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Abstract

Part | of this thesis involves the evaluation of 8-hydroxyquinoline immobilized
on a macroporous resin (XAD-oxine) for the determination of free magnesium using a
pre*susly described semi-automated column equilibration-atomic absorption
sper. ,#iotometry technique. Essentially the techiique involves equilibration of a
magi.«s5m ‘containing solution with the resin, and then eluting the sorbed magnesium
directly into the atomic absorption spectrometer.

Two column equilibration procedures were characterized. The with washing
procedure has 4 steps in a measurement cycle i.e. column equilibration, water wash,
elution and another water wash. The other, without washing, procedure has two steps i.e.
column equilibration and elution. The effect of pH, ionic strength, and other cations on
the sorption behavior of Mg*+2 on XAD-oxine, in the absence of other magnesium
complexes, is the same for both procedures. Sorption studies of Mg+2 in the presenca of
neutral magnesium oxalate and cationic magnesium EDTA complexes showed that the with
washing procedure perturbs the equilibrium and cannot be used. On the other hand, the
without washing procedure is specific for Mg+2 in the presence of these neutral and
cationic complexes. ‘However, the neutral magnesium picolinate complex which contains
a large hydrophobic moiety is sorbed on the hydrophobic surface XAD-oxine surface.
Also the cationic magnesium picolinate complex is sorbed on the XAD-oxine. It is
concluded that ligands immobilized on a hydrophobic support will have only limited
utility for determining concentrations of free metal ions because of their tendency to
sorb some metal-ligand complexes.

In Part Il of this thesis, the behavior of solute adsorbed at the liquid-liquid
interface during solvent extraction with porous membrane phase separators was
investigated. It is show:= experimentally for the interfacially adsorbed component,
methylene blue perchlorate, that the distribution isotherm between chloroform and

water is the same in stirred and unstirred mixtures. This suggests that the interfacially



adsorbed solute remains at the interface and does not enter the bulk liquid phases during
membrane induced coalescence and phase separation. Theoretical calculations also show

that adsorbed solute does not enter the bulk liquid at the surface of the membrane during

phase separation.
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CHAPTER 1
INTRODUCTION TO Mg+2 SPECIATION

in many natural systems e.g. surface waters and biological fluids,”a metal exist
in many different forms or species. The various forms of the metal can be categorized as
(1):

(a) simple dissolved compounds of molecular weight of up to 200 e.g. free metal ions,
inorganic complexes, small organic molecules

{b) larger dissolved compounrds of molecular weight between 200 to 1 x 104 e.g.
complexes of fulvic and fatty acids

(c) colloidal material of molecular weight between 104 to 106 e.g. complexes of humic
acids and proteins, as well as inorganic colloids

(d) suspended organic and inorganic particles.

It is the determination of one or more chemical species of a metal that is termed
speciation. The individual species of a metal can be kinetically inert or labile. The
importance and analytical aspects of metal speciation has been the subject of many
reviews and books (2-10). Speciation studies are important for many reasons. The
transport, fate, behavior and biological effects (bioavailability, toxic?iy}: of a trace
metal in the environment is dependent on its physiological form. For gxample, the
growth of algae is dependent on the concentration of free metal lor {11,12). The
bioavailability and subsequent transfer in the food chain is depe~:¥2nt on the chemical
form of the metal (13). Similarly, chemical speciation is jus: as important in clinical
studies (14).

The analytical techniques developed for chemici! spuciation have been discussed
in many of the above reviews (2-10). In summary, thesi &re two approaches to

chemical speciation viz. calculation and experimental methods. The calculation method



involves the simultaneous solution of all the metal-ligand equilibria using the
experimentally determined total metal and ligand concentrations, and published values
of the relevant equilibria constants, for example, the [Mg+*2] in rat tissues has been
determined by this method (15). The experimental approach is based on a direct
measurement of the particular chemical species of the metal. Examples of chemical
measurement techniques are: ion selective electrodes, voltammetric methods (e.g.
differential pulse polarography, anodic stripping voltammetry), separation techniques
(e.g. dialysis, ultrafiltration, ion exchange, size exclusion chromatography, solvent
extraction) and spectrometric methods (e.g. UV-VIS spectrometry).

In this thesis, the term "speciation” refers to the determination of the
concentration of the kinetically labile free metal ion (hydrated cationi) for a particular

metal.

1.1 Importance of magnesium

The biological significance of magnesium and its importance for the existence of
life has been the subject of many books (16-20). It is involved in every key process of
life e.g. photosynthesis and development of an oxygen rich atmosphere (21) and
synthesis involving adenosine triphosphate} (21) which in turn is required for glucose
utilization, fat, protein, nucleic acid, coenzyme synthesis, muscie contraction, methyl
group transfer and other reactions (17). The health of all forms of life is furthermore
influenced by the magnesium in the environment because the amount of exchangeabie
magnesium in the soil affects agricultural productivity (17). Although chelated
magnesium is necessary in the biological system, it is the free magnesium ion (i.e.
Mg*2 or ionic magnesium or hydrated magnesium ion) in physiological concentrations
that coordinates ali the essential processes for ihe maintenance of life (17). Clearly,
the development of analytical methods to determine [Mg+2! in environmenta! and

biological samples is justified.



1.2 Experimental Methods to determine [Mg+*+2]

Although calcium and magnesium have similar properties, analytical methods
for determining Mg+2 are not as widespread as are methods for free calcium (Ca+2).
There is no universal method to determine Mg+2, as compared to Ca*2 where there is a
commercially available ion selective method. Attempts to develop analyticsl methods to
determine [Mg*2] started as early as 1960 (22), but so far there has been limited
success. Examples of methods to determine Mg*2 and their limitations are discussed

below:

1.2.1 Spectrophotometric methods

The method of Scarpa (23) was successful for the determination of Mg+2 in
biological samples with a narrow pH range of 7.1 to 7.2. It is based on the selective
association between Mg*+2 and Eriochrome Blue SE and dual wavelength spectroscopy to
measure the change in absorbance due o complex formation. The metallochromic
indicator possessed some ideal properties for measuring [Mg*+2] including: (a) low
affinity for Mg*2 so that the ambient equilibrium is not significantly perturbed; (b)
large difference in molar absorptivity between the uncomplexed and complexed forms of
the indicator, and; (c) high specificity for Mg*2 at the selected wavelength (the use of
dual wavelength spectroscopy eliminates most interferences due to other metal
complexes which have much broader absorption bands than the magnesium complex).
Mn+2 showed similar absorption changes as Mg+2, but because [Mn*2] is small in
biological samples, it did not affect the technique. Another major limitation of
Eriochrome Blue SE is its strong pH dependence - the warkable pH range is extremely
narrow. Casillas e/. al. (24) estimated an average change in absorbance of 0.010 per
0.1 pH unit with this method. Furthermore, some binding of the Eriochrome Blue SE

onto biological systems was observed.



Other irdicators were used for the spectrophotometric determination of Mg+2,

. but they were either non-selective or the equilibrium was significantly perturbed.
Eriochrome Black was proposed, but it was just as pH sensitive as Eriochrome Blue SE
(22). Calmagite was used to measure [Mg*2] (25), but since masking agents were used
to prevent interferences of other metals, this method cannot be considered as a method

for the determination of kinetically Iakile Mg*+2.

1.2.2 Magnesium lon Selective Electrodss

Despite the large volume of literature on ion selective eiectrodes (ISE) with
high selectivity for Na+, K+ and Ca*2, thare is no known ISE that shows a high
selectivity for Mg+2 (26,27). Rouilly et. al. (27) summarized the literature on
magnesium ISE's. In most of the reported cases, the selectivity of the ISE to Ca*2 and
Mg+2 were the same, and thus, these ISE’s can only be applied in analysis where the
[Ca*?] is low. In other cases, the ISE shows poor selectivity with respect to alkali
metals, particularly K* (28) or H* (27).

To eliminate the effect of interferences on the magnesium ISE, Otto and Thomas
(29) proposed a chemometric approach to determine Mg+*2 in biological fluids. This
approach requires the simultaneous ISE analysis of Na+*, K+, Ca*2 and Mg*2 using
standards containing mixtures of these cations and then data reduction by partial least

squares.

1.2.3 lon Exchange Method

The ion exchange method to determine [Mg+2] is based on equilibration of the
resin with the test solution, removal of the sorbed Mg*2 with a suitable eluent and then
total analysis of the eluted Mg+2 (30,31). The amount of sorbed Mg+2 (which is the
same as the amount of Mg*2 eluted) is directly proportional to the [Mg+2] in solution

under certain conditions. However, the major limitation of ion exchange resins for free



metal determination is the sorption of cationic complexes of the metal on the resin

(32). On elution, both Mg*2 and the cationic complexes are measured.

1.2.4 Other methods for the determination of [Mg*2]

The measurement of [Mg+2] in plasma by ultrafiltration has been used (33).
The drawback of this method.is that the filters have been reported to sorb complex
species (34). An HPLC-AAS system has been reported for speciation of Mg+2 (35).
Because of dilution of the sample in the HPLC mobile phase, and thus decomposition of
the complexes, this method can only be considered as the analysis of the inert forms of
the Mg+*2. Rousselet et al. (36) in their review on methods to determine magnesium,

mentioned enzymatic methods, as well as their non-selectivity.

1.3 Research objectives for Part |
Becausa of the necessity of measuring [Mg*2] and the limitations in reported
analytical methods to determine free magnesium, Part | of this thesis deals with the
feasibility of an alternative analytical method. The method chosen was the column
equilibration technique, which was previously used to determine free nickel (37), free
copper (32) and free calcium (38,39) in the presence of their complexes. In the
column equilibration method, as previously used, there were some difficulties. When a
sulfonated ion exchange resin was used as the sorbent for the determination of Cu*2, the
experimentally measured [Cu+2] was slightly higher than the theoretically calculated
[Cu+2]. The non-selectivity of the sulfonated resin, due to sorption of cationic and
neutral complexes, was believed to be the reason for the higher experimentaily
measured [Cu*2] (32). |
Similarly it was observed that the experimentally measured [Ca*2] was slightly
higher than the theoretically calculated [Ca*2], when sulfonated ion exchange resins

were used (39). Work is presently underway to explain these observations (40). In



contrast, use of the chelating ligand 8-hydroxyquinoline {oxine) bound on controiled
pore glass (CPG-oxine) did not show a higher experimentally measured [Ca*+2] (38).
Therefore, immobitized 8-hydroxyquinoline was chosen: as the sorbent for Mg+2
measurements. Because oxine immobilized on silica type surfaces {e.g. CPG, silica ge!)
has been reported to be unstable in alkaline solutions (41-44), the oxine ligard was
immobilized on a polystyrene matrix in this present work. Besides the high stability
reported reported for 8-hydroxyquinoline immobilized on XAD-2, higher capacities and
more easily controlled variations in capacity were reported for XAD-2 type supports as
compared to glass support (45).

Chapter 2 deals with the immobilization of 8-hydroxyquinoline on XAD-2 to
form the sorbent XAD-oxine and characterization of this sorbent. In Chapter 3, various
instrumental parameters of the coiumn equilibration technique will be optimized for two
versions of the technique (i.e. with washing and without washing), and then the effect of
pH, ionic strength and other cations on Mg+2 sorption will be characterized. Also the
limitations of XAD-oxine for the determination of [Mg+2] will be investigated. In
Chapter 4, the specificity of XAD-oxine to determine [Mg*2] in the presence of various
organic ligands will be investigated. Furthermore, Chapter 4 is concerned with a detailed
investigation of the non-specificity of XAD-oxine to Mg+2 sorption, in the presence ov
othef ligands, in order to understand the sorption process as well as to aid in subsequent

selection of suitable sorbents for free metal determination.



CHAPTER 2

PREPARATION AND CHARACTERIZATION OF 8-HYDROXYQUINOLINE
IMMOBILIZED ON XAD-2

2.1 Introduction
Functionalization of polystyrene resins has been the subject of a number of

reviews (46,47). More specifically, the immobilization of chelating ligands on a
variety of supports has been recently reviewed by Myasoedova and Savvin (48,49). In
their review titled "New chelating sorbents and their use in analytical chemistry,” the
combinations of various chelating groups with each individual support were tabulated
(49). Supports included cross linked polymers, polycondensation type resins and
cellulose type supports. Also included in the tables are well referenced applications of
their use in analytical chemistry. A more extensive review by these authors included:
general characteristics of chelating sorbents, methods of synthesis, physicochemical
properties, analytical properties and applications of individual chelating sorbents (48).
Sahni and Reedijk (50) also extensively reviewed the coordination chemistry of
chelating resins. This review covers 32 types of immobilized chelating ligands and
covers all 'aspects of the subject including: history, functionalization of organic
polymers, commercial availability, analytical properties and characterization (50).

Approaches to immobilize 8-hydroxyquinoline on resins van widely. The
earliest approach to immobilize 8-hydroxyquinoline is based on condensation of 8-
hydroxyquinoline, formaldehyde and resorcinol (51-56). Alternative approaches to
immobilize 8-hydroxyquinoline are based on functionalization of the polystyrene then
chemically bonding the 8-hydroxyquinoline to the functional group on the resin. The
general approaches are: (a) nitration of the resin, reduction to the amine group and then
immobilization of the 8-hydroxyquinoline via an azo linkage (57,42,58); (b) nitration

of the resin, reduction to the amine, introduction of a spacer arm by reacting with p-



nitrobenzoyl chloride, reduction of the nitro group on the spacer arm to the amine and
finally coupling with the 8-hydroxyquinoline via an azo linkage (57), and; (c)
immobilization of 8-hydroxyquinoline via a methylene linkage by a Friedel-Crafts
alkylation (57,45,59).

Resins based on condensation are reported to be less stable and to exhibit slow
rates of exchange (58). By contrast, the polystyrene based resins show superior
properties with regards to stability and equilibration rates (52,53) When the 8-
hydroxyquinoline is immobilized via an azo linkage, residual groups such as amine
groups remain because each of these steps is about 60% efficient (53). Since amine
groups form complexes with many cations in homogeneous solution, it is likely that
these groups will behave similarly on the resin surface. In order to minimize the
presence of these “impurity" groups, the immobilization of 8-hydroxyquinoline on

macroporous XAD-2 resin via a methylene linkage was chosen.

2.2 Experimental

2.2.1 Apparatus

A model 290B atomic absorption spectrometer (Perkin-Elmer) was used to
determine the copper concentration. The instrumental conditions are listed in Table 2.1.

Measurements of pH were made with a Fisher Accumet Model 320 Expanded Scale
Research pH meter using a combination electrode (Cat. No. 13-639-90, Fisher
Scientific Co.) calibrated with Fisher Certified buffers to + 0.01 pH units.

A Haake circulating thermostat model R20 was used to circulate water at 25 +

0.5 °C through the water jacket surrounding the titration cell.

2.2.2 Chemicals and Reagents
Distilled dejonized water was prepared by passing the laboratory distilled water

through a mixed bed ion exchange resin column (Amberlite MB-1, Analytical reagent,



Table 2.1: Instrumental conditions used with the Model 290B Atomic Absorption

Spectrophotometer

.......................

Wavelength

Lamp current
Spectral slit width
Flame

Acetylene setting
Air setting

Meter damping
Recorder

Voltage range

Chart speed

.................................

324.8 nm (Cu)

4 mA (Cu)

0.7 nm

oxidizing (lean,blue)

13.10 at 9 psi

12.7 at 50 psi

setting #3

Fisher Recordall series 5000
10 mV

2.5 cm/min
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Mallinckrodt Inc., Paris, Kentucky). This water was used for all experiments including

rinsing of glassware.

1.8 M anhydrous aluminium chioride (Anachemia) in nitrobenzene (Baker

analyzed reagent). This solution was prepared from freshly opened bottles and used

immediately.
Eormaldehyde (36-38%) was reagent grade (MaArthur Chemical Co.) and used

as supplied.
8:hydroxyquinoline (8-hydroxyquinol, m.p. 74-76 °C) was used as supplied by

Aldrich Co. lts structure is:

O

Sodium hydroxide (BDH analytical grade). Sodium carbonate was precipitated by

allowing a 50% w/w NaOH solution to stand overnight. Standard NaOH was prepared by

diluting the supernatant with freshly distilled boiled water (CO2 free) followed by
standardization against potassium hydrogen phthalate (Anachemia) that was dried

overnight at 80 °C.
Acetate Buffer (0.1 M) was prepared by combining appropriate volumes of 0.1

M sodium acetate with 0.1 M acstic acid to give a final pH = 5.00.

Methanol. chloroform, and diethyl ether were all reagent grade and used as
supplied.

JTechnical grade hydrogen chloride gas was obtained from Linde Div., Union
Carbide Corp.

Qther chemicals such as hydrochloric acid, nitric acid, acetic acid, sodium

carbonate, sodium: perchlorate monohydrate, anhydrous sodium sulfate, copper sulfate
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peritahydrate, potassium hydrogen phthalate and sodium acetate trihydrate were all
analytical grade and used as supplied.

Copper standards for AAS : An accurately known weight of copper powder (1 g)
(Baker and Allied Chemical Gorp.) was dissolved in about 10 mL of 50% nitric acid and
the resulting solution was quantitativeiy transferred to a volumetric flask and diluted to
1 L with 1% HNOj; (1008 ppm copper). Working standards were prepared by serial
dilution of this stock solution with water, and their concentrations were confirmed by
comparison with working standards prepared by dilution of a 1000 ppm copper certified
AAS reference standard (Fisher Scientific Co.).

Amberlite XAD-2 resin was supplied by Rohm and Haas Co.,Philadelphia.
Grinding of the XAD-2 resin has been previously described (60). The resin (40 g) was
sieved &nd the fraction between 100-200 standard wire mesh (150-75 pM) was
coliected. Fines were removed by repeatedly (x3) slurrying the resin with methanol,
aitowing 20 min for sedimentation and then decanting the methanol. The resin was
successively washed with water, 1.2 M HCI, water, 1 M NaOH, water and then methanol.
Finally, the resulting resin was dried overnight in a vacuum oven at 50 °C.

Both XAD-2 and the XAD-oxine resin surfaces are hydrophobic and thus aqueous
solutions cannot easily get into the pores. Therefore, throughout in this study, the resin
was first wetted with a small amount of methanol which was then displaced with the

apprcpriate aqueous solution.



12

2.2.3 Preparation of S5-chloromethyi-8-hydroxyquinoline

hydrochloride
CH,Cl
36% CHZU
HC1(c) 7HCi(g)
O > O
2h, r.t.
N N
H*c1” H*CI™
OH OH
Oxine Hydrochloride 5-ClMe-oxine Hydrochloride

The chioromethylated derivative of 8-hydroxyquinoline was prepared as
described in the literature (61,62). A mixture of 20.1 g of 8-hydroxyquinoline, 60 mL
of conc. hydrochloric acid and 60 mL of 36-38% formaldehyde was stirred while HCI
gas (CAUTION: use a safety trap) was passed into the solution over a period of 2 h. The
mixture was kept overnight at room temperature. The yellow crystals which had formed
were filtered, washed with diethyl ether and dried at 50 ©C in vacuum to give a yield of
25.6 g {80%). Total analysis of this product was: 52.0% C, 6.13% N, 3.94% H and
29.4% CI which was consistent to the' calculated values of 52.2% C, 6.09% N, 3.91% H
and 30.9% CI. The NMR spectrum of the neutralized 5-chloromethyl-8-
hydroxyquinoline (5-CIMe-oxine) in chloroform (section 2.2.5) was the same as that

reported in the literature (63).
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2.2.4 Immobilization of methyl-8-hydroxyquinoiine on XAD-2

XAD-2
CH,Cl CHp
AIC13z /Nitrobenzene
XAD-2 + @) ocTzn o O
N N
ta- H*cr-
OH OH
XAD-oxine

The procedure by Warshawsky et al. (45,59) was used. A mixture of 4.0 g XAD-
2, 12 mL of freshly prepared anhydrous AICI3 in nitrobenzene (1.8 M) and 1.84 g 5-
CiMe-oxine hydrochloride was stirred for 72 h at 70 °C. The mixture was then poured
into 100 mL of methanol, filtered, and washed successively with 100 mL of methanol,
200 ml of 1:1 hot methanol/conc. hydrochloric acid, 100 mL of methanol,100 mL of
chloroform, and finally with 100 mL of diethyl ether. The brownish free flowing resin

which will be referred as XAD-oxine was dried in vacuum at 70 °C overnight.

2.2.5 Adsorption of 5-chloromethyl-8-hydroxyquinoline on XAD-2
The 5-CiMe-oxine was adsorbed on the resin by the procedure of Warshawsky

and Kalir (59). An aqueous solution of 5-CIMe-oxine HCI (2.6 g in 120 mL) was



neutralized with excess sodium bicarbonaie (4 g). The resuiting pratipitate «2o5
extracted with 3 - 100 mL portions of chloroform, the combined exiracts weva “har
dried with anhydrous NagS04 and thg volume reduced to 40 mL under veouun, Tha XAD-
2 resin (4.0 g) was. added and allowed to remain for 5 h. The chlerefors:: s& retaovesd
under vacuum, and the remaining derivative on the flask walls was {fanismred s 2
resin by repeatedly (x3) adding § mL of CHCl3 and removing it under vacvum. The fira

product was a cream colored lump which was easily broken up with a spatula.

2.2.6 Determination of the capacity &f ‘he ragin

The XAD-oxine resin (0.5 g) was wetted with water by first wetting with
methanol then changing the solvent to water. Resin particies iriat were not wetted with
water fioated on the surface and were removad during decantation. The water-wetted
XAD-oxine was equilibrated for 36 h with 50 mL of a solution containing 0.1 M CuSO4
and 0.1 M acetate buffer (pH 5.00). The mixture was transferred to_a tared sintered
glass funnel (10-20 uM), the copper solution filtered off, and the resin washed with
water until copper in the filtrate could not be detected by AAS. The sorbed Cu+2 was
eluted (gravity flow) with 0.1 M HNO3 and 50 mL fractions were collected in
volumetric flasks. The total copper per 50 mL fraction was determined by AAS. The

resin in the sintered funnel was dried to constant weight under vacuum.

2.2.7. Microanalysis

Samples of XAD-oxine were converted to the cationic hydrochloride form by
allowing 200 mL of 1 M HCI to flow by gravity through 0.2 g of resin in a sintered glass
funnel (10-20 um). Excess HCI was removed in a vacuum dven at room temperature.
Microanalysis for C, H and N were performed using standard methods by the

Microanalytical Laboratory of the University of Alberta Chemistry Department.

