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ABSTRACT

Fundamental solvent extraction studies on the separation of the
lanthanides were carried out by investigating both the hydroxamic acid
and phosphinic acid reagent families. In general, the lanthanides were
found to extract as self-adducts. It was found that the separation of
the individual lanthanides with both of these reagent families was

adversely effected by steric hindrance.
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CHAPTER 1
INTRODUCTION

The separation of individual lanthanides is of interest because of
their recent increased consumption in industry (1) and their importance
in high-temperature superconducting materials (2). Furthermore, the
separation of the lanthanides from each other and from the actinides is
desirable in the processing of nuclear waste materials (3). These
separations ~ are difficult, however, as the chemical properties of the
individual lanthanides and actinides are similar.

The search for effective and efficient ways to separate these
metals has led to numerous studies involving the use of chelating
solvent extraction systems. Solvent extraction may be described as a
separation process in which a solute distributes between a pair of
immiscible solvents.

In general, the extraction of a metal ion, Mn+, from an aqueous
solution to some organic solvent is usually accomplished with an acidic
chelating reagent, HL. The extraction process is represented in the
following equation :

K
ex

— ML at

n+
L +
M + nH (0) n (o) n

where MLn represents the neutral metal chelate and the subscript
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(o) refers to the organic phase. The extraction constant, Kex' for

this process can be represented as follows :

+.n n+ n
Koy = ML T oy (HT 17700 LYY (o (D)

There are a number of equilibrium constants that may be related to

Kex' These include the distribution constant of HL between the organic

and aqueous phases, KDR :
the acid dissociation constant of ﬁL, Ka :
+ -
K, = (H1[L1/[HL] (3)
the formation constant of the neutral metal chelate, ﬂn:
n+ -.n
B = ML 1/MILIT (4

and the distribution constant of the neutral metal chelate between

the organic and aqueous phases, KDC:

When these equilibrium constants are substituted into equation 1,

Kex is found to be equal to the following :
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n n
Kex = ﬂn KDC Ka /KDR (6)

The extraction of the lanthanides normally occurs by the neutral

metal chelate reacting with the chelating agent to form a self-adduct,

i

MLn-mHL, as shown in the following equation :

ex

n+

M + n+m HL (0) o= MLnomHL +nH

(o)

’
The extraction constant, Kex » 1in this case may be written as

follows:

' +.n n+ n+m
Ky = [MLn-mHL](O) [H'] /M ][HL]

7

orx:

Kex = pn,m l(DC Kan/KDRn (8)

where ﬁn o is the overall formation constant of the self-adduct.
The extraction of the metal ion may be complicated by the aggrega-
tion of the chelating agent in the organic phase. The aggregation

process is represented by the following equation:

K
agg

x HL (o) — (HL)x (0)
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When aggregation of the chelating agent is considered in the
’

overall extraction process, Kox from equation 7 is transformed into

the following:

n n n
Kex - pn,m KDC Ka /KDR Kagg ®

Solvent extraction is a favored separations technique for the bulk
separation of materials since it provides for a large variation in
distribution ratios and separation factors through the control of
chemical parameters such as the hydrogen ion concentraticn, the chelat-
ing reagent concentration and the structure of the chelating reagent
itself. It is therefore possible to devise a series of chemical ap-
proaches to transfer the metal fon 1nf§ the organic solvent although
most metal ‘salts are soluble in the aqueous phase and relatively in-

soluble in the organic phase.

1.1 -Phenylacylhydroxamic Acids as Analytical Reagents

The N-phenylacylhydroxamic acids belong to the oxime family of

reagents and have the following general structure:

0 OH

i
~

|

N
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These reagents have been known for over a century and have been
found useful in numerous applications (4,5). The most common use of
the hydroxamic acids has been as precipitating reagents for metals such
as iron, copper, tin (4,6), niobium (7) and tantalum (7,8). The hy-
droxamic acids have an advantage over the classical analytical pre-
cipitant cupferron, C6H5NO(NH4)NO, in thét their metal complexes are
thermally more stable which allows for direct gravimetric deter-
minations.

