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Abstract

A non-perturbing, flow-through column equilibration method, with element-selective
detection by atomic absorption spectrophotometry, is described for the measurement of
concentration of the free silver (I) species (i.e. [Ag’]) in the presence of its chloro- and
hydroxo-complexes. Columns of Dowex SOW-X8 cation exchange resin are used. The
theoretical basis of the method is described. At equilibrium, the technique requires that
only a small fraction of the resin exchange sites may be occupied by silver ions. This is
accomplished by making the concentration of electrolyte in the samples and standards equal
and high.

Loading, breakthrough and elution curves and sorption isotherms were measured as
part of the method development. The method has been applied successfully to the
determination of free silver in solutions containing the ligands Cl" and OH". The values of
[Ag’] measured by the column equilibration technique are in satisfactory agreement with the
values measured by using a silver ion-selective electrode method (ISE) and with values
calculated using total metal and total ligand concentrations, solubility products and
conditional stability constants of the metal-ligand complexes.

The ion-exchange column equilibration-AAS technique is selective for Ag* in the

presence of the soluble species AgCl,, AgCL*, AgCi,*, Ag(OH), and Ag(OH),* and also



in the presence of colloidal particles of AgCl(s) and Ag,0(s) at pAg and pH above their
points of zero charge. The soluble neutral complexes species AgCl and AgOH are sorbed
by the exchanger but a correction can be made for their interference in the determination of

free silver ion.
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CHAPTER ONE

INTRODUCTION

1.1 Role of speciation

Ideally, speciation is defined as the determination of the individual species of an
element or compound which together make up its total concentration in a system [1]. For
example, speciation of a system involving a single metal ion and a complexing ligand
should reveal the following; total concentration of the metal (i.e. sum of all forms), total
concentration of the ligand, free metal ion and free ligand concentration and the
concentrations of the various species of the metal-ligand complexes. Itis difficult to obtain
all the above information with one analytical technique because metals in aquatic systems
may be present in a variety of forms, which may include particulate matter and dissolved
forms such as simple inorganic species, organic complexes and the metal adsorbed on a
variety of colloidal particles.

The importance of the speciation of metals is evident in situations where only one (or
several) species of a metal play a role. In such a situation the determination of one (or
more) individual species is more important than determining only the total analytical
concentration. Hence speciation has also been defined as the determination of one or more
specific species of an element or compound present in a system [1].

Release of metals from various metal handling activities (e.g. mining, metal processing,
dumping of industrial waste, etc.) could lead to negative effects in the environment, if these
metals are present as toxic species. Therefore, knowledge about speciation of metals is of
critical importance and is needed in, among other areas: industrial applications (metallurgy,
electroplating and food processing), environmental studies and medicine and toxicology
[21.



Two major conceptual approaches have been widely used in speciation studies, namely
calculations and experimental methods. By using sophisticated ionic-equilibria computer
programs and experimental values for pH, total concentrations of every metal and every
ligand and equilibrium constants, trace metal species distributions can be calculated. This
approach is adequate for synthetic solutions and for major ions (Ca** and Mg**) in natural
waters, but cannot be used for the speciation of trace heavy metals in natural waters
because neither the nature, nor the concentration, of all the complexing agents present are
known. Experimental methods for speciation measurements include techniques like
electroanalysis, ion-exchange, size exclusion and solvent extraction. There are significant
problems with experimental speciation techniques, including: perturbation of equilibria in
the sample, insufficient sensitivity for use in natural waters, lack of selectivity and other

interference.

1.2 Importance of free metal ion determination

Research during the last few decades show that the knowledge of the total metal
concentration alone is inadequate to allow conclusions regarding the system [1,3-6]. Metal
species exhibit different physical and chemical properties and different toxicity. For
example, if the free metal ion species, M”, of the metal, M, is the only species taken up by
an organism, then measurement of the total concentration of the metal does not provide
adequate information about its influence on aquatic life. This is because the species M*

represents only a fraction of the total concentration of the metal. Two systems may both

contain 100 pug I"' of total dissolved metal. If a system has most of the metal bound in

different forms there may be little or no effect on algae and fish, but if the system has free
metal ion, M*, as the main species, significant effects on aquatic life could be observed.

In fact, several studies have demonstrated that the toxicity of trace metals is directly
dependent on the concentration of the free metal ion rather than on the total metal

[§9)



concentration. For example, Sunda and Guillard [7] found that, in highly chelating sea
water media, the growth rate and copper content of algal cells are related to the cupric ion,
Cu?*, activity and not to the total copper concentration. Allen et al. [4] found that the
toxicity of zinc to algae is directly dependent on the concentration of free metal ion (Zn**)
rather than on the total metal concentration. Several authors [8-19] have suggested that free
silverion, Ag®, is more toxic to aquatic organisms than compounds of silver. Hence it is
of critical importance to determine the concentration of the free metal ion in a given system
in order to be able to predict metal impacts in the aquatic environment.

Silver occurs naturally in several oxidation states. The most common states are the
elemental silver (Ag®) and the monovalent silver ion, Ag(I). Compounds with higher
oxidation states of silver (Ag(Il) and Ag(lII)) are also known [19]. In natural waters silver
occurs mainly in the +1 oxidation state. The nature of the species depend on which
ligands are present. For example, m hot springs and waters which are highly charged with
H,S, sulfide and polysulfide complexes are the major species [20]. In waters containing
high concentrations of chloride, e.g. sea water, complexes of the form AgCl, AgCl,,
AgCl,? and AgCl,” occur [21]. In photographic waste water silver thiosulphate complexes
are the dominate species [20]. Silver may also exist in natural waters in colloidal form such
as AgCl(s), Ag,S(s), Ag,Se(s) etc. as an integral part of, or adsorbed onto, various humic
complexes [22].

Silver is one of the metals with very high oligodynamic activity, being second only to
copper in many circumstances. The term oligodynamic activity refers to solutions with
germicidal properties in which the concentration of the metal ion is many orders of
magnitude below that which would be lethal to mammals {23].

Silver has no known function in the human body and is considered to be a contaminant
when found in human tissues. According to Klein [24] 10% of the ingested silver is
absorbed, but only 4% is then retained in the tissues. Sollmann [25] observed that
ingestion of silver nitrate by humans in doses of 0.01 g - 1.0 g produce no symptoms, but



that of 2 - 30 g cause death within a few hours to a few days. Argyria which is
characterized by a slate-gray coloring of the skin and hair is caused by deposition of silver
in the tissues [20]. This is the most common effect of chronic exposure to silver. It can
occur as an occupational disease or as a result of medicinal applications of silver. The
primafy sites of silver deposition in the human body are the liver, skin, pancreas, adrenals,
kidney, brain, blood vessel walls, spleen and testes [20].

Toxicity of silver to aquatic life has been studied extensively [8-19]. The ionic silver,
Ag’, is more toxic to aquatic organisms than compounds of silver. For example, stable

silver thiosulphate complex, a component of the photographic industry efﬂﬁent, and

insoluble Ag,S were shown to have no effect on activated sludge at levels of 100 000 ug/L,
but much smaller concentrations of freely dissociated AgNO, (10 000 ug/L) and of AgCl

(10 000 ug/L) cause an 84% and a 43% inhibition of oxygen uptake, respectively [13].

For silver to be toxic in low doses, the ionic form of the metal must come into direct contact
with metabolically active sites, such as the cell membranes of microorganisms. The action
of silver ions at low concentration is believed to involve reversible bonding with suifhydryl
groups (-SH) of enzymes or other active compounds at the cell surface {14].

Comparison of toxicity of metal ions to aquatic life forms made by Hutchinson {15] and
Albrightet. al. [16] reveals that silver ion is the most toxic of the metals tested. According
to Hutchinson, the general order of metal toxicity for Chlorellais Ag> Cd > Hg > Se > Ni
> Co > Pb, and for Scenedesmusis Ag> Cd > Ni > Se> Cu > Ba> Pb. Albrightet. al.
attributed the lethal action of the metal salts tested to be due to the metallic cations and the
order of bacterial sensitivity is Ag* >> Cu**, Ni** > Ba**, Cr’*, Hg** > Zn**, Pb*, Na’,
Cd*.

There are several factors that influence the distribution of a particular metal among its
several forms [26]. These include nature and concentration of the ligands present, stability

of the various metal-ligand complexes, concentrations of competing cations, temperature,



pH, ionic strength and the degree to which chemical equilibrium is attained (reaction
kinetics).

The species of interest may be either kinetically labile (have the ability to interconvert
rapidly with one another) or kinetically inert (remain intact). Speciation of kinetically inert
species can be accomplished relatively easily by using standard separation techniques such
as filtration [27], solvent extraction [28], chromatography [29] and ion-exchange [30].
Speciation of kinetically labile metal species is a much more delicate matter because care
must be taken to ensure that the original equilibria of the system are not perturbed [31].
Sample pre-treatmentor interaction of the analytical probe with the sample can perturb the
equilibrium of a system. If the existing equilibrium is perturbed then what is measured is
not the concentration of the species that normally exist in equilibrium, but the concentration
of the species that exist in equilibrium after the changes imposed by the method on the
system. Therefore an ideal speciation technique requires no sample pre-treatment and does

not perturb the equilibria of the system during measurement.

1.3 Speciation technique

Currently available techniques suitable for speciation of kinetically labile species
include: anodic stripping voltammetry (ASV) [32,33], indicator-dye spectrophotometry
[34], fluorimetry [35], ion-selective electrode potentiometry (ISE) [36], ion-exchange
column equilibration coupled with elemental analysis [37,38,39]. Below, the ion-
selective electrode method and the ion-exchange column equilibration method will be
discussed.

1.3.1 Ion-selective electrode potentiometry

Ion-selective electrodes are electrochemical sensors that respond selectively to the



activity of a given type of ion in solution in the presence of other ions, without disturbing
significantly the equilibria of the system. Ion-selective electrode potentiometry is therefore
a suitable technique for free metal ion determination in kinetically labile systems. The
particular ion to which an ion-selective electrode responds depends upon the chemical make
up of its sensing membrane. Analytical methods using ion-selective electrodes are used
extensively due to the versatility, speed and economy of the technique [40].

Metal ion-selective electrodes commercially available include those for Cd**, Ca**, Cu®’,
Pb*, Ca** /Mg** (water hardness), Li*, K*, Na*and Ag* [41]. The number of metal ions
measurable by this method however is limited mainly by the lack of selectivity of the
electrodes.

In this work a silver (I) ion-selective electrode was used to measure the concentration
of the free silver ion in aqueous samples. A typical silver (I) ion-selective electrode
includes a silver sulfide sensing element bonded into an epoxy body. When a sensing
element is in contact with a solution containing silver ions an electrode potential develops
across the sensing element. This potential, which depends on the activity of free silver ion
in solution, is measured against a constant reference potential of a reference electrode with a
meter. If the background ionic strength is high and constant relative to the sensed ion
concentration the activity coefficient is constant and activity is directly proportional to the
concentration. The electrode exhibits good response in one minute or less for
concentrations above 10° M Ag*. Below this value response time varies from 2 to 5
minutes [42].

All ion-selective electrodes have at least some unintended response to additional ions
and if there are present at high enough levels, they will interfere. Mercury (Hg?*) is the

major interfering ion for measurement of free silver ion [42,43].



1.3.2 Ion-exchange column equilibration technique

The ion-exchange column equilibration technique is an attractive technique for trace
metal speciation because measurements can be achieved with no or little manipulation of
the sample. Like ion-selective electrode potentiometry, the ion-exchange column
equilibration technique is non-perturbing. The technique has been previously used o
measure the concentration of the free nickel ion, [Ni**], in sewage [31], the free copper
ion, [Cu**], in natural waters [37], the free calcium ion, [Ca**], and the free magnesium
ion, [Mg**], in aqueous solutions [38]). The column equilibration technique is comprised
of three main procedural steps namely; loading step, elution step and analysis
(quantitation) step.

Pumping of sample solution through a cation exchange resin column is called the
loading step. The sample solution is passed through the column until all of the resin in the
column has come to equilibrium with the sample solution, i.e. no further removal of
species of interest from the solution occurs. If loading of sample solution is repeated at
various lengths of time, a loading (equilibration) curve which is a plot of moles sorbed
against time (volume) can be constructed. Typical loading curves are shown in Chapter 4,
section 4.6.3. Alternatively, if sample solution is pumped continuously into the column
and the effluent at the exit of the column is monitored continuously, a plot similar to
Figure 1.1 will be obtained. This is a breakthrough curve, which is a plot of the ratio of
the effluent concentration, Ce, to the influent concentration, Ci, against time (volume).
The time for the ratio of Ce/Ci to reach unity (plateau in the figure) is called the complete
breakthrough time. '

The process of removing sorbed metal ions from the resin phase is called the elution
step. The sorbed metal ions are removed from the resin by the ion-exchange process.
However, elution can be enhanced by secondary processes such as inclusion of a strong

ligand in the eluent.
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Figure 1.1 Concept of column equilibration technique. (a) Resin is at equilibrium with
sample stream. (b) A breakthrough curve.



The analysis step involves quantitation of the metal in the eluate from the column.
Element specific techniques like atomic absorption spectrophotometry (AAS) or inductively
coupled plasma-atomic emission spectroscopy (ICP-AES) may be used to quantify the
concentration of eluted metal.

The column equilibration-atomic absorption spectrophotometry method has several
desirable characteristics. The original equilibria in the sample solution are not perturbed.
This makes the method especially suitable for studies of kinetically labile systems. The
amount of resin in the bed can be adjusted to increase the sensitivity of the method and
metal concentrations as low as 10 to 10° mol I'* can be measured. By using a sirong acid
type cation exchange resin, the method can be used to measure free metal ion concentration
over a wide range of pH. Unlike ion-selective electrode potentiometry, the ion-exchange
method is not limited to a small number of elements. It can be applied to many different
metals and, when an element-specific detection technique such as AAS is used to analyze
the column eluate, the presence of other metals does not cause an interference.

The major disadvantages of the method are the following: The length of time required
for the analysis is long (especially with large amounts of resin) compared with ion-
selective electrode potentiometry. The method requires maintenance of trace ion-exchange
conditions, which can be achieved by addition of an inert electrolyte to the sample.
However, addition of large quantities of electrolyte may cause shifting of the original
equilibria of the system by changing the activity coefficients of the species. The method is
intrinsically less specific than the ion-selective electrode. Thatis, if a metal-ligand complex
sorbs onto the resin the signal obtained from the AAS or ICP-AES would be due to a
combination of the free metal ion and the metal-ligand complex. This thesis will focus on
the development of an ion-exchange column equilibration-atomic absorption method for

speciation of free silver ion in the presence of its chloro- and hydroxo-complexes.



1.4 Research objectives

Silver metal and silver compounds are widely used chemicals in many applications.
These include: weather modification (as Agl), photographic industry (as silver halides) and
manufacturing industry (e.g. plated ware, jewelry, coin, electrical and electronic products,
medical supplies etc.). As a result of natural processes like weathering and volcanic
activities, and of various industrial and human activities, silver enters the environment
through different pathways. Bertine and Goldberg [44] estimated the amount of silver
entering the world’s oceans as a result of weathering to be 11 000 tones per year.

As mentioned above, very small amounts of silver ion appear to be of great toxicity to

aquatic life as compared to other toxic ions such as Hg**, Cu®** and Cd**. Most of the
previous studies from this laboratory dealt with the determination of free metal ions of the
type M** e.g. Ca®* , Mg?* , Cu** and Ni** using the column equilibration technique.
Because of the above mentioned reasons, Ag* was chosen for a detailed investigation of
the ion-exchange method of determining an M" species in the presence of its kinetically
labile complexes.
Therefore the objective of the present study is to determine the concentration of free silver
ion present in equilibrium with kinetically labile ligand-bonded silver species without
perturbing the existing equilibria, by using the ion-exchange column equilibration technique
with atomic absorption spectroscopy as detector to measure the quantity of silver that is
eluted from the resin phase.
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CHAPTER TWO
THEORETICAL CONSIDERATIONS
2.1 Silver species distribution
2.1.1 Introduction

In the study of specificity of the ion-exchange column equilibration technique for the
metal ion, M’, in the presence of ligand, L, it is necessary to calculate the species
distribution so as to be able to compare the predicted and the experimental values of the
concentration of the free metal ion, [M']. In this section the algebra of complex formation
and general equations for predicting the fractions of free metal and metal-ligand species for
the silver-chloride system will be outlined.

2.1.2 Equations for calculation of silver species distribution

The solubility and equilibrium properties of the silver-chloride system have been
studied extensively [45-52]. Chloride, CI, forms four complexes with silver (I)
[46,47,49-54]. Free ligand concentration can be calculated by considering the equilibria

involved. The formation expressions for these four complexes are given below:

A30 + Cl. el AgCl

[agcl]

Ba = fAg"lC1] [AgCl] = B,ql[AglC1] w211
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Ag’ + 20  —— AgCl,’

-Mz;]_and

Boa = [ Ag*][Cl’]z [AgCl] = Bz,a'[Ag+][Cl']2 ..... 2.1.2

Ag’ + 3Cr e AgClazo

53'C| - [A8C132.] and

* AgaT [AeCk’] = Bralaglal ..2.13

Ag + 4 eT——— AgClL*>

[AgCL]

Bia = feoge M [ACW] = paalagllalt 214

Their respective stability constants as given in [53,54] are shown in Table 2.1.

Depending on the pH of the solution the metal ions may also interact with hydroxide
ion, OH. The hydroxide ion forms three complexes with silver (I) [55]. The formation
expressions for these three complexes are given below:

A 80 + OH- gl A SOH

Brou = [A[%% [AgOH] = ﬂLog[Ag*][OH'] e 2.1.5

A gf + 20H = A g(omz.

[Ag(OH)>']

m [Ag(OH) 2.] = BZOH[AS+] [OH'] 2 e 2.1.6

Baou =

Ag’ + 30H g Ag(oﬂ)sz-



Table 2.1 Listof the stability and solubility product constants for silver with chloride,
hydroxide, EDTA (Y*), nitrate and ammonia, and for Na* with EDTA (Y*),
at specific ionic strength (I) and temperature. Charges on the species are not

shown for convenience.

Equilibrium logB (1, temp. °C)
[AecAgilch ] 29 ©z25 ]
[AgCL]/ [Ag] [CI)? 47 (0.2,25)
[AgCL]/ [Ag] [CIP? 50 (02,25
[AgCL]/ [Ag] [CI]* 59 (0.2, 25)
{Ag] [C]] ‘ -9.74 (0.0, 25)
[AgOH]/ [Ag] [OH] 23 (0.0, 25)
[Ag(OH),1/ [Ag] [OHT® 36 (0.0, 25)
[Ag(OH),] / [Ag] [OH}® 48 (0.0, 25)
[Ag] [OH] -7.37 (0.0, 25)
[AgY*]/[Ag] [Y*] 7.22 (0.1, 25)
[AgHY*]/ [AgY*] [H'] 6.01 (0.1, 25)
[AgNO,J/[Ag] [NO,] -0.2 (0.0, 25)
[AgNH,)/ [Ag] [NH;] 3.31 (0.0,25)
[Ag(NH,),)/ [Ag] [NH,]) 7.22 (0.1,25)
[NaY*}/[Na'][Y*] 1.84 (0.1,25)




A 2
Bao = [Ag(OH);*]

= gl [ABOW3'] = BaoulAg'llOH]® ..217

Their respective stability constants as given in [54] are shown in Table 2.1.

2.1.2.a  In the absence of solid AgCl(s) and Ag,0(s) and with chloride not in large

€xcess

The fraction of metal present in the free form, a,, depends on the free ligand

concentration, [L.]. When the total concentration of the ligand, C,, is much greater than that
of the metal, C,,, i.e. C; >> C,, and the ligand is not involved in reaction other than

complex formation; then C, = [L]. That is concentration of complexed ligand can be

neglected and the total ligand concentration can be used for calculations of a’s instead of

the free ligand concentration. However if the metal and the ligand are present in
comparable amounts i.e. C; < 10C,, then the concentration of complexed ligand cannot be

neglected and the use of free ligand concentration in calculating a’s is inevitable [56].

The total concentration of the metal in solution, C,,,,, both complexed and
uncomplexed is given by:
Cas = [Ag°] + [AgCl] + [AgCL ] + [AgC1,*] + [AgCL*] + [AgOH] +
[AgOH), ]+ [AgO®),*] . 2.1.8

Substituting for each species concentration in terms of its formation constant, free metal

and ligand concentrations we obtain:

Cagat = [ag’] {1"’ Bra [CT]+ B, o [CIT + B, o [CIP + B, [CTT +

Br.ou [OH] + B,.0x [OHT + B, ou [OHT } e 2.1.9
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Theterm 1+ B, oz [OH] + B, 0 [OHT + B 0 [OHT is the reciprocal of the fraction of
free silver in solution, a,,, .y if hydroxide ion is the only complexing ligand present. Thus

we can write:
1 - 5 e 2.1.10
1+ 8, o [OH] + B, o [OH']” + B3 o [OH']

CGagsOH =

For a solution of known pH and therefore known [OH], a,,, g can be easily evaluated.

The fraction of other silver-hydroxo species expressed in terms of a ,,, . are given by:

Upgor = BroalOH] ay,on e 2.1.11.a
Qo = BrowlOHPayw L 2.1.11.b
Aoy = BsoulOHP O e 2.1.11.c

Equation 2. 1.9 can be re-written as follows:
Cagsa = A1 {B1a[C1]+ B, [CIT + B, [CTP + B, [CF+ Vayp 00 }
' 21,12

Similarly, we can write the total concentration of the ligand, C_, in terms of formation

constants, free silver and chloride concentrations as:

Cq = [r]+ [Ag"] { B, q[C1]+ 28, 4 [C1F + 38, [CIP +48,, [C1T* }
... 1.13
The concentration of complexed chloride is given by:
Cq - [C1] = [Ag'1{B,alCIT+ 2B, [C1F + 3B, o [CIT + 4B, [CIT'}



Dividing equation 2.1.14 by equation 2.1.12 we obtain:

Ca-[ar] __ BralCl]+28a [C) +3gq [CTP +4fsa [a]
Cagd  BralCr]+B2a [CF + Baa [CTF + Boa [CIT® + VV angeon

veee 2.1.15
Rearranging equation 2. 1.15 and collecting terms with similar power we obtain:

Bac [CI° + (4CagsaiBaci-CaBaa+ Bs.a) [CI]° +

(3CagsiBs.a-Ca Bs.a + B2 CIP+(2CagsaBra -CaBaa + Br.a) [CI]?

+ (CagsaBra - CaBra+ Vaag.on)[C1] - S :? on = 0 e 2.1.16
By defining the following:
A* = B.a 2.1.17.a
B* = 4C uBia-Cabiatba 0 . 2.1.17:b
C* = 3Cuubria-Cabsatba 00000 2.1.17.¢c
D‘ = ZCA',u Bz‘a - Cu Bz‘a + BI.CI ..... 2- lo l7-d
E* = Cpyubia-Cobrat Ve, and ... 2.1.17.
- Ca e 2117
F* = GAg+OH )

and substituting these coefficients into equation 2. 1.16 we obtain:

A*[CF + B*[C1*+ C*[CIP + D*[CI} + E*[C1] - F* =0 ..... 2.1.18

Computer software, Excel 5.0 was used to write computer program A.1, Appendix A,

which uses an iteration procedure to find a value of [Cl] which satisfies equation 2.1.18.

16
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Next, the fraction of free silver, ,,, can be calculated by rearranging equation 2.1.12

as follows:

[Ag']

CAg.sol

1 cese
1+Bra [C] +B2a [CT]? + Baa [CITP + Bac [CI]%+

... 2.1.19

......

B1.oa[OH'] + B, cui[OHT? + By, cu[OHT

The fractions of other silver-ligand species expressed in terms of a,,, are given by:

Qe =BCle,, 2.1.20.a
Qg2 = Boq[C Py, L 2.1.20.b
A = B3qQPwey,, L 2.1.20.c
ayu = Balllte, L 2.1.20.d
Ao = BgOHlea,,, L 2.1.20.e
Gpgoirs = BroaOHPa,,, L 2.1.20.
Qpgoup = BsoglOHPe,,, L 2.1.20.g

All these calculations can be done easily using computer programs given in Appendix A.



2.1.2.b Inthe presence of solid AgCl(s) and in the absence of solid Ag,OXs)

In the presence of solid AgCI(s) the following equilibria in addition to those given in
section 2. 1.2 must be considered.

AgCl(s) =mymmmim AgCl(aq) === [Ag’] + [CI]

Ksp = [Ag*][CI] and [Ag*] = lﬁsiL 2121
Where Ksp is the solubility product constant of solid AgCI(s).

Again, the total concentration of silver, C,,, complexed, uncomplexed and in solid form is

given by 2. 1.9, with one additional term.