14
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2.2.8 Titration of the XAD-oxine resin

The titration cell consisted of a plastic beaker fitted with a Teflon cover having 3
holes for the following to pass through: a standard combination pH electrode (Fisher
Scientific Co.), the tip of a 2 mL micrometer buret (Roger Gilmont, Great Neck, N.Y.)
and a Pasteur pipet tip through which No flowed. A weighed quantity of the cation form of
the XAD-oxine, which was described in section 2.2.7, was placed in the empty titration
cell. The resin was wetted with 2 mL of methanol, and 198 mL of the appropriate
aqueous solution ( 0.1 M NaClO4 or 0.1 M NaCl or no electrolyte) was added. The
mixture was allowed to equilibrate overnight under N2 which was first made CO2 free by
passing through a drying tube containing Ascarite (Arthur H. Thomas Co., Philadeiphia),
and was then water saturated with a bubbler. The titration cell was thermostated by
placing it in a glass jacketed beaker and circulating water from the water bath
maintained at 25 oC. The apparatus was then placed on top of a magnetic stirrer (Fisher
Scientific Co.) to stir the suspension. The pH was monitored continuously by connecting a
chart recorder (Fisher Recordall 5000) to the pH meter. Increments of standardized
0.1 M NaOH were delivered from the microburet and the pH was monitored until constant
between the addition of each increment. Blanks consist of the HCI washed XAD-2 resin in

the corresponding aqueous solution.

2.3 Results and Discussion:

2.3.1 Stabllity

immobilization of 8-hydroxyquinoline on XAD-2 was chosen because of the
reported stability of the XAD-oxine with respect to extremes of pH (64,51). In contrast
for 8-hydroxyquinoline immobilized on 3ilica substrates (silica gel or giass beads),
hydrolysis occurs at alkaline conditipns (57.42) and for condensation resins of the type
resorcinal-formaldehyde-8-hydroxyquinoline, stability in acid solutioris is reported to

be low (65).
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To determine the stability of the XAD-oxine, 0.1 g samples were soaked for 3
days in 5 mL of 1 M HCI, 1 M NaOH, or water. For the resin in NaOH, the resin color was
slightly darker than in water, but the solutions above the resin samples in NaOH and
water both remained colorless. Darkening of the XAD-oxine in basic solution is probably
due to the formation of anionic oxine. On the other hand, for the resin in HCI, the solution
above the resin had a yellowish tinge.

Furthermore, XAD-oxine samples that were allowed to soak overnight in 2 M
HNO3 leached a yellow color. The UV-VIS spectrum of the yellow leachate obtained by
ovarnight soaking in 2 M HNO3 and subsequent dilution with methanol was similar to
that of 5-CIMe-oxine in methanol (Amax = 370 nm). The leached color becomes more
intense (darker) with increasing HNO3 concentration (0.1-2.0 M). In contrast, pure
XAD-2 soaked in HNOg3 does not give any measurable absorbance at over wavelengths of
300 nm. Also 5-CiMe-oxine adsorbed on XAD-2 (section 2.2.5) was easily washed off
with methano! (Amax = 320 nm) and no yellow leachings were obtained it was when
subsequently soaked in 2 M HNO3.

Attempts to exhaustively extract the yellow color from the XAD-oxine with a
variety of solvents (methanol, chloroform, toluene) by Soxhiet extraction failed. The
yellow leachings were found to appear in the organic solvents only after the XAD-oxine
was soaked in strong acid. This suggests that the oxine is chemically bound to the XAD-2
surface, and loing periods of contact with strong acid cleaves the bond. Thus, in
subsequant expariments the resin was allowed to contact the acid eluent for the minimum
required time. These conditions did not appear to remove significant amounts of bound
oxine from the resin. After months of daily use, resin columns did not show a decrease in

its ability to sorb Mg+2.
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2.3.2 Capacity:

The sorptive capacity of the XAD-oxine resin for metal ions reflects the metal-
chelate interaction and is the most important parameter in experimentally
characterizing the chelating groups. Equilibration of the resin in excess Cu+*2 at pH 5.00
is the slandard procedure for measuring sorptive capacity (66,51,65). The
experimentally measured sorptive capacity can be compared to the theoretical capacity
which expresses the amount of complexing groups per unit wt of resin, and can differ
from the theoretical capacity.

Assuming Cu*2 forms a 1:1 complex with the immobilized oxine (66,51), the
experimentally measured sorptive capacity of XAD-oxine was 264 + 2 pumol/g of dry
resin. This compares to a theoretical capacity of 440 + 20 umol/g of resin on the basis
of nitrogen content obtained by microanalysis. The XAD-oxine sample used for
microanalysis never contacted nitric acid. The lower sorptive capacity could possibility
be due to the occurrence of some 1:2 complexation or to having some of the complexing
groups inaccessible to Cu+2 owing to steric hindrance (51,48,67). This observation is
consistent with subsequent observations that will be discussed in sections 3.3.6 and
4.3.3.4.

After about 100 h in contact with HNO3 solutions the sorptive capacity had been
decreased to 110 + 6 umol/g of dry resin. Microanalysis of the XAD-oxine, that was
used for stability studies, gave theoretical capacities of 600 + 50 umol/g. This
discrepancy suggests that nitrogen other than that in oxine may be present on the resin.
On the assumption that it is coming from sorbed nitrate ions, the resin was washed in an
attempt to remove these ions. Washing the resin with 1:1 HC/MeOH (250 mL) and 2 M
HCI (500 mL) did not significantly decrease the nifrogen content. Presumably, more
extensive acid washing will be required to desorb the nitrate. Thus, no meaningful

results would be obtained by extended acid washing because the oxine will be desorbed.
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A curve showing the desorption of Cu*2 from XAD-oxine with 0.1 M HNO3 is
presented in Fig 2.1, where it can'be seen that 300 mL of eluent/0.5 g of resin removed
95% of the total Cu+2 and roughly 500 mL/0.5 g of resin is required for 99% removal
of the copper. This corresponds to a minimum requirement of 1 L eluent/g of resin (or 1

mL/mg).

2.3.3 Titration of resin

Data from potentiometric titrations are usually used to characterize the acidic
and basic properties of immobilized chelating agents (48,66,68-73). In the simplest
models, dissociation constants of the functional groups are calculated from the
Henderson-Hasselbalch equation (48). More commonly, description of the protonation
equilibria of chelating resins are based on models used for ion-exchange resins, e.g. the
polyelectrolyte gel model (74-76). A more appropriate model for chelating resins
considers the equilibrium existing between the components of the resin and solution
phases (71-73).

A typical titration curve for XAD-oxine against standardized NaOH is shown in Fig
2.2. Besides an ill defined end point, an additional problem of very long times of 1-3 h
was required to get a reasonably constant pH reading after the addition of an increment of
NaOH. Drifting of thi: pH reading was observed even 10 h after the last increment
addition. Attempts to i“~rease the kinetics of the titration by grinding the XAD-oxine to
pass through No. 325 standard mesh ( < 45 um) proved unsuccessful. A sharper end
point was obtained when the smaller size XAD-oxine was titrated, but there was no
improvement in the time required to achieve equilibrium after the addition of each
increment of NaOH. These observations of slow titration kinetics were previously
reported for immobilized oxine bbund fo silica gel (69) which suggests that the titration
was because of slow chemical kinetics. Because of the slow kinetics, the acid - base

properties of XAD-oxine were not investigated any further.



1.0 +

0.8 -

0.6

0.4 -

Fracilon of copper eluted

0.2 -

L3 v » L T v
0 200 400 600 800

Volume of eluent (mL)

Eig 2.1: Fraction of copper eluted with 0.1 M HNO3 from 0.5 g XAD-oxine

19



1

pH

0.0 0.2 0.4 0.6

Volume of NaOH (mL)

Eig 2.2: Titration of 0.4669 g XAD-oxine with 0.139 M 4., Y4

0.8

20



CHAPTER 3

SORPTION BEHAVIOR OF Mg+2 ON XAD-2 IN THE COLUMN
EQUILIBRATION EXPERIMENTS

3.1 Introduction

The flow through column equilibration method using XAD-oxine was chosen to
measure [Mg*2]. The principle of the method has been presented in greater detail for
sulfonated resin (32,37,38,68,77,78). By analogy, the same principle is applicable for
XAD-oxine. (onsider the simplified case of a solution containing magnesium and ligand

ions forming two complexes i.e.

T [y
Mg+2 &= Mglt TR MOL) ..cccveecccnssensassessssssssansasesnasasenes 3.1

The XAD-oxine ionizes with the the following equilibria

H* M
R-Ox" ¥ R-OXH T  R-OXHo% .ooccoresrrnesreeensessnssosssssnsssesssens 3.2

The column equilibration technique is based on equilibration between the
magnesium-ligand solution and the XAD-oxine. In other words, the ionized oxine on the

XAD-oxine (R-Ox-) forms a metal chelate complex with Mg+2 i.e.

The equilibration technique requiras all species in both phases be at equilibrium i.e.

equations 3.1, 3.2 and 3.3 are in simultaneous equilibrium. In this technique, trace

21
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loading of the: column is desirable i:e. only a small fraction of the oxine sites (< 1%) is

used for sorption of Mg+2. In other'words, at trace loading:

[R-OxH2*] + [R-OxH] + [R-Ox] 35> [R-OXMG*] .cceverrvercirerecrnrenns 3.4

Trace loading is achieved by fixing the pH and ionic strength so that the conditional

formation constant is low, and the distribution ratio Ao, is constant. Ao for Mg*2 is

defined as:
2 = Meln 3.5
o el _+' ...................................................................... -
Mg ﬁ

where [Mg*2JR is the concentration of magnesium in the resin phase.

After column equilibration, the sorbed cation is removed with a suitable eluent,
with or without a prior water wash, and the amount of sorbed Mg+2 is determined in the
eluent. For cases where there is a water wash prior to elution, the amount of Mg+2 in the
eluent is directly proportional to the [Mg*+2]R, hence the [Mg+2] in the test solution
under constant instrumental conditions. In the other case without a water wash prior to
elution, the amount of magnesium in the interstitial fluid is determined and then
subtracted from the total amount of magnesium in the eluent. The difference is the amount
of sorbed Mg*+2 which is proportional to [Mg*+2] in the test solution.

The principle of the column equilibration technique is illustrated in Fig 3.1.a.
Essentially, the test solution is passed through a column (containing a known weight of
resin) until equilibration is achieved. In other words, the metal ion concentration in the

influent (C;) is the same as the concentration in the effluent (Ce). If the ratio of Cj to Cg

is plotted against the volume of eluent, a curve similar to Fig 3.1.b will be obtained.
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Eig_3.1: Technique of column equilibration (a) apparatus and (b) breakthrough curve.
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When the ratio of Cj to Cg is 1.0, the column is in equilibrium with the test solution, and

complete "column breakthrough" has been achievat!.

In this study, the previously described miniaturized, semiautomated flow system
(37) will be used for column equilibration determination of [Mg+2] with XAD-oxine. The
design and procedural details of this with_washing version of the column equilibration
experiment will be given later on in this chapter, but it is essentially involves 4 steps
for every measurement viz. (a) the resin in the column is brought to equilibrium with a
test solution (i.e. load step); (b) the interstitial test solution is removed with a water
wash; (c) the sorbed Mg*+2 is eluted directly into an AAS, and; (d) the column is washed
with water before another a load step.

In the second version of the column equilibration technique (i.e. without washing)
a slightly altered miniaturized, semiautomated flow system without water washing steps
will also be used for column equilibration determination of [Mg+2] with XAD-oxine. This
without washing system has two steps: a load step (equilibration) and an elution step.

Chapter 3 is concerned with optimization of the experimental .parameters of these
two column equilibration experiments (i.e. with and without washing) in order to
measure [Mg*+2]. The approach used will be to study each individual parameter while the
other experimental paranieters are held constant. After choosing the optimum parameter
for each experimental variable, all experiments were repeated using the chosen optimum
parameter. In studies reported in this chapter no ligand was present in the magnesium
containing solutions. Also investigated in Chapter 3 are the solution variables that

influence the free metal determination.

3.2 Experimental

3.2.1 Chemicals and Reagents
Magnesium standards: A 1000 ppm stock solution was prepared by cautiously

dissolving an accurately known weight of magnesium (Fisher Scientific Co.) in 6 M HNOg,
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and diluting with 1% HNO3 to an accurately known volume. The concentration of this stock

solution was checked against magnesium standards prepared from serial dilution of 1000
ppm Fisher Certified AAS Referance standards.

Qmumwm: PIPES, piperazine-N,N'-bis[2-ethanesulfonic acid]
(Sigma Chemical Co.) was dissolved with the aid of 50% w/w NaOH. Prior to dilution to
the final volume, the pH was adjusted to 6.00 by the addition of 1 M HCI or NaOH.

1 M Sodium Chioride (BDH Analytical Reagent) was used for ionic strength
adjustments, For column equilibrium experiments without washing, traces of Mg+2 were
removed by passing this 1 M NaCl solution through a 16 cm x 2.5 cm bed of Dowex
Chelating resin (Sigma Chemical Corp.)

1 .M Disodium Ethylenediammine - jairaacetic acid, EDTA(Fisher Certified Reagent)
was dissoived with the aid of 50% NaOH. Prior to dilution to final volums, the pH was
adjusted by the addition of NaOH to the pH at which studies were done.

XAD-oxine and XAD-2 were propared as described in sections 2.2.4 and 2.2.2
respectively.

Distilled deionized watar, NaOH. Cu AAS standards and nitric acid were the same as

described in section 2.2.2.

3.2.2 Apparatus
3.2.2.1 Apparatus used for experiments with washing after column
equilibration

The instrumental setup was similar to that previously used with CPG-oxine (38)

except valves V1,V2,V3, and V4 were all 4-way slider valves (Laboratory Data Control,
- Milton Roy Co.) as shown in Fig 3.2. The variable speed peristaltic pump (Minipuls 2,

Gilson, Villers-le-Bel, France) was fitted with three 0.09 in. i.d. clear Tygon pump tubes
(Cole - Palmer Instrument Co.,lll.). One tube pumped the test solution to the two coupied

valves Vo and V3. The other two tubes pumped water and eluent to valve V¢ which,
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Eig 3.2: Apparatus for column equilibration with washing. S - sample line; W - water
line; E - eluert line; Vi, Vo, V3, V4 - 4-way slider valves; FM - flow meter;
AAS - Model 290B; R - chart recorder; | - 10 uL injection valve and In -
Integrator. Full lines represent fluid flow during loading and dotted lines

represent washing/efution fluid flow.
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depending on its position, allowed waier or eluent to flow into the two coupled valves. The

coupled valves V2 and V3 were mechanically coupled so that they were switched
simultaneously. They were used to direct either sample solution or the water-eluent line
through the column. The outlet flow from the coupled valves was fed into vaive Vj.
Normally,except during flow rate measurements, V4 diverts the sample line to the waste
and the water-eluent line to the nebulizer of the model 290B PE AAS. Valve |, was a 10 uL
slider injection valve, located between valve V3 and the column. It was used to inject
known volumes of Mg+2 standard solution into the eluent stream upstream of the column
for calibration purposes. The flow meter FM, (home made from a 25 mL buret) was placed
on one outlet of V4. Flow rates were measured with FM and a stopwatch, while fluid flows
through the column. Usually, a pump setting of 550 to 600 maintains a flow rate of 4.5 to
5.0 mL/min for all 3 lines. All connecting tubing was 0.5 mm i.d. Teflon (Laboratory Data
Control).

The column was connected netween valves Vs and V3 with 20 cm pieces of 0.5 mm
i.d. tubing to allow immersion into a water bath in a jacketed beaker. A model R20 Haake
circulating thermostatted water bath was used to circulate water at 25 + 0.5 ©C through
the water jacketed beaker.

Magnesium concentration was monitored with a Model 290B Perkin-Eimer flame
atomic absorption spectrophotometer (AAS) fitted with either a Mg-Ca or Mg hollow
cathode lamp. A strip chart recorder (Fisher Recordall 5000) was used to trace the analog
signal. The magnesium concentration was determined using the 285.2 nm line using lamp
currents of 4 mA for Mg and 6 mA for Ca-Mg. The other AAS and recorder settings are
listed in Table 2.1. Peak areas, expressed as counts, were measured with a Model 3390A
Reporting Integrator (Hewlett - Packard Co.) with the following settings: Zero = 0;
Attenuation = 4; Chart speed = 1.0 cm/min; Data sampling (PK WT) = 0.04; Noise
rejection (THRSH) = 4, and; Peak rejection (AR REJ) = 0.
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Measurements of pH were performed in the same manner as descrit:ed in section

2.2.1.

3.2.2.2. Apparatus used for experiments without washing after column

equilibration

A schematic diagram of the flow system designed without a water wash step is
shown in Fig 3.3. Essentially, it is similar to Fig 3.2, except the water line and valve V4
were removed, V4 was replaced by a 3 way valve and a Model 4000 Perkin-Elmer AAS was
used. V2 and V3 are the same mechanically coupled valves. However, they are shown
separately in Fig 3.3. to illustrate void volume contributions of the tubes connecting ports
of Vo and Va. |

With the exclusion of the wash step, the signal detected will be the sum of both the
Mg+2 sorbed by the resin and that in the interstitial fluid (i.e. void volume). For this
reason, reduction of the void volume was a major consideration in the design of this
system. Since the interstitial fluid in lines A and B was included in the void volume when
the valves were switched to elution mode, their volumes were reduced to a minimum by
using 9 cm x 0.3 mm i.d. Teflon tube. One end of the column was directly connected to the
port of the coupled valves to eliminate the necessity of using an extra connecting tube.
Because of the considerable reduction of tubing length between the column and the coupled
valves, the column was not thermostated in a water bath.

Magnesium concentration was monitored with a Model 4000 Perkin-Eimer AAS
equipped with a Perkin - Eimer Burner control unit and a Model PRS 10 printer
sequencer (Perkin - Elmer) to provide a printout of the desired signal. Integration of the
eluted peak was done with the internal integrator of the Model 4000 AAS. Also, a
stripchart recorder (Fisher Recordall 5000) was used to follow the analog signal. The

flow system - AAS parameters are listed in Table 3.1.
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Fig 3.3: Apparatus for column equilioration without washing. S - sample lins; E -

eluent line; Va2, V3 - 4-way slider valves; V4 - 3-way slider valve; FM -
flow meter: AAS - Model 4000; R - chart recorder; | - 10 uL injection vaive;
in - integrator; A and B - 9 ¢cm x 0.3 mm i.d. Teflon tube. Full lines represent

fiuid flow during loading and dotted lines represent elution fluid flow.



Iable 3.1: Instrumental conditions used for the Model 4000 Perkin-Eimer
atomic absorption spectrophotometer in the without washing flow

system.
Parameter Setting
Wavelength 285.2 nm (Mg); 324.8 nm (Cu)
Spectral slit width 0.7 nm
Lamp current 6 mA (Mg); 10 mA (Cu)
Flame . Oxidizing (lean,biue)
Mode Absorbance
Signal Peak Area
Integration time 30s
Acetylene pressure 12 psig
Air pressure 30 psig
Pump setting 550 (4.5-5.0 ml/min)
Nebulizer ” Flow spoiler
Recorder Fisher Recordall 5000
Recorder voltage range 10 mV

Chart speed 2.5 cm/min
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3.2.3 Column equilibration procedure

3.2.3.1 Procedure for experiments with_ washing after column

equilibration

The solid lines in Fig 3.2 show the simultaneous flow of sample, water and eluent
during the loading step. The magnesium-containing solution flows through the column via
valves Va2 and V3 then to V4. Eluent flows to the waste through V1, and water flows to V4 via
V14, V2 and V3. To prevent fouling and deposition of salts on the nebulizer, V4 was set so
that water goss into the AAS and the magnesium containing solution goes to the waste. The
time required to achieve complete column breakthrough (i.e. equilibration) was
determined from equilibratiors studies in section 3.3.2 below.

After column equilibration was achieved, the interstital magnesium solution was
removed by switching the coupled vaives V2 and V3. The flow system was designed so that
the column was washed in the reverse direction. Also V4 was switched so that the wash
water goes into the nebulizer. The time required for washing was determined from washing
studies described in section 3.3.3 below.

After washing, valve V1 was switched so that the eluent takes the place of water.
Immediately after switching V4, the integrator was tumed on. The eluted peak takes about
10 s to reach the flame on switching V4. This was found to be enough time for the
Integrator to set the baseline. Also, with the integrator conditions given in section 3.2.2.1,
it autonsatically decides the tail of the peak. Integrator readings were given as counts.
Optimum glution time will be discussed in section 3.3.4 below. After the peak was eluted
and baseline established, V1 was switched to give another water wash before the start of
another sample loading step. Pump flow rates through the column was periodically checked
with the flow meter FM, and a stopwatch.

Throughout all column equilibration procedures, the 10 pL injection valve |, was
used to inject known concentration of Mg*2 standards into the eluent stream when all the

valves were in the elution mode. The most convenient time for this injection was
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immediately after elution of the sorbed Mg+*2 from the coiumn. This standard injection
step was done to check for instrumental drift and changes in flow rate. As well, it serves to
calibrate the AAS-flow system and thus allows comparison of all peak areas throughout

this study.

Throughout this thesis, this procedure will be referred as with washing. Unless
otherwise stated, the following conditions will be used for the with washing procedure :
pump flow rates = (4.5-5.0) + 0.1 mL/min; load = 5 min; water wash = 2 min: elution

with 0.1 M HNOg3 = 2 min; water wash = 2 min; [PIPES] = 0.01 M; ionic strength = 0.1

M, and the AAS was a Model 290B.

3.2.3.2 Procedure for experiments without washing after column

equilibration

The solid lines in Fig 3.3 show the flow of eluent and test solution during column
equilibration (loading). The test solution flows through the column via the coupled valves
V2 and V3 to waste. Eluent flows to the AAS via V3 of the coupled valves and V4. Loading
times under various conditions will be discussed in section 3.3.2.

After column equilibration, the sorbed Mg+2 was eluted without prior removal of
the interstital fluid, by switching the coupled valves. The dotted lines on V2 and V3 show
the fiow of eluent and test solution during elution. Test solution goes to waste via Va, while
eluent flows through the column, in the reverse direction, to the AAS via V4. Normally Vg4
was set so that eluent enters the AAS, but during flow rate measurements of the eluent
through the column, V4 was set to flow through FM. At about 1 min prior to elution of the
magnesium, the integrator was triggered and then zeroed. Immediately, upen switching the
coupled valves the AAS integrator was triggered, and data was collected for 30 s. This time
was enough to allow the eluted peak to reach the AAS (5-10 s) and allow the peak to reach
baseline (width at baseline ~ 15 s). The Model 4000 AAS gives integrator 'readings as
(Absorbance x s). The measured P.A. (P.A. 1o1) was the sum of the P.A. due to sorption by
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the resin plus the P.A. contribution due to the interstitial fluid (void volume, P.A. yeid).
After the eluted magnesium peak was integrated, 10 L of a known concentration of Mg+2
was injected (using ) into the HNO3 stream. The choice of eluent and elution time was
determined as discussed in section 3.3.4. On completion of elution, the coupled valves were
switched back for another load step.