The use of the N-phenylacylhydroxamic acids as extractants for the
lanthanides has been realized. Almost all of the previous extraction
work has dealt with the parent compound N-ﬁhenylbenzohydroxamic acid
(PBHA) (9-14). Dyrssen (9) studied the extraction behavior of ura-
nium(VI), thorium(IV) and lanthanum(III) with PBHA but gave no informa-
tion concerning the stoichiometries of the extracted chelates. Sekine
and Dyrssen (10) studied the extraction of americium(III) and euro-

pium(III) (p = 0.1, NaClOa/H010 into 0.1 M solutions of PBHA in

)
chloroform. These authors reported the stoichiometry of the europium
chelate to be EuL3 HL. Reidel (1l1) investigated the extraction of
lanthanum(III) and cerium(III) (g = 0.1, NaClOa/HCIOA) into chloroform
solutions containing PBHA ([PBHA] : 0.001 - 0.1 M). Lanthanum was
reported to extract as a self-adduct LaL3-HL, while cerium was reported
to extract as a simple chelate, CeLs. Ordonez (12) examined the ex-
traction behavior of lanthanum(III), praseodymium(III), europium(III),
holmium(III) and ytterbium(III) (aqueous composition : 0.034 M sodium

tartrate/0.0096 M succinic acid or tris-(hydroxyamino)methane (tris)
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into 0.1 M .chloroform solutions of PBHA. This author found that the
lanthanides extracted as self-adducts of the form LnL,+HL.

The mixed-ligand extraction system of PBHA and 1,10-phenanthroline
(phen) has been studied by Poluektov et al. (13) for the metals yttri-
um(III), Llanthanum(III), neodymium(III), gadolinium(III) and erbi-
um(III) and by Ordonez (12) for the metals lanthanum(III), praseodymi-

um(III), europium(III), holmium(III) and ytterbium(III) (aqueous com-

position : 0.034 M sodium tartrate/0.0096 M succinic acid or tris;
organic composition : [PBHA] : 0.03 - 0.16 M in chloroform; [phen]

0.001 - 0.1 M in chloroform). Both studies concluded that the metals

extracted as mixed-adducts of the form LnL,.phen. Mathur and Khopkar

3
(14) investigated the extraction behavior x;f americium(III), curi-
um(III), promethium(III) and europium(III) (u = 0.1, NaClOa) with the
mixed-ligand system PBHA and tri-n-butylphosphate (TBP) ([PBHA] : 0.1 -
0.2 M; [TBP] : 0.0024 - 0.006 M). These authors reported that the
metals extract as self-adducts of the form LnL3-nTBP (n=1or 2).

Ordonez (12) also investigated the ion-pair extraction of lantha-
num(III),‘ praseodymium(III), europium(III), holmium(III) and ytterbi-
um(III) (aqueous composition : 0.034 M sodium tartrate/0.0096 M suc-
cinic acid or tris) with PBHA and tetra-n-heptylammonium chloride,
R4N+Cl', in chloroform ([PBHA] : 0.1 M; [R4N+Cl'] : 0.9901 - 0.01 M).
Ordonez found that the metals éxtracted as ion-pairs of the form
[R4N1+[LnL4]'.

The only report involving the use of a substituted N-phenylacyl-

hydroxamic acid as an extractant for the lanthanides was made by Inoue

et al. (15). These authors investigated the extraction behavior of
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pfaseodymium(III), europium(III) and ytterbium(III) with N-phenyl-m-
trifluoromethylbenzohydroxamic acid (PFBHA), both alone and in combina-
tion with 1,10-phenanthroline. With chloroform solutions containing
PFBHA alone ([PFBHA] : 0.001 M), the metals were reported to extract as
self-adducts of the form LnL3-2HL. The discrepancy in the number‘of
neutral molecules involved in adduct formation between PFBHA (15) and
PBHA (10-12) is mysterious, particularly when one considers that the
reagent concentration was much less in the PFBHA study than those used
in the PBHA studies. Furthermore, PFBHA is a stronger acid than PBHA
(pKa (PFBHA) = 7.96 (15); pKa (PBHA) = 8.15 (13)) and hence would be a
weaker adductant. In the studies of the PFBHA/phen mixed-ligand sys-
tem, chelates of the form LnL3-HL-phen were reported to extract in the
cases of praseodymium(III) and europium(III) while chelates of the form
LnL3~2phen were reported to extract in the cases of europium(III) and
ytterbium(III).

Comparison of the results for PBHA (12) and PFBHA (15) alone would

indicate that PFBHA is the more selective reagent for the extraction of

the lanthanides.