_CA. = [Ag'] {1"’ Bra ]+ B.a[CIP + 8,4 [CIP + BalClT +

n S
Brou [OH] +B2ou [OH]? + B3on [OH® }+ —A\icl()

Where: 11, is the moles of solid AgCI(s) present expressed in equivalent

concentration units of moles per volume.
Note: V is the volume of solution; for large volumes of solution, the volume occupied
by the solid AgCI(s) is negligibly small.
Similarly, the total concentration of ligand, C, is given by equation 2.1.13, with one
additional term.
Ca = [a]+[Ag] {BralCr] +2B2a[CrP +3pa[CrP +

n
Boa (]t} Do 21

18



Subtracting equation 2. 1.22 from 2. 1.23 we obtain:
Ca- CA| = [C1] + B2a [AS’][CI’]z +28,q [AS’][CI'P +3B,a [Ag'][(:r]‘l -

[Ag’] - B, oulAg'HOH] - B, oulAg"MOHF - B, o [Ag")[OH]®

Substituting equation 2. 1.21 we can write:

Cq-C,\ = [C1]+ B, Ksp[CI] + 2B, , Ksp[CI]* + 3B,  Ksp[CI'P -

[—Ig;% {1+ BLoul[OH] +B2oul[OH > + B ou[OHP} - 2125

. 2 3 _ 1
Since, 1+ B1.0n[OH] +P20u[OH}* + f3.0u[OH] = QAg+OH

then,

Ca-Cag = (1+BraKsp)[C1] +285qKsp [CI']?> +3B4q Ksp [CI'] -

Ksp e 2.1.26
®ag+0H[CI']
Multiplying both sides of the equation 2.1.26 by [CI], we obtain:
(Ca-Cag) [Cr] = (1+BraKsp)[C1]? +283a Ksp [CIP +
-14 Ksp
3Bsq Ksp [CI']*- Tneon e 2.1.27

By defining the following:
A'= 3@4cKsp 2.1.28a
B = 23cKsp . 2.1.28.b

C = (1+B2cKsp) e 2.1.28.C

19



D' = (Ca- Cag) ad 2.1.28.d
B = BP e 21286
QGAg+OH

and substituting these coefficients into equation 2. 1.27 we obtain:
A'[laP+p[aP+cC[cP-DC]-E =0 .. 2.1.29

Computer software, Excel 5.0 was used to write computer program A.2, Appendix A,
which uses an iteration procedure to find a value of [C1"] which satisfies equation 2.1.29.

Table 2.1 above shows the literature values of the stability and solubility product
constants which are normally reported at specific ionic strengths. Most of the experiments
in this work were performed at an ionic strength of 0.3 M.  The constants which are shown
in Table 2.1 were corrected to the required ionic strength using appropriate equations. For
example, for the formation of the metal-complex AgCl, the thermodynamic stability

constant ™ for this species can be written as follows:

g™ = (Yw e ), = (Ym =) o 2.130

Where: v, is the activity coefficient of the species i.

TH
p1.c1 is the thermodynamic stability constant of the species AgCl.

L1
ﬁ1.c1 is the conditional stability constant of the species AgCl at one ionic strength

1.2
andﬁl .C1 at the other ionic strength.

Hence;

BY = (YM oo - (), w2131
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The activity coefficienty; for a given ionic strength can be calculated using Davies equation

[57] in the form:

) 24_O” . 2.132
logyi = AZ' T o - 03x!
+

where: A is a constant equal to 0.51 for aqueous solutions at 25 °C.
Z is the charge of the ion
I is the ionic strength and

y; is the activity coefficient of the ionic species i.

The activity coefficient of uncharged species can be considered to be unity [52].
2.1.3 Properties of silver chloride colloids

The equations developed above take into account the presence of silver chioride
precipitate but not specifically as a colloidal precipitate. Silver chloride colloids not only
alter the species distribution but also the particles might be trapped or sorb onto the
exchanger and be quantified as free silver, [S8]. Below, some properties of silver chloride
colloid will be outlined.

2.1.3.1  Solubility of silver chloride

The solubility of silver chloride in water is 0.00193 g I'' at 25 °C and the solubility
product, Ksp, is 1.8 x 10 % at 25 °C [59]. Silver chloride is an example of a colloidal
precipitate. When the precipitateis first formed by precipitation in dilute solutions it consist
of extremely minute primary particles. When the primary particles are left in contact with
the supernatant liquid they form loose aggregates by sharing a mutual sheath of solvent
[60]. Thus the primary particles are subject to increase in size i.e. particle growth. The



)

process of Ostwald ripening, which involves the transfer of solute from small to large
particles by way of the solution is considered secondary for silver chloride precipitate [60].

Brownian motion which is caused by the bombardment of the particles with the liquid
medium in which the particles are suspended may cause the particles to collide and
coalesce. In order for two colloidal particles of silver chloride to coalesce, they must
collide with enough kinetic energy to overcome the electrostatic repulsion caused by the
similar charge on the particle. The kinetic energy of the particles increase with increase in
temperature.

Presence of an electrolyte e.g. NaNO, not having an ion in common with a silver
chloride precipitate tends to increase its solubility to a slight extent due to change in activity
coefficient. This is called the salt effect. As the concentration of an electrolyte is increased,
the volume of the ionic atmosphere is reduced. Consequently the particles can come much
closer to each other before their electrostatic repulsion becomes significant. This leads tc
coagulation of the colloidal suspension and if it is allowed to stand for some time the
precipitate may settle in heavy curdy masses leaving a clear supernatant liquid. Therefore,
an electrolyte in this case plays a role of maintaining particle coherence. However, if the
electrolyte is diluted, the volume of the ionic atmosphere increases and the charged solid
particles repel each other and the curdy masses break up. This breaking up is called
peptization. Silver chloride is a classical example of a precipitate that peptizes when
washed with water. Peptization can be prevented by washing the precipitate with dilute

nitric acid.

2.1.3.2 Lightabsorption and Tyndall effect

Silver chloride particles have no marked absorption in the visible region. Its light
sensitivity is confined to the ultra-violetand deep violet regions (350-400 nm) [61]. When
a beam of light is directed at the colloidal dispersion, some of the light will be absorbed,
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some will be scattered, (Tyndall effect) and the remainder will be transmitted undisturbed
through the sample. The absorbed beam of light may cause photodecomposition of silver
chloride to silver, (Ag’) and chlorine, (Cl,). The silver coats the colloidal AgCl(s)
imparting a purplish blue color to it. The decomposition proceeds quite rapidly in strong
light (direct sunlight). Itis therefore evident that solution handling must be carried out in
subdued light and under no circumstances in direct sunlight.

2.1.3.3  Adsorption of ions

Surface charge is among the factors that determine the stability of colloidal particles. It
is acquired by the presence of extra cations or anions on the particle’s surface. The nature
and concentration of the ions on a precipitate depend on the surrounding solution and can
be changed if the solution is changed. For example, silver chloride suspended in the
presence of excess chloride ions in solution, acquires a negative charge owing to the
presence of extra chloride ions on the particle’s surface. The negatively charged surface
attracts cations and repels anions from the ionic atmosphere surrounding the particle. The
negatively charged particle and the positively charged ionic atmosphere together are called
the electrical double layer.

If silver nitrate is slowly added to the colloidal suspension, more silver chloride will
precipitate. As addition is continued, a time will be reached when the concentration of
silver ion in solution will be in excess. Under these conditions the silver chloride
suspension will acquire a net positive charge owing to the presence of extra silver ions on
the particles surface. In the same way a positively charged colloid can be made negatively
charged by addition of chloride. If the addition of the reagent is controlled, a point will be
reached when equivalent quantities of chloride and silver ions will be present at the
particle’s surface, and the net charge at the surface will be zero. This state is called the
point of zero charge (PZC). It is characterized by the composition of the solution (pX) in



equilibrium with the particles, where pX is the negative logarithm (base 10) of the
equilibrium concentration of potential determining ion (Ag* or Cl) when the net charge at
the surface of the particleis zero [64]. For silver chloride pAg is 4.6 [62-64]. Since the
energies of adsorption depend on the nature of the adsorbed ion, the PZC does not, in
general, correspond to a solution containing equal amounts of chloride and silver ions
(isostoichiometric solutions) but to a solution richer in the less adsorbable ionic species,
and is not related to the solubility product. Electrokinetic behavior of colloidal silver
chloride is beyond the scope of this work and, therefore, it is not discussed.

2.2 Theoretical background of free silver ion speciation measurement

by the ion-exchange column equilibration method

2.2.1 Introduction

Ion-exchange is used for metal speciation measurements in two ways. In the batch
method, a known volume of sample solution in a flask is equilibrated with a known weight
of resin. This method was commonly used in the past [65-70). The main drawback of the
batch method is that it introduces perturbation. The effect of which can be eliminated by
multiple equilibration [31].

In the column equilibration method, which was proposed in 1982 by Cantwell,
Nielsen and Hrudey [31], a sample solution is passed through an ion-exchange resin
column until equilibrium between the resin and sample solution is established. The method
is non-perturbing, hence it is suitable for metal speciation measurements in kinetically labile
systems. It has been used for metal speciation measurements with better and more
reproducible results than the batch method [31,37,38,71-72]. This is the method used in
this work.



2.2.2 Ion-exchange equilibria under trace conditions

Consider a solution containing the metal ion of interest, M*, and a relative high
concentration of an inert electrolyte (e.g. NaNO,). If this solution is passed through and
equilibrated with a known weight of strong acid type cation exchange resin, the following
equilibrium will occur:

M" + RNa =g RM + Na*
where R represents ion-exchange sites in the resin phase.

The thermodynamic ion-exchange equilibrium constant, Kg‘ for the metal ion distributed

between the solution and the resin phases is given by:

KH = % -2 _ [RMIMNa']  ymeve
ay . A [M*] [RNa] ™ . Yra

5
8]
)

where [i] is the equilibrium concentration, &; is the activity and y; is the activity coefficient
of the species i. Charges on ions are omitted for convenience.

The concentration ion-exchange equilibrium constant,Kﬁ; is given by:

[RM] [Na*] - 222
[M'] [RNa]

K =

By rearranging equation 2.2.1, we can write

9
N
W

™. Yoo
You. Yoa

K = KE

If the solution is “swamped™ with inert electrolyte (i.e. [Na’] >> [M"]), such that the
fraction of resin in the RM form is less than 1% of the resin total exchange capacity, Cp,,
then both the ionic strength and the activity coefficients are constant and the concentration

ion-exchange equilibrium constant become a true constant for this particular solution. Also



[Na'] and [RNa] in equation 2.2.2 become essentially constant and equation 2.2.2 reduces

to:
RM RNa
Avie = %,}— = Kg [[l\h"’]] = CONSTANT = - 224

where A, is the distribution coefficient of the free metal ion, M*, between the resin phase

and the solution phase. The conditions stated above are called “trace ion-exchange

conditions™ [73].
Rearranging equation 2.2.4 we obtain:
[RM]
+ = 2 225
(] T

This equation is used to calculate free metal ion concentration in all cases where trace ion-
exchange conditions are satisfied.

Under these conditions the concentration of free metal, [M'], in solution is directly
proportional to the concentration of metal sorbed in the resin phase, [RM]. By matching

the matrix of standard and sample solutions, a calibration curve (sorption isotherm) can be
constructed, from which the concentration of free metal, [M'], in the sample can be

determined.

2.2.2.1 Sorption isotherm

At equilibrium in the column equilibration method, there is no further change in the
concentration of metal sorbed in the resin phase and in the bulk solution. This equilibrium
state is usually represented by a sorption isotherm, which is a plot of concentration of metal
in the resin phase, [RM], against concentration of free metal ion, [M*], in the standard
solution. The ion-exchange sorption isotherm for a monovalent cation swamped by an

inert electrolyte can be predicted by considering the following equation:



M* + RNa =gl RM + Na

_ RMIN 226
KE = v (RNa]

We can write the charge balance in the exchanger phase as follows:

Ceotora = RNa+RM 2.2.7
and in the solution phase as:
C”L"m = Na’ + M XXX Y 2- 2;8

Where C; , 1ora and C,,,, rora. are total concentration of cations in the exchanger phase
and in the solution phase, respectively.

Substituting equations 2.2.7 and 2.2.8 into equation 2.2.6 we obtain:

_ (CrstorAL - [RM]) a9
RM] = Mg (Csol+TOTAL - [M']) o 229

The terms in the brackets are not constant, they depend on composition in the resin
phase and in the bulk solution. Hence a plot of [RM] against [M*] (sorption isotherm) is
not linear. However, under trace ion-exchange conditions;

Ciorora > RM  and Coivtorar. > M

ThllS, Cl.o.‘lUl'Al. = RNa’ and cwl.#.‘lUl‘Al. = Na*

Hence, the terms in the brackets are constant and equation 2.2.9 above reduces to:

RM] = CONSTANT M] .. 2.2.10
Where CONSTANT = KS _Cretorar _ KS -[ENT"]
Csol.+TOTAL [Na*]

Equation 2.2.10 above describes a linear isotherm, i.e. the concentration range of metal
ion, M*, in solution that gives a linear response. The CONSTANT (slope) is the
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distribution coefficient, A,,, of the metal ion, M’, between the solution phase and the resin

phase (see equation 2.2.4).
223 Ion-exchange equilibria under non-trace resin loading conditions

As discussed in section 2.2.2, the necessary conditions for maintenance of trace ion-
exchange coliditions are a relatively high concentration of electrolyte and less than about
one percent fractional loading. When either of these conditions is not satisfied the
proportionality between [RM] and [M*] will not hold.

For a high concentration of metal ion in solution, a very high concentration of
electrolyte is required to maintain the trace ion-exchange conditions, but addition of such a
high concentration of electrolyte can cause significant changes in solution activity
coefﬁciénts which in tumn can cause changes in the concentration of the free metal ion in the
sample. If the concentration of the electrolyte is still much higher than that of metal ion,
M*, i.e. [Na*] >> [M*], the ionic strength of the system is constant and K. can still be
assumed to be constant. As the concentration of metal ion in solution is increased, the

fraction of resin in the RM form also increases. If the increase is such that [RM] is more

than 1% of the resin total exchange capacity, Cg,, then trace resin loading conditions are
not satisfied and equation 2.2.4 for this system can be written as follows:

R | I ) 2211
e = o CONSTANT - [RNa]
_ _Ke . [RNa]
where CONSTANT = Na] instead of KE [Tﬂ

For a given weight of resin, the total ion exchange capacity (Cp) is constant.



Cx = RNa+ RM = CONSTANT ... 2.2.12

As the concentration of the metal ion, M", in solution is increased, [RM] also increases
but due to capacity constrains (equation 2.2.12) [RNa] decreases. According to equation

2.2.11 as [RNa] decreases, A,,, also decreases so that the calibration curve in this case is

not linear. However with suitable computer software, an equation for the best-fit can be
obtained for the calibration curve almost as easily as for a linear plot provided that the
curvature is not severe.

In the cases of both trace and non-trace ion-exchange conditions, it is assumed that only
the free metal ion, M*, is sorbed onto the resin. However other cationic and perhaps
neutral species may also be sorbed, depending on their distribution coefficients and fraction
in solution relative to the metal ion, M*. Whenever this assumption was in doubt, it was

tested. In some cases significant deviations from this assumption were observed.
2.2.4 Sorption of species other than free metal

Equations derived in section 2.2.2 and 2.2.3 are based on the assumption that only
metal ion, M, is sorbed. Species that are negatively charged are likely to be excluded from
the resin phase, but metal-ligand species which are positively charged can undergo cation
exchange and those that are neutral may also sorb onto a cation exchange resin [73].
Sorption of species other than the free metal ion will lead to erroneous resuits in free metal
ion, M, determination. It is useful to be able to predict the extent of sorption of other
species in the measurement of free metal ion concentration. In this section an equation will
be derived which takes into account sorption of neutral species like ML, where L is a
ligand.

Consider the system discussed in section 2.2.2, under trace conditions, with all

conditions remaining the same, except the neutral metal-ligand species, ML also sorbs onto
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the resin together with the metal ion, M*. When ML also sorbs, the following equilibrium
in addition to cation exchange of M" must be considered.

ML + RNa =i RNa.ML

The distribution coefficient, A,q, of the species ML between the resin phase and the

solution phase is given by:
[MLL 513
M= T

Where [MLY]; is the concentration of the species ML in the resin phase.
Atlow sorbed concentration, [ML];, in the linear region of its sorption isotherm, A,, will

be constant.
Let C;, be the equilibrium concentration of metal sorbed in all forms, i.e.

Ceu = RM+ME L. 2.2.14

The equilibrium concentration of metal, M, in the resin phase, [RM], can be obtained by

rearranging equation 2.2.4 as follows.

RM] =2, M] = MeayCuu eer2.2.15
Where a,, is the fraction of all metal, M, in solution that is present as [M'], and C,,, is the
total concentration of the metal in solution. For example, a,,, in the presence of CI" and

OH- ligands is given by equation 2.1.19 in section 2.1, above.
Similarly, from equation 2.2.13.

ML = MIM)= AMgaeChvdn 000 e 2.2.16
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Where a,, is the fraction of metal in solution that is present as [ML]. For example, a,

for the soluble neutral complex AgCl, is given by equation 2.1.20.a in section 2.1, above.
Substituting for [RM] and [ML}; in equation 2.2.14 we get.

Cam (MO + Mgl 2.2.17

Equation 2.2.17 above shows that the extent of sorption of metal ion, M* and metal-

ligand complex ML depends on the A’s and a’s of the species involved. Comparison of
equation 2.2.5 and 2.2.17 shows that sorption of ML together with metal ion, M’ results in
addition of the term A, @, ; C,/ .-

The values of a,,, a,4 and C,,,, in equation 2.2.17 can be calculated for any ligand

concentration, as shown in section 2.1. The value of A,,, for the metal ion, M*, can be

obtained experimentally using standard solutions of M* containing no ligand. Itis the slope
of the linear part of the sorption isotherm of the metal ion, M".

The distribution coefficient, A,, for the metal-ligand complex ML can be estimated by

curve fitting. This can be accomplished by comparing theoretically calculated and
experimental values of C,,, i.e. total concentration of metal in the resin phase. Thus, if the
experimental results do not fit equation 2.2.5 which assumes that only M* is sorbed by the
resin, equation 2.2.17 can be used to evaluate the experimental data. If a good fit is
obtained with equation 2.2.17, then the source of deviation can be attributed to the sorption

of neutral complex ML and the value of A,, will have been obtained.



2.2.5 Elution in the presence of complexing ligand

In this work EDTA which forms negatively charged complexes with silver was used as
an eluent. Consider a cation exchanger which has been equilibrated with a solution
containing Ag® in contact with EDTA at a fixed pH. The following equilibria will be
established:

RNa + Ag® === RAg +Na*

A

AgY*

The presence of complexing ligand Y* will cause the ion-exchange equilibrium to be
shifted to the left and the stable anionic AgY* complex which is formed will no longer be
held by the exchanger. In a solution in which sodium ion concentration from EDTA salt is
not high, the elution is caused more by complex formation than by the cation exchange

process.
In section 2.2.2 we defined the distribution coefficient for the metal (Ag*) between the
resin phase and the solution phase as follows:

Aage = % .. 2.2.18

In the presence of complexing ligand (eluent), the concentration of free silver ion, [Ag"], in
solution is given by:

[Ag'l = & Chqpn 2.2.19

Where a,, is the fraction of free silver in solution and is given by:
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1 - 1 _ —Ll __ e 2.2.20

= +
Cag+ GAg+OH (Ag+EDTA

Where a,,,oq is the fraction of free silver in solution if hydroxide ion is the only

complexing ligand present. Itis given by equation 2.1.10 in section 2.1.2.a, above. The
fraction of free silver in solution, a,,, oy, if EDTA is the only ligand present is given by

equation 2.2.21 below.

aAy.EJTA - 1 ----- 2.2-21

1 + PB'ageora Y]

Where [Y ] is the total concentration of EDTA in solution that has not reacted with Ag.
Derivation of equation 2.2.21 is given in Appendix D. Substituting equation 2.2.21 into
equation 2.2.20 above we obtain:

GRagegOH 2.2.22
1 + B'ageora [Y'] aagron

aAsg. -

It is desirable to have a very small value for a,,,, so that an eluent with very large

conditional stability constant with the analyte is an asset.
Combining equation 2.2.18 and 2.2.22 above, we can write an equation for the distribution

ratio, D,, as follows:

Dag = [RAgl = Aageangs ... 2.2.23
CA;sol
Capacity factor k, : is given by:
2 MageOage S 2.2.24
kAs- Ag+ CAge v

Where G, and V are weight of resin in grams and volume of eluentin liters.
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The formation of a stable negatively charged complex (large B',,yr,) reduces the fraction

of silver ions in solution, but the total concentration of silver in solution is increased. This

in turn decreases the distribution ratio, Da ¢ and therefore the capacity factor, k, g When

a,,, is very small, the fraction of silver in solution, f,, ., given by equation 2.2.25 will

be approximately equal to unity.
l 1
fagsod = =—m— = — e 2.2.25

then, desorption of silver from the resin phase will be quantitative.



35

CHAPTER THREE

EXPERIMENTAL

3.1 Apparatus

The apparatus, resin conditioning and column construction, reagents and chemicals,
procedures and the method for cleaning the equipment which are described in this chapter
are common to all subsequent chapters. Specific details will be mentioned in each chapter.

3.1.1 Column construction

Two types of column were used in this work, asmall 15 mg column and a large 1.4 g
column. The columns were constructed using the procedure outlined below. Schematic
diagrams of the columns are shown in Figure 3. 1.

3.1.1.1 Construction of 1.4 g resin large column

A polyethylene burette (tube) 8.5 cm long by 0.8 cm id (Cat. No. M0621510 Mandel
Scientific Co.) with a Teflon stopcock was used to make the column (Figure 3.1, left).
Porous polyethylene frits (Cat. No. H13638 Bel-Art) 1.0 mm thickness, 8.0 mm diameter

and about 35 um nominal pore size, were placed at the top and bottom of the resin bed. A
Teflon plug is threaded internally to accept a threaded polypropylene end fitting with flared

Teflon inlet tube.
One polyethylene frit was carefully pressed into the tube and placed on top of the

stopcock. About 1.4 g of de-fined analytical grade S0-100 mesh (300-150 um diameter)
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Threaded polypropylene end fitting (Cheminert)
Column tube (polyethyiene on left; Teflon on right)
Teflon retaining tube

Stainless steel washer

Resin particles

Polyethylene frits

Teflon stopcock

Teflon plug

L QM ™ U O W >

Figure 3.1 Cross-section diagram of the columns used for column equilibration
studies. Left 1.4 g (large) and right 15 mg (small) resin columns.
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Dowex SOW-X8, Na’-form cation exchange resin in several milliliters of water was slurry
packed into the tube. The resin bed is about 5.5 cm long. The second polyethylene frit
was carefully pressed into the tube such that the resin bed was held loosely between the
two frits to avoid excessive compression when the resin swells and to facilitate liquid flow.
A total of three resin columns were packed in this way. The schematic diagram of the
column is shown in Figure 3.1 (left).

3.1.1.2  Construction of 15 mg resin small column

The design of the 1S mg micro-column, shown in Figure 3.1, right, is similar to the
one described in reference [39]. A Teflon tube S cm long by 0.15 cm id (Mandel Scientific
Co.) was used to make the column. The tube is considerably longer than the resin bed in
order to accommodate two cheminert end fittings.

The Teflon tube was flared at one end. A polyethyiene frit (1.0 mm thickness, 1.5 mm
diameter and about 35 um nominal pore size) was carefully pressed into the Teflon tube

and placed at about 1.5 cm from the flared end of the Teflon tube. The column was
weighed. Small amounts of dry, de-fined, analytical grade cation exchange resin (Dowex

S50W-X8, 100-200 mesh (150-75 um diameter) - Na*-form) were added into the column

through the non-flared end using a Pasteur pipette. The column was weighed after each
addition until the difference in weight was about 15 mg. The second polyethylene frit was
carefully pressed into the column. The stainless steel washers and Cheminert end fitting
connectors were fitted in place. Finally the other end of the tube was flared. Two small
pieces of Teflon retaining tubes (0.15 cm od by 0.8 mm id), flared on one end, were
inserted into the column at each end to hold the frits in place. The resin bed was held

loosely between the two frits.
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3.1.2 Flow systems
3.1.2.1 Large column flow system

The instrument setup used with the 1.4 g resin column is shown schematically in
Figure 3.2. The Plexiglass water bath (constructed in the Machine shop, Department of
Chemistry, University of Alberta) has dimensions of S0 x 40 x 25 (L x W x H)
centimeters. A constant temperature circulating bath (Haake, type NBE No. 70 129) was
used to set the temperature of the water bath via copper coils. The variable speed peristaitic
pump (Gilson, Miniplus 2, Model No. E- 82, 8 channels Villiers-le-Bel, France) was fitted
with 8 pump tubes (Fisher purple-white, clear standard PVC pump tube 0.110” id). These
tubes are connected to the rest of the system by Teflon tubing (Alltech, 1/16” od by 0.8 mm
id). Three of the 8 bes pumped the sample solution to each of three large columns and
three other tubes pumped eluent to the three columns; one tube pumped water and the last
tube was used to pump pre-conditioning solution.

All reagents are pumped through the column via the three-port Teflon slider valves, V,
through V, (CAV3031, Laboratory Data Control). When any of the line(s) is not in use,
the pump tube(s) is released from the pump. The selection between pre-conditioning
solution (PRE.COND.) or water (WATER) is made using valve V,. In one position, pre-
conditioning solution flows through the column to waste. In the other position, water
flows through the column to waste. Valve V, is connected to one column at a time by a
threaded fitting in the connector H. The selection between sample solution (SAMPLE) or
eluent (ELUENT) is made using valves V,, V, and V,. In one position (solid lines in
Figure 3.2) sample solution flows through the column to waste for the required period of
tme. In the other position (dashed lines in Figure 3.2) the eluent flows through the

columns. The eluate from each column is collected for analysis at the exit of the column.
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resin columns. C, through C, are resin columns and V, through

V, are 3-way slider valves. Pump is a peristaltic pump.



3.1.2.2  Small column flow systems

The instrument setup shown in Figure 3.2 was used in the first part of this work while
the remainder of the work was done using the small column setups, these are shown in
Figures 3.3 and 3.4. In addition to the column design, the main difference between the
large and small column flow systems is the type of valve used. A six-port rotary valve was
used instead of the slider valves. The small column flow systems are simpler and are easier

to operate.

