other liquid membrane electrodes.24
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In separate solutions the potentials of the electirode were not

I
4° 74

camplexing solutions., Moreover Mnf);', IC; and W‘Jf"’ions resulted in

unstable notentials in the mixed solution method.

3+ P

7} 3
stable for %, ot 2T, W

e

, W

Table 5. Selectivity coefficients, Kggt . of the Crystal Violet

-FeCl& liquid membrane clectrode

saccharin, and ions in the

not¥
kS )
Interfering J
ions Separate solution Mixed solution
B ' 1.03x107 1.0x10~1
cuo; 2.4x10" -
ca?t 2, 1x1072 4.0x1072
CaH000” 3.2x10"3 2,9x10™3
VO 9.9x107° -
HC H.O7 2,9x10™° 8.2x10™%
gt4% . .
NOj 1.87x10™° 2.83x10™°
CH, 00" ax10™% 7.4x10”%
soi“ 1.5x10" 9.3x10™%
F 1.8x107% 9.6x107°
cu?’ ax10™% 8.9x10™°
— "r
it ax10~2 7.6x107°
> —t -
Mt 1.6x10"" 7.9x10™°
- - __I'
czai 8.9x10™° 9.8x10™°

* Calculations of K}.)Ot for He

were made assuming divalent an ionie chlorocomplexes.

2+

ca®t, a®t, zn

2+

, and Mn

2+
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A4

2 . e o d
107, , 4r

4 b 49
interferences as shown in Table 5 and/or Firr, 11 for same of the ions.

- - s -

W Br , C1= . MnUd, Snz , and SCN  dons caused scriocus
Morecover, I and Sqﬂgm ions totally poisoned the electrode which no more
functioned as FeClg detector which is very likely due to the reducing

effect on FeCl, at the membrane surface. The oxidation of th¢osulpbate

produced lipht yellow solid with a smell of sulphur.

In the presence of Wﬂi" and 10; the rotential readines were

not stahle in both the sgparate and mixed solutions. Complete interference

was observed due to Sr12+ as a result of the redox reaction118

4t 2

2+ FeCl, = Sn"" + Fe Y

Sn

and the subseauent interference from species such as SnClg62 althourh it

does not impair electrode function. In the presence of I ions, the
colour of the iron complex was gradually chanred to reddish brown
presumably due to formation of molecular iodine. The presence of SCN
together with the tetrachloroferrate(III) cémplex in the same solution
immxrted a red colour to the solution which is due to the formation of
iron(I1I)-thiocyanate comnlexes, Hence thiocyanate transfer into the
membrane phase (see Table 2) and iron(II@)-thiocyanate comnlex formation

are believed to be the cause of interference,

In separate solution permanganate (in chloride complexing
solution), was found to harden the membrane surface for uﬁknown reasons,
without adversely affecting the electrode behaviour, It should be noted
that chlorine produced by permancanate could influence the nature of the

VC surface.

4.7 Aonplication of the Liguid Mambrane Flectrode.

The newly develoned tetrachloroferrate(Ill)-selective liquid

menbrane electrode was anplied to real and standard samples in order to




evaluate the reliability of the potentiometric technique for iron

determinations.

The samples tested for iron determination were standard
iron (iron alum), iron ore (haematite), humn blood and a syrup with
minerals and vitamins (Firlixir R ). Direct potentiometry was used
for all the real samnles. Standard addition, standard subtraction
(by EDTA) and sample addition technigues were used for all four samples.
The equations applied to calculate the iron content in each sample are

also indicated in Tables 6-9,

Table 6, Analysis of iron in haematite (Fe found by AAS

was 62,16%)

* o
Fe found RBRecovery  Standard Confidence N

Method percent percent Deviation 1limit Em no

Direct notentio-

metry 680.64 97.8 0,06 +0.16 2.42

Sarmmle Addition 62.38 100,35 0,13 +0.34 2.48

Standarrl

addition 63.25 101.7 0,16 +0.42 2.47

Standard

subtraction 61.82 99,4 0.02 +0.056 2.50
2%

¥ Average_ triplicate measurements,

¥ Calceulated for n = 3 at t980




Table 7. Determmination of total blood iron (Fe found by

110

Spectrovhotometry was 1.3 mz Fe/100ml treated

hlond)

*
Fe found Recovery Standard Confidence**
Method (mg/100ml)  percent Deviation Ilimit Iqn No

Direct poten-

tiometry 1,29 99.6 0.21 *0,55 2.42
Standard _

actdition 1.34 103.4 0.04 +0.160 2.47
sammle

addition 1.33 102.7 0,18 +0.47 2.48
Standard

subtraction 1.34 103.3 1,23 10.60 2,50

*  Average of triplicate measurements.