1.2 Phosphinic Acids as Chelating Extractants

The organophosphorus reagents are the most commonly employed
extractants for the separation of the lanthanides and actinides (16).
Currently, di-2-ethylhexylphosphoric acid (DEHPA), a member of this
group of compounds, 1is used in the commercial production of the lan-

thanides (17).
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The phosphinic acids are mono-protic organophosphorus reagents and

have the following general structure:

vhere R could be an alkyl group, an aryl group or hydrogen.
Phosphinic acids generally dimerize in wmost non-polar organic

solvents and exist as hydrogen-bonded pairs (18), as shown below:

Peppard et al. (19) was the first to investigate the phosphinic
aclds as extractants for the lanthanides. Their study involved ex-
tracting cerium(III), europium(III), thulium(III), ytterbium(III),
yttrium(III), americium(III), curium(III) and uranium(VI) (u = 1.0,
RaCl/HC1l) into benzene solutions of di-n-octylphosphinic acid (DOPA)

([DOPA} : 0.15 - 0.424 M). The lanthanides were reported to extract as
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self-adducts of the form LnL3-2HL. Peppard et al. (20) also reported
on the extraction of cerium(III), promethium(III), europium(III),
thulium(III), lutetium(III), yttrium(III), calcium(II) and uranium(VI)
(b = 1.0, NaCl/HCl) into benzene solutions containing either n-octyl-
phosphinic acid (OPA) or 2-ethy1hexy1phosphinié acid (EHPA) ([OPA}

0.075 - 0.3 M; [EHPA] : 0.016 - 0.3 M). The lanthanides were reported
to extract as self-adducts, however the number of adducting molecules
was not addressed since the reagents existed both as dimers and trimers
in the organic phase. Mason et al. (21) investigated the extraction
behavior of cerium(IiI), promethium(III), europium(III), thulium(III),
americium(III), curium(III), yttrium(ITI) and uranium(VI) (u = 1.0,
NaCl/HCl) into benzene solutions containing either n-octylphenylphos-
phinic acid (OPPA) or cyclooctylphenylphosphinic acid (COPPA) ([OPPA]

0.027 - 0.6 M; [COPPA] : 0.019 - 0.6 M). The lanthanides were found to
extract as self-adducts of the form LnL3-2HL. Motomizu and Freiser
(22) studied the extraction of lanthanum(III), cerium(III), praseody-
mium(III), europium(IiI), holmium(III), ytterbium(III) and lute-
tium(ITII) (g = 0.1, NaClOA/HCIOA) into chloroform solutions containing
diphenylphosphinic acid (DPPA) ([DPPA] : 0.0005 - 0.02 M). Again the
lanthanides were found to extract as self-adducts, With the chloro-
form/water solvent system, however, the number of adducting molecules
was found to be close to 3 rather than 2 which was found with the
benzene/water solvent system (19-21). The most recent report on the
extraction of the lanthanides with a phosphinic acid was made by

Komatsu and Freiser (23). This report dealt with the extraction be-
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havior of lanthanum(III), praseodymium(III), europium(III), holmi-
um(IITI) and ytterbium(III) (s = 0.1, NaClOa) into chloroform solutions
of bis-(2,4,4-trimethylpentyl)phosphinic acid (BTMPPA) ([BTMPPA] : 0.1
M). These authors found that the lanthanides extracted as self-adducts
of the form LnL3-3HL, just as the metals had in the DPPA study (23).

A comparison of the phosphinic acid results indicate that the
reagents exhibit only slightly different selectivities for the extrac-

tion of the lanthanides, with DPPA showing the greatest selectivity.

1.3 The Chemistry of the Lanthanides

The lanthanides are comprised of lanthanum and the 14 elements
immediately following lanthanum on the periodic chart. 1In aqueous
solution the lanthanides exist almost exclusively as tripositive ions
and differ from one another only by the number of 4f electrons they i
contain. There are only 2 exceptions to the tervalent ion rule, those
being cerium(IV) and europium(Ii).

The complexes of the lanthanides other than the hydrated cations
themselves are obtained only when the most strongly chelating ligands
are wused, particularly with those containing highly electronegative
donor atoms such as oxygen. The interactions between the metal ion and
ligand “are thought to be largely electrostatic in nature since the 4f
orbitals are effectively shielded from interacting with the ligand
orbitals by the 5s and 5p orbitals (24). The complexes of the lan-
thanides therefore compare more closely with those derived from the
alkaline earths rather than those derived from the d-type transition

metals.
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Since there is a systematic decrease in the ionic radii of the
tripositive metal 1ions with increasing atomic number, one can use
simple electrostatic theory to predict a direct relationship between
the magnitude of the formation constant, commonly represented as log K,
and the reciprocal atomic radius, 1/r. Review of formation constant
results (24) generally indicates a linear relationship between log Kl
and 1/r from lanthanum(III) through europium(III). At gadolinium(III),
however, there 1is generally a break from linearity. Plots of log K
versus 1/r from gadolinium(III) through lutetium(III) are found to fall
in one of three catagories (24): 1) an increasing linear relationship

between log K, and 1/r with a slighter slope than that observed between

1
lanthanum(III) and europium(III); 2) a nearly constant value of log Kl
for gadolinium(III) through lutetium(III); 3) a slighf increase in the
formation constant from gadolinium(III) to terbium(III) followed by a
steady decrease in log Kl to lutetium(III). The break observed in log
Kl Qersus 1/r plots at gadolinium(III) indicates that the complexes of
the heavier lanthanides generally do not follow a simple electrostatic
model as the lighter lanthanides do and may be affected by factors such
as steric hindrance.