3.1.2.2.a Single pass flow for small column

In Figures 3.3 and 3.4 the variable speed peristaltic pump (Model No. D-83, 4
channels) was similar to the one described for the large column flow system except that in
this case the pump has only 4 pump channels instead of 8 channels. The type of tubing
used and connections were similar to those described for the large column flow system.

All reagents are pumped through the column via the six-port rotary valve, V (Cheminert
R 603 1V6). The following sequences of steps is employed: (1) The pre-conditioning
solution, PRE.COND is selected by switching valve V to position 5 and is pumped through
the column to waste; (2) sample solution is passed through the column to waste for the
required period of time by selecting SAMPLE valve V at position 1; (3) AIR is selected by
switching valve V to position 2, this expels liquid from the interstitial spaces; (4) the
column is washed by selecting WATER, valve V at position 3 and; (5) ELUENT is
selected by switching valve V to position 4. The eluate from the column is collected for
analysis at the exit of the column.



Figure 3.3 Schematic diagram of the single pass flow system with 15 mg resin colum.
(V) six-port rotary valve. (C) 15 mg resin column. The figure shows the
valve position during equilibration step. Pump is a peristaltic pump.
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3.1.2.2.b Recycle flow for small column

The main difference between the single pass flow system shown in Figure 3.3 and the
recycle flow system shown in Figure 3.4 is that in Figure 3.4 the sample solution, which
comes from the sample cell, is recycled back to the cell. The cell is a polyethylene beaker
with a Teflon lid. Through holes in the lid could be placed a silver (I) ion-selective
electrode (A), a double junction reference electrode (B), a thermometer (T), a specially
made glass capillary rod (1.0 mm bore size and 8.0 cm long) which can hold a 2 cm

diameter 0.45 um Nylon 66 membrane filter (D) and a Teflon sample return tube (E). The

cell is placed in a 25.0 = 0.1 °C jacketed water bath whose temperature is set by the

constant temperature circulating bath. In this setup, free silver concentration can be
measured simultaneously using both column equilibration and ion-selective elcctrode
methods. The purpose of the threaded connector H in Figure 3.4 is to connect the column
equilibration apparatus to the cell before each loading step and to disconnect it after each
loading step. All valve positions are the same as described in the case of single pass flow

system.

3.13 pH and Ion selective electrode systems

All potentiometric measurements of free silver ion concentration at 25.0 = 0.1 °C were

made with a Fisher Model 25 Accumet® pH/ion Meter with a silver ion-selective electrode
(Orion, No. 9416BN), a double junction Ag/AgCl reference electrode (Orion, No.
90-02-00) with saturated silver chloride inner chamber filling solution (Orion cat. No.
90-00-02) and 10% KNO, outer chamber filling solution (Orion cat. No. 90-00-03), and a
temperature probe (Fisher, cat. No. 13-620-16).



Indicator electrode (Ag*)
Reference electrode
Temperature probe
On-linefilter (0.45 um)

Sample return tube
Cell

Jacket water bath
S Stirring bar

Q M m O - W »

Figure 3.4 Schematic diagram of the recycle flow system. Pumping and valve system is
as in Figure 3.3.
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All pH measurements were made with a Fisher Accumet® Model 350 expanded scale
research pH Meter with a glass (Fisher, cat. No. 13-639-3) and calomel reference electrode

(Fisher, cat. No. 13-620-51).
3.2 Reagents and chemicals

All chemicals used were of analytical-reagent grade, unless specified otherwise. A
Nanopure™ system (Barnstead, model No. D 4751) was used throughout to purify water
used for solution preparation and cleaning of equipment. All solutions were ﬁltéred with a

0.45 um (Alltech No. 2024) nylon 66 membrane filter.

All silver standard and synthetic solutions were prepared using silver nitrate, (BDH).

A 0.01 M stock solution was prepared by dissolving 0.42468 g of AgNO, salt in water to a
volume of 250 ml. The stock solution was stored in a 250 ml polyethylene bottle, wrapped
with aluminium foil.

Chloride was used as a ligand. Sodium chloride (BDH) stock solution (1.5 M NaCl)
was prepared by dissolving 43.83 g of salt in water to a volume of 500 ml.

Sodium nitrate (BDH) was used as ionic strength adjuster. A stock solution of 3 M
NaNQO, was prepared by dissolving 254.97 g of salt in water to a volume of 1 L.

Sodium hydroxide (BDH) was used for pH adjustment and resin conditioning. Also
hydroxide was used as aligand. A stock solution of 3 M NaOH (CO, free) was prepared
by dissolving 60.00 g of the base in water to a volume of S00 ml. The stock solution was
stored in a SO0 ml polyethylene bottle.

{N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid]}, HEPES (Sigma) was
used as a buffering agent. A 0.01 M HEPES stock solution was prepared by dissolving
0.59575 g of the HEPES in about 200 mil of water, followed by addition of NaOH to bring
the pH to about 7 before diluting to 250 ml.
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Disodium salt of ethylenediaminetetraaceticacid, EDTA (BDH) was used as an eluent.
A solution of 0.05 M EDTA was prepared by dissolving 9.306 g of salt in about 300 m! of
water, followed by addition of NaOH to bring the pH to about 10 before diluting to
500 ml.

Nitric acid (BDH), 3 M HNO,, was used for cleaning labware and the flow system.
Hydrochloric acid, HCl (Anachemia) 0.2 M, 0.5 M, 1 M and 2 M and 99.8% methanol

(Fisher) were used for resin conditioning.
3.3 Resin

The two resins used were both analytical grade Dowex SOW-X8 (J.T. Baker chemicals
Co.)
strong acid type cation exchange resin in the H*-form. One was 50-100 mesh, lot No.
30509 and the other was 100-200 mesh, ot No. 31404 with total exchange capacities of
5.0 meq g and 5.1 meq g* (dry basis) respectively. The former was used in the large
column and the latter in the small column.

The same procedure was used to condition both resins. About 10 g of resin was placed
in a beaker of water. Fines were removed by repeated decanting of the suspension of resin
in water until no more suspension was visible. The resin was then transferred to a glass
column (2.3 cm id. and 30 cm long), which had a plug of glass wool as bed support above
the stopcock.

In the column the resin was washed with water, then with small portions of 0.2 M, 0.5
M, 1 M and 2 M HCI until the effluent was colorless; followed by water wash. The resin
was then converted to Na’-form by washing with small portions of 0.2 M, 0.5 M, 1 M,
and 2 M NaOH; followed by water wash. The resin was then washed with methanol o
dissolve organic substances present as impurities. Finally , it was washed with water and

air dried at room temperature. Both resins were stored in plastic bottles.



3.4 Procedures

341 Column operation

This section outlines the general procedure used to perform experiments using the
column equilibration technique. Despite the differences between the flow systems, the
procedure is common for all flow systems used in this work. The steps can be
accomplished by manipulating appropriate valve positions in a given flow system.

Before starting an experiment, the system was first allowed to reach a constant

temperature (25.0 = 0.5 °C). This was accomplished by adjusting the temperature of the

constant temperature circulating bath. The entire system was rinsed with water, then rinsed
with 3 M HNO, except the column which was rinsed with the eluent (EDTA). The entire
system was again rinsed with water. Finally, each line was flushed with appropriate
reagent.

The desired reagent flow rate was set by using the peristaltic pump. The column was
pre-conditioned by passing a pre-conditioning solution through the column to waste. This
is called the pre-conditioning step. Sample solution containing silver was then passed
through the column to waste for the period of time required to reach equilibrium. This is
called the equilibration (loading) step. The time required to reach equilibrium (complete
breakthrough) during the loading step was determined by studying equilibration (loading)
curves. This is described in chapter 4. After the equilibration step, air was passed through
the column for 1 minute to remove interstitial sample solution (the air line is not shown in
Figure 3.2). The column was then washed with water. This is called wash step, during
which the remaining interstitial sample solution is flushed to waste. The eluent was then
passed through the column in order to desorb the sorbed silver (elution step). The eluate

was collected at the exit of the column in a clean volumetric flask whose volume
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corresponds to the volume of eluent required for complete elution. Finally, another water
wash step was performed before starting another cycle.

The content of the volumetric flask was analyzed (analysis step) using atomic
absorption spectrophotometry (AAS) as described below. In some cases appropriate
dilution was made such that the signal obtained fell within the linear r;clnge of the AAS
response. The concentration of silver in the resin phase (eluted silver) was quantitated by
aspirating silver standard solutions. The composition of the standard solutions is the same
as that of the eluent except that the concentration of silver in each standard solution is

known.

3.4.2 [SE potentiometric measurement of free silver ion concentration, [Ag*]

For the measurement of free silver ion concentration using ISE potentiometry,
measurement and electrode cleaning procedures from reference [74] were adapted. The
pH/ion meter was first calibrated using appropriate standard solutions selected from the
series of silver standards used to calibrate the ion-exchange column equilibration system.
The calibration procedure used was as follows:

About 100 ml of the most dilute standard solution was placed in a polyethylene beaker.

The beaker was suspended in a jacketed water bath at 25.0 = 0.1 °C. The electrodes and

the temperature probe were then immersed in the solution. The solution was stirred using
a magnetic stirrer. Measurements were made when the meter reading stabilized. After a
measurement the electrodes and temperature probe were cleaned by rinsing with a stream
of water from a wash bottle, blotted dry with a tissue and immersed in another standard
solution of higher concentration than the previous one. A typical calibration curve is
shown in Figure 3.5. The calibration curve, which is described by the equation

Y =456 +50Xx 3.1
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Figure 3.5 Linear region of the ISE calibration curve for silver standard solutions in
0.3 M NaNO,, buffered at pH 7.
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with correlation coefficient of unity (R* = 1.00), is lineardown to 1 x 10° M Ag*, (where
Y = electrode potential in mv and X = log [Ag’]). Aftercalibrating the meter, the electrodes
were in turn immersed in solutions of same total ionic strength as the standards but
unknown silver ion concentration. Silver ion concentration in moles per liter was read
directly from the meter. When not in use for a short time, the electrodes were stored in

double deionized water.

3.43 AAS - measurement of silver concentration

All samples (eluate) were analyzed using atomic absorption spectrophotometry (AAS).
A Varian Spectra AA-10 atomic absorption spectrometer was used under the following

conditions:

wavelength 328.1 nm

lamp current 4 mA

spectral slit width 0.5 nm

aspiration rate S mlmin.*

mode Absorbance

signal peak height
integration ime 3 sec

acetylene pressure 1.5 psig

air pressure 3.5 psig

flame oxidizing (lean blue)
recorder type computer acquisition of data

The calibration procedure used for the measurement of silver using AAS was as follows:
Silver standard solutions of identical composition with sample solutions whose

concentrations were to be determined were prepared and stored in 250 ml plastic bottles.
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These standard solutions were used to calibrate the AAS before aspirating samples of
unknown silver concentration. A typical AAS calibration curve is shown in Figure 3.6.
The calibration curve which is described by equation

Y = 245x10° + L.0o6x102X 3.2

with correlation coefficient (R*) of 0.999, is linear in the concentration range 0.37 -

37.1umol I'' Ag*, (where Y = absorbance and X = concentration of silver in pmol I'*).

3.44 Cleaning of equipment and flow systems

All labware used for solution handling was first cleaned with detergent (labware which
was in contact with AgCI(s) was first soaked in 6 M ammonia), then thoroughly rinsed
with distilled water. This was followed by soaking overnight in 3 M HNO,, rinsing
thoroughly before use with nano pure water and drying in a dust free atmosphere.

The flow systems were cleaned by pumping 3 M HNO, through all lines, and then
washing with nano pure water. The procedure was repeated whenever necessary.
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CHAPTER FOUR

CHARACTERIZATION OF THE ION-EXCHANGE COLUMN
EQUILIBRATION-AAS TECHNIQUE FOR FREE SILVER ION
DETERMINATION

4.1 Introduction

Before doing any studies with the column equilibration technique, various experimental
parameters need to be characterized and optimized. This can be accomplished by
conducting breakthrough, elution, equilibration time (loading) and sorption isotherm
studies aimed at understanding the performance of the system under certain pre-selected
conditions. By manipulating the conditions, optimum operating conditions, suitable for the
determination of the metal ion of interest, can be obtained.

4.2 Experimental

The apparatus and general operating procedures are described in Chapter 3 above.
Only details specific to the present studies are mentioned here.

4.2.1 Apparatus

One of the columns in the large column flow system, Figure 3.2, was used for ail
experiments which are described in this chapter. The small column, single pass flow
system, Figure 3.3, was also used. The variable speed peristaltic pump was adjusted to
provide the required flow rates.
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4.3 Breakthrough studies

4.3.1 Introduction

The purpose of doing a breakthrough study is to determine the flow time or volume of
sample solution required for complete breakthrough i.e. when the concentration of sample
solution coming out of the column (effluent) is equal to the concentration of sample

solution entering the column (influent).

43.2 Procedure

The column was washed and pre-conditioned as described in section 3.4.1, above.
Sample solution containing a given concentration of silver was passed through the column
at a flow rate of 7 ml min.”. The effluent was continuously monitored as the system
approached equilibrium. This was accomplished by collecting fractions of the effluent at
the column exit in volumetric flasks ( S ml for 15 mg column and 10 ml for 1.4 g column)
over some period of time. The concentration of silver both in the collected effluent and in
the initial sample solution (influent) were determined by AAS. Some of the samples were
diluted prior to being aspirated into the AAS. A breakthrough curve, which is a plot of the
ratio of concentration of silver in the effluent (Ce) and influent (Ci), (i.e. Ce/Ci) against

time was constructed.

43.3 Results and discussion

Figure 4.1 shows the breakthrough curves obtained on the large column flow system,
Figure 3.2, for two different concentrations of silver (1.85 umol I"' and 46.35 umol I'' Ag*)

in a solution of 0.2 M total ionic strength (0.2 M NaNO,). The dataare given in Table B. 1



(Appendix B). Figure 4.1 shows that initially, before 60 minutes, Ce/Ci < 1. This is
because the resin in the column is sorbing silver ions from the sample solution. As more
sample solution is passed through the column, the ratio Ce/Ci approaches 1 (about 60
minutes). Finally, the influent and effluent concentrations become approximately equal and
Ce/Ciis close to 1; i.e. complete breakthrough has been achieved and no more silver ions
are removed from the sample solution as it passes through the resin bed. This is seen as a
plateauin Figure 4.1. Under these conditions (flow rate 7 ml min." and ionic strength of

0.2 M) the times required to reach complete breakthrough are about 60 and 90 minutes for

Ag" concentration of 46.35 and 1.85 umol I'", respectively. The difference in breakthrough

time is due to the difference in the distribution coefficient, A,,,. This is evident from the

displacement of the two curves which is observed in Figure 4.1. Ideally the two curves
should be identical if A, is the same; i.e. the concentrations under consideration are within
the linear region of the sorption isotherm. The rate of migration of a species depends on
the distribution coefficient of the species between the resin phase and the solution phase.

The retardation is stronger when the fraction in the resin phase is large i.e. large A,,,.

Hence at concentrations where A, is relatively small, breakthrough is achieved at

relatively shorter times.

In order to reduce the time required for the system to reach complete breakthrough, a
similar study was done at a higher ionic strength of 0.3 M. The results obtained are shown
in Figure 4.2 and the data are given in Table B.2. Comparing Figure 4.1 (0.2 M NaNO,)
and Figure 4.2 (0.3 M NaNO,) we see that the time for complete breakthrough has been
reduced. This is because an increase in the concentration of the principal counter-ions,

[Na'], is accompanied by decrease in the distribution coefficient, A,,, of Ag* between the

resin phase and the solution phase (see equation 2.2.4, Chapter2). Therefore, less Ag* is
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Figure 4.1 Breakthrough curves for 1.85 umol I"* and 46.35 umol I'' Ag* solutions in
0.2 M NaNO, and pH 7 buffer. The solutions were loaded onto a 1.4 g resin
column at a flow rate of 7 ml min.”. (Q) 1.85 umol I"* and; (@ ) 46.35 pmol I

The dashed lines are estimated based on theoretical expectation of breakthrough
curve shape. The data are shown in Table B. 1
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Figure 4.2 Breakthrough curves for 1.85 umol 1" and 46.35 umol I* Ag* solutions in

0.3 MNaNO,; and pH 7 buffer. The solutions were loaded onto a 1.4 g resin
column at a flow rate of 7 mi min.”. (Q) 1.85 umal I"' and; (Q) 46.35umol I'".

The dashed lines are estimated based on theoretical expectation of breakthrough
curve shape. The data are shown in Table B.2.
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sorbed onto the resin. Since A, is relatively small, retardation is weak and thus, the time

to reach complete breakthrough is reduced, provided that the system is not rate limited (see
section 4.5.1, below).

The effect of [Na'] on the breakthrough time can be clearly seen in Figures 4.3 and 4.4
in which data from Figures 4.1 and 4.2 are re-plotted. Figure 4.3 was obtained by
plotting data from column two of Table B.1 and B.2 against time and Figure 4.4 by
plotting data from column three of Tables B.1 and B.2 against time.

A breakthrough study was also done using a single pass flow system with a 15 mg

micro-column, Figure 3.3. Sample solution containing 100 umol I'* of silver in 0.3 M

NaNO, buffered at pH 7 was passed through the column at a flow rate of 7 ml min.”". The
data are given in Table B.3. In Figure 4.5 these results are compared with those obtained
using a 1.4 g resin column. Under these conditions i.e. 0.3 NaNO, M and flow rate
7 ml min.", the time required to reach complete breakthrough was found to be about 2
minutes, which is much shorter than the approximately 40 minutes required on the 1.4 g
resin column. This is because with the micro-column, the solution on its way through the
resin bed gets into contact with relatively less layers of the exchanger particles than is the

case of the 1.4 g resin column. Hence complete breakthrough is achieved much faster.

4.4 Pre-conditioning study

The purpose of pre-conditioning the resin column is to ensure that the solution in the
column has similar composition (ionic strength and pH) as the sample solution to be
loaded. In principle, pre-conditioning is not necessary in the column equilibration method,
since the sample solution conditions the column itself if the sample is allowed to pass long

enough and eventually equilibrium is achieved with the sample solution composition.
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Figure 4.3 Breakthrough curves for 1.85 umol I Ag* solutionin 0.2 Mand 0.3 M

NaNO, and pH 7 buffer. The solutions were loaded onto a 1.4 g resin
column at a flow rate of 7 ml min.". (Q) represent 0.2 M NaNO, and;
(3) 0.3 M NaNO,. The dashed lines are estimated based on theoretical

expectation of breakthrough curve shape. The data are shown in

TableB.1 and B.2.
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Figure 4.4 Breakthrough curves for 46.35 umol I Ag* solution in 0.2 Mand 0.3 M

NaNO, and pH 7 buffer. The solutions were loaded onto a 1.4 g resin
column at a flow rate of 7 ml min.”. (Q) represent 0.2 M NaNO, and;
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Figure4.5 Comparison of breakthrough curves obtained by using 1.4 g (open squares)

and 15 mg (closed circles) resin columns. The solutions 46.35 umol I'* and

100.0 umol I* Ag®, both in 0.3 M NaNO, and pH 7 buffer, were loaded onto

1.4 g and 15 mg columns, respectively. Both solutions were passed at a flow
rate of 7 ml min.™. The dashed lines are estimated based on theoretical
expectation of breakthrough curve shape. The dataare shown in Tables B.2
and B.3.
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The large column flow system, Figure 3.2, was used. The composition of
pre-conditioning solution was the same as that of sample solution except no silver was

added in the pre-conditioning solution. The resin was pre-conditioned for different lengths
of time. After each pre-conditioning, the sample solution containing 10.0 umol I"* Ag* in

0.3 M NaNO, buffered at pH 7 was passed for 40 minutes at a flow rate of 7 ml min.".
Sorbed silver was eluted with 0.04 M EDTA (pH 10) at flow rate of 2 ml min.™. Figure

4.6 shows a plot of umols of silver eluted against pre-conditioning time.

From these results it is evident that, under these experimental conditions (especially
loading time), pre-conditioning has no significant effect on the sorption of silver onto the
resin. This is consistent with the principles of the method. Nevertheless, it was
conservatively decided to pre-condition the columns throughout because during
breakthrough and equilibration studies, shorter times were used to pass the sample solution
through the column. The large column was pre-conditioned for 3 minutes and the small

column for 1 minute.

4.5 Elution studies

4.5.1 Introduction

Elution studies are aimed at examining optimum operating conditions for desorbing all
sorbed metal in order to determine it by AAS. Type of eluent, eluent concentration and
eluent flow rate are among the parameters that affect elution efficiency.

EDTA (Y*) was chosen as an eluent because it forms stable negatively charged
complexes with silver ion. During preliminary studies ammonia/ammonium buffer was
added in the eluent. Neutral species like ammonia also form stable complexes with silver

ion as follows:
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Figure 4.6 Resin pre-conditioning curve. The resin was pre-conditioned for different
lengths of time with a solution containing 0.3 M NaNO, and pH 7 buffer. The

solution containing 10.0 umol I'* Ag" in 0.3 M NaNO, and pH 7 buffer was
loaded onto a 1.4 g resin column for 40 minutes. Both solutions were passed

ataflow rateof 7 ml min.". The eluentwas 0.04 M EDTAat pH 10. The
data are shown in Table B.4.



63

Ag’ + NI‘[, D —— AgNH,’
Ag’ + ZNI‘[:, i A g(NH,),’

but the complexes formed are positively charged. The presence of such silver containing
species in the eluent is expected to reduce the elution efficiency due to sorption of the
positively charged species during elution. This increases the distribution ratio of Ag*
between the resin phase and the eluent phase.

Elution of sorbed metal from the resin could be either reagent limited or desorption rate
limited or a combination of both. If elution is reagent limited, then for a given time of
flowing the eluent, the amount of silver eluted will strongly depend on the amount of
reagent that has been passed through the column rather than on the flow rate at which the
reagent is passed. When the amount of metal eluted is plotted against volume of eluent
passed through the column, the elution curves at different flow rates will be identical. [If
time instead of volume is plotted on the horizontal axis, the curves will be displaced from
one another along the time axis. Altematively, when elution is desorption rate limited,
plots of elution curves as moles eluted against time will be identical, but plots of elution
curves as moles eluted against volume will be displaced from one another along the volume

axis.
4.5.2 Procedure

The column was washed and pre-conditioned as described in section 3.4.1. Sample
solution containing 92.7 umol I'"* as Ag* in 0.3 M NaNO, buffered at pH 7 was passed

through the column at a flow rate of 7 ml min.™" for a sufficiently long time to reach
equilibrium. (40 minutes for 1.4 g and 5 minutes for 15 mg resin column). [nterstitial
sample solution was removed by passing air, the column was washed with water and

sorbed silver was eluted with 0.04 M EDTA at pH 10 (unless specified otherwise). The



64

eluate was continuously collected at the exit of the column in equal volume fractions as

specified below.
4.5.3 Results and discussion
4.53.1 Effectof NH,/NH," buffer on elution efficiency

The effect of NH,l/[NH,* buffer on elution efficiency was investigated by adding
varying amounts of the buffer to the eluent ( 0.05 M EDTA at pH 10). The buffer ratio,
[NH,)J/[NH,"] was 5.6 in all cases. The large column flow system, Figure 3.2 was used.
The eluent containing NH,}/[NH," buffer was passed at a flow rate of 2 ml min.”. The
eluate was continuously collected at the column exitin 10 ml fractions over a certain period
of ime, some 10 ml fractions were diluted before being aspirated to the AAS.

Figure 4.7 shows the results obtained and the data are given in Table B.5. Figure 4.7
shows that when no ammonia/ammonium buffer is present in the eluent, quantitative
elution is achieved after a passage of SO ml of eluent. However when the concentration of
ammonia/ammonium buffer in the eluent is increased to 0.02 M and 0.05 M, quantitative
elution is achieved after a passage of 70 ml and 110 ml of eluent respectively, i.e. as the
concentration of ammonium buffer is increased elution efficiency decreases. Based on the
results of this study, in all subsequent experiments no ammonia/ammonium buffer was
added in the eluent. Instead the pH of the eluent was raised to pH 10 and the buffering
effect of EDTA was utilized.

4.53.2  Effectof eluent flow rate on elution efficiency

The large column flow system, Figure 3.2, was used. The eluent, 0.04 M EDTA at pH

10, was used to elute sorbed silver at flow rates of 1, 2 and 10 ml min.*. The eluate was
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Figure 4.7 Elution profiles showing the effect of NH;/NH," buffer on elution of Ag*
from Dowex SOW-X8 strong acid cation exchanger. The solution containing

92.7 pmol I'* Ag* in 0.3 M NaNO, and pH 7 buffer was loadedontoa 1.4 g

resin column for 40 minutes at a flow rate of 7 ml min.”. The eluent was
0.05 MEDTA at pH 10, containing different amounts of NH3/NH4" buffer.
(@) 0.05 MNH,/NH,’ ; (@) 0.02 MNH,/NH,* and; (Q) no NH,/NH,*
added. Thedataare given in Table B.S.
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collected in 10 ml fractions as described previously. The results obtained are shown in
Figures 4.8 and 4.9 and the data are given in Tables B.6 through B.8.