The P.A. contribution due to test solution in the void volume was determined as
follows: Using the 10 pL injection valve 1, 4.02 x 104 M Mg*2 solution was injected into
the eluent stream with all the valves set to the elution mode. From the measured P.A., the

mol/unit P.A., X was calculated with equation 2.6

X = (Volinjected) [Mg]inj

......................................................... 3.6
P.A.

Next the void volume Vy, was determined by measuring the eluted peak area after known
concentrations of Mg+2, dissolved in the sluent (Cmg,std), were loaded for 5 min. Because
the magnesium was prepared in the eluent (dil HNO3), the resin will not sorb Mg*2 and
the measured P.A. will be only due to the magnesium in the void volume. Vy was calculated

using equation 3.7

Vm o B ) e eeesesssesessesesssasasssensssesssseaseenemssenaesssesasesseassesenees 3.7
Cmg,std

The P.A4. Gontribution (P.A.void) due to the void volume was calculated as follgws:

PA.viod= Eﬂg(ﬁ ........................................................................................ 3.8

Finally the P.A. contribution due to Mg+2 sorbed on the resin during an

equilibration experiment (P.A.gprts) Was calculated using equation 3.9
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P.A.sorb = P.A. tot - P.A. VOIO seeressecntttintancirescccsscotssasncnntsacccassesecrrenscrsctssanneas 3.9

where Cpg is the concentration of magnesium in the test solution.

Throughout this thesis, this procedure will be referred as without washing. Unless
otherwise stated, the following conditions will be used for the without washing procedure :
pump flow rates = (4.5-5.00) + 0.1 mL/min; [PIPES] = 0.001 M; load = 20 min;
elution with 1 M HNO3 = 2 min, and the AAS was the Model 4000 PE.

3.24 Column construction

Figure 3.4 shows the details of column construction. The two end fittings (B) and
washers, A (Cheminert, Laboratory Data Control, Rivera Beach, Fl.) were fitted on a 50
mm x 1.5 mm Teflon column tube (E) and the 2 ends of the tube were flared. A cylindrical
glass frit, C (2 mm long x 1.5 mm diameter) was inserted about 20 mm from one of the
flared ends. Glass frits were made by drilling cores from a sintered glass plate (pore size
50 um), followed by rolling/grinding on a piece of sand paper to a diameter that will
tightly fit inside the 1.5 mm Teflon tibe. A 1 cm length resin bed was packed by drawing
up a methanolic slurry of the desired resin (XAD-2 or XAD-oxine) from the end farthest
from the frit. This was followed by inserting another tight fitting frit to loosely sandwich
the resin particles. Finally, the dead volume was reduced by inserting short pieces of 0.5
mm Teflon retaining tube (F) on either side of the glass frits.

Measurements of the resin weight per unit length of column tubing was made as
follows: a 15 cm x 1.5 mm Tubing was flared at one end, and a glass frit was placed 1 cm
from the flared end. A known iength of resin béd (~ 10 cm) was slurry packed as above,
then the resin was quantitatively transferred into a tared beaier hy flowing methanol in
the reverse direction. After evaporation of methanol, the resin was dried to constant

weight.



35

RS

V07 i

! V2L Lr . B, '///'/// ,b \
../,/.////.,_,,% ﬁ//,///‘_..//

Eig_3.4: The column. A - 1.5 mm washer; B - end fitting; C - glass frit; D - resin bed;

E - coluinn tube, and; F - retaining tube.
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3.2.5 Preparation of test solutions

The pH and ionic strength were accurately controlled in all test solutions. The pH
was controlled with PIPES buffer which does not complex Mg*2 (79). In controlling the
ionic strength, corrections were made for ionic strength contributions due fo the buffer.
Final adjustment to the desired ionic strength was made with NaCl.

For example, for a test solution having Cmg = 1.32 x 105 M, 1 =0.100 M, at a
fixed pH, the following procedure was used: 10 mL of PIPES buffer solution (pK = 6.00,
0.100 M), 8.9 mL NaCl stock solution (1 M, pH ~ 6.0), 4.00 mL of Mg*2 stock solution
(3.29 x 10"4 ‘M) and about 20 mL water were added to a small beaker. The pH of the
mixture was 'Taji;t:u'rately adjusted to the desired pH between 5.00 to 7.00 with dilute NaOH
or HCI. The mixture was quantitatively transferred into a 100 mL volumetric flask and
then made up to mark. The pH of the final solution was rechecked and if necessary

feadjusted.

3.3 Results and discussion

3.3.1 Choice of variables for the AAS - flow system

In interfacing a flow system at an AAS, the lititations of the flow system and the
AAS response to the flow system were taken into consideration. The major limitation of the
flow system was that a maximum of 5.0 mL/min pumping flow rate could only be achieved
after extended use, due to the column frits in the flow system. With newly made columns,
the flow system can handle flow rates as high a8 7 mL/min, but after a few hours of usage,
the frits accumulate particles, become clogged, and can only sustain a pumping rate of
-about § mL/min for long perieds. On the other hand, at the chosen pumping rate, it is
-desirable that the AAS response should be independent of the pump flow rate. Iri other
words, the pumping fiow rate should be at a plateau for a plot of AAS response against

‘pumping flow rate.
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In order to determine a suitable pumping flow rate, the peristaltic tube was
connected directly to the Model 290B AAS nebulizer with a 50 cm piece of 0.5 mm i.d.
Teflon tube. A solution containing only 8.23 x 10 "6 M Mg+2 was pumped into the model
290B AAS and the relative absorbance measured. The AAS has its own "natural” aspiration
rate which is dependent on the position of the nebulizer tip and the sample tube
dimensions. Using a 50 cm x 0.5 mm i.d. sample capillary tube, the “natural” aspiration
rate of waier was 7.5 mL/min when all the AAS parameters were optimized. Using this
nebulizer tip position, measurement of the AAS sersitivity at various pumping flow rates
shows the AAS sensitivity was constant at ratss > 4.0 mU/min (Fig 3.5). This is consistent
with the observation of Triet et al. {37). Pasitioning the nebulizer tip to get different
aspiration rates gives the same constant sensitivity at pumping rates > 4.0 ml/min and is
consistent with previous observations (80G). On the basis of these observations, a natural
aspiration rate of 7.5 mi/min and a pumping flow rate of (4.5-5.0) £ 0.1 mlL/min was
chosen for magnesium measurements using the Model 290B AAS, which was used for all
measurements using the with washing procedure.

With the Model 4000 AAS, the "natural® aspiration rate of water when all the AAS
parameters were optimized, was 9 mL/min using a 50 cm x 0.5 mm i.d. sample tubing. At
this optimized nebulizer tip position, the AAS sensitivity was constant between pumping
fiow rates of 4-6 ml/min (Fig 3.6) and starts to decease at pump rates > 7.0 mL/min.
This decrease at high pump rates was previously observed (80). Thus, a pumping rate of
(4.5-5.0) £ 0.2 ml/min was used for the PE 4000, which was used for all studies using
the without washing procedure.

Peak areas rather than peak heights were chosen for quantification of magnesium,
because of the lower % rel. std. dev. obtained for 12 replicate injections containing the
same quantity of Mg*2. Using the 10 uL. injection valve |, known volumes of Mg+2
standards (1.23 x 104 M) were injected into the eluent stream when all the valves were

positioned so that the eluent passes through the column to the 290B AAS. The rel. std. dev.
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Eig 3.5: The signal height when a solution containing 8.23 x 10-6 M magnesium was

pumped at various rates into the Model 290B Perkin-Elmer AAS.
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Eig 3.6: The signal height when a solution containing 1.23 x 10°5 M magnesium was
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for the integrateci peak areas was 4.5% as compared to 8.5% for the same peaks when
their heights were measured on the chart recorder output. In addition, the use of peak
areas eliminates the need to exactly match the width of the injected standard peaks with
that of the eluted Mg*2 peaks in order to calculate the number of moles of eised
magnesium entering the nebulizer.

Peak areas however, ware extremely sensitive to flow rate changes. Figure 3.7
shows the relative changes of peak height and peak area on the Model 2S0B AAS for the
same concentration of Mg*2 standards injected into the eluent via valve I, when the aluent
flow rate was varied. Peak areas and heights were obtained as above. The HP 3390A
Integrator also gives the area/height ratio, which is shown in Fig 3.7. Because of the
considerable effect of flow rate on P.A., pumping tlow rates were periodically measured
during every experiment, and if necessary, adjusted to remain within + 0.1 mL of the
nominal value. Also the frits on the column, after prolonged use (> 3.0 months), tend to
become clogged and no longer permit flow rates > 4.5 mL/min. When this happens,
columns were completely replaced.

In all column equilibration experiments, the P.A. and P.H. of the eluted peaks were
always kept in the linear region of the AAS - flow system. The whole system linearity was
checked by Injecting varying concentrations of Mg+2 with the 10 pL injection valve into
the HNO3 stream. For both the Model 290B and Mode! 4000 AAS, the plot fo P.A. against
number of moles injected was linear through the origin. Similarly, if peak heights on the

recorder output were measured, the resuits were the same.

3.3.2 Column equilibration

Successful use of column equilibration requires complete breakthrough i.e. the
resin bed is in complete equilibrium with the solution in contact with it. In other words,
the composition of the effluent is identical with that of the influent. and the resin does not

sorb anything more. Fig 3.8 shows the AAS signal obtained during a load, wash, elute and
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Eig 3.8: The signal response of the Model 290B Perkin-Elmer AAS during loading,
washing and elution. Conditions: Cpmg = 1.23 x 10-5 M, PIPES = 0.01 M, i =
0.10 M and pH = 6.00.
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wash cycle. To obtain such a curve, valve V4 in Fig 3.2 was switched so that the solution
exiting the column enters the AAS during ali four steps in its cycle. Breakthrough curves
such as that shown in Fig 3.8, which show the absorbance during loading are the simplest
way to determine when equilibrium is reached. Complete equilibrium wii i3 achieved
when the AA signal reaches a plateau, and will be the minimum time required for loading.
Breakthrough curves could in principle, be obtained for every time a sample or standard
solution is loaded. However, the nebuilizer becomes easily fouled due to deposition of the
inert electrolyte so that in normal runs, V4 was switched so that the test solution goes to
waste.

A more lengthy but more accurate procedure to demonstrate column breakthrough
is to measure loading curves. These were obtained by studying the peak areas obtained upon
elution after various loading times, when all other experimental variables were kept
constant. Figure 3.9 shows the eluted P.A. at various loading times, for a solution
containing 1.24 x 105 M Mg*2 of fixed a pH of 6.00 and ionic strength of 0.1 M, using
the with washing procedure. From Fig 3.9, the eluted P.A. reaches a plateau after about 5
min, and remains constant up to at least 60 min. Thus, a 5 min load time was the minimum
time required for the column to reach equilibrium at the conditions used to obtain the
loading curve, and was thus chosen for all studies using the with washing procedure. No
further loading siudies using the with washing procedure was carried out because they
were extensively studied previously (37,68). These loading studies using the with
washing procedure, showed that the equilibration time was independent of Cca, pH and
particle size but was dependent on column size and buffer concentration (39,68).

In the column equilibration experiment performed without washing the eluent was
passed through the column immediately after the test solution, without an intermed’:“a
water wash. The eluent solution comes in contact with the test solution in the column. As .
discussed in section 3.3.4 below, the buffer concentration used with washing (i.e. 0.01 M

PIPES) was found to give a precipitate, most probably the acid insoluble diprotonated
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Eig 3.9: Loading curve with washing. Eluted peak areas were obtained when the column

was loaded for varying periods, washed for 2 min, eluted for 1 min and finally

washed for 2 min. Conditions: Cmg = 1.23 x 10°5 M, PIPES = 0.01 M, p =

0.10 M and pH = 6.00.
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PIPES, when contacted with the eluent. A lower buffer concentration of $.001 M did not
give a precipitate with the eluent and thus was chosen for all subsequent studies without
washing.

As discussed above, in connection with experiments done with washing on CPG-
oxine column, the time required for column equilibration was dependent on the buffer
concentration. With the new and lower buffer concentration of 0.001 M, a minimum load
time of 15 min was required for complete breakthrough as seen from the ioading curve in
Fig 3.10. Thus a 20 min equilibration time was used for all experiments without washing,
Similar loading curves were obtained using 0.001 M buffer when the following were
varied: total Mg+2 concentration, ionic strength, pH, eluent strength, and length of time
that the eluent was pumped through the column. It was demonstrated, over the entire
ranges of those parameters employed in this present work, that a 20 min loading time was
sufficient to reach equilibrium. For example, equilibrium was achieved in less than 20

min for the range from 0.005 M to 0.99 M NaCl.

3.3.3 Column washing conditions

Previous speciation studies by the column equilibration method have included a
water washing step between the load and elution steps (32,37-39,77,78), Usually a
brief water wash (~ 1 min) was found to be enough to completely remove the interstitial
test solution, thus elimirating the necessity to determine the total amount of metal in the
interstitial test solution. Furthermore in previous studies, the wash step did not remove
any sorbed metal, irrespective of the lengih of washing time.

Based on these previous studgies, a brief wash cycle was included after column
equilibration of the test soiution with XAD-oxine. Using a test solution containing 1.23 x
10-5 M Mg*2, a pH of 6.00 and ionic strength of 0.1 M, the column was loaded to
equilibrium for 5 min, then washed for varying times and the relative amount of sorbed

Mg+2 determined after elution. As predicted, Fig 3.11 shows that the interstitial fluid was
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loaded for 5 min, water washed for varying periods, eluted for 1 min and

finally washed for 2 min. Conditions: Cmg = 1.23 x 10-5 M, PIPES = 0.01 M,
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completely removed within 1 min, and washing up to 10 min did not decrease the signal
due to Mg+2 desorption. Thus, for all cycles with_washing after column equilibration, a

wash time of 2 min was chosen. Also, a 2 min wash cycle after the elution step was

included to remove the interstitial eluent (HNO3).

3.3.4 Column elution conditions

In choosing a suitable eluent, the factors considered were: sharpness of tiie eluted
peak and complete removal of all sorbed species. Incomplete removal of sorbed species will
show up as a "memory” effect and will affect replicate cycles. Since previous column
equilibration experiments with washing successfully used 0.1 M HNO3 eluent for Ca -
oxine (38), it was chosen as the eluent. As shown in Fig 3.8, elution of the equilibrated
column with 0.1 M HNO3 gave a sharp peak (baseline width ~ 15 s). Furthermore, the
use of 0.1 M HNO3 sluent did not show any memory effect because all replicate data points
with washing experiments show a scatter around the mean. Because prolonged contact with
dilute HNO3 was observed to leach a yeilow color from XAD-2 (section 2.3.1),
unnecessarily long contact time between the resin and eluent was avoided. With these
precautions, the use of 0.1 M HNOg for 1 min did not show any decrease in Mg+2 sorption
by the XAD-oxine with extended use.

Elution conditions for column equilibration without washing were systematically
studied because of possible precipitation when the eluent and the test solution contact each
other. Because PIPES precipitates when 0.1 M HNO3 and the test solution (0.01 M) were
mixed in a test tube, a search for an alternative eluent was made. EDTA which was
successfully used previously to elute Cu*2 (37), failed to olute sorbed Mg+2 from XAD-
oxine. Use of 0.001 M EDTA between pH 4-8 did not desorb Mg+2 from the resin, although
the pH 4.00 solution did give an extremely broad peak. When a high EDTA concentration
(0.01 M) was used at pH 3.00 and 4.00, peak areas of similar size to those obtained with

0.1 M HNOj3 eluent were obtained. This suggests that the protons and not the EDTA were
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desorbing the Mg+2. Thus there was no advantage to using EDTA, considering the other
complications such as: peak tailing, nebulizer fouling because eluent continuously enters
the AAS during loading, and high background signal from traces of magne&ium in the EDTA.

The failure of EDTA as an eluent necessitated an extensive study of HNOg as an
eluent. Since a precipitate was obtained when 0.1 M HNO3 eluent was adds«! to test
solutions containing 0.01 M PIPES buffer, the effect of varying concenirations of PIPES
and HNO3 on precipitation was checked, by dropwise addition of dilute HNO3 to 1 L of
PIPES solution in a test tube. For PIPES concentrations of 0.01 M, a white precipitate was
obtained when dilute HNO3 of any concentration was added. When the PIPES concentration
was reduced to 0.001 M, no precipitate was observed when eluent concentrations of up to
2 M HNOx were added. On this basis, HNO3 was chosen as the eluent, but the buffer
concentration was reduced to 0.001 M in all test solutions.

As mentioned befcre, a sharp eluted peak and complete removal of all sorbed
species were the most important considerations. The choice of eluent concentration was
determined by loading the column with a solution containing 5.76 x 10°6 M Mg+*2 and the
lower 0.001 M buffer concentration, then eluting the Mg+2 with varying HNO3
concentrations. For eluent strength below 0.001 M, double peaks as shown in Fig 3.12
were obtained. The first peak was due to Mg*2 in the void volume and the second to Mg+2
desorption. Peaks obtained with 0.01 M, C.1 M and 1.0 M HNOg3 appear as single peak of
exactly the same peak area, but the height of these peaks increases with eluent
concentration. In other words, the eluent containing 1.0 M HNO3 gave the sharpest peak.
Loading curves such as those described in section 3.3.2, but using eluent containing 0.01
M, 0.1 M and 1.0 M HNO3 showed exactly the same result i.e. a 20 min load time was the
minimum time for the column t& reach equilibrium and replicate cycles were unaffected
by a "memory" effect. Furthermore, when the AAS lamp was changed to detact copper, the
use of 1 M eluent showed comnlete removal of trace quantities of copper in the test

solutions. Also, a study of varying elution times for columns that contzined the same



Eig 3.12: Double peaks after the column was loaded for 20 min then eluted with 0.001
M HNO3 without washing. Conditions: Cpmg = 5.76 x 10-€ M, PIPES = 0.001
M, u = 0.10 M and pH = 6.00.
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amount of Mg+*2 loading shows that 1 M HNO3 completely eluted sorbed Mg+*2 within 1 min.
Thus, the final elution conditions chosen for without washing were 1 M HNO3 for 2 min.

3.3.5 Column conditioning

During loading studies, it was noticed that the peak areas for the first few runs
differ from those obtained in later runs. Thus, in all studies, the first few data points were
discarded until replicates yielded the same peak areas. The reason why the column needs
conditioning cannot be explained and will require an extensive study. However, one
possibility that can be ruled out was instrumental and flow rate changes because peak
areas for standards injected directly into the eluent stream via vaive 1, did not show that

drift.

3.3.6 Mg*2 Isotherm
The distribution ratio Aq, by definition was given by eq 3.5. Under constant instrumental

conditions, the measured P.A. is directly proportional to [Mg+2]r as given by eq 3.10
IMG*2IR = K (P.AL)  cecrcrccrninrssnmsnsssssssessssssisessessssssessasassssonsasssasussns wernesess3.10
where k is the moles per unit peak area per unit weight of resin in the column. Using eq
3.5 and 3.10, A¢ can be dafined by eq 3.12
A = k(P.A))

° Mg

Successful use of the column equilibration technique requires that all free: metal
determinations be done at trace loading conditions i.e. the distribution coefficient A is

constant and independent of [Mg*+2]. In other words, a plot of [Mg*2]R or eluted P.A.
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against [Mg*2] in solution is linear. Usually, at trace conditions, the number of sites used
for sorption (i.e. % column loading) is <1%.

Mg+2 isotherms were routinely measured as part of every study of experimental
variables. Two typical isotherms are shown in Figs 3.13 and 3.14 for with washing and
without washing respectively. The P.A. sorb in Fig 3.14 was corrected for the P.A.
contributions due to Mg+*2 in the void volume. Calculation of the P.A. sorb was described in
section 3.2.3.2. Both Figs 3.13 and 3.14 were corrected for P.A. contributions of the
biank.

Indicated in Figs 3.13 and 3.14 were the P.A. contribution of the blank solution,
which was a solution of #xéd PH containing only NaCl and PIPES. Analysis of stock
solutions of NaCl and PiPES showed that the NaCl solution was the major contributor of
blank Mg+*2. For solutions used for without washing experiments, the measured P.A. of the
blank was the contribution due to Mg*2 sorption plus that in the interstitial solution.
Thus, in order to reduce the blank P.A., it was necessary to remove traces of M2 in the
NaCl stock solution, by flowing it through a column containing Chelex-100 resin.

A major characteristic of both isotherms was that the curves are non-linear even
though the eluted magnesium signals were well within the instrument linearity and the
maxirnum sites occupied by the Mg+2 was less than 1% of the total. Estimation of the
maximum % of sites occupied by sorpition of Mg+2 on the XAD-oxine (% column loading)
was done in the following way: Cansider, for example, Fig 3.13. The sensitivity of the
Model 290B AAS was estimaied by determining the P.A. when 10 pL of 1.23 x 104 M
Mg+*2 was injected into the eluant stream. For 1.23 x 109 moles (10 pL x 1.23 x 10-4
M), the measured P.A. was (63.9 + 4.9) x 103 counts. From Fig 3.13, the upper limit of
the isotherm is 400,000 counts, which will correspond to 7.7 x 10-2 moles of eluted
Mg+*2, at the same instrumental sensitivity. Using eq 3.12, the sorptive capacity of the

column used for the isotherm in Fig 3.13 was 7.44 x 10-7 moles.
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Column capacity =1.d . v .- “ 312

where | was the column length (13 mm), d was the packing density of the resin in a“1.5
mm id. tube (0.52 mg/mm) and v was the sorptive capacity of the XAD-oxine: (0.110
pumol/mg). From equation 3.13, the % column loading was 1.0 of the total sites at the
highest point of Fig 3.13 isotherm i.e.

moles eluted from column

column capacity x 100 .......................... 3 . 13

% column loading =

One possible explanation for the non linear Mg*2 isotherm can be given in terms
of Mg+2 : oxine ratio. In capacity studies (section 2.3.2.), the sorptive capacity and the
total capacity differed. These differences suggest mixed ratios of Mg*2 : oxine i.e. a
mixture of 1:1 and 1:2 formation for the isotherms. More evidence of mixed ratios will be
presented in section 4.3.3.4, where linear isotherms were obtained when conditions were
created so that mainly 1:1 ratios forms.

Since Mg*2 isotherms were non-linear, the application of XAD-oxine for
speciation requires that working curves of the appropriate [Mg+2] range be prepared. The
[Mg+2] in unknown samples will thus require reading off the [Mg+2] from the measured

P.A. after column equilibration, rather than calculating it from a constant Aq value.