The coordination number of the lanthanides variés from coﬁplex to
complex but is generally higher than 6 (24). Because of this, it is

common to find that the lanthanides will form adducts rather than

simple chelates in solvent extraction studies.
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CHAPTER 2
STATEMENT OF PROBLEM

The separation of the lanthanides is a formidable problem since
these metals exhibit similar chemical properties in solution. Current-
ly, one must resort to counter-current extraction processes to separate
these metals (17).

In the search for more selective extraction reagents for the
lanthanides, the extraction behavior of lanthanum(III), praseo-
dymium(III), europium(III), holmium(III) and ytterbium(III) into chlo-
roform solutions containing the substituted hydroxamic acids ﬁ-phenyl-
m-trifluoromethylbenzohydroxamic acid (PFBHA), N-o-methylphenyl-m-
trifluoromethylbenzohydroxamic acid (MPFBHA), N-m-trifluoromethyl-
phenyl-o-methylbenzohydroxamic acid (FPMBHA), N-o-methylphenylben-
zohydroxamic acid (MPBHA), N-phenyl-o-methylbenzohydroxamic acid
(PMBHA), N-o-methylphenyl-p-tert-butylbenzoﬁydroxamic acid (MPBBHA) and
N-phenyl-p-tert-butylbenzohydroxamic acid (PBBHA) was examined. The
hydroxamic acids were chosen for study since it had appeared that
substituted compounds such as PFBHA (15) would give better selectivity
for lanthanide separations than the parent compound PBHA (12).

Several of “the substituted hydroxamic acids were also studied as
potential 1ligands for the separation of transition metals and the
actinides. These compounds included PBBHA, FPMBHA, MPBHA, MPBBHA and

N-phenyl-p-ethylbenzohydroxamic acid (PEBHA).
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Finally, the extraction behavior of lanthanum(III), praseo-
dymium(IIT), europium(III), holmium(III) and ytterbium(III) into chlo-
roform solutions containing the dialkyl-substituted phosphinic acid
dicyclohexylphosphinic acid (DCHPA) was examined. DCHPA was chosen for
study in order to see if a substantially different extraction selec-
tivity could be obtained by using a highly branched alkyl-substituted
phosphinic acid to those obtained with the other phosphinic acids (19-
23).

In conjunction with these solvent extraction studies, a comparison
study of a commercially available cross-flow nebulizer (CFN) with a
micro-Babington nebulizer (MBN) was carried out in which the short- and
long-term stability responses of both nebulizers were evaluated for a

wide variety of sampling conditions.
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CHAPTER 3
EXPERIMENTAL

3.1 APPARATUS

An Eberbach box-type shaker was used to equilibrate the solutions.
An Orion Research model 701-A digital Ionalyzer was used for pH mea-
surement. Cary 219 and Gilford model 240L spectrophotometers were used
in the KDR and pKa determinations for PBBHA, respectively. Melting
points of organic reagents were uncorrected and taken in open capillary
tubes with a Thomas-Hoover melting point apparatus. Infrared spectra
were obtained on a Perkin-Elmer 1800 infrared spectrometer. 1H-NMR
spectra were measured at 60 MHz with a Varian EM-360L spectrometer and
1H-NMR and 31P-NMR spectra were measured at 250 MHz with a Bruker WM-
250 spectrometer. A Perkin-Elmer 6500 ICP spectrometer Qas used for
the determination of metal and phosphorus concentrations. Elemental

analysis of the hydroxamic acids was done by Atlantic Microlab,

Atlanta, GA.