The first column in each table is the time which the eluent is passed through the resin
bed, it is calculated by dividing the total volume of eluent collected in ml by the flow rate in

ml min.". Figures 4.8 and 4.9 show plots of umols of silver eluted against volume and

time, respectively. When the curve is estimated by drawing a smooth line point-to-point
the areas under the curves in Figure 4.8 should be approximately equal to one another.
While the area under the curves in Figure 4.9 should be approximately proportional to the
reciprocals of their respective flow rates (of course, the scarcity of points between O and 20
ml and between O and 20 minutes cause a large uncertainty in the shapes of the curves in
these regions). The fact that the curves in Figure 4.8 are mostly, but not perfectly,
superimposed (identical) and that those in Figure 4.9 are mostly, but not completely,
displaced from one another suggests that elution is mostly, but not purely, reagent limited.
Hence we can conclude that elution of silver from Dowex SOW-X8 50-100 mesh strongly
depends on the supply of reagent (eluent) and to some extent depends on the rate of
desorption (diffusion) of silver from the resin phase to the solution phase.

Specifically, the small desbrption rate contribution is evident from the fact that
increasing the eluent flow rate to 10 ml min.™ results in high dispersion (Figure 4.8). This
is a result of desorption rate dependency because as the eluent flow rate is increased, the
eluent has less time in contact with the resin. Hence relatively less silver has desorbed by
thattime. If elution in shorter time is desired, the eluent has to be passed at a faster flow
rate (Figure 4.9), but, if elution in a smaller volume is desired then the eluent has to be
passed ata slower flow rate, (Figure 4.8). For the best compromise of time and volume,
in all subsequent studies it was decided to pass the eluent at a flow rate of 2 ml min.™

After equilibrating the resin with a 92.7 umol ' Ag* solution, elution with 0.04 M

EDTA at pH 10 and a flow rate of 2 m! min. ' was quantitative after passage of about 50 mi
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Figure 4.8 Elution profiles showing the effect of eluent flow rate on elution of Ag* from
Dowex S0W-X8 strong acid cation exchanger. The solution containing

92.7 umol I* Ag* in 0.3 M NaNO, and pH 7 buffer was loadedontoa 1.4 g

resin column for 40 minutes at a flow rate of 7 ml min.". The eluent was
0.04 MEDTA atpH 10. (®) eluent flow rate 10 ml min."; (Q) eluentflow
rate2 ml min." and; (O) eluent flow ratel ml min.”. The data are given in
Tables B.6 through B.8.
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Elution profiles showing the effect of eluent flow rate on elution of Ag* from
Dowex SOW-X8 strong acid cation exchanger. The solution containing

92.7 umol I' Ag* in 0.3 M NaNO, and pH 7 buffer was loadedontoa 1.4 g

resin column for 40 minutes at a flow rate of 7 ml min.". The eluent was
0.04 MEDTA atpH 10. (®) eluentflow rate of 10 mi min.*; (O) eluent
flow rate of 2 ml min.” and; (O) eluentflow rateof 1 ml min.". The dataare
given in Tables B.6 through B.8.
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of the eluent (Figure 4.8). According to equation 2.2.5, Chapter 2, when less concentrated
solutions of Ag* are loaded onto the resin column relatively less silver will be sorbed as
RAg. An experiment was conducted to examine if volumes less than 50 ml could be used
to elute all sorbed silver. Solutions containing 1x10”M, 1x10° M and, 5x10° M Ag* were
passed in tumn through the column at a flow rate of 7 ml min.”. In this case the eluent
(0.04 M EDTA at pH 10) was continuously collected in 5 ml fractions. The results
obtained are shown in Figure 4.10 and the data are given in Table B.9.

From Figure 4.10 it is evident that volumes of eluent less than SO ml could be used to
quantitatively elute all sorbed silver from dilute solutions of Ag* loaded onto the column.
This observation is consistent with the fact that, since elution strongly depends on the
supply of eluent, with a much smaller amount of silver sorbed, less eluent is needed for

complete elution.

4.5.3.3  Effectof eluent concentration on elution efficiency

In the previous section, it has been demonstrated that elution efficiency depends more
on the rate of supply of reagent (amount of eluent) than on the mass transfer rate of reagent.
Therefore, an increase in the concentration of the eluent is expected to increase the elution
efficiency at a given flow rate.

An experiment was conducted to investigate this effect. The large column flow system,
Figure 3.2 was used. The eluent concentrations investigated were 0.02 M, 0.04 M and
0.08 M EDTA, all at pH 10. The eluent was passed at a flow rate of 2 ml min.". The
eluate was collected in 10 ml fractions as previously described.

The results obtained are shown in Figure 4.11 and the data are given in Table B.10.
Figure 4.11 reveals that concentration of eluent has some effect on elution efficiency. As
the eluent concentration is increased from 0.02 M to 0.04 M EDTA, the volume of eluent
required for quantitative elution of silver from the resin decreases from 90 ml to 50 ml.
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Figure 4.10 Elution profiles for different low concentrations of Ag* in 0.3 M NaNO,
and pH 7 buffer. The solutions were loaded onto a 1.4 g resin column
for 40 minutes at a flow rate of 7 ml min.”. The eluent was 0.05 M
EDTA at pH 10. Each fraction represents S ml of eluent. (8) C,,, =
5x10°M; (Q) C,,, = 1x10*Mand; (@) C,,, = 1x10” M. The data

are given in Table B.9.
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The dispersion, which is evident as tiling, is higher for 0.02 M EDTA due to limited
reagent. However, over 0.04 M EDTA no significant decrease in the eluent volume is
observed i.e. a concentration limit has been reached where an increase in concentration of
eluentis not accompanied by decrease in volume of eluent needed for quantitative elution.
Thus under these conditions elution efficiency is no longer reagent limited but is, rather,
desorption rate limited. In subsequent studies, elution with 0.05 M EDTA at a flow rate of
2 mi min. was used.

4.5.3.4 Elution study with a 15 mg resin column

An elution study was also done with a micro-column (15 mg resin column), Figure
3.3, to determine the volume of eluent needed for quantitative elution of sorbed silver.
Solutions of 1x10°M, 1x10°Mand 1x10*M Ag* were equilibrated, in turns, with the 15
mg resin column using the procedure described previously. An eluent 0.0SM EDTA at pH
10 was passed at a flow rate of 2 ml min.™. Eluted silver was continuously collected in 5
ml fractions as described previously. The results obtained are shown in Figures 4.12 and
the data are given in Table B.11.

For a 1x10* M Ag" solution, quantitative elution was achieved after the second 5 ml
fraction. This fraction contains only about 0.5% of the total silver eluted. However, for
both 1x10*°M and 1x10°M Ag" solutions, quantitative elution was achieved after the first
5 ml fraction. The amount of Ag* present in the second S ml fraction could not be detected.
For all subsequent experiments with the micro-column 5 ml of eluent was used for Ag”
concentration of 1x10°° M and less, 10 ml was used for Ag* concentration of 1x10° M 1o
1x10* M. For Ag" concentrations greater than lxld‘ M larger volumes of eluent were

used and extra 5 ml fractions were collected to check if elution was quantitative.
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Figure4.11 Elution profiles showing the effect of eluent concentration on elution of Ag”

from Dowex SOW-X8 strong acid cation exchanger. The solutions

containing 92.7 umol I'* Ag* in 0.3 M NaNO, and pH 7 buffer were loaded

onto a 1.4 g resin column for 40 minutes at a flow rate of 7 ml min.™.
Different concentration of eluent (EDTA) at pH 10 were used for elution.
The eluent was passed at a flow rate of 2 ml min.". (@) 0.08 M EDTA;
(3) 0.04 MEDTA and; (0) 0.02 M EDTA. The dataare given in Table
B.10.
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Figure 4.12 Elution profiles for different concentrations of Ag* in 0.3 M NaNO,
and pH 7 buffer. The solutions were loaded onto a 15 mg resin column
for 5 minutes at a flow rate of 7 ml min.". The eluent was 0.05 M
EDTA at pH 10. Each fraction represents 5 mi of eluent.
(®) C,,,=1x10°M; (Q) C,,, =1x10°Mand; (o) C,,,=1x10*M.

The data are given in Table B.11.



74

4.6 Equilibration (loading) studies
4.6.1 Introduction

Among the requirements of the column equilibration technique is attainment of complete
equilibrium between the resin phase and the sample solution. Complete equilibrium could
be different from breakthrough because, experimentally, complete breakthrough can appear
to be achieved before equilibrium is reached. This is so in cases where loading of analyte
is rate limited. Therefore it is necessary to determine accurately how long the sample
solution has to be passed through the resin column until complete equilibrium is attained,
i.e. no further sorption of analyte is occurring. This can be accomplished by performing an
equilibration (loading) study in which the amount of analyte sorbed by the resin is

measured as a function of loading time or volume.
4.6.2 Procedure

A series of equilibration experiments were conducted using both large column flow
system, Figure 3.2, and small column flow system, Figure 3.3. The column was washed

and pre-conditioned as described in section 3.4. 1. Sample solution containing 9.27 umol I"*

Ag' in 0.3 M NaNO, buffered at pH 7.0 was passed through the column at a flow rate of 7
mi min. " for a given length of time (the loading time), after which the sorbed analyte was
eluted and the concentration of silver in the eluate was determined by AAS. This procedure
was repeated with various loading times (normally from shorter to longer times) in order to
construct the equilibration curve, which is a plot of moles of metal sorbed versus time or

volume.
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4.6.3 Results and discussion
4.6.3.1 Effectof flow rate on equilibration time

Figures 4.13 and 4.14 show the equilibration curves obtained by passing sample
solution through a 1.4 g resin column, at flow rates of 2, 7 and 10 ml min.”. The data are
given in Tables B.12 and B.13.

Figure 4.13 reveals that at a flow rate of 2 ml min." equilibration of silver on Dowex
SOW-X8 depends more on the volume of silver ion containing solution supplied than on the
contact time with the resin, thatis, itis supply limited rather than sorption rate limited. At
this flow rate it takes about 100 minutes for the resin to equilibrate. At a faster flow rate,
the system takes a shorter time to reach equilibrium than at slow flow rates where less Ag"
is supplied in a given time. At flow rates of 7 and 10 ml min.” it takes only about 30
minutes to equilibrate 1.4 g of resin in the column. When the flow rate is increased from 7
ml min.” to 10 ml min.", no further decrease in equilibration time is observed. This
implies that at a flow rate of 7 ml min."* or more, the loading is limited by slow diffusion of
silver ions onto the resin beads. This is because at faster flow rates enough sample is
supplied but the sample has less time to diffuse to and into the resin beads. Thus, the
plateau is approached more slowly in the case of faster flow rates (7 and 10 mi min.™) than
at aslow flow rate of 2 ml min." (Figure 4.14). Atany of these flow rates a passage of
about 280 ml of sample is needed for the resin to reach complete equilibrium with the
sample solution (Figure 4.14). In subsequent experiments, a flow rate of 7 ml min." and
equilibration time of 40 minutes (280 ml) was used to equilibrate the sample solution with
the 1.4 g resin column. This amount of sample is the same as the amount of sample

required for complete breakthrough, Figure 4.2 (40 min. x 7 ml min." = 280 ml).
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Figure 4.13 Loading curves showing the dependence of loading time on sample flow

rate for 9.27 umol I'* Ag* solution in 0.3 M NaNO, and pH 7 buffer. The

solution was loaded onto a 1.4 g resin column at different flow rates. The
eluentwas 0.05 MEDTA at pH 10. (o) sample flow rate 2 ml min.™; (O)
sample flow rate 7 ml min." and; (®) sample flow rate 10 ml min.". The
data are given in Table B.12.
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Figure 4.14 Loading curves showing the dependence of sample volume on sample flow

rate for 9.27 umol I'' Ag* solution in 0.3 M NaNO, and pH 7 buffer. The

solution was loaded onto a 1.4 g resin column at different flow rates. The
eluent was 0.05 M EDTA at pH 10. (g) sample flow rate 2 mi min.™; (O)
sample flow rate 7 ml min." and; (@) sample flow rate 10 ml min.”. The
dataare given in Table B.13.



78

4.6.3.2 Effectof ionic strength on equilibration time

In section 4.3.3 it was demonstrated that a change in the concentration of the principal

counter-ions (i.e. Na") of the solution phase alters the distribution coefficient, A,,, for the

Ag’® ion. Whena 1:1 swamping electrolyte such as NaNO, is used then [Na'] is essentially
equal to the ionic strength of the solution. The second effect of ionic strength (I) resuits
from the decrease in activity coefficient with ionic strength, as described in section 2.2.2.
This second effect of ionic strength is generally much smaller than the effect of change in
principal counter-ion concentration,[Na'], and will mostly be ignored in the discussion
belov?.

An equilibration study of pH 7 buffered solutions with different total ionic strengths but
the same concentration of Ag* (1x10° M) was conducted to examine the effect of ionic
strength on equilibration time. The solutions were passed through the 15 mg resin column
(Figure 3.3) at a constant flow rate of 7 ml min.". The results obtained are shown in
Figure 4.15a through 4.15e and the data are given in Table B.14.

From Figures 4.15a through 4.15e, it is evident that as the ionic strength of the sample

solution is increased the amount of silver sorbed onto the resin at equilibrium decreases.

This is due to decrease in the distribution coefficient, A, between the resin phase and the
solution phase. The quantitative relationship between the distribution coefficient, A,,, and

ionic strength (Na*) can be obtained by rearranging equation 2.2.4, Chapter 2 as shown

below:
_ [Rag] RNa] a1
T Tagl T B ]

But, under trace ion exchange conditions;

KS [RNa] = Constam 42
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Figure4.15 Loading curves showing the effect of ionic strength on equilibration time.
Solutions of differing total ionic strength (X Na*) contain 1x10°M Ag* and
pH 7 buffer, were loaded onto a 15 mg resin column at a flow rate of
7 mi min.". The eluent was 0.05 M EDTA atpH 10. Total ionic strength;
(@ o I=03M;(b)m[=0.15M,(c)o I=001M;(d) @ [ =0.05M
and; (¢) a I =0.001 M. The data are given in Table B.14.



Therefore, we can write equation 4.1 as follows:

Therefore, from the above equation, A.,,, is inversely proportional to the ionic strength.

The values of A, , atdifferent ionic strengths (Na") were calculated by dividing the values

of the equilibrium concentration of the total silver sorbed, [RAg], Figure 4.15a - d by the

concentration of Ag” in solution (1.0 umol I''). The values of A,,, obtained for each ionic

strength are shown in Table B.15. The decrease in distribution coefficient, A,,, with
increase in ionic strength is shown in Figure 4.16. The solid line is the fitted line which

gives the best-fit to the relationship between A,,, and 1/[Na’] as given by equation 4.3

above. The strong dependence of A,,, on the ionic strength reveals the importance of

accurately matching the ionic strength between the sample and the standard solutions during
free metal ion determination by the column equilibration method.

The time required to achieve complete equilibrium increases as the ionic strength of the
sample solution is decreased. For the case of 0.3 M, 0.15 M, 0.05 M and 0.01 M total
ionic strengths (Figure 4.15), curves (a) through (d), complete equilibrium is achieved in
less than 2 minutes, 2, 4 and 12 minutes of loading, respectively. This is because as the
ionic strength is decreased, the amount of Ag* sorbed by the exchanger increases. Since,
the analyte is supplied ata fixed rate (i.e. fixed concentration of Ag* and fixed flow rate),
then, relatively longer equilibration times will be required to equilibrate the exchanger when
larger amount of Ag’ is sorbed (large A,,, ). This means that as the ionic strength is

decreased loading becomes supply-limited. I[n the case of 0.001 M total ionic strength
equilibrium was not reached even after S0 minutes of loading (Figure 4.15, curve (e)). At

such a low ionic strength the distribution coefficient, A, , is much greater than at higher
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Figure 4.16  Distribution coefficient (A, ,,) of free silver ion between the resin phase and

the solution phase as a function of ionic strength. The equilibrium values
of silver sorbed per gram of resin for each ionic strength (Table B. 14) were
used to calculate the corresponding value of the distribution coefficient. The

values of A, obtained for each ionic strength are shown in Table B.15.
The solid line is the best-fit to the relationship between A, , and 1/[Na*] as

per equation 4.3.
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ionic strengths so the resin can sorb relatively large amounts of Ag®. Therefore, a longer
equilibration time is required for complete equilibrium to be reached. In all subsequent
experiments when solutions of different ionic strength were loaded onto the resin column,
appropriate equilibration times were used to ensure that the exchanger is in equilibrium with

the sample solution.

4.6.3.3 Effectof silver concentration on equilibration time

Concentration of the analyte in the sample solution may also be a factor that can
influence the ion-exchange kinetics and, hence, the equilibration time. For example, for
dilute solutions the rate of exchange may be controlled by film diffusion while for
concentrated solutions the rate may be controlled by bead diffusion, where all other
experimental conditions are kept unchanged [75].

In sorption isotherm studies and free metal ion determination using the column
equilibration technique, solutions of varying metal concentration are equilibrated with the
resin under a given set of experimental conditions. Hence, it is necessary to examine
whether the same equilibration time can be used to equilibrate solutions of different metal
concentrations with the resin.

An equilibration study of solutions having the same total ionic strength but varying
concentrations of Ag* was conducted to examine the effect of silver ion concentration on
equilibration time. Both large column (Figure 3.2) and single pass small column
(Figure 3.3) flow systems were used. The results obtained are shown in Figure 4.17 for
the large column and Figure 4.18 for the single pass smail column flow systems. The data
are given in Tables B.16 and B.17 respectively. Both Figures 4.17 and 4.18 reveal that for
all concentrations studied, the equilibrium is reached after 40 and 2 minutes of loading for
the large and small columns, respectively. This is consistent with the results obtained in
sections 4.6.3.1 and 4.6.3.2, above.
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Figure 4.17 Loading curves showing the effect of Ag* concentration on equilibration
time. The solutions containing differing amount of Ag* (X M Ag*)in0.3 M
NaNO, and pH 7 buffer were loaded onto a 1.4 g resin column ata flow rate
of 7 ml min.". The eluentwas 0.05 M EDTA at pH 10. Totalsilver

concentration, C, , , (3) 0 0.lumol I Ag*; (b) 0 1.0 umol I Ag* and ;

(c) ® 10 pmol I'' Ag*. The data are given in Table B. 16.
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Figure 4.18 Loading curves showing the effect of Ag* concentration on equilibration
time. The solutions containing differing amountof Ag* (XM Ag*) in0.3 M
NaNO, and pH 7 buffer were loaded onto a 15 mg resin column at a flow
rate of 7 ml min.". The eluentwas 0.05 MEDTA atpH 10. Total silver

concentration, C,,, , (3) 9 1.0 umol *; (b) O 10.0 umol I"* and; (c) @

100 pmol I''. The data are given in Table B.17.
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In light of these results we can conclude that under these conditions, there is no
significant difference in equilibration time for different concentrations of silver in solution.
Therefore a fixed equilibration time can be used for each column over a wide range of Ag*

concentrations.

4.7 Sorption isotherm

4.7.1 Introduction

At equilibrium in the column equilibration method, there is no change in the
concentration of metal sorbed in the resin phase, which is now at equilibrium with the
influent, unperturbed sample solution. A sorption isotherm is a plot of concentration of
metal ion sorbed by the exchanger at equilibrium, [RM], against the concentration of the
metal ion in solution, [M"].

4.7.2 Procedure

The column was washed and pre-conditioned as described in section 3.4.1. The resin
was equilibrated, in turn, with pH 7 buffered sample solutions of varying concentration of
silver but the same total ionic strength of 0.3 M, at a flow rate of 7 ml min.*. An
equilibration time of 40 minutes was used for the large resin column, Figure 3.2 and 5
minutes for the small column, Figure 3.3. After passing each sample solution through the
column, interstitial sample solution was removed by passing air, the column was washed
with water and finally sorbed silver was eluted. The eluate was collected in volumetric
flasks and determined by AAS. Some of these eluted samples were diluted prior to being
aspirated into the AAS.
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The sorption isotherms obtained in 03M NaNO, for large and small resin columns are
shown in Figures 4.19 and 4.20 and the data are given in Tables B.18 and B.19,
respectively. Both isotherms are slightly curved. A non-linear isotherm was expected for
the case of the 15 mg column because higher concentrations of Ag* were used with the
small column. However, the 1.4 g resin column was operated under trace conditions for
the whole range of .silver concentration and silver sorbed occupies less than 1% of the total
sites (Table B.18). The values of the percentage of resin sites occupied by Ag* are shown
in column 3 of both Tables B.18 and B.19 for the large and small columns, respectively.
These values were calculated for each data point using the equation

-1
% of resin sites occupied by Agt = X(umolg') 100 ... 44

Crex (rmol g™)

where X is the amount of silver sorbed and C, is the total exchange capacity of the resin.
The value of Cy, (for the small column) is 5.1 meq g* (5100 umol g™) of dry resin (see

section 3.3).

The slight downward curvature observed in these isotherms could be due to the
presence of weak acid (e.g. carboxylic acid) groups in addition to strong acid sulfonic
groups. This is likely because of the strong oxidizing conditions used in sulfonation of
styrene-divinyl benzene copolymer spheres using sulfuric acid. Sulfuric acid is known ©
actas an oxidizing agent at high temperatures and high concentrations [76]. Oxidation in
the synthesis of sulfonic acid cation exchange resin can produce carboxylic acid groups
accounting for up to 5% of the total exchange capacity [77]. The presence of carboxylic
acid groups, even in small amounts, will produce deviations because the exchanger will

have ionic sites of differentenergy and hence different sorption behavior.
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The isotherms are linear up to about 10.0 umol I''. For the large column the linear

region of the isotherm is shown in Figure 4.21. In this linear region the isotherm is

described by the equation
[RAg] = 1.60x10° + 0.144 [Ag"] Correlation coefficient = 0.999 ..... 4.5

The slope (0.144 1g*) is the distribution coefficient, A,,. Of Ag" between the resin phase

and the solution phase. The isotherms were used as calibration curves for free metal ion

determination.
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Figure 4.19 Sorption isotherm of Ag® on Dowex SOW-X8 resin. Solutions of differing
concentrations of Ag* in 0.3 M NaNO, and pH 7 buffer were loaded onto a
1.4 g resin column for 40 minutes at a flow rate of 7 ml min.”. The eluent

was 0.05 M EDTA at pH 10. The data are given in Table B.18.
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Figure 4.20 Sorption isotherm of Ag* on Dowex SOW-X8 resin. Solutions of differing
concentrations of Ag* in 0.3 M NaNO, and pH 7 buffer were loaded onto a
15 mg resin column for S minutes at a flow rate of 7 ml min.”. The eluent

was 0.05S M EDTA at pH 10. The data are given in Table B.19.
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Figure 4.21 Linear region of the sorption isotherm in Figure 4.19, on the 1.4 g resin

column.



CHAPTER FIVE

DETERMINATION OF FREE SILVER ION CONCENTRATION, [Ag'], IN
SYNTHETIC SOLUTIONS

5.1 Introduction

The underlying idea of these studies is to determine the concentration of free silver ion
in the presence of the complexing ligands chloride and hydroxide. Solutions with differing
concentrations of free silver ion were prepared by combining various initial amounts of Cl,

OH and Ag’ (as AgNO,).

5.2 Experimental

The apparatus, and general operating procedures are described in Chapter 3, above.
Only details specific to the present studies are mentioned here.

5.2.1 Apparatus

All three flow systems described in section 3.1.2 were used. The Fisher Accumet®
Model 320 pH meter was used for all pH measurements. Also, the Fisher Accumet® Model
25 pH/ion meter with silver ion-selective electrode was used for all potentiometric
measurements of free silver ion concentrations. Both meters are described in section3.1.3.

The atomic absorption spectrophotometer was also used as described in section 3.4.3.
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5.2.2 Sample solution preparation

5.2.2.1 Sample solution preparation for chloride ligand

In general, a sample solution was prepared by dispensing the required amount of 3 M
sodium nitrate stock solution, 100 ml of 1x10* M HEPES buffer, and the required amount
of ligand (NaCl) into a 1 liter volumetric flask containing about 700 ml of water. The pH
of the solution was adjusted to pH 7 by adding small amount of dilute NaOH. While
stirring the solution, the required amount of dilute silver nitrate was added slowly to the
volumetric flask. In all sample solutions prepared using this procedure, the amount of Na*
in each solution was in excess as compared to that of Ag*. The pH of the solution was
measured again and adjusted whenever necessary using small amount of either dilute HNO,
or NaOH. The solution was diluted to volume. Finally the solution was transferred into a

1 L plastic bottle and placed in a water bath at 25.0 + 0.5 °C for the required period of time

(normally 15 hrs) under dim light conditions.

The same procedure was used to prepare the pre-conditioning and the silver standard
solutions, except that no silver was added to the pre-conditioning solutions and no ligand
was added to the standard solutions. The range of silver concentration in the standards was
made in such a way that it bracketed the concentrations of silver in the sample solutions.
These standards were used for the calibration of both the ion-selective electrode and the
column equilibration systems. The eluent, 0.05 M EDTA at pH 10, was also prepared as

described in section 3.2.

5.2.2.2  Sample solution preparation for hydroxide ligand

A sample solution was prepared by dispensing the required amount of 3 M sodium

nitrate stock solution into a 500 mi volumetric flask containing about 250 mi of water. The
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total ionic strength of the solution was adjusted to 0.3 M using NaNO,. The pH of the
solution was adjusted to the desired value by using 0.5 M NaOH. While stirring the
solution, the required amount of 0.01 M AgNO, was added slowly to the volumetric flask.
The solution was diluted to volume. Finally the solution was transferred to a S00 ml plastic
bottle and placed in a water bath at 25.0 + 0.5 °C under dim light conditions for about

1S hours to equilibrate. After 15 hours, the pH of the sample solution was measured
again. The pre-conditioning solution containing 0.3 M NaNO, at pH 12.5 and silver
standard solutions were also prepared as described in section 5.2.2.1. The standards were
used for the calibration of both the column equilibration and the ion-selective electrode
measurement systems. The eluent, 0.05 M EDTA at pH 10, was also prepared as described

in section 3.2.