3.3.7 Etfect of solution pH

Isotherms with washing measured at various pH are shown in Fig 3.15. If these
isotherms were linear, then at a constant pH, Ao should be independent of [Mg+2] in
solution. In that case, a plot of Ao ¥s pH, obtained by taking the points on vertical slices
through Fig 3.15, would give the same curve regardless of the [Mg*2] at which the

vertical slice was made. However, because ths isotherm in Fig 3.15 is non-linear, and Aq
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6.00, (¢) pH 5.50 and (a) pH 5.00. Conditions: PIPES = 0.01 M, u = 0.10 M,

pH = specified by the symbol, load = 5 min, wash = 2 min, elute = 1 min with

0.1 M HNO3 and wash = 2 min.
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depends on [Mg+2], plots of Ao ¥s pH yield different curves when slices are made at
different [Mg+2]. Such plots are shown in Fig 3.16 (the calculation of A, from the
measured P.A. was discussed in section 3.3.6).

Figure 3.16 shows that Ao increases in an ever increasing way with increasing pH.
This behavior is quantitatively consistent with reported sorption of other divalent ions by
iirmobilized oxine (51,81-84). To understand the trend shown in Fig 3.16, one can
consigiar the behavior of XAD-oxine to be analogous to 8-hydroxyquinoline in

homogenaous solution. in homogeneous solution, an increase in pH increases the fraction of
complex forming species o - which is given by eq 3.14

. K1 K2
- = ecasssaantosnstareieanstartastessanstrtresttetertsasisan 3.14

HZ & KyH + Ky K2

where H is the hydrogen ion concentration, Ky and K2 are the first and second proton
dissociation constants of 8-hydroxyquinoline. Thus, for XAD-oxine, an increase in pH will
increase the fraction of Mg+2 sorbing sites (i.e. cL-) and will be related by an equation
similar to eq 3.14.

For 8-hydroxyquinoline immobilized on CPG, a modified ionizable surface group
model was successfully applied to quantitatively relate the soiustion pH to the amount
sorbed (38). This model used proton dissociation constants of 8-hydroxyquinoline
immobilized on CPG obtained from a previous study (84). For XAD-oxine, attempts to
quantitatively use the ionizable surface group model to relate the solution pH to the
distribution ratio proved unsuccessful for two reasons: (a) non-linear isotherms which
were discussed in section 3.3.6 above and (b) unknown surface charge. A known value of
the surface charge is required to calculate the pH immediately adjacent to the surface,
which in turn is required to determine the degree of ionization of the bound oxine. Although

one can use the protonation constants in homogeneous solution to estimate the surface



58

200
i/
/I

g
=
2
! -
c 100
L
5
-]
-
2
Q

0 v T v T M 1] v L M L)

4.5 5.0 5.5 6.0 6.5 7.0

pH

Fig 3.18: The effect of solution pH on the distribution ratio using only the points form

4.11 x 10-6 M Mg*2 in Fig 3.15.
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charge, then iterate to find the true surface charge, this method cannot work because the
XAD-2 surface has "natural® surface charge which is difficult to estimate (85).

As expected, experiments done without washing yielded the same kind of non-linear
isotherm as observed for the with washing experiments. For this reason, the dependence of
Ao on pH was measured using one [Mg+*2] simply to demonstrate the expected behavior as
shown in Fig 3.17.

The large changes in Ao with increasing pH suggests that the application of XAD-
oxine to real samples will require that exact pH matching of the Mg*+2 in the standards and
samples. As calculated in section 3.3.6 above, a 1% loading corresponds to 400,000
counts, thus from Fig 3.15, typical working ranges would be: 1 x 105 M at pH 7, 2.5 x
10-5 M at pH 6 and 1 x 10-4 M at pH 5. In anticipation for the application of XAD-oxine to

determine Mg+*2 in real samples-e.g. urine, a pH 6.00 was chosen for most studies.

3.3.8 lonic strength

Although chloride slightly complexes Mg+2, Kmgci+ = 0.1 (86), sodium chloride
was still chosen for ionic strength adjustments mainly because of the anticipated
application of this method for the determination of Mg*2 in urine. The chloride ion in
urine averages 0.17 M and is the ion in the highest concentration (87). Later on in this
section, it will be seen that the sorption of Mg+2 is dependent on ionic sirength. Therefore,
it would be necessary to adjust the ionic strength of all samples to 0.25 M in order to have
the standards and samples of the same ionic strength. At a [NaCl] concentration of 0.25 M,
the [MgCI*] : [Mg*2] ratio will be 0.025. The error of 2.5% resulting from the neglect of
MgClI+ species is small compared to the 5-10% r.s.d. from the column equilibration
method. This was verified by determining isotherms using NaCl and non-complexing
NaNOj for ionic strength adjustments. As can be seen in Fig 3.18, the signals for the same

[Mg*+2] were the same in both electrolytes. Similarly, the choice of univalent cation for
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the inert electrolyte had no &ffect on Aq. This is shown by the similarity of the isotherms
measured when when only NaCl (0.25 M) was used, to that measured when a mixture of
0.20 M NaCl and 0.05 M KCI were used for ionic strength adjustment (Fig 3.19).

Previous experiments with 5-phenylazo-8-hydroxyquinoline immobilized on CPG
showed that Mg*2 somption was strongly influenced by the ionic strength of the solution
(38). Therefore, experiments were carried out in which the ionic strength was the only
parameter varied. A typical plot to show the effect of ionic strength on the distribution
ratio, using the with washing procedure, is presented in Fig 3.20. In Fig 3.20, the data
points were done at a [Mg*2] of 4.11 x 10-6 M where they are in the non-linear region of
the Mg+2 isotherm. Thus, as discussed in section 3.3.7, Fig 3.20 will only illustrate the
effect of p on A, for the with washing procedure. Fig 3.21 gives a better representation of
the effect of i on A, using the without washing procedure, because all the data points were
done as close as possible to the linear region of the Mg+2 isotherm. The first two data
points were measured at [Mg+*2] of 4.02 x 107 M and the other points were done at 2.01
x 10-6 M. Both curves (Figs 3.20 and 3.21) show that the Ao of Mg+2 on XAD-oxine
decreases as p increases.

To understand the observed effect of p on Ao, we invoke the "ionizable surface
group model” that was previously used to relate these two parameters for CPG-oxine
(38). This model assumes the surface ¥3 charged, and 1:1 complexation occurs between the
charged anionic oxine sites, Ox- and free metal. By analogy, the relationship beiween Aq
and p is given by:

2F¥ k 'Y}g:

Ao = Oqc Ymg™? V Kmgox* €xp (- RT ) + uM

.......................... 3.15

where aox- is the fraction of anionic oxine sites, YMg+2 is the activity coefficient in

solution, v is the resin capacity, Kmgox+ is the formation constant of MgOx+ at the resin
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surface, F is the Faraday constant, R is the ideal gas constant, T is the absolute
temperature, k is a constant, Yy is the surface potential at a distance x cm away from (but
close to) the surface charge. Details of the derivation of eq 3.15 are given in reference 38.

An increase in the ionic strength will result in a decrease in yyx as well as a
decrease in YMg+2. Thus, both terms on the right side of eq 3.15 decreases, causing Ao to
decrease.

Unfortunately the data from Figs 3.20 and 3.21 cannot be readily fit to eq 3.15
because the surface charge is unknown and the isotherms are non-linear (discussed in

section 3.3.7).

3.3.9 Effect of other sorbed cations on Mg*2 sorption

In fiomogeneous solution, the log B¢ values between the oxine and Cu+2, Mg+2 and
Ca*2 are 12.56, 4.74 and 3.27 (86). Although the immobiiized oxine will be expected to
have a slightly different 84 from that of homogeneous solution, one will expect the relative
trend of B¢ with these metals to be similar. Therefore, the more strongly bound Cu*2 will
be expected to displace the sorbed Mg*2.

Leading curves with washing for standards containing added Cu*2 show a decrease
in Mg*2 signal with increasing load time (Fig 3.22). In contrast, loading curves with
solutions containing only Mg+2 do not show a decrease in Mg+2 sorption with increasing
load time (Figs 3.9 and 3.10). Furthermore, the loading curve in Fig 3.22 shows that
solution Mg+2 quickly reaches equilibrium with the resin, but Cu*2 did not. This is
advantageous because for real samples e.g. environmental and biological samples, the effect
due to the presence of heavy matals will be minimized. Furthermore, heavy metals
generally have larger 81 values than Mg+2 with most ligands and one will expect these
heavy metals to exist mainly as complexes. The concentration of Cu*2 in isotherm
standards was estimated to be 2 x 108 M when the AAS lamp was changed to determine

copper. These trace levels of Cu*2 and other heavy métals that will be usually present in
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isatherm standards do not'cause a decrease in Mg*2 sorption for loading times of up to 2 h
(section 3.3.2). Thus, it is reasonable to conclude that XAD-oxine can be used to determine
[Mg+2] for samples containing trace levels of free heavy metal.

On the other hand, formation constants for Mg*2 and Ca*+2 with most ligands are
comparable in magnitude. Thus, the concentration of both ionic species in real samples
will be comparable, hence Ca*2 can be a potential problem (as in other methods to
determine Mg*+2). Figure 3.23 shows that at 1% column loading, Ca+2 : Mg*2 ratios of up
to 3.5 to 1 did not affect the eluted Mg+2 signal with washing experiments. Similarly, for
without washing experiments, the eluted Mg+*2 signals did not show significant differences
for ratios of up to 5:1 (Fig 3.24). This figure also shows that concentrations of up to 1 x
10-4 M Ca*2 do not significantly decrease the Mg+2 signal obtained from a solution
containing 1 x 10°5 M of Mg+2. A [Mg*2] of 1 x 10"5 M corresponds to a column loading of

0.5% (using the procedure in section 3.3.6).

3.3.10 Overloaded column conditions with washing

The average pH and total magnesium concentration for biological samples (87) and
environmental e.g. river, lake or ground water are both higher (~10-3 Mj. In section
3.3.7 (Fig 3.15), the upper limit for Mg*+2 for 1% column loading was 2.5 x 10-5 M at
pH = 6.00. As such, the application of XAD-oxine for the determination of [Mg*2] in real
samples will require working at high % column loading (i.e. with overloaded columns).
Thus experiments were carried out where the [Mg+2] varied up to 3.3 x 10-3 M,
corresponding to 4-10 % column loading. Furthermore, in anticipation of a possible
application to real samples, Ca*2 at concentrations of up to 1 x 10-2 M was added into the
test solutions.

Using a shorter 2 mm coiurmin bed to maintain the eluted Mg+? signal within the
linear region of the AAS, the standard S min load time was found to be enough to reach

equilibrium. As predicted, under overloaded conditions, the presence of Ca+2 will affect
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the amount of Mg*2 sorbed. Mg*2 isotherms containing varying quantities of added Ca*2
are presented in Fig 3.25. In order to compare the effect of Ca*2 at low column loadings
(Fig 3.24), the data points for [Mg*2] of 1.65 x 10-3 M in Fig 3.25 were used for Fig
3.26, which is a plot of P.A. ys [Ca*2]. On the basis of Fig 3.25, the application of XAD-
oxine under overloaded column conditions to determine [Mg*2] wili also require the
determination of [Ca*+2] in order to prepare appropriate standards.

Column equilibration experiments without washing couid not be performed under
overloaded column conditions mgziniy because of the high signal contribution due to

magnesium in the void volume.

3.4 Summary

in this chapter, two slightly different procedures i.e. with washing and without
washing were used to characterize the sorption of [Mg+2] on XAD-oxine. The optimized
system and experimental conditions obtained in this chapter will be used in the next
chapter to determine [Mg*2] in the presence of other magnesium-containing species. At
this point, both procedures appear to be suitable for use in determining the [Mg+2].

Isotherms from both procedures were non-linear, and the upper limit (i.e. low %
column loading) occurred at [Mg+2] of 2.5 x 10-5 M at pH 6.00 which is well below the
[Mg+2] in real samples. The effect of solution pH and u were qualitatively accounted for,
but attempts to quantitatively relate the amount of Mg+2 sorbed to the other variables
proved unsuccessful. At 1% column loading, the observed effect with other sorbed cations
was consistent to that expected i.e. weakly sorbed Ca+2 does not affect the sorption of
Mg*2, but strongly sorbed Cu*2 causes displacement of the scibed Mg+2.

Studies of XAD-oxine under overioaded column conditions were done to investigate
the feasibility and limitations of matching samples with those of standards. The procedure
without washina could not be applied to overloaded columns because of the large magnesium

signal contributicns due to the void volume. Thus, overloaded conditions were investigated
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using the with washing procedure. Sorption of Mg+2 was strongly dependent on [Ca*2].
Thus for successful application of XAD-oxine for [Mg+2] determinaticn on overloaded

columns, the pH, p and [Ca*2] will have to be determined for preparation of appropriate

standards. The determination of [Ca*+2] itself has not been very successful (see summary

in ref 68).
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CHAPTER 4
SPECIATION OF Mg+2 WITH XAD-OXINE

4.1 Introduction
Addition of a solution containing ligand to one containing Mg+2 will result in the
formation cf one or more magnesium complexes and a decrease in [Mg+2] in the
resuiting solution. A dynamic equilibrium exists betwsen the Mg+2 and its complexes.
The column equilibration technique can be used to determine [Mg+2] in this solution.
Successful use of this techniqus however, requires that only the free metal ion is
selectively sorbed onto the resin while the complexes are not.
The column equilibration technique using sulfonated ion exchange resins
(32,37) and CPG-oxine (38) has been previously used for free metal determination.
The sulfonated resins did not show the d;sired high selactivity becaﬁse cationic metal
complexes were sorbed (32). Furthermore, in the presence of neutral complexes, the
wrgasured free‘ metal ion concentration was slightly higher than the calculated values,
uggesting a slight sorption of these neutral metal complexes (32,77). On the other
%r.‘ =0 use of CPG-oxine was extremely successful in measuring [Ca*2] in the
9nce of cationic, neutral and anlonic complexes of calcium. This suggests that the
- group shows the desired high selectivity. Thus, one would expect that the oxine
group in XAD-oxine would show better selectivity than do sulfonated ion exchange resins
for the determination of [Mg*2].
The column equilibration technique used in the above mentioned studies involved
a water wash step. The procedure was the same as that described in Chapter 3 as the with
washing procedure. Apparently, no difficulties were obsersad with that procedure on the
cation exchange resin and on CPG-oxine. Furthermore, in Chapter 3, both the with
washing and without washing procedures show the same behavior when XAD-oxine was
used. In contrést, in this Chapter it will be shown that the with washing procedure yields
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an erroneously value for [Mg*2] when XAD-oxine is used, apparently because of
dissociation of the complexes during dilution in the water wash step. Furthermore, it
will be shown that XAD-oxine can be non-specific to some magnesium complexes. This
Chapter aiso investigates the non-specificity of XAD-oxine, in order to understand the

fundamental sorption process.

4.2 Experimental

4.2.1 Chemicals and Reagents

0.1 M Oxalic gcid (Fisher Certified Reagent) was used as supplied.

1_M Picolinic acid (2-pyridinecarboxylic acid) was used as supplied from Sigma
Cheriical Co.

Ristilled water, Hydrochloric acid, Nitric acid, NaOH and XAD-2 resin were the
same ag in section 2.2.2.

NacCl, PIPES, EDTA and magnesium stock solutions were the same as section
3.2.1.

XAD-oxine was prepared as described in section 2.2.4.

4.2.2 Apparstus

The appatatus used for column equilibrium experiments with washing was the
same as described ™ segtion 3.2.2.1, and that used for the without washing procedure
was the same as in section 3.2.2.2.-Construction of the column packed with either XAD-2
resin or XAD-oxine wis dascribed in section 3.2.4. Measurements of pH were performed
in the same manner as descsibed in section 2.2.1. Nylon membrane filters {0.45 pm)
were manufactured by Uiipsr, P4l Trinity Micro Corp., Cortland, NY.

423 Coiuﬁn equiiibration procedure

The procedures for experiments with washing and without washing after column
equilibration were described in séetions 3.2.3.1 and 3.2.3.2 respectively.



4.2.4 Preparation of test solutions

Standards of varying [Mg+2] but of fixed pH and ionic strength were prepared as
described in section 3.2.5. These were used for isotherm measurements.

As described in section 3.2.5, the pH and ionic strength were accurately
controlled in all test solutions. Since EDTA, oxalic acid and picolinic acid are highly
dissociated at pH 6.00, sample solutions containing these acids as well as the PIPES
buffer were corrected for their ionic strength contributions. With the tetraprotic EDTA,
consideration was given to the fraction of each multivalent species. For example, at a pH
of 6.00 and an ionic strength of 0.1 M, the fractional contribution from the main EDTA

species are: agy-3 = 0.41 and ay,y-2 = 0.59. Thus the ionic strength contribution from

EDTA is 3.02 CepTA as shown in eq 4.1

C
p=33aC; = —BTA T 9(0.41) +4(059) = 3.02Cppra-cessrsseeen 4.1

where z; is the charge of the ion and C; is the concentration of the species. Final
adjustment to the desired ionic strength was made with 1 M NaCl solution. The solution
pH was controlled with PIPES buffer. The final concentration of PIPES in the test
solution was 0.01 M for the with_washing procedure and 0.001 M for the without

washing procedure.
When ligand-containing solutions with a desired O.mg+2, Expt Were prepared, the

concentration of ligand was first theoretically calculated. Also the concentration of total
magnesium added to the ligand-containing solution was such that the final [Mg*2] in the

solution was below the concentration required for 1% column loading.
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4.25 Experimental determination of amge«2 Expt in ligand
containing solutions

For experimentally determining ctpmg+2. Expt It was necessary to determine the
{Mg+*2] in the ligand-containing solution. This was done by measuring the eluted P.A.
after column equilibration experiments were performed on these ligand-containing
solutions. The [Mg+2] in the ligand-containing solution was found by interpolation from
a Mg*2 isotherm of P.A. against [Mg*2}. The standard Mg+2 solutions, that were used to
generate the isotherm, were run on columns in alternation with the ligand-containirig
solutions in every experiment. Running solutions for the Mg*?2 isotherm on the same day
as the ligand-containing solutions eliminates errors that may arise from day-to-day
variatich of experimental parameters.

As discussed in section 3.3.6, all test solutions contained traces of Mg*2 from the
NaCl and PIPES stock solution. in speciation studies where ligands were added, the
measurement of ciymg+2 required correction for the amount of Mg+2 in the blank. Rather
than doing an individual blank for each ligand-containing solution, it was inore
convenient to sum the magnesium concentration found in the blank with that which was
added to the ligand-containing solution in order to obtain Cpmg. The same was done for the
standards used for the Mg*2 isotherm i.e. Mg+2 isotherms were plotted as P.A. ys
(IMg+*2] in b|ahk + [Mg+2] added to standard). The concentration of Mg+2 in the blank
was obtained by direct aspiration of all the prepared Mg*2 standard solutions used for
the isotherm. Linear regression of the absorbance values of these standards allowed
extrapolatior: to obtain the concentration of magnesium in the blank. Furthermore,
directly aspirating the standards into the AAS to determine the concentration of
magnesium in the blank also provides a check on the AAS linearity for every

experiment.

4.2.6 Calculation of atmg+2,calc from theory
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Calculation of theoretical values of tMg+2,Calc in all ligand containing solutions
was based on simultaneous calculations of multiple equilibria (88-80). In calculating
the oimg+2,Calc all the metal-ligand equilibria are taken into consideration. However,
since hydrolysis of magnesium does not occur significantly at pH 6-7 (86,91), it was
neglected. Also, as discussed in section 3.3.8, complexation between Mg+2 and the CI- is
small and was not taken into consideration. Formation constants used for calculations
were all taken from the critical compilation of Smith and Martell (86). The values used
are listed in Table 4.1. If necessary, formation constants were corrected for ionic
strength from activity coefficients calculated from the Davies equation (92).

To understand the general procedure, the calculation with the largest number of
equilibria will be presented. Consider a sample solution containing EDTA and magnesium
in a NaCl electrolyte. The equilibria that are present, and their respective concentration

stability constants are:

Y*+H' o HY® Ky = —-[lf—Y—sl—— ........................... 4.2
[H Y™
HY® + H o HY™ Kuy= —-[?—2&— ........................ 4.3
[H' HY )
HY 2+ H® & HY™ Kpy= @Xﬁ— ....................... 4.4
[H] [H,Y
- HY
HY™ + H' & HY Kyy= B L S 4.5

HYHY



Iable 4.1: Values of formation constants used in this chapter to calculate the fraction of
individual species in metal-ligand solutions. These values were taken from
Smith and Martell (86). Uncertainties in parenthesis were obtained from all
values compiled in the literature (86,95-97) and those not in parenthesis

were from Smith and Martell,

10.17 (+ 0.09) 25, 0.1

H+ + HY3 & HoY-2 6.11 (¢ 0.07) 25, 0.1
H* + HaY2 & HoY" 2.68 (+ 0.03) 25, 0.1
H+ + H3Y- © HgY 2.0 (x 0.07) 25, 0.1
Ma* + Y4 < Nay3 1.64 (£ 0.13) 25, 0.1
Mg*2 + Y4 = MgY2 8.83 (+ 0.10) 25, 0.1
H+ + MgY-2 == MgHY- 3.85 (+ 0) 20, 0.1

H+ + Ox2 = HOx 4.266 + 0.001 25, 0.1
H* + HOXx® ¥ H20x 1.252 (£ 0) 25, 0.1
Mg*2 + Ox2 = MgOx 2.76 (£ 0.14) 25, 0.1
Mg+2 + 20x2 = MgOxz 425 (+ 0.24) 25, 0.1
W+t 4+ P2 = HP 5.21 + 0.01 25, 0.1
H* + HP- = HoP 1.03 (+ 0.09) 25, 0.1
Mg*+2 + P2 = MgP+ 2.20 (£ 0.05) 25, 0.1
Mg*t2 &+ 2P2 = MgPs 3.95 (+ 0) 25, 0.0



Mg + Y o Mgy? Kngy = —;[M-?—ﬁ— ..................... 4.6
. Mg Y
-2 + - [MgHY']
MgY 2 + H' «» MgHY KMgiy ™ — 2 o, 4.7
MgY ) [H"]
Na* + Y & Nay® Ky = —[—Ngj— ................ 48.
Na'1 [Y™)

The fraction of EDTA ligand (cuy-4) is given by:

e Y ~

= « i . 4.9
0Y 4+ [HY Y+ [HY +[H3Y J+H, Y1+ [MgY J+{MgHY J+[NaY

On substituting for the concentration constants of the various species in eq 4.9, by

rearranging eqns 4.2 to 4.8 and cancelling out the common terms, oLy« becomes:

Oty+= (1+KpyTH THK K gy yTH T K pryK g yK B T+ K K g Ky K B
+ K mgyIMg 1+ K gy K mgeayiMe “IH 14K Na D7 4.10

Equation 4.10 was used to get a first estimate of oy« by neglecting [MgY-2] and

[MgHY-]. The concentration of ligand [Y-4] from EDTA, is estimated from the total
concentration, CEQTA by

[Y 4] = QY CEDTA  rerreersecmsnsseseeesenseessssesssssssssesessssssessessnssssesssmsesossessesessesee 4.1
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The fraction of free Mg*2, oumge+2 is given by:

aMsa = .[M&‘:i - [Mg+zl
Cve  Mg?+MgY T+ MgHY )

.......................... 4.12

Substituting for [MgY'~ -nd [MgHY"] in eq 4.12 by rearranging eqns 4.6 and 4.7, and

cancelling out commos: s, Cumg+2 becomes

Cpggo= (1 + KpglY ™+ KygyKpgnd¥ MHD® e 4.13

Using the first estimate of [Y-4] from eq 4.11, the first value of ouyg+2 was
calculated. The first value of atyg+2 was usad to calculate the first value of [Mg*2] in the
ligand-containing solution using eq 4.12. The [Mg*2] was then used in eq 4.10 to get a
more accurate value of ouy+ and the steps outlined above were repeated (iteration) until
two successive estimates of [Mg+2] agreed within 1% of each other.