3.2 REAGENTS
A stock solution containing 100 mg/L La, Pr, Eu, Ho and Yb for the
extraction studies of the lanthanides with the hydroxamic acids and a
stock solution containing 100 mg/L La, 160 mg/L Pr, 50.0 mg/L Eu, 100
mg/L Ho and 50.0 mg/L Yb for the extraction studies of the lanthanides

with DCHPA were prepared from chloride salts (Alfa Inorganics; 99.9 %).
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A stock solution which contained A1(III) (3.5 mM), Cd(II) (0.085 mM),
Cx(VI) (0.46 mM), OCu(II) (0.34 mM), Fe(III) (0.32 mM), Mn(II) (0.10
mM), Mo(VI) (0.32 mM), Ni(II) (0.70 mM), Pb(II) (0.85 mM), U(VI) (4.2
mM), V(IV) (0.49 mM) and W(VI) (0.65 mM) was prepared for the general
extraction behavior studies of the hydroxamic acids. Buffer solutions
containing 0.425 M sodium tartrate/0.120 ﬁ tris for the PFBHA and PBBHA
extraction studies with the lanthanides and 0.500 M tartaric acid/0.500
M tris for the hydroxamic acid general extraction behavior studies were
prepared to cover the pH range 6.8-10.0. Chloroform (analytical-
reagent grade) was washed three times with deionized water prior to
use. All other reagents were analytical grade and used without further
purification.

All hydroxamic acids were prepared by Dr. Massoud Hojjatie of the
Strategic Metals Recovery Research Facility from the reaction of ap-
propriate hydroxylamines and acid chlorides. Hydroxylamines were
prepared by reduction of appropriate aromatic nitro compounds with zinc
dust in the presence of ammonium chloride (25). Acid chlorides were
obtained commercially (Aldrich Chemical Company) or were prepared from
treatment of the appropriate carboxylic acid (Aldrich Chemical Company)
with purified thionyl chloride (26).

A typical procedure for the preparation of the hydroxamic acids is
illustrated with  3,5-bis(trifluoromethyl)phenyl-3,5-bis(trifluoro-
methyl)benzohydroxamic acid (BFPBFBHA), as follows:

Step 1. To a solution of ammonium chloride (10 g) in distilled
water (400 mL), 3,5-bis(trifluoromethyl)nitrobenzene (10 g, 38 mmol)

was added with stirring and the mixture was heated to 40° ¢. 2inc dust




25

(12 g) was added during a 30 minute period. The temperature of the
mixture rose to 60° C. The mixture was stirred at 50-60° C for 3 h.
After filtration and cooling, the residue was washed with ether and the
combined filtrate was extracted with ether (4 x 50 mL). The combined
ether layers were washed with saturated sodium chloride solution and
dried with anhydrous magnesium sulfate. The drying agent was removed
by filtration and the ether solution was concentrated in vacuo to
provide a yellow oil (9.44 g, 84 %). Infrared absorption in the neat
material occurred at 3449 cm (NH, OH) and 1621 — (C=C, aromatic).
Step 2. In a three-neck round bottom flask equipped with a mag-
netic stirrer, a low-temperature thermometer and a dropping funnel, a
solution of sodium hydrogen carbonate (5 g) in distilled water (4 mL)
was gombined with ether (50 mL) and the mixture was cooled to -5° to 0°
C. 3,5-Bis(trifluoromethyl)hydroxylamine (3.5 g, 14 mmol) dissolved in
ether (20 mL) was added to the above mixture. 3,5-Bis(trifluoro-
methyl)benzoyl chloride (3.95 g, 14 mmol) in ether solution (20 mlL) was
added dropwise at 5% to 0° ¢ during a 30 minute period. The orange
mixture was stirred at -5° to 0° C for 1 h. Ether was removed in
vacuo, saturated so&ium hydrogen carbonate solution (50 mL) was added,
and the mixture was stirred for 20 min. The product was extracted into
dichloromethane (4 x 50 mL). The organic phase was washed with a
saturated sodium chloride solution and dried with anhydrous magnesium
sulfate. The solid was removed by filtration and the filtrate was
concentrated to provide a white solid which was recrystallized from an.
ethanol/water mixture. Yield 5.9 g (79 %); m.p. 218-220° ¢. 1H-NMR

(CDCl3) 5§ 8.45, 8.25, 7.96 and 7.54 ppm (aromatic protons), and § 2.1
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ppm (-OH). IR (KBr) 3270 cm-1 (-OH), and 1647 cm-1 (C=0). Calculated

for Cl7H7F12N02: 42,1 %C, 1.4 % H, 47.0% F, 2.9 % N; found: 41.95 %
C, 1.5 % H, 47.0% F, 3.0 % N,

DCHPA was obtained from the American Cyanamid Company as the
commercial extractant Cyanex CNX and was purified by recrystallization
from an aqueous ethanol solution. Its purity was established both by

31P-NMR and by a mixed solvent titration (75 % v/v isopropanol/water)

against standard sodium hydroxide solution. The 31P-NMR spectrum of
unpurified Cyanex CNX displayed 2 peaks (61.4 ppm (DCHPA) and 35.7 ppm)
while the recrystallized material showed only one peak (61.2 ppm). The
titration results yielded effective molecular weights.indicating puri-
ties of 97.58 + 0.43 % and 100.0 + 0.04 % for the crude Cyanex CNX and
'recrystallized DCHPA, respectively. The melting range of DCHPA was

144-146° c.