523 Procedure for free metal determination

The procedure for the measurement of free silver ion concentration, [Ag" ] using the
ion-selective electrode has been previously described in section 3.4.2. This section
outlines a general procedure used for the measurement of free silver ion concentration using
the column equilibration technique. Cleaning of the column equilibration flow system,
column pre-conditioning, loading of sample solution, removal of interstitial sample solution
with air and washing with water have been described previously in section 3.4.1. In all
experiments the eluent, 0.05 M EDTA at pH 10 was used to elute sorbed silver. The eluent
was passed ata flow rate of 2 mi min.” in all cases. For the large column (Figure 3.2) and
small column single pass flow (Figure 3.3) systems a sample solution flow rate of
7 ml min."! was used throughout. However, for the small column recycle flow system
(Figure 3.4), a sample solution flow rate of 6 ml min.™ was the maximum obtainable and
was used throughout. The sample and the standard solutions were placed in turn in the

cell, (Figure 3.4). After use with each solution the cell was rinsed well with the next
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solution. With this setup, the concentration of free silverion was measured simultaneously
using both the column equilibration and the ion-selective electrode methods.

For each experiment the column equilibration system was first calibrated using silver
standard solutions. The standard solutions were equilibrated, in turns, with the resin
column. Silver in the eluate from the eluted column was quantified by using AAS (e.g.
calibration curve Figure 3.6) to obtain the concentration of sorbed silver, [RAg], in

umolg™ of resin. Similarly, sample solutions containing ligand were also equilibrated with
the resin column and the concentration of sorbed silver was obtained upon elution.
The concentration of sorbed silver, [RAg], in umol g* obtained after loading the

standard solutions was plotted against the known concentration of free silver in the
standard solution, [Ag'], to give the ion-exchange calibration curve (e.g. sorption
isotherm, Figure 4.21). The concentration of sorbed silver, [RAg], obtained after loading
and eluting the sample solutions,was used to quantitate the concentration of free silver ion,
[Ag’], in the sample solutions by interpolating the value of free silver from the ion-

exchange calibration curve, just described above.

5.3 Resuits and Discussion
53.1 Determination of free silver ion concentration, [Ag'], in the presence of
chloride ligand

The underlying idea for these studies is to determine the concentration of free silver ion
in the presence of silver-chloro species. Therefore, the complexing ligand chloride will be
used. By adding differentamounts of the chloride ligand, sample solutions having various

concentrations of free silver ion can be obtained.
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5.3.1.1 Loading study in the presence of chloride ligand and AgClI(s)

The presence of chloride ligand in solutions containing high concentration of silver
results in the formation of a silver chloride precipitate. As mentioned in Chapter 2, section
2.1.3, silver chloride precipitate is an example of a colloidal precipitate. The presence of
colloidal silver chloride in the sample solution is not desirable. If these particles are filtered
out or sorbed by the ion-exchange column, they will be eluted and quantified as though
they were free silver, thus, giving erroneous results for free metal concentration._ Loading
experiments were conducted to examine the equilibration (loading) curves of filtered
saturated solutions of silver chloride.

Sample solutions of total silver concentration 1x10* M and total chloride concentration
of 3x10° M were prepared as described in section 5.2.2.1 above. The solutions were
buffered at pH 7 and the total ionic strength of each solution was adjusted to 0.3 M. The
solutions were placed in a water bath at 25.0 + 0.5 °C for different lengths of time before

being filtered through a 0.45 um membrane filter. The sample solutions which were

filtered after aging for 15 hours were less cloudy compared to those which were filtered
just after preparation or after aging for an hour. Also small chunks of AgCl(s) were
observed only in solutions which were left to age for of 15 hours. The filtrate from each
sample solution was loaded on one of the three resin columns (Figure 3.2) for different
lengths of time and at a constant flow rate of 7 ml min.". The results obtained are shown
in Figure 5.1 and the data are given in Table C.1 (Appendix C).

From the loading curves it is evident that each curve reaches a plateau after about 30
minutes of loading. The same experiment was done using the small column flow system
(Figure 3.3). The loading curves obtained are shown in Figure 5.2, and the data are given
inTable C.2. The curves shown in Figure S.2 are similar in shape with those obtained
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Figure 5.1 Loading curves for filtered (0.45 um) saturated solutions of silver chloride.

The solutions contain 1x10™* M total silver and 3x10° M total chloride in pH 7
buffer and 0.3 M ionic strength. The solutions were loaded onto a 1.4 g resin
column at a flow rate of 7 ml min.". The eluent was 0.05 MEDTA at pH 10.
Filtration of solution commenced immediately after mixing(g); after aging for
an hour (O) and; after aging for 15 hours (®). The data are given in
TableC.1.
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Loading curves for filtered (0.45 um) saturated solutions of silver chloride.

The solutions contain 1x10™* M total silver and 3x10°° M total chloride in pH 7
buffer and 0.3 M ionic strength. The solutions were loaded onto a 15 mg
resin column at a flow rate of 7 ml min.”. The eluent was 0.05M EDTA at
pH 10. Filtration of solution commenced immediately after mixing(a); after

aging for an hour (O) and; after aging for 15 hours (®). The data are given in
Table C.2.
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using the large column (Figure 5.1), except that the curves reach a plateau after 2 minutes
of loading. The equilibration (loading) times observed in these experiments are consistent
with those obtained in previous loading studies under similar conditions i.e. ionic strength
and flow rate, section 4.6.3, above. The fact that all curves reach a plateau within 30
minutes for the large resin column and 2 minutes for the small resin column suggests that
there is no filtration of colloidal particles out of the solution by the cation exchange resin

column. The theoretical predicted concentration of free silverion, Ag* in these solutions is

about 75.2 umol I'' (pAg = 4.1) and the point of zero charge (PZC) of silver chloride

colloid is about pAg 4.6 [62-64], so the particles are likely to be positively charged. If
there were filtration of colloidal silver chloride by the resin, there would be a continuous
rise of the loading curve(s) with time as more and more particles are filtered out or sorbed
by the exchanger [37]. Finally the curve(s) would level off at times much longer than 30
minutes for the large column and 2 minutes for the small column.

Both Figures 5.1 and 5.2 show that the curves reach different plateau values. This
means that the concentration of free silver ion, [Ag'] in these solutions is different.
Calculation of the concentration of free silver ion in the filtered solutions requires the use of
calibrating standards. The standards were run in the small column experiment only. The
procedure described in section 5.2.3 was used. For comparison purpose the silver ion-
selective electrode was also used. The values of free silver ion concentration obtained by
both the ion-selective electrode and the column equilibration methods are shown in Table
5.5c (see pg 118). From Table S.5¢ it can be seen that, indeed there is a difference in
concentration of free silver ion in these solutions. It will be shown in section 5.3.1.4
below that the different plateau loading values seen after different aging times in both
Figures 5.1 and 5.2 arise from the kinetics of precipitation and colloid coagulation.

From the similarities in shape of the three curves in each of the Figures 5.1 and 5.2 we
can conclude that the presence of colloidal silver chloride does not affect the equilibrium

loading time and that aging time affects the level of free silver ion in the solution (see
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section 5.3.1.4). In light of these results an aging time of 15 hours was used, because
after this length of time the level of Ag* in the solution has stabilized (equilibrated) and
more reproducible results can be obtained.

5.3.1.2 Determination of free silver ion concentration under trace conditions

An experiment was carried out to measure the concentration of free silver ion down to
nanomolar (nM) levels. The large column flow system (Figure 3.2) was used. The
sample, standard, and the pre-conditioning solutions were prepared as described in section
5.2.2.1. The sample solutions, which all had the same total silver concentration were
adjusted to various free silver ion concentrations by adding different amounts of chloride
ligand (1x10°M-0.3 M). All sample solutions were buffered at pH 7 and the total ionic
strength of each sample solution was adjusted to 0.3 M by adding an appropriate amount of

sodium nitrate. The sample solutions, which were saturated with AgCl(s), were filtered by
using the Nylon 66 0.45 um membrane filter. Both filtrate and precipitate were analyzed

using AAS. Silver chloride precipitate was dissolved from the membrane filter using 0.05
M EDTA at pH 10. The procedure used to determine the concentration of free silver ion
was as described in section 5.2.3. An equilibration time of 40 minutes was used for both
standard and sample solutions. The results obtained are given in Tables 5.1 and 5.2. The
data are plotted in Figures 5.3 and 5.4.

The amount of total chloride in each solution is shown in column 1 of each table. The
value of free chloride, CI', in each solution is shown in column 2. These values were
calculated using Computer program A.1 or A.2, (see Appendix A) depending on whether

AgCI(s) was present or absent. The values of the total concentration of silver in the filtrate,

Cigeo are shown in column 3. The concentration of solid silver chloride, I, /V is

shown in column 4 and; the mass balance obtained by adding the values in column 3 and 4



are shown incolumn 5. An average recovery of 98 + 3% has been achieved. Ideally the
mass balance should be 10.0 pmol I* in Table 5.1 and 100.0 umol I in Table S5.2.

Columns 6 and 8 show the values of free silver ion concentration obtained by the column
equilibration method and the ion-selective electrode method (ISE).
Column 9 shows the expected values of free silver ion concentration, calculated for

each solution using computer program A.4. The values of Ksp, 8, ;. 8, B;q. and B, o

in computer program A.4 are shown in column 4 of the Table 53. These were calculated
by an iterative procedure using the data for free chloride, [Cl], from column 2 of Table
5.1, as described in Appendix A.3. The uncertainty in the predicted values of [Ag’] in all
cases were calculated by using the Stolzberg approach {78]. The first three values of free
silver ion concentration in Table 5.2, column 6 were obtained by interpolating the values of
free silver using a non-linear fit to the ion-exchange calibration curve (e.g. Figure 4.19) as
they are outside of the linear region of the sorption isotherm. Other values were obtained
by interpolating the values of free silver using a linear fit (as predicted by equation 2.2.5) to
the ion-exchange calibration curve (e.g. Figure 4.21). The values of free silver plotted as
log free silver against log total chloride concentration are shown in Figures 5.3 and 5.4 for
total silver concentration of 1x10° M and 1x10™ M, respectively.

Figures 5.3 and 5.4 show that the measured free silver ion concentration decreases wiih
increasing concentration of the chloride ligand, as expected. Also good agreement is
observed among the values of free silver ion concentration obtained by the column
equilibration method, the ion-selective electrode method and the theoretical equilibrium
calculations (the bottom solid line in Figures 5.3 and 5.4.) up to a total chloride
concentration of 7.5x10* M (log C, = -3.1). At total chloride concentration above
7.5x10* M, the extent of the decrease in the values of free Ag* with increasing
concentration of chloride ligand, as measured by the column equilibration method, is much
less than that measured by the ion-selective electrode method or predicted by theoretical
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Table 5.3 Comparison of the experimental (fitted) and the litrature (corrected to an

ionic strength of 0.3) values of stability and solubility product constants.

— Equilibium | Parameters | Valuesinlable 2.1 | Valuesobtained
corrected toanionic § from experimental
strength of 0.3 data (curve-fitting)
w
[AgClV[Ag]IC]] log B, 2.88 2.83
[AgCLVIAGICI' | |og, 4.88 4.49
[AgCL)[AgI[CIP? log B o 5.0 537
4
[AgCL)/[Ag][Cl] 10g Becx 5.93 594
[Ag][Cl] log Ksp -9.47 -9.41
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log free silver
4

log Cc

Figure 5.3 Variationof free silver ion concentration, [Ag*], with total chloride
concentration, C,, in pH 7 buffered solutions containing fixed concentration
of total silver, C,, = 1x10"* M and 0.3 M total jonic strength. The solutions
were equilibrated with the 1.4 g resin column for 40 minutes at a flow rate of

7 mi min.". As measured by: the column equilibration method (before
correcting for sorption of AgCl) (O); the ion-selective electrode method (A);
the bottom solid line shows the predicted values if only Ag* sorbs, and the top
solid line shows the predicted values if both Ag* and AgCl(aq) sorb. The
data are given in Table 5.1.
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Figure S.4 Variation of free silver ion concentration, [Ag*], with total chloride
concentration, C, in pH 7 buffered solutions containing fixed concentration
of total silver, C, = 1x10* M and 0.3 M total ionic strength. The solutions
were equilibrated with the 1.4 g resin column for 40 minutes at a flow rate of
7 ml min.". As measured by: the column equilibration method (before
correcting for sorption of AgCl) (0); the ion-selective electrode method (A);
the bottom solid line shows the predicted values if only Ag* sorbs, and the
top solid line shows the predicted values if both Ag* and AgCl(aq) sorb. The
data are given in Table S.2.
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calculation. Based on species distribution calculations, the results of which are illustrated
in Figure 5.5, for total chloride concentration of 7.5x10™ M, the predicted fraction of free
silver in solution is about 65%. Clearly, when the fraction of free silver in solution is less
than 65% (see Figure 5.5), the column equilibration method does not selectively measure
free silver. High values for free silver ion concentration are obtained. The silver ion-
selective electrode could not be used above total chloride concentration of 7.5x10* M
because the concentration of Ag* in solution was less than the recommended limit (1x10°
M) for the use of the electrode [42].

The deviation observed for the values of free silver ion concentration obtaix;ed by the
column equilibration method is due to sorption of other silver containing species. Species
like Ag(Cl),,, Ag(Cl),*, Ag(Cl),* are not likely to be sorbed onto the cation exchanger due
to co-ion exclusion. Also, filterable colloidal AgCI(s) species with particle size less than

0.45 um, if present, are not likely to sorb onto the cation exchanger [58]. This is because

when the fraction of Ag” is less than 65%, pAg is greater than 6.3. Since the point of zero
charge (PZC) for colloidal silver chloride is pAg 4.6 [62-64], the particles are negatively
charged, (AgClI(s) . Cl %), and therefore they will be excluded from the cation exchanger
particles. A possible explanation for the observed deviation could be sorption of the neutral
silver chloride, AgCl(aq), species. If this is true, the concentration of sorbed silver in the
eluate as quantified by the AAS is the concentration of total silver sorbed, C,,,, (i.e. the
concentration of silver sorbed as [RAg] and [R.AgCl].

The theoretical considerations and equations for quantitatively testing for sorption of the
neutral metal-ligand species, AgCl(aq), together with metal ion, Ag’, are given in section

2.2.4. Equation 2.2.17, can be re-written in the form shown below:

Cuagar = g e +20 0 0 Crged e 5.1
where C;,, . is the predicted concentration of total silver sorbed and all other symbols

have their usual meanings (see Chapter 2).
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The valuesof @, , &, , and C,, ., can be calculated for any chloride concentration
by using the literature values of stability constants and the free chloride concentration, [Cl1].
The value of A,,, is the slope of the linear region of the ion-exchange calibration curve
(e.g. Figure 4.21). In this case the value of 0.144 + 0.001 Ig" was used. The computer
program A.S and the spreadsheet in Table A.5 were used to estimate the value of the
distribution coefficient, A, of AgCl between the resin phase and the solution phase, as
described in Appendix A.

The value of A,,q Which gives the best-fit to the experimental data was found to be
0.0642 + 0.0220 Ig™. The fraction of silver sorbed as free silver, f,,, is obtained by
substituting the values of A, ., A,,, and the corresponding values of a,,,, @,, and
C,450 into equation 5.2 below, which is obtained by rearranging equation S. 1.

A'Ag-ﬂr- aAg+ 5.2

O‘vAg«» Qags "‘}-AgCl 0 ¥P%))

fRAg

The amount of silver sorbed as free silver, [RAg], is calculated by multiplying f,,, by
the experiinentally measured total silver sorbed, C;,, .., The amount of silver sorbed as
the neutral complex, [R.AgCl], is calculated by difference;i.e.

RAgC] = Gy -MRAZI 5.3

The top solid line in Figures 5.3 and 5.4 show the predicted values of [Ag*] which would
be obtained if both Ag* and AgCl(aq) sorb onto the resin.

The corrected value of free silver ion concentration is calculated by substituting [RAg]
in place of Cy,, .,,- The values of free silver ion concentration obtained after correction for
sorption of AgCl(aq) species in this way are given in column 7 of Tables 5.1 and 5.2.

Figures 5.6 and 5.7 show the same results as Figures 5.3 and 5.4 after correction for
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sorption of AgCI(s) species. The agreement of the column equilibration, (3), the ion-
selective electrode, (A), and the theoretically predicted values (solid line) is good. This
suggests that the cause of deviation from behavior predicted by equation 2.2.5 is indeed the
sorption of AgCl(aq) together with Ag* by the exchanger. From these results it is evident
that column equilibration method can be used to measure much lower concentrations of free

silver ion than the ion-selective electrode.

5.3.1.3 Determination of free silver ion concentration under non-trace

conditions

As discussed in section 2.2.3, when an ion-exchange resin bed is equilibrated with
solutions containing high concentrations of Ag®, the concentration of silver sorbed,[RAg],
on the resin is not directly proportional to the concentration of free silver ion, [Ag'], in
solution; i.e. trace ion-exchange conditions are not met. In order to achieve trace ion-
exchange conditions for solutions with high concentration of free silver ion, a high
concentration of electrolyte (NaNO,) in solution is required. The main disadvantage of this
approach is that a high concentration of the electrolyte leads to perturbation of Ag-ligand
equilibria. Another approach is to use a small resin column under non-trace conditions.
This approach was used previously in the determination of ionic Ca** and Mg** with
satisfactory results [79].

An experiment was conducted to measure free silver ion concentration under non-trace
conditions. The small column recycle flow system (Figure 3.4) was used. All solutions
were prepared as described in section 5.2.2.1. The sample solutions with total silver
concentrations of 1x10? M, 1x10® Mand 1x10™ M were adjusted to various free silver ion
concentrations by adding different amounts of chloride ligand as shown in column 3 of
Table C.3. The solutions were buffered at pH 7. The total ionic strength of each solution
was adjusted to 0.3 M by adding the appropriate amount of sodium nitrate. In all these

109



110

log free silver
3

-8 1 (m)
a
9 -
-10 - Y T T T \a T a
-6 -5 4 -3 -2 -1 0
log C¢;

Figure 5.6 Variation of free silver ion concentration, [Ag'] with total chloride
concentration in pH 7 buffered solutions containing fixed concentration of
total silver, C,, = 1x10°M and 0.3 M total ionic strength as measured by: the
column equilibration method (after correcting for sorption of AgCl), (0); the
ion-selective electrode method (A) and; the predicted values (solid line). The

data are given in Table 5.1.
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Figure 5.7 Variation of free silver ion concentration, [Ag*] with total chloride
concentration in pH 7 buffered solutions containing fixed concentration of
total silver, C,, = 1x10* M and 0.3 M total ionic strength as measured by:
column equilibration method (after correcting for sorption of AgCl) (Q); the
ion-selective electrode method (A) and; the predicted values (solid line). The
data are given in Table 5.2.
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solutions solid silver chloride, AgCl(s), was present. The solutions were filtered using an
on-line filter (0.45 um Nylon 66 membrane filter) as shown in Figure 3.4.

Using the procedure described in section 5.2.3, each sample and standard solution was
loaded onto the resin column at a flow rate of 6 ml min.™ for a period of S minutes. The
ion-exchange calibration curve, Figure 5.8, which was used to quantitate the values of free
silver ion concentration, is convex. The curvature is a result of non-trace conditions at the

high concentrations of Ag* used. For example, when the concentration of silver in solution

is 1x10°® M, the amount of silver sorbed onto the resin is about 73.3 umol g*. This

amount accounts for approximately 1.4% (see equation 4.2) of the total resin sites. With
the aid of the computer software, Cricket graph version 1.3, the best-fit polynomial
equation was obtained, from which the values of free silver ion concentration were
interpolated. The values of free silver ion concentration measured by the column
equilibration method and by the ion-selective electrode method, and by the theoretical
equilibrium calculations using computer program A.4, are shown in Figure 5.9. The data
are given in Table C.3.

Figure 5.9 reveals that the values of free silver ion concentration obtained by the
column equilibration method (0O) and the ion-selective electrode method (A) are both in
good agreement with those obtained by the theoretical equilibrium calculations (®). Both
techniques measure free silver ion concentration. Under these experimental conditions
(especially the ionic strength) the sorption of AgCl(aq) is not significant because the
fraction of AgCl(aq) in solution is relatively small (< 20%) compared to that of free silver
ion. In section 5.3.1.2 (under similar conditions) it has been demonstrated that the
sorption of AgCl(s) starts to be significant when the fraction of AgCl(aq) is about 30%.

From these results it can be concluded that free silver ion concentration can be
measured with reasonable accuracy even when the column is operated under non-trace

conditions provided that the curvature of the calibration curve (isotherm) is not severe.
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Figure 5.8 Ion-exchange calibration curve (sorption isotherm) for Ag* in 0.3 M total ionic
strength and pH 7 buffered standard solutions. The silver standard solutions
were loaded onto a 15 mg resin column (Figure 3.4) at a flow rate of
6 ml min.". The eluent was 0.05 M EDTA at pH 10.
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Figure 5.9 Comparison of values of free silver ion concentration, [Ag'] in pH 7 buffered
synthetic solutions of 0.3 M total ionic strength loaded onto a 1S mg resin
column (Figure 3.4) at a flow rate of 6 ml min.”. As measured by: the
column equilibration method (O); the ion-selective electrode method (A) and;
the predicted values (®). The data are given in Table C.3.
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5.3.1.4  Effectof ionic strength and aging of AgCI(s) on Ag* concentration

An experiment was carried out to determine free silver ion concentration at the three
different ionic strengths of 0.3 M, 0.15 Mand 0.05 M. The small column single pass flow
system (Figure 3.3) was used. The sample and standard solutions of desired ionic strength
were prepared as described in section 5.2.2.1. The ionic strength was adjusted by adding
varying amounts of sodium nitrate in the silver standard and the sample solutions. The

amount of NaNO, in each solution was in large excess. All sample solutions were

saturated with AgCI(s) were filtered through a 0.45 um membrane filter either immediately

after preparation, after aging for an hour, or after aging for 15 hours. The filtrates were
analyzed for free silver ion concentration by both the column equilibration and the ion-
selective electrode methods.

Using the procedure described in section 5.2.3, each solution was passed through the
resin bed at a flow rate of 7 ml min. " for different equilibration (loading) times as shown in
Table 5.4 below. The composition of the sample solutions and other parameters are also
given in the Table 5.4. The results obtained are shown in Tables 5.5a through 5.5c. The
times for which the solutions were left to age are shown in column 1, the values of total

concentration of silver in the filtrate, C,, ., are shown in column 2; the concentration of

silver chloride solid, AgCl(s), I, .o, /V, is shown in column 3; and the mass balance

obtained by adding the values in column 2 and 3 are shown in column 4. An average
recovery of 98 + 2% was obtained. Columns S, 6 and 7 show the values of free silver ion
concentration obtained by the column equilibration method, the ion-selective electrode
method and the theoretical equilibrium calculations as calculated using the computer

program A.4.
[t can be seen by comparing the last columns among Tables S.5a - ¢ that as the ionic

strength increases the predicted values of free silver ion concentration slightly increase.



Table 5.4 Composition of sample solutions and other parameters used in the

determination of [Ag"] at differentionic strengths.

Total ionic strength, M 0.30 0.15 0.050
Totl silver conc. (C, ), M L.OxI0" 1.0xI0” 1.0x107
Total choride conc. (Cg), M | 3.0x10° 3.0x10° 3.0x10° |
pH ‘ 7.0 7.0 7.0
Sample lcading time, min. ~2-15 8-12 10-15 |
~Standard loading time, min. ~ 3 8 10
Loading flow rate, ml min. . 7.0 7.0 7.0
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This is due to the decrease in the activity coefficient with increase in ionic strength. Based
on the theoretical calculations, the activity coefficient, Y,,,, changes by only 10% when the

ionic strength is changed from 0.05 - 0.3 M. Also, it is evident that, for any given aging
time and ionic strength, the values of free silver ’ion concentration measured by both the
column equilibration and the ion-selective electrode methods are in good agreement with
one another. Both techniques measure free Ag" concentration. At 15 hours, the
experimental values of [Ag’] are equal to the theoretical predicted values within the limits of
experimental error. For the lower ionic strengths of 0.05 M and 0.15 M the experimental
values of [Ag'] obtained for different aging times are not different from one another within
the limits of the experimental error. However, for the highest ionic strength of 0.3 M the
values of [Ag’] are different for different aging times. The difference is attributed to the
behavior of colloidal silver chloride with time.

For the solution which was filtered just after preparation the value of [Ag*] is higher
than the value at one hour. In spite the fact that the formation of silver chloride precipitate
at high concentrations is rapid, at low concentrations of Ag* and Cl the rate of reaction is
slow. Thus, in such a short time, equilibrium has not yet been reached, i.e. AgCI(s) is stll
precipitating, so that the level of free silver in solution is relatively higher.

For the solution which was filtered after aging for an hour the value of [Ag’] has
decreased compared to the initial value. This is because after a period of one hour,

precipitation is complete so that more AgCl(s) has precipitated. In solution Ag* is in excess

compared to CI" (Ag® : CI' » 15 : 1), therefore some Ag* will be adsorbed on the AgCl(s)

particles [80,81]. Upon filtration through a 0.45 um membrane filter, especially with high

concentration of dispersed particles and large sample load, clogging of the filter pores
occurs [82-85]). The clogging leads to the formation of a gel-layer (induced coagulation).
Thus the effective pore size of the filter is reduced. As a result of this, much smaller
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particles with Ag* adsorbed on them are trapped on the membrane filter [83]. Overall
relatively less free Ag" will remain in solution.