The above calculations of species distribution were checked by compuier
calculations (University of Alberta Amdahl) using a slightly modified version of the
speciation program COMICS (93). Species distribution values obtained by this computer
program agreed within 2% of those obtained from the above calculations. The
modification is an additional subroutine which provides the fraction of each species
distribution in a tab.lar form. A detailed description and input procedures is given in
the appendix of reference 68.

Uncertainties in the theoretically calculated values were obtained by the standard
procedures for error propagation (88,90,94) using all the reported values of the
formation constants. The uncertainty of the formation constants was based on all values

compiled in the literature (86,95-97). Whare uncertainties for formation constants
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were repor-gd, more weight (x3) was given 10 them in calculating the standard
deviation. If necessary, the stability constants were corrected for ionic strength.
Uncertainties obtained by this procedure are presented in parenthesis in Table 4.1. The

uncertainties not in parenthesis in Table 4.1 were taken from Smith and Martell (86).

4.3 Results and Discussion

4.3.1 Selectivity in the presence of EDTA

EDTA is a hexadentate chelating ligand that forms the species MgY-2 and MgHY"
with Mg+2. The formation formation constant of MgY-2 which was given by eq 4.6 is
6.76 x 108 and that of MgHY- given by eq 4.7 is 7.08 x 103 (86). At a pH of 6.00 and at
the highest [EDTA] used, the fraction of the various species in the presence of Mg*2 are
OMmge2 ~ 0.056; amgy-2 ~ 0.94 and otmgHY- ~ 0.007. Because aMgHY- is very small,
MgY-2 can be considered as the only ssomplex species formed. Solutions were prepared
with varying concentrations of EDTA and magnesium to give values of QMg+2,Calc ranging
from 0.005 to 0.6. The corresponding values of [Mg+2] all yiekd column loading of <1%
using the with washing procedure. The experimentally observed Otyig+2,Expt and
calculated 0tmg+2,Calc are presented in Table 4.2 which shows that in all cases, the
experimentally observed 0iMg+2 Expt Values were greater than the calculated omg+2,Calc
valuss. Table 4.2 also shows that at high values of (mg+2 Calc (~ 0.6), the calculated and
experimental values were statistically the same, but as the values of otmg+2 Calc get lower
(~ 0.005), the experimental values become increasingly greater than calculated values.
Observations of this kind were previously obtained with other metal-ligand systems
(77) but no further studies were done. Previous workers attributed this uncertainty to
the sorption of other metal containing species (77) or to the high uncertainty in the

published values of the formation constants (98). For a well characterized system like
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Table 4.2: Effect of varying [EDTA] on the fraction of free metal using the with washing

procedure. Solution conditions: u = 0.10 M, [PIPES] = 0.01 M, pH = 6.00,

load = 5 min, water wash = 2 min, elute with 0.1 M HNO3 = 1 min and wash =

2 min.
CEDTA Cwmg OMg+2,Cale CMg+2,Expt
x10-3 M x10°6 M
10.0 411 0.00518 + 0.00149 0.0145 + 0.0003
10.0 823 0.00539 + 0.00153 0.J141 + 0.0008
10.0 123 0.00567 + 0.00159 0.0131 + 0.0005
0.16 12.3 0.249 + 0.054 0.452 + 0.003
0.12 12.3 0.309 + 0.061 0.511 + 0.038
0.080 12.3 0.406 + 0.068 0.612 + 0.032

0.040 12.3 0.588 + 0.069 0.727 = 0.026
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EDTA, it is unlikely that the published values have large errors associated with the
formation constants.

in this work, a systematic investigation was doné to determine why the
experimentally observed oimg+2 values were aiways greater than the calculated values.
Before it was discovered that the wash step was the cause for the difference between
O.Mg+2Expt and 0Mg+2 Cale, five possible reasons were investigated:

1) Is the 5 min lcading time sufficient to achieve equilibration in the ligand-
containing solution? The loading curve in Fig 4.1 shows that complete equilibrium was
achieved within 3 min for a solution containing a high concentration of EDTA (0.007 M},

2) £« zossibility of resin sorption of other species such as MgY-2 was
investi, - - . .suming that the acidity constants of the immobilized oxine are close to
those in homog2neous solution, then using equations similar to eq 3.14, the fraction of
various species of the oxine at pH 6.00 are (lOx- = 6.7 x 10"4; AHOx = 0.97 and OH20x+
= 0.031. Since the oxine has a net positive charge, the possibility exists for sorption of

the anionic MgY-2 by a ion exchange process as shown by eq 4.14.

2(ROH2*ClR + MgY2 ==  ((ROHo*)2MgY-2)g + 2ClF.cucrreenne. 4.14

Increasing the pH of the solution will increase the fraction of anionic oxine sites,
0ox- and decrease the fraction of cationic sites 0H.Ox+ on the resin. Thus, decreasing the
PH of the solution will increase oty,0x+ of the resin. If the H2Ox+ group on the resin is
responsible for .MgY'2 sorption, then when EDTA solutions of different pH are run on the
resin, one should observe more sorption of MgY-2 with decreasing pH. Since the

measured P.A. will be used to obtain [Mg*2] in the Mg-EDTA solution, and is the sum of
{MgY-2] and [Mg+2] sorbed on the resin, then Oimg+2,Expt Should show an increase with

decreasing solution pH. Table 4.3 shows the Otmg+2,Expt @5 well as Oumg+2 Calc for Mg-

EDTA solutions at different solution pH. As can be seen if Table 4.3, the reverse efiect
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Fig 4.1: Loading curve using the with washing procedure to recheck the loading time
required for the column equilibration to be in complete equilibrium with a
Mg-EDTA solution. Conditions: Cmg = 8.23 x 10-5 M, CEDTA = 1.00 X 10-3 M,
PIPES = 0.01 M, p = 0.10 M, pH = 6.00, load = varying, wash = 2 min, alute

= 1 min and wash = 2 min.
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Iable 4.3: Effect of EDTA at various pH on the fraction of free metal using the with
washing procedure. Solution conditions: p = 0.10 M, [PIPES] = 0.01 M, pH =
specified, load = 5 min, water wash = 2 min, elute with 0.1 M HNO3 = 1 min

and wash = 2 min.

1.0 11.5 5.50 0.258 0.546 = 0.004
1.0 32.1 5.50 0.260 0.474 * 0.012
1.0 52.7 5.50 0.263 0.441 £ 0.001
1.0 104 5.50 0.271 0.402 = 0.006
1.0 42.7 6.00 0.0494 + 0.0136 0.125 = 0.013
1.0 83.9 6.00 0.0512 = 0.0141 0.109 £ 0.004
1.0 125 6.00 0.0637 + 0.143 0.112 + 0.005
1.0 166 6.00 0.0558 * 0.0147 0.107 + 0.004
1.0 42.5 6.50 0.010% 0.0482+0.0020
1.0 125 6.50 0.0109 0.0407+0.0001
1.0 207 6.50 0.0121 0.0376+£0.0006

1.0 289 6.50 0.0133 0.0366+0.0001
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was observed i.€. Qumg+2 Expt gets closer to Oivg+2 caic When the solution pH decreases.
Therefore, sorption of MgY-2 by the cationic form of the immobilized oxine can be
eliminated from consideration.

3) Sorption of charged species on the hydrophobic XAD-2 surface had been
previously observed {99), and was investigated in this study. The possibility of sorption
onto the XAD-2 surface is based on the fact that the immobilized oxine covers only a
small fraction {< 5%) of the hydrophobic surface (99). The amount of magnesium
sorbed from the same EDTA containing solutions were determined or similar size XAD-2
and XAD-oxine columns. The raw data of P.A. on these two XAD columns arepesented in
Table 4.4. The sorption of Mg-EDTA complexes on the two- glass. frits was. found to be
negligible from a solufion containing 1.65 x 10-4 M magnesium and 0.001 M EDTA
(amg+2 ~ 0.05) performed on a column containing 12 mm of only glass frits. Assuming
that the amount of magnesium sorption on the XAD-2 resin and glass frits would be the
same as that of the XAD-oxine column, the quantity of magnesium eluted from the XAD-2
column was subtracted from the quantity eluted on the XAD-oxine column. Using these
data the OMg+2,Expt Were calculated and are presented in Table 4.4. Comparison of the
calculated and experimental values of cimg+2 suggests that sorption of MgY-2 onto XAD-2
and glass frits does not totally account for the difference between the experimental and
calculated values of oipg+2.

4) Another sorption possibility that was considered was the sorption of MgY-2 by

a mechanism shown in equations 4.15 and 4.16 i.e the sorbed Mg*2 becomes another site

for MgY-2 sorption i.e.

(RO'Nat)R + Mg*2 = (ROMG*2)R + Na* ccvvvenincennessesesnes 4.15

-—

2(ROMg*2CINR + MgY2 =  ((ROH2*)aMgY2)R + 2CI .uverrreeneen. 4.16
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Attempts to fit the raw data of Table 4.4 to equations 4.15 and 4.16 proved

fruitless.

§) The possibility that a 2 min water wash after column equilibration is
involved i producing the high 0tMg+2,Expt Values was investigated. Initially, a similar
experiment to that described in section 3.3.3 was done. Using a solution containing
0.001 M EDTA and 8.23 x 105 M Cwmg. columns were brought to equilibrium and then
water washed for varying times. The results are shown in Fig 4.2, which shows that the
water wash completely removes the interstitial solution and there was no decrease in
sorbed magnesium for water washing of between 1 to 20 min. These results are similar
to those in Fig 3.11 in that the water wash does not remove sorbed Mg+2. However, these
results do not reveal what is happening at the start of the water wash step before 1 min,
and thus can be misleading.

The procedure described as "without washing” was specifically designed to
observe the effect with the absence of a water wash after column equilibration. Table 4.5
shows the values of OtMg+2,Calc and OMg+2,Expt obtained with the without washing
procedure for Mg-EDTA solutions, using the same experimental conditions (given in Fig
4.5 caption) as those used for the with washing procedure. Although these were not the
optimum experimental conditions, Table 4.5 shows there is considerable agreement
between the calculated and experimental values. Because all experimental variables
were the same except the elimination of the water wash, these results suggest that the
inclusion of a wash step affects ctmg+2,Expt.

As discussed in section 3.3.4, optimization of the without washing procedure
required reduction of the [PIPES] to 0.001 M. The optimum conditions with this
procedure were: load = 20 min and eluent-eencentration = 1 M HNO3. Table 4.6 shows
resuilts obtained after optimization of all the variables for the without wash procedure.

The results in Table 4.6 demonstrate that the water wash step was the main reason for
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Eig_4.2: Washing conditions. Conditions: Cmg = 8.23 x 105 M, CEDTA = 1.00 X 10-3
M, PIPES = 0.01 M, u = 0.10 M, pH = 6.00, load = 5 min, wash = varying,

elute = 1 min and wash = 2 min.
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Table 4.5: Effect of EDTA on the fraction of free metal immedately on using the without

92

washing procedure. Conditions were not optimized, but were the same as those

used in the with washing procedure. Solution conditions: p = 0.10 M, [PIPES]

= 0.01 M, pH = 6.00, load = 5 min and elute with 0.1 M HNO3 = 1 min.

CEDTA Cmg
x 1003 M x 1006 M
0.20 43.2
0.20 22.7
0.50 43.2
0.50 22.7

OMge2,Calc aMg+2,Expt
0.230 + 0.049 0.174 + 0.015
0.215 + 0.048 0.222 + 0.013
0.0975 + 0.0112 0.0914 * 0.0112

0.0941 * 0.025 0.106 + 0.021
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Iable 4.6: Effect of EDTA on the fraction of free metal using the without washing

procedure. Conditions were optimized: p = 0.25 M, [PIPES] = 0.001 M, pH =
6.00, load = 20 min and elute with 1 M HNO3 = 2 min.

CEDTA Cmg OMg+2,Calc OMg+2,Expt

x 1003 M x 10°6 M

0.010 5.1§ 0.941 = 0.019 1.00 * 0.016
0.10 5.15 0.613 + 0.081 0.651 + 0.014
0.20 10.0 0.441 + 0.084 0.520 + 0.060
0.40 16.1 0.280 *+ 0.070 0.342 + 0.030
0.50 20.6 0.243 + 0.060 0.273 + 0.040
1.0 10.36 0.135 + 0.040 0.154 + 0.009

5.0 20.37 0.030 + 0.010 0.0515 = 0.0012
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the higher value of Omg+2 Expt than tmg+2,Zale- Furthermore, these results suggest that
the XAD-oxine is specific for Mg*2 in the presence of Mg-EDTA species. In section
4.3.2, the same specificity for Mg+*2 will be observed in the presence of oxalate ligand.

This observation that the water wash step immediately after column
equilibration perturbs the resin-solution equilibrium was surprising because the with
washing procedure was successfully used with ion exchange resins for speciation
studies(37,98). To explain why the wash step causes erroneously high ctmg+2,Expt With
XAD-oxine but not with ion exchangers, one will have to consider what happens upon
switching an equilibrated resin-solution system to the water wash.

For the sulfonated resin at equilibrium between the resin and metal-ligand
solution, anionic species e.g. MgY-2 are excluded by the Donnan potential from entering
the resin pariicles (100). Furthermore, the ionic strength within the sulfonated resin
is very high and relatively constant because the constant surface charge requires
counter ions to be present for charge balance. On changing to the wash step, the metal-
ligand solution outside of the resin is removed almost instantaneously in the flow system.
Within the resin, no more free metal sorption or dissociation of metal-complexes
occurs, because the ionic strength will remain almost constant.

By contrast, at equilibrium between XAD-oxine and the metal-ligand solution,
the solution inside the resin is almost the same composition as that outside the resin.
This is because the surface of XAD-oxine is almost neutral at pH 6 ~ 7, and thus Donnan
exclusion of co-ions (i.e. MgY-2) is very small. On switching to the wash step, the
metal-ligand solution outside of the resin can be considered to be removed almost
instantaneously. However, the composition of the solution within the XAD-oxine
particles does not change as fast as the external solution because all species (including
electrolyte) inside will have to diffuse out of the resin. As discussed in section 3.3.8, one

would expect to see more sorption of Mg*2 as the ionic strength in the resin solution
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decreases. Furthermore, the change in ionic strength will cause dissociation of

magnasium complexes to occur.

4.3.2 Selectivity in the presence of oxalate

Mg+2 ion complexes oxalate ion (Ox-2) to form species of the type MgOx and
MgOx2-2. At a pH of 6.0 and ionic strength of 0.10, the fraction present as the ligand
oxalate ion is 1.99, and the conditional formation constants of MgOx and MgOxz2 are
5.75 x 102 and 1.74 x 104 respectively. Solutions were prepared for which the
OuMmg+2,Calc varied from 0.17 to 0.82, and the column loading was always iess than 1%.
The calculated fractions .of Mg+2, MgOx and MgOx2-2 in these solutions are given in Table
4.7. The fraction of Mg*2 were determined by the with washing procedure as described
in section 4.2.5. These experimentally o7 served Oimg:2,Expt values and the calculated
Mg+2,Calc are presented in Table 4.7. These results are similar to the effect of EDTA
observed when using the with washing procadure (Table 4.2), in that the DiMg+2,Expt
were always larger than QMg+ Cale-

Prior to identification of the wash step as the cause Jor the discrepancies between
the observed and calculated values of oimg+2, two possibilities were ruled out:

1) The possibility of sorption of Mg-oxalate complexes on the hydrophobic XAD-
oxine surface was ruled out by replacing the XAD-oxine column with a similar sized
column packed with XAD-2, and then using Mg*2 solutions with and without added oxalate
to determine the amoﬁnt of Mg*2 somtion. The procedure used for the determination of
Mg+2 sorption is the with washing procedure. Peak areas for sorption of magnesium onto
XAD-2 from the magnesium solutions with and without oxalate were of the same
magnitude and very small.

2) The possibility of colloid formation by Mg-oxalate complexes was investigated
because MgOx.2H20 is relatively insoluble (101). If these colloidal complexes formed,

then during the loading step, these particles will be filtered out of solution, and would
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Iable 4.7: Effect of varying [Oxalic acid] on the fraction of various species using the
with washing procedure. Solution conditions: u = 0.10 M, [PIPES] = 0.01 M,
pH = 6.00, load = 5min, wash = 2 min, elute with 0.1 M HNO3 = 1 min and

wash = 2 min.

x 1003 M x 106 M

10.0 32.9 0.623 0.204 0.173 * 0.056 0.219 + 0.008
10.0 12.3 0.642 0.210 0.151 + 0.037 0.294 * 0.016
2.0 12.3 0.446 0.029 0.525 * 0.078 0.696 = 0.021

---------------------------------------------------



subsequently be detected by the column during the elution step because of decomposition
of the colloid by the acid eluent. To determine the presence of colloid, the amount of Mg+2
sorbed on the XAD-oxine was determined by the with washing procedure first in a
solution containing 2.0 x 10-3 M oxalate and 1.65 x 10°4 M Cpg, and then again after
the same solutions were filtered through 0.45 um membrane. in both cases, the eluted
P.A. due to Mg*2 were the same before and after filtration of the solutions. Furthermore,
if colloidal particles form, then during the loading step, the amount of particles retained
will increase with load time. A loading study similar to that described in section 3.3.2,
using Mg-oxalate solution, showed that complete equilibrium was achieved within 3
min, and there was no increase in the amount of Mg sorbed when the load time was
increased.

As concluded for the Mg-EDTA system, the washing step is the main reason for
the diecrepancy between the experimental and calculated ovg+2. In Table 4.8, the results

for the oxalate solutions Sontaining various fraction of cmg+2, are presented using the
without washing procedure. The observed and calculated oivg+2 agree with each other, and

thus, it can be concluded that XAD-oxine is selective to Mg+2 in the presence of MgOx and

MgOx2 species.

4.3.3 Selectivity In the presence of picolinic acid

Based on the results of EDTA and oxalate systems, 0.\ly the without washing
procedure was used for picolinic acid studies. At a pH of 6.00, 84% of picolinic acid
exists as the picolinate ion (P-) which complexes Mg*2 to form species of the type MgP+
and MgP2. The conditional formation constants, at a pH of 6.00 and p of 0, are 3.80 x
102 and 8.91 x 108 for MgP+ and MgP2 respectively. Using picolinic acid, solutions
were prepared to contain cMmg+2,calc values ranging from 0.06 to 0.9, and the [Mg+*2]
was determined using the without washing procedure. Column 4 in Table 4.9 shows the

raw data (i.e. P.A.). The amount of magnesium eluted (i.e. P.A.) increases as the
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Iable 4.8: Effect of varying [Oxalic acid] on the fraction of free metal using the without
washing procedure. Solution conditions: u = 0.25 M, [PIPES] = 0.001 M, pH
= 6.00, load = 20 min and elute with 1 M HNO3 = 1 min.

Coxalic Cmg OMg+2,Cale OMg+2,Expt

x 1003 M x 1006 M

1.0 10.0 0.766 + 0.058 0.721 = 0.041
5.0 10.0 0.545 + 0.066 0.487 = 0.017
10.0 10.0 0.204 + 0.047 0.202 = 0.025

98
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Iable 4.9: Table shows the amount of magnesium sorption (i.e. P.A.) with solutions of

varying picolinic acid concentration done on XAD-oxine and XAD-2 using the
without washing procedure. Solution conditions: p = 0.25 M, [PIPES] = 0.001
M, pH = 6.00, load = 20 min and elute with 1 M HNO3 = 1 min. Note: All P.A.

were corrected for the P.A. due to the void volume as discussed in section

3.2.3.2.

CHP Cmg GMg+2,Cale P.A. on P.A. on

x 1003 M x 106 M XAD-Oxine XAD-2

) 10.0 1.0 0.430 + 0.008

1.00 10.0 0.906 + 0.010 0.469 + 0.021 0.021+ 0.003
6.00 10.0 0.573 + 0.025 0.552 + 0.002 .

10.0 10.0 0.416 * 0.020 0.615 + 0.005 0.168 + 0.015
50.0 10.0 0.0624 + 0.005 0.694 + 0.013 0.803 + 0.078
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concentration of picolinic acid increases, i.e. the P.A. increases as otMg+2,Calc decreases.
The same observations of increasing P.A. with decreasing Otmg+2,Calc On XAD-oxine were
obtained using the with washing procedure. These observations suggest that Mg-
picolinate complexes are sorbed on the XAD-oxine. To determine whether the Mg-
picolinate complexes are sorbed by the hydrophobic XAD surface, the same solutions used
on XAD-oxine column were repeated on a blank XAD-2 column. These results for XAD-2
sorption are presented in column 5 of Table 4.9. The same type of observations were
made i.e. Mg-picolinate complexes are sorbed on XAD-2, because Mg+2 does not sorb
(section 4.3.2). Also, the amount of magnesium sorption (i.e. P.A.) increases with
increasing picolinic acid concentration.

However, these observations do not reveal what species are sorbed, and by what

mechanism. To answer these questions, the approach taken will be to study the sorption

of Mg-picolinate comniexes on XAD-oxine and XAD-2 when pH, Cmg and Cpicolinic acid
are varied. Fig 4.3 shows the calculated species distribution of Mg+2, MgP+ and MgP2
when the pH and concentration of picolinic acid are varied, and will be used to design
experiments to determine what species are sorbed on the XAD-2. Specifically:

1) Fig 4.3 shows that above pH 6.00, the distribution of species is dependent on
Cpicolinic acid- At a fixed pH, there is no linear relationship between Cpicolinic acid and the
ratio of MgP+ to MgP2 and thus experimeiits with varying Cpicolinic acid Will reveal
which of Mg-picolinate complexes are sorbed.