*k Calcoulated for n = 3 at t98'

Table B. DPetenaination of iron concentration in 2 mineralized and

Vitaminized syrup (certified value 1.87 mg Fe/ml)

* ok
Fe found Recovery Standard Confidence

Method (mgr/ml syrup) (percent) deviation limit Eqn No
Direct polen- _
tiometry 1,868 99,28 .15 +0,39 2.42
Sample
addition 1,985 106.16 0,07 +0.18 2.48
Standard

addition 1.871 101,60 0,04 +0.10 2.47




¥ jverape of triniicate measurements.

¥*  (Calculated for n = 3 at t%.

Table 9. Detemmination of iron in standard iron (iron alum)

solutions,

Iron, me/100ml Recovery Standard Confidence**

Method Present J¥ound * (percent) deviation  limit Tgn No
Saniple .
addition 20,94 20.78 99,2 n.02 +0.05 2.48
Standard
addition 0.210 n,211 100,5 0,08 0,21 2,47
Standard
subtraction 0.251 1.254 101.2 0.05 +0.13 2.50
FOTA 55,847 55,408 99.4 0,20 40,52
Titrations 5.2141 5,072 96,88 0.18 +0,47

0.530 {1.524 i01.1 0.25 +0.56

*  Average of triplicate measurements.

*x  Caleoulated for n = 3 at t% .

Potentiometric titrations with EDTA were carried out on standard
iron(III) solutions to assess the feasibility of the titration with the
proposed elecfrode. Both EDTA and iron(III) solutions contained 5 M
chloride; hence, a decrease in the concentration of the tetrachloroferrate-
(1I1) species by dilution of the total chloride ion concentration was avoided.
The method relies on the concentration decrease:{he tetrachloroferrate(Iil)

ion due to complexation of iron(III) by EDTA. The best results were obtained

if the total iron(III) concentration was not less than lxl(!“4 M. Typical

2

titration curves are shown in Fip. 12 for the titration of 1x10™°, 1x10—3,

5

1x10~% and 1x107° M total iron(II1I) solutions. The end point was located




from the maxitim rate of chanpge of rotential per unit volune. The

analysis results are also shown in Table 9.
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The gxrerimental values with different techniques for each sample
are in gpood asreemont with the accented or certified values except the
sampie additon technique for the syruns. The exception may be due to matrix
effect or experimental ecrrors. Hence the methixls propnsed for iron deter-
mination with the tetrachloroferrate(Ill)-selective liguid mambrane electrode

are fairly vrecise and reliable.

4,8 Comparison with other Iron-Selective Electrodes,

A comparison of the proposed electrode with other iron-selective
electrodes is made with respect to slope; linear range, and response time

as sumarizel in Table 17,

Table 1N, Comparison of resnonse characteristics of the tetrachloro-

ferrate(Ill)-selective electrode with other iron-selective

electrodes
Ton-exchanger Mambrane Slope Linear Response Ref.
sovent/matrix  (mV/decade range,M time,min
nitrobenzene/ -4 . -1
Haemin silicon rubber a 16 7-10 c 61
Chalcogenide 5 . -1
ola ssb Solid +57.6 10 Y10 10-20 55
Tricaprylmethyl -4 -1 A
armmonium chloride PVC{CWE) -55.0 10 =10 1-25 62
Chromium -4 . -1
ferrocyanide Solid a 10 "-10 ¢ 84
Triphenyl pyry- Di- or tetra-
lium cation chloroethane/ A
rloss frit ~55 107°~10 2~3 33
Triphenylthi-- -4 .
onyryliun Dichloethane/c -5G.5 10 710 ¢ 63
cation )

Crystal Violet Nitrobenzene/
2

BVC 56 2.5x10726x1072 0.5-1.5 present
work




- A2 -~

Ohe slope is rerorted as "Mernstian' and the exact values are not given,

bThe slope is typical of a monovalent eation, vet the electrode is

. 3+
responsive to Fe

“Data not given,

The comparison shows that the proposed electrode has wider
linear range and shorter response time than most of the electrodes.
electrode slope is comparable to those electrodes which respond to

monovalent ions,

The




- 63 -

5. CONCLUSION

The present work demonstrates the feasibility of preparing
liquid membrane electrodes from commonly available materials in analytical
laboratories. The experimental results have also shown that the Crystal
Violet-tetrachloroferrate(Ill) ligquid membrane electrode can he used to

determine iron in a variety of real samples.

Moreover, the nroposed electrode has been found to have a wider
linear range and shorter response time than most of the other iron-responsive

electrodes,
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