Finally, for the solution which was filtered after aging for 15 hours the level of Ag" has
increased above the value at one hour. This is probably the result of slow spontaneous
coagulation of the colloidal AgCl(s) particles. When the particles coagulate, the total
surface area of the particles decreases and some Ag* which was adsorbed in between the
particles is released into the solution. Thus, the concentration of Ag* in solution increases
but that of the dispersed particles decreases. These changes are more evident at a higher
ionic strength of 0.3 M than lower ionic strengths of 0.05 M and 0.15 M. This is because
high concentration of electrolyte enhances the coagulation of colloidal particles. Also, at
the high ionic strength of 0.3 M, the surface charge density is relatively higher than at
lower ionic strengths of 0.05 M and 0.15 M. Thus upon coagulation a significant amount
of Ag’ is released into the solution.

From the values of [Ag’] obtained by the ion-selective electrode method and the amount
of adsorbed AgCl(s) a possible size for the colloidal AgCI(s) primary particle can be
estimated as follows:

Let us assume that the AgCI(s) particle is a sphere of radius r, therefore:

4 3
Total volume of the precipitate 3 Xx(ry xn,

= 3 ~F"°®P _r @ .. 54
Total surface area of the precipitate 43(1’,,)2 xny, 3

Where n, is the total number of the AgCl(s) particles.

From the concentration of the precipitate (column 3 in Table 5.5¢), the formula weight of
AgCl(s) and the density of AgCI(s) (5.56 g cm™) we can calculate the volume of the
precipitate as follows:

Weight of AgCI(s) precipitate = 29x 10°molI* x 11 x 143.32 g/mole = 0.0042 g
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0.
Total volume of the precipitate = —9242& = 755x10%m3 = - 55

556 gcm?

Based on the values of [Ag®] at 1 hour and 15 hours, the amount of Ag" desorbed is:

(72.5-654) x10°molI*x 11 = (7.1 £2.3)x10° moles

To calculate the total area of the precipitate on which 7.1 x 10 moles of Ag* was adsorbed,
we need to know the value for the mono-layer coverage. The mono-layer coverage based
on the crystal radius and the hydrated radius of Ag* are 3.33 x10® and 8.46 x10'° moles
cm?, respectively. Since, the surface charge on the particles is low near the point of zero
charge, we can assume that Ag" occupies a small fraction of the mono-layer, e.g. if the
surface concentration of Ag* hydrated is about 20% of the mono-layer value (5% for the
non-hydrated ion), then:

7.1 x10° moles
0.2 x 8.46 x10'° moles cm™

Total area of the precipitate = = 42x10%cm? - 5.6
Combining equations 5.5 with equation 5.6, we can calculate the radius of the AgCl(s)
particle as follows:

7.55x 10*cm3

- 8 -
42 10° o2 = 54x107cm = 0.54nmm

The diameter of the AgCI(s) particleis therefore, 1.1 = 0.2 nm.

Based on the radii of the hydrated (0.25 nm) (86] or non-hydrated (0.126 nm) [87] Ag’
we can calculate the number of Ag" adsorbed on one AgCI(s) particle as four ions per
particle. For example, using the Ag" hydrated radius we obtain:

) 0.2 x surface area of the particle
+ = 5.7
No. of Ag’(H0); per particle cross-sectional area of the hydrated Ag™*

0.2 x 4(rp)? 4

2
(T Ag+(H20))




From its radius (0.54 nm) and its density (5.56 g cm™®) the mass of one average
AgClI(s) colloidal particle is 3.88x10' g. Such a particle will contain 16 “molecules” of
AgClL
Thus from the above results the AgCI(s) particle with four Ag* adsorbed on it is as shown
in Figure 5.10.

The colloidal state is comprised of particles having size between 1-100 nm. Thus, the
value of 1.1 nm obtained for the diameter of the AgCI(s) particle falls within the range of
the colloidal state, but the particles are very small. This could be a result of very dilute
solutions used to form the particles. When very dilute solutions are used, the
supersaturation is still sufficient for extensive nucleation to occur, but the rate of particle
growth is low due to limited reagent, as described by Shaw [88]. Thus, a high degree of
dispersion is obtained and very small particles are formed.

From these results we can conclude that the column equilibration technique, combined

with prior filtration through a 0.45 um pore size membrane filter, can be used to measure

free silver ion concentration in solutions of various ionic strengths. In the presence of
AgCI(s), the concentration of free silver ion in the solution depends not only on the activity

coefficientof the Ag*, but also on the kinetics of precipitation and colloidal formation.

53.2 Determination of free silver ion concentration, [Ag’], in the presence of
hydroxide ligand

The underlying idea for these studies is to determine the concentration of free silver ion
in the presence of silver-hydroxo species. Therefore, the complexing ligand hydroxide
will be used. By varying the buffered pH, sample solutions having various fixed

concentrations of free silver ion can be obtained.
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AgClI(s)

Non-hydrated Ag*

Figure 5.10 A pictorial model of AgCI(s) particle with Ag* (H,0), adsorbed on it, drawn
to scale to show their relative dimensions. The colloidal AgCI(s) particle
contains 16 “molecules” of AgCl and is assumed to be spherical for ease of
calculations. The hydrated Ag" are arbitrarily assumed to be at the corners of

a tetrahedron to minimize electrostatic repulsion among them.



5.3.2.1 Equilibrium sorption of Ag" in the presence of hydroxide ligand and Ag,O(s)

In section 4.7 sorption isotherms of Ag* on Dowex SOW-X8 at pH 7 were measured.
At this pH the concentration of Ag" in solution can be raised to about 0.43 M before
Ag,0(s) starts to precipitate. However, if the pH of the solution is raised to pH 10,
Ag,0(s) will start to precipitate when the concentration of free Ag® in solution is above
4.3x10"* M. Silver oxide is also a colloidal precipitate. Its point of zero charge (PZC) is at
about pH 10.4 [89]. An experiment was conducted to examine the sorption of Ag* in the
presence of hydroxide ligand and Ag,O(s).

Sample solutions of varying concentration of Ag* but the same total ionic strength of
0.3 M were prepared as described in section 5.2.2.2. The pH of each solution was
adjusted to pH 10. For sample solutions with Ag* concentration greater than 4.3x10™ M,
brownish-black precipitate of Ag,0(s) was observed. These solutions were filtered by

using the 0.45 um Nylon 66 membrane filter before being loaded onto the resin column.

Using the procedure given in section 4.7.2, each sample solution was equilibrated with the
15 mg resin column (Figure 3.3) for 5 minutes at a flow rate of 7 mi min.”". The results
obtained are shown in Figure 5.11 and the data are given in Table C.4.

Two regions are evident in Figure S.11. The first region, which is shown in
Figure 5.12 shows that as the concentration of Ag® in solution is increased, the
concentration of silver sorbed,[RAg], also increases. This region represents the sorption
isotherm of Ag* atpH 10. In this region there is no solid silver oxide, Ag,0(s), present.
AtpH 10, the fraction of Ag* which is free is almost 99% (see Figure 5.14 below). Thus,
the presence of OH' ligand can be ignored.

The second region shows that as the concentration of Ag® in solution is increased, the
concentration of silver sorbed, [RAg], remains unchanged. This is evident as a plateau in
Figure 5.11. The plateau is not due to saturation of the resin in the column but of the
solutions which are passed through the resin. The concentration of Ag* in the saturated
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Figure 5.11 Equilibrium sorption of Ag* on Dowex SOW-X8 resin in the presence of

hydroxide ligand and Ag,O(s). Solutions of differing concentrations of Ag*
in 0.3 M NaNO, at pH 10 were loaded onto a 15 mg resin column for 5
minutes at a flow rate of 7 ml min.". The eluent was 0.05M EDTA at

pH 10. The data are given in Table C.4.
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Figure 5.12 Low concentration region ( the first region ) of Figure 5.10 above.
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solution is set by the solubility product constant, Ksp, of silver oxide. [ts value at an ionic
strength of 0.3 M is 4.27x10°®. This value was estimated using equations given in section
2.12b. The literature value [S3] is given in Table 2.1.

The concentration of sorbed silver, [RAg], obtained by loading the saturated solutions
was used to estimate the concentration of Ag" in the saturated solutions by interpolating the
value of [Ag’] from the ion-exchange calibration curve shown in Figure 5.13. The ion-
selective electrode was also used to measure the concentration of free Ag* in the filtered
saturated solutions. The values of [Ag*] measured by the ion-selective electrode gmd by the
column equilibration methods and calculated using free ligand concentration, [OH] and the
solubility product constant are shown in Table 5.6, below.

It can be seen that the concentration of free silver ion in the saturated solutions is
constant. Within the limits of experimental error, the average value of [Ag*] obtained by
the column equilibration (4.36% 0.09) x10* M and the ion-selective electrode (4.29+ 0.01)

x10™ M methods (+ are pooled standard deviations) are both in good agreement with the
predicted value (4.27 + 0.06 ) x10* M. This means that both methods measure free silver

ion concentration and that if present, colloidal silver oxide particles are neither sorbed nor

filtered out by the cation exchanger.

5.3.2.2  Determination of free silver ion concentration at different pH

Hydroxide is a ligand for silver. According to species distribution calculations, the
results of which are illustrated in Figure 5.14, up to pH 10, 99% of soluble silver species
is free silver, Ag*. However at pH greater than 10, the fraction of other silver-hydroxo
soluble species is high enough to significantly reduce the fraction of Ag* in solution. An

experiment was carried out to measure free silver ion concentration between pH 11 and 13.
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Figure 5.13 [on-exchange calibration curve (sorption isotherm) for Ag* in 0.3 M total
ionic strength and pH 7 buffered standard solutions.
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Table 5.6 Values of [Ag’] for filtered saturated solutions of Ag,0(s). The solutions
were loaded onto a 15 mg resin column for 5 minutes at a flow rate of
7 mi min."". The eluent, 0.05M EDTA (pH10) was passed at a flow rate of

2 ml min.™.
" Towl Values of Ag"] Values oiTAg’] icted values
silver, obtained by the obtained by the of [Ag*]
Cas ion-exchange ISE method in umol I

pmol 1" { method in umol I in umol I

600.0 424 = 10 440 = 7 4276

800.0 423 = 10 48 = 7 4276
1000.0 438 = 9 428 + 7 427+6
2000.0 411 £ 9 410 = 7 427+6
4000.0 442 = 10 435 = 7 4276
6000.0 455 = 9 445 = 8 427+6
8000.0 458 = 9 45 + 8 4276

= are standard deviations based on three and five replicates for the

ion-exchange and ion-selective methods, respectively.



Fraction of species i, 0C;

9 10 11 12 13 14

Figure 5.14 Silver species distribution as a function of pH.
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The small column recycle flow system (Figure 3.4) was used. The pre-conditioning,
standard, and sample solutions were prepared as described in section 5.2.2.2.

Six sample solutions were prepared in such a way that the fraction of free silver ion in
each solution was different. The initial and final pH values (as described in section
5.2.2.2) of the solutions are shown in columns 3 and 4 of Table 5.7, respectively. The
final pH values in column 4 were used to calculate the free hydroxide ion concentration
which, in turn, was used to calculate the fractions of different species present in solution.
The total concentration of silver, C,,, and concentration of NaNO, in each solution are
shown in columns 2 and S, respectively. Each sample and standard solution was
equilibrated with the resin bed at a flow rate of 6 ml min.” for 5 minutes. The results
obtained by the column equilibration method, by the ion-selective electrode method, and the
predicted values of free silver ion concentration are shown in Figure 5.15 and the data are
given in Table C.5. The predicted values of [Ag’] were calculated by using the free ligand

concentration and values of Ksp, B, ou. B;0x and B, o5 from Table 2.1 corrected to an ionic

strength of 0.3.

Figure 5.15 reveals that there is a good agreement between the predicted values of free
silver ion concentration and the values obtained by using the ion-selective electrode
method. Also, as expected, the concentration of Ag* decreases with increasing pH. The
values of [Ag"] obtained by using the column equilibration method are very high compared
to both the predicted and the ion-selective electrode values. This shows that the column
equilibration method does not selectively measure the concentration of free silverion . The

predicted fractions of different silver-hydroxo species between pH 9 and 13.5 are shown in
Figure 5.14 where it can be seen that the fraction of AgOH(aq), ., oy, passes through a

maximum at about pH 12.3. This maximum is consistent with the maximum observed at
about pH 12.5 in the values of free silver ion concentration obtained by the column
equilibration method. This suggest that the deviation observed for the values of free silver
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Table 5.7 Composition of sample solutions used for the determination of the

concentration of free silver ion in solutions of different pH.
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Figure 5.15 Variation of free silver ion concentration with pH in solutions of 0.3 M total
ionic strength loaded onto a 15 mg resin column (Figure 3.4) at flow rate of
6 mi min.*. As measured by: the column equilibration method (before
correction for sorption of AgOH) (O); the ion-selective electrode method (A)
and; the bottom solid line shows the predicted values if only Ag* sorbs and,
the top solid line shows the predicted values assuming that both Ag* and
AgOH(aq) also sorb. The data are given in Table C.5.
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ion concentration as obtained by the column equilibration method is due to sorption of the
silver hydroxide neutral species, AgOH(aq).

As in the case of silver-chloride system, species like Ag(OH),” and Ag(OH),* are not
likely to sorb onto the cation exchanger [S58]. Also, colloidal silver oxide species with

particle size less than 0.45 um, if present, are not likely to sorb onto the cation exchanger.
This is because the pH of the solutions is greater than 11 while the point of zero charge
(PZC) for colloidal silver oxide is pH 10.4 [89]. Thus, the particles are negatively charged,
(Ag20(s). OH ), therefore they will be excluded from the cation exchanger particles [58].
The equation and the procedure for the estimation of the distribution coefficient, A, g,
of AgOH(aq) between the resin phase and solution phase are similar to the one discussed in
section 5.3.1.2. The values of a,,,, Q,,0n, and C,,,,, as calculated using free ligand

concentration, [OH], stability and solubility product constants are shown in Table A.6
(Appendix A).

The ion-exchange calibration curve shown in Figure 5.16 was obtained by equilibrating
the resin bed with silver standard solutions as described in section 5.2.3. The calibration
curveis best described by the non-linear fit of the form:

[RAg] = 0.12451 + 0.13618[Ag’] - 5.0022¢-4[Ag’]* R*=0999 ... 5.3

The value of A,,, was calculated for each data point in the calibration curve, Figure 5.16.

These values with corresponding values of t,,,, @, and C,, ., were substituted in

Ags?
equation 5.1 to obtain the corresponding values of l.“on. The spreadsheet used to estimate
the values of A, o, ( for each data point) which give the best-fit to the experimental data is
shown in Table A.6. The average values of A,,, and A, are 0.142 * 0.031 Ig™ and

0.415+ 0.051 Ig™, respectively . However, as it turned out, all of the sample solutions

corresponding to the points in Figure 5.15 (after correction for sorption of AgCl(aq)) had
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Figure 5.16 [on-exchange calibration curve (sorption isotherm) for Ag* in 0.3 M total
ionic strength and pH 7 buffered standard solutions. The silver standard
solutions were loaded onto a 15 mg resin column (Figure 3.4) at a flow rate
of 6 ml min.". The eluent was 0.05 M EDTA at pH 10. The arrow

indicates the highest [RAg] read from the curve after correction for sorption
of AgCl(aq).



[Ag'] < 15 umol I'', so that they were all in the linear region of the ion-exchange calibration

curve (isotherm) in Figure 5.16.
Therefore it was possible to simplify the calculations by using the average value of the

distribution coefficient, A,,, = 0.142 + 0.031 Ig" (the slope of the dotted line in Figure

5.16) from this linear region to calculate the corrected values of [Ag*].
The fraction, fg,,, and the concentration, [RAg], of silver sorbed as free silver and the

concentration of silver sorbed as the neutral species,[R.AgOH], are calculated in the same
way as described in section 5.3.1.2. The top solid line in Figure 5.15 shows the predicted
values assuming that both Ag* and AgOH(aq) sorb onto the resin.

The values of free silver ion concentration obtained after correction for sorption of
AgOH(aq) species are shown in Figure 5.17. The agreement of the column equilibration
values (O) with the ion-selective electrode values (A) and the theoretically predicted values
(solid line) is good. This suggest that the cause of deviation from behavior predicted by
equation 2.2.5 was indeed the sorption of AgOH(aq) together with Ag* by the exchanger.
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[Ag*] (umol 171)

0 M 4 v T T
113 11.7 121 125 12.9 13.3

pH

Figure 5.17 Values of free silver ion concentration shown in Figure 5.5 after correction
for sorption of AgOH. As obtained by: the column equilibration method
(after correction for sorption of AgOH). (O ); ion-selective electrode method
(A) and; the solid line shows the predicted values. The data are given in
Table C.5.



5.4 Summary and conclusion

The ion-exchange column equilibration technique for the determination of free silver ion
concentration in synthetic solutions was first characterized by measuring the breakthrough
curves, elution curves, equilibration curves and sorption isotherms. It was found that the
elution and equilibration of solution containing silver ions with Dowex SOW-X8 resin
depends more on the amount of analyte supplied than on the rate at which the analyte is

supplied (contact time), i.e. elution and equilibration are supply limited. The sorption
isotherm was found to be linear up to 10.0 umol I Ag*; in this region the distribution

coefficient of Ag* between the resin phase and the solution phase is constant (see Figure
4.21).

The technique was characterized with respect to its selectivity for the free Ag* species in
the presence of silver chloro and hydroxo species. It was found that the resin sorbs both
the free Ag” and the neutral AgCl(aq) and AgOH(aq) species, but does not sorb negatively
charged soluble silver species like AgCL,*, AgClL,>*, AgCl>, Ag(OH), and Ag(OH),* and

colloidal silver chloride and silver oxide at pAg and pH above their points of zero charge,

(PZC). After filtration through 5 0.45 pm pore size membrane filter and at pAg and pH

just below their PZC, positively charged colloidal silver chloride and silver oxide seem to
cause no significant interference, sections 5.3.11 and 5.3.2.1, respectively. The procedure
for correction of the interference of the AgCl(aq) and AgOH(aq) species has been proposed
and tested. Aftercorrection, good agreement has been obtained between the values of free
silver ion concentration measured by the column equilibration method and the predicted
values, down to nanomolar levels. The proposed procedure can be applied only if the
appropriate equilibrium constants are known beforehand. With known equilibrium

constants the value of free ligand concentration and therefore the fractions of the species,

a; can be estimated.
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The ion-selective electrode method is generally selective for Ag* for the ligands studied.
'However, it is not applicable to Ag® concentrations below 1x10° M. Hence, the ion-
exchange column equilibration method is three orders of magnitude more sensitive than the
silver ion-selective electrode method. However, it requires longer analysis times than the
ion-selective electrode method.

The column equilibration method can be modified to compensate for some of its
limitations. For example, the analysis time can be decreased by reducing the amount of
resin in the column. Thus, equilibration and elution time will be reduced. Since the
construction of the resin column is relative simple, a variety of columns containing
differing amounts and types of resin can be prepared beforehand, and interchanged as
required to match sample solution properties or sample volumes.

The method can be modified to improve its selectivity for Ag" over the neutral soluble
silver species by lowering the ionic strength of the solutions, thus increasing the selectivity

by increasing the distribution coefficient of the Ag* species.
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APPENDIX A

COMPUTER PROGRAMS

The computer software, Excel, version 5.0 was used to write simple computer
programs. The programs were used for the calculations of species distribution and free

chloride concentration using stability and solubility product constants shown in column 4,

Table 5.3.  For the hydroxide ligand the values of B, o4, B, o Bson from Table 2.1

corrected to an ionic strength of 0.3 were used. The corrected values are shown in column

A of Table A.4. Also, the programs were used for the estimation of the distribution
coefficients of AgCl(aq), M ,¢;, and AgOH(aq), A, .o and estimation of Ksp, B, o, B;.c»
Bsc» and B, for the Ag-Cl system. These programs are shown as computer programs

A.1, A2, A3, A4and A.5. A bold alphabetical letter and a number are used to describe
agivencell. For example: in the spreadsheet, Table A.1, the cell which contains the value

for the coefficient A* (B, ) is described as $B$2. The $ sign means that the value is a

constant. The values of [Cl] obtained are shown in column I (Table A.1), they are

described as Ix, where x means thatin column I more than one entry for [C1] is shown.
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COMPUTER PROGRAM A 1

ESTIMATION OF THE CONCENTRATION OF FREE CHLORIDE, [CI], IN THE
ABSENCE OF SOLID AgCl(s) AND Ag,0(s) AND WITH CHLORIDE NOT IN LARGE
EXCESS

The computer program A.l is used to estimate the free chloride concentration (i.e the

value of [CI'] that satisfies equation 2.1.18, Chapter 2; see below) by using known values

of conditional stability constants, B°, total chloride concentration, C, total silver
concentration, C, and, fraction of free silver when OH' is the only ligand present, a, ..

The value of [CI] is obtained by first assuming that all the chloride is free;i.e. C., = [CI].

For-each entry, the square of the difference (SQD) between the calculated value (a
number very close to zero) and ZERO is calculated. The squares of the difference are
summed up to give the sum of the squares of the difference (SSQD). The computer was
programmed to minimize the SSQD, (cell L15, Table A.1) by adjusting the value of [Cl],
under certain specified conditions until equation 2.1.18 is satisfied within the desired
accuracy. The calculated values of [Cl] and other parameters which are used in the

calculations are shown in Table A.1.
Recall, equation 2.1.18, Chapter 2:

A*[CTP +B* [CI]*+C* [CIP+D*[CIP+E*[CI]-F* =0
A*=p", ., =9$BS2

B*=4C, . B'sc-CaB'ec+Bsq = 4* SASIO* $BS2- Hx * $BS2 + $AS3 = Cx
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C*=3C, b5 -Cabsa+ B'r =3 *SASIO* SAS3 - Hx * $AS3 + SAS5= Dx
D*=2C, uB'2a- CaB'sa+ B'ia  =2*$AS10* SASS - Hx * SASS + SAS7 =Ex
E* =C,ppuB’rci- Cab'ra + Vi, 0n =$AS10 * SAST - Hx * SAST + (I/ $A$23) = Fx
F* =Cq fa,,,0q = HYSAS23 = Gx

Qo on = L /(1+ SAS13 * SA$20 + SAS1S * (SAS20)A2 + SAS1T * (SA$20)A3 ) = $A$23

[CI'] = Ix (varied until Jx is close to Zero)

Calculated value, Z.,, = $B$2 * (Ix) A5 + Cx * (Ix)4 + Dx * (Ix)*3 + Ex * (Ix)A2
+Fx*(Ix)-Gx= Jx

Theoretical value, Z,, = 0 =Kx

Square of the difference (SQD) (Z., -Z,)* = (Jx-Kx)*2 = Lx

Sum of the squares of the difference (SSQD) = YIx-Kx)A2 = L15
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Table A.1 The spreadsheet used to estimate the value of the concentration of free chloride,

[CI'], using computer program A.1.

A B C D E F G
1 A*@'.c)| B* C* D* E* F*
2 B'.a |863009]| 233036 | 30971 678.5 |1.0048 3.0E-06
3 | 233004 |863009| 233013 | 30965 677.7 |0.9865 3.0e-05
4 B.a |863009| -25867 | -38930 | -8611.0 |-202.4 0.30
s | 30965
6 B'.a
7 678
8
9 | Cagsat H ] J K L
10} 1.0E-05
11 Ca [CI] Zcy Zrne  |(Zu- Zme)A2 (SQD)
12| B'10m 3.0E-06 | 2.98E-06] -3.4E-21 0.0 1.156-41
13[ 107 3.0E-05 | 2.98E-05| -4.4E-20 | 0.0 1.94E-39
14| B'aom 0.30 |3.00e-01] -2.0e-12 0.0 3.91E-24
15| 2139 SSQD
16| B'som 3.91E-24
17| 63095
18
19| [OH]
20/ 1.0-07
21
22 Apage+,0H
23]0.99999




COMPUTER PROGRAM A.2

ESTIMATION OF THE CONCENTRATION OF FREE CHLORIDE, [CI], IN THE
PRESENCE OF SOLID AgCl(s) AND THE ABSENCE OF SOLID Ag,O(s)
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The computer program A.2 is used to estimate the free chloride concentration (i.e. the

value of [CI] that satisfies equation 2.1.29, Chapter 2; see below) in the presence of solid

AgCI(s) and the absence of solid Ag,0(s).

The procedure and parameters which are used are similar with those described for the

computer program A.1 except that, the solubility product constant, (Ksp) for silver chloride

is also used in the calculations. The calculated values of [Cl'] and other parameters which

are used in the calculations are shown in Table A.2.

Recall, equation2.1.29, Chapter 2:

A’'[CI*+B'[CIP+C' [CI*-D'[CI]-E* = O

A’ = 3B, 4 Ksp = 3*$GS$21 * SHSIS = SH$23
B’ = 2B, Ksp = 2*$G$19* SHS1S = SHS21
C' = (1+B,qKsp) = (1L+3GS$17* SHS1S) = SHSIO
D' = (Cq - Cpp) = (Ax - SHS$17) =Bx

E' = Ksploty, on = $SH$15/$1$24

Appoon = 1/(1+SI$15* SIS21 + SIS17 * (SIS21)A2 + $IS19 * ($I$21)3 ) = $I$24

[CI] = Cx (varied until Dx is close to Zero)



Calculated value, Z, = $H$23 * (Cx)"4 + $H$21* (Cx)*3 + SHS$19 * (Cx)*2 -

(Bx) *Cx - ($HS$15/31$24) = Dx
Theoretical value, Z,,, = 0 = Ex

Square of the difference (SQD) (Z, - Zp)*

(Dx - Ex)A2 = Fx
Sum of the squares of the difference (SSQD)

= £ (Dx-Ex)*2 = F9



Table A.2 The spreadsheet used to estimate the value of the concentration of free chloride,

[CI'], using computer program A.2.