2) Above pH 6.00 and at a constant Cpicolinic acid: Fig 4.3 shows that the
fractions of the 3 species remains relatively constant. Thus experiments performed on
XAD-2 and XAD-oxine, using solutions of varying pH but constant Cmg and Cpicolinic acid:
will show the effect of pH on the sorption of these 3 species.

3) In Fig 4.3, Cpicolinic acid(1.0 x 10-3 M) >> Cmg(1.0 x 10-5 M) for amgp+
above 0.10 and amgp2 above 0.01. Thus, if Cmg is varied, but the sMand Cpicolinic acid

are held constant, then an additive isotherm will be obtained on XAD-oxine. The isotherm
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Eig 4.3: Species distribution of Mg+2, MgP+ and MgP2 at various pH and Cpicolinic acid
(0.001 M, 0.01 M and 0.05 M). These data points were generated with the
speciation program (COMICS) using Cmg = 1.00 x 10-5 M and formation

constants corrected to u = 0.25 M.
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is additive because the eluted P.A. will be due to Mg+2, MgP+ and MgP2 sorption.
Furthermore by performing the same experiment on XAD-2, the isotherm for Mg-
complexes on XAD-2 can be subtracted from the isotherm on XAD-oxine to give an

isotherm due to sorption of only the immobilized oxine.

4.3.3.1 Sorption on XAD-2 as a function of Cyp lL.e. [picolinic acid)

As discussed in section 4.3.3, the species distribution of Mg+2,MgP+ and MgP2 is
dependent on Cpicolinic acid at & fixed pH. Furthermore, the ratio of MgP+ : MgP2 changes
as Cpicolinic acid changes. For example, when 0.01 M picolinic acid Is present, the ratio
of MgP+ : MgP2 is 0.4 to 0.2 but when 0.05 M picolinic acid is present, the ratio of
MgP+ to MgP2 is 0.3 to 0.6 as can be saen in Fig 4.3. XAD-2 does not sorb Mg+2 as
shown in section 4.3.2. Thus, when column equilibration experiments are done on XAD-
2 resin with solutions of varying Cpicolinic acid: the amount of magnesium sorbed (i.e.
P.A. sorb) can be correlated to [MgP+] and [MgP2].

Table 4.10 shows the amount of magnesium sorbed on an XAD-2 column for
solutions containing varying Cpizalinic acid 8t two different pH. Also presented on Table
4.10 are the concentration of the various species in the solutions used. The amount of
magnesium sorbed (represented as P.A. sorb) is plotted against the calculated [MgP2] at
pH 6.00 and 7.50 respectively (Figs 4.4 and 4.5). Linear regression analysis of the data
in Fig 4.4 gives : slope = 0.129 * 0.010; intercept = -0.0104 + 0.037 and a
correlation coefficient of 0.997. For the data in Fig 4.5, linear regression analysis
gives: slope = 0.144 + 0.015; intercept = -0.020 + 0.030 and a correlation coefficient
of 0.989. In contrast, linear regression analysis of P.A. sorb on [MgP*] gave correlation
coefficients of 0.37 at pH 6.00 and 0.78 at pH 7.50 (plots not shown). These results
suggests that: (a) the hydrophobic XAD surface in XAD-oxine is responsible for some
sorption of Mg-picolinate complexes (b) the good linear correlation between the P.A.

sorb and [MgP2] shows that MgP2 is the main species sorbed . (c) the slope at pH 6.00
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[MgP2] (x10E+6)

Eig_4.4: The amount of Mg-picolinate complexes sorbed at a pH of 6.00 on XAD-2 ys
the calculated {MgP2] in solution. Conditions: PIPES = 0.001 M, u = 0.25 M,
load = 20 min and elute = 2 min with 1 M HNO3.
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Eig 4.5: The amount of Mg-picolinate complexes sorbed at a pH of 7.5 on XAD-2 y§ the

calculated [MgP2] in solution. Conditions are the same as Fig 4.4.



and 7.50 are statistically the same which shows that the sorption of MgP2 is independent
of solution pH (in the next section, these results will be reconfirmed).

The surface of XAD-2 is highly hydrophobic, and its use for adsorption of large
organic molecules is popular (102). Therefore, the above results are not unreasonable
when one considers that the picolinate ion (2-pyridinecarboxylate ion) has a large, flat
hydrophobie pyridine ring. When P- complexes with Mg*2 to form MgP2, the resulting
structure is neutral, large, flat and hydrophobic. Thus, it has the ideal properties for
adsorption on the hydrophobic XAD-2 surface.

4.3.3.2 Sorption on XAD-2 as a function of solution pH
In Fig 4.3, it is seen that for a specific Cpicolinic acid, the fraction of each specles

remains relatively constant at pH above 6.00. Solutions were prepared with fixed Cmg
and Cpicolinic acid but having different pH above 6.00, and contain the same [MgP2].
When column equilibrium equilibrium experiments without washing were performed on
XAD-2 using such solutions at various pH > 6.00, the sorption of magnesium was nearly
constant (i.e. nearly horizontal plot, Curve A in Fig 4.6). As expected, MgP2 is the only
species sorbed.

These conclusions that XAD-2 sorbs mainly MgP2 and is independent of solution
pH is reasonable when one considers the surface of XAD-2 and the properties of MgP2.
XAD-2 is a macroporous polymer made exclusively from styrene and divinyl benzene.

Thus, the surface is expected to be relatively independent of pH.

4.3.3.3 Sorption on XAD-oxine as a function of solution pH

In section 4.3.3.1 and 4.3.3.2, it was shown that for Mg-picolinate solutions, the
MgP2 species is sorbed on the hydrophobic XAD-2 surface but the MgP+* was not sorbed.
XAD-oxine has only a small fraction of its surface cewered by the oxine groups.

Therefore, one would expect that the underivitized portiori of the XAD-oxine surface to
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Fig 4,6: The excess amount of Mg-picolinate complex sorbed (i.e. P.A. excess) as a
function of solution pH on columns packed with XAD-2 (curve A) and XAD-
oxine (curve B). Conditions: CMg = 4.62 x 10-€ M, Cpicolinic acid = 0.05 M,

PIPES = 0.001 M, i = 0.25 M, load = 20 min, and elute = 1 min with 1 M
HNOa.
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behave like XAD-2 and adsorb MgP2 but not MgP+. However, the question arises
whether the oxine gioups can sorb the cationic MgP* specias. it is the anionic form of
the immobilized oxine, Ox:, that is responsible for sorbing the cation Mg*2 and it might
be expected that it couid also sorb the cation MgP+. If this is possible, its sorpiion
behavior should be similar to that discussed in section 3.3.7 i.e. an increase in solution
pH will increase the fraction of Ox sites, and thus column equilibration experiments
with solutions containing the same [MgP+] will show increasing sorption with
increasing solution pH.

To determine the sorption of MgP+ on XAD-oxine, column equilibrium
experiments using the same solutions as in section 4.3.3.2 (i.e. fixed Cmg and Cpicolinic
acid but having different pH above 6.00) were run on this column. Since the sorption of
MgP2 would be constant, independent of pH, it is possible to measure the sorption of
MgP+ on XAD-oxine if ghe also runs experiments on the XAD-oxine, using solutions
containing only Mg*2, without picolinic acid, over the same pH range and subtracts the
amount of Mg+2 ﬁorbed from the total amount of magnesium sorbed. Determination of the
P.A. due to Mg+2 sorption at a particular pH was done by preparing standard solutions
with [Mg*+2] within 80% to the calculated [Mg*2] in the Mg-picolinate solutions. The
[Mg*+2) i otk the standard and Mg-picolinate solution were very small (2.93 x 107
M at a Cpicolinic acid of 0.05 M) and would thus be in the linear region of the Mg+2
sorption isotherm. The amount of magnesium (i.e. P.A.) sorbed as Mg+2 from the Mg-
picolinate solution was calculated on the basis of this linear relationship (Table 4.11).
As seen in Table 4.11, the P.A. contribution due to Mg*2 sorption is very small
compared to the fotal P.A. due to sorption of all species.

In Fig 4.6, curve B is a plot of P.A. excess for Mg-picolinate solutions on XAD-
oxine against the solution pH. The P.A. excess is the difference between the total P.A. due
to sorption of all species and the measured P.A. due to Mg+2 sorption. The P.A. excess

increases rapidly as the solution pH increases. Since the sorption of MgP2 does not
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Table 4.11: Effect of varying solution pH on XA[-oxine using the without washing
procedure. Solution conditions: i = 0.25 M, [PIPES] = 0.001 M, Cpg = 4.62
x 106 M, pH = specified, load = 26 min and eiution with 1 M HNQ3 for 2

min. Note: P.A. due to void volume = 0.069

pH Total P.A. P.A.due to Excess P.A.
Mg+2

6.00 0.471 + 0.001 0.018 0.384 + 0.004

6.50 0.649 + 0.003 0.043 0.537 + 0.005

7.00 0.864 + 0.016 0.070 0.725 + 0.016

7.50 1.23 £ 0.037 0.094 1.07 = 0.037
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increase with solution pH, these results are consistent with the idea that MgP+ sorption

occurs, and is dependent on the fraction of anionic oxine sites on the XAD-oxine.

4.3.3.4 Sorption on XAD-oxine as a function of Cpmgq

At a constant large excess concentration of picolinic acid and constant pH, Fig 4.3
shows that the fractions of Mg+2, MgP+ and MgP2 are constant. Thus, the concentration
of these 3 species will be directly proportional to Cmg (eq 4.12). In column

equilibration experiments using Mg-picolinate solutions on XAD-oxine, the magnesium

sorbed is the sum of all three species. Thus, when Cyg is varied, a plot of the total
amount of magnesium sorbed (i.e. Total P.A.) against Cpg can be considered as an
isotherm that is the sum of isotherms due to all species. Table 4.12 shows the Total P.A.
on XAD-oxine after column equilibration experiments were perfcrmed on two groups of
solutions with varying Cmg but at fixed Cpicolinic acid of 0.05 M and at two different pH.
Figs 4.7 and 4.8 show the overall isotherm of Total P.A. against Cpyg. Both Figs 4.7 and
4.8 were linear and will be discussed laisr on in this section.

The Total P.A. for Mg-picolinate solution on XAD-oxine is give:: by:

Total P.A. = P.Apge2 + PAMgP+ + PAMGP2 vt 4.17

The P.A.Mmgp-+ at the various Cg on XAD-oxine can be obtained by subitraction of the
P.A.Mg-o-Z and P.A.Mgpz.

The P.A.\Mg+2 can be obtained by interpolation from a Mg+2 isotherm on XAD-
oxine at the particular pH. In Table 4.12, the interpolated values of P.A.mg+2

corresponding to various calculated [Mg+2] are presented. Figs 4.9 and 4.10 show the

isotherms at pH 6.00 and 7.50 from which the P.A.\g+2 values were intarpolated.
Although Mg+2 isotherms were presented earlier, Figs 4.9 and 4.10 are necessary

because they were done simultaneously with experiments for the overall isotherms
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2.0

Total P.A.

Total Magnesium (X10E+6 M)

Eig 4.7: Overall Mg-picolinate isotherm without washing at a pH of 6.00. Conditions:

PIPES = 0.001 M, L = 0.25 M, load = 20 min, and elute = 1 min with 1 M
HNO3.
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Fig 4.8: Overall Mg-picolinate isotherm without washing at a pH of 7.50. Conditions are

the same as Fig 4.7.
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Fig 4.9: Mg*2 isotherm without washing at a pH of 6.00. Conditions: PIPES = 0.001 M,
f = 0.25 M, load = 20 min, and elute = 1 min with 1 M HNO3.
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Fig 4.10: Mg*2 isotherm without ashing at a pH of 7.50. Conditions are as Fig 4.9.
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(Figs 4.7 and 4.8). Both Figs 4.9 and 4.10 are consistent with earlier Mg+2 isotherms
(see section 3.3.6).

The P.A.MmgP2 due to sorption of MgP2 on XAD-oxine was obtained by measuring
the sorption on an XAD-2 column using the same solutions used to obtain the overall
isotherms. As mentioned previously, the XAD-oxine surface would be expected to have
the same properties as XAD-2 surface, and thus the distribution ratio of MgP2 on these
two resins would be the same. Values of P.A.mgp2 due to MgP2 sorption on XAD-2 are
presented in Table 4.12.

The P.A.mgp+ due to sorption of MgP+ on XAD-oxine at the various Cpg are also
presented in Table 4.12. Figs 4.11 and 4.12 show isotherms of P.A.\mgp+ versus the
calculated [MgP+] at pH 6.00 and 7.50 respectively. All the data points in Table 4.12 as
well as the Mg*2 isotherms were performed under the same instrumental sensitivity,
and thus, the scales can be intercompared. Several key points from Figs 4.4 through
4.12 are illustrated:

1) Both MgP+ isotherms are linear. This may seem surprising in light of the
fact that previous Mg*+2 isotherms were non-linear. However, with MgP+ species, the
oxine can only complex in a 1:1 ratio to give R-OxMgP (both are univalent) as compared
to the sorption of Mg*2 where 1:1 and 1:2 ratio of Mg+2 : oxine are both possible.
Previous workers have assumed that, for synthetic methods normally used, the
functional groups on poystyrene surfaces were evenly spread out on the solid surface
{99), and thus for the XAD-oxine, one would expect the oxine groups to be evenly spread
out on the XAD surface and, thus, the possibility that 2 oxine groups are in close
proximity to form exclusively 2:1 complex would be remote. However, for the XAD-
oxine used in this work, the synthetic method of Warshswsky e/ al. (45) was used, in
which the reagent was Al{oxine)z. !t has been proposed (45) that the reaction
mechanism involves an intermeciiate in which two oxine groups are chelated to

aluminium (lll) and, thus, the possibility exists for two oxine groups to be immobilized
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[MgP4+] (X10E+6 M)

Eig_4,11: MgP+ isotharm without washing after subtraction of the P.A. r-ntribution due
to Mg*2 and MgP2 at a pH of 6.00. Conditions: Cpicolinic acid * - 3 M, PIPES
= 0.001 M, p = 0.25 M, load = 20 min, and elute = 1 min witt  * “**NO3.
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0.00 0.40 0.80 1.20

[MgP+] (X10E+6)

Eig 4.12: MgP+ isotherm without washing after subtraction of the P.A. contribution due
to Mg*2 and MgP2 at a pH of 7.50. Conditions are the same as Fig 4.11.
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in close proximity to each other. If this is so then the jprobability of forming a 2:1
complex with Mg+*2 is greater here than for XAD-oxine prepared by other synthetic
methods.

2) At a pH of 6.00, the slope is 0.25 + 0.01 (Fig 4.11) while at a pH of 7.50, it
is 0.92 + 0.04 (Fig 4.12). This is consistent with the model that at a higher pH, more
anionic oxine sites are formed, hence more sorption of MgP+*. In other words, the
distribution ratio of MgP* is higher at higher solution pH.

3) The slopes of Figs 4.4 to 4.12 can be used to determine the relative strengths
to which the various species are sorbed. In summary, the slope for sorption of MgP2 is
0.13 + 0.01 (Fig 4.4), that of MgP+ are 0.25 + 0.01 at pH 6.00 and 0.92 + 0.04 at pH
7.50 (Fig 4.11 and 4.12), and although its isotherm is non-linear, the slope for the
sorption of Mg*2 is 0.05 at pH 6.00 (Fig 4.7) and 0.3 at pH 7.50 (Fig 4.8). These data
shows that the relative strength of sorption by the oxine group on XAD-oxine is MgP* >
Mg+2 . Furthermore, the MgP2 species is sorbed on the XAD-2 surface of about the same

strength as Mg*2.

4.3.3.5 Mechanism of sorption of MgP+ on XAD-oxine

Since the isotherms for MgP+ and MgP> are linear, the data in Table 4.11,
showing the influence of pH on the sorption of these species, can be qualitatively
analyzed. The sorption of MgP2 on the XAD-surface is purely by adsorption, and it was
shown in section 4.3.3.1 that the concentration of MgP32 in the resin phase, [MgP2)R is
directly proportional to [MgPg2] in solution. The distribution ratio of MgP5 is given by

_ [MgPjJp
lMgpz— TN—IE—P—J- ................................................................ 4.18
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However, the sorption of MgP+ might te explained by one or more of 3 difierent

models viz:

1) Complexation of MgP+ on to the anionic oxine sites, ROx-, as given by eq 4.19

(ROX )R + MgP+ = (ROXMOP)R vereesessesesssnsensssaneseasassnssssnsassenss 4.19

This model was successfully used to explain the sorption behavior of Ca*2 on CPG-oxine
(38). This model requires that the surface poteftial be known, wh{ch is not available
for XAD-oxine (discussed in section 3.3.7).

2) Surface adsorption of MgP+. Surface adsorption of charged species has
previously been reported (103,104,99). Application of this model also requires
knowledge of the surface potential. Attempts to fit the data of Table 4.11 to a simplified

version of this model, which ignores the surface potential, failed to give constants for
Augp+ and Amgp: in eq 4.20

P.A. Excess = AMgpP+ [MgP*] + AmgpPz [MgP2] ... eerenesnesiesanneneiesisesnessnnes 4.20
where Amgp+ is the ratio of [MgP*]R to [MgP+]. The dependence of 1M9P~ implied in Fig
4.6 also is inconsistent with eq 4.20.

3) Sorption of MgP* by an ion exchange model as given by eq 4.21

(RO'Na*)Rr + MgP+ = (ROMGPHR + Na*  coeccrricennnnas 4.21

Derivation of the equation for this model proceeds as follows: The excess P.A.

given by eq 4.22 is the sum of the P.A. contribution due to MgP2 and MgP* sorption

P.A. excess = P.A. MgP2 + P.A. MgP+  coresesanes Gensesssseseressonterennstnrrseserstrnasersases 4.22
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The ion exchange constant, Ki|gx for eq 4.21 is given by:

e g +
Kix = Do MEIRINAT et 4.23
[RO"Na*g [MgP"]

The P.A. is directly proportional to the concentration of the magnesium species in the

resin phase i.e.
P.A. = k [magnesium SPECIES]R ....coreecrsveciaecacs deravnensresesersatetnansesasasanensenions 4.24

Substituting for [MgP2]r and [MgP+]R in eq 4.22 gives

+ +
P.A. cyomss = k Apgep, IMEP + k Ki RONaIgMgP1 @ . 4.25

[Na“]

The [MgP2) and [MgP+] can be expressed in terms of Cpmg and are given as (otMgP2)
(Cmg)and (amgp+) (Cmg) respectively. Similarly [RO-Na+]r can be expressed as (CLOx-)
(v) where v is the capacity of the resin. Substituting for [MgP2], {[MgP*] and [RO"
Nat]r, eq 4.25 takes the form:

ao“ v (ZMgP* CMg

.............. 4.26

In pH study, k, Cmg, vox and [Na*] were constant, so that a plot of

.P.A.Exm vs aMgp’.aQ('

O Mgp, ®mgp,
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should be linear. The fraction of Mg species, 0mgp2 and umgp+ were calculated as
described in section 4.2.6. The value of 0lox- was calculated using eq 3.14 assuming that
the proton acidity constants of XAD-oxine are the same as in homogeneous solution and
ignoring the effects of surface charge on the ionization of the oxine. As can be seen in Fig

4.13, the plot non-linear, and thus the model that MgP+* is sorbed by ion exchange is not

valid.

4.4 Conclusion

XAD-oxine is selective for the determination of {Mg+2] in the presence of anionic
complexes of EDTA (MgY-2) and neutral oxalate complexes (MgOx) using the without
washing procedure. Water washing to renioa interstitial fluid after column
equilibration i.e. the with washing procedure, was found to perturb the resin-solution
equilibrium giving higher atmg+2 Expt values. This effect of washing on amg+2,Expt Was
not previously observed with sulfonated ion exchange resins.

Free metal speciation requires the separation of one species from all others.
Understanding the sorption process of XAD-oxine is critical for future selection of
suitable sorbents for free metal determination. Complexes of Mg*2 containing
hydrophobic moieties (i.e. MgP2) are sorbed on the hydrophobic XAD surface, and are
measured along with sorbed Mg+2 during the elution step. Thus, hydrophobic supports
are unsuitable as supports on which to immobilize chelating agents for the purpose of
free metal speciation because real samples, e.g. river water and urine contain many
organics with large hydrophobic residues.

The species MgP* was also sorbed only on XAD-oxine and its sorption was found
to be dependent on the solution pH. In other words, the sorption of MgP* is dependent on
the degree of ionization of the immobilized oxine. Three models were discussed but the

lack of information on the electrical properties of the XAD-surface prevents any
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extensive application of these models. Aitempts to use a simplified ion exchange model
(i.e. neglecting all electrical properties on the XAD-surface) proved unsuccessful. As
such, further work on the electrical properties on the XAD-oxine surface will be

required to explain the pH dependence on MgP* sorption.
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CHAPTER 5

CONCLUSIONS OF PART | AND SUGGESTIONS FOR FUTURE
WORK

The use of XAD-oxine as a sorbent for speciation of Mg*2 using the column
equilibration technique showed a number of difficuities. These were:
a) Too high sensitivity for application to most real samples
b) Non-linear Mg*2 sorption isotherm for low column loading (~ 1%)
c) pH sensitivity which requires matching of standards and samples
d) Sorption of neutral magnesium complexes, containing a large hydrophobic part, on
the hydrophobic surface of XAD-oxine
e) Sorption of cationic magnesium complexes (MgP*+) by XAD-oxine
f) A water wash step after column equilibration cannot be used.

These difficuities were all due to the immobilized ligand and the support.
Therefore, for successful use of the column equilibration technique to determine
[Mg*2], the choice of the ligand and support should be the major consideration. From
this work, it would appear that a weaker chelating agent than 8-hydroxyquinoline bound
to a hydrophilic support would be a suitable sorbent for Mg+*2.

With a weaker chelating agent, less Mg*2 will be sorbed for a given [Mg+2], and
irzce loading conditions will be achieved at higher [Mg*2] which would go closer to the
desired range for application into real samples. Also, the chelating agent should not show
a high pH sensitivity in the pH range of real samples (i.e. pH 6-8). Possible chelating
agents are amino acids, which are not highly ionized at the desired range. Another
chelating agent that shows pH independence above 6 is picolinic acid.

Changing the support to hydrophilic supports (water wetted) will eliminate the

problem of sorption of complexes containing hydrophobic parts. Hydrophilic supports
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are well known in the literature and include porous glass, silica, cellulose, naturally
occurring chitins (104a) and synthetic resins e.g. Fractogel KSK. Functionalization of
these hydrophilic supports was discussed in many raviews (46-50). Many of these
supports with a particular chelating agent are commercially available (50). In fact, the
naturally occurring chitins show metal sorption properties without any modification
(104a) and therefore their sorption properties to Mg+2 should be investigated.