3.3 PROCEDURES
3.3.1 Characterization of Micro-Babington
and Cross-Flow Nebulizers for Inductively Coupled
Plasma/Atomic Emission Spectrometry (ICP/AES).

The performances of a micro-Babington (MBN) and a cross-flow (CFN)
nebulizer under a wide variety of sampling conditions were established
by monitoring the emission signal of 5 test elements (Ca, Cd, Mn, Pr
and Yb; 10.0 ppm each) in several salt matrices, including NaCl,
NaClOA, Na?_SO4 and KCl, as a function of time. The samples in this
study were continuously aspirated into the plasma and 5 replicate reads

were taken at 1l-min intervals for at least 20 min. The short-term

signal stability (STS) was established by calculation of the average
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value of the & relative sﬁandard deviation (% RSD) for each of the 5
replicate 1l-min interval read sets. The long-term signal stability
(LTS) was established by calculation of the % RSD for the average of
the 1-min interval read sets. All ICP/AES measurements were performed
on a Perkin-Elmer ICP/6500 inductively coupled plasma spectrometer.
The instrumental conditions were as follows: forward plasma power: 1250
W; reflected plasma power: < 5 W; plasma Ar flow: 12.0 L/min; nebulizer
Ar flow: 0.7 L/min; auxiliary Ar flow: 0.5 L/min (1.0 L/min for the 20
$ w/v NaCl solution); viewing height: 15 mm; slit width: 0.02 nm;
integration time: 1.0 sec; wavelengths: Ca: 393.366 nm; Cd: 214.438 nm;
Mn: 257.610 nm; Pr: 390.844 nm; Yb: 328.937 nm; and Zn: 213.856 nm. A
Scott-type dual concentric spray chamber was used with both nebulizers
(Perkin;Elmer model # 0047-0838). The CFN (Perkin-Elmer model # 0047-
0809) and MBN were attached to the spray chamber in an inverted fashion
so that the samples dripped downward past the nebulizer gas orifice.
The samples were force-fed to the nebulizers by a 10-roller peristaltic
pump (Perkin-Elmer model # 0047-0672).

3.3.2 Lanthanide Extractions with PFBHA.

A 10-mL volume of a lanthanide ion solution (10.0 mg/L initial
concentration for La, Pr, Eu, Ho and Yb) buffered with sodium tar-
trate/tris (0.0425 M/0.0120 M, respectively) and containing 0.1000 M
NaClO4 was equilibrated with a 10.0-mL volume of a PFBHA chloroform
solution for at 1least 30 min, a time found adequate to reach equi-
librium, The equilibrium pH of the aqueous phase was measured after
phase separation. The concentration of lanthanide remaining in the

aqueous phase was determined wusing ICP/AES by diluting the aqueous
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phases 5 to 10 and using manganese as an internal standard to correct
for aerosol transport differences which existed between the sample and
standard solutions. The instrumental conditions were as follows:
forward plasma power: 1250 W; reflected plasma power: < 5 W; slit
width: 0.02 mnm; plasma Ar flow: 15.0 L/min; nebulizer Ar flow: 0.7
L/min; auxiliary Ar flow: 0.5 L/min; nebulizer type: cross-flow; in-
tegration time: 1.0 sec; viewing height: 15 mm; wavelengths: La:
379.478 nm; Pr: 390.844 nm; Eu: 381.967 nm; Ho: 345.600 nm; Yb: 328.937
nm; and Mn: 257.610 nm. The concentration values were used to calcu-
late the distribution ratio, D, defined as D = C(I) - C(aq)/c(aq)’
where C(I) is the initial lanthanide concentration in the aqueous phase
and C(aq) is the lanthanide concentration found in the aqueous phase

after extraction.