A B C D E F
Ca D’ [CI] Za Zne [Zeai - Zme)*2 (SQD)

1 | 7.5E-05 | 6.50E-05 |7.051E-05|-2.6E-21| 0.0 6.5847E-42
2 | 3.0E-04 | 2.90E-04 |2.913E-04|-2.4E-21| 0.0 5.7313E-42
3 | 7.5E-04 | 7.40E-04 |7.405E-04|-2.3E-21| 0.0 5.1151E42
4 | 3.0E-03 | 2.99E-03 |2.990E-03|-6.9E-21] 0.0 4.7891E-41
5 | 7.5E-03 | 7.49E-03 |7.490E-03]-2.0E-20] 0.0 4.1914E-40
6 | 3.0E-02 | 3.00E-02 |2.999E-02|-1.7E-19| 0.0 2.8747E-38
7 | 7.5E-02 | 7.50E-02 {7.499E-02|-4.0E-18| 0.0 1.5715E-35
8 SSQD
9 1.5745E-35

10

11

12 G H |

13

14| B'yq Ksp B'1.0u

15| 678.0 | 3.89E-10 107

16| P'2a Cr B'2,04

17| 30965 | 1.00E-05 2139

18| B'sq C' B'3,0m

19} 233004 | 1.000 63095

20| f'4a B’ [OH7]

21| 863009 | 0.00018 | 1.0E-07

22 A

23 0.001 Cpge.OH

24 0.999989
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COMPUTER PROGRAM A.3

This computer program is used to estimate the values of Ksp and B’s for the Ag-Cl

system by using the values of total silver in solution in the presence of AgCl(s) obtained
experimentally, C,, .. These values are given in column 3 in Table 5.1.

Equation 2.1.8 is written in terms of Ksp as shown below:
Caguotcneory) = T +B1.cisp + Bz.c1 KsplCl] + o, KspICI T+

BscKsplcr . A.l
A four stage process was used to obtain final values for Ksp, 8, ¢, B,c;» Bs.c; and B, -

Stage 1: At low total chloride concentrations, C,, (7.5x10°° - 7.5x10° M) the fraction of

higher complexes are very small, therefore, terms with g, ., f, o, and B, ., can be neglected

and equation A.1 reduces to
Ks
Ca g.sol(theory) = —.R + B1.ciKsp
[cr]
this equation is used in the first stage iteration procedure to calculate the values of Ksp and

Bror

Initial estimates of the conditional stability and solubility product constants
corresponding to a solution of 0.3 M total ionic strength and pH 7 were first calculated
starting with the literature values given in Table 2.1. These constants were used to make a
first estimate of the concentration of free chloride, [Cl], using equation 2.1.29 and

computer program A.2. Then, the value of [Cl] obtained for each total chloride

concentration, C,, and the values of Ksp and §, ., are substituted into equation A.2. The

theoretical total concentration of silver in solution, C,, ,yueory) iS calculated for each total



153

chloride concentration. For each total C_, the square of the difference (SQD) between the
experimental C, ., and C, . peory, IS Calculated. The squares of the difference are summed
up to give the sum of the square of the difference (SSQD). The computer was programmed

to minimize the SSQD (cell G7, Table A.3a) by changing the values of Ksp and @, ., under
the condition that the values of Ksp and B, , are greater than zero. The new values of Ksp
and B, o, obtained at the end of this first iteration are substituted back in into equation
2.1.29 and new values of [Cl] are calculated. The new values of [CI], Ksp and B, , are

substituted back into equation A.2 to obtain newer values of Kspand g8, , which were used

to calculatea newer [C]]. This iterative process was repeated over and over until the values
of Ksp, B, and [CI] which give a best-fit to the experimental data in the range

Cq = 7.5x10° - 7.5 x10® M were obtained. The results of the multiple iterations are
shown in Table A.3a

Stage 2: Athigh total chloride concentrations, C, (3x10? - 7.5x10% M) the fractions of
higher complexes are significant. Therefore equation A.1 was used to calculate the values

of B;cir By and B, . The value of [Cl] for each C, was first estimated using the just
determined values of Ksp and §, , from Table A.3a along with the initial estimate of the
conditional stability constants for 8, .,, B, and B, from Table 5.3. The same type of
multiple iteration procedure as described above was used to obtain the values of 8, ,, B,
and B, ,, except thatin this case equation A.1 was used and only B8, o,, 8, and B, were
allowed to change (Ksp and B, , were kept constant). The resulting values of B, ., B;

and B, , are shows in Table A.3b.
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Stage 3: All values of B’s and the Ksp were allowed to change simultaneously in a multiple

iteration procedure. Initial values of Ksp, B, ¢, B, B3 and 8, , were taken from Table

A.3b. The results are shown in Table A.3c.

Stage4:  The final values of the Ksp and B,,  B,q. Bso and B, were obtained by

averaging the values in Tables A.3b and A.3c. The average values are shown in Table
A.3d. The logarithm of these values are compared with the logarithm of conditional
stability and solubility product constants (corrected for ionic strength of 0.3 M) in columns
4 and 3 of Table 5.3.

Equation A.2: TableA.3a

Cpqsitocey = $CSU/Bx + $D$1*$CS1

(CAuol - CAc.nl(ﬂ-cy))z = (Ex-Fx)** = Gx

3 (Ex - Fx)» G1+G2+G3+G4+G5 = G7

Equation A.1: Tables A.3b and A.3¢c

= $CS$1/Bx + SDS1*$CS1 + SES1*$CS1*Bx + SF$1*$CS1*(Bx)V
+ $G$1*$CS1*(Bx)»’
(Cagsai = Cagacitteary)® = (Hx-Ix)A* = Jx

S(Hx - Ix)» = Jo+JI10 = JI2

CM-NI(M!)



Table A.3a The spreadsheet used to estimate the value of Ksp and 8, , (Stage 1)

A B Cc DI E F G

Ca, M| [CIM | Kspx10® | Bic Cagsar | C. (Cagsoi- Cag.souheor) )2
x10* M| xi0*M (SQD)

1 [ 7.5E-05| 7.05E-05| 3.88E-04| 755 | 580 | 5.79 564E-05 |
2 [ 3.0E-04] 2.91E-04 | 3.88E-04 | 7556 | 160 | 162 5.70E-04
3 |[7.5E-04] 741E-04 | 388E-04| 755 | 0.80 | 082 2.71E-04
| 4 | 3.0E-03| 2.99E-03 | 3.88E-04| 755 | 040 | 0.42 5.05E-04
5 | 7.5E-03| 7.49E-03 | 3.88E-04| 755 | 0.33 | 0.34 2.12E-04

6 SSQb |
7 1.61E-03




Table A.3b The spreadsheet used to estimate the value of B, .,, B, ,, and 8, (Ksp and

B, kept constant) (Stage 2)

A - ] C D E F G

Ca. M [CLM Ksp x1¢f {Bia| Bia Bic B
1 |3.0E-03 |3.00E-02 | 3.88E-04 |755|30956 | 235037 867190
2 |7.56-02 |7.50E-02 |3.88E-04 |755 ]| 30956 | 235037 867190
3
4 H I J
S
6 Caawt | Cageoireo) | (Cagaot- Cageottneon)2
7 x10° M| x10° M (SQD)
8
9 0.70 0.76 3.22E-03
10 1.80 1.85 2.75E-03
11 SSQD
12 5.97e-03
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Table A.3c The spreadsheet used to estimate the value of Ksp, 8, ;. B2.c;» By and B,

(Stage 3)
A B C D E F G

Ca M| [CI1M | KspxiCf |Bia| B.ax Bsa B
1 |3.06-03 [ 3.00E-02 | 3.89E-04 |602 | 30974 | 230971 858828
2 | 7.5E-02 | 7.50E-02 | 3.89E-04 |602 | 30974 | 230971 858828
3
4 H | J
S
6 Cagat_|Cagaoiteon) {Cag.s0i - Cag.acktteony)"2
7 x10° M| x10° M (SQD)
8
9 0.70 0.70 1.67E-06
10 1.80 1.79 9.49E-05
11 SSQD
12 9.65E-05
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Table A.3d The spreadsheet shows the average values of Ksp, B, o, B,.c1» Bs i, and g,

(Stage 4)
A B C D E F G

Ca M | [CTLM |Kspx10°|Bic| Bia B B.a
1| 7.5E-05 | 7.05E-05 | 3.89E-04| 678 | 30965 | 233004 863009
2| 3.0E-04 | 2.91E-04 | 3.89E-04]678 | 30965 | 233004 8_63009
3| 7.5E-04 | 7.41E-04 | 3.89E-04 | 678 | 30965 23‘3004 863009
4 | 3.0E-03 | 2.99E-03 |3.89E-04]1678 | 30965 | 233004 863009
5 | 7.5E-03 | 7.49E-03 | 3.89E-04| 678 | 30965 | 233004 863009
6 | 3.0E-03] 3.00E-02 |3.89E-04| 678 | 30965 | 233004 863009
_Z 7.5E-02| 7.50E-02 | 3.89E-04| 678 | 30965 | 233004 863009
8
9 H | J
10
11 C C C .C A2
12 x10° M xl# M (SQD)
13
14 5.8 577 |  6.3345E04
18 16 | 160 6.4097E-06
16 08 0.79 1.3556E-04
17 04 0.39 4.1604E-05
18 0.33 0.32 2.1111E-04
19 0.70 0.‘_/3 7.7770E-04
20 1.80 1.82 4.6909E-04
21 SSQD
22 2.2749E-03
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COMPUTER PROGRAM A .4
CALCULATION OF SPECIES DISTRIBUTION

The computer program A.4 is used to calculate the fraction of free silver in solution,
a,,, and the fractions of other metal-ligand species by using equations 2.1.19 and 2.1.20a

through 2.1.20g, Chapter 2. The concentrations of various species are also calculated.
Values of [Cl] obtained using the computer programs A.1 and A.2 are entered in column
C. Other parameters which are used in the calculations are shown in column A of Table
A.4. Equation 2.1.8 (see Chapter 2) is used to calculate C,,,, and the concentration of

silver chloride precipitate, nw,,/V ; (AgCI(s) is dissolved in EDTA at pH 10 and it’s
concentration is determined by AAS) is calculated by difference;i.e.

NaoV = Cag-Cagenr e A3
Sample calculations are shown in Table A.4.

a, = 1/(1+ $AS1 * (Cx) + $AS$3 * (Cx)*2 + $ASS * (Cx)*3 + $AS7 *(Cx)™4

L 34

+ $A $15% ($A$22) + SAS17 * (3A$22)*2 + $AS19 * ($A$22)A3) = Dx

AQa = BYalClla,, = $AS1*(Cx)*Dx = Ex
Az = BRalClPa,, = $AS3*(Cx)2*Dx = Fx
Qs = B%alClPa,, = $A$5*(Cx)3* Dx = Gx

Hx

= '%alClT'a,,, = $AS7*(Cx)4* Dx

QR pgcre

$AS15*(5A%22)*Dx = Ix

Qogon = B’y .0 [OH] Qpge



Crgomz =
Crgols =
[Ag’]

(Agl =

[AgCl]
[AgCL,]
[AgCL,*]
[AgCL*]
[AgOH]
[Ag(OH),]
[Ag(OH);*]

CAlJol

CAsG(l)

B’om [OHT Qpge =

B’0u [OHT a,,,

Ksp/[CI] =

@ pge Cagsat

= Qprpa CA.,nl =

aA.Clz CA..ul

aA.CB CA..Iol

Qpgcre CA...oa =

@01 Cagial
= Aygom Cagut

= O rgoms Cagaot

160

$AS17 * (SA$22)2*Dx = Jx

$AS19* ($A $22)A3 * Dx = Kx
$A%9/Cx = Lx (Only if solid AgCI(s) is present )

Dx*Qx = Lx (Onlyifsolid AgCI(s) is absent )

Ex*Qx = Mx
Fx*Qx = Nx
Gx*Qx =0Ox
Hx*Qx = Px
Ix*Qx = Sx
Jx*Qx =Tx
Kx*Qx = Ux

= Lx+Mx +Nx+Ox+Px+Sx+Tx+Ux= Qx

= $AS$12 -Qx = Rx
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Table A.4 The spreadsheet used to calculate the species distribution of Ag-Cl system

using computer program A.4.
A B C D E F
qu CQ, M [CJ'T QM... am a“oz
1 678 3.00E-04 2.98E-06 0.998 | 0.0020 | 2.74E-07
2| Bza -0y 2.98E- . 0198 | 2.70E-05]
3| 30965 7505-0 7.05E-05 0.954 | 0.0456 | 1.47E-04
T Bsa 3.00E-0 - 0.833 [ . 0.165 | 2.T9E-03
S | 4 7.5S0E-04 7.41E- .65 0.330 [ 0.0112 |
5'4'0 . = . - . m W
7 | 863009 7.50E-03 7.49€-03 0.126 | 0.642 0.219
8 Ksp . . . 0.362 0.496
9 [3.89E-100 | 7. .50E- 3 0.145 0.495 |
1 0.3 3.00€-01] 0.00006| 0.013 | 0.171 |
11| Cags (M)
12]1.00€E-09
1 - G H ] J K
T3 Pron
L) 107 a AgC3 a AgCl4 aw a Ag(OH)2 aAﬂ(OH)S
1 B'2.0u 6.15E-14 6. JE =U im b.30E-17
17| 2139 6.04E-09 6.67E-13 1 ose—o (2.10E-11 6.18E-17
[TB] Bom 779'5'0 q 2.04E-T1] 1.02E-0y 2.04E-T1 6.02E-17]
19| 63095 o--mxmmmmm 5 bE-17
09 1.71E-0 .04t-00 4, -1
21| [OH] T.88E-03 2.08E0 3.235-0 1.91E-17]
22| 1.0E-07 0.01237] 0.00034] 1.356-06/ 2.70E-13 7.97E-18
11189] 0.01243| 1.91E-07 3.81E-13 11 E-18
4 . 0.07763 | 3.04E-Q m 1.80E-19
omw.- .-1

Table A.4 continues




Table A.4 continues

L M N — 0 P

26 | [Ag'TM | [AgCIM| [AgCLIM| [AgCLIM| [AgCIIM|
27 | 9.98E-06 | 2.02E-08 | 2.74E-12 | 6.15E-17 | 6./9E-22 |
28 | 9.80E-06 | 1.98E-07 | 2.70E-10 | 6.04E-14 | 66/E-18 |
29 [ 3.31E-06 | 2.63E-07 | 848E-10 | 4.50E-13 | LISE-16
31| 5.25E-07 | 2.63E-07 | 8OIE-00 | 4.97/E-11 | 136E-13 |
32 | 1.30E-07 | 2.63E-07 | 3.60E-08 | 8.10E-10 | S97E-12 |
33 | 5.19E-08 | 2.63E-07 | 9.01E-08 | S.08E-09 | L4IE-10 |
34 | 1L.30E-08 | 2.63E-07 | 3.61E-07 | 8.14E-08 | 9.05E-09 |
35| 5.18E-00 | 2.63E-07 | 9.02E-07 | 3.00E-07 | 1.41E-07 |
36 | 6.15E-10 | 1.23E-07 | L.71E-06 | 3.8/E-06 | 4.30E-06 |
37

38

39 Q "R S T U
30

AT | CopM | CoM | [AgOHT | [Ag(ORZ] | TAg(OM3]|
42 | 1.00E-05 0 1.07E-10 | 2.13E-16 | 6.30E-22 |
43 | 1.00E-05 0 1.0SE-10 | 2.10E-16 | 6.18E-22 |
44| S.78E-06 | 4.22E-06 | 1.02E-10 | 2.0aE-16 | 6.02E-22 |
45 | 1.60E-06 | S.40E-06 | 8.02E-11 | L./8E-16 | 35.26E-22 |
a6 | 7. 9.20E-06 | 7.04E-11 | 1.41E-16 | 4.13E-22 |
47 | 430E-07 | 9.37E-06 | 3.3E-11 | 6.40E-17 | LOIE-22 |
48 | 4.11E-07 | 9.39E-06 | L33E-11 | 2.70E-17 | 1.97E-23 |
49 | 7.28E-07 | 9.2/E-06 | 1.01E-12 | 3.81E-18 | 1.12E-23 |
50 | 1.82E-06 | 8.18E-06 | 3.04E-13 | 6.00E-19 | L.80E-24 |
81 | 1.00E-05 0 6.38E-15 | 1.31E-20 | 3.88E-26 |

162
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COMPUTER PROGRAMA.5

This computer program is used to estimate the distribution coefficient, A, ., of
AgCl(aq) between the solution phase and the resin phase using equation 5.1, Chapter 5.
For each value of total silver sorbed obtained experimentally, Cg,, ,,, comesponding

valuesof @, ,, @5, and C,, ,,, Were calculated by using the computer program A.4. The

values obtained are shown in Table A.S. ForA,_,, the value of 0.144 Ig™* was used.

Ag+?

The values of the above parameters are substituted into equation 5.1. For the value of
Ay ;c1» any number is initially substituted into equation 5.1 and the calculated value of total
sitver sorbed, C;,, , is then computed. For each entry, the square of the difference (SQD)
between Cg,, .., and Cg,, ., is calculated. The squares of the difference are summed up to

give the sum of the square of the difference (SSQD). The computer was programmed to
minimize the SSQD, (cell I8, Table A.5) by changing the value of A, ., under certain
specified conditions. Finally, the value of A, ., which gives a best-fit to the experimental

data was obtained.

Recall equation 5.1, Chapter 5:

Giag = pge @pg + 2400 %) Coga

Cragent = ($DS$1 *Cx + $F$1 *Ex) * Bx = Hx
(Coagerp - Cragat)® = (Gx-Hx)*?

2(Gx - Hx)" NN+IR2+B+I14+I5+16 I8
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Table A.5 The spreadsheet used to estimate the value of the distribution coefficient, A. AgCl
of AgCl(aq) between the resin phase and the solution phase using computer
program A.S.
A B C D E F G| H I
Car | Casmar | Gag | Ponewr | Cngct | Pongcrr | Compose] Cragins | Congerp - Crnpet)”
- (SQD) (umol I')?

1] 7. 2 .144 .064 .18x10°"
2 [ 3.0x10° | 0.43 030 [0.144[ 0.61 [0.06a2| 0.034| 0.036 | 9.7ax10° |
3| 7.5x10° | 0.41 0.13 [0.144| 0.64 [0.06a2 0.027[ O. 1.15x10°

4| 3.0xI0°[ 0.73 0018 |0.144| 0.36 [0.0642] 0.018| 0.019 6.91x10°
5 | 7.5x10°| 1.82 0.0028 |0.144 | 0.15 [0.0642| 0.016] 0.018 | 6.74x10°

6| 03 | 10.0 [0.000061] 0.143 | 0.013[0.0642 | 0.000[ 0.008 | 3.47x10°

7 SSQD

8 1.47x10°
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Table A.6 The spreadsheet used to estimate the value of the distribution coefficient, A, oy
of AgOH(aq) between the resin phase and the solution phase using computer
program A.S.

A B C D E F G H I

pH C 3. A'A'OK' CI!A'.up. C;Ag,al’ (CRAg.cxp 'ckAg.al)L
umol I'{ (SQD) (umol I)*

1 1 . X . . 4.24x10
2 [ 11.89 | 109 | 0.503 | 0.119[ 0418 | 0.38 | 239 | 239 451xI0"
(3| 1229] 956 | 0.229 | 0.125[ 0478 | 0.37 | 198 | 1.98 6.96x10"
4| 1249 | 114 [ 0.122 | 0.132[ 0403 | 051 | 2.52 | 2.52 2.88x10° |
5| 12.71] 172 | 0.048 | 0.175[ 0.266 | 0.41 | 2.00 | 2.00 1.68x10
6| I3.00| 370 [ 0012 | 0.187] 0.123| 039 | 1.88 | 188 8.37x10"°
7 SSQD
K3 3.85x10
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APPENDIX B

TABLES FOR CHAPTER FOUR

In this appendix data which were presented in some of the figures in Chapter 4 are

tabulated. The corresponding figure in which the data were plotted is indicated in the
tables.
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TableB.l Ag" breakthrough data on Dowex SOW-X8 resin for 1.85 umol 1"* and

46.35 pmol I'* Ag’ in 0.2 M NaNO, and pH 7 buffer (HEPES). The solutions

were loaded onto a 1.4 g column at a flow rate 7 ml min.". The data are

plotted in Figure 4.1.
Ce/Ci Ce/Ci
Time = -1 = -1
(min.) C zge = 1.85umol | C rg+ =46.35 pmol 1

0.020 + 0.001 0.335 = 0.086
40 0.650 = 0.047 0.931 =+ 0.015
60 0.930 + 0.001 0.998 = 0.005
80 0.970 = 0.047 1.000 = 0.003
90 1.000 + 0.001 0.995 + 0.012
100 1.000 = 0.001 1.000 + 0.004
120 1.000 + 0.001 1.000 = 0.001

+ are standard deviations based on two replicates.
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Table B.2 Ag" breakthrough data on Dowex S0W-X8 resin for 1.85 umol I"* and

46.35 umol I"* Ag* in 0.3 M NaNO, and pH 7 buffer (HEPES). The solutions

were loaded onto a 1.4 g column at a flow rate 7ml min.”". The data are

plotted in Figure 4.2.
— CelCl CelCi
Time | ¢, =18umoll* | C,,, =4635 umoll®

(min.)

040 = 0.04 0.60 = 0.01
40 1.00 = 0.04 1.00 = 0.02
50 1.00 = 0.04 1.00 = 0.01
60 1.00 = 0.04 1.00 = 0.01
70 1.00 = 0.04 1.00 = 0.01
80 1.00 = 0.04 -
90 1.00 = 0.05 1.00 = 0.01

+ are standard deviations based on two replicates.
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TableB.3 Ag" breakthrough data on Dowex SOW-X8 resin for 1x10*M Ag* in0.3 M
' NaNO; and pH 7 buffer. The solution was loaded onto a 15 mg resin column
(Figure 3.3) at a flow rate 7ml min.™'. The data are plotted in Figure 4.5.

Time (min.) Ce/Ci
0.73 0.66 + 0.07
1.50 1.00 = 0.02
2.20 1.00 + 0.02
2.93 1.00 + 0.01
3.58 1.00 = 0.01
433 1.00 = 0.01
5.00 1.00 = 0.01
10.00 1.00 = 0.01
15.00 1.00 = 0.01

= are standard deviations based on two replicates.
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Table B.4 Pre-conditioning data for 10.0 umol I'* Ag* in 0.3 M NaNO, and pH 7 buffer.

The resin was pre-conditioned for different lengths of time. The Ag*
containing solution was loaded onto a 1.4 g column for 40 minutes at a flow

rate 7ml min.”. The eluentwas 0.04 M EDTA at pH 10. The data are plotted

in Figure 4.6
Pre-conditioning .
ime (min. ) umols of Ag* eluted
0 1.04 = 0.01
2 1.03 = 0.01
4 1.03 = 0.01
6 1.03 = 0.01
10 1.03 = 0.01
15 1.04 = 0.01

+ are standard deviations based on two replicates.



Table B.5
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Elution data for Ag* on Dowex SOW-X8 resin for 92.7 umol I Ag* in 0.3 M

NaNO, and pH 7 buffer. The solution was loaded onto a 1.4 g column for 40
minutes at a flow rate 7ml min.”. Different concentrations of ammonium
buffer were added in the eluent ( 0.05 M EDTA at pH 10). The eluent was
passed at a flow rate of 2 ml min.”. The data are plotted in Figure 4.7.

Volume | Time | NH, /NH,0M JNH, /NI, 0.02M | NH, /NH, 0.03M |
(ml.) (min.) umols of Ag+ umols of Ag+ umols of Ag+
eluted eluted eluted
0 0 0.000 = 0.000 | 0.000 = 0000 | 0.000 = 0.000
10 5 7.770 = 0211 | 7.130 = 0044 | 3.630 = 0.140
20 10 0.185 = 0.042 | 0.639 = 0.032 1.880 = 0.260
30 15 0.046 = 0.035 | 0.204 = 0.006 1.220 = 0.140
40 20 0.026 = 0.023 | 0.081 = 0.012 0.682 = 0.093
50 25 0.019 + 0.007 | 0.037 =+ 0.011 0.341 = 0.057
60 30 0.015 = 0.006 | 0.020 =+ 0.005 | 0.171 = 0.037
70 35 0.014 =+ 0.006 | 0.012 = 0.006 | 0.088 = 0.016
80 40 0.013'+ 0.005 | 0.007 = 0.002 | 0.050 = 0.010
90 45 0.012 + 0.006 | 0.004 + 0002 | 0.029 = 0.006
100 30 0.010 = 0.004 | 0.003 £ 0002 | 0.017 = 0.006
110 55 0.010 = 0.005 | 0.001 = 0002 | 0.011 = 0.003
120 60 0.009 + 0.004 | 0.000 = 0.000 | 0.008 = 0.003
130 65 0.007 + 0.004 | 0.000 = 0.000 | 0.006 = 0.003

z are standard deviations based on two replicates.
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Table B.6 Elution datafor Ag* on Dowex SOW-X8 resin for 92.7 umol 1™ Ag* in 0.3 M

NaNO, and pH 7 buffer. The solution was loaded onto a 1.4 g column for 40
minutes at a flow rate 7ml min.”'. The eluent 0.04 M EDTA at pH 10 was
passed at a flow rate of 1 ml min.”'. The data are plotted in Figures 4.8 and

4.9.
(mmh!‘“ ) V&[ﬂ“‘;“ umols of Ag* eluted

0.000 = 0.000

10 10 8.500 + 0.240
20 20 0.103 =+ 0.066
30 30 0.039 + 0.017
40 0.015 = 0.006

30 50 0.006 + 0.004
60 60 0.002 = 0.002
70 70 0.000 + 0.001
80 80 0.000 = 0.000
90 90 0.000 + 0.000
100 100 0.000 =+ 0.000
110 110 0.000 + 0.000
120 120 0.000 + 0.000

= are standard deviations based on two replicates.
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Table B.7 Elution data for Ag* on Dowex SOW-X8 resin for 92.7 umol 1" Ag* in 0.3 M

NaNO, and pH 7 buffer. The solution was loaded onto a 1.4 g column for 40
minutes at a flow rate 7ml min.". The eluent 0.04 M EDTA at pH 10 was
passed at a flow rate of 2 ml min.™. The data are plotted in Figures 4.8 and

4.9.