The non-linear sorption isotherms for Mg+2 appear to be due to sorption of more
than one type of oxine complex by the sorbent (i.e. ROxMg* and (ROx)2Mg). Introducing
a long spacer arm (e.g. alkyl or polyether groups) between the chelating agent and the
support will allow the chelating group to move around to completely form the 2:1 ligand
to metal ion complex.

Finally, the with washing column equilibrium procedure shouid be used with
caution, because it was successfully used for sulfonated resins and CPG-oxine but not
with XAD-oxine. Consideration has 1o be given to perturbation of the solution-ligand
equilibrium at the start of the washing step. The without washing procedure eliminates
the problem of perturbation of the solution-resin equilibrium, but will have the

limitation from the void volume signal contribution.
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PART |l

CHAPTER 6

BEHAVIOR OF SOLUTE ADSORBED AT THE LIQUID-LIQUID
INTERFACE DURING SOLVENT EXTRACTION WITH POROUS
MEMBRANE PHASE SEPARATORS

6.1 Introduction

The concept of "interfacial tension separation” of two immiscible liquids, which
utilizes a porous membrane that is preferentially wetted by one of the liquids, has been
known for some time (105,106). The principle is based on the fact that when the
porous membrane is wetted by one of the liquid phases, it will only allow the phase that
wets the membrane to pass through. For example, if filter paper is wetted with water,
then it will only allow water to flow through from a chloroform-water dispersion. On
the other hand, Teflon is wetted by chloroform and thus will allow only chioroform
through. The principle has been used effectively for phase separation in analytical
solvent extraction (107-112) and in physico-chemical measurements of the
equilibrium (113-117) and kinetics (118-122) of solvent extraction. It is observed
in such systems that when the solute involved is interfacially active (i.e. adsorbed at
the liquid-liquid interface) then the concentration of solute in the liquid phase flowing
through the porous membrane decreases when the degree of agitation is increased
(107,110,115,116,119,123-124). This is a consequence of the increase in
interfacial area, which in turn adsorbs more solute from the bulk phases with
increasing agitation. Observation of this phenomenon has led to the inference that the

liquid flowing through the porous membrane has the composition of the bulk liquid in



the dispersion, i.e. that solute in the interfacial phase is "excluded” from the membraiie
and does not enter the bulk liquid phases during membrane-induced phase separation.

However, the validity of this inference is not immediately obvious. For example,
before the bulk liquid from the dispersed phase (droplets) can flow through the
membrane it is necessary for droplets to coalescence with the thin film of solvent on the
outer surface of the membrane. One might suspect that upon the disappearance of the
droplet interface during the process of coalescence some of the adsorbed solute would
dissolve into the adjacent bulk liquid phases thereby raising their solute concentrations
locally. The locally enriched liquid would flow through the membrane. Thus the
concentration of solute in the liquid flowing through the membrane would be higher than
that in the bulk phase in the agitated system.

Since porous membrane phase separators are now being used for
physicochemical studies such as the measurement of interfacial area in rapidly stirred
liquid-liquid systems (116), it is desirable to examine more rigorously the
fundamental assumption upon which these studies are based. in this part of the thesis,
two membrane phase separators, one for the organic phase and the other for the aqueous
phase, are used simultaneously. Comparison of experimentally measured distribution
isotherms obtained with and without agltation is found to be consistent with the
conclusion that interfacially adsorbed solute does not enter the bulk phases during
membrane-induced phase separation. In the discussion, it is shown that this conclusion

is predictable from hydrodynamic and surface-chemical principles.

6.2 Experimental

6.2.1 Apparatus

The extraction apparatus shown in Fig 6.1 is based on a previously described
two-phase titration cell (126). The "spoiler”, which does not rotate, serves to

minimize vortex formation and increase shearing forces. Stirring is accomplished with
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Eig 6.1: Diagram of the apparatus. 1 - spoiler; 2 - "filter probe" with paper
membrane; 3 - "filter probe" with Tetlon membrane; 4 - peristaltic pump; 5

and 6 - in-line filters; 7 and 8 - spectrophotometers and 9 - stirring bar.



a 1.5 inch magnetic stirring bar and a heavy duty magnetic stirrer (Cole-Parmer Co.).
There are two porous membrane phase separators of the "filter probe” type. The "filter
probe” is made by fusing a 1 mm capillary tube to a 13 mm glass disc (Fig 6.2). A
grooved Teflon washer is placed on the glass disc, and the membrane phase separator is
stretched over the washer and held in place by a Teflon sleeve. The organic-membrane
phase separator is made with three layers of porous Teflon (Zitex Filter Membrane,
10-20 pm pore size, No. E249-122, Chemplast inc., Wayne, N.J.) and is positioned
slightly lower than the other probe so that during non-stirring, it is immersed in the
heavier chloroform phase. The aqueous-permeable membrane phase separator is made
with two layers of Whatman No. 2 filter paper and is positioned slightly higher than the
other phase separator so that it is immersed in the lighter water layer during non-
stirring. The in-line filters for the aqueous and organic phases are made of the same
filter media as the corresponding phase separators and placed downstream of the
peristaltic pump in order to prewvent tiny particles of the pump material from reaching
the flow cells. All connecting tubing is 0.8 mm i.d. Teflon except the return lines from
the detectors to the extraction beaker which are 0.3 mm i.d.. The 170 mL extraction
beaker is thermostated at 26 + 1 ©C by placing it in a glass jacketed beaker and
circulating water from a water bath. The apparatus is then placed on top of a magnetic
stirrer {126). Absorbance of the chloroform phase is menitored with a Cary 115
spectrophotometer {Cary Instruments, Monrovia, Ca.) fitted with an 80 uL flow cell
(Hellma Corp., Toronto) and absorbance of the aqueous phase is monitored with a Varian

UV-50 liquid shromatography detector with a 8 uL flow cell (Varian Assoc., Palo Alto,
Ca).

6.2.2 Chemicals &%wd reagents
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Eig 6.2: Exploded view of the end of the filter probe. A - 1 mm i.d. capillary tube; B -
13 mm diameter glass disc; C - Teflon sleeve; D - grooved Teflon washer, and;

E - membrane phase separator.



Methylene. blue chloride (U.S.P. equivalent, Fisher Scientific Co.) was purified by
repeatedly extracting a 0.4 % aqueous solution with chloroform until the chioroform
phase was colorless (127).

Methylene blue perchiorate (MB.CI04) stock solution in chloroform was
prepared by combining aqueous solutions of methylene blue chloride and potassium
perchlorate, filtering out the precipitate of MB.CIO4 (CAUTION: do not dry the
precipitate completely) and dissolving it in chloroform. The MB.CIO4 concentration in
the stock solution was determined spectrophotometrically using a published molar
absorptivity of 1.00 x 105 at a wavelength of 654 nm (128).

Chioroform to be used for extraction was reagent grade and was washed three
times with water before use.

Water was demineralized, distilled and finally distiliad from alkaline
permanganate. Before use, the water was presaturated with chloroform.

Potassium perchlorate was reagent grade (Fisher Scientific Co.)

6.2.3 Measurement of the distribution isotherms

To the extraction beakar were added the following: X.00 mL of 1.53 x 105 M
MB.CIO4 stock solution in chioroform (where X = 0 to €); 60.0 - X.00 mL of
chloroform; and 55.0 mL of 1.01 x 10"3 M aqueous potassium perchlorate. Next, the
membrane phase separators were wetted with the desired phases that will flow through
them. The mixture was rapidly stirred and both the aqueous and organic phases were
pumped at 0.5 ml/min yia the membrane phase separators through the photometric
detectors which were set at the wavelengths of maximum absorbance of MB.CIO4 (654
nm in chloroform and 666 nm in aqueous solution). Absorbances were monitored
continuously until they remained constant for at least 15 min. The pump and stirrer
were then shut off, the phases were allowed to separate in the beaker and the pump was

turned on again to measure the absorbances of the unstirred phases.
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Experiments were done in order of increasing MB.CIO4 concentration. When
changing the concentration of MB.CIO4 the apparatus was emptied, and the beaker and
connecting tubing (but not the filter probe) were rinsed with methanol and either
water or chioroform before re-use. This was done to remove adsorbed MB.CIO4 from
the solid surfaces. The filter-probes were merely rinsed with either pure water or
chioroform, as appropriate, between measurements made at different MB.CIO4
concentratiors. Both membranes, especially the paper one, were colored by adsorbed

MB.CIO4.

6.2.4 Measurement of the¢ free 's'tream linear veleccity

The linear velocity of liquid, Vimax. in the so-called free stream, beyond the
boundary layer at the membrane was measured by means of an impact device called a
pitot tube (129). in Fig 6.3 is a sketch of the device. An L-shaped glass tube with an
0.D. of 0.65 :mim, i.d. of 0.36 mm with arms about 0.5 cm and 25 c¢m long was punched
through the face of the membrane so that its long arm would extend well above the liquid
level in ‘the beaker. The height of the Pitot tube was first measured with no stirring of
the liquid in the beaker (Hns); then the stirrer was turned on and the horizontal short
arm of the L-shaped capillary was rotated until it was pointing directly at the stream of
liquid flowing past the membrane as indicated by the height of liquid in the vertical arm
reaching a maximum (Hg). The experiment was performed with both 1:1 chloroform-
‘water mixture in the beaker and with water alone. The resulis were essentially the

same in both cases but the latter gave more steady readings.

6.3 Results
6.3.1 Hydrodynamics
The interfacial area between 60 mL. of chloroform and 60 mL of aqueous phase

can be calculated from the diameter of the beaker to be about 20 cm2 when the mixture
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Membrane

Pitot Tube

Eig 6.3: Side view of “filter probe" membrane phase separator showing in dashed lines

the Pitot tube used to measure free-stream velocity, Vmax. of liquid flowing

past the membrane.



is sinstirred and can be calculated from previous studies to be about 5 x 104 cm2 when
it is rapidly stirred (116). In the system studied the aqueous phase was the dispersed
(droplet) phase and chloroform was the continuous phase. This was shon by
withdrawing a small volume of the rapidly stirred mixture and squirting it in either
chloroform or water (130). in the former case, droplets of aqueous phase persisted,
while in the latter case, coalescence was rapid' and no droplets persisted.

The free stream velocity, Vmax, of the liquid flowing past the membrane phase
separator can be calculated from the difference in liquid height in the vertical arm of
the L-shaped Pilot tube under stirring, Hg, and non-stirri.g, HNs, conditions by the

following equation which is derived from Bernoulli's Theorem (129,131):

Vinax = CAZBQHS - TING +eereeerrernvmrnesresesrsssesseesessneessesseessuens 6.1

in which c is a dimensionless coefficient whose value is about 1.00 and g is the

gravitational constant whose value is 980 cnv/s2 if Hg and HNS are measured in cm. The
measured value of (Hg - Hys) was 1.0 cm, so that Vmax is 45 cm/s. This value will be
used in section 6.4.2 to calculate the time available for the adsorbed solute to
desorbt/diffuse on coalescence of droplets at the membrane surface.

Calculation of the velocity gradients close to the surface of the membrane in the
so-called houndary-layer requires a knowledge of the flow regime in the boundary-
layer. Ai values of the length-Reynolds number, NRe, less than 5 x 105 (132) laminar

flow prevails. NRe is calculated from the following expression:
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where p is the density of the liquid, 1| is its viscosity, and / is the distance along the
membrane in the direction of flow as measured from its upstream edge (/ = 1.3 cm).

Using density and viscosity values that are averages of the values for chloroform and
water (pAv = 1.24 g/cm3 and 1| Av = 7.1 x 10-3 poise), NRg is calculated to be 1 x
104 at the downstream edge of the membrane. Thus, flow in the boundary-layer near

the membrane is laminar.

6.3.2 Adsorption of MB.CiOg

The key experiment reported in this part of the thesis involves the simultaneous
measurement of concentrations of solute in the two immiscible liquid phases under both
stirred and non-stirred conditions. To be suitable for use in this study the solute had to
meet four criteria. It had to: (i) be readily measured analytically in both phases,
preferably by visible absorption spectroscopy; (ii) have a distribution ratio between
the two bulk phases of about 1, so that accurately measurable concentrations would be
present in both phases and the influence of small amounts of impurity would be
minimal; (iii) be adsorbed at the liquid-liquid interface, and; (iv) reach equilibrium
fairly quickly after the start or termination of stirring. The chemical system chosen
for study involves the crganic cation methylene blue (MB+*) and the inorganic
percnlorate anion. In ciute aqueous bulk phase methylene blue perchlorate is largely
dissociated (133,134), while in the chloroform bulk phase it is present mainly as
ion-pairs (133). The form in which it is adsorbed at the chloroform-water interface
is not known, though it is probatip that the ion-pair predominates (134). Thus, the

principal distribution equilibria are the following:

(MB+)a + (ClO47)a = (MB.CIOg)int € (MB.CIO4)Q .covvvnvecneee 6.3



where the subscripts indicate the aqueous, interfacial and organic phases. in order to
minimize changes in the disiribution ratio, D, when MB.CIO4 adsorbs at the interface,
[Cl04-]a >> [MB*]a ai all times. Assuming that MB.CIO4 is largely dissociated in

aqueous solution, the relationship between D and [CIO47]a is given by equation 6.4

o IMBCIOo

20 = RpICIOT, cooveveerermmnnensnenssesssasssesnsees 6.4
MB ]a
where
MB.CIO
Kp = [ - B0 e 6.5
[MB ], [CIO4 A

where the O and A subscripts represent the organic phase and aqueous phase
respectively, and Kip is the ion-pair constant of MB.CIO4 in the aqueous phase. The

distribution ratio between the interface and bulk organic phase, Kj o, is defined as:

r
KI.O = M ............................................................ 66

fMB.ClO4lo
where I')| MB.C10, fepresents the surface excess of MB.CIO4 at the interface i.e. the
number of moles of MB.CIO4 adsorbed at the interface per unit surface area (eq 6.7)

i MB.ClI0,
rl.MB.C]O4 = _A_-" ............................................................ 6.7

Similarly, the distribution ratio between the interface and bulk aqueous phase, Kz, is

defined as:
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LMB.CIO
Kya = MB.CI0,

e B e e et et 6.8
[MB.CIO ) o

The maximum interfacial concentration (i.e. surface excess; of adsorbed
MB.CIO4 encountered in this study (section 6.3.3) was 3.8 x 10°12 moles/cm2 which
corresponds 1o 4 x 10-13 cm2/molecule. Since molecular models suggest that in a
tightly packed monolayer each MB.CIO4 would occupy about 1 x 1014 em2/molecule
(134), it is evident that in this study the reversibly-adsorbed film of MB.CIO4 Is
loosely packed and can be expected to exhibit the properties of a two-dimensional ideal
gas (135-137).

Soluies which adsorb at liquid-liquid interfacss are likely 1« adsorb at other
interfaces as well. Adsorption of MB.CIO4 on interfaces other than the chloroform-
water interface, such as glass, paper, Teflon and cir-liquid (134), does not cause
errors in the observed distribution: isotherm between bulk liquid phases if
measurements are made by the method used in this study. Neve-tisless, the membranes
were not rinsed free of adsorbed methylene blue between experiments in order to
reduce the adsorptive loss of the dye from the bulk liquid-liquid interface. While
adsorption onto other interfaces does not introduce arrors in the measurement of the
liquid-liquid distribution ratio, it does introduce errors in calculations of the
distribution ratios between the liquid-liquid interface and bulk liquid phases since such
calculations must involve the mass balance for methylene blue. Thus, in section 6.3.3,
the measured distribution ratios of MB.CIO4 between the interface and bulk organic
phase (K)o = 1.1 x 10-3 cm) and between the interface and bulk aqueous phase (KiA =

6 x 104 cm) each have uncertainties of about 10%, relative.

6.3.3 Distribution Isotherm
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From eq 6.3 it can be seen that when stirring is started and the interfacial area
increases, solute will enter the interface from both bulk phases. A typical example of
the effect of stirring is shown in Fig 6.4 which shows the change in absorbance values
in both bulk liquid phases on switching from stirring 1o non-stirring and vice versa. At
equilibrium the ratio of solute concentrations in the two bulk phases will be identical to
what it would be in non-stirred system containir: the same number of moles of solute
as are in the bulk phases. That is, equilibrivin demands that the distribution ra%a, D
o distributiop

isotherm, is identical in the stirred wnd non-stirred mixtere. This is trus regardloss ¢f

(eq 6.4), of solute between bulk liquid phases, at.the sama i -

the shape of the isotherm. Simultaneous use of two membrane phase separators parmitx
measurement of concentrations of solute in the two liquids and thus, an evaluation of D
and of distribution isotherms.

Separate experiments performed in chloroform-saturated aqueous KCIO4
solution and water-saturated chloroform show that MB+ and MB.CIO4, respectively,
conform to Beer's law. The liquid-liquid distribution isotherm, which is a plot of
[MB.CIO4]o ¥s [MB*]a, is therefore represented in Fig 6.5 by a plot of absorbance in
the chloroform phase (AQ) ¥s absorbance in iiie aqueous phase (Aa). The open symbols
designate the absorbances obtained for various amounts of methylene blue in the absence
of stirring. A line through these points corresponds to the liquid-liquid distribution
isotherm. The solid symbols designate the absorbances obtained with stirring.

Similarly, a line through these points corresponds to the liquid-liquid distribution
isotherm. Solid and open symbols having the same shape represent the same solution
with and without stirring. For example, the solution represented by the hexagonal
symbol had Agp = 0.500 and Ap = 0.236 when unstirred but these absorbances decreased
to Ap = 0.348 and Ap = 0.150 when the solution was stirred. The data are also

presented in Table 6.1. In Table 6.2 are summarized the results of linear least squares

regression analysis of the data. Within their 95% confidence limits, both slopes and the
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Fig 6.4; Schematic representation of a chart recording that shows the change in

absorbance values in both bulk phases on changing from stirring to non-

stirring.
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Eig 6.5: Distribution isothern for methylene blue perchiorate between chloroform aisi
aqueous phases. Open symbols represent non-stirred values and closed symbols
represent stirred values. Symbol shapes correspond to total moles of MB.CIO4
present: (O) for 1.53 x 10°7; (@) for 3.06 x 10-7; (¥) for 4.59 x 10°7; (Q)
for 6.12 x10°7; (¢) for 7.65 x 10-7; and (&) for 9.18 x 107 moles.
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Iable 6,1: Absorbances of the chloroform phase (Ag) and aqueous phase (Aa) for 60 mL

of each phase containing various amounts of methylene biue perchlorate with no

stirring (NS) and vigorous stirring (S). Uncertainties are standard deviations

for triplicate measurements.

Noles of MB.CIO4

X 10°7

Stirring

Condition

............................................................

1.53
1.53

3.06
3.06

4.59
4.59

6.12
6.12

7.65
7.65

(/)]

L]

w

/7]

0.240
0.148

0.353
0.221

0.500
0.348

0.627
0.428

H

+

H

I+

+

I+

0.000
0.008

0.003
0.003

0.010
0.008

0.013
0.019

0.009
0.006

0.107
0.058

0.173
0.107

0.236
0.150

0.288
0.200

0.381
0.265

+

+

+

H+

I+

0.001
0.000

0.0006
0.001

0.010
0.011

0.005
0.004

0.008
0.010

-----------------------------------------------------------



Iable 6.2: Slope and intercept values from linear least squares regression analysis of

plots of Ap ¥s Aa under stirring (S) and non-stirring (NS) conditions.

Uncertainties are 95% confidence limits. The number of data points was 18

for NS, 18 for S and 36 for combined data.

Stirring

condition

-------------------------------------------------------------

Combined

-------------------------------------------------------------

1.86 + 0.11
1.98 + 0.11
1.91 + 0.07

0.052 £ 0.026
0.027 = 0.017
0.039 + 0.015

Correlation

coefficient

0.995
0.997
0.996
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intercepts are the same for stirred and non-stirred conditions which indicates that both
sets of data describe the same isotherm. Consequently, at the same point on the
distribution isotherm, D is identical for stirring and non-stirring. Regression resuits
are presented in Table 6.2 also for a composite set of data for stirring and non-
stirring, and the correspondirg regression line is the one shown in Fig 6.5.

Identical isotherms obtained for stirring and non-stirring are consistent with
the conclusion that adsorbed solute does not enter the bulk liquids during membrane
induced phase separation. However, though it is a necessary condition, it is not a
sufficient condition to unequivocaliy prove this conclusion, for it is conceivable that the |
fractions of initially adsorbed MB.CIO4 which enter the bulk phases upon coalescence
are not zero, but just happen to be proportional to D. For this reason, the matter has
also been examined theoretically in the Discussion section later on.

Using the data from Table 6.1, the surface excess, I';,MB.CIO4. Was calculated as

follows:

where ny Ng Is the sum the of moles in both phases with no stirring, nt g is the sum of
the moles in both phases during stirring and A is the surface area of the interface

during stirring (5 x 104 cm2, ref 116). The surface excess at various concentrations

of MB.ClO4 used for the isotherm are presented in Table 6.3.

A plot of I'} MB.CI04 ¥S [MB.CIO4]0,s gives a value of (6+0.4) x 104 cm for
Ki,0. the distribution ratio between the interface and the organic phase. Similarly, a
plot of I't, MB.CI04 Y8 [MB.CIO4]A,s gives a value of (1.1+0.08) x 10-3 cm for the

distribution ratio between the interface and the aqueous phase, KA.
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Iable6.3: The surface excess for the various concentrations of both phases used in Table

6.1. The subscripts represent the organic and aqueous phase under stirring

and nags is the No. of moles of MB.CIO4 adsorbed under stirring (!nterfacial

area = 5 x 104 cm2, ref. 116).

[MB.C104l0,s [MB.CIO4]A,s

NAds

x 10-7 moles

Surface Excess

x 10-12 mol/cm?2

............................................................

x 1006 M x 10°6
0.047 + 0.005 0.14 +
1.48 + 0.008 0.58
2.21 + 0.003 1.07 £
3.48 + 0.008 1.50
4.28 + 0.010 2.00

5.42 * 0.006 2.65 £

0.006

0.000-

0.001
0.011
0.004
0.010

0.558 + 0.009
0.844 * 0.008
1.19 * 0.004
1.43 + 0.019
1.72 + 0.018

1.89 = 0.017

1.12 + 0.018
1.69 + 0.016
2.38 *0.008
2.86 + 0.038

+

3.44 + 0.036
3.78 £ 0.034
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6.4 Discussion

In a rapidly stirred liquid-liquid mixture at equilibrium all three phases are
simultaneously at equilibrium with one another. When the concentration of solute at the
interface is suddenly increased as a result of droplet coalescence, then distribution
equilibrium can be re-established only as a result of transfer of solute from the
interface into the two bulk quﬁid phasas. The goal of this theoretical discussicn is to
predict the: extent to which this transfer occurs during membrane-induced phase
separation.