3.3.3 Determination of the
Distribution Constant for PBBHA

The distribution constant, KDR’ for PBBHA between water and chlo-
roform was evaluated by equilibrating aqueous phases (pH values between
3and 7; p = 0.1, KC1l; 23 + 1° C) with an equal volume of a 1.00 x 10'2
M PBBHA solution in chloroform for 1 h. The amount of PBBHA which
distributed into the aqueous phase was measured form its absorbance at
300 nm. The concentration of PBBHA in the aqueous phase was used to
calculate KDR using the equation:

K

-C (10)

pR ~ CeeBua,1 ~ CpBBHA,aq”CPBEHA,aq
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where CPBBHA,I is the initial PBBHA concentration in chloroform

and CPBBHA,aq is the concentration of PBBHA found in the aqueous phase
after equilibration.
3.3.4 Determination of the pKa for PBBHA

The acid dissociation constant of PBBHA was determined spectro-
photo-metrically because its solubility in water is too low for poten-
tiometric determination. In this experiment, the absorbance of aqueous
solutions of PBBHA (u = O.i, KCl; 23 + 1° C) having pH values ranging
from 2.0 to 11.0 was monitored at 300 nm. The absorbance increased at
this wavelength with increasing pH, indicating the formation of the

ligand anion. The pH and absorbance values were used to calculate pKa

by using the following equation:

pK_ = pH - log [(A - A, )/(A - )] (D)

wﬂere A 1is the measured absorbance at 300 nm, AHL is the absor-
bance of PBBHA in the nuetral form (absorbance measured at pH 2) and AL
is the absorbance of PBBHA in the anionic form (absorbance measured at
pH 12).
3.3.5 Lanthanide Extractions with PBBHA

A 25.0-mL volume of a lanthanide ion solution (10.0 mg/L initial
concentration for La, Pr, Eu, Ho and Yb), buffered with sodium tar-
trate/tris (0.0425 M and 0.0120 M, respectively) was equilibrated with

a 25.0-mL volume of a chloroform solution containing PBBHA for a 30 min

period, a time found adequate to reach equilibrium. The equilibrium pH
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of the aqueous phase was measured after phase separation. The con-
centration of lanthanide both extracted and unextracted was determined
by ICP/AES. The concentration of the metal extracted was determined by
back-extraction into’ 10"2 M hydrochloric acid and quantifying the
lanthanide concentration. The concentration of unextracted metal was
determined by analyzing the aqueous phases for their metal content;
manganese was employed as an internal standard. The concentration
values were used to calculate D. The instrumental conditions used in
the ICP/AES analyses were the same as those used in the lantha-
nide/PFBHA study except for Ehe following: auxiliary Ar flow: 0.3 L/min

for back-extraction.

3.3.6 General Extfaction Behavior
Studies of the Hydroxamic Acids

A series of stock aqueous solutions was prepared by combining 12.0
mL of the stock metal solution, 8.00 mL of 0.500 M tartaric acid, 8.00
mL of 0.500 M tris for solutions of pH 6.0 and above, and deionized
water to give a total volume of 60.0 mL. A 10.0 mL volume of each
aqueous phase was combined with an equal volume of a 0.100 M solution
of the hydroxamic acid in chloroform. The phases were contacted for a
2 h period for the cases of PEBHA and PBBHA and for a 10 h period for
the cases of MPBHA, FPMBHA and MPBBHA. The final pH of the aqueous
phase was measured after phase separation. The concentration of each
metal remaining in the aqueous phase was determined sequentially using
ICP/AES; the emission responses of the aqueous phases before and after
extraction were compared. The instrumental conditions were the same as

those used in the lanthanide/PFBHA and lanthanide/PBBHA studies. The
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analytical wavelengths used for each metal were as follows: Al: 396.152
nm; Cd: 214.438 nm; Cr: 205.552 nm; Cu: 324.754 nm; Fe: 238.204 nm; Mn:
257.610 nm; Mo: 202.030 nm; Ni: 221.647 nm; Pb: 220.353 nm; U: 358.958
nm; V: 310.230 nm; and W: 207.911 nm. Background correction intervals
were used 1in all cases to correct for any differences in background
emission between samples and the blank solution. The percentage of

metal extracted was calculated from the following equation:
¢ Extracted = [(B - A)/(B - blank)] x 100 (12)

wvhere B is the emission signal before extraction, A is the emis-
sion signal after extraction, and blank is the emission signal of the
blank.