Time Volume umols of Ag* eluted

(min.) (ml.) '
0 0 0.000 = 0.000
5 10 7.780 = 0.110
10 20 0.208 = 0.005
15 30 0.084 = 0.004
20 40 0.040 = 0.002
25 50 0.023 =+ 0.004
30 60 0.014 + 0.003
35 70 0.009 + 0.003
40 80 0.006 + 0.003
45 S0 0.004 + 0.003
30 100 0.003 + 0.002
35 110 0.000 = 0.003
60 120 0.000 + 0.000
65 130 0.000 = 0.000
70 140 0.000 =+ 0.000

= are standard deviations based on two replicates.
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Table B.8 Elution data for Ag* on Dowex S0W-X8 resin for 92.7 umol I Ag*in0.3 M

NaNO, and pH 7 buffer. The solution was loaded onto a 1.4 g column for 40
minutes at a flow rate 7ml min.”. The eluent 0.04 M EDTA at pH 10 was
passed at a flow rate of 10 ml min.™. The data are plotted in Figures 4.8 and

49,
Time V(?.[ﬂm;le umols of Ag* eluted

0.000 = 0.000
1 10 5710 = 0.530
2 20 1.072 = 0.280
3 30 0.561 = 0.162
4 0.348 =+ 0.095
5 50 0.221 = 0.057
6 60 0.148 + 0.037
7 70 0.101 = 0.024
8 80 0.069 + 0.016
9 90 0.047 = 0.010
10 100 0.031 = 0.006
11 110 0.023 = 0.004
12 120 0.015 = 0.003

= are standard deviations based on two replicates.
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Table B.9 Elution data for Ag* on Dowex SOW-X8 resin for 0.005, 0.01 and 0.1umoi I

Ag' in 0.3 M NaNO; and pH 7 buffer. The solutions were loaded onto a
1.4 g column (Figure 3.2) for 40 minutes at a flow rate 7ml min.". The eluent
0.05 M EDTA at pH 10 was passed at a flow rate of 2 ml min.". Each

fraction represents 5 ml of eluent collected in a Sml volumetric flask. The

data are plotted in Figure 4.10.

Co (umol I') I 5 ml portions AAS signal
0.005 T 0.006 + 0.001
0.005 2 0.000 = 0.000
0.005 3 0.000 = 0.000
0.005 4 0.000 =+ 0.000
0.01 1 0011 = 0.003
0.01 2 0.002 = 0.0004
0.01 3 0.000 = 0.000
0.01 4 0.000 = 0.000
0.1 1 0.025 + 0.003
0.1 2 0.004 + 0.001
0.1 3 0.000 = 0.000
0.1 4 0.000 + 0.000

= are standard deviations based on two replicates.



Table B.10 Elution data for Ag” on Dowex SOW-X8 resin for 92.7 umol 1" Ag"in0.3 M

NaNO, and pH 7 buffer. The solution was loaded onto a 1.4 g column for

40 minutes at a flow rate 7 ml min. . Different concentrations of eluent

(EDTA) at pH 10 were used for elution. In each case the eluent was passed

ata flow rate of 2 ml min.”. The data are plotted in Figure 4.11.

Volume Tme |
(ml) (min.)
10 5
20 10
30 15
40 20
50 25
60 30
70 35
80 40
90 45
100 50
110 55
120 60
130 65
140 70

-§ 0.005

0.02MEDTA |

umols of Ag*
eluted

0.000 = 0.000
6.360 = 0.002
0.991 = 0.024
0.428 = 0.009
0.195 = 0.004
0.101 = 0.002
0.058 = 0.002
0.029 = 0.001
0.020 = 0.002
0.010 = 0.002
= 0.002
= 0.002
= 0.000
= 0.000
= 0.000

0.002
0.000
0.000
0.000

0.04 MEDTA |

umols of Ag”
eluted

0.000 = 0.000
7.820 = 0.124
0.208 = 0.037
0.082 + 0.031
0.038 = 0.021
0.020 = 0.011
0.013 = 0.006
0.007 = 0.004
0.004 = 0.003
0.003 = 0.001
0.000 = 0.002
0.000 = 0.000
0.000 = 0.000
0.000 = 0.000
0.000 = 0.000

0.08 MEDTA |

umols of Ag*
eluted

0.000 =+ 0.000
7.930 = 0.010
0.166 = 0.034
0.052 = 0.032
0.023 = 0.021
0.011 = 0.011
0.007 = 0.007
0.003 = 0.004
0.002 = 0.003
0.000 = 0.001
0.000 = 0.000
0.000 = 0.000
0.000 £ 0.000
0.000 = 0.000
0.000 =+ 0.000

+ are standard deviations based on two replicates.
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Table B.11 Elution data for Ag* on Dowex SOW-X8 resin for 1.0, 10 and 100 umoi I™*

Ag’ in 0.3 M NaNO, and pH 7 buffer. The solutions were loaded onto a
15 mg column (Figure 3.3) for 5 minutes at a flow rate 7ml min.”'. The
eluent 0.05 M EDTA at pH 10 was passed at a flow rate of 2 ml min.". Each

fraction represents S ml of eluent collected in a S ml volumetric flask. The

data are plotted in Figure 4.12.

I Ca (umoll™) ! 3 ml portions ! AAWgnaﬁ
: 0.005 = 0.0003

1.0 2 0.000 + 0.000

1.0 3 0.000 = 0.000

1.0 4 0.000 = 0.000

10.0 1 0.030 + 0.001

10.0 2 0.000 = 0.000

10.0 3 0.000 = 0.000

10.0 4 0.000 = 0.000

100.0 1 0.230 = 0.004
100.0 2 0.001 = 0.0001
100.0 3 0.000 = 0.000

100.0 4 0.000 = 0.000

= are standard deviations based on two replicates.
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Table B.12 Ag’ loading curve data on Dowex SOW-X8 resin for 9.27 umol 1" Ag’ in

0.3 M NaNO, and pH 7 buffer. The solution was loadedontoa 1.4 g
column for different lengths of time and different flow rates. The eluent

0.05 M EDTA at pH 10 was passed at a flow rate of 2 ml min.". The data

are plotted in Figure 4.13.
'ﬁig umols of Ag” sorbed
(min.) [Flow rate 2 mlminT | Flow rate /7 mlmun " | Flow rate 10 ml min
0 0.000 = 0.000 0.000 = 0.000 0.000 = 0.000
10 0.132 = 0.007 | 0451 = 0.002 0.541 = 0.007
20 0269 = 0014 | 0659 = 0.004 0.677 = 0.004
30 0390 = 0.030 | 0.696 = 0.006 0.699 = 0.018
0486 + 0.002 | 0694 = 0.015 0.695 = 0.001
50 0.589 = 0.031 | 0.696 = 0.013 0.696 = 0.006
60 0642 = 0010 | 0.696 = 0.013 0.699 = 0.016
100 0.699 = 0.015 - -
150 0.703 = 0.007 - -

= are standard deviations based on two replicates.
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Table B.13 Ag"* loading curve data on Dowex SOW-X8 resin. The solution composition
and experimental conditions are the same as in Table B.12. The data are
plotted in Figure 4.14.

Flow rate 2 ml min | Flow rate 7 ml min | Flow rate 10 ml min '

Volume I \\molsof Ag* | Volume | ymolsof Ag* | Volume I ymoisof Ag'

(ml.) sorbed (ml.) sorbed (mi.) sorbed
0 Jo.000 = 0.000 0.000 = 0.000 0.000 = 0.000
20 10132 £ 0007] 20 ]o.134 = 0.002 20 10.146 = 0.005
0269 = 0014 ] 40 ]0.275 = 0.004 40 10266 + 0.006
60 10390 =+ 0030f] 0 039 = 0.004 60 10396 = 0.006
80 10486 + 0002 8 Jo0.481 = 0002 8 0473 = 0.008

100 Jo.s89 = 0031 | 210 ]o0.696 = 0.006 100 10.541 =+ 0.001
200 10699 = 0.015] 280 Jlo694 = 0015 | 200 |0.677 = 0.004
300 10703 + 0007 | 330 Joe9s = 0013 | 300 ]0.699 = 0.018
oo - 420 10.696 + 0.013 400 10695 + 0.000
- - - - 300 10.696 = 0.006

- - - - 600 10699 + 0.016

= are standard deviations based on two replicates.



Table B.14 Ag" loading curve data on Dowex SOW-X8 resin for 1.0 umol I Ag*in

solutions of different ionic strength (X M NaNO, ) and pH 7 buffer. The
solutions were loaded onto a 15 mg column for different lengths of time and
ata fixed flow rates of 7 ml min.”. The eluent 0.05M EDTA at pH10 was
passed at a flow rate of 2 ml min.™. The data are plotted in Figure 4.15a
through 4.15e.

1-%‘;:58 umol g of silver sorbed

. - 0.18 + 0.01
1 0.43 £0.01 | 0.45+0.06 ] 0.43 =0.01 | 0.31 = 0.06 | 0.18 = 0.01
2 0.80 £ 0.02 | 0.8220.01 | 0.61 +0.01 | 0.40 = 0.06 | 0.18 = 0.01
3 - - - - 0.19 = 0.04
4 1.67+0.06 | 1.56 £0.01 ] 0.74 + 0.06 | 0.40 = 0.01 | 0.19 = 0.04
5 - - - - 0.19 = 0.04
6 2.47 £ 0.01 | 2.13 £ 0.01 | 0.69 = 0.01 | 0.40 = 0.01 -

8 3.18+0.18 | 2.4620.01 ] 0.69 = 0.01 | 0.40 = 0.01 -

10 1 397:001]267:0.01}0.69+001]040=0.01|0.19=0.04
12 | 463+001]27120.01)] 0.69+0.01 ]| 0.40=0.01

15 5.5220.06 | 2.67 +0.06 | 0.65 = 0.06 | 0.40 = 0.06

20 8.85 + 0.01 - - - -

25 |1013:0.78 - - - -

30 |12.19£0.06 - - - -

35 |13.65+0.06 - - - -

490 11497+0.13 - - - -

0 11734+025 - - - -

= are standard deviations based on two replicates.
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Table B.15 Data showing the values of distribution coefficient of Ag* between the resin
phase and solution phase at different ionic strengths. The values were
calculated by using the data from Table B.14. These data are plotted in

Figure 4.16

0.05
0.15
0.3

Tonic strength (M) ! Mg, (189
01 2.68 = 0.11

0.69 = 0.03
0.40 = 0.02
0.19 = 001
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Table B.16 Ag* loading curve data on Dowex SOW-X8 resin for 0.1lumol 1", 1.0 pmol I'*

and 10.0 umol I"* Ag* in 0.3 M NaNO, and pH 7 buffer. The solutions were

loaded onto a 1.4 g column for different lengths of time and at a fixed flow
rate of 7 ml min.". The eluent 0.05 M EDTA at pH 10 was passed at a flow
rate of 2 ml min.™". The data are plotted in Figure 4.17.

Loading | C,,=0.1umoll* [ C, =10pmoll* | C,,=10.0pumoll
(min.) umol g of Ag* umol g* of Ag* umol g* of Ag*

sorbed sorbed sorbed
0.000 = 0.000 0.000 = 0.000 0.000 = 0.000

10 0.006 + 0.001 0.060 =+ 0.001 0.576 = 0.006
20 0.010 =+ 0.001 0.111 = 0.004 1.043 = 0.021
30 0.014 = 0.001 0.151 = 0.003 1343 = 0.021
40 0.014 =+ 0.003 0.166 = 0.003 1.457 = 0.035
50 0.014 =+ 0.003 0.170 = 0.006 1.457 = 0.007
60 0.014 = 0.001 0.172 = 0.003 1457 = 0.014

= are standard deviations based on two replicates.
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Table B.17 Ag" loading curve data on Dowex S0W-X8 resin for 1.0 umol 1"*,10.0umol I'*

and 100 pmol I'* Ag* in 0.3 M NaNO, and pH 7 buffer. The solutions were

loaded onto a 15 mg column for different lengths of time and at a fixed flow
rate of 7 ml min.”". The eluent0.05M EDTA at pH10 was passed at a flow
rate of 2 ml min.”". The data are plotted in Figure 4.18.

b@.:cins Cppo=1.0pmol I | C,, = 10.0 pmol I'* | C,,, = 100.0 pmol I'*

(min) umol g™* of Ag* pumol g of Ag* umol g of Ag*
sorbed sorbed sorbed

m
0. 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
0.5 0.26 + 0.02 1.05 = 0.02 8.05 = 0.06
1.0 0.26 = 0.02 1.22 =+ 0.02 8.82 = 0.06
2.0 0.26 + 0.02 1.32 £ 0.02 9.03 £ 0.02
3.0 0.29 = 0.04 132 + 0.02 891 + 0.06
4.0 0.29 + 0.04 132 = 0.02 8.99 =+ 0.06
5.0 0.29 = 0.04 132 = 0.02 895 + 0.02
10.0 032 = 0.02 132 + 0.02 9.03 = 0.02

= are standard deviations based on two replicates.
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Table B.18 Ag" sorption isotherm data on Dowex SOW-X8 resin. The solutions contain
different concentrations of Ag* in 0.3 M NaNO, and pH 7 buffer. The
solution were loaded onto a 1.4 g column (Figure 3.2) for 40 minutes at
a flow rate 7 mi min.”. The eluent0.05M EDTA at pH 10 was passed ata
flow rate of 2 ml min.”". The data are plotted in Figures 4.19 and 4.21

I [Ag'l, pmol I* I [RAg'), pmol g* %ol r resng ;gegs’oocupied
0.005 0.002 = 0.001 0.000039
0.008 0.005 = 0.001 0.000098
0.01 0.006 = 0.002 0.00012
0.015 0.007 £ 0.002 0.00014
0.05 0.011 = 0.001 0.00022
0.1 0.019 = 0.001 0.00037
0.5 0.078 = 0.004 0.0015

1.0 0.140 = 0.002 0.0027
1.5 0.208 + 0.001 0.0041
2.0 0.279 = 0.003 0.0055
4.0 0.590 = 0.008 0.012
5.0 0.724 = 0.004 0.014
10.0 139 + 0.03 0.027
15.0 1.89 = 0.04 0.037
20.0 229 = 0.0l 0.045
35.0 388 + 0.32 0.076
50.0 523 = 0.01 0.1

75.0 7.51 = 0.02 0.15
100.0 9.73 + 0.04 0.19
125.0 11.5 = 0.1 0.23
150.0 135 = 0.1 0.26

= are standard deviations based on two replicates.
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Table B.19 Ag" sorption isotherm data on Dowex SOW-X8 resin. The solutions contain
different concentrations of Ag* in 0.3 M NaNO, and pH 7 buffer. The
solutions were loaded onto a 15 mg column (Figure 3.3) for S minutes ata
flow rate 7 ml min.™. The eluent 0.05M EDTA at pH 10 was passed ata
flow rate of 2 ml min.”". The data are plotted in Figures 4.20.

(Ag], wmol " [ Rag), umol g™ T oF e sfes oocupied

: 0.07 = 001 :

0.2 0.14 = 0.02 0.0027
0.5 021 = 0.02 0.0041
0.8 0.28 = 0.1 0.0055
1.0 033 = 001 0.0065
2.0 0.55 = 0.01 0.011
3.5 0.87 = 0.01 0.017
5.0 1.15 = 001 0.023
8.0 141 = 001 0.028
8.5 146 = 0.01 0.029
10.0 1.64 = 001 0.032
20.0 261 + 001 0.051
35.0 4.07 = 0.06 0.080
50.0 5.16 = 0.08 0.10
65.0 6.54 £ 0.06 0.13
80.0 7.20 = 0.49 0.14
100.0 9.00 = 0.05 0.18
200.0 168 = 0.1 033
350.0 29.1 = 0.1 0.57
500.0 382+ 06 0.75
650.0 492 = 0.6 0.57
800.0 57.5 = 0.6 1.13
1000.0 694 = LS 1.36

= are standard deviations based on two replicates.
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APPENDIX C

TABLES FOR CHAPTER FIVE

In this appendix data which were presented in some of the figures in Chapter 5 are

tabulated. The corresponding figure in which the data were plotted is indicated in the

tables.
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Table C.1 Ag’ loading curve data on Dowex 50W-X8 resin for 1x10™* M total silver and
3x10° M total chloride in 0.3 M NaNO, and pH 7 buffer. The solutions were
left to age for different lengths of time before being loaded onto a 1.4 g resin
column for different lengths of time at a flow rate of 7 ml min.”. The eluent
0.05 M EDTA at pH10 was passed at a flow rate of 2 ml min.". The data are
plotted in Figure S.1.

Toading umol g'of Ag® | umol g*of Ag* | umol g*of Ag®
ame sorbed sorbed sorbed

(min.) (Aftermixingz (After 1 hour) | (After 15 hours)
20 646 = 0.16 | 629 + 0.29 7.14 = 02
30 757 £0.15 | 750+ 010 | 857 = 0.1
40 807 +009 | 757+ 021 ] 857 =+ 03
60 814 =013 | 757 = 009 | 857 = 02
120 800+ 005 | 750+ 021 | 857 = 02

180 800 = 0.06 | 7.64 = 0.17 8.57 = 0.1
240 829 = 009 | 7.71 = 0.15 857 =+ 02

= are standard deviations based on three replicates.
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Table C.2 Ag’ loading curve data on Dowex SOW-X8 resin for 1x10™* M total silver and
3x10"° M total chloride in 0.3 M NaNO, and pH 7 buffer. The solutions were
left to age for different lengths of time before being loaded onto a 15 mg resin
column for different lengths of time at a flow rate of 7 ml min.”. The eluent

0.05 M EDTA at pH10 was passed at a flow rate of 2 ml min.™. The data are

plotted in Figure 5.2.

l.nacﬂhg

Time

(min.) (After 1 hours) ] (After 15 hours)

. 640 = 0.10 590 = 0.10 6.50 = 0.10

10 | 670 + 0.10 | 630 = 0.10 7.10 = 0.10
20 ] 690+0.10 | 640 =0.10 7.40 = 0.10
30 ] 690 =010 | 640 =0.10 7.30 = 0.10
40 | 680 =010 | 630 = 0.10 730 = 0.10
50 1690010 | 630=010 730 = 0.10
75 1 690=+0.10 | 630 =0.10 730 = 0.10
100 1 690+ 0.10 | 620 = 0.10 7.20 = 0.10
125 1 700 =+ 0.10 | 620 = 0.10 7.20 = 0.10
150 1 700+ 0.10 | 620+ 0.10 7.20 = 0.10

+ are standard deviations based on three replicates.
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Table C.3 Results obtained for the determination of free silver ion concentration in the

No.

W W hp W -~

presence of varying amounts of total silver and total chloride concentration.

(0.3 M total ionic strength and pH 7 buffer). The solutions were loaded onto

a 15 mg column, Figure 3.4 at a flow rate of 6 ml min.”". The data are plotted

1x10™
1x10*
1x10°
1x10°
1x10°
1x10
1x10

in Figure 5.9
Samp[e EA‘., M Ea, M

1.5x10*
1.0x10™*
9.5x10™
9.0x10™*
5.0x10*
9.0x10?
5.0x10?

CI]. M|

5.7x10°
2.0x10°
6.8x10°
3.8x10°
7.8x107
3.9x107
7.8x10®

6.8 0.7
186+ 0.8
58.1= 2.5

101 =4
495+ 18
949 = 34

4927 = 100

Valuesof [Ag']1] Valuesol Predicted
obtained by the | [Ag'] obtained | values of
ion-exchange by the ISE [Ag’],
method method in pmol It

in umol I"* in pmol I
IXI0" | 4.5X10° | 3.9x10° 1.2+02 1.00+0.02 | 1.11+0.03

6.21£0.12
17.8 £ 0.3
59.5+09
959+ 1.6
507 +£9
993 = 17
5000 = 49

6.84 = 0.14
19.7 £ 0.2
568=1.1
104+ 2
01=7
1000 = 12
5000 = 49

+ are standard deviations based on three replicates.



Table C.4

Ag" equilibrium sorption data for solutions contain different concentration

of total silver, C,, in 0.3 M NaNO, at pH 10. The solutions were loaded onto
a 15 mg column (Figure 3.3) for 5 minutes at flow rate 7ml min.”". The
eluent 0.05 M EDTA at pH 10 was passed at a flow rate of 2 ml min.™. The

data are plotted in Figures 5.11 and 5.12.

[~ Silver in solution ~Silver sorbed
[Ag'], umol I [RAg], umol g™
0.2 0.16 + 001
0.4 021 + 001
0.8 032 = 001
1.0 0.43 = 001
2.0 0.79 = 001
4.0 1.03 = 001
6.0 1.21 = 0.01
8.0 143 = 0.10
10.0 2.09 = 0.10
20.0 3.09 = 0.10
40.0 475 = 0.10
60.0 6.01 = 0.10
80.0 737 = 0.10
100.0 8.79 = 0.10
200.0 18.1 = 0.5
400.0 294 + 0.5
600.0 357 = 0.7
800.0 356 = 0.5
1000.0 36.6 = 0.4
2000.0 348 = 1.1
4000.0 369 = 0.2
6000.0 378 = 0.2
8000.0 380 = 0.1

= are standard deviations based on three replicates.




Table C.5 Results obtained for the determination of free silver ion concentration in

_ solutions of different pH and 0.3 M total ionic strength. The solutions

were loaded onto 15 mg column, Figure 3.4 at a flow rate of 6 ml min.".

The data are plotted in Figures 5.15and 5.17

Valuesof [Ag'] | valuesof [Ag] Valuesof | Predicted
obtained by the obtained by the | [Ag'] obtained | values of
ion-exchange ion-exchange by the ISE [Ag’]
g | methodin pmol I* | methodin pmo I* ~method 1 jp pmoll?
P (before correction) | (After correction in umol 1!

12. 14.4 = 0.4 043 +0.01 ]0.490 = 0.012 ] 0.38 = 0.01
12.71 155 = 02 0.80+001 |0.878 +0.020 | 0.69 =0.02
12.49 20.2 = 0.6 1.64+0.05 |1.45 =0.032 | 1.15+0.03
12.29 153 = 0.9 1.95+ 0.12 230+0.05 | 1.83 +0.04
11.89 19.0 = 0.4 5.06 =+ 0.11 553+0.11 |4.59+0.10
11.43 222 = 08 11.5 = 0.41 104+ 0.19 | 132+030

= are standard deviations based on three replicates.
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APPENDIX D

DERIVATION OF AN EXPRESSION FOR THE FRACTION OF FREE SILVER IN
THE PRESENCE OF EDTA AS THE ONLY COMPLEXING LIGAND.
EDTA, (Y*) forms two complexes with Ag*. The formation expressions for these two
complexes as given in [S2] are as follows:
Agr +  YY pe—t— AgY*

_ ey D.1
= Tl

AgY* + HY W ep——— ppHY?

R, = el oo D2
[AgY™] [H']
We want equatio D.2 to be in the form: silver + EDTA =  silver-EDTA complex.

Hence an equation of the form is also needed:

H + Y* -————i Hy*

- [Lﬂ ..... D3
Ko = YA

From equation D.2 we can write:

2
ev] = LeX]
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Also from equation D.3 we can write:

__[HY*)
AR = -

Substituting equation D.4 and D.5 into equation D.1 above we obtain:

Ku [AgHY?]
K _— D.6
: K [Ag"] [HY?]
Re-arranging equation D.6 we get:
. KKy _ M ..... D.7
2 TRy T TaglEY

Where Kx is the equilibrium constant for the reaction:
Ag® + HY* g— AgHY?*

The conditional stability constants for Metal-EDTA complexes are given by:

AgY¥
Koye o A1 Ds

[Ag'1(Y]

Ki

K. . faewyy D9
[Ag*1(Y']

NaY>
Khae = KneQys = Ny} D.10

[Na*][Y]

Where [Y*] = ay, [Y] and [HY*] = ag, [Y]

[Y] is the total concentration of EDTA in solution that has not reacted with silver. It is

given by the following equation:
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Y1 = [Y']+ [HY’”].+ [NaY*] + [H,Y*] + [H,Y] + [H,Y] +
HYl+HY . D.11
The fraction of free silver in solution, in the presence of EDTA as the only complexing
ligand is givgn by the following equation:

[Ag'] [Ag'] D.12

FAREDTA = T e TAZ]+[AgY?] + [AgHYZ]

Writing [AgY*] and [AgHY?] in terms of K, [Ag*] and [Y'] from equation D.8 and D.9

we obtain:
CaET = T K+ :q) T -
Let us define:
Bagepta = (Ki+Ky)
We can re-write equation D.13 as follows:
1 D.14

TAETA = TH Bhgeota Y]

Equation D.14 is used in section 2.2.5.