In this theoretical discussion, we will first consider the fate of the interfacially
adsorbed solute on coalescence of a droplet with the liquid film on the membrane. Next
we will consider the msidence time that the adsorbed solute from the droplet spends
near the membrane surface. Finally, it will be shown that during the residence time
only a small fraction of the adsorbed solute diffuses through the Nernst diffusion layer

to reach the butk phase.

6.4.1 Coalescence

Because it is relatively easy to conceptually visualize the coalescence of droplets
of dispersed phase with the liquid on the surface of the membrane wetted by that phase,
the following discussion will emphasize the behavior of the dispersed phase. It should be
remembered, however, that at the surface of the membrane wetted by the continuous
phase there is a merging of continuous phase from the liquid-liquid dispersion with the
continuous phase on the surface of the membrane which, while it is not properly called
coalescence, is analogous to coalescence in the sense that it involves a local loss of
liquid-liquid interface. Thus, the conchisions which will be made regarding the fate of
interfacially adsorbed solute during coaléecence at the surface of the membrane wetted

by dispersed phase are equally valid for continuous phase at the other membrane.



In order to allow the passage of one of the liquid phases by flow through its pores
while completely excluding the other phase, the membrane must be constructed of a
material that is wetted by the liquid to be passed. Both the fibrous Teflon and paper
membranes are highly porous: the Teflon, for example, is about 65% pore space
(137a). The pores in each type of membrane, which are the spaces bet#aen the
intertwined fibres, are filled with the wetting phase. The fibres at the. wu#ligtr of the
membrane, when they come in contact with the non-wetting phase, remain covered with
a thin layer of wetting phase. Under the conditions of rapid stirring which are typically
employed (107,113-116,119) the dispersed phase exists as droplets that are only
about 0.02 cm in diameter (116). Furthermore, when the liquid phase volume ratio is
near one, as in this case, the thickness of the continuous phase between the droplets is
also about 0.02 cm.

There is a high frequency of collision with the membrane surface by droplets of
dispersed phase from the rapidly moving droplet swarm. Many of the colliding droplets
coalesce with the liquid which is on the fibers and in the openings of the pores on the
membrane surface, giving rise to a high flow rate of dispersed phase liquid onto the
meinbrane. At the same time the shear force which is created by the tangential flow of
the stirred liquid-liquid dispersion across the face of the membrane sweeps the
accumulzling liquid layer along until, at the downstream edge of the membrane face, it
is detached and rapidly dispersed into droplets again. All of these phenomena can be seen
by carefully watching the stirred mixture.

Coalescence of droplets with a flat surface has been extensively investigated
(138,139). The latter stages of the process, which are of primary interest here, are
illustrated in Fig 6.6. The so-called deposition time, which lasts from the time that the
droplets has come close .enough to the flat surface that rupture of the interface is
initiated (Panel B) to the time that the entire liquid contents of the droplet have been

emptied into the flat liquid layer is only about 0.02 seconds.
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Fig 6.6 : Coalescence of a droplet of dispersed phase with a fiat layer of the same phase
showing the fate of interfacially adscrbed solute. Solute is represented with
short dashes. A - droplet near the membrane surface (equilibrium situation);
B - rupture of interface; C - flow of liquid in the droplet into the liquid on the

membrane, and; D - the excess solute after the droplet cisappears.
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In Fig 6.6 the short dashes drawn across the interface represent adsorbed solute
molecules. The evenly spaced dashes shown in panel A correspond to the equilibrium
adsorption situation which prevails throughout the dispersion in the beaker. The
sequence of panels B through D illustrates the fact that during coalescence there is a
loss of interfacial area; i.e. the interface which initially surrounded the droplet
disappears. The panels also show that solute molecules which were initially adsorbed at
the droplet interface are squeezed together as the droplet interface disappears. This
local compression of the adsorbed film creates a "patch” of solute whose interfacial
concentration is greater than the equilibrium value. (Note in panel D the patch of dashes
which are closer together in the region where the droplet has coalesced with the flat
layer). The resulting non-equilibriuin gives rise to the following process : (i)
Desorption of solute from the interface nto the very thin equilibrium layers
immediately adjacent to the interface and subsequent diffusion of solute away from the
equilibrium layers toward the bulk liquids, and (ii) lateral outward spreading of the
patch of adsorbed solute in all directions along the interface (135,139,140).
Desorption/diffusion is represented in panel D by the vertical wavy arrows, and
spreading is represented by the horizontal wavy arrows. Of course, both
desorption/diffusion and spreading commence at about the same time that the interfacial
area begins to decrease during droplet deposition (140), but for clarity these processes
are not represented in panels B and C in Fig 6.6.

Spreading of the ac'sorbed film along irxe interface is due mainly to flow induced
by the interfacial pressure gradient (135,140,141) and partly to diffusion along the
interface (141). In the present case, in which the purpose is to calculate the extent of
desorption/diffusion, there is no need to estimate the spreading rate. This is because
spreading of the patch of adsorbed solute will simultaneously produce an increase in the
interfacial area occupied by the paich and a dilution of its interfacial concentration,

with that concentration being inversely proportional to interfacial area occupied. Since



the rate of desorption/diffusion away from the interface is proportional to interfacial
area and, for an ideal gas film, it is also proportional to interfacial concentration
(141), there is no net effect of spreading on the desorption/diffusion rate (moles/s).

The extent to which solute in the patch at the liquid-liquid interface adjacent to
the porous membrane is transferred 1o the bulk liquids on both sides of the interface is
determined by three factors:

{a) The rate of desorption/diffusion, which is related to the diffusion
coefficients of solute in the liquid phases and to the distribution ratios between the
interface and liquid phases, as will be discussed later.

(b) The thickness (9X) of the Nernst diffusion lavers of liquids through which
the desorbed solute must diffuse in order to reach the bulk liquid phases.

(c) The residence time available for diffusion away from the interface to occur:
This lasts from the commencement of droplet deposition (e.g. panel B, Fig 6.6) until the
region of interface containing the patch of solute has been swept along the membrane {o

its downstream end, where the wetting phases detaches and becomes re-dispersed.

6.4.2 Residence time

The residence time is governed by the hydrodynamic conditions in the stirred
two-liquid phase system. The flow pattern of a fwo phase liquid near the surface of the
porous membrane can be estimated in terms of boundary-layer theory (132,142).
When a single phase of relatively low viscosity flows over and parallel to a planer solid
surface a thin layer develops in the liquid adjacent to the surface, in which the velocity
gradient normal to the surface is large. Across the so-called boundary-layer the linear
velocity of the liquid, parallel to the surface, changes from zero at the solid surface to a
limiting free stream velocity, Vmax at a distance away from the surface Xgy_ defined as

the thickness of the boundary layer. At any distance farther away from the surface than



XgL the linear velocity remains nearly equal 10 Vmax. the free stream velocity. The
value of Xgy_ increases along the membrane.
Flow of a two-phase liquid near the surface of the porous membrane can be

estimated in terms of boundary-layer theory if simplifying approximations are made:

(i) Chloroform and water are assumed to have the same viscosity, NAy = 7.1 x
10-3 poise and the same density pav = 1.24 g/mL.

(i) The interfacial viscosity s between chloroform and aqueous phases is
assumed to be negligible, considering the wide membrane surface involved (140).

(iil) 1t is assumed that the flow through the boundary-layer is laminar, rather
than turbulent, based on the measured length-Reynolds number. It is assumed that the
laminar boundary-layer theory which was developed for thin fiat plates can be applied
to the flat membrane surface stretched across the end of a circular cylinder as shown in
Fig 6.6.

(iv) Dispersed phase droplets are more or less rigid spheres and have been
found to have an average diameter of 0.02 cm (116). It is assumed that the droplet
dispersion in the lamina: Jundary-layer has a regular, layered structure as
ilustrated in Fig 6.7.A (138) and that the profile of linear velocities across the
boundary layer is stepped, with each step being 0.02 cm high and having a linear
velocity equal to that predicted from boundary-layer theory for a single-phase liquid at
the location of the center of the drop (132). This is illustrated in Fig 6.7.B.

(v) The "worst cése" or longest residence time will be calculated. This is the
time required to transverse the full diameter of the membrane, 1.3 cm.

(vi) Another "worst case” assumption is that only droplets in the layer closest
to the porous membrane coalesce with the wetting-layer during the time available.

Assumptions (i) and (ii) together are not likely to introduce an uncertainty
greater than one-fold in the calculated residence time. The magnitude and direction of

the uncertainty introduced in assumptions (iii) and (iv) are difficult to estimate but
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Fig 6.7; Flow of a two-phase liquid near the surface of a porous membrane. (A)
Structure of two-phase flow showing droplet swarm of dispersed (wetting)
phase, wetting layer, interface and Nernst diffusion layer in the wetting layer
(dashed line). (B) Velocity profiles at various fints in the boundary fayer.
Dashed line is at XgL. Lengths of horizontal vectors are proportional to velocity

at distance X. Membrane is located at X = 0.
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may be as high as five-fold. The magnitude of uncertainty introduced in assumptions
(v) and (vi) could also be several-fold but these errors will be in the direction which
makes the calculated residence time larger than the true one. Consequently, while
residence time calculated using this model may be longer than the true value, it is not
likely to be shorter than the true value by more than two- or three-fold. invoking the

above assumptions, the thicknass of the boundary-layer Xgp can be calculated by the

expression:

N
Xpp = 5 (A 305 e 6.10
pAv' Vmax

for which Vmax. the free-stream velocity, comes from equation 6.1. The boundary-
layer thickness increases in direct proportion to the square root of distance along the
membrane, /. The linear velocity Vx (cm/s) at any distance X cm from the surface can
be obtained from tabulated values of 5(Vx/Vmax) as a function of X/Xpi. (132).

The residence time of a patch of solute on the liquid-liquid interface is related to
the velocity Vx,int with which the interface is moving. Vx,int is the linear velocity at
distance (X,int) into the boundary-layer, at which the interface lies. The velocity of a
patch of solute which appears on the interface as a result of droplet coalescence is equal
to the velocity of the interface, because there is no slip between them (132). Based on
assumptions (iv) and (vi) above, the velocity of the interface is taken as the velocity at
a distance 0.07 cm away from the membrane. Near the leading edge of the membrane
where the boundary-layer is thin this velocity is high, while near the downstream edge
it is low, as seen from the velocity distribution plots in Fig 6.7.B. The average velocity
along the diameter of the membrane at X,int = 0.01 cm can be obtained b)} numerical
integration of the tabulated velocity distribution (132). This yields Vx,int = 0.30

Vmax- In the present case Vmax = 45 cm/s, as discussed above, so that Vy int = 13 cm/s
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and the residence time required to travel 1.3 cm is 0.1 s. (An analogous treatment
assuming a turbulent (143) rather than a laminar boundary-layer yields Vx,int =

0.77 Vmax and a residence time = 0.04 s). Thus, the maximum time available for

desorption/diffusion away from the patch of solute at the interface is about 0.1 s.

6.4.3 Model of the interface

According to the Whitman two-film model of the interfacial region (139,144
146) there .:xist, immediately adjacent to either side of the interface, equilibrium
layers in which the solutions are always at equilibrium with the interfacially adsorbed
film of solute (Fig 6.8). The thickness of the equilibrium layers is about 10-7 cm
(144). The activation energy for desorption from the interface into the equilibrium
layers is considered to be negligible (140). This is a reasonable assumption for small
molecules (141) and, in any event, is another "worst case” assumption since an
activation barrier would decrease the desorption rate. Beyond the equilibrium layers

two stagnant layers of solution exists, the Nernst diffusion layers, one on either side of

the interface and extending into the solutions for a distance, dX, usually several tens of
micrometers. Farther away from the interface than the distances X are the bulk
solutions which are considered to be so rapidly mixed that each bulk solution is entirely
homogeneous at any time. Both the dispersed phase bulk solution and the continuous
phase bulk solution experience this rapid convective mixing (144,147,148). In the
dispersed phase rapid convection within the droplets is caused by the high rates of
break-up of larger droplets into smaller ones and coalescence of smaller droplets to
form larger ones. The layer of wetting liquid on the porous membrane experiences this
same kind of convection due to coalescence of droplets with it. Just as they are present
at the interface around a droplet of dispersed phase, so equilibrium layers, stagnant
Nernst diffusion layers and bulk solutions are present also on both sides of the interface

that exists between wetting liquid and overlying non-wetting liquid at the membrane.
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6.4.4 Diffusion layer thickness

The value of the Nernst diffusion layer thickness dX is determined by
hydrodynamic factors but its magnitude is difficult to calculate for the interface
between wetting and non-wetting liquids at the membrane. A value will be estimated
from what has been found in droplets of dispersed phase in a rapidly stirred
chloroform-aqueous mixture and this value will be assumed to be the same for both the
chloroform and aqueous sides of the interface. Based on the rate of extraction of o-
nitroaniline, the Nernst layer thickness in the droplet dispersion is 0.003 cm (119).
This value is maintained by frequent coalescence and re-dispersion of droplets in the
rapidly stirred mixture. There is no reason to think that X would become any smaller
when a droplet coalesce with the layer of wetting phase at the surface of the membrane.
in fact, in the less turbulent conditions in the boundary-layer some thickening of the
Nernst films might be expected. Thus, a "worst case” (i.e. thinnest) value ot OX wili be
taken as 0.003 cm. in Fig 6.7.A the Nernst layer in the wetting phase is shown by
dashed lines adjacent to the interface. A similar layer, not shown, exists also on the

non-wetting phase side of the interface.

6.4.5 Desorption/Diffusion

Transfer of desorbed solute from the Nernst layers to the bulk solutions yia
diffusion across the Nernst layers is the rate-determining processes. Resorption from
the interface into the equilibrium layers is a pre-equilibration step which decreases
the rate of diffusion in the same sense that a pre-equilibration step decreases the rate
of a homogeneous chemical reaction. Calculation of the desorption/diffusion rate
requires the mathematical solution of Fick's second law (149) which can be simplified

by making some approximations.



(a) The diffusion coefficients of solute in the two phases are assumed to have the
same value. The uncertainty introduced by this approximation is smaller than the
uncertainties involved in hydrodynamic calculations.

(b) Diffusion away from the two very thin equilibrium layers is assumed to
occur into jnfinitely thick Nernst layers (149). This corresponds to an irreversible
process that does not approach an equilibrium distribution of solute between interface
and solutions. However, the uncertainty introduced by this assumption is alsc small
compared to hydrodynamic factors provided that diffusion occurs for such a short timie
that no more than a few percent of the desorbed soiute reaches the end of the Nernst
layer which is located at a distance 8X.

With these approximations the problem is reduced to that of the one-
dimensional diffusion of solute away from a very thin plane-source (equilibrium
layers) into a homogene?us medium, but complicated by the fact that the disappearance
of solute from the equilibrium layer as a result of diffusion is accompanied by
desorption from the interface s2 that the fotal moles of solute diffusing increases with

time. Since there is no analytical solution to Fick's second law for this case, the

problem must be solved numerically by a finite-difference method (149). Ihe

1IBM-XT__microcomputer (151). in the algorithm the total time t (either 0.01, 0.05,
0.1 or 0.5 s) is divided into n time steps (86X = t/n), where n = 5000 and the total

distance being considered (either 0.001, 0.002 or 0.003 cm) is divided into 120
distance steps. For the first time step (n = 0) the concentration of solute in solution at

a distance x and time t, By(x,t) in moles/cm3 is calculated from the analytical solution

of Fick's second law for diffusion away from a very thin plane (149).
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in which Cg is the initial two dimensional concentration of solute in the equilibrium
layer (the equilibrium layer is taken to be 5 x 104 cm2 in area and 107 cm thick); t
is the total time during which diffusion is assumed to have occurred {i.e. between 0.01
and 0.5 s); and D' is the diffusion coefficient, taken as 5 x 10-6 cm2/s which is a
typical value for small moiecules in solution. For each of the subsequent n time steps,
which are 3t apart, a correction is made by the fact that diffusion of solute out of the
equilibrium layer adjacent to the interface will cause desorption of solute from the
interface into the equilibﬁum layer which, in turn, will increase the amount of solute
diffusing away from the equilibrium layer. The amount of solute desorbed during each
time step can be calculated from the experimentally measured distribution ratio of
solute between the interface and the bulk solution (Kyo = 6 x 10-4 cm for methylene
blue). Thus, for each time step (0, 1, 2 . . . . n-1) a value of concentration (Bo(x,t),
B1(x.1) . . . .Bn.1(x,t). The sum of all these B values over n steps gives B(x,t).
Results of thec: : -i:ulations for a total of 1.9 x 10-7 moles initially adsorbed
(i.e. the highest cencsnirak: i:. Table 6.3), and for a total time of 0.1 s are presented
as curve A in Fig #.2. =515 B, included for comparison, was calculated for the
hypothetical situation in which the same total number of moles are assumed to have all
been present at time t= 0 in the equilibrium layers (no adsorption at the interface).
For this hypothetical situation equation 6.10, which describes ‘a Gaussian curve, is the
analytical solution of Fick's second law (with Co = 1.9 x 10°7 #ioles/5 x 104 cm?2). The
areas under each curve are proportional to the number of moles in solution. The area of
curve A is 47% of curve B indicating that only about half of the initially adsorbed solute
has desorbed in 0.1 s. Of interest for present purposes is the fraction of the total moles

which has diffused a given distance into the Nernst layer. This information is presented
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Fig 6.9: Solute concentration ys distance from the liquid-liquid interface at t = 0.1 s.
Curve A includes the effect of desorption from the interface. Curve B shows the
hypothetical behavior if interfacial adsorption were present. The interface is

located at 0 cm.
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in Table 6.4 for desorption/diffusion, not only for t = 0.1 s but also for t = 0.01, 0.05
and 0.5 s.

Any solute which diffuses 0.003 cm or more away from the interface toward the
membrane will have entered the bulk-solution which passes through the porous
membranie, and will have raised its solute concentration above the equilibrium value
which exists in the stirred liquid-liquid dispersion. Solute which has not diffused as far
as 0.003 cm during the residence time will be swept away from the membrane. From
the values in Table 6.4 it is seen that, with a residence time of t = 0.1 s, the fraction of

interfacially-adsorbed solute reaching the bulk liquid is negligible (<0.1%).

6.5 Conclusion

Taken together with the experimental findings reported in the Results section,
these theoretical considerations constitute strong evidence that solute adsorbed at the
interface does not enter the bulk liquid phases during membrane-induced phase
separation in rapidly stirred systems. This justifies the use of porous membrane phase
separators in studies of interfacial adsorption (115) and it makes possible quantitative
interpretation of adsorption phenomena observed in analytical applications of solvent
extraction (107).

There is another consequence of the slow desorption/diffusion behavior
described here. In soine phase separating devices used-in solvent extraction the
residence time is about 1 s. Examples are the various types of phase separators used in
solvent extraction/flow injection analysis (see summary in reference 103). When
surface active solutes are involved then the mere fact that coalescence of phases in the
phase sepatator may he complete does no! necessarily mean that the
desorption/diffiision process has reached equilibrium. Bulk phase concentrations urder

these circumstances may be lower than expscted.
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Iable 6.4: Percentages of the total amount of solute initially adsorbed at the interface
which have desorbed and which have diffused to or beyond a given distance in a

given time.

............................................................

Distance {(cm) Time (s)

0.01 s 0.05 s 0.1s 05 s
0.001 <0.1 1 8 27
0.002 <0.1 <0.1 0.3 12
0.003 <0.1 <0.1 <0.1 5

------------------------------------------------------------



Freiser (152) misinterpreted a published report of this work (153). Briefly, he
incorrectly interprets our claim: specifically, he incorrectly assumes that we are
applying the model to the total liquid-liquid interface in the beaker, rather than just to
the loca! non-equilibrium situation associated with the membrane phase separator.
Freiser misconceptions were identified and the model proposed in this present work
vindicated in a rebutial to his criticisms (154). Subsequently, Chamupathi and Freiser
(155) published an article "Fate of Interfacial Adsorbates in Solvent Extraction
Systems" which showed the same conclusions as this work. In their experiments (155),
the organic phase was continuously removed out of the cell via a similar filter probe.
They observed an increase in absorbance of the organic phase as the volume of organic
phase inside the stirred mixture decreases which ciearly shows, as we have, that solute
adsorbed at the liquid-liquid interface does not leave the beaker in the solution filtered

through the porous membrane phase separator.
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Appendix
Program by T. Xiu-min (151) to calculate the concentration ot desorbed solute

as a function of dis:ance from the interface.

TR W %E’

1 REST INTERFALE-~EQULiL BRI LAYER [ omSidili
20 REM TIAK K1UMIl-~F F,CANT wiLl MODEL
20 INPUT "ENTER DIFFUSIONTIME T=7"T
45 INPUT "ENTER NUMBER OF TIME STEFS N=™" N
S0 LET QzN+1
5 DIM M(D),C{,WQ)
7O LET A1=3.8E-12.0= 000005 k=60 K 120001
30 LET M(1)=AT*K/K1.C{1=A 1 /R L DI=A R
90 LET F=3.14159:T1=T/N
100 FOR1=2T0Q
110 FOR J=1 TO (I-1)
120 LET C(1)=U(J)*.000000 1 /(2#*SQRT 1 *F <D *(1-J0)+L0i)
130 NEXT J
140 LET U(J)=(M(J-13-K*C{13/K1
150 LET M(J)=M{J=1)=U(J=1):T2=T 1*(|~1)
160 PRINT “DIFFUSION TIME=",(T-T.2),"INC.CON.OF EQUIL.LAYER=",
i 170 PRINT USING "® z<ass==")(})
{180 NEXT |
152 PRINT M(N)=";:PRISTT USING "# #&*22""" 1(N) -
183 LPRINT"M(N)=";LPRINT USING"* s=2= =~ M(};
190 LPRINT “T=";T,"NUMBER OF STEPS=",N .
"0 FORR=1TO 120
P LET ¥12,0037120:X=(R-1)*X1:8120:6=0
“FARJ=1 TON '
Y LET 812U(J)*EXP(=X"2/(4*D*(T-(J- 1)*T 1)1/ (2SARIF 0T -{u- 1T 1.1
iF B1<3D-20 THEN 260
LET 228461
EXT J
NNT “NUMBER OF DISTANCE STEPS="(R-1) "X=",PRINT USING "= #2#=2#"" X,
UMT "NUMBER GF DISTANCE STEPS =",(R-1)."X=", LPRINT USING "= ===~ LPRINT"
. «ilT "B(T X)=";;PRINT USING "* #*o==""8
289 LPRINT *B(T X)=";LPRINT USING ‘= #==ses""§
700 PRINT
'310 LPRINT
(320 IF B<1D-20 THEN 340
230 NEXT R
340 PRINT "END"
350 LPRINT "END"
360.END