3.3.7 Determination of Distribution
and Aggregation Constants for DCHPA

The distribution constant, KDR’ and dimerization constant, Kd, of
DCHPA in the water/chloroform system (s = 0.1, HCl; 25 + 1° C) were
determined by equilibrating 10.00-mL chloroform solutions containing
varied concentrations of DCHPA (0.0200 M to 1.00 M) with equal volumes
of 0.100 M hydrochloric acid for at least 15 minutes. This time period
was adequete to reach equilibrium. After phase separation, the amount
of DCHPA in the aqueous phase was determined by monitoring the phos-
phorus emission using ICP/AES. The instrumental conditions used in the
analysis were as follows: forward plasma power: 1250 W; reflected

plasma power: < 5 W; slit width: 0.02 nm; plasma Ar flow: 18.0 L/min;

nebulizer Ar flow: 1.0 L/min; auxiliary Ar flow: 0.5 L/min; nebulizer
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type: cross-flow; viewing height: 15 mm; integration time: 1.0 sec;
wavelength: 214.914 nm.

3.3.8 Acid Dissociation Constant
Determination for DCHPA

The acid dissociation constant, Ka’ for DCHPA in water (u = 0.1,
NaCl; 25 + 1° C) was evaluated by equilibrating 10.00-mL volumes of
0.200 M DCHPA in chloroform with equal volumes of aqueous phases buf-
fered with 0.001 M acetate for 15 min. The pH values of the aqueous
phases were varied over the range 5.0 to 5.6 with the addition of
microliter volumes of hydrochloric acid or sodium hydroxide. After
equilibration, the emulsions formed from mixing were centrifuged and
the equilibrium pH measured. The amount of DCHPA in the aqueous phase
was determined using ICP/AES with manganese used as the internal stan-
dard. The instrumental conditions used were those noted in the dis-
tribution/aggregation procedure for DCHPA. 1In this case, however, a
micro-Babington nebulizer was used instead of a cross-flow nebulizer.
The wavelength used to monitor the manganese emission was 257.610 nm.

3.3.9 Lanthanide Extraction
Studies with DCHPA

In these studies, 10.00-mL of chlorform solutions containing DCHPA
were equilibrated with equal volumes of unbuffered aqueous solutions
containing 25.0 ppm La, 40.0 ppm Pr, 12.5 ppm Eu, 25.0 ppm Ho and 12.5
ppm Yb (p = 0.1, NaCl/HCL; 25 + 1° C) for at least 15 min, a time found
adequete to reach equilibrium. The initial pﬁ of the aqueous phase was
adjusted using dilute hydrochloric acid or sodium hydroxide solutioms.
After phase separation the equilibrium pH was measured. Metal dis-

tribution data was obtained by measuring the amount of metal remaining
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in the aqueous phase by ICP/AES with manganese employed as internal
standard and by measuring the amount of metal which back-extracted into
0.1 M hydrochloric acid. The micro-Babington nebulizer was used when
the direct aqueous phases were analyzed while the cross-flow nebulizer
was used when the metal was back-extracted into acid. The instrumental
conditions were as follows: forward plasma power: 1000 W; reflected
plasma power: < 5 W; plasma Ar flow: 15.0 L/min; nebulizer Ar flow: 1.0
L/min; auxiliary Ar flow: 0.5 L/min; viewing heights: La, Pr, Ho: 18
mm; Eu: 19 mm; Yb: 17 mm; and Mn: 15 mm; slit width: 0.02 nm; integra-
tion time: 1.0 sec; wavelengths: La: 379.478 nm; Pr: 390.844; Eu:

381.967 nm; Ho: 345.600 nm; Yb: 328.937 nm; and Mn: 257.610 nm.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 CHARACTERIZATION OF MICRO-BABINGTON AND CROSS-FLOW
NEBULIZERS FOR INDUCTIVELY COUPLED PLASMA/
ATOMIC EMISSTON SPECTROMETRY

The use of ICP/AES for the analysis of samples which contain
either low or high amounts of dissolved solids and/or suspended par-
ticles has become common in recent years because of the high sensitivi-
ties and multielement capability of this technique. One of the major
concerns associated with ICP/AES is the reproducible introduction of
the sample aerosol into the plasma. This parameter is commonly thought
of as the limiting factor in the reproducibility of experimental re-
sults (27-30). Although traditional pneumatic nebulizers, such as
cross-flow or concentric types, can be used for samples containing low
amounts of dissolved solids, such nebulizers cannot be used for samples
which contain suspended particles and/or high amounts of dissolved
solids because of the possible clogging of the sample capillary. For
such samples, either frit (31,32), ultrasonic (33-41) or Babington-type
(27,30,42-53) nebulizers are commonly employed.

Our interest in the quantitative determination of metal concentra-
tions in solvent extraction systems, solutions which often contain
large quantities of dissolved salts, has led us to do a comparison

study of a commericially available cross-flow nebulizer (CFN) with a